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Foreword

From the efforts of volunteer editors, authors, and reviewers, this Volume 6A of the ASM Handbook
series, provides updated and expanded coverage on the fundamentals and processes of welding tech-
nology, research, modeling and simulation. Welding and allied joining technologies are instrumental
in the modern use of materials, and the many volunteers should be proud in this work to serve engi-
neers, students, technicians, researchers, and others with authoritative, reliable reference information
on welding fundamentals and processes.

Coverage of joining technologies continues to grow in the ASM Handbook series, and this Volume is
the first of several Volumes devoted to the many new developments of materials joining. In this Vol-
ume, new coverage reflects the continued growth of solid-state welding processes and the expanded use
of computer modeling in the simulation of welding processes. Procedure development, quality control,
and process improvements are also emphasized for arc, resistance, and directed-energy beam welding.

ASM Handbooks are a cornerstone of ASM International, and this effort could not have been accom-
plished without the dedicated efforts of many volunteers. Our thanks are extended to the editors, listed
on the title page, and the authors and reviewers given in the List of Contributors. We are grateful for
the contribution of their time and expertise.

Mark F. Smith
President
ASM International

Stanley C. Theobald
Managing Director
ASM International
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Preface

The ASM Handbook Volume 6A, Welding Fundamentals & Pro-
cesses, represents the first of at least two volumes to be published on
aspects of welding and joining. As indicated in the title, Volume 6A
focuses on fundamental aspects of welding, and on the many welding
processes. Volume 6B, planned for future publication, will concentrate
on weldability and behavior of a range of alloys and materials.

As with the last edition of this Volume, the Volume Editors
recognized that the researchers, engineers, technicians and students
that will use this handbook have different needs with regard to their
level of understanding. Accordingly, the sections of this handbook
fall into two major categories. The sections on fundamentals provide
in-depth background on the scientific principles associated with
welding, while the sections on the various welding processes take a more
practical approach. The Volume Editors have also tried to present a

comprehensive reference that can be of use to the diverse welding
community.

All sections of the handbook have been reviewed to be sure that they
reflect the current status of the technology. Many sections have been
expanded, such as the sections on fundamentals, high-energy density,
solid-state welding and especially weld modeling. New processes and
process variations developed since the last printing of this Volume have
been incorporated, including friction stir welding, magnetic pulse weld-
ing, hybrid processes, direct metal deposition, penetration enhancing
fluxes and ultrasonic additive manufacturing. A section on safe practices
has also been added.

We wish to thank our many colleagues who served as section editors
and authors of the individual articles. This handbook would not have
been possible without their efforts.

Thomas J. Lienert, Los Alamos National Laboratory

Sudarsanam Suresh Babu, The Ohio State University

Thomas A. Siewert, NIST (retired)

Viola L. Acoff, The University of Alabama
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An Overview of Joining Processes
Robert W. Messler, Jr., Rensselaer Polytechnic Institute

FEW ENGINEERING STRUCTURES start
out as a single part, so joining is often the key
process in the manufacture of devices or assem-
blies or the erection of structures. Its purpose is
to keep the component parts of such devices,
assemblies, or structures together with the
required proximity, arrangement, orientation,
and alignment to allow the overall device,
assembly, or structure to perform its intended
function(s) while resisting imposed loads. Since
all components or parts are made from materi-
als, such as metals, ceramics, or polymers/plas-
tics (materials engineers prefer the term
polymers rather than plastics, because the for-
mer properly distinguishes this fundamental
type of material from metals and ceramics,
while the latter refers to the property of easy
permanent changes to the material shape), suc-
cessful joining always requires an understand-
ing of how such materials interact when
brought into contact with one another. Once
such interactions are understood, an engineer
can choose among a variety of options for
accomplishing joining, some of which rely
solely on mechanical forces, some principally
on chemical forces, and some principally on
physical forces that have their origin in the nat-
ural attraction that arises between atoms or
molecules. These different forces, in turn, give
rise to mechanical joining using either supple-
mental fasteners or only the shape of the mating
parts in a joint, to adhesive bonding using prin-
cipally chemical forces arising from surface
absorption between a chemical agent and the
mating parts between which it is sandwiched,
or to welding using the natural force of attrac-
tion between atoms and/or molecules. Beyond
these basic categories of joining, there are some
subtypes, some variants, and some combina-
tions known as hybrids. Together, the various
options for joining materials are as much an
enabling technology as they are a pragmatic
process for manufacture, construction, or repair.

Need for Joining

Assemblies are generally manufactured in-
plant from fabricated detail parts using one or
more joining processes, while structures are
generally erected on-site from prefabricated

parts using one or more joining processes.
There are instances where very small assem-
blies or structures are produced from either
very small parts or components or directly
when the materials comprising components are
created at the same time the assembly or struc-
ture—typically known as a device—is created.
In both cases, joining remains a key process to
enable the creation of the device. Examples of
very small assemblies employing joining are
microelectromechanical systems (Fig. 1). An
example of a device in which the components
and the device are created simultaneously, but
still involving joining, is solid-state microelec-
tronic devices, such as transistors on silicon
chips (Fig. 2).
The most obvious need for joining is to make

things that are too large to make in one piece
because of some inevitable limitation of the
process by which those things could otherwise
be made. Such limitations exist for all primary
processes by which materials can be shaped
into parts, including casting (of metals or cera-
mics, including cement and concrete); molding
(of polymers); forging (of metals); rolling,
drawing, or extruding (of metals, glasses, and
some polymers); or powder compacting (of
metals or ceramics). Related to this need is
the need to make things that are too complex
in shape, even though they may not be too large

for the aforementioned primary processes to
create. For example, the secondary process of
machining can be used to create parts with
complex shapes, although it is limited to parts
no larger than the limits of the primary pro-
cesses to produce the starting stock. Otherwise,
machined detail parts must be joined to produce
an assembly.
Another obvious need for joining is to create

assemblies or structures in which the required
functions are best achieved by mixing materials
of different types, whether at a fundamental
level (e.g., metal, ceramic, or polymer) or
within a category (e.g., two different metals or
alloys). An example of the former is the need
to join glass to cement or concrete, to wood,
or to metal to create a window in a structural
wall. An example of the latter is the need to
join pure copper to stainless steel to produce
the clad bimetal starting stock for cookware
with heat-dispersing bottoms.
Further optimization is often desired when

using as much of a material starting stock as

Fig. 1 Microelectromechanical systems, such as the one
shown here, also must be assembled, typically by

mechanical interlocking. Such devices are typically made
using techniques first developed for use in
microelectronics; i.e., photoetching and deposition.

Fig. 2 Solid-state microelectronic devices, beginning
at the silicon chip level, involve assembly,

including by chemical (e.g., deposition and reaction),
welding (e.g., die bonding and soldering), and
mechanical (e.g., pressure contact) means. Here an
assembled electrically erasable programmable read-only
memory complementary metal oxide semiconductor
device is shown.



possible to minimize waste or scrap. Such
improved utilization can be enabled by joining
small pieces cut from large starting stock in
such a way as to minimize waste (e.g., by nest-
ing flat detail parts punched or otherwise cut
from a sheet of metal) to create larger ones.
This approach is used in the automobile indus-
try with laser blanking (using pieces from
different-gage sheet metal stock to create a
patchwork part for forming into a body panel).
There are other reasons for joining that

sometimes may be considered needs and
other times may be considered benefits. These,
as well as the aforementioned needs, are sum-
marized in Table 1 and are discussed in the
small number of references available on general
approaches to joining listed in the Selected
References at the end of this article.

Forces and Interactions
in Materials Joining

The engineering options to join materials
involve the application of mechanical, chemi-
cal, and/or physical forces that bind materials
together. It also should be obvious from the
preceding section that joining is not only valu-
able but sometimes an essential process for in-
plant manufacturing and on-site construction.
In addition, joining is (far more than may be
realized or planned) an important process for

in-service repair. In fact, some of the greatest
challenges to welding involve making repairs
in parts or assemblies or structures that either
were not created by welding in the first place
or were created by welding but the identity of
the metals or alloys of construction is no longer
known.
Compatibility of Dissimilar Materials.

Before looking at the various major options by
which joining can be accomplished, first con-
sider what forces allow two or more parts to
be held together in a joint. To the materials
engineer, the joining of two or more parts
depends on what generic (if not specific) type
of material is used for each of the different
parts. Obviously, the shapes of the parts to be
joined and the purpose of the joint are also
important considerations; however, these fac-
tors are addressed after considering the funda-
mental issue of what types of materials are
being joined together. After all, when different
materials are joined together, the materials must
be compatible with one another to form a prop-
erly functioning joint.
Compatibility of dissimilar materials

involves chemical, physical, and mechanical
interactions. First and foremost, the materials
in a joint should be chemically compatible so
that adverse reactions (e.g., galvanic corrosion)
do not occur. Second, physical compatibility of
joined materials is also required. For example,
when service requires the joint to function

within some temperature range, it is critical to
know if one material reacts to heat radically
different than another material in the joint. If
coefficients of thermal expansion differ by more
than approximately 15 to 20%or ifmelting points
are radically different, then this may adversely
affect joint function within some temperature
range. Third, mechanical compatibility is impor-
tant, so that key properties of hardness, strength,
or stiffness are not radically dissimilar. For
example, large differences inmechanical proper-
ties may lead to performance problems, such as
inordinate wear of one part by the other, intolera-
ble stressing of one part compared to the other, or
unacceptable deflection or lack of flexibility of
one part versus the other.
Joining with Mechanical, Chemical, and

Physical Forces. There are only three types of
forces, from a fundamental standpoint, that
can be used to hold two or more parts in contact
against unwanted motion, regardless of the
materials involved. These three are mechanical,
chemical, and physical forces that arise from
atomic-level attraction.
Mechanical forces arise from one part physi-

cally interfering with another part or parts
because of their macroscopic shapes and micro-
scopic surface roughness. At the macroscopic
level, if the shapes of two or more abutting
parts are such that one fits into—or nests
within—the other(s), they are prevented from
moving at least in some directions. In general,
two solid bodies can move in any of three
directions by translation, that is, in the x-, y-,
or z-direction on a Cartesian coordinate system,
or by rotation about the x-, y-, or z-axis of the
Cartesian coordinate system. These six distinct
types of relative motion are known as degrees
of freedom, and thus, there are six degrees of
freedom of motion in three-dimensional space:
three in translation and three in rotation.
For example, if a protrusion on one part fits

into a matching recess on the other, those two
parts are prevented from sliding over one
another under a shear force but are not pre-
vented from separating from one another under
tension. As seen in the next section, such inter-
ference can arise from either having a special
part cause the mutual interference or by having
the abutting parts themselves have shapes
that mate to cause interference (Fig. 3). In
both cases, strictly mechanical forces, and no
atomic-level forces of any kind, operate to keep
the parts together against unwanted movement
in at least some directions.
Besides macroscopic-level interference caus-

ed by the shapes of mating parts, there is also
always some degree of interference at the
microscopic level due to surface asperities, that
is, peaks and valleys. When two real surfaces,
which are never perfectly smooth on an atomic
scale, are in contact, the high and low points on
one surface interact with the high and low
points on the other surface. This microscopic
mismatch between surfaces results in friction.
Friction is what helps fasteners operate in
mechanical joining.

Table 1 Reasons for and benefits of joining (by design goals)

Goal 1: Achieve functionality

� To carry or transfer loads in an array of parts needing to act together without moving (i.e., a static structure)

� To carry and transfer loads in an array of parts needing to act together by moving (i.e., a dynamic structure)

� To achieve size and/or shape complexity beyond the limits of primary fabrication processes (e.g., casting, molding, forging,
forming, powder processing, etc.)

� To enable specific functionality demanding mixed materials

� To allow structures to be portable (i.e., able to be moved to or from sites)

� To allow disassembly for ultimate disposal

� To impact damage tolerance in the structure beyond that inherent in the materials of construction (i.e., structural damage
tolerance)

Goal 2: Facilitate manufacturability

� To obtain structural efficiency through the use of built-up details and materials

� To optimize choice and use of just the right materials in just the right place

� To optimize material utilization (i.e., minimize scrap losses)

� To overcome limitations on size and shape complexity from primary fabrication processes

� To allow on-site erection or assembly of prefabricated details

Goal 3: Minimize costs

� To allow optimal material selection and use (versus forcing compromise)

� To maximize material utilization and minimize scrap losses

� To keep the total weight of materials to a minimum (through structural efficiency)

� To provide more cost-effective manufacturing alternatives (versus forcing a primary fabrication process to its limit)

� To facilitate automation of assembly, for some methods

� To allow maintenance, service, repair, or upgrade; all of which reduce life-cycle costs

� To facilitate responsible disposal

Goal 4: Provide aesthetics

� To enable application of veneers, facades, etc., different from the underlying structure

� To allow complex shapes to be formed

Source: Ref 1
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The advantages of using mechanical forces to
accomplish joining are:

� Materials being joined mechanically need
not be similar, so long as they are either
chemically compatible or are separated by
an intermediate, insulating material.

� Parts joined mechanically can uniquely
allow relative motion between mating parts
in selected directions of translation and/or
rotation, while not moving in other
directions.

� Parts assembled mechanically can, uniquely,
be intentionally disassembled. (By proper
design, unintentional disassembly can be
prevented.)

� Joints created by purely mechanical forces
arrest propagating cracks in parts at the
part-to-part interface, where there is no
material continuity. (This imparts damage
tolerance to the structural assembly.)

� The level of skill needed to perform
mechanical joining is relatively low com-
pared to other methods of joining (e.g.,
adhesive bonding and welding).

� Mechanical joining is easy to perform in-
plant or on-site.

� Resulting joints can easily approach the
strength of the joint elements.

The disadvantages of using mechanical
forces to accomplish joining are:

� Mechanically, joints can loosen or disassem-
ble unintentionally.

� Stress tends to concentrate at discrete points
of mechanical fastening or attachment.

� Mechanical joints can leak fluids unless spe-
cial precautions are taken (e.g., gaskets, sea-
lants, etc.).

� The labor intensity associated with mechani-
cal fastening is high.

Chemical forces arise principally from sur-
face adsorption between a chemical agent and
the materials (i.e., parts) being joined, although
they can also arise from an actual chemical
reaction between the agent and the part materi-
als. In the former case, there is no adverse
effect of the chemical agent on the part materi-
als, and the forces of attraction giving rise to
adhesion are relatively weak secondary bonding
forces arising from the dipole nature of mole-
cules comprising the chemical agent. In the lat-
ter case, there can be an adverse effect if either
a weak or brittle boundary layer forms between
the chemical agent and one or more of the parts
in the joint. When chemical reactions occur, the
forces giving rise to adhesion are usually strong
primary bonding forces arising from the ten-
dency of the atoms of most chemical elements
to attract one another. In both cases, the chemi-
cal agent is known as an adhesive, while the
base parts involved in the joint are known as
adherends. The overall joining process is
known as adhesive bonding. Figure 4 shows
how adhesives develop strength at a joint.
Physical forces arise between atoms and, to a

lesser extent, between molecules as a natural
result of their structures. These physical forces,
which are electromagnetic (actually, electro-
static) in their origin and character, are the basis
for joining bywelding aswell as the subprocesses
of brazing and soldering. In each case, actual
atomic-level bonding (metallic, ionic, covalent
bonding) results in very high joint strengths.
The atoms of all of the elements except the inert
gases exert a force of attraction on one another
that increases as the distance between them
decreases, resulting in the formation of bonded
atom pairs.When very large numbers of (ideally,
all) pairs of atoms across an interface between
twomaterials form such bonds, the twomaterials
are held together as if theywere one, that is, form-
ing a weld. The strength of the weld can easily
approach the strength of the base materials
involved in the joint.
As seen in the section “Welding” that fol-

lows the sections on mechanical joining and
adhesive bonding, what needs to be accom-
plished to actually produce welds is to facilitate
this natural process of bonding between atoms.

Mechanical Joining—Fastening
and Integral Attachment

There are two ways in which interference can
be caused to occur between parts comprising a
joint produced by mechanical forces only:

� By using a supplemental part whose sole
purpose is to cause such interference

� By using the shapes of the parts themselves
to cause the interference

The former approach is known as mechanical
fastening, with the special supplemental part
being called a fastener. The latter approach is
known as integral mechanical attachment, with
the mating features being called attachment fea-
tures. Interested readers are referred to some
excellent references at the end of this article.
Mechanical joining, in one or the other of the

two forms described, accounts for more than
half of all the joining performed in the world
every year. The fact that mechanical joining is
simple, is available in diverse forms, works
with all materials (metals, ceramics, cement
and concrete, glass, polymers, wood, and com-
posites) in virtually any combination, does
nothing to alter the material properties in which
it is accomplished, repeatedly produces joints
with high structural integrity, allows intentional
disassembly without damaging the parts,
uniquely allows relative motion in controlled
directions between joined parts, and is highly
portable accounts for its tremendous popularity.
However, despite all of this, there are other via-
ble and important approaches to joining.
Mechanical fastening is possible using a

number of well-known as well as several less
obvious but still familiar methods. Examples
of some well-known and/or familiar mechanical

Fig. 3 Schematic illustration showing how interference
at both macroscopic levels between parts and/or

designed- and processed-in geometric features and at
microscopic levels due to ever-present surface asperities
leads to mechanical interlocking. Here the example of a
nail driven into two pieces of stacked wood is shown.
The nail interferes with the two pieces of wood to
prevent shear between them, while the forged-in cleats
as well as microscopic asperities on the nail surface
prevent the nail from coming out of the wood.

Fig. 4 Schematic illustration showing how either
surface adsorption arising from the for-

mation of secondary bonds between an adhesive and
adherend(s) (top) or the formation of actual reaction
zone(s) between the adhesive and adherend(s), in which
primary chemical bonds are formed, contribute to
adhesive bonding.
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fastening methods and fasteners are shown in
Fig. 5.
Well-known methods involve the use of

metal nails, metal pins, metal or plastic rivets,
metal self-tapping screws, threaded metal bolts
and machine screws (either with internally
threaded parts or with internally threaded metal
nuts), metal or fabric washers, metal retaining
clips and rings, metal eyelets and grommets
(familiarly known as metal snaps, as found on
some leather garments and on jeans), and metal
keys and keyways.
Less obvious but familiar methods include

plastic, metal, or ceramic buttons and button-
holes; metal or plastic zippers; metal staples;
metal or polymeric stitches, lashings, splices,
and knots in rope; and others. In each and every
case, the sole purpose of the fastener as a part is
to cause interference between the parts of the
intended joint into which, or with which, they
are employed. Once fastened, the joined parts
are prevented from separating, at least in some
directions of motion.
Mechanical fasteners vary in the specific way

in which they are installed and in the way in
which they resist applied forces. However, it
is possible to fasten joints to achieve load-

carrying capability that equals or even exceeds
that of the joint elements themselves. Joint effi-
ciency, which is defined as the stress sustained
in that feature or agent that actually allows join-
ing divided by the stress carried in the adjoining
structural members, can be high, typically close
to or exceeding 100%. Fasteners allow assem-
bled joints to be intentionally disassembled
without damaging the joint elements. This said,
care must be taken during both design and
manufacturing/assembly to prevent unwanted,
unintentional disassembly.
Integral Mechanical Attachment. Much

older, and gaining popularity again, is the use
of geometric features integral to the parts being
assembled to cause mechanical joining. This
method is known as integral mechanical attach-
ment. Well-known examples include dovetail-
and-groove joints in wood, crimps and hems
in sheet metal, and so-called snap-fits in plastic
or polymer parts.
Integral mechanical attachment, also referred

to as integral interlocks, operates in one of three
ways:

� By having the features and the parts of
which they are a portion remain rigid

� By having the features deflect and then
recover elastically against some relatively
more rigid mating feature or part

� By being plastically deformed into parts
once those parts are mated

The result is rigid interlocks (e.g., dovetail
and grooves, machined ways and rails, molded
threads on glass), elastic interlocks (e.g., snap-
fit features such as cantilever hooks like those
found on the lids of battery compartments on
cell phones and torsion locks like those found
on so-called child-proof plastic medicine bot-
tles), and plastic interlocks (e.g., crimps, hems,
stakes). As opposed to fasteners (which can be
numerous in large assemblies such as nailed
wood-frame houses or riveted aluminum alloy
airliners), integral attachment features reduce
part count and facilitate assembly, whether
done manually or using automation. As such,
they are receiving renewed interest in modern
design and manufacturing.

Adhesive Bonding

Undoubtedly as old as mechanical joining
using interlocking objects, another joining
method is the use of naturally sticky substances
to hold things together by adhesion. This is the
basis of adhesive bonding. Even the earliest
humans surely recognized the value of sticky
plant and animal excretions (e.g., sap or pitch
from trees and spittle from some beetles) and
extracts (e.g., plant rubber and blood or fish
glues) for joining animal skins, wood, and plant
fibers. In its modern form, synthetic chemical
agents, rather than naturally occurring ones,
tend to dominate the joining process of adhe-
sive bonding. However, regardless of their
source, certain chemical agents have the ability
to create adhesion between themselves and
other materials and hence between virtually
any two materials between which such agents
are sandwiched. The underlying mechanism
responsible for such adhesion is surface
adsorption.
Surface adsorption involves the formation of

relatively weak secondary bonds between at
least some of the molecular species found in
the chemical agent, known as an adhesive, and
at least some of the molecular (or atomic) spe-
cies found in the materials being joined, known
as the adherends. Without going into great
detail here, two possible types of such second-
ary bonding are van der Waals bonding and
hydrogen bonding. In van der Waals bonding,
certain of the molecules in the adhesive and
certain of the molecules in the adherends
induce dipoles in one another; creating positive
and negative portions in one another. The result
is that the positive portions of molecules in
either the adhesive or one or both of the adher-
ends are attracted to—and attract—the negative
portions of the molecules in one or both of the
adherends or the adhesive, creating bonded
pairs across the joint interface. The result is

Fig. 5 Schematic illustration of some general mechanical fastening methods and fasteners, including (a) nail in wood,
(b) metal pin (with locking Cotter pin) in metal, (c) upset rivet in metal, (d) self-tapping screw in wood, (e) nut

and bolt in metal, (f) mating eyelets and grommets (commonly known as snaps) in fabric or leather, and (g) metal staple
in paper, cardboard, or leather. Source: Ref 1
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what is known as adhesion. In hydrogen bond-
ing, hydrogen atoms in the adhesive serve as
links or bridges to atoms or molecules in the
adherends, creating bonding across the joint
interface that tends to be stronger than that cre-
ated by van der Waals bonding.
While weak compared to primary bonds, van

der Waals bonding and hydrogen bonding still
result in significant adhesion because such large
numbers of submicroscopic bonds are created
across macroscopic interfaces. In other words,
while the shear (and particularly, peel) strength
of adhesives (typically 20+ MPa, or less than
3000 psi) tends not to be impressive compared
to the shear or tensile strengths of mechanical
fasteners or welds (typically 135 to 700 MPa,
or 20,000 to 100,000+ psi), the fact that adhe-
sives are—or should be—applied over large
areas allows adhesive-bonded joints to carry tre-
mendous loads or forces. As an example, think
about a square card table (36 by 36 in.) covered
with soft, freshly chewed gum with a shear
strength of 10 psi that is smeared over its entire
surface. If such a table was turned upside down
and pressed face-to-face with another such table,
the force required to pull the two tables apart in
shear would be almost 13,000 lb!
Because of the just-described principal

mechanism for adhesion, that is, surface
adsorption, successful adhesive bonding
requires the joining of large surface areas. The
larger the better! Once bonded, adhered joints
perform best under shear stresses operating in
the plane of the adhesive, as opposed to tensile
forces or, worse, peel forces operating out of
the plane of the adhesive. The result is that
properly adhesive-bonded joints tend not to
develop stress concentrations like fastened
joints do, since applied loads or forces are
spread over the large surface area of the bond
layer, and areas of concentrated stresses can
slip a little or redistribute the loads.
The relative advantages of adhesive bonding are:

� Spreading of applied forces over large areas
to produce relatively low stresses

� Little or no stress concentration (except at
the ends of overlapped or lapped joint ele-
ments, where peel can occur)

� Utility with a wide variety of materials
(metals, ceramics, glasses, polymers, com-
posites, wood, cement and concrete) in virtu-
ally any combination (so long as the
adhesive is chemically compatible with each
of the adherends involved in the joint)

� Little if any change to the chemical compo-
sition or microstructure, and thus the proper-
ties, of the adherends

� Sealing of joints against fluid intrusion or
extrusion, that is, leakage

� Damping of shock loads and vibrations
� Blunting of cracks propagating within adher-

end(s)

Adhesive bonding is not without its short-
comings. Relative shortcomings or outright dis-
advantages include:

� Sensitivity to out-of-plane loads or stresses
(e.g., peel or cleavage)

� Requirement of careful joint preparation
� Requirement of rigid process control for

demanding applications
� Difficult inspection and virtually impossible

repair of process-induced defects
� Extremely complicated stress analysis for

critical applications
� Joint life that is sensitive to a wide variety of

environmental factors, including tempera-
ture (not too high and not too low), moisture
(not too high and not too low), cyclic
changes in temperature or moisture (i.e.,
weathering), radiation (including ultra-
violet), solvents, and various biological
agents (e.g., mold, mildew, fungi, microbes,
insects, and vermin)

� Limits to upper service temperature, espe-
cially for organic (polymeric) adhesives

� Protection of worker health from possible
fumes, contact dermatitis, and so on

In fact, adhesives develop adhesion between
adherends using more than just the chemical
forces arising from surface adsorption, although
true adhesives must always rely on this mecha-
nism predominantly. Depending on the particu-
lar adhesive and on the particular adherend(s),
three other mechanisms can—and often do—
contribute to joint adhesion:

� Mechanical interlocking
� Diffusion
� Electrostatic attraction

Mechanical interlocking can arise when a
soft, pliable adhesive fills in the nooks and
crannies caused by the surface roughness (i.e.,
asperities) of all real surfaces. Adhesion is
increased both by the dramatically increased
surface are over which surface adsorption is
occurring as well as from some locking
of adhesive into nooks and crannies with
re-entrant angles. Obviously, a contribution
from mechanical interlocking arises when
adherends are naturally porous or are artificially
but intentionally roughened.
Diffusion can contribute to adhesion when

some atomic migration occurs across the inter-
face between the adhesive and one or both of
the adherends. Such diffusion occurs when
the adhesive is particularly fluid and the adher-
end(s) is (are) permeable, although solid-state
diffusion can occur under other circumstances
as well. A well-known example is how water-
moistened glues or mucilage on postage stamps
migrate into the spaces among the fibers of a
paper envelope. Related to this type of diffusion
is the entangling of the long-chain molecules
making up polymers when one polymer is
adhesively bonded to another using a polymeric
adhesive or simply a solvent. A well-known
example is how a polyvinyl chloride plastic
patch is bonded to a polyvinyl chloride swim-
ming pool liner once it has been softened with
acetone in what is known as solvent cementing.

Finally, electrostatic forces of attraction
(Coulomb forces) can arise in certain materials
(i.e., adhesives and adherends) when charged
particles (e.g., electrons and positive ions) sep-
arate within these materials by what is known
as polarization. This mechanism tends to occur,
if it occurs, in polymers and, to a far lesser
extent, in glasses. A supposed manifestation of
such an electrostatic contribution to adhesion
is when transparent adhesive tape is stripped
from a plastic part, and a static charge or even
a static discharge occurs.
Figure 6 schematically illustrates the various

mechanisms that can contribute to adhesion in
adhesive bonding, one or more of which tends
to operate with specific adhesives and adher-
ends. Successful adhesive bonding requires
proper joint design (to avoid out-of-plane peel
or cleavage stresses in favor of pure shear stres-
ses), proper joint preparation (which includes at
least careful cleaning but also, often, precondi-
tioning with what is known as a primer), proper
adhesive selection for the adherend(s) being
joined, and proper adhesive application and
curing (which may involve drying or may
involve setting with heat or ultraviolet radiation
or a chemical catalyst). The interested reader is
referred to any of several excellent references
on adhesive bonding at the end of this article.

Welding

As mentioned earlier, welding is the natural
consequence of bonds between atoms of all of
the elements in the periodic table (except the
inert gases). Atoms form bonds with one
another, in certain combinations and in differ-
ent specific ways. The upper portion of Fig. 7
shows schematic plots of the competing forces
of attraction and repulsion that add algebrai-
cally (positive attraction forces to negative
repulsion forces) to result in a zero net force
at a particular spacing between atoms of similar
or dissimilar types (i.e., elements) as they
approach one another from what, to those
atoms, seems like an infinite initial separation.
Under normal circumstances (e.g., a relatively
stress-free state), the atoms making up a solid
material are separated from one another by this
equilibrium interatomic spacing.
When atoms are involved, they are electri-

cally neutral. As they approach one another,
they induce a dipole in one another by having
the center of positive charge associated with
the nucleus displace from the center of negative
charge associated with the surrounding orbiting
electrons. Once this occurs, they attract one
another with a greater and greater force as the
distance between them continues to decrease.
At some point, however, the negatively charged
electrons orbiting in very large orbits (com-
pared to the size of the positively charged
nucleus) sense one another’s presence and give
rise to a repulsive force that builds more and
more as the atoms move closer and closer
together. In fact, the repulsive force increases
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faster than the attractive force. When the two
competing forces are added, a curve of net
force results, as shown in the upper portion of
Fig. 7. At the point of separation where the
attractive force and the repulsive force are
equal but opposite, the net force is zero, and
this separation is the natural bond length. The
net attractive force over the distance the atoms
move together adds up to form the bond energy.
So, even neutral atoms, by inducing dipoles

in one another, approach one another under
the resulting force of attraction until they come
to a point where a rising force of repulsion
caused by their outermost orbits (or shells) of
electrons sensing one another comes into bal-
ance to result in a zero net force and, not inci-
dentally, a minimum potential energy state.
Once at this equilibrium interatomic spacing,
the atoms bond with an energy given by the
depth of the well in the net potential energy
curve, that is, the binding energy or bond
energy. The greater the depth of this well, the
greater the strength of bonding, and hence, the
greater the strength of the material mechani-
cally (against fracture), thermally (against melt-
ing), and chemically (against reaction and,

particularly, corrosion). As a natural conse-
quence of this behavior of all atoms (except
those of the inert gases), given the opportunity,
atoms of the same element or most different
elements will come together and bond. In other
words, they form a weld. Welding then is sim-
ply the process of enabling atoms to come
together in very large numbers to do what they
want to do naturally. However, there are some
obstacles to be overcome to make welds in real,
solid materials.
Two things about the surfaces of real, solid

materials pose obstacles to the formation of a
weld between two abutting pieces as a result
of the natural tendency of the atoms of such
materials to come together to their equilibrium
interatomic spacing and form strong primary
chemical bonds in very large numbers. The
first, which is true of all solid materials regard-
less of their type (e.g., metal, ceramic, or poly-
mer), is that real surfaces are far from smooth
on an atomic scale. No matter how much effort
is put into creating a smooth surface on a part,
there are high and low points—hills and
valleys, referred to earlier as asperities—that
prevent all but a very small fraction of all the

atoms on the surface from coming into intimate
enough contact to allow bond formation. Even
for the most highly polished surface, the typical
fraction of atoms that come into intimate con-
tact is approximately 1 in every 106 to 108. This
means that even though strong primary atomic
bonds form between these atoms, the over-
whelming majority of atoms at the abutting sur-
faces do not come into close enough proximity
to form bonds. Hence, the overall effect
of such limited bonding is that the strength of
the created weld is only approximately 1 one-
millionth to about 1 one-billionth of the theoret-
ical strength of the materials involved, not
nearly enough to hold the pieces together under
their own weight.
Figure 8 schematically illustrates how welds

form naturally in ideal materials with perfectly
smooth surfaces (in a and b) versus how such
weld formation is hindered by the existence of
surface asperities on the surfaces of real materi-
als (in c). To increase the number of atoms on
the abutting part surfaces that come into inti-
mate contact, there are two options:

� Apply pressure to cause the contacting high
points to deform plastically, bring more
points into intimate contact, and form more
bonds

� Add atoms to the gaps between the contact-
ing high points to fill in those gaps and form
more bonds

The easiest way to add atoms is in the form
of a liquid, which can flow into the nooks and
crannies, created by melting either the materials
being joined or by adding a molten compatible
filler material. The first bulleted option is the
basis for nonfusion pressure welding, while
the second bulleted option is the basis for
fusion welding (both of which are described in
the section “Classification of Welding Pro-
cesses” in the article “Overview of Welding
Processes” in this Volume).
The second thing about the surface of most

real materials is that they are rarely clean at
the atomic level. That is, the surface rarely con-
sists of only atoms making up the base materi-
als involved in what is to become the joint.
Rather, the surfaces of most materials are con-
taminated by oxides or other tarnish layers, by
adsorbed water and/or gases from the air, or,
if the parts were not cleaned, by oils, greases,
paint, and so on. These contaminants prevent
atoms of the base materials from coming into
intimate contact to form bonds and a weld.
Figure 8(d) schematically illustrates how

the surfaces of real materials are covered with
contaminants that prevent atoms of the base
materials from coming together to form bonds.
Figure 8(e to g) show how pressure can be used
to overcome the obstacles of asperities and con-
tamination of the surfaces of real materials to
form a weld in the solid state. Not shown is
how atoms could readily fill in the gaps
between contacting high points by being added
in the liquid state (i.e., as molten material) to

Fig. 6 Schematic illustration of the various mechanisms that can lead to adhesion during adhesive bonding, that is,
(a) mechanical interlocking of adhesive into microscopic surface asperities, (b) secondary bonding from

adsorption with proper wetting from surface energy effects, (c) electrostatic attraction from charge separation or
polarization, and (d) diffusion of some atoms or molecules back and forth between adhesive and adherends. Also, (e)
the formation of a weak boundary layer that can lead to the adhesive failure of joints. Source: Ref 1
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allow more bond formation. Obviously, the suc-
cessful creating of welds with good properties
is critically dependent on proper cleaning of
the part surfaces prior to welding.
The advantages of welding include:

� Creation of joints that are permanent (as
opposed to life-limited, as is the case with
most adhesive-bonded joints, or possible to
disassemble, as is the case for mechanical
joints), precluding accidental disassembly
or loosening

� Wide variety of process embodiments, to
optimize selection for purpose

� Applicability to many materials within a
fundamental material class, that is, within
metals, ceramics, glasses, or thermoplastic
polymers

� Amenability to either manual or automated
operation

� General portability and suitability for use
outdoors or indoors

� Creation of leaktight joints, if desired
� Achievement of excellent joint strength and

efficiency

Advantages notwithstanding, there are some
disadvantages, which include:

� Impossibility of disassembly without sev-
erely damaging parts, for any purpose
(including recycling)

� Alteration of base material structure and dis-
ruption of base material properties by the
heat associated with some process embodi-
ments (especially involving fusion)

� Impossibility of joining fundamentally dis-
similar materials (e.g., metals to glasses),
although such joining can often be done
using brazing or soldering

� Requirement of considerable operator skill
and stringent process control for production
of high-quality joints

� Relative high cost (compared to mechanical
joining and adhesive bonding) due to
required skills and labor intensity

� Possible high cost for capital equipment,
especially for some automated processes

The real forte of welding is for joining
metals, although the process can also be
employed for joining similar or dissimilar
glasses, for joining similar or dissimilar ther-
moplastic polymers, and for joining some cera-
mics (particularly oxide types). As such,
because of the tremendous importance of
metals, in general, and steels, in particular, to
the technological advancement and economy
of societies, welding is a particularly important
joining process, accounting for more than 60%
of the gross domestic product of industrialized
countries.

Brazing and Soldering

Like welding, both brazing and soldering
also form primary bonds (in metals, metallic
bonds). Like welding processes, soldering and
brazing also rely on interdiffusion between
joined materials to form the soundest joints.
Unlike fusion welding, however, neither braz-
ing nor soldering requires—nor causes—any
melting (or fusion) of the base materials.
Rather, bond formation occurs between molten
filler and the ever-solid substrates.
Both brazing and soldering involve the use of

a filler material that melts at a temperature
below that of the base material(s). The only dif-
ference between processes classified as brazing
and those classified as soldering is that brazing
fillers melt above 450 �C (840 �F), while
solders melt below 450 �C (840 �F). These tem-
peratures are actually quite arbitrary, because
nothing special happens there, but melting of
fillers at 450 �C has become the generally
accepted break-point between the temperatures
for soldering and brazing.
During brazing and soldering, the melting of

filler materials is essential so that these molten
fillers can:

� Wet the surface of the base materials (by
lowering the surface energy of those base
materials)

� Flow or spread over the surfaces of the base
materials by capillary action, usually aided
by separating base material parts between
0.05 and 0.2 mm (0.002 and 0.008 in.)

� Speed up needed interdiffusion

These criteria are different than those for the
parent process of welding (which involves

Fig. 7 Schematic plot of the forces (top) and potential energies (bottom) involved in atomic bond formation as the
underlying mechanism of welding. Source: Ref 1
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melting of base materials and/or interdiffusion
between the base materials). For both, the fillers
tend to be alloys with eutectic or near-eutectic
compositions from alloy systems having
eutectics.
Both brazing and soldering share the follow-

ing advantages:

� There is minimal disruption of the base
materials by operating at relatively low
temperatures.

� Joining of fundamentally different materials
(e.g., metals to ceramics and metals to
glasses) can be done.

� The joint forms itself by the nature of the
flow, wetting, and subsequent crystallization
process, even when the heat and the braze or
solder are not directed precisely to the places
to be joined.

� The resulting joint tends to spread loading
over large surfaces and performs better in
shear, especially peel, rather than in tension.

� Considerable freedom is allowed in the
dimensioning of joints, so that it is possible
to obtain good results even if a variety of
components are used on the same product.

� The brazed or soldered connections can be dis-
connected if necessary, thus facilitating repair.

� The equipment for both manual and machine
brazing/soldering is relatively simple.

� The processes can be easily automated,
offering the possibility of in-line

arrangements of brazing/soldering machines
with other equipment.

Variant and Hybrid Processes

Besides the major joining options of mechan-
ical joining (fastening or integral attachment),
adhesive bonding, and welding (including braz-
ing and soldering), there are some so-called
variant processes that are difficult to place
within any one of the aforementioned cate-
gories. There also are some interesting hybrid
processes, which are combinations of the major
and/or variant methods. In addition, some refer-
ences, most notably, the Welding Handbook of
the American Welding Society, tend to refer
to the variant and hybrid processes mentioned
here, as well as some other processes, such as
thermal cutting and flame straightening or shap-
ing, as allied processes (as described in the sec-
tion “Classification of Welding Processes” in
the article “Overview of Welding Processes”
in this Volume). Both variant processes and
hybrid processes are described only briefly here
for completeness. The interested reader is
encouraged to seek other references, such as
those listed at the end of this article.
Two variant processes are braze welding and

thermal spraying. Braze welding tends to fall
between what is properly classified as fusion
welding and what is properly classified as

brazing. Like brazing, it employs filler that
melts below the temperature of the base mate-
rial(s), but unlike brazing, and more like all
forms of fusion welding, it does not rely on
capillary attraction to cause the molten filler
to distribute in the joint. Instead, the filler in
braze welding is deposited in a prepared groove
between the parts to be joined. Thermal spray-
ing involves the heating and acceleration of
metallic, ceramic, or even thermoplastic poly-
mer feedstock converted into particulate form
to cause those particles to adhere to a properly
prepared substrate. The process can be used to
restore lost material with relatively low heat
input to the substrate or to apply coatings to
resist wear or corrosion, provide traction, or
provide lubricity. Heating and propulsion
embodiments use electric arcs, plasmas, com-
busted fuel gases, or detonation of fuel gases.
Hybrid processes combine two different pro-

cesses to obtain some particular benefit(s),
often with some synergism. Examples include
the combining of spot welding and adhesive
bonding in weld bonding, the combining of
welding and brazing in weld brazing, and the
combining of riveting and adhesive bonding in
rivet bonding. Similar hybrids have also been
developed within welding, combining two dif-
ferent welding processes to obtain some
benefit(s). A few examples include laser/gas
tungsten arc, laser/gas metal arc, and laser/
plasma arc.

General Design Aspects

The term design for joining refers to creating
a mechanism that allows the fabrication of a
joint that meets this service condition using a
suitable joining process, at minimal cost. In this
context, design for joining emphasizes how to
design a joint or conduct a joining process
so that components can be produced most effi-
ciently and without defects. This involves
selection and application of good design
practices based on an understanding of pro-
cess-related manufacturing aspects such as
accessibility, quality, productivity, and overall
manufacturing cost.
A good design uses the inherent advantages

of the selected method of joining. For example,
braze joints perform very well when subjected
to shear loading but not when subjected to pure
tensile loading. When using a brazing process
to join parts, it would be beneficial to employ
innovative design features that would convert
a joint subjected to tensile loading to shear
loading. For example, use of butt-lap joints
instead of butt joints can provide a beneficial
effect in flat parts and tubular sections.
The selection of an appropriate design to

join parts is based on balancing several consid-
erations related to the product and joining pro-
cess. Product-related considerations include
codes and standards, fitness for service, aes-
thetics, manufacturability, repairability, reli-
ability, inspectability, safety, and unit cost of

Material A

Material B

Material B Oxide layer

Adsorbed
layer

Material A

Material B

(a) (b)

(e)(d)(c)

(f) (g)

Equilibrium
spacing

Material A

Material B

Material A

Material B

Material A

Asperities

Material B

Material A

Fig. 8 Schematic illustration of the formation of welds as the result of two perfectly smooth and clean ideal materials
versus two real materials. The ideal surfaces (a) before and (b) after being brought into intimate contact. The

real surfaces always contain microscopic asperities (c) and usually are contaminated with tarnish layers and/or
adsorbed gases or water (d), all of which inhibit bond formation between metal atoms. Application of pressure, with
or without heat, leads to progressive formation of welds (e through g). Source: Ref 1
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fabrication. Considerations related to the join-
ing process include material types and thick-
nesses, joint (part) geometry, joint location
and accessibility, handling, jigging and fixtur-
ing, distortion control, productivity, training,
and initial investment.
Joint Design. The individual parts of a com-

ponent meet at joints, and the term joint design
often emphasizes design for meeting structural
requirements, because the typical function of
many joints is to transmit or distribute forces
from one part to the other parts of an assembly.
An ideal joint is one that effectively transmits
forces among the joint members and throughout
the assembly, meets all structural design
requirements, and can still be produced at min-
imal cost.
The design or selection of appropriate joint

type is determined primarily from the type of
service loading. For example, butt joints
are preferred over tee, corner, lap, or edge
joints in components subjected to fatigue load-
ing. Joints also must be designed to reduce
stress concentration. Sharp changes in part
geometry near the joint tend to increase
stress concentration or notch effects. Smooth
contours and rounded corners tend to reduce
stress-concentration effects.
The specific joint design aspects, such as the

size, length, and relative orientation of the joint,
are based on stress calculations that are derived
from an evaluation of service loads, properties
of materials, properties of sections, and ap-
propriate structural design requirements. Joint
design also can have important process
implications.
Orientation and Alignment. Designs that

maintain the relative orientation and alignment
of component parts save valuable time during
fit-up and enhance the ability to produce a
high-quality joint. For example, operations
involving furnace brazing or diffusion bonding
with interlayers benefit from such a type of
joint design, because they also require preplace-
ment of the brazing filler or the interlayer in the
joint.
Joint Location and Accessibility. Joints obvi-

ously must allow proper access. Limited acces-
sibility can reduce the overall quality and
productivity, depending on the method of join-
ing. In arc welding, for example, weld joint
designs employ bevel angles and root openings
to enhance accessibility to the welding torch (or
electrode) and provide adequate weld penetra-
tion. The best bevel angles provide adequate
accessibility while reducing the amount of weld
metal required to complete the joint.
Unequal Section Thickness. When members

of an assembly have unequal section thick-
nesses, joint designs should provide a smooth
flow of stress patterns through the unequal sec-
tions. Modifications to the design may also be
needed for process reasons. When making a fil-
let weld using an arc welding process, if thick-
nesses of the members are not greatly different,
directing the arc toward the thicker member
may produce acceptable penetration. However,

special designs for joining will be required
when large differences in section thicknesses
result in large differences in heat-dissipating
capacities. When a thick member is arc welded
to a thin member, the welding heat input
(mainly current) needed to obtain a good pene-
tration into the thick member is sometimes too
much for the thin member and results in under-
cutting of the thin member and a poor weld.
Similarly, if the proper amount of current for
the thin member is used, the heat is insufficient
to provide adequate fusion in the thick member,
and again a poor weld results. Too little heat
input can also cause underbead cracking in cer-
tain structural materials.
A widely applicable method of minimizing

heat sink differential is to place a copper back-
ing block against the thin member during fusion
welding. The block serves as a chill, or heat
sink, for the thin member. Another way to
obtain equalized heating and smooth transfer
of stress with unequal section thicknesses is to
taper one or both members to obtain an equal
width or thickness at the joint. Commonly,
when two pipes of dissimilar internal diameter
and wall thickness are to be joined, a conve-
nient way is to introduce a “reducer” between
the two pipes. One end of the reducer will have
the same size and wall thickness as the larger
pipe, while the other end of the reducer will
have the same size and wall thickness as the
smaller pipe.
Distortion Control. Design of an appropriate

weld joint can also help reduce welding-related
distortion. Fusion welding processes employ
localized melting and solidification to join com-
ponent parts, which can result in excessive ther-
mal strains. These thermal strains are dependent
on the type of material, the welding process,
and the welding procedure. Reducing the over-
all length of the weld or the amount of weld
metal that needs to be deposited to complete a
joint reduces both residual stresses and distor-
tion. For example, intermittent welding instead
of continuous welding reduces the overall
length of a weld. For more details on distortion
of fusion-welded joints, see the article “Resid-
ual Stresses and Distortion” in this Volume.

Summary

Joining is key to the manufacture of large or
complex devices or assemblies, the construction
of large, complex structures, and the repair of
parts, assemblies, or structures in service. It
also allows materials to be mixed to optimum
advantage and utilized for maximum economy.
There are basic joining methods that use

purely mechanical forces arising from physical
interference between (and possibly some inter-
locking between) parts, chemical forces arising
from surface adsorption or outright reactions,
and the physical forces arising from the natural
tendency for the atoms of all but the inert gas
elements to form strong atomic-level bonds.
These lead to the generic options of mechanical

joining, adhesive bonding, and welding, includ-
ing brazing and soldering.
Mechanical joining can be accomplished using

special supplemental parts whose only purpose is
to facilitate joining, known as fasteners, in
mechanical fastening or simply using some geo-
metric features of the parts themselves to create
interference and interlocking. The greatest
advantages of mechanical joining are utility with
all materials in virtually any combination, with
no degradation of material properties or micro-
structure, and the unique abilities to allow rela-
tive motion between joined parts (if desired)
and allow intentional disassembly (if desired).
Adhesive bonding relies primarily on the

development of secondary bond formation
between a compatible chemical agent known
as an adhesive and base materials known as
adherends. Other contributions to overall joint
strength, that is, adhesion, can come from
mechanical interlocking, limited diffusion, or
electrostatic attraction from polarization
between the adhesive and the adherends. The
major advantage of the process is load spread-
ing, while the major limitation is always sus-
ceptibility to environmental degradation.
Welding arises from the natural tendency of

the atoms of most elements in the periodic table
(except the inert gases) to form one or more
ionic, covalent, or metallic atomic-level bonds.
By using either enough pressure to deform sur-
face asperities that limit the number of points of
intimate, atomic-level contact or by adding
atoms from a molten material source to backfill
gaps, welds rivaling the strength of the base
materials is possible. Welding can be accom-
plished with the categories of metals, ceramics,
glasses, and thermoplastic polymers but not
between these classes. One of two subclassifica-
tions or subtypes of welding, either brazing or
soldering, can be used to join dissimilar, as well
as similar, combinations of materials.
Finally, there are some special variants and

hybrids of the basic joining processes. Two
important variants are braze welding and ther-
mal spraying. Three hybrids are weld bonding,
weld brazing, and rivet bonding.
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Overview of Welding Processes
Robert W. Messler, Jr., Rensselaer Polytechnic Institute

BECAUSE METALS AND ENGINEERING
ALLOYS are used in more diverse applications
than any other material, and because welding
offers particular advantages for joining metals
and alloys into structures wherein the joints are
intended to be permanent, it is appropriate and
important to survey the various ways in which
welding can be performed. Welding processes
can be fairlymeaningfully and conveniently clas-
sified into those that achieve material continuity
by melting the base metal without or with some
filler metal or for those that achievematerial con-
tinuity by causing plastic deformation through
the application of pressure without or with some
heat. The former are known as fusion welding
processes, while the latter are known as nonfu-
sion welding processes.
Once a decision is made that it is acceptable

and advantageous to use fusion or not, it is impor-
tant and beneficial to consider the type of energy
source to be used to cause such melting or such
plastic deformation, respectively. For fusion
welding, chemical energy sources include com-
bustion of fuel gas with oxygen (oxyfuel welding
processes) and exothermic reaction of particulate
metals and oxides (combustion synthesis weld-
ing processes), while electrical energy sources
include arcs (arc welding processes), joule heat-
ing (resistance welding processes), or high-
energy-density beams (radiant energy or beam
welding processes). For solid-phase, nonfusion
welding, mechanical energy sources predomi-
nate, including the use of pressure, friction, and
solid-state diffusion, although the energy of
chemical reactions can also be used for at least
solid-state deposition processes.
It is also possible to produce joints between

metals and even between metals and ceramics
using two subtypes of welding known as braz-
ing and soldering. In both, fillers that melt are
used to create material continuity with base
materials that do not melt, even at the interface.
Brazing and soldering processes can be per-
formed using a variety of chemical or electrical
energy sources that are, not surprisingly, similar
for these two low-temperature processes.
This article provides an overview on the clas-

sification of welding processes along with a
brief overview of key process embodiments
for joining by:

� Fusion welding with chemical sources for
heating

� Fusion welding with electrical energy
sources (arc welding or resistance welding)

� Fusion welding with directed energy sources
(laser welding, electron beam welding)

� Nonfusion welding processes (regardless of
the particular energy source, which is usu-
ally mechanical but can be chemical)

� Related subprocesses of brazing and
soldering

Classification of Welding Processes

One of the advantages ofwelding processes for
producing joints in metals and alloys is the diver-
sity of specific process embodiments. This diver-
sity maximizes the possibility of finding the right
process for the right situation and application.
However, at the same time, such diversity can
seem confusing without some high-level scheme
for classifying the various process methods or
embodiments. Classification helps to divide pro-
cesses into logical categories within which there
are certain key similarities or certain important
differences, and it relates major categories to
one another to allow comparison of relative mer-
its and shortcomings or penalties for specific
application.
Figure 1 presents a master chart of welding

and allied processes developed by the American
Welding Society (AWS). It is useful for three
things. First, it subdivides welding processes
into major categories (e.g., arc welding,
oxyfuel gas welding, resistance welding, etc.).
Second, it shows the general relationship of
so-called allied processes, which use similar
energy sources (e.g., electric arcs and oxyfuel
gas combustion) for related, thermally-based
processes such as cutting and material thermal
spraying. Third, it gives the AWS designation
acronym for short-hand reference to a specific
process (e.g., GMAW for gas metal arc
welding).
While interesting, and offering some utility,

this master chart fails to classify specific pro-
cess embodiments within welding in such a

way as to make clear familial relationships in
a hierarchical fashion; that is, it fails to provide
a taxonomy. Widely used in biology and
biological sciences, in that discipline, a taxon-
omy is an orderly classification of plants or ani-
mals according to their presumed natural
relationships. First-generation parent-daughter,
second-generation grandparent-granddaughter,
as well as aunt-niece, cousin, and other rela-
tionships can be shown in taxonomies. When
applied to classify inanimate things or, as in
the case of welding, processes, a taxonomy
helps with an understanding of the derivation
of one process from another, with key similari-
ties and differences, and even with the possible
identification of “missing links” to stimulate
invention or development.
Figure 2 presents a taxonomy of welding pro-

cesses developed by the author. At the highest
level of the taxonomy presented in Fig. 2, pro-
cess embodiments are divided into pressure
and nonpressure categories, while immediately
below this level each of these is divided into
nonfusion and fusion subtypes. The relationship
of specific process embodiments to the funda-
mental ways in which welds can be created in
real materials to overcome the obstacles to the
establishment of material continuity is immedi-
ately obvious; that is, either pressure to cause
plastic deformation or heat to cause melting
can be used. Within the general subclassifica-
tion of nonpressure welding processes that
operate by relying on fusion, further subdivi-
sion into processes that rely on fusion of identi-
cal or virtually identical base and/or filler
materials or of dissimilar base materials and
fillers can be seen under headings of homoge-
neous (in the former case) and heterogeneous
(in the latter case). Brazing and soldering
appear under the heterogeneous subdivision.
Further subclassifications consider use of filler
or not (i.e., autogenous welding), as well as
other key differences.
Not used in the taxonomy presented in Fig. 2

is the source of energy by fundamental type,
that is, chemical energy, electrical energy, or
mechanical energy. This notwithstanding, the
classification shown tends to work quite well
to understand the relationship among various
process embodiments.



Chemically Driven Fusion Welding

There are two ways in which chemical energy
can be harnessed to cause melting and enable
fusion welding: combustion of a fuel gas in the
presence of oxygen, and solid-phase reaction of
certain powdered metals with certain other pow-
dered metals, possibly with carbon, or with cer-
tain oxides of less-active metals. The former
processes are called oxyfuel gas welding pro-
cesses, while the latter are called combustion
synthesis welding processes. Both, obviously,
involve exothermic reactions. (In chemistry, an
exothermic reaction or process is one that sponta-
neously produces or evolves heat as it occurs.)
Hydrocarbon gases, as well as plain hydro-

gen, can react with oxygen to combust. In

undergoing oxidation, hydrocarbon fuel gases
form combustion products in two stages. In
the first stage, during what is known as primary
combustion, the hydrocarbon gas dissociates
to form hydrogen gas and carbon monoxide
as the first step in oxidation of the dissociated
carbon. In the second stage, during what is
known as secondary combustion, the hydrogen
is oxidized to form water vapor, and the
carbon monoxide is further oxidized to the
final state of carbon dioxide. Each step, as
shown subsequently for the example of the
combustion of acetylene gas, C2H2, is accom-
panied by the release of energy (known
as enthalphy in thermodynamics and as the
heat of combustion in chemistry) in the form
of heat:

C2H2ðcylinderÞ þ O2ðcylinderÞ
> 2COþ H2 þ�HðenthalphyÞ ðEq 1Þ

2COðreactionÞþH2ðreactionÞ þ 1=2O2ðairÞ
> 2CO2 þ 2H2Oþ�H enthalpy (Eq 2)

During primary combustion of the C2H2

contained in a pressurized cylinder (as a lique-
fied compressed gas) by oxygen contained in a
pressurized cylinder (as a compressed gas),
DH = 227 kJ/mol of heat is released during
the dissociation of the C2H2 at 15 �C (50 �F)
to carbon and hydrogen, while the partial com-
bustion (oxidation) of carbon to form carbon
monoxide releases DH = 221 kJ/mol of carbon.
No combustion of the hydrogen takes place at
this stage. During the second stage of combus-
tion (i.e., secondary combustion), which occurs
immediately after primary combustion in oxy-
fuel gas welding, the carbon monoxide and
hydrogen react with oxygen from the surround-
ing air to release DH = 242 kJ/mol of hydrogen
and DH = 285 kJ/mol of carbon monoxide, or
DH = 570 kJ/mol for the overall reaction (Eq
2). Considering the entire reaction, that is, pri-
mary and secondary combustion, approximately
one-third of the total heat of combustion
released comes from the primary combustion
stage, and two-thirds comes from the secondary
combustion stage.
When one looks at the combustion flame pro-

duced during oxyfuel gas welding, in general,
and oxyacetylene welding, in particular, it
appears as shown schematically in Fig. 3. There
is a region right at the end of the gas torch
where there is no flame, because combustion
has not yet taken place. Beyond this colorless
region is a distinct whitish-yellow to white
inner cone in which primary combustion has
taken place by the pressurized oxygen having
been supplied to the pressurized fuel gas and
the mixture having been ignited. Outside this
inner cone is a blue to bluish-white outer flame
in which secondary combustion has taken place
when the products of partial combustion from
the primary combustion region mix with oxy-
gen from the surrounding air to further com-
bust/oxidize. While only one-third of the total
heat produced by the full combustion process
is released in the primary combustion region
(i.e., DH = 448 kJ/mol out of DH = 1260 kJ/
mol for oxyacetylene welding), this region is
actually hotter (that is, at a higher temperature)
than the outermost secondary combustion
region. The reason for this is that the density
of the energy in the primary region is greater
because this region is constrained by the sur-
rounding region of secondary combustion. It is
consistently true of all energy sources that the
intensity of the source (which correlates to its
peak temperature) is directly related to the den-
sity of the energy in that source. A familiar
example is the concentration of sunlight by a
magnifying glass to produce very high tempera-
tures in the focused spot. For maximum heating,

Fig. 1 (a) Master chart of welding and allied processes used by the American Welding Society (AWS). (b) List of the
abbreviations used by the AWS for various welding, brazing, and soldering processes. Source: Ref 1
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whether for welding or for cutting, the tip of the
inner cone should be played on the workpiece.
It is possible to change the chemical nature

and temperature of the flame in oxyfuel gas
welding by adjusting the relative proportions
(on a molar or volume basis) of oxygen and
fuel gas being supplied through the torch
(Fig. 4). When the ratio of fuel gas (in the case
discussed previously, acetylene) to oxygen is
balanced according to the chemical reaction in
Eq 1, the flame is chemically neutral, that is,
with neither a tendency to cause oxidation or
reduction at the surface of the metal being
heated/welded. This is the way an oxyfuel gas
flame should be adjusted for most situations.
If excess oxygen is supplied, the flame becomes
oxidizing to the metal being heated/welded, and
also hotter. This is the way an oxyfuel gas

flame should be adjusted either to burn off
hydrocarbon contaminants (e.g., oil or grease)
or to weld alloys in which one of the compo-
nents has a high vapor pressure and is thus vol-
atile and prone to loss during welding, or to cut
metals. A prime example in welding is the risk
for loss of zinc from brasses (i.e., copper-zinc
alloys). If excess fuel gas (here, acetylene) is
supplied, the flame becomes reducing to the
metal being heated/welded, removing some
oxides or tarnish layers to provide atomically
clean metal. This is the way an oxyfuel gas
flame should be adjusted for heating/welding
metals or alloys that oxidize easily, such as alu-
minum alloys, magnesium alloys, or stainless
steels (in which an ever-present corrosion-pre-
venting oxide of chromium forms at the
surface).

To ignite the flame in oxyfuel gas welding,
the fuel gas only should be turned on and
ignited to produce a yellow, sooty flame. Oxy-
gen should then be introduced by slowly open-
ing the value to the oxygen supply. The flame
will become progressively less yellow and
sooty and more blue to bluish-white and cleaner
as more and more oxygen is mixed in. To turn
off the flame, the fuel gas should be turned off
first.
The neutral condition in an oxyacetylene

flame, for example, can be found by turning
the oxygen flow rate down until small bright-
blue flecks (from unburned acetylene), known
as acetylene feathers, appear around the inner
cone. With excess acetylene, the flame is chem-
ically reducing. By bringing the oxygen up to
just make the acetylene feathers disappear, the
flame is made chemically neutral. By increasing
the oxygen flow rate above the level for a neu-
tral flame, a chemically oxidizing flame is
produced.

Fig. 2 Schematic representation of the overall taxonomy of welding processes. GTAW, gas tungsten arc welding;
GMAW, gas metal arc welding; TIG, tungsten inert gas; MIG, metal inert gas. Source: Ref 2

Fig. 3 Schematic illustration of a typical oxyfuel gas
flame used in welding and cutting, here

showing an oxyacetylene flame adjusted to be (a)
neutral and (b) reducing. The primary and secondary
regions of combustion are shown in (a), while the
acetylene “feather” characteristic of a reducing flame is
shown in (b). Source: Ref 2
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Oxyfuel gas welding offers easy portability
but limited heating capacity in terms of peak
temperatures attainable in the flame and thus
limited ability to melt higher-melting-point
metals and alloys. The process is used for heat-
ing, cutting, piecing, gouging, flame straighten-
ing or shaping, as well as welding or brazing
metals. Table 1 lists the flame temperatures
and other key features of various oxyfuel gas
welding and allied processes.
The second way in which chemical reactions

can be used to produce heat for welding or
brazing is best known as thermit welding but
which actually includes a wide variety of so-
called aluminothermic reactions and, more
recently, a variety of similar highly exothermic
chemical reactions known as combustion syn-
thesis reactions. What these have in common
is that they all employ a highly exothermic
chemical reaction between mixtures of finely
divided (i.e., powdered or particulate) metals

(at least one of which is active or reactive),
active metals and less-active-metal oxides,
active metals and graphite, or active metals
and less-active-metal nonoxide compounds
(e.g., carbides, nitrides, silicon dioxide, etc.).
The aluminothermic reactions, which are the

basis for thermit welding, involve the reaction
between finely divided pure aluminum and a
less-active-metal oxide, commonly either oxi-
des of iron or copper. The former are used to
weld iron-base alloys (principally carbon steels)
and the latter to weld copper-base alloys (prin-
cipally pure copper). Two (of approximately
five) reactions are:

3FeO ðpowderÞ þ 2Al ðpowderÞ > 3Fe ðliquidÞ
þ Al2O3ðsolidÞ þ�H ¼ 880kJ=mol of oxide

3CuO ðpowderÞ þ 2Al ðpowderÞ > 3Cu ðliquidÞ
þ Al2O3 ðsolidÞ þ�H ¼ 1210kJ=mol of oxide

The thermit (or aluminothermic) reaction is
carried out as shown in Fig. 4, in which the
molten metal reaction product, being fluid and
dense, runs down to the bottom of the reaction
vessel or crucible to flow into a prepared joint
and around joint members to form a weld upon
solidification. As shown, welds can be made in
either horizontally or vertically arranged joint
members. Thermit welding has been used his-
torically to weld steel reinforcing bars, steel
railroad track rails (end-to-end), and large-
cross-section electrical connections.
More recently, a wide variety of exothermic

reactions have been studied and employed for
producing refractory compounds (e.g., oxides,
carbides, nitrides, silicides, borides, etc.) and,
by using such compounds to cause bonding, to
cause joining (predominantly by an exothermic
brazing process, because there is seldom any
melting of the base material) of ceramics to
one another or to metals. These are collectively
known as combustion synthesis reactions but
are also referred to as self-propagating high-
temperature synthesis reactions. The generic
process has potential both for joining and for
applying surfacing layers.

Electric Arc Fusion Welding

Electrical energy can be applied in various
ways to heat up a material. For workpieces that
are electrical conductors, the workpiece can be
made part of the electric circuit with an electric
power supply. Once part of the electric circuit,
either electric current can be passed to the con-
ductive workpiece through an arc from an elec-
trode to the workpiece across a gap in a gas, or
the electric current can be passed directly
through the workpiece as an integral part of
the circuit. Processes that use the former
approach are called arc welding processes,
while those that use the latter approach are
called resistance welding processes. Another
way of using electrons to heat a workpiece
(whether an electrical conductor or not) is with
a beam of intense, high-density electrons. These
three basic ways are shown schematically in
Fig. 5. Arc welding and resistance welding are
described in this section, while electron beam
welding is described in the next section,

Table 1 Flame temperatures and other key features for various oxygen-fuel gas welding processes

Fuel gas Formula

Specific gravity(a)

Volume-to-weight

ratio(a)

Oxygen-to-fuel gas combustion ratio(b)

Flame

temperature for

oxygen(c)

Heat of combustion

Primary Secondary Total

Air = 1 m3/kg ft3/lb �C �F MJ/m3 Btu/ft3 MJ/m3 Btu/ft3 MJ/m3 Btu/ft3

Acetylene C2H2 0.906 0.91 14.6 2.5 3087 5589 19 507 36 963 55 1470
Propane C2H3 1.52 0.54 8.7 5.0 2526 4579 10 255 94 2243 104 2498
Methylacetylene-propadiene (MPS)(d) C3H4 1.48 0.55 8.9 4.0 2927 5301 21 571 70 1889 91 2460
Propylene C3H6 1.48 0.55 8.9 4.5 2900 5250 16 438 73 1962 89 2400
Natural gas (methanol) CH4 0.62 1.44 23.6 2.0 2538 4600 0.4 11 37 989 37 1000
Hydrogen H2 0.07 11.77 188.7 0.5 2660 4820 . . . . . . . . . . . . 12 325

(a) 15.6 �C (60 �F). (b) The volume units of oxygen required to completely burn a unit volume of fuel gas. A portion of the oxygen is obtained from the atmosphere. (c) The temperature of the neutral flame. (d) May contain
significant amounts of saturated hydrocarbons. Source: Ref 4

Fig. 4 Schematic illustrations showing the typical arrangements of the thermit process for welding concrete steel
reinforcing bars, horizontally or vertically. Source: Ref 3
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“Directed-Energy Fusion Welding Processes,”
along with laser beam welding.

Modes of Arc Welding

When electrons are forced to jump across a
gap in a circuit made up of good (usually metal)
electrical conductors, it does so in the form of
an arc. The arc consists of negatively charged
electrons moving through the gap between two
electrodes at different electrical potentials, or
voltages. One electrode (called the anode) is
said to be positive with respect to the other,

while the electrode with the more negative elec-
tric potential is called the cathode. Electrons
either are forced out of the cathode when it is
heated (by thermal emission), or they are pulled
from the cathode by the strong attractive force
from the positive anode. A greater difference
in the electrical potential between a cathode
and an anode allows electrons to cross a larger
gap between the two electrodes.
Electrons always move from negative to pos-

itive; however, in the long-established conven-
tion of a current, which is really the flow or
flux of electrons from cathode to anode, the
current flow is taken to occur from positive to

negative. When electrons flow across a gap in
air or some other gaseous atmosphere, they
can impact atoms within the air/gas gap and
cause orbiting electrons to be ejected from
those atoms. This ejection of electrons produces
positive ions of the atoms in the air/gas gap.
The resulting ions also move in the arc under
the influence of the applied voltage (or potential
difference), but toward the cathode. The net
effect of an arc is the heating of the metal
workpiece due to the impact of very fast-
moving electrons and/or slower-moving ions
(which have a much higher mass than elec-
trons). Their kinetic energy is absorbed and
converted to heat when the fast-moving elec-
trons or slower-moving and heavier positive
ions strike the workpiece surface.
Figure 6 schematically illustrates different

modes of electric arc heating by either of two
direct current polarities or by an alternating
polarity. If the potential difference or voltage of
the power supply is unchanging in polarity (i.e.,
the cathode remains the cathode and the anode
remains the anode at all times that current is flow-
ing), the electricity is said to be operating as
direct current, or dc, mode. If the polarity is
cycled back and forth, the electricity is said to
be operating as alternating current, or ac.
With dc operation, the workpiece can be

either positive relative to the electrode in the
welding source, or it can be negative. The two
modes of dc operation are typically referred to
as follows:

� Direct current straight polarity (DCSP): Arc
heating when the workpiece is positive and
the welding electrode is negative. This
operating mode also is called dc electrode
negative or dc�.

� Direct current reverse polarity (DCRP): Arc
heating when the workpiece is negative and
the welding electrode is positive. This
operating mode also is called dc electrode
positive or dc+.

In ac operation, one-half of the voltage cycle
operates as dc�/DCSP, while the other half
operates as dc+/DCRP. In addition, it is possi-
ble to apply a small dc bias voltage on top of
an ac voltage, thus shifting the half-cycles of
the ac wave from being balanced between
dc�/DCSP and dc+/DCRP. This accentuation
of one or the other to affect the welding is
described as DCSP versus DCRP. This ac arc
welding mode is known as wave balance
control.
The effect of these different operating modes

on the shape of the resulting molten weld pool
(shown in profile as a section across a weld pro-
duced by a moving heat source) is also shown
in Fig. 6, as follows:

� Deep welds, with 70% of the heat of the arc
found in the workpiece for the DCSP mode
(left)

� In the DCRP mode (center), shallow welds
and strong cleaning action at the workpiece

Fig. 5 Schematic illustrations of the three basic ways in which electrical energy, supplied by a power source, can be
used to heat and fusion weld a metal, including (a) use of the kinetic energy of electrons and positive ions in

an arc to bombard the workpiece and produce heat (in arc welding), (b) use of the resistance of a workpiece to the
passage of current to produce Joule heating (in resistance welding), and (c) use of an intense, dense beam of either
electrons or photons to bombard a workpiece and produce heat when the kinetic energy of the particles in the beam
are stopped by the atoms in the workpiece material (in electron beam and laser beam welding, respectively)
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surface occurs from a scrubbing action by
bombarding heavy ions, with 70% of the
heat of the arc found in the welding elec-
trode (center)

� In the ac mode (right), an intermediate pro-
file is produced with some surface cleaning
and fairly balanced distribution of heat from
the arc in the welding electrode and in the
workpiece.

Different arc welding processes, as described
next, tend to run under different preferred
operating modes.

Arc Welding Processes

The twobroad subtypes of arcweldingprocesses
are those that employ nonconsumable electrodes
and those that employconsumable electrodes.Non-
consumable electrodes produce the arc andmelt the
base metal(s) of the workpiece(s) either without
using a filler or by adding a filler wire to themolten
weld pool. Consumable electrodes produce an arc
and provide filler metal to the joint as they are con-
sumed. Major modern types of nonconsumable
electrode arc welding include:

� Gas tungsten arc welding (GTAW)
� Plasma arc welding (PAW)
� Stud arc or simply stud welding (SW)
� Magnetically-impelled arc butt welding (MIAB)

Major modern types of consumable electrode
arc welding processes include:

� Gas metal arc welding (GMAW)
� Shielded metal arc welding (SMAW)
� Flux-cored arc welding (FCAW)
� Submerged arc welding (SAW)
� Electrogas welding (EGW)
� Electroslag welding (ESW)

Only GTAW, PAW, GMAW, SMAW,
FCAW, and SAW are described here. The

reader interested in other processes or desiring
more details on the processes covered here
should refer to the references listed at the end
of this article or to other articles in the ASM
Handbook series (as noted for each process
described in the following).
Nonconsumable Electrode Arc Welding.

Gas tungsten arc welding and plasma arc weld-
ing are examples of processes that employ non-
consumable electrodes. Both use a permanent
electrode made from tungsten, the highest-melt-
ing-point metal (at 3410 �C, or 6170 �F),
contained within the body of a torch designed
to provide a protective shield of inert gas of
argon or helium or a mixture of the two.
Electric current is delivered to the tungsten

electrode through a cable by a copper contact
tube. In GTAW, an arc is struck between the
tungsten electrode and the workpiece, operating
in either DCSP, DCRP, or ac. The heat pro-
duced melts the base metal in the workpiece
and causes it to flow together with any other
abutting and melted workpiece. Upon solidifi-
cation, a weld is produced by this filler-free,
autogenous process. Filler can be added in the
form of a solid wire that is dipped into the mol-
ten weld pool as welding is taking place.
The inert shielding gas protects the tungsten

electrode from oxidizing and, simultaneously,
protects the molten weld pool and subsequent
hot but rapidly cooling weld from undesirable
oxidation. In plasma arc welding, the torch con-
sists of an inner and an outer body. The inner
body is made positive relative to the tungsten
electrode so that an arc is established across
the gap through which some argon is flowing.
When the argon is heated and ionized, it
expands greatly and, as a result of the increased
pressure in this nozzle, produces an extremely
hot and dense plasma or constricted arc. The
plasma heats the workpiece to cause melting
and produce a weld. More inert argon from
the outer body of the torch provides shielding
to the weld.

Figure 7 compares GTAW and PAW in sche-
matic illustrations. Compared to GTAW, PAW
produces deeper-penetrating welds, can operate
at faster welding speeds, and is cleaner because
of both the double-shielding and by preventing
accidental touching of the tip of the tungsten
electrode to the workpiece to cause contamina-
tion by tungsten. While GTAW can be operated
in DCSP, DCRP, or ac modes, great care must
be taken to prevent overheating and melting at
the tip of the tungsten electrode by the heat
being concentrated there in the DCRP mode.
Plasma arc welding is operated almost exclu-
sively in the DCSP mode. For more details,
see the articles “Gas Tungsten Arc Welding”
and “Plasma Arc Welding” in this Volume.
Consumable Electrode Arc Welding Pro-

cesses. A gas-shielded cousin of GTAW is
GMAW, in which a continuous solid-wire weld-
ing electrode is intended to be consumed to
become filler metal for the weld. The process is
operated in DCRP to take advantage of the con-
centration of heat at the tip of the welding wire
electrode. As the wire melts, the molten metal
transfers to the joint to contribute to the weld.
Various inert or near-inert gases are used with
GMAW, including argon, N2, CO2, and various
combinations of these and, possibly small
amounts of H2 or even O2 (1 to 2 vol%). The goal
is to exclude the high percentages of N2 and O2

that comprise air and that lead to porosity and
embrittlement. The advantage of GMAW is
much higher deposition rates for welding, reach-
ing�5 kg (10+ lb) per hour or more.
Like all consumable electrode arc welding

processes, GMAW can be operated to cause
the molten metal produced at the tip of the con-
sumable electrode to transfer to the workpiece
by any of several modes, including globular,
spray, and short-circuiting or dip transfer. Each
has relative advantages and disadvantages (see
the article “Gas Metal Arc Welding” in this
Volume for more details).
The next two, very popular, forms of con-

sumable electrode arc welding do not employ
an inert shielding gas from a compressed gas
source (i.e., a pressurized cylinder). Rather,
they generate their own relatively protective
(but not inert) shielding gas through the thermal
decomposition of certain mineral ingredients
contained in the fluxes found as either coatings
on a fixed-length core wire (in SMAW) or
within the core of a continuous tubular wire
(in FCAW). In addition to the generation of
a shielding gas, the flux coating on SMAW
electrodes and the flux core in FCAW wires
also can:

� Provide a supply of ions and electrons to
facilitate arc initiation and prevent unwanted
arc extinction

� Produce a molten flux that both metallurgi-
cally refines the molten metal in the weld
pool and covers the weld pool and the newly
formed weld to prevent unwanted oxidation

� Allow alloying additions to the core wire to
adjust the composition of the deposited filler

Fig. 6 Schematic illustration summarizing the characteristics of the various operating modes for gas tungsten arc
welding. DCSP (EN), direct current straight polarity (electrode negative); DCRP (EP), direct current reverse

polarity (electrode positive); ac, alternating current. Source: Ref 2
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and, occasionally, add iron powder to increase
the deposition rate of iron-base fillers

Figure 8 compares the FCAW (Fig. 8a) and
SMAW (Fig. 8b) processes in schematic illus-
trations. Both processes tend to be operated in
the DCRP mode to take advantage of the arc
heat being concentrated at the tip of the elec-
trode to be consumed, but at least SMAW can
be operated in DCRP or ac for some electrode
types (or formulations). Because FCAW
employs a continuous wire, welding productiv-
ity tends to be higher, as does the effectiveness

of shielding out-of-doors (because the shielding
gas is generated at the core of the arc rather
than near its surface).
The remaining major types of consumable

electrode arc welding processes are intended
for applications requiring very heavy metal
deposition to weld thick sections or apply
heavy overlays. These include SAW, EGW,
and ESW. All tend to operate in DCRP using
very high currents (often 1000+ A), very
large-diameter filler wires (or multiple wires
or even strip), and are mechanized rather than
performed manually.

Figures 9 through 11 schematically illustrate
SAW, EGW, and ESW, respectively. In SAW,
a dry granular flux is used to cover the arc,
hence the name submerged arc. Shielding
comes from the protective molten flux and
subsequent glasslike slag cover that forms on
the weld pool and solidifying weld, respec-
tively. Electrogas welding uses an inert gas for
shielding, while ESW uses a molten slag pro-
duced by I2R joule heating as current and mol-
ten droplets move through the molten slag
layer, extinguishing the arc in the process.
Submerged arc welding is restricted to welding
in a horizontal plane, while EGW and ESW can
be used out of position in a vertical plane as
well.

Resistance Welding Processes

When electric currents flow through conduc-
tive materials (such as metals or alloys), there is
some inherent resistance to the free flow of
electrons through the conductor. The amount
of resistance (R) is proportional to the inherent
resistivity (r) of the material and the length
(L) of the conductor, such that R = r � L/A,
where A is the cross-sectional area of the con-
ductor. Electrical resistance is thus lowered
when conductor cross section is increased.
The resistivity (r) of a material is a basic

physical property, of which the inverse (or
reciprocal) is the material electrical conductiv-
ity, designated by s. Resistivity of a material
depends on a number of factors, such as tem-
perature, alloy content, and/or the number of
crystal defects in the alloys. This can be under-
stood by the general nature of a conductor. The
atoms in the conductor vibrate at very high

Fig. 8 Schematic illustration comparing (a) shielded metal arc welding and (b) flux-cored arc welding processes. Source: Ref 2

Fig. 7 Schematic illustration comparing (a) gas tungsten arc welding and (b) plasma arc welding processes. Source:
Ref 2
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frequencies (albeit with very small amplitudes),
and the crystal structures of metals also have
imperfections in the arrangement of their
atoms. These two factors have the effect of
impeding electron flow, because the resulting
perturbation of the electric field associated with
the vibrating atoms and crystal imperfections of

the conductor gives rise to scattering of elec-
trons. Thus, resistivity of a conductor becomes
greater with an increase in temperature and/or
with an increase in the number of crystal struc-
ture imperfections (caused by cold working, for
example, or other factors). Conversely, there
would be no impediment to the flow of free

electrons in a perfect crystal at absolute zero (–
273 �C), where the atoms do not vibrate. The
resistance (R) of a physical circuit element also
depends on the length of the element (L) and
the cross-sectional area (A) through the rela-
tionship R = r � L/A.
The result of current, I, flowing through a

conductor with a resistance R is the production
of heat Q given by I2R in units of watts (with
units of volt-amperes). This is known as joule
heating and is the basis for resistance welding.
It can essentially increase without limit if the
current continues to flow such that the rate of
I2R heating exceeds the rate at which that heat
can be dissipated by or from the conductor.
For this reason, resistance welding processes
are able to cause melting (or fusion) in any
metal or alloy and can do so very quickly.
Figure 12 schematically illustrates one

embodiment of resistance welding known as
resistance spot welding (RSW). In it, sheets of
metal are squeezed between copper electrodes,
and a spot or nugget of molten metal is formed
preferentially at the interface between the
stacked sheets, where the contact resistance
is the highest (so the I2R heating is the greatest/
fastest) and any cooling by heat extraction
through the water-cooled electrodes is minimal.
Other methods of resistance welding include:

� Resistance seam welding (RSEW): To pro-
duce overlapping spots to form a seam

� Projection welding (PW): Where weld nug-
gets are localized at embossments or other
raised portions (projections) of sheets being
stacked

� Percussion welding (PEW): Also know as
capacitor-discharge welding, where a sudden
discharge of electrical energy stored in a
capacitor is used to produce a spot weld

Fig. 9 Schematic illustration of the submerged arc welding process used for heavy deposition in plane (i.e., down-
hand) only. Source: Ref 2

Fig. 10 Schematic illustration of the electrogas welding process used for heavy deposition welding in position or in a
vertical plane using special tooling (as shown). Source: Ref 2

Fig. 11 Schematic illustration of the electroslag
welding process used for heavy deposition

welding in position or in a vertical plane using special
tooling (as shown). Source: Ref 2
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Another hybrid method involves welds to be
formed when two parts are slowly brought into
contact to first arc (across initial points of con-
tact) and then heat by Joule (I2R) heating. The
weld is fully formed when the two parts are
rammed together using an upsetting force.
Two of these, with subtle differences in the
sequence of heating and upsetting, are called
flash welding (FW) and upset welding (UW).
Schematic illustrations of the RSEW and the

PW processes are shown in Fig. 13. Figure 14
schematically illustrates the FW process. What
all resistance welding processes share in com-
mon are very limited joint configurations (being
limited to lap joints for RSW and PW, and butt
welds for RSEW, PEW, FW, and UW) and high
heating and postweld cooling rates. The latter
makes these processes attractive for welding
alloys prone to degradation from exposure to
high temperatures for too long, as tends to
occur with the arc welding processes.

Directed-Energy Fusion Welding
Processes

Beams of directed energy are another method
of heating for fusion welding (so that a supply

of atoms in a liquid state fills the gaps between
the surfaces of the materials being joined).
A beam of very fast-moving particles impinges
upon a material and can cause rapid and intense
heating in the immediate vicinity of the point of
impingement. Heating of the workpiece occurs
when the kinetic energy of the particles in the
beam is converted into the thermal energy of
atoms in the workpiece. The rate of heating is,
in fact, so rapid that the generated heat does
not have a chance to conduct very far away.
As a result, the temperature of the material at
the point of impingement rises extraordinarily
rapidly to the melting point and then beyond
the melting point to the boiling or vaporization
point. Once (or when) this occurs, and the
material literally vaporizes in the path of the
high-energy-density beam, a vapor cavity forms
what is known as a keyhole. Surrounding this
vapor cavity is an annular column of molten
metal. The keyhole mode occurs when the
energy density of the heating source exceeds
approximately 1010 to 1013 W/m2. For energy
densities below approximately 109 W/m2, heat-
ing occurs by what is known as the melt-in
mode or conduction mode. Arc welding pro-
cesses typically operate at 5 � 106 to 5 � 108

W/m2 energy densities. The PAW process is
capable of operating in either mode, depending

on the current at which welding is being per-
formed. Figure 15 schematically compares the
melt-in (or conduction) and keyhole modes of
welding for the PAW process, as an example.
As the beam energy source moves along (at

the welding speed), the molten material sur-
rounding the vapor cavity flows backward to
the rear of the weld pool, links up by surface-
tension forces, and fills the gap that was
momentarily created by the moving vapor cav-
ity or keyhole. Welding with beams of high-
energy particles results in:

Fig. 12 Schematic illustration of the resistance spot welding process. Source: Ref 2

Fig. 13 Schematic illustration comparing the (a)
resistance seam welding and (b) projection

welding processes. Source: Ref 2

Fig. 14 Schematic illustration of (a) the flash welding
process and (b) a typical as-welded flash

weld. Source: Ref 2
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� Welds with a high aspect ratio (i.e., very
deep relative to its width)

� Welds with a narrow heat-affected zone
(because heating outside the weld is limited
to a very narrow region)

� Very high welding velocities or speeds
� Little or no distortion from shrinkage of

molten metal to solid metal or from thermal
contraction of heated base metal in the heat-
affected zone

The two methods of high-energy-density
beam welding processes (or what are some-
times referred to as radiant energy beam weld-
ing processes) are electron-beam welding
(EBW) and laser-beam welding (LBW)
(Fig. 16). The former uses a dense beam of very
fast-moving electrons thermally emitted from a
cathode and accelerated over a potential of tens
to hundreds of thousands of voltage, while the
latter uses a dense beam of photons moving at
the speed of light. To prevent the electrons
from colliding with atoms or molecules in the
atmosphere (and thus being scattered), the
EBW method is almost always performed in a
vacuum (typically 10�3 to 10�5 atm pressure).
The LBW method can be performed in vacuum
but is usually performed in an inert gas atmo-
sphere, since photons are not scattered by atoms
to any significant degree.
Electron beam welding is a high-energy-

density fusion process that is accomplished by
bombarding the joint to be welded with an
intense (strongly focused) beam of electrons
that have been accelerated up to velocities 0.3
to 0.7 times the speed of light at 25 to 200
kV, respectively. The instantaneous conversion
of the kinetic energy of these electrons into
thermal energy as they impact and penetrate
into the workpiece on which they are impinging
causes the weld-seam interface surfaces to melt
and produces the weld-joint coalescence
desired. Electron beam is applicable to any
metal that can be arc welded; weld quality in
most metals is equal to or superior to that pro-
duced by GTAW. Electron beam welding can
also be used to weld some materials that cannot
be welded by GTAW, such as certain ceramics.
Because the total kinetic energy of the elec-

trons can be concentrated onto a small area on
the workpiece, power densities as high as 108

W/cm2 (107 W/in.2) can be obtained. That is
higher than is possiblewith any other known con-
tinuous beam, including laser beams. The high-
power density plus the extremely small intrinsic
penetration of electrons in a solid workpiece
results in almost instantaneous local melting
and vaporization of the workpiece material. That
characteristic distinguishes EBW from other
welding methods in which the rate of melting is
limited by thermal conduction.
As noted, one of the prime advantages of

EBW is the ability to make welds that are dee-
per and narrower than arc welds, with a total
heat input that is much lower than that required
in arc welding. This ability to achieve a high

Fig. 15 Schematic illustration of the (a) melt-in or conduction versus (b) keyhole modes in high-energy-density
welding processes, including plasma arc welding, electron beam welding, and laser beam welding.

Source: Ref 2
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weld depth-to-width ratio eliminates the need
for multiple-pass welds, as is required in arc
welding. The lower heat input results in a nar-
row workpiece heat-affected zone (HAZ) and
noticeably fewer thermal effects on the
workpiece.
In EBW, a high-purity vacuum environment

can be used for welding, which results in freedom
from impurities such as oxides and nitrides. The
ability to employ higher weld speeds, due to the
high melting rates associated with the concen-
trated heat source, reduces the time required to
accomplish welding, thereby resulting in an
increased productivity and higher energy effi-
ciency for the process. Total energy conversion
efficiency of EBW is approximately 65%, which
is slightly higher than so-called conventional
welding processes and much higher than other
types of high-energy-density welding processes,
such as LBW.
These EBW process can:

� Minimize distortion and shrinkage during
welding

� Facilitate welding of most hardened or
work-strengthened metals, frequently with-
out significant deterioration of mechanical
properties in the weld joint

� Facilitate welding in close proximity to heat-
sensitive components or attachments

� Allow hermetic seal welding of evacuated
enclosures while retaining a vacuum inside
the component

� Permit welding of refractory metals, reactive
metals, and combinations of many dissimilar
metals that are not joinable by arc welding
processes

The ability to project the electron beam a dis-
tance of over 510 mm (20 in.) under high-vac-
uum conditions, as well as the low end of
medium-vacuum conditions, allows otherwise
inaccessible welds to be completed.
Equipment costs for EBW generally are

higher than those for conventional welding pro-
cesses. The cost of joint preparation and tooling
also is more than that encountered in arc weld-
ing processes, because the relatively small elec-
tron beam spot size that is used requires precise
joint gap and position. The available vacuum
chamber capacities are limited; workpiece size
is limited, to some degree, by the size of the
vacuum chamber employed. Consequently, the
production rate (as well as unit cost) is affected
by the need to pump down the chamber for
each production load. However, when com-
pared to other types of high-energy-density
welding (such as LBW), production costs are
not as high.
Laser beam welding uses a movable source

of intense laser energy (with power densities
on the order of 105 to 107 W/cm2). The word
laser is the acronym for “light amplification
by stimulated emission of radiation.” Lasers
provide a source of very coherent radiation
(such that radiating waves are highly

synchronized in terms of both frequency and
phase), and the coherent nature of the laser
beam allows it to be focused to a small spot,
leading to high energy densities.
Laser systems had been used since the 1960s

for making microwelds in electronic circuit
boards, inside vacuum tubes, and in other
specialized applications where conventional
technology was unable to provide reliable join-
ing. Until the 1970s, laser welding had been
restricted to relatively thin materials and low
speeds because of the limited continuous power
available. High-power continuous-wave carbon
dioxide (CO2) and neodymium-doped yttrium-
aluminum-garnet (Nd:YAG) lasers were subse-
quently developed with potential for deep-pene-
tration welding.
The ability of the laser to generate a power

density greater than 106 W/cm2 (6 � 106 W/
in.2) is a primary factor in establishing its
potential for welding. Numerous experiments
have shown that the laser permits precision
(that is, high-quality) weld joints rivaled only
by those made with an electron beam.
Laser welding offers the following

advantages:

� Light is inertialess (hence, high processing
speeds with very rapid stopping and starting
become possible).

� Focused laser light provides high energy
density.

� Laser welding can be used at room
atmosphere.

� Difficult-to-weld materials (for example,
titanium, quartz, etc.) can be joined.

� Workpieces do not need to be rigidly held.
� No electrode or filler materials are required.
� Narrow welds can be made.
� Precise welds (relative to position, diameter,

and penetration) can be obtained. Welds
with little or no contamination can be
produced.

� The HAZ adjacent to the weld is very
narrow.

� Intricate shapes can be cut or welded at high
speed using automatically controlled light-
deflection techniques.

� The laser beam can also be time shared.

Like EBW, precise part fit-up and alignment
are much more critical in laser welding than in
ordinary arc welding. The typical focal spot
diameter for a laser beam ranges from 100 to
1000 mm (0.004 to 0.040 in.). Although laser
welding equipment is much more expensive
than power arc welding systems, laser welding
can provide much higher throughput relative
to conventional arc welding.
When the capital cost of LBW is compared

to EBW, LBW can be a cost-effective option,
because no vacuum enclosure is necessary for
LBW. However, the penetration depth obtained
in laser welding is less than that observed in
EBW. For example, the maximum thickness
of type 304 stainless steel plate that can be
welded using a 77 kW CO2 laser is on the order

Fig. 16 Schematic illustrations of the (a) electron beam welding and (b) laser beam welding processes. The former is
virtually always operated in a hard vacuum, while the latter can operate in air, in an inert gas atmosphere, or

in vacuum. Source: Ref 2
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of 50 mm (2 in.). In contrast, an EBW system
can produce welds in type 304 stainless steel
up to several inches in thickness, if EBW is
done under a vacuum. The penetration depth
of the EBW process extends only a relatively
short distance under atmospheric pressure.
A laser beam, however, can be transmitted an

appreciable distance through the atmosphere
without serious attenuation or optical degrada-
tion because of its coherent nature. Laser beam
welding thus offers an easily maneuverable,
chemically clean, high-intensity, atmospheric
welding process with narrow HAZ and
subsequent low distortion. Peak penetration,
pmax, for LBW is defined by:

pmax 1 P0:7

where P is the power (in watts). In terms of weld
width (w) and depth (d), both conduction-mode
welding (w/d� 1) and deep-penetration welding
(w/d < 1) can be obtained with lasers.

Nonfusion (Solid-State) Welding
Processes

As described in the preceding article, “Over-
view of Material Joining Processes,” the pro-
cess of fusion (in which a supply of atoms, in
the liquid state, fill the gaps between the limited
number of points of intimate contact for the sur-
faces of real materials) is not the only way to
achieve material continuity across a joint to
produce a weld. The other option is to use pres-
sure to deform these contacting high points and
force more points into intimate contact. This is
the basis for producing welds in the solid state
in what is known and classified as nonfusion
welding or solid-state welding.
The most common energy source for accom-

plishing nonfusion welding is mechanical and
involves the application of pressure to cause
either macroscopic or microscopic plastic
deformation or to generate friction. Some
solid-state welding methods that rely on pres-
sure and macroscopic plastic deformation
include:

� Cold welding
� Hot pressure welding
� Roll welding
� Explosion welding

Nonfusion methods using mechanical pres-
sure also can rely on microscopic plastic defor-
mation for solid-state welding. This includes
most applications of explosion welding and
some forms of diffusion welding (e.g., deforma-
tion diffusion welding).
Nonfusion welding processes also rely on

energy sources other than mechanical pressure.
For example, all forms of friction welding rely
on frictional energy (although there is signifi-
cant plastic deformation in some forms, such
as friction stir welding and friction surfacing).
Ultrasonic welding also involves the use of

frictional energy for solid-state welding. Non-
fusion welding also can be accomplished with-
out pressure of any significant degree by
relying solely on solid-state diffusion, as in
most forms of diffusion welding. Finally, there
are some nonfusion methods that employ chem-
ical reactions as a source of energy, often
involving the formation of some reaction layer.
These collectively fall under solid-state deposi-
tion welding.
Table 2 lists the eight major nonfusion weld-

ing processes along with variations within each.
Table 3 lists the relative advantages and short-
comings of nonfusion welding processes, the
two most notable being:

� Preservation of (or, at least, minimal disrup-
tion to) the original microstructure of the
materials being joined

� Ability to join widely different materials,
even between fundamental types (i.e.,
metals, ceramics, polymers) (because inter-
mixing on a gross or macroscopic scale is
not necessary)

Nonfusion pressure welding processes are
based on the fact that most metals and alloys
can almost always be plastically deformed; that
is, they exhibit some degree of ductility. By
applying pressure, the initial high points that
come into intimate contact when joint elements
are abutted are deformed, and more (less-high)
points are brought into contact. Once high
points come into contact, atoms move around
(i.e., diffuse) in the solid state to attempt to
increase the radius at the neck that is formed.
The driving force of this mechanism is to
reduce the area of free surface. Atoms at the
surface of a material, whether solid or liquid,
are at a higher energy than those in the interior,
which are completely surrounded by other
atoms making up the material.
This process can be continued for at least

some time by applying greater and greater pres-
sures, but it can absolutely be facilitated by
applying some heat in addition to the deforma-
tion. By heating the base metals being pressure
welded, three favorable things take place:

� The stress required to cause plastic deforma-
tion is lowered, as the strength of metals and
alloys decreases with increasing temperature.

� The deforming metal is not able to strain
harden, as thermal recovery processes take
place.

� Atoms in each joint element migrate (i.e., dif-
fuse) across the interface into the other joint
element, tending to obliterate the interface.

When deformation is done below the recrys-
tallization temperature of the material, the pro-
cesses are known generically as cold welding.
When it is done at temperatures above the
recrystallization temperature, the processes are
generically known as hot pressure welding.
One form of pressure welding that can be per-
formed cold or hot, or in between (i.e., warm),
is roll welding. As shown schematically in

Fig. 17, this process squeezes two sheets of
usually dissimilar metals or alloys together to
form a clad bimetal. A well-known example is
the roll welding of pure copper onto various
stainless steels. Such bimetal feedstock is used
for making high-end cookware with heat-dis-
persing bottoms as well as liners for electro-
chemical plating and processing tanks.
Diffusion Welding/Bonding. In diffusion

welding, the only real need for pressure is to
hold the parts to be welded in contact. The prin-
cipal factor is the temperature at which the pro-
cess is carried out, because atomic diffusion in
the solid state increases exponentially with tem-
perature. This means that the rate at which
atoms move doubles with every 30 �C (50 �F)
increase in temperature. It is easy to see that
the rate of diffusion is increased many orders
of magnitude (i.e., thousands to millions of

Table 2 List of the eight major nonfusion
(solid-state) welding processes with
variations within each

1. Cold welding
Press welding
Forge welding
Roll welding
Toggle welding
Hydrostatic impulse welding
Shock-wave impulse welding

2. Hot pressure welding
Pressure gas welding
Forge welding

3. Roll pressure welding
Hot, warm, or cold roll welding

4. Explosion welding
5. Friction welding

Radial friction welding
Orbital friction welding
Rotational friction welding
Direct-drive welding
Inertia welding

Angular (reciprocating) friction welding
Linear (reciprocating) friction (or vibration) welding
Friction stir welding
Friction surfacing

6. Ultrasonic welding (USW)
Spot, ring, line, and seam USW
Microminiature welding
Microminiature thermosonic welding

7. Diffusion welding
Conventional diffusion welding
Deformation diffusion welding
Resistance diffusion welding
Continuous seam diffusion welding
Diffusion brazing
Combined forming/welding
Creep isostatic pressing
Superplastic forming/diffusion bonding

8. Solid-state deposition welding
Electrochemical deposition
Vapor deposition
Chemical vapor deposition
Chemical reaction bounding

Source: Ref 5
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times faster). Once again, the driving force for
diffusion to cause welding is the thermody-
namic benefit of lowering the free surface area
between materials.
Explosion Welding. An unusual nonfusion

welding process is explosion welding. As
shown schematically in Fig. 18, this process
uses the detonation of high-velocity explosive
charges to accelerate a prime component so that
it slams into a base component. A weld is
formed virtually instantaneously when micro-
scopic surface asperities are deformed to bring
virtually all of the atoms on both sides of the
interface into intimate contact. As the prime
component rushes toward the base component,
the air between the two is expelled at super-
sonic velocities, which scrubs off any poten-
tially weld-inhibiting tarnish layers.
Examination of the metal in the vicinity of the
newly formed weld (and prior interface) exhi-
bits almost turbulent plastic flow over short
dimensions in the thickness direction. The pro-
cess tends to be used only for welding one
thick, simply-shaped (often a plate) component
to another.
Friction welding processes produce welds

in essentially the same way as the just-
described pressure welding processes. The main
difference is that the plastic deformation occurs
on a microscopic rather than a macroscopic
scale. In fact, the origin of friction when one
nonlubricated metal rubs over another is actu-
ally the occurrence of microwelding.

In all friction welding, it is necessary to
move one part relative to the other while a
squeezing force is being applied. This is what
gives rise to the friction (as the force of friction
is equal to the squeezing force times the coeffi-
cient of friction between the two materials/
forms). The friction simultaneously generates
heat at the interface and causes plastic deforma-
tion on a microscopic-length scale. Specific
processes of friction welding (as shown in
Table 2) include radial and orbital friction
welding, direct-drive and inertia rotational fric-
tion welding, angular friction welding, and lin-
ear (reciprocating) or vibration friction
welding.
Ultrasonic welding is also a friction welding

process; however, the frequency of vibration
between abutted parts is greater than 25 to 30
kHz (i.e., in the ultrasound region beyond
human hearing), and the amplitudes of move-
ment are very small. Ultrasonic welding has
found its greatest usage in the welding of ther-
moplastics (i.e., those plastics that soften upon
heating and stiffen upon cooling) under what
is widely classified as plastics welding.
Solid-State Deposition Welding Processes.

Finally, there are a few processes by which
metals (as well as ceramics) can be joined in
the solid state, that is, via a nonfusion process.
While not often thought of as welding pro-
cesses, they really are, because what is being
accomplished is primary atomic bond formation
by bringing atoms into intimate contact with

one another. Table 2 lists some of the more
common examples of solid-state deposition
welding processes.

Brazing and Soldering

Both brazing and soldering rely on primary
bonding and on interdiffusion between joined
materials to form the soundest joints, just as
welding processes do. The difference is that
neither brazing nor soldering involve any melt-
ing (or fusion) of the base materials. Rather,
bond formation occurs between the ever-solid
substrates and a molten filler metal with a melt-
ing point below that of the base materials. Spe-
cific embodiments within both brazing and
soldering are remarkably similar in terms of
the energy source used and the method of
filler application, while they differ only in the
melting point of fillers used. Table 4 lists a
variety of the most common embodiments of
brazing and soldering to allow comparisons to
be made.
Brazing is a process for joining solid metals

in close proximity (i.e., carefully gapped 0.025
to 0.125 mm, or 0.001 to 0.005 in.) by introdu-
cing a liquid metal that melts above 450 �C
(840 �F). A sound brazed joint generally results
when an appropriate filler alloy is selected, the
parent metal surfaces are clean and remain
clean during heating to the flow temperature
of the brazing alloy, and a suitable joint design
that allows capillary action is used.

Fig. 17 Schematic illustration of the roll welding process producing cladmetals or bimetal strips of sheet. Source: Ref 5

Fig. 18 Schematic illustration of the explosion
welding process showing (a) the typical

component arrangement and (b) the characteristic action
between components during welding. Source: Ref 5

Table 3 Relative advantages and shortcomings of nonfusion welding processes

Advantages Shortcomings

1. General absence of melting and thus solidification (so,
structure is retained)

1. Stringent requirements for cleaning joint faying surfaces for
some processes (e.g., CW, ROW, HPW, DFW, and solid-state
deposition welding)

2. Low heat input (minimally disrupts microstructure) 2. Elaborate tooling is required for some processes (e.g., DFW)
3. Wide variety of process embodiments 3. Challenging inspection of joint quality
4. Applicable to many materials within a class as well as
between classes (since there is little or no intermixing)

4. Repairing process-induced defects is difficult to impossible.

5. High joint efficiency is possible for many situations
where the same cannot be said for fusion welding
processes.

5. Processes require specialized equipment, are rarely portable,
and almost always must be automated.

CW, cold welding; ROW, roll pressure welding; HPW, hot pressure welding; DFW, diffusion welding. Source: Ref 5
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Strong, uniform, leakproof joints can be
made rapidly, inexpensively, and even simulta-
neously. Joints that are inaccessible and parts
that may not be joinable at all by other methods
often can be joined by brazing. Complicated
assemblies comprising thick and thin sections,
odd shapes, and differing wrought and cast
alloys can be turned into integral components
by a single trip through a brazing furnace or a
dip pot. Metal as thin as 0.01 mm (0.0004 in.)
and as thick as 150 mm (6 in.) can be brazed.
The effective strength of a brazed joint is

high. The nature of the interatomic (metallic)
bond is such that even a simple joint, when
properly designed and made, will have strength
equal to or greater than that of the as-brazed
parent metal.
The mere fact that brazing does not involve

any substantial melting of the base metals may
offer several advantages over other welding
processes. It is generally possible to maintain
closer assembly tolerances and to produce a
cosmetically neater joint without costly second-
ary operations. Even more important, however,
is that brazing makes it possible to join dissim-
ilar metals (or metals to ceramics) that, because
of metallurgical incompatibilities, cannot be
joined by traditional fusion welding processes.
(If the base metals do not have to be melted
to be joined, it does not matter that they have
widely different melting points. Therefore, steel
can be brazed to copper as easily as to another
steel.)

Brazing also generally produces less ther-
mally induced distortion, or warping, than
fusion welding. An entire part can be brought
up to the same brazing temperature, thereby
preventing the kind of localized heating that
causes distortion in welding.
Finally, and perhaps most important to the

manufacturing engineer, brazing readily lends
itself to mass-production techniques. It is rela-
tively easy to automate, because the application
of heat does not have to be localized, as in
fusion welding, and the application of filler
metal is less critical. In fact, given the proper
clearance conditions and heat, a brazed joint
tends to “make itself” and is not dependent on
operator skill, as are most fusion welding
processes.
Automation is also simplified by the fact that

there are many means of applying heat to the
joint, including torches, furnaces, induction
coils, electrical resistance, and dipping. Several
joints in one assembly often can be produced in
one multiple-braze operation during one heat-
ing cycle, further enhancing production
automation.
Soldering is a joining process by which two

substrates are bonded together using a filler
metal (solder) with a liquidus temperature that
does not exceed 450 �C (840 �F). The substrate
materials remain solid during the bonding pro-
cess. The solder is usually distributed between
the properly fitted surfaces of the joint by capil-
lary action.

The bond between solder and base metal is
more than adhesion or mechanical attachment,
although these do contribute to bond strength.
Rather, the essential feature of the soldered
joint is that a metallurgical bond is produced
at the filler-metal/base-metal interface. The sol-
der reacts with the base-metal surface and wets
the metal by intermetallic compound formation.
Upon solidification, the joint is held together by
the same attraction, between adjacent atoms,
that holds a piece of solid metal together. Even
after the joint has completely solidified, diffu-
sion between the base metal and the soldered
joint continues for a while as the completed
part cools. Mechanical properties of soldered
joints therefore are generally related to, but
not equivalent to, the mechanical properties of
the soldering alloy.
Mass soldering by wave, drag, or dip

machines has been a preferred method for
making high-quality, reliable connections for
many decades. Correctly controlled, soldering
is one of the least expensive methods for fabri-
cating electrical connections.
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Table 4 Comparison of the most common brazing and soldering process methods

Brazing Soldering

Chemical heat sources

Gas torch Torch brazing(a) Torch soldering(a)
Gas furnace or oven (Gas) furnace brazing (Gas) oven soldering
Heat of condensation Vapor-phase brazing Condensation soldering
Exothermic reactions Combustion synthesis(a) Reaction soldering

Electrical heat sources

Furnace or oven (Electric) furnace brazing (Electric) oven soldering
Molten salt Chemical dip brazing . . .
Molten metal Molten metal dip brazing Dip soldering
Induction Induction brazing(a) Induction soldering(a)
Infrared Infrared brazing(a) Infrared soldering(a)
White light . . . White light soldering(a)
Diffusion Diffusion brazing Reaction soldering

Reaction brazing
Transient liquid-phase bonding

Resistance Resistance brazing Resistance soldering
Laser Laser beam brazing(a) Laser beam soldering
Electron beam Electron beam brazing(a) . . .
Other . . . Iron soldering

Wave soldering

(a) Localized vs. generalized heating
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Welding Process Fundamentals*
Thomas W. Eagar and Aaron D. Mazzeo, Massachusetts Institute of Technology

WELDING AND JOINING processes are
essential for the development of virtually every
manufactured product. However, these pro-
cesses often appear to consume greater frac-
tions of the product cost and to create more of
the production difficulties than may be
expected. There are a number of reasons that
explain this situation.
First, welding and joining are multifaceted,

both in terms of process variations (such as
fastening, adhesive bonding, soldering, brazing,
arc welding, diffusion bonding, and resistance
welding) and in the disciplines needed for prob-
lem solving (such as mechanics, materials sci-
ence, physics, chemistry, and electronics). An
engineer with unusually broad and deep train-
ing is required to bring these disciplines
together and to apply them effectively to a vari-
ety of processes.
Second, welding or joining difficulties usu-

ally occur far into the manufacturing process,
where the relative value of scrapped parts is
high.
Third, a very large percentage of product

failures occur at joints because they are usually
located at the highest stress points of an assem-
bly and are therefore the weakest parts of that
assembly. Careful attention to weldment design
and joining processes can produce great
rewards in manufacturing economy and product
reliability.
The purpose of this Section of the Volume is

to discuss the fundamentals of fusion welding
processes, with an emphasis on the underlying
scientific principles.
Because there are many fusion welding pro-

cesses, one of the greatest difficulties for the
manufacturing engineer is to determine which
process will produce acceptable properties at
the lowest cost. There are no simple answers.
Any change in the part geometry, material,
value of the end product, or size of the produc-
tion run, as well as the availability of joining
equipment, can influence the choice of joining
method. For small lots of complex parts,
fastening may be preferable to welding,

whereas for long production runs, welds can
be stronger and less expensive.
The perfect joint is indistinguishable from

the material surrounding it. Although some pro-
cesses, such as diffusion bonding, can achieve
results that are very close to this ideal, they
are either expensive or restricted to use with
just a few materials. There is no universal pro-
cess that performs adequately on all materials
in all geometries. Nevertheless, virtually any
material can be joined in some way, although
joint properties equal to those of the bulk mate-
rial cannot always be achieved.
The economics of joining a material may

limit its usefulness. For example, aluminum is
used extensively in aircraft manufacturing and
can be joined by using adhesives or fasteners,
or by welding. However, none of these pro-
cesses has proven economical enough to allow
the extensive replacement of steel by aluminum
in the frames of nonluxury automobiles. An
increased use of composites in aircrafts is lim-
ited by an inability to achieve adequate joint
strength in the original product or to repair a
product that has been in service.
It is essential that the manufacturing engineer

work with the designer from the point of prod-
uct conception to ensure that compatible mate-
rials, processes, and properties are selected for
the final assembly. Often, the designer leaves
the problem of joining the parts to the
manufacturing engineer. This can cause an
escalation in cost and a decrease in reliability.
If the design has been planned carefully and
the parts have been produced accurately, the
joining process becomes much easier and
cheaper, and both the quality and reliability of
the product are enhanced.
Generally, any two solids will bond if their

surfaces are brought into intimate contact. One
factor that generally inhibits this contact is sur-
face contamination. Any freshly produced sur-
face exposed to the atmosphere will absorb
oxygen, water vapor, carbon dioxide, and
hydrocarbons very rapidly. If it is assumed that
each molecule that hits the surface will be

absorbed, then the time-pressure value to pro-
duce a monolayer of contamination is approxi-
mately 0.001 Pa � s (10�8 atm � s). For
example, at a pressure of 1 Pa (10�5 atm), the
contamination time is 10�3 s, whereas at 0.1
MPa (1 atm), it is only 10 � 10�9 s (Ref 1).

In fusion welding, intimate interfacial con-
tact is achieved by interposing a liquid of sub-
stantially similar composition as the base
metal. If the surface contamination is soluble,
then it is dissolved in the liquid. If it is insolu-
ble, then it will float away from the liquid-solid
interface.

Energy-Source Intensity

One distinguishing feature of all fusion weld-
ing processes is the intensity of the heat source
used to create the molten condition. Virtually
every concentrated heat source has been
applied to the welding process. However, many
of the characteristics of each type of heat
source are determined by its intensity. For
example, when considering a planar heat source
diffusing into a very thick slab, the surface tem-
perature will be a function of both the surface
power density and the time.
Figure 1 shows how this temperature will

vary on steel with power densities that range
from 400 to 8000 W/cm2.

At the lower value, it takes less than a minute
to melt the surface. If that heat source were
a point on the flat surface, as shown in Fig. 2,
then the heat flow would be divergent and
not melt the steel. This shows the dramatic
effect of divergent heat flow and the need for
higher heat intensities when the heat source is
a laser, an arc, or a point source compared
to a planar heat source as developed in friction
welding. Rather, the solid metal would be
able to conduct away the heat as fast as it was
being introduced. It is generally found that
point heat-source power densities of approxi-
mately 1000 W/cm2 are necessary to melt most
metals.

* Updated and revised from T.W. Eagar, Energy Sources Used for Fusion Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993.



At the other end of the power-density spec-
trum, heat intensities of 106 or 107 W/cm2 will
vaporizemostmetals within a fewmicroseconds.
At levels above these values, all of the solid that
interacts with the heat source will be vaporized
(resulting in hole drilling), and no fusion welding
can occur. Thus, the heat sources for all fusion
welding processes should have power densities
between approximately 0.001 and 1 MW/cm2.
This power-density spectrum is shown in Fig. 3,
along with the points at which common joining
processes are employed (Ref 2, 3).

The fact that power density is inversely
related to the interaction time of the heat source
on the material is evident in Fig. 1. Because this
represents a transient heat conduction problem,
one can expect the heat to diffuse into the steel
to a depth that increases as the square root of
time, that is, from the Einstein equation:

x � ffiffiffiffi

at
p

(Eq 1)

where x is the distance that the heat diffuses
into the solid, in centimeters; a is the thermal
diffusivity of the solid, in cm2/s; and t is the
time in seconds. Tables 1 and 2 give the ther-
mal diffusivities of common elements and com-
mon alloys, respectively. In addition, Table 3
shows how thermal diffusivity of materials
can vary with temperature.

For the planar heat source on a steel surface,
as represented by Fig. 1 and 4, the time in

Fig. 1 Temperature distribution after a specific heating time in a thick steel plate heated uniformly on one surface as a
function of applied heat intensity. Initial temperature of plate is 25 �C (77 �F), thermal conductivity is 50W/m � K,

specific heat capacity is 475 J/kg � K, density is 7800 kg/m3 (0.28 lb/in.3), and thermal diffusivity is 0.13 cm2/s.

Fig. 2 Finite-element analysis temperature distribution results after a specific heating time in a thick steel plate heated over a 1 cm (0.4 in.) wide region on the top surface. Initial
temperature of plate is 25 �C (77 �F), thermal conductivity is 50 W/m � K, specific heat capacity is 475 J/kg � K, density is 7800 kg/m3 (0.28 lb/in.3), and thermal diffusivity is

0.13 cm2/s. Images are magnified views of a 6.25 cm tall by 10 cm wide (2.5 in. tall by 4.0 in. wide) cross section.
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seconds for the heated surface temperature to
increase by an amount DT is given by:

t ¼ pk2ð�TÞ2=½4aðH:I:Þ2 � 104� (Eq 2)

where H.I. is the net heat intensity (in W/cm2)
transferred to the workpiece, k is the thermal
conductivity (in W/m � K) of the material, and
a is the thermal diffusivity of the material (in
cm2/s) (Ref 8). The time in seconds to produce
melting on the surface, t

m
, is given by:

tm ¼ ð1800=H:I:Þ2 (Eq 3)

where H.I. is the net heat intensity (in W/cm2).

Equation 3 provides a rough estimate of the
time required to produce melting and is based
on the thermal diffusivity of steel. Materials
with higher thermal diffusivities—or the use
of a local point heat source (with divergence
of heat flux) rather than a planar heat
source—will increase the time to produce melt-
ing by a factor of up to 2 to 5 times. On the
other hand, thin materials tend to heat more
quickly.
If the time to melting is considered to be a

characteristic interaction time, tI, then the graph
shown in Fig. 5 can be generated. Heat sources
with power densities that are of the order of
1000 W/cm2, such as oxyacetylene flames or
electroslag welding, require interaction times
on the order of 1 s with steel, whereas laser
and electron beams, at 1 MW/cm2, need inter-
action times on the order of only 1 ms. If this
interaction time is divided into the heat-source
diameter, d

H
, then a maximum travel speed,

V
max

, is obtained for the welding process
(Fig. 6).

The reason why welders begin their training
with the oxyacetylene process should be clear:
this process is inherently slow and does not
require rapid response time to control the size
of the weld puddle. Greater skill is needed to
control the more-rapid fluctuations in arc pro-
cesses, where the reaction time required is less
than a second. The weld pool created by the
high-heat-intensity processes, such as laser
beam and electron beam welding, cannot be
humanly controlled and must therefore be auto-
mated. This need to automate leads to increased
capital costs. On an approximate basis, the heat
intensity inW/cm2 of a process can be substituted

Table 1 Thermal diffusivities of common elements from 20 to 100 �C (68 to 212 �F)

Element

Density Heat capacity Thermal conductivity Thermal diffusivity

g/cm3 lb/in.3 J/kg � K cal/g � �C W/m � K cal/cm � s � �C mm2/s cm2/s

Aluminum 2.699 0.098 900 0.215 221 0.53 91 0.91
Antimony 6.62 0.239 205 0.049 19 0.045 14 0.14
Beryllium 1.848 0.067 1880 0.45 147 0.35 42 0.42
Bismuth 9.80 0.354 123 0.0294 8 0.020 7 0.069
Cadmium 8.65 0.313 230 0.055 92 0.22 46 0.46
Carbon 2.25 0.081 691 0.165 24 0.057 15 0.15
Cobalt 8.85 0.320 414 0.099 69 0.165 19 0.188
Copper 8.96 0.324 385 0.092 394 0.941 114 1.14
Gallium 5.907 0.213 331 0.079 29–38 0.07–0.09 17 0.17
Germanium 5.323 0.192 306 0.073 59 0.14 36 0.36
Gold 19.32 0.698 131 0.0312 297 0.71 118 1.178
Hafnium 13.09 0.472 147 0.0351 22 0.053 12 0.12
Indium 7.31 0.264 239 0.057 24 0.057 14 0.137
Iridium 22.5 0.813 129 0.0307 59 0.14 20 0.20
Iron 7.87 0.284 460 0.11 75 0.18 21 0.208
Lead 11.36 0.410 129 0.0309 35 0.083 24 0.236
Magnesium 1.74 0.063 1025 0.245 154 0.367 86 0.86
Molybdenum 10.22 0.369 276 0.066 142 0.34 50 0.50
Nickel 8.902 0.322 440 0.105 92 0.22 23.5 0.235
Niobium 8.57 0.310 268 0.064 54 0.129 23.6 0.236
Palladium 12.02 0.434 244 0.0584 70 0.168 24 0.24
Platinum 21.45 0.775 131 0.0314 69 0.165 24.5 0.245
Plutonium 19.84 0.717 138 0.033 8 0.020 3.0 0.030
Rhodium 12.44 0.449 247 0.059 88 0.21 29 0.286
Silicon 2.33 0.084 678 0.162 84 0.20 53 0.53
Silver 10.49 0.379 234 0.0559 418 1.0 170 1.705
Sodium 0.9712 0.035 1235 0.295 134 0.32 112 1.12
Tantaium 16.6 0.600 142 0.034 54 0.130 23 0.23
Tin 7.2984 0.264 226 0.054 63 0.150 38 0.38
Titanium 4.507 0.163 519 0.124 22 0.052 9 0.092
Tungsten 19.3 0.697 138 0.033 166 0.397 62 0.62
Uranium 19.07 0.689 117 0.0279 30 0.071 13 0.13
Vanadium 6.1 0.22 498 0.119 31 0.074 10 0.10
Zinc 7.133 0.258 383 0.0915 113 0.27 41 0.41
Zirconium 6.489 0.234 280 0.067 21 0.050 12 0.12

Table 2 Thermal diffusivities of common alloys from 20 to 100 �C (68 to 212 �F)

Material names

Density Heat capacity Thermal conductivity Thermal diffusivity

Refg/cm3 lb/in.3 J/kg � K cal/g � �C W/m � K cal/cm � s � �C mm2/s cm2/s

Aluminum alloys

1100 O temper 2.71 0.098 904 0.22 222 0.53 90.62 0.91 4
6061 O temper 2.7 0.098 896 0.21 180 0.43 74.4 0.74 4
7075 T6 temper 2.8 0.101 960 0.23 130 0.31 48.36 0.48 4

Copper alloys

C22000 commercial bronze 8.8 0.318 376 0.09 189 0.45 57.12 0.57 4
C26000 cartridge brass 8.53 0.308 375 0.09 120 0.29 37.51 0.38 4
C46400 naval brass 8.41 0.304 380 0.09 116 0.28 36.3 0.36 4
C17000 beryllium copper 8.26 0.298 420 0.1 118 0.28 34.01 0.34 4
C60600 aluminum bronze 8.17 0.295 375 0.09 79.5 0.19 25.95 0.26 4

Magnesium alloys

AZ61A 1.8 0.065 1050 0.25 80 0.19 42.33 0.42 4
AZ91 1.81 0.065 1050 0.25 72 0.17 37.88 0.38 4

Carbon steels

AISI 1025 7.86 0.284 486 0.12 51.1 0.12 13.38 0.13 5, 6
Iron, carbon steel, 0.5% C 7.83 0.283 465 0.11 54 0.13 14.83 0.15 7
Iron, carbon steel, 1.0% C 7.8 0.282 473 0.11 43 0.1 11.65 0.12 7
Iron, carbon steel, 1.5% C 7.75 0.280 486 0.12 36 0.09 9.55 0.1 7

Stainless steels

Type 301 8 0.289 500 0.12 16.2 0.04 4.05 0.04 5
Type 304 7.82 0.282 460 0.11 13.8 0.04 3.84 0.04 7
Type 316 8 0.289 500 0.12 16.2 0.04 4.05 0.04 5
Type 347 7.82 0.282 420 0.1 15 0.04 4.57 0.05 7
Type 410 7.8 0.282 460 0.11 24.9 0.06 6.94 0.07 5

Nickel-base alloys

Nimonic 80A 8.16 0.295 460 0.11 8.7 0.02 2.32 0.02 5
Inconel 600 8.41 0.304 445 0.11 14.8 0.04 3.95 0.04 5

Titanium alloys

6Al-4V 4.43 0.160 550 0.13 6.7 0.02 2.75 0.03 4, 6
Ti 5Al-2.5Sn 4.48 0.162 530 0.13 6.6 0.02 2.78 0.03 4, 6

Fig. 3 Spectrum of practical heat intensities used for
fusion welding
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with the dollar cost of the capital equipment.
With reference to Fig. 3, the cost of oxyacetylene
welding equipment is nearly $1000, whereas a
fully automated laser beam or electron beam

system can cost $1 million. Note that the capital
cost includes only the energy source, control sys-
tem, fixturing, and materials handling equip-
ment. It does not include operating,

maintenance, or inspection costs, which can vary
widely depending on the specific application.
For constant total power, a decrease in the

spot size will produce a squared increase in

Table 3 Temperature effects on thermal diffusivity

Material name

Density Temperature Heat capacity Thermal conductivity Estimated thermal diffusivity

Refg/cm3 lb/in.3 �C �F J/kg � K cal/g � �C W/m � K cal/cm � s � �C mm2/s cm2/s

Stainless steels

Type 304 7.82 0.28 20 68 460 0.12 13.8 0.03 3.8 0.038 7
. . . 100 212 . . . 15 0.04 4.2 0.042 7
. . . 200 390 . . . 17 0.04 4.7 0.047 7
. . . 400 750 . . . 21 0.05 5.8 0.058 7
. . . 600 1110 . . . 25 0.06 7.0 0.070 7

Type 347 7.82 0.28 20 68 420 0.10 15 0.04 4.6 0.046 7
. . . 100 212 . . . 16 0.04 4.9 0.049 7
. . . 200 390 . . . 18 0.04 5.5 0.055 7
. . . 400 750 . . . 20 0.04 6.1 0.061 7
. . . 600 1110 . . . 23 0.05 7.0 0.070 7

Carbon steels

Iron, carbon steel, 0.5% C 7.83 0.28 0 32 . . . 55 0.13 15.1 0.151 7
. . . 20 68 465 0.11 54 0.13 14.8 0.148 7
. . . 100 212 . . . 52 0.12 14.3 0.143 7
. . . 200 390 . . . 48 0.11 13.2 0.132 7
. . . 400 750 . . . 42 0.10 11.5 0.115 7
. . . 600 1110 . . . 35 0.08 9.6 0.096 7

AISI 1025 7.86 0.28 100 212 486 0.12 51 0.12 13.4 0.134 5, 6
. . . 200 390 526 0.13 49 0.12 11.9 0.119 5, 6
. . . 300 570 566 0.14 46 0.11 10.4 0.104 5, 6
. . . 400 750 615 0.15 43 0.10 8.8 0.088 5, 6
. . . 500 930 684 0.16 39 0.09 7.3 0.073 5, 6
. . . 600 1110 773 0.18 36 0.09 5.9 0.059 5, 6
. . . 700 1290 1139 0.27 32 0.08 3.6 0.036 5, 6
. . . 725 1337 1432 0.34 30 0.07 2.7 0.027 5, 6
. . . 775 1427 950 0.23 27 0.06 3.7 0.037 5, 6

Note: Some specific heat and conductivity values for AISI 1025 are estimated by two-point weighted averaging values from Ref 5.

Fig. 4 Finite-element analysis temperature distribution results after a specific heating time in a thick steel plate heated uniformly on one surface as a function of applied heat
intensity. Initial temperature of plate is 25 �C (77 �F), thermal conductivity is 50 W/m � K, specific heat capacity is 475 J/kg � K, density is 7800 kg/m3 (0.28 lb/in.3), and

thermal diffusivity is 0.13 cm2/s.
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the heat intensity. This is one of the reasons
why the spot size decreases with increasing
heat intensity (Fig. 6). It is easier to make the
spot smaller than it is to increase the power
rating of the equipment. In addition, only a
small volume of material usually needs to be
melted. If the spot size were kept constant and
the input power were squared to obtain higher
densities, then the volume of fused metal would
increase dramatically, with no beneficial effect.
However, a decreasing spot size, coupled

with a decreased interaction time at higher
power densities, compounds the problem of
controlling the higher-heat-intensity process. A
shorter interaction time means that the sensors
and controllers necessary for automation must
operate at higher frequencies. The smaller spot
size means that the positioning of the heat
source must be even more precise, that is, on
the order of the heat-source diameter, dH. The
control frequency must be greater than the
travel velocity divided by the diameter of the
heat source. For processes that operate near
the maximum travel velocity, this is the inverse
of the process interaction time, tI (Fig. 5).
Thus, not only must the high-heat-intensity

processes be automated because of an inher-
ently high travel speed, but the fixturing
requirements become greater, and the control
systems and sensors must have ever-higher fre-
quency responses. These factors lead to
increased costs, which is one reason that the
very productive laser beam and electron beam

welding processes have not found wider use.
The approximate productivity of selected weld-
ing processes, expressed as length of weld pro-
duced per second, to the relative capital cost of
equipment is shown in Fig. 7.
Another important welding process parame-

ter that is related to the power density of the
heat source is the width of the heat-affected
zone (HAZ). This zone is adjacent to the weld
metal and is not melted itself but is structurally
changed because of the heat of welding. Using
the Einstein equation, the HAZ width can be
estimated from the process interaction time
and the thermal diffusivity of the material. This
is shown in Fig. 8, with one slight modification.
At levels above approximately 104 W/cm2, the
HAZ width becomes roughly constant. This is
due to the fact that the HAZ grows during the
heating stage at power densities that are below
104 W/cm2, but at higher power densities it
grows during the cooling cycle. Thus, at low
power densities, the HAZ width is controlled
by the interaction time, whereas at high power
densities, the width is independent of the heat-
source interaction time. In the latter case, the
HAZ width grows during the cooling cycle as
the heat of fusion is removed from the weld
metal and is proportional to the fusion zone
width.

The change of slope in Fig. 8 also represents
the heat intensity at which the heat utilization
efficiency of the process changes. At high heat
intensities, nearly all of the heat is used to melt

the material, and little is wasted in preheating
the surroundings. As heat intensity decreases,
this efficiency is reduced. For arc welding,
as little as half of the heat generated may
enter the plate, and only 40% of this heat is
used to fuse the metal. For oxyacetylene
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Fig. 6 Maximum weld travel velocity as a function of
heat-source intensity based on typical heat-

source spot diameters

Fig. 5 Typical weld pool/heat source interaction times as a function of heat-source intensity. Materials with a high
thermal diffusivity, such as copper or aluminum, would lie near the top of the band, whereas magnesium

alloys and steels would lie in the middle. Titanium alloys, with very low thermal diffusivities, would lie near the
bottom of the band.

Fig. 7 Approximate relationship between capital cost
of welding equipment and speed at which

sheet metal joints can be produced

Fig. 8 Range of weld heat-affected zone widths as a
function of heat-source intensity
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welding, the heat entering the metal may be
10% or less of the total heat, and the heat nec-
essary to fuse the metal may be less than 2%
of the total heat.
A final point is that the heat intensity also

controls the depth-to-width ratio of the molten
pool. This value can vary from 0.1 for low-
heat-intensity processes to more than 10 for
high-heat-intensity processes.
It should now be evident that all fusion weld-

ing processes can be characterized generally by
heat-source intensity. The properties of any new
heat source can be estimated readily from the fig-
ures in this article. Nonetheless, it is useful to
more fully understand each of the commonweld-
ing heat sources, such as flames, arcs, laser
beams, electron beams, and electrical resistance.

These are described in separate articles on fusion
welding processes in this Volume.
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Characterization and Modeling
of the Heat Source*
S.S. Glickstein (retired) and E. Friedman (retired), Westinghouse Electric Corporation
R.P. Martukanitz, Applied Research Laboratory, Pennsylvania State University

THE HEAT THAT IS SUPPLIED TO
THE WORKPIECE, which then is transferred
within the workpiece to produce melting, forms
the basis of every welding process. The heat-
transfer process, or thermal cycle, in the weld-
ment has many consequences, including the
complex metallurgical changes that take place
in the fusion zone, where the metal is melted
and subsequently solidified, and in the adjacent
heat-affected zone, where material is heated to
temperatures that are below the melting point
but are sufficiently high to produce changes in
the microstructure and in mechanical properties.
Three types of energy are used primarily as

direct heat sources for fusion welding: electric
arcs, laser beams, and electron beams. Oxyfuel
gas welding is also used occasionally, and inter-
nal joule heating arising from electrical resis-
tance is also common for welding of thin
material. However, fusion welding using inter-
nal joule heating, that is, resistance welding,
does not involve the use of a direct heat source.
The intensity or energy distribution associated
with the direct heat sources may vary dramati-
cally and, to a large degree, dictates the use of
these heat sources for welding. The total
amount of heat (Q) that is provided to the work-
piece is measured in watts (W) and may be
defined by the welding parameters, such as
welding current times welding voltage for arc
processes, or directly for laser beam welding,
because laser output power is usually provided
in watts. The amount of energy that the welding
heat source provides per unit of cross-sectional
area is referred to as the heat flux (q) and is
defined in watts per square meter (W/m2).
A general portrayal of the heat flux associated
with a direct welding source may be described
by its energy distribution. Figure 1 illustrates
the differences in energy distribution of various
heat sources, as well as the melting patterns of

the base metal generally associated with
these sources. As illustrated in the figure, the
oxyfuel gas welding process is a diffuse or
distributed heat source, whereas the laser beam
and electron beam welding processes are
defined as high-energy-density processes. The
heat source of arc welding processes may be
described as being between the diffuse and
high-energy-density sources. Also as shown in
Fig. 1, the distribution of energy within the heat
source plays an important role in determining
the potential fusion zone geometry. Although
the distribution of energy during welding is of
significance, another critical factor is the
energy-transfer efficiency, the ratio of the
amount of energy provided by the heat source
to the quantity that is transferred to the base
material. As with energy density, the four heat
sources primarily used for fusion welding vary
greatly as to their energy-transfer efficiencies.

Because of the important role the heat source
plays during welding, the ability to accurately
define the energy provided to the workpiece,
as well as the amount transferred for welding,
is of interest for theoretical as well as practical
considerations. The description of the input-
energy source is basic to any numerical model-
ing formulation designed to predict the out-
come of the welding process. Both the
magnitude and distribution of the source are
fundamental and unique to each joining pro-
cess, and the resultant output of any numerical
model is therefore affected by the initial
description of the heat source. An understand-
ing of both the physics and the mathematical
simulation of these sources is essential for char-
acterizing the heat source. This article briefly
reviews the physical phenomena that influence
the input-energy distribution and discusses sev-
eral simplified and detailed heat-source models

* Revised and updated from S.S. Glickstein and E. Friedman, Characterization and Modeling of the Heat Source, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International,
1993, p 1141–1146

Fig. 1 Schematic of energy densities and melt patterns associated with various heat sources used for fusion joining.
(a) Oxyfuel flame. (b) Gas tungsten arc. (c) Laser beam. (d) Electron beam. Q, total amount of heat



that have been used in the modeling of arc
welding, high-energy-density welding, and
resistance welding processes.

Simplified Modeling of the Heat
Source

Analytical modeling of the welding heat
source is generally complex, because of the
nature of energy transfer to the workpiece,
whether the source of that energy is an arc, a
high-energy-density beam of electrons or laser
light, or joule heating. For numerical modeling
purposes, heat input to the weldment is usually
applied as a distribution of surface flux, a distri-
bution of heat generated internally, or a combi-
nation of both. Many analytical treatments,
however, have sought to simplify the character-
ization of the heat source by assuming that the
effective thermal energy supplied by the heat
source is deposited in such a narrow band of
material that it may be idealized mathemati-
cally as a point or a line source, depending on
the geometry of the weldment (Ref 1). Heat
input idealizations of this sort lend themselves
to the derivation of closed-form welding tem-
perature solutions and the avoidance of devel-
oping numerical finite-element or finite-
difference models to calculate temperatures.
These solutions are valid only for simple geo-
metries and in regions removed from the fusion
and heat-affected zones, where details of the
distribution of heat input from the source and
accurate representations of the thermal energy
transferred from the weld bead to the rest of
the weld joint are not important.
The fundamental simplified heat-source

model is developed for a flat plate of infinite
extent bounded by the planes z = 0 and z = h.
Heat is input at a point that is either stationary
or is moving at uniform speed, v, in the x-direc-
tion on the surface z = 0, so that at any time, t,
the point source is located at x = vt (Fig. 2). If
the end effects that result from the initiation

or termination of the heat source or the finite
dimensions of the weldment are neglected,
then the resulting temperature distribution
associated with the moving source is stationary
with respect to a moving coordinate system,
the origin of which coincides with the point
of application of the heat source. This class
of temperature response is termed quasi-
stationary.
In general, for either a stationary or a moving

point source, heat is conducted through the
plate without hindrance until the insulating
effect of the ideally adiabatic surface at z = h
is felt. For a sufficiently thick plate, the temper-
ature rise at z = h is so small that the solution
for an infinitely thick plate, which is associated
with a single source of heat, is applicable.
For a moderately thick plate, the temperature
rise at z = h from the infinitely thick plate point-
source solution is large enough to result in
nonzero heat flow at z = h. An image source
of the same strength applied at z = 2h ensures
that the surface z = h is adiabatic. However,
the image source produces nonzero heat flow
at z = 0, and another image source applied at
z = �2h is now required to satisfy conditions
at z = 0.
Carrying this imposition of image point

sources of heat along ad infinitum (Fig. 3), an
infinite distribution of image sources super-
posed with the original source at z = 0 yields
the desired adiabatic conditions at both the z =
0 and z = h surfaces. The temperature solution
for this series of image sources is in the form
of an infinite series (Ref 2), which converges
more rapidly for thicker plates. The solution
for the moderately thick plate applies to thin
plates as well, but convergence of the infinite
series would be extremely slow. As an

alternative, the heat source can be applied as a
line source distributed uniformly through the
thickness (Ref 3). This simplified approach
eliminates any variation of the temperature dis-
tribution through the thickness and is often used
to model high-energy-density welding pro-
cesses that result in the formation of a keyhole,
as is discussed later.
Offshoots of these cases also have been

developed. These include considerations of
plates of finite width, in which case sets of
image sources are needed to ensure adiabatic
conditions at the edges (Ref 4); line sources of
heat traveling on a circular path (Ref 5); and
conditions that simulate either initiation or ter-
mination of the heat source (Ref 6). Variations
of the moving point source approach have been
employed (Ref 7) to calculate the temperatures
needed for weld-induced residual stress calcula-
tions in piping.

Arc Welding

Gas Tungsten Arc Welding

Gas tungsten arc welding (GTAW) is the
most frequently modeled arc welding process
in which the heat source is a nonconsumable
electrode. In the direct current electrode nega-
tive GTAW process, the pieces of material are
joined together by energy that is transferred to
the workpiece by four primary mechanisms
(Ref 8):

� Kinetic energy of the electrons that consti-
tute the arc current

� Heat of condensation of the electrons (work
function) penetrating the solid work surface

� Radiation from the arc
� Thermal conduction from the arc plasma to

the workpiece

The first two mechanisms constitute the major
source of energy to the weldment (Ref 9). Also,
because electrons are negatively charged, they
inherently travel from the negative to the posi-
tive pole of the arc, and hence, welding polarity
may have a large effect on the transfer of
energy. Welding using direct current electrode
negative (DCEN), such as with the gas tungsten
arc process, utilizes the electrons traveling from
the tungsten electrode to the positive workpiece
to provide a fairly efficient transfer of energy to
the base metal. Employing direct current elec-
trode positive (DCEP), such as with gas metal
arc welding, results in electrons being directed
from the base metal to the positive consumable
electrode with lower energy transfer to the
workpiece. The use of variable polarity may
be viewed as a compromise between DCEN
and DCEP.
Because of the complicated nature in which

energy is transferred from the arc, heat input
to the weldment can be modeled by one of the
point- or line-source approaches discussed in
the preceding section of this article. If none ofFig. 2 Moving point source in infinite plate

Fig. 3 Superposition of image sources in finite-
thickness plate
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these treatments is appropriate for the particular
application, then a more realistic approach is to
input the energy by a distribution of surface
flux, a distribution of heat generated internally,
or a combination of the two. If an internal heat
distribution is confined to a thin layer of mate-
rial adjacent to the heated surface, then the
choice of heat-input model is immaterial (Ref
10). The magnitude of heat input to the work-
piece is expressed simply as the product of
what has traditionally been defined as the arc
power (that is, the product of the voltage drop
across the arc and the arc current) and the arc
transfer efficiency, which account for energy
losses from the arc.
Estimates of arc efficiency can be made by

conducting calorimetry measurements, correlat-
ing computed temperatures with thermocouple
readings from test welds, or using some other
observable response to the welding thermal
cycle. Because the voltage used is usually
determined from measurements at some point
within the power supply, estimates must be
made to account for losses within the electrode
and other parts of the system (Ref 11). Changes
in welding process variables, such as shielding
gas, electrode configuration, arc gap, and minor
element additions to the arc, affect arc effi-
ciency, as does the material that is being
welded (Ref 12).
The magnitude of heat applied to the weld-

ment surface may not be known with great
accuracy, and the distribution of the heat input
is even more uncertain. Input-energy distribu-
tion depends on factors related to the electrode
and the physics of the arc, as well as on the
interaction of the arc with the molten weld
pool. For example, the arc characteristics and
the depth-to-width ratio of the weld puddle will
change as the vertex angle of the conical tip of
the electrode is altered (Fig. 4). As the arc
becomes more constricted, the heat source
becomes more concentrated, thus increasing

weld penetration. Changes in heat-source distri-
bution (that is, input current) will affect the
electromagnetic forces in both the arc and the
weld puddle, resulting in changes in weld-pud-
dle motion, which can promote alterations in
convection heat transfer within the weld pud-
dle. Shielding gas composition and minor alloy-
ing elements also can influence the distribution
of input energy.
When welding at low currents and high vol-

tages, the perturbation of the weld-puddle sur-
face may be considered to have a small effect
on the heat-input distribution, and a model that
considers heat to be applied as a surface flux is
usually satisfactory. However, as the current
increases (particularly when the arc voltage is
small, indicating a short electrode-to-work sur-
face distance), the arc jet can depress the
weld-puddle surface and affect the configura-
tion of the distribution on the surface of the
weldment (Fig. 5). The effects of depressing
the weld puddle can be accommodated empiri-
cally by postulating some or all of the heat from
the arc to be deposited internally. However, the
specification of an internal heat-generation dis-
tribution is more complex than that of a surface
flux.
For models in which heat from the welding

arc is postulated to be deposited on the surface
of the weldment, the input energy is often
assumed to be a radially symmetric, normally
distributed surface flux at any instant in time
(Ref 13). The heat flux provided by the source,
q, can be expressed conveniently as an expo-
nential, or Gaussian, function, such that:

qðrÞ ¼ 3fQ

�r02

� �

exp �3
r

r0
� �2

� �

(Eq 1)

where f is the bulk energy-transfer coefficient,
Q is the magnitude of the heat input per unit
time (Q being the product of the welding cur-
rent and voltage for arc processes and laser

power for laser beam welding), r is the distance
from the center of the heat source to the sur-
face, and r0 is a characteristic radial dimen-
sional distribution parameter that defines the
region in which 95% of the heat flux is depos-
ited. In the limit as r0 ! 0, the heat input
becomes a point source of strength fQ on the sur-
face. When using measured energy distributions
for defining the spatial distribution of energy
as a Gaussian function, it is appropriate to use
the radius that provides an area under the distri-
bution equal to 1�(1/e3). However, for laser
beam welding, the beam radius representing the
usable energy is often reported as 1�(1/e2),
which represents 86.5% of the total energy.
The bulk energy-transfer coefficient, f,

describes the total amount of energy that is
transferred to the workpiece and is a measure
of the transfer efficiency of the process. The
energy-transfer coefficient may be estimated
by determining the ratio of the total energy
provided to the workpiece through calorimetry
and the theoretical amount of energy that may
be generated by the process, which, in the case
of GTAW, is the product of the welding voltage
and current. Although the efficiency depends on
the material being welded and the specific pro-
cess conditions, calorimetry measurements
have yielded transfer coefficients for GTAW
with DCEN of 0.7 to 0.9, whereas the transfer
efficiency for GTAW of aluminum using alter-
nating current has been measured to be between
0.3 and 0.4 (Ref 14–16).
Equation 1 describes the heat-input distribu-

tion from a stationary arc. The amount of heat
transferred to the workpiece (fQ), the distribu-
tion parameter (r0), and the duration of heating
are necessary to fully characterize the input
energy. Figure 6 shows typical variations of
the weld bead depth and width for stationary
spot welds on 6.5 mm (0.25 in.) thick plates
with both the distribution parameter and the
duration of heating, t*.
Other forms of the heat-input distribution

also can be used. These include ramp, or trian-
gular, distributions; uniform heat-input distribu-
tions over finite areas (for example, the area of
the weld-puddle surface); or combinations of
the two (that is, trapezoidal distributions).

Fig. 5 Effect of arc jet on depression of weld pool

Fig. 4 Arc shape and weld bead geometry as a function of electrode tip angle in a pure argon shield for 2.38 mm
(0.10 in.) diameter electrodes truncated to 0.125 and 0.500 mm (0.005 and 0.2 in.); arc gap, 1 mm

(0.04 in.). Source: Ref 12
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The axisymmetric characterization of heat
input for stationary arcs enables temperatures
in the weldment to be calculated using axis-
ymmetric thermal analysis methods, if the
weldment geometry justifies such an analysis.
On the other hand, if the heat source is
moving, then the resultant flow of heat is
three-dimensional; that is, temperature gradi-
ents develop through the thickness of the weld-
ment, as well as in directions parallel to and
transverse to the welding direction. If the weld-
ment geometry is regular (for example, flat
plate), then the heat source from the arc ismoving
at a constant, sufficiently high speed, v, and if end
effects such as the starting and stopping of the arc
are neglected, then transient two-dimensional
thermal analyses at cross sections normal to
the welding direction may be satisfactory
(Ref 17). The heat input at a section transverse
to the direction of arc travel is given by:

qðx; tÞ ¼ 3fQ

�r02

� �

exp �3
x

r0
� �2

� �

exp �3
vt

r0
� �2

� �

(Eq 2)

where x is the distance from the centerline of
the weld, and t is the time measured from the
moment the center of the heat source passes
over the weld section being analyzed. The four
heat-input parameters characterizing a moving
arc (f, Q, r0, v) are embodied in this formula-
tion. The inverse of the speed of a moving arc
is akin to the duration, t*, of a stationary arc,
because a moving arc supplies a heat input,
fQ/v, per unit length of weld, whereas a station-
ary arc provides a total amount of heat, fQt*, to
the weldment.
For models in which heat is deposited inter-

nally, rather than as a surface flux, the input
energy can be assumed to be deposited within
a spheroidal or ellipsoidal region that is similar
in shape to the weld puddle. As described by

Ref 18, the heat input can be taken to vary
exponentially as a Gaussian distribution in all
directions within the ellipsoid. Thus, the
energy-input distribution is completely speci-
fied by the dimensions of the ellipsoid. More
elaborate models can be formulated by pre-
scribing either double-ellipsoid heat-input
regions that better match weld-puddle shape or
conical regions of internal energy deposition.
Regardless of the methodology chosen to char-
acterize the distribution of the heat input, the
geometric parameters of the distribution should
be established, at this stage of computer-model-
ing development, by correlating calculated
thermal-response characteristics, such as the
weld bead and heat-affected zone dimensions,
with measured values.

Gas Metal Arc Welding

Gas metal arc welding (GMAW) modeling is
more complex than that of the GTAW process,
because of the need to consider thermal energy
that is transferred to the workpiece not only by
mechanisms similar to those associated with the
GTAW process but, more importantly, by heat
contained in the molten metal drops that are
transferred as filler metal from the consumable
electrode wire to the workpiece. Refer to Ref
19 for additional details. Because the GMAW
process uses DCEP, the heat associated with
the kinetic energy of the electrons and the heat
of condensation is now input to the electrode.
The energy previously input to the weldment
is replaced by the energy of positively charged
ions, which contribute a much smaller amount
of heat to the weldment.
In addition, the radiation and conduction via

the arc plasma make minor contributions to
the heat input to the weldment. The more-
important source of heat is derived from the

mass of molten material and is related directly
to both the temperature and the melting rate of
the electrode wire. The melting rate of the elec-
trode is governed primarily by joule heating
and by arc heating similar to that of the GTAW
process. The transfer of material to the work-
piece can be globular, such that the metal is
deposited in droplets, the diameters of which
are greater than that of the electrode, or in a
spray, in which mass is transferred to the weld
puddle as droplets with diameters that are smal-
ler than that of the electrode.
The thermal energy applied to the workpiece

therefore consists of two sources: the arc
energy distribution generated at the cathode
area (workpiece) and the thermal energy of
the metal drops transferred from the filler wire.
The arc input energy has a significant effect on
the width of the weld puddle and thus of the
solidified weld bead, whereas the energy in
the molten metal contributes significantly to
the melting of the workpiece (Ref 20). Further-
more, the impingement of the metal drops on
the puddle significantly affects the depth of
penetration (Ref 21), because the impact of
each drop causes a distinct indentation in the
weld puddle, especially at high currents.
Modeling of the heat input from the GMAW

process should generally include the effects of
heat input from the filler-metal droplets, the
addition of new weld material from the filler
wire, and, in many cases, the significant inden-
tation of the weld-puddle surface, as well as a
spatially distributed heat flux on the surface to
represent radiation energy from the arc and pos-
itive ion impingement. Accurate representations
of these phenomena are so complex that alter-
nate treatments are essential. In Ref 22, the heat
input from the GMAW process was modeled as
a Gaussian distribution and accounted for the
energy necessary to melt the electrode wire.

Fig. 6 Weld bead dimensions for different durations of heating, t*, and input-energy distribution parameter, r0, with Qo = 1060 W. Source: Ref 10
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In Ref 23, a model in which heat is input partly
in the weld puddle and partly as a surface flux
was developed. A more common approach is
to model the addition of filler metal by “creat-
ing” new metal in an analytical model.
In finite-element treatments, for example, new

metal is simulated by adding sets of elements to
the model. For three-dimensional models, these
elements can be introduced in distinct increments
of time, whereas for a two-dimensional analysis
of a cross section normal to thewelding direction,
a set of elements corresponding to a weld bead
cross section can be created. More recently, the
contour outlining the weld bead has been deter-
mined experimentally and then used as the start-
ing boundary condition for the thermal
modeling of welds. As an example, the boundary
condition can be a time-dependent temperature
that may reach or exceed themelting temperature
of the material.

Other Arc Welding Processes

Shielded metal arc welding, submerged arc
welding, and flux cored arc welding are other
processes in which energy is transferred to the
workpiece both from the arc and from an over-
heated consumable electrode. The previously
outlined semiempirical methodology for simu-
lating the heat input for the GMAW process
also appears to be well suited for the flux weld-
ing processes, although the introduction of a
slag layer, whether it develops from the melting
and solidification of electrode-covering mate-
rial or from a flux feeding tube, presents
another factor to be considered when calculat-
ing weld-induced temperatures.

High-Energy-Density Welding

High-energy-density welding, such as laser
beam or electron beam welding, may be
described as the use of a high-intensity heat
source capable of very small spatial distribu-
tion. These processes employ intense energy
of the focused, or nearly focused, energy beam
and result in energy intensities of between 105

and 107 W/cm2. Under these conditions, tem-
peratures developed at the beam and material
interaction region are sufficient to cause vapor-
ization. Based on a constant material and thick-
ness, the process depends on the intensity
distribution and travel velocity of the incident
beam. At low intensities, such as with a rela-
tively diffuse heat source, vaporization occurs
over a wide region and at a significantly lower
energy. At sufficiently high intensities, as with
a relatively concentrated heat source, the cen-
tral region of interaction between the beam
and substrate exhibits a vapor cavity or keyhole
containing evaporated atoms of the substrate
and ionized gas. These conditions are illustrated
for diffuse and concentrated intensity distribu-
tions in Fig. 7 and 8, respectively, and coarsely
reflect the two primary conditions for beam

welding, that is, conduction- and keyhole-mode
welding (Ref 24).
The obvious practical difference for the condi-

tions represented in Fig. 7 and 8 is depth of pene-
tration; however, many subtle distinctions are
also present. It has been promulgated that laser
beam welding in the conduction or keyhole mode
is a discreet process dictated by the intensity distri-
bution of the beam and certain properties of the
material; consequently, inadequate coupling or
energy transfer between the beam and the work-
piece has been described as conduction-mode
welding. In actuality, there exists a more gradual
transition between the conditions shown in Fig. 7
and 8 based on the material thermal and physical
properties as well as the intensity distribution of
the source energy. Beamwelding with inadequate
energy required for sufficient evaporation results
in a small amount of energy being transferred to
the substrate andhenceonly a small amount of sur-
face melting directly under the highest intensity.
In the case of laser beamwelding under this condi-
tion, the transfer of usable energy under this

situation is governedpurely byFresnel absorption,
with the vast majority of optical energy being
reflected from the surface.
The circumstances represented by the condi-

tion shown in Fig. 8 are vastly more complex
than what has been described previously. In this
case, the energy density required to establish and
maintain the keyhole is significantly higher than
that of the conduction mode and results in signif-
icant evaporation of the substrate and the forma-
tion of a plasma. Laser beam welding under
these conditions results in enhanced absorption
of the beam within the plasma by photon-
induced acceleration of free electrons to a higher
energy and temperature and the propagation of
this energy by electron collision with atoms
and ions. This mechanism is termed inverse
bremsstrahlung, referring to the converse of
photonic energy being produced from an accel-
erated electric charge (Ref 25, 26).
Figure 9 illustrates the shape of the source

distributions for laser beams representing three
basic fundamental transverse electromagnetic

Fig. 7 Schematic of beam weld profiles for a diffuse
Gaussian intensity distribution (q) showing the

vapor or plasma (v), liquid (l), and solid (s) phases for
orientations (a) transverse and (b) longitudinal to the
workpiece with beam motion to the left. Source:
Adapted from Ref 24

Fig. 8 Schematic of beam weld profiles for a
concentrated Gaussian intensity distribution

(q) showing the vapor or plasma (v), liquid (l), and solid
(s) phases for orientations (a) transverse and (b)
longitudinal to the workpiece with beam motion to the
left. Source: Adapted from Ref 24

Fig. 9 Distribution of energy for laser beams representing three different transverse electromagnetic modes (TEM),
with the horizontal axis showing increasing distance from the center of the heat source to the surface
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modes. The fundamental transverse electromag-
netic mode, TEM00 (a Gaussian distribution), is
often selected as the heat-input description
for laser welding analysis. It is also
assumed to be the source distribution for elec-
tron beam welding. The exact determination
of the Gaussian width parameter, r0, depends
on the optics of the laser or electron beam
welding system. In many cases, a point source
on the surface is an excellent approximation.
In laser beam welding, if the energy is deliv-
ered via a fiber-optic system, such as with a
neodymium: yttrium-aluminum-garnet or ytter-
bium-fiber laser, then the output source distri-
bution is often described as a truncated
Gaussian source distribution or “top hat” of
specified width. Shown in Fig. 10 are measured
distributions for ytterbium-fiber laser beams
delivered through a fiber optic and representing
Gaussian and top-hat energy distributions
(Ref 27).
If a keyhole mode of welding is being formu-

lated, then modeling of the input-energy distri-
bution is complicated. Several different

formulations have been discussed in the litera-
ture. In the keyhole mode, the energy density
is sufficiently high to cause material ablation
near the center of the beam, resulting in beam
penetration further into the weldment. A hole
created in the material is maintained by equilib-
rium between vapor pressure in the keyhole,
surface tension, and hydrodynamic pressure in
the surrounding melt. The exact distribution of
energy deposited in the hole is complicated
and depends on the scattering and absorption
of the beam through the weldment, as well as
on the focal parameters of the system. Several
different models have been used to simulate
these conditions.
The simplest model for the keyhole mode of

welding is that of a moving line source through
the weldment (Ref 28). The appropriate solu-
tion of the heat equation was obtained by
Rosenthal (Ref 29). The model does not
describe the typically observed semicircular
part of the weld cross section at the top,
because it corresponds to a liquid region, the
size of which does not vary through the

thickness of the workpiece. This simple model
has been found to be very useful, however,
in providing relations between such quantities
as the power absorbed and the width of the
weld.
A thermal analysis of the laser process

has been derived for a Gaussian source moving
at a constant velocity over a large range of
conditions, from simple heat treating to deep-
penetration welding (Ref 30). To obtain a more
realistic weld shape, the simple line-source
approach was modified (Ref 31) by adding a
point source close to the surface of the work-
piece to the line source distributed uniformly
through the thickness. The line source models
uniform absorption of heat by the workpiece
with depth, whereas the point source corre-
sponds to a much more concentrated region of
absorption in the vicinity of the laser focus,
which contrasts with the absorption from multi-
ple reflections that occur in the main part of the
keyhole. The temperature distribution from this
combined-source model yields a vertical weld
seam shape that reflects the general shape of
that found from experimental investigations
(Fig. 11).
A simple description of the input

energy avoids the problem of defining the
exact nature of the energy-transfer process in
the keyhole itself. A more sophisticated model
is necessary to characterize this effect.
The attenuation of the laser beam in the vertical
direction has been accounted for (Ref 32)
by calculating the temperature at a depth, d,
below the surface. If the temperature at
depth d exceeds the boiling point of the mate-
rial, then point d is deemed to be transparent.
The incident power is then applied at a point
below it, after suffering some absorption. This
sequence continues through the substrate.
The transparent grid points keep their high tem-
peratures as if the keyhole were filled with a hot
plasma.
This brief overview of several of the

approaches used to model the high-energy-
density welding process points out the difficulty
in defining a unique methodology. Experi-
mental data must be used for specific welding
conditions to establish the overall approach, as
well as the magnitude and distribution of the
input source energy.

Resistance Spot Welding

The electrical resistance spot welding pro-
cess for joining two materials at their common
interface involves a complicated interaction of
electrical, thermal, mechanical, metallurgical,
and surface phenomena. Figure 12 is a simpli-
fied representation of the resistance spot weld-
ing process showing some essential features
for producing a weld.
In this welding process, the faying surfaces

of two or more workpieces are fused and joined
at a spot by electric current flowing through the
weldment (joule heating). The weldment is

Fig. 10 Measured energy distributions for ytterbium-fiber lasers having (a) top-hat and (b) Gaussian energy
distributions. Source: Ref 27
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actually held together by the compressive force
exerted by the electrodes. Because the input
energy in this weld process is due to joule heat-
ing, the spatial distribution of the current and
the electrical resistance within the workpiece
must be determined when modeling the heat
source. Most importantly, the contact resistance
at the surfaces of both the electrode and the
workpiece, as well as the interfaces of the
workpieces, must be established. The electrical
contact resistance depends on the surface condi-
tion of the material, its hardness, the degree of
oxidation, the amount and kind of impurities,
as well as the apparent pressure at the surfaces
and the temperature. The fact that these quanti-
ties are time dependent is another complication,
because the joule heat source must be consid-
ered as a time-dependent parameter.
A detailed description of the process is pre-

sented in the article “Resistance Spot Welding”
in this Volume. Literature reviews of the resis-
tance spot welding process simulation are
provided in Ref 33 and 34. The brief overview
provided subsequently of some important find-
ings in the literature on resistance welding high-
lights several points that must be considered
when developing a model of the heat source.
In 1958, experimental and analytical investi-

gations of the resistance spot welding process
were performed (Ref 35). The researchers
reported current density singularities at the
outer rim of the contact area from theory and
correlated this phenomenon with experimental
results that showed heat concentration at the
periphery. They concluded that the bulk of the
material near the contact region was not heated
appreciably by the flow of current through it but
was heated indirectly by conduction from the

peripheral region of the contact area. However,
further study indicated that the contact area
plays a major role only in the early stages of
heat production and becomes less influential in
later stages of weld-nugget formation. This fact
reinforces the earlier remarks that the modeling
of the heat source must consider not only the
spatial distribution of the heat source but its
time dependence.
Further reinforcing this idea, it was found

(Ref 36) that in the beginning of the welding
process, most of the voltage drop occurred at
the interface between the electrode and the
weldment and in the interface of the two work-
pieces (21 and 66%, respectively). The
researchers determined that after six cycles
from the instant that weldment fusion begins,
most of the voltage drop takes place in the base
metal (87%). This occurs because the interfa-
cial resistance decreases as the temperature
rises, which is due to melting at the interface,
and because the resistivity of the base metal
increases with increased temperature.
Complicating the modeling process is the

unknown, but very important, contact diameter
at the faying surface. This parameter depends
on the geometry of the electrodes, the surface
conditions, and, most importantly, the mechan-
ical load applied by the electrode. Research
(Ref 34) in modeling this process has used the
diameter of the electrode face as the contact
diameter between the electrode and the work-
piece, but a slightly larger diameter is used to
represent the contact diameter at the interface
of the workpieces. Figures 13 and 14 show the
current density and joule heating as functions
of the nondimensional radius R/Rc, where Rc

is the assumed contact radius.

The authors of both Ref 33 and 34 stress the
importance of developing a thermomechanical
coupling model that will account for changes
in resistance and current distributions during
the welding process. This article has tried to
point out that the input description of the heat
source for resistance welding is extremely com-
plicated. It depends on the electrode geometry,
the weldment material, and the weldment sur-
face condition, as well as the weld parameters
(including the mechanical forces on the elec-
trode) that must be considered as being time
dependent.

Fig. 12 Resistance spot welding process

Fig. 11 Outlines of cross sections of (a) experimental and (b) calculated keyhole welds. Calculated results shown for
several different point sources added to the line source. Source: Ref 31

Fig. 13 Current density ratio versus nondimensional
radius. Time, 2 cycles; Rc, radius of contact.

Source: Ref 33
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Nature and Behavior of Fluxes
Used for Welding
Wesley Wang, ESAB Welding & Cutting Products
S. Liu, Colorado School of Mines

FLUXES are added to the welding environ-
ment to improve arc stability, to provide a slag,
to add alloying elements, and to refine the weld
pool (Ref 1, 2). Different ingredients in the flux
system will provide the process with different
pyrometallurgical characteristics and thus dif-
ferent weld-metal properties (Ref 3, 4). More
specifically, a welding flux must:

� Stabilize the arc and control arc resistivity
� Provide slagwith the propermelting temperature
� Provide low-density slag
� Permit the use of different types of current

and polarity
� Add alloying elements
� Refine the weld pool (deoxidation and

desulfurization)
� Provide proper viscosity for out-of-position

welding
� Promote slag detachability
� Produce smooth weld contour
� Reduce spatter and fume

The slag that forms during welding covers the
hot weld metal and protects it from the atmo-
sphere. Welding slag consists of the glass-form-
ing components of the flux, as well as inclusions
that form in the weld pool, coalesce, rise, and
become incorporated into the slag.
The need to improve flux formulation to

achieve optimal weld metal composition, and
ultimately improve the properties of weld-
ments, has led to fundamental studies of weld
pyrochemistry. Understanding the thermody-
namic and kinetic factors that are prevalent at
the electrode, in the arc column, and in the weld
pool has led to more precise prediction of the
final weld metal composition (Ref 5–15).
In addition, quality bead appearance, the ease of

welding at different positions, as well as easy slag
detachability are considerations forflux formulation.

Equilibrium Parameters

Equilibrium is not achieved during welding,
because of the very large temperature and density

gradients, the short reaction times, and the large
electric currents. Despite these expected depar-
tures from equilibrium, thermodynamic consid-
erations can be used as a guide for constraining
chemical reactions and mechanisms involved in
welding (Ref 5, 7, 9). A common approach is to
assume that extremely high temperatures and
high surface-to-volume ratios allow thermody-
namic equilibrium to be locally attained, in spite
of the short reaction times available.
Further complicating the issue is the depen-

dence on welding parameters of the chemical
partitioning between the slag and the weld
metal (Ref 3, 7). This dependence suggests that
the pyrometallurgical reactions involved are
influenced by the processes that occur at the
electrode tip. As a specific example, the weld-
ing parameters affect metal-transfer mode and
metal droplet size, which in turn alter the chem-
ical kinetics. Nonetheless, thermodynamics will
reveal the direction taken by the chemical reac-
tions (but will not accurately predict weld-
metal composition).
The effective slag-metal reaction temperature

has been estimated (by pyrochemical analysis
of slag-metal compositions) to be approxi-
mately 1900 �C (3450 �F), a temperature inter-
mediate between that of the hot spot at the arc
root (2300 �C, or 4170 �F) and the melting
point of iron (1500 �C, or 2730 �F). Thus, dur-
ing the droplet lifetime, the average tempera-
ture is effectively 1900 �C (2730 �F). During
this period, oxygen from the hot spot reactions
is distributed throughout the droplet, and that
oxygen reacts with the metallic elements to
form oxides; these products of oxidation pass
into the slag, and the slag-metal reactions tend
toward equilibrium. Despite shielding, some
nitrogen may still be present in the arc. Thus,
similar considerations presented previously for
oxygen should be given to nitrogen as well.
Estimates of the time for which the molten slag
and molten metal are in contact range from 3 to
8 s. During the process, the gaseous phase in
the arc cavity contacts the metal for an esti-
mated 0.5 to 1.0 s.

Effect of Oxygen

The most important chemical reagent in
controlling weld metal composition, and thus
microstructure and properties, is oxygen (Ref
3, 4, 14, 16–19). Oxygen directly reacts with
alloying elements to alter their effective roles
by:

� Reducing hardenability
� Promoting porosity
� Producing inclusions

All three effects are significant to weld quality.
Oxygen is introduced into the weld pool at

high temperatures by:

� The presence of oxide fluxes that dissociate
in the arc

� The slag-metal reactions in the weld pool
� The oxides on the surface of baked metallic

powders mixed with flux or on electrode
� The aspiration of atmosphere (air) into the

arc.
� Lubricants on solid and composite (metal

cored and flux cored) wires

Shielding gas may contain oxidizing reagents;
examples of common industrial gases used in
welding are 75Ar-25CO2 or 100% CO2. As a
result, the weld metal oxygen can range from
100 to over 1000 ppm, depending on the type
of welding consumable used.
The weld metal oxygen measured directly at

the molten electrode tip has been reported to
be as high as 1400 ppm. Individual droplets
have been found to contain as much as 2000
ppm oxygen. There are two views concerning
the genesis of the high oxygen content. One
suggests that pyrochemical or electrochemical
reactions (or both) provide oxygen to the elec-
trode tip, and then further oxidation occurs
within the droplet as it passes through the arc.
The other view is that the high oxygen levels
of the droplet represent the maximum buildup
of oxygen in the electrode prior to detachment,
with limited reaction during flight across the arc



to the weld pool. In either case, high oxygen
concentrations are introduced into the weld
pool by the welding process.
At the melting point of iron, the solubility of

oxygen in pure liquid iron is approximately
1600 ppm at 100 kPa (1 atm) pressure. During
solidification, oxygen solubility decreases to
approximately 860 ppm at 1500 �C (2730 �F)
in d-Fe. Most of the alloying elements present
in liquid steel reduce oxygen solubility through
deoxidation equilibria. Steelmaking processes
typically yield analytical oxygen levels ranging
from 70 to 100 ppm. Welds typically pick up
oxygen to levels of several hundred ppm, then
deoxidize to oxygen levels of approximately
200 to 300 ppm. Deoxidation of the weld metal
occurs in two separate steps, the first being the
primary deoxidation of the weld pool (Ref 6).
Secondary deoxidation occurs during solidifica-
tion as solute concentrations increase within the
intercellular or interdendritic regions. The sec-
ondary deoxidation will either form very small
inclusions or will coat the interdendritically
trapped primary inclusions.
The high oxygen concentrations added to the

weld pool by the metal droplets significantly
affect deoxidation. Figure 1 shows experimen-
tally measured soluble oxygen concentrations
for various deoxidants (solid lines), along with
deoxidation curves predicted by the solubility
products (broken lines). The experimental devi-
ation is caused by interactions of the deoxidant
with other alloy elements. If the oxygen and
metallic element concentrations resulting from
the welding process exceed the equilibrium
concentration for a specific reaction, inclusions
will result. The ability to form a specific inclu-
sion will correspond directly to the position of
the weld pool composition relative to the activ-
ity plot for this inclusion. Thus, the thermody-
namic order for the formation of primary
oxides would be Al2O3 > Ti2O3 > SiO2 >
Cr2O4 > MnO.
Inclusion Formation. Inclusions form as a

result of reactions between metallic alloy ele-
ments and nonmetallic tramp elements, or by
mechanical entrapment of nonmetallic slag or
refractory particles. Inclusions may include:

� Oxides
� Sulfides
� Nitrides
� Carbides
� Other compounds
� Multiple phases

Among these, oxides and complex oxides occur
most frequently in the size range known to
influence steel weld-metal microstructure.
Using only thermodynamic considerations in

the analysis of slag-metal reactions, the follow-
ing reactions may be considered as the ones that
describe inclusion formation:

xMþ yO ¼ MxOy

� 	

(Eq 1)

where the underlining of a component M (M)
and the component O (O) indicate that M and
O, respectively, are dissolved in the metal, and:

xMþ y FeOð Þ ¼ MxOy

� 	þ yFe (Eq 2)

The equilibrium constants (K1 and K2) for the
aforementioned two reactions are:

K1 ¼
ðaMxOy

Þ
½aM�x½aO�y (Eq 3)

where ai is the activity, a function of the con-
centration, for component i, and:

K2 ¼
ðaMxOy Þ

½aM�x½aFeO�y (Eq 4)

Equilibrium compositions for the weld deposit
can be estimated with Eq 1 through 4 and can be
used to predict trends for the weld pool pyro-
chemical reactions. The actual compositions
may, however, differ from the calculated values
due to the partitioning of alloying element

during cellular or dendritic solidification, com-
monly observed in steel weldments.
During solidification of a weld metal, solute

elements segregate to the liquid at the solid/liquid
interface, and the solute concentrations can reach
high levels in the interdendritic regions, as sug-
gested in Fig. 2. Neglecting solid diffusion, the
solute composition in the liquid at the solid/liquid
interface can be modeled (Ref 6) by the nonequi-
librium lever rule, or Scheil equation:

CL ¼ C0fL
k�1 (Eq 5)

whereC0 is the bulk concentration in theweld pool,
CL is the solute concentration in the liquid at the
interface, and k is the equilibrium partition ratio.

The equilibrium partition ratio, k, controls
the direction and the extent of segregation.
For most alloy elements in steel, the partition
ratio is less than 1, and the element segregates
to the interdendritic liquid.
Consider the deoxidation equilibrium as

represented by the dissolution reaction for a
complex oxide:

Fig. 1 Deoxidation equilibria in liquid iron alloys at 1600 �C (2910 �F). The broken lines show deoxidation equilibria
predicted by solubility product calculations. The solid lines show experimentally determined soluble oxygen

concentrations for various deoxidants. The experimental deviation is caused by variations in the activity coefficients
with increasing deoxidant concentration. Source: Ref 20
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MxNyOz ¼ xMþ yNþ zO (Eq 6)

The free energy change associated with the dis-
solution of the MxNyOz can be written as:

DG ¼ DGo þ RT ln
½M�x½N�y½O�z
½MxNyOz� (Eq 7)

where [M], [N], and [O] are the solute activities
in the liquid; and x, y, and z are the stoichiomet-
ric constants from Eq 6. The value [MxNyOz] is
the activity for the specific inclusion and can be
assumed to have a value of 1.
The ratio of the activities of the reactants to that

of the oxide can be termed the activity quotient (Q):

Q ¼ ½M�x½N�y½O�z
½MxNyOz� (Eq 8)

With Eq 5 representing the extent of segrega-
tion, the solute activities in the interdendritic
liquid can be written as:

M½ � ¼ �M½ � MO½ �fLkM�1 (Eq 9a)

N½ � ¼ �N½ � N0½ �fLkN�1 (Eq 9b)

O½ � ¼ �O½ � O0½ �fLkO�1 (Eq 9c)

In Eq 9(a to c), [MO], [NO], and [OO] are the
bulk concentrations of M, N, and O in the melt;
and [gM], [gN], and [gO] are the activity coeffi-
cients for the solutes.
Substituting Eq 9(a to c) into Eq 8 gives the free

energyasafunctionof theremainingliquidfraction:

DG ¼ DGo

þ RT ln
gMMOf

kM�1
L


 �x
gNNOf

kN�1
L


 �y
gOOOf

kO�1
L


 �z

½MxNyOz�
(Eq 10)

Equation 10 expresses the free energy
driving force for oxide dissolution. The first
term on the right side, DG0, represents standard
equilibrium conditions. The second term repre-
sents the departure from equilibrium caused by
changes in reactant concentrations or by segre-
gation during solidification.
At equilibrium, the free energy driving force,

DG, is zero, and the equilibrium concentrations
can be found by equating the two terms on the
right side of Eq 10. At equilibrium, the activity
quotient becomes the equilibrium constant, Keq:

DGo ¼ �RT ln
½M�x½N�y½O�z
½MxNyOz� ¼ �RT lnKeq (Eq 11)

Inclusion precipitation is possible when the
concentrations of oxygen and deoxidants
exceed the equilibrium values for a particular
oxide. This condition, known as precipitation
index, can be expressed as the ratio of the activ-
ity quotient to the equilibrium coefficient:

Precipitation index ¼ Q

Keq

(Eq 12)

A precipitation index less than unity indicates
that the concentrations of oxygen and deoxi-
dants are below the equilibrium value, and the
precipitation of the inclusions will not occur.
A value greater than 1.0 indicates that concen-
trations are sufficiently high for precipitation
according to the methodology described previ-
ously. The compounds Al2O3, Ti2O3, and SiO2

are some of the oxides that will form in a
low-carbon low-alloy steel weld. Multiple reac-
tions can occur, and different oxides may
appear in the same weld when more than one
of these deoxidizers is present.
Metal Transferability during Pyrochemical

Reactions. The final weld-metal concentration
for a particular element is made up of contribu-
tions from the filler wire, flux, and base metal;
however, losses caused by the welding process
vary for each element.
Delta Quantity. The nominal composition of

each weld can be calculated considering just the
dilution effect of the filler wire and base metal.
The extent of loss or transfer of a specific element
can be evaluated by a quantity, which expresses
the difference between the analytical and the
nominal composition of a weld. These quantities,
designated delta quantity in this article, indicate
the effect of the flux on element transfer during
welding. A positive delta quantity indicates an
elemental transfer from the flux to the weld
metal. A negative delta quantity suggests an ele-
mental loss from the weld pool to the slag. A null
delta quantity for a specific element suggests an
apparent equilibrium condition, in which the flux
and slag content for that element are the same.
Flux compositions with null delta-quantity
behavior have been used to make equilibrium
calculations and thus achieve a better under-
standing of the chemical reactions involved in
welding (Ref 8). Investigators have also quanti-
fied elemental transfer bymeasuring similar neu-
tral points (null delta quantity) for various flux
systems and have developed a thermodynamic

model capable of predicting neutral points for
some slag systems (Ref 10).
Arc Stabilizers. Arc welding fluxes are compo-

sitionally more complex than fluxes used in other
metallurgicalprocesses, suchas steelmaking.Many
of the additions to the flux are not designed to assist
weld-metal refinement. Some additions are present
topromotearcstability,generateplasmaandprotec-
tivegases, controlviscosity, supportout-of-position
welding, ensure sufficient wetting at weld toes, and
promote slag detachability.
The welding arc requires an inert or chemi-

cally reducing plasma and shielding gas that
can be easily ionized. Additions must be made
to the flux to achieve the necessary current-car-
rying capacity and to maintain arc stability.
Specific additions will be necessary for the var-
ious modes of current (direct current, dc, or
alternating current, ac) and polarity.
Alkali metal, zirconium, and titanium additions

to the arc affect the ionization process and the ease
with which the welding arc is reinitiated (reinitia-
tion is required 50 to 60 times per second with ac
welding).Theseadditions come to theweldingflux
as feldspar (alkali aluminum silicates), rutile, lith-
ium carbonate, titanium aluminate, and potassium
oxalate, and they play an especially important role
when welding either in the dc electrode negative
(DCEN) mode or in ac mode. Arc stabilizers are
also important in high-speed welding when the
cathode and anode spots are less stable. These
additions are part of the American Welding Soci-
ety (AWS) classification of electrodes, as seen by
the fourth digit (E XXXX) in the classification
standard for steel electrodes for shielded metal
arc welding (SMAW) given in Table 1. The elec-
trodes designed to perform with ac mode or in the
DCEN mode have been specified as containing
high titania or alkali metal (potassium or sodium)
additions. Special additions such as Li2O have
been used to achieve multipurpose results, for
example, reducing the viscosity while increasing
the arc stability.
Changes inFluxCompositionwithDeltaQuantity.

Figure 3 shows a transfer of manganese for welds
made with SiO2-TiO2-CaO-1wt%Na2O fluxes at
constant 40 wt% SiO2 content. These values vary
widely, depending on other alloy concentrations.
The data indicate that manganese loss to the slag
is very high, and that the activity of manganese
varies considerably with changes in the amount
of titania in the flux. Note, however, that because
of high vapor pressure, manganese loss due to
vaporization is expected to be high as well. Man-
ganese is very important to weld-metal harden-
ability and must be closely controlled to obtain
the optimum weld microstructure. Controlling
the weld-metal manganese concentration in the
titania-containing flux systems would require
strict compositional control of the welding flux
to ensure the correct manganese concentration in
the weld metal.
In the same system, the delta titanium

showed a constant increase with increasing tita-
nia content of the flux (Fig. 4). Because of the
large amounts of titania in the flux, it is
not surprising that the welds show positive com-
positional deviations for titanium. These results
also suggest that close control of the weld-metal

Fig. 2 Schematic showing the solid and liquid
composition profiles modeled by Eq 5 based

on the assumption that there is complete liquid diffusion
and no solid diffusion. C

0
, the initial alloy composition;

k, the partition ratio of the solid to liquid compositions
on the equilibrium phase diagram; kC

0
, the initial

composition of the solid; and C
S
and C

L
, the solid and

liquid compositions, respectively, at the solidification
interface. Source: Ref 4
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titanium content will require control limits of the
TiO2 content of the flux. The optimal titanium
concentration in a steel weld metal regarding
Charpy V-notch impact toughness is 350 to 400
ppm.
If the delta quantity changes rapidly with

flux composition, it may be difficult to
maintain specific weld-metal composition,
microstructure, and properties with variation in
flux composition. The magnitude of the delta

quantity for specific elements is most often not
as serious a concern as a rapid change in
the delta quantity with variations in flux chemis-
try and welding parameters. The magnitude
of the delta quantity can be adjusted by
altering the alloy content of the welding wire or
the amount of ferro-additions to the flux. Thus,
a suitable combination of wire, flux, and welding
parameters should achieve negligibly small delta
quantities of major alloying elements.

Shielding Gas. When the shielding gas that
protects the weld pool comes from the flux, it
is necessary to understand the decomposition
of specific flux components. Two common
shielding gas atmospheres from flux dissocia-
tion are hydrogen and CO/CO2. The hydrogen
gas can be produced by the decomposition of
cellulose (wood flour or similar hydrocarbons).
A CO/CO2 atmosphere results from the decom-
position of carbonates such as limestone
(CaCO3) or dolomite [CaMg(CO3)2]. Combus-
tion of the carbonaceous contents in the cellu-
lose in the arc will also result in CO/CO2. The
CO/CO2 atmosphere can be balanced to provide
a reducing (and thus protective) atmosphere.
Athigh temperatures,CO2orCOwill reactwith

carbon to achieve equilibrium, which requires the
presence of COandCO2. It is the relative amounts
of CO and CO2 that determine the reducing/oxi-
dizing nature of the arc environment. The CO/
CO2 ratio also determines the recovery of specific
alloying elements. Typical plasma atmospheres
for both hydrogen-type and low-hydrogen-type
electrodes are given in Table 2.
In submerged arc welding, the covering flux

also produces the protective shielding gas and
plasma. Other gaseous phases, including fluo-
rine-bearing components, are also part of the
plasma.
The effect of arc environment (for example,

amounts of CO and CO2) on weld-metal
chemistry control for hyperbaric welding
with a basic electrode is shown in Fig. 5.

Table 1 American Welding Society classification of selected shielded metal arc welding
electrodes for welding mild and low-alloy steels

Electrode designation Current and polarity(a) Penetration Arc stabilizers % Fe

EXX10 DCEP Deep High cellulose-Na 0–10
EXXX1 ac, DCEP Deep High cellulose-K 0
EXXX2 ac, DCEP Medium High rutile-Na 0–10
EXXX3 ac, DCEP, DCEN Light High rutile-K 0–10
EXXX4 ac, DCEP, DCEN Light Rutile-iron powder 25–40
EXX24 ac, DCEP, DCEN Light Rutile-iron powder 50
EXXX5 DCEP Medium Low H-Na 0
EXXX6 ac, DCEP Medium Low H-K 0
EXX27 ac, DCEN, DCEP Medium Iron oxide-iron powder 50
EXXX8 ac, DCEP Medium Low hydrogen-iron powder 25–40
EXX28 ac, DCEP Medium Low hydrogen-iron powder 50

(a) DCEP, dc electrode positive; DCEN, dc electrode negative

Fig. 3 Plot of changes in manganese content in the
weld versus the variation in flux composition

as a function of two heat inputs. The SiO
2
content was

maintained at 40% throughout the flux cored arc
welding process. Source: Ref 21

Fig. 4 Plot of changes in titanium content in the weld
versus the variation in flux composition as a

function of two heat inputs. The SiO
2

content was
maintained at 40% throughout the flux cored arc welding
process. Source: Ref 21

Table 2 Gas composition of welding arc
obtained from specific types of welding
electrodes

AWS designation Type

Composition, wt%

H2O H2 CO2 CO

6010 Cellulosic 16 41 3 40
6015 Basic 2 2 19 77

Source: Ref 15

Fig. 5 Effect of pressure on the product m = [%C][%O]
for hyperbaric welding with a basic electrode.

Source: Ref 12
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The high-pressure welding allows evaluation of
the CO reaction. Considering the CO reaction:

Cþ O ¼ CO (Eq 13)

the law of mass action gives:

k ¼ PCO

½C�½O� (Eq 14)

where [C] and [O] are the weld-metal carbon
and oxygen contents, respectively. At equilib-
rium, the partial pressure of CO is directly
related to the total pressure by Dalton’s law.
In Fig. 5, two lines are indicated. The solid

line plots the product of the weld-metal oxygen
and carbon as a function of total pressure when
the analytical weld-metal oxygen concentration,
[%O]anal, was used. The broken line indicates a
similar relationship; however, in this case, the
weld-metal oxygen concentration has been cor-
rected for the displacement of oxygen because
of the formation of manganese silicate inclu-
sions during welding and its transport to the
slag. The equilibrium oxygen content, [%O]eq,
in the liquid steel at high temperatures is then
given by the following expression:

½%O�eq ¼ ½%O�anal þ
32

28
D½%Si� þ 16

55
D½%Mn� (Eq 15)

where D[%Si] and D[%Mn] represent the dif-
ference between the expected compositions of
these elements (from knowledge of initial con-
sumables and base plate compositions as well
as dilution) and the actual compositions
measured. The linearity of these lines in Fig. 5
is evidence of the strong influence of the CO
reaction in arc welding.
The evidence of water reaction control for

some electrodes (for example, cellulosic elec-
trodes) can be seen in Fig. 6. With an increase
in the degree of oxidation of the deposited
metal, the weld-metal hydrogen content
decreases (Ref 22). The relationship between
weld-metal oxygen and hydrogen contents, as
seen in Fig. 6, is consistent with the functional
form expected from the law of mass action for
an H2O reaction. It is apparent that with
increasing weld-metal oxygen content there is
a significant reduction in weld-metal hydrogen.
The hydrogen content of the deposited metal
can be reduced by increasing the CaCO3 con-
tent of the coating. With the ever-increasing
requirements of weld-deposit properties and
the increasing need for higher productivity, pyr-
ochemistry will play an important role for flux
formulation and weld property prediction.

Basicity Index

As indicated in the section “Metal Transfer-
ability during Pyrochemical Reactions” in this
article, the transfer of alloying elements during
welding depends strongly on the physical and
chemical properties of the flux. The ability to
correlate flux properties with weld-metal

chemical compositions and properties is essen-
tial to understand the interactions between weld
metal and flux.
Because of the incomplete understanding of

the thermodynamic properties of slags, the
empirical concept of basicity has been applied
to predict flux and weld properties. A basicity
index, BI, for welding has been proposed:

BI ¼

CaOþ CaF2 þMgO

þK2Oþ Na2Oþ Li2Oþ
1=2ðMnOþ FeOÞ

SiO2 þ 1
2
ðAl2O3 þ TiO2 þ ZrO2Þ

(Eq 16)

where the chemical components are given in
weight percent. When the basicity index for a
given flux is less than 1, the flux is considered
acidic. A flux with a BI between 1.0 and 1.2
can be classified as neutral. A flux with a BI
greater than 1.2 is considered basic.
In general, the higher the basicity, the cleaner

the weld with respect to nonmetallic inclusions
(that is, lower weld-metal oxygen content) (Ref
23). Figure 7 illustrates the correlation between
weld-metal oxygen and the basicity index for
some flux systems. The weld-metal oxygen
content drops significantly as the BI is
increased to 1.2 and then remains relatively
constant at approximately 250 ppm O. The cor-
relation between weld-metal oxygen, which is
an indirect indication of weld-metal toughness,
and basicity is acceptable for some welding flux
systems, especially those that are primarily
based on CaO, MgO, and SiO2. However, Eq
16 cannot be used to correlate the strength and
toughness of welds made with high flux con-
centrations of Al2O3, TiO2, ZrO2, MnO, FeO,
and CaF2. Although numerous basicity formu-
las have been considered, none has been flexi-
ble enough to deal with high amphoteric oxide
contents. There is still some concern over using
this index (which was primarily conceived by

steelmakers for evaluating sulfur refinement)
for predicting weld-metal oxygen, or for use
as a general criterion for weld metal quality
(Ref 7). Additionally, the BI does not consider
the physical properties of the fluxes, nor does
it explain the kinetics of the flux-metal
reactions.
Basicity index has been used by the welding

industry as a measure of expected weld-metal
cleanliness and mechanical properties. Conse-
quently, manufacturers of welding consumables
have classified and advertised their fluxes with
this index. It is believed that high basicity
means high toughness, a quality of great inter-
est to the engineer, while an acidic flux means
excellent slag behavior, a characteristic of inter-
est to the welder attempting to improve weld
bead morphology and deposition rate. Table 3
classifies the various coating formulations for
SMAW electrodes using the descriptors of cel-
lulosic, basic, acid, and rutile (alternating cur-
rent stabilizer and slag former).

Considerations of SMAW Formulation

Pyrochemical Kinetics during Welding.
The ability of a flux to refine as well as protect
the weld pool is related to the mass transport
processes in the flux. Under normal welding
conditions, the flux should melt approximately
200 �C (360 �F) below that of the alloy for
proper flux coverage, molten metal refinement,
and for protection of the weld deposit. One of
the most important physical properties of a flux
is its slag viscosity, which not only governs the
way the slag flows and covers the molten weld
pool but also strongly affects the transport pro-
cesses involved in pore removal, deoxidation,
and retention of alloying additions. The chemi-
cal processing and refining by the flux to
achieve a weld deposit with low concentrations
of oxygen and sulfur and optimal concentration
of hardenability agents (carbon, manganese,
chromium, molybdenum, nickel, and so on)

Fig. 6 Plot of weld-metal oxygen content versus weld-
metal hydrogen content when welding with

electrodes that contain chromium and niobium in their
coating. Source: Ref 22

Fig. 7 Effect of weld-metal oxygen content on flux
basicity index when using the submerged arc

welding process. Source: Ref 23
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may not be achieved unless slag viscosity is
also adequate. The viscosity is strongly temper-
ature-dependent, so the use of various heat
inputs during welding may require different
flux compositions to produce the matching slag
viscosity. For simple ionic melts, the viscosity
has been shown to follow an Arrhenius-type
temperature dependence:

Z ¼ Z0 exp
EZ

RT

� �

(Eq 17)

where Z is the viscosity, Z0 is a system con-
stant, EZ is the viscous activation energy, R is
the gas constant, and T is the temperature.
For polymeric melts, Eq 17 often does not

hold true. It has been shown that in certain
cases a modified equation can be used:

Z ¼ Z0 exp
EZ

RðT � T0Þ
� �

(Eq 18)

where T0 is a constant for a given flux composi-
tion. The presence of entrapped particulates
tends to increase the slag viscosity. Slag viscos-
ity is also affected by composition. The compo-
sitional dependence is commonly reported by
considering EZ to be a function of composition
at constant temperature.
The slag must be fluid enough so that it flows

and covers the molten weld pool but must be
viscous enough so that it does not run away
from the molten metal and flow in front of the
arc, leading to possible overlapping by the weld
metal. (For overhead welding, surface tension
becomes a primary factor because fluidity
reduces coverage [opposite gravitational vec-
tor].) It has been reported that if the manganese
silicate flux viscosity at 1450 �C (2640 �F) is
above 0.7 Pa � s (7 P), a definite increase in
weld surface pocking will occur. Pock marks
have been associated with easily reducible oxi-
des in the flux, which contribute oxygen to the
weld pool. The weld pool reacts with carbon

to form carbon monoxide, which cannot be
transported through a high-viscosity flux and
is trapped at the liquid-metal/flux interface.
The result is a weld metal surface blemished
by surface defects or pocks. Because viscosity
is sensitive to temperature and thus heat input,
pocking can be the evidence that a flux formu-
lated for high-current welding is being used at
too low a current or too great a travel speed.
The viscosity of most welding fluxes at 1400
�C (2550 �F) is in the range of 0.2 to 0.7 Pa �
s (2 to 7 P).
Slag viscosity also affects the shape of the

weld deposit and must be carefully controlled
when covered electrodes are used out of posi-
tion. The higher the slag viscosity, the greater
the weld penetration will be in submerged arc
welding. However, this benefit must be bal-
anced, because if the viscosity is too high, the
gaseous products cannot escape the weld pool,
resulting in unacceptable porosity. This condi-
tion can be monitored by observing the density
of pores trapped in the underside of the
detached slag. Detached slags manifesting a
honeycomb structure suggest a severe weld-
metal porosity problem. This condition usually
means that a given flux has experienced an
insufficient heat input for the effective transport
of gas through the slag.
Alloy Modification. Another required func-

tion of the welding consumables is to make
alloy additions to the weld pool, usually in the
form of powder metal or ferro-additions (Ref
1). Often, the composition of the wire that
makes up the rod for the shielded metal arc
electrode from a specific manufacturer is the
same, regardless of the alloy to be welded.
Alloying is achieved by powder metal additions
to the flux coating. Manganese, silicon, chro-
mium, niobium, and other alloying additions
are adjusted in the weld pool by ferroalloy pow-
der additions. Specially prepared alloy addi-
tions of Fe-50Si, Fe-80Mn, Fe-60Mn-30Si,
and others are used. One concern in formulating

electrodes using ferro-additions is the alloying
element recovery (that is, the amount of the ele-
ment that is transferred across the arc and into
the weld deposit). Values for the recovery of
typical elements in steel welding are given in
Table 4. The metal losses are either to the slag
or to the fume.
Slipping and Binding Agents. In the case of

SMAW electrodes, slipping agents are also
added to the green flux formulation to improve
the extrudability of the flux onto the rod (Ref
1). Glycerin, china clay, kaolin, talc, bentonite,
and mica have all been used as slipping agents.
Binding agents can be classified into two types.
The first type comprises binders that bond the
flux components to the rod without introducing
a hydrogen source. These low-hydrogen binders
include sodium silicate and potassium silicate.
The second type of binding agent does function
as a hydrogen source. The binders used for
high-hydrogen electrodes can be organic in
nature and include gum arabic, sugar, dextrine,
and other specialized synthetic organic binders.
Attempts are ongoing to identify and select
nonconventional chemicals as binding agents

Table 3 Electrode coating formulations of selected shielded metal arc welding electrodes

Electrode Coating formulation(a)

CommentsType

AWS

designation Rutile Cellulose Quartz Carbonates Ferromanganese Organics

Iron ore-

manganese

ore

Calcium

carbonate

Complex

silicates Fluorspar Ferroalloys

Cellulosic 6010 20–60 10–50 15–30 0–15 5–10 . . . . . . . . . . . . . . . . . . Cellulose promotes gas shielding in the
arc region. Hydrogen increases heat
at weld. High hydrogen content (30–
200 ppm). Deep penetration, fast-
cooling weld

Rutile 6012 40–60 . . . 15–25 0–15 10–12 2–6 . . . . . . . . . . . . . . . Slags mainly for slag shielding
Relatively high hydrogen content
(15–30 ppm). High inclusion content
in weld deposit

6013 20–40 . . . 15–25 5–25 1.4–14 0–5 . . . . . . . . . . . . . . .

Acid-ore 6020 . . . . . . X X X . . . X . . . X . . . . . . Relatively high hydrogen content. High
slag content in weld metal

Basic 7015 0–10 . . . 0–5 . . . . . . . . . . . . 20–50 . . . 20–40 5–10 Relatively low hydrogen levels (O10
ppm), hence commonly used in
welding low-alloy construction
steels. Electrodes should be kept dry.
Low inclusion content in weld
deposit

X, data unavailable. Source: Ref 24

Table 4 Recovery of elements from
selected electrode coverings

Alloy element

Form of material in

electrode covering

Approximate recovery

of element, wt%

Aluminum Ferroaluminum 20
Boron Ferroboron 2
Carbon Graphite 75
Chromium Ferrochromium 95
Niobium Ferrocolumbium 70
Copper Copper metal 100
Manganese Ferromanganese 75
Molybdenum Ferromolybdenum 97
Nickel Electrolytic nickel 100
Silicon Ferrosilicon 45
Titanium Ferrotitanium 5
Vanadium Ferrovanadium 80

Source: Ref 1
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to substantially reduce hydrogen contents in
weld metal.
Slag Formation. Slag, a mixture of glass and

crystalline structure, must solidify on the
already solidified weld deposit to protect the
surface from oxidation during cooling. Specific
physical properties are required of the slag. At
1G welding position, it could melt below the
melting temperature of steel (�1450 �C, or
2640 �F), must have a density significantly less
than steel to reduce slag entrapment in the weld
deposit, must possess the proper viscosity in the
temperature range of 1450 to 1550 �C (2640 to
2820 �F), and must easily detach from the weld
deposit after welding.
Silicates, aluminates, and titanates are all

primary slag formers. The high-valence
cations of these compounds produce a bonding
network that can promote glass formation. Most
electrodes produce silicate or titanate slag.
Silicates of such elements as manganese produce
smooth and uniform glass deposits but also pro-
duce weld deposits that are relatively high in
weld-metal oxygen content. These fluxes are said
to range from acidic to neutral. The titanate and
aluminate fluxes produce more rigid slag bead
covering the weld. The result is generally a lower
concentration of weld metal oxygen but a higher-
viscosity slag. Aluminates and calcium-bearing
compounds are common additions to basic fluxes
for the submerged arc welding of high-toughness
linepipe steels. Minerals used for slag formation
include:

� Rutile
� Potassium titanate
� Ilmenite
� Alumina
� Silica flour
� Iron powder
� Fluorspar
� Feldspar
� Manganese dioxide

Asbestos (up to 50%) was used before the
1970s as a slag former but has since been
removed from formulations by welding con-
sumable manufacturers.
Slag Detachability. Slag removal is a seri-

ous productivity concern for steel fabricators.
The relative ease of slag detachability influ-
ences the economic advantages of flux-related
welding processes. Residual slag on the weld
deposit promotes slag stringers in multipass
weldments, limits the effective use of narrow-
gap flux-related welding processes, and may
reduce the corrosion resistance of the weld-
ment. Welding flux formulators have modified
flux compositions to alleviate or reduce this
hindrance (Ref 25).
Poor slag removal has been reported to occur

when the flux contains fluorite. Slags contain-
ing spinels (with AO � B2O3 formula) generally
have been found to attach tenaciously to the
weld deposit. Slags with cordierite and (Cr,
Mn,Mg)O � (Cr,Mn,Al)2O3-type spinel phases

have been reported to be difficult to remove
from stainless steel weldments. It has also been
reported that if (CaO)2SiO2, Cr2TiO5, and
FeTiO5 are present, the slag readily detaches
from the weld deposit (Ref 25). The composi-
tional range for acceptable slag detachability
has been reported for the CaO � CaF2 � SiO2

system and the CaO � TiO2 � SiO2 system. Eas-
ier slag removal has also been related to deoxi-
dation with aluminum instead of titanium.
Increasing the Al2O3 content in the flux has
demonstrated improved detachability (Ref 25).

Types of Fluxes

After considering the large number of neces-
sary requirements as described earlier, a weld-
ing flux must be carefully and deliberately
formulated to achieve optimized performance.
A number of different arc welding processes
depend on welding fluxes. Each of these pro-
cesses requires a different formulation.
SMAW Fluxes. The typical constituents and

their functions in electrode coatings for the
SMAW process are given in Table 5. It should
be noted that the flux ingredients are based on
additions of refined minerals of the earth. Natu-
ral minerals offer an economical method of
keeping welding consumables at a reasonable
cost. Table 6 presents the elemental content of
these minerals. Table 7 gives the typical chem-
ical compositions for flux coatings for three dif-
ferent SMAW electrodes.
Submerged Arc Welding (SAW). In the

SAW process, the flux drops from a hopper
onto the work such that the welding arc is
submerged beneath the granular flux, producing
an arc cavity that contains metal vapors, silicon
monoxide, manganese oxide, gaseous fluorides,
and other higher-vapor-pressure components of
the flux. This arc welding process has been
recognized as one that produces very little, if

any, fume. Submerged arc welding is limited
mainly to the flat or horizontal position and
requires significant setup time. It is very suc-
cessful in manufacturing numerous similar
parts and long-seam welding of heavy-section
steel parts, such as producing welded steel pipe.
Submerged arc fluxes are made in three dif-

ferent forms:

� Bonded fluxes mix nonmetallic and ferro-
additions with a low-temperature binder into
mixtures of small particles.

� Agglomerated fluxes are similar to the
bonded fluxes except that a ceramic glass
binder, cured at high temperature, is used.

� Fused fluxes are made by pouring a homoge-
neous glass mixture of the proper flux com-
position into water, resulting in a frit.

Generally speaking, changing from bonded to
agglomerated to fused fluxes improves control
of the weld-metal composition, especially with
respect to such impurities as hydrogen and
oxygen.
There are seven types of submerged arc

fluxes (Table 8). Flux classification according
to basicity is the result of observed correlations
between weld-metal oxygen concentration and
flux composition. Table 9 gives some typical
compositions for SAW fluxes.
Flux cored arc welding (FCAW) uses a hol-

low wire filled with flux reagents and ferro-
additions. The two types of flux cored electro-
des are gas-shielded flux cored electrodes and
self-shielded flux cored electrodes (Ref 26).
Table 10 gives typical chemical compositions
for the three types of carbon-dioxide-shielded
cored electrodes. Table 11 gives the typical
chemical compositions for the four types of
self-shielded flux cored electrodes.
There are two types of gas-shielded FCAW

wires: ferrous and nonferrous. Ferrous wires,
including carbon steel and stainless steels wires,

Table 5 Typical functions and compositions of constituents for selected mild steel shielded
metal arc welding electrode coatings

Coating constituent

Function of constituent Composition range of coating on electrode

Primary Secondary E6010, E6011 E6013 E7018 E7024 E7028

Cellulose Shielding gas . . . 25–40 2–12 . . . 1–5 . . .
Calcium carbonate Shielding gas Fluxing agent . . . 0–5 15–30 0–5 0–5
Fluorspar Slag former Fluxing agent . . . . . . 15–30 . . . 5–10
Dolomite Shielding gas Fluxing agent . . . . . . . . . . . . 5–10
Titanium dioxide (rutile) Slag former Arc stabilizer 10–20 30–55 0–5 20–35 10–20
Potassium titanate Arc stabilizer Slag former (a) (a) 0–5 . . . 0–5
Feldspar Slag former Stabilizer . . . 0–20 0–5 . . . 0–5
Mica Extrusion Stabilizer . . . 0–15 . . . 0–5 . . .
Clay Extrusion Slag former . . . 0–10 . . . . . . . . .
Silica Slag former . . . . . . . . . . . . . . . . . .
Asbestos Slag former Extrusion 10–20 . . . . . . . . . . . .
Manganese oxide Slag former Alloying . . . . . . . . . . . . . . .
Iron oxide Slag former . . . . . . . . . . . . . . .
Iron powder Deposition rate Contact welding . . . . . . 25–40 40–55 40–55
Ferrosilicon Deoxidizer . . . . . . . . . 5–10 0–5 2–6
Ferromanganese Alloying Deoxidizer 5–10 5–10 2–6 5–10 2–6
Sodium silicate Binder Fluxing agent 20–30 5–10 0–5 0–10 0–5
Potassium silicate Arc stabilizer Binder (b) 5–15(b) 5–10 0–10 0–5

(a) Replaces titanium dioxide (rutile) to permit use with alternating current. (b) Replaces sodium silicate to permit use with alternating current
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are the dominant part of the gas-shielded FCAW
wire family. The nonferrous wires include cop-
per-nickel alloy, Inconel, and titanium wires.
In addition to the gas-shielded FCAW wires,

gas-shieldedmetal coredwires that use iron pow-
der as a predominant component in their cores
also have carbon steel and stainless steel types.
Most self-shielded FCAW wires are carbon

steel wires. There are only a few stainless steel
FCAW wires designed for hardfacing, overlay,
or repairing applications.
Considerations of FCAW Formulation.

The purpose of flux formulation is to achieve
a successful welding process to produce accept-
able weld beads that meet predetermined quali-
fications through the assistance of fluxes and
the resultant slag. Flux cored arc welding
requires a stable arc, friendly puddle handling,
easy slag removal to yield a continuous bead
with a smooth and compact profile, and a
proper amount of transferred alloying elements.
Therefore, a flux/slag system must be designed
accordingly.
A successful flux formula consists of five

essential groups of ingredients. Each group not
only plays its own role but also interacts with
the others. They can be categorized accordingly
as follows.
Group I: Viscosity Controllers. During

welding, the liquid slag is pushed away from
the arc column. Most of the slag builds up
behind the moving puddle. To minimize the
exposure of liquid metal to the welding
environment, the viscosity of the liquid slag
must be controlled such that the liquid slag
follows the moving puddle consistently and

in a timely manner. The viscosity can be
reduced by breaking down the slag network
(using Ca2+ and other metal ions in the
titanate or silicate network) to facilitate the
slag flow. Usually, a liquid slag with correct
viscosity can achieve a desirable balance of
surface tensions at the weld toe, that is, good
wetting to produce a weld with smooth transi-
tion at the weld toe and flat reinforcement
crown.
Group II: Network Builders. The slag net-

work formers are the essential ingredients with
respect to the integrity of the slag covering on
a weld bead. They can form a two- or three-
dimensional network. They can be oxides, such
as rutile (TiO2), iron oxide, silicates, and so on,
and fluorides, including CaF2, BaF2, and so on.
These network formers determine the nature of
a slag system, forming either an oxide-type slag
or a fluoride-type slag or a combined one.
Rutile- or CaF2-base flux systems are com-
monly used for gas-shielded flux cored wires,
and the iron-oxide- or BaF2-base flux systems
are used for self-shielded flux cored wires.
Group III: Deposit Volume Controllers.

Metal sheath, iron powder, and metal alloys
are the major contributors to a weld-metal pool.
The weight or volume of a liquid puddle can
affect the welding process significantly. For
instance, a carbon steel flux cored wire
designed to have a significant amount of iron
powder (for example, 50% iron powder in an

Table 7 Chemical composition of coverings used in electrodes for shielded metal arc welding of mild steels and low-alloy steels

Electrode Composition(a), wt%

Description AWS designation CaO TiO2 CaF2 SiO2 Al2O3 MgO Na3AIF3 N3O FeO Si Mn Fe CO + Co2 Volatile matter Moisture

High-cellulose, gas shielded E6010 . . . 10.1 . . . 47.0 . . . 3.2 . . . 5.1 1.3 1.5 2.8 . . . . . . 25.0 4.0
High-titanium gas-slag shield E6012 . . . 46.0 . . . 23.6 5.0 2.0 . . . 2.4 7.0 1.5 2.5 . . . . . . 5.0 2.0
Low-hydrogen iron powder E7018 14.4 . . . 11.0 20.5 2.0 1.0 5.0 1.2 . . . 2.5 1.8 28.5 12.0 . . . 0.1

(a) After baking. Source: Ref 1

Table 8 Fluxes used for submerged arc welding applications

Flux type Constituents Basicity Flux form Advantages Limitations Comments

Manganese
silicate

MnO + SiO2 > 50% Acid Fused Moderate strength; tolerant to rust; fast
welding speeds; high heat input;
good storage

Limited use for multipass welding; use where no
toughness requirement; high weld metal oxygen;
increase in silicon on welding; low in carbon

Associated manganese gain;
maximum current, 1100
A; higher welding speeds

Calcium-
high
silica

CaO + MgO + SiO2 >
60%

Acid Agglomerated,
fused

High welding current; tolerant to rust Poor weld toughness; use where no toughness
requirement; high weld metal oxygen

Differ in silicon gain; some
capable of 2500 A; wires
with high manganese

Calcium
silicate-
neutral

CaO + MgO + SiO2 >
60%

Neutral Agglomerated,
fused

Moderate strength and toughness; all
current types; tolerant to rust;
single- or multiple-pass weld

. . . . . .

Calcium
silicate-
low silica

CaO + MgO + SiO2 >
60%

Basic Agglomerated,
fused

Good toughness with medium
strength; fast welding speeds; less
change in composition and lower
oxygen

Not tolerant to rust; not used for multiwire welding . . .

Aluminate
basic

Al2O3 + CaO + MgO >
45%; Al2O3 > 20%

Basic Agglomerated Good strength and toughness in
multipass welds; no change in
carbon; loss of sulfur and silicon

Not tolerant to rust, limited to de electrode positive Usually manganese gain;
maximum current 1200 A;
good mechanical
properties

Alumina Bauxite base Neutral Agglomerated,
fused

Less change in weld composition and
lower oxygen than for acid type;
moderate to fast welding speeds

. . . . . .

Basic
fluoride

CaO + MgO + MnO +
CaF2 > 50%; SiO2

O 22%; CaF2
O 15%

Basic Agglomerated,
fused

Very low oxygen; moderate to good
low-temperature toughness

May present problems of slag detachability; may
present problem of moisture pickup

Can be used with all wires,
preferable dc welding;
very good weld properties

Table 6 Typical composition of common
minerals used in SMAW electrode coatings

Mineral Chemical composition

Ilmenite FeO � TiO2

Talc 3MgO � 4SiO2 � H2O
Bentonite Complex Al, Mg, Ca, Fe

hydroxides
Silica, quartz SiO2

Cellulose (C6H10O5)x
Alumina Al2O3

Muscovite, mica(a) K2O � 3Al2 � 6SiO2 � 2H2O
Actinolite CaO � MgO � 2FeO � 4SiO2

Magnetite Fe3O4

Hematite Fe2O3

Rutile, titania TiO2

Dolomite MgO � CaO � (CO2)2
Fluorspar, fluorite CaF2
Cryolite Na3AlF4
Lime CaO
Limestone, calcite,
marble

CaCO3

Zirconia ZrO2

Feldspar(a) K2O � Al2O3 � 6SiO2

Clay(a) Al2O3 � 2SiO2 � 2H2O
Sodium silicate SiO2/Na2O (ratio-3.22)
Potassium silicate SiO2/K2O (ratio-2.11)
Chromic oxide Cr2O3

(a) Although these substances can have several chemical compositions,
only typical composition is given. Source: Ref 1

50 / Fundamentals of Fusion Welding



FCAW wire formulation) can produce an over-
weighed weld pool. When this wire is used in
an out-of-position application, the slag will
not be able to support the puddle, resulting in
an overflow or dripping of the liquid metal.
Therefore, this type of wire is limited to the flat
and down-hand welding position.
Fluorides are the most effective agents to

increase the fluidity of liquid slag, along with
their hydrogen-removal effect. However, if the
liquid slag is too fluid, it tends to flow away
from the liquid steel pool, losing its protection
effect.
On the contrary, if a wire is overdesigned

regarding flux volume, the resultant weld pool
can be overcrowded with slag, causing slag
inclusion and removal problems. Hence, it
reduces the welding efficiency.
It should be noted that the volume of a liquid

pool and the amount of alloying elements can
also be adjusted by the weight percent fill of
the flux core in a wire, provided there is a con-
stant welding condition.
Group IV: Arc Energy and Stability Controllers.

In addition to the welding current and voltage,
arc energy can also be provided by the flux core
ingredients to achieve smooth arc performance.
During welding, a stable arc is critical to
achieve high arc energy efficiency; otherwise,
arc stoppage, erratic metal transfer, and so on
can occur and dissipate the arc energy, resulting
in poor welding. Arc stabilizers with low

dissociation energy and ionization potential,
such as Na2O and Li2O, can produce a large
amount of electric charge carriers to the arc col-
umn to establish a stable plasma. Deoxidizers
such as aluminum and magnesium can react
with oxide ingredients in the welding flux,
resulting in thermite reactions and generating
exothermic heat. Aluminum and magnesium
are also strong nitride formers that can react
with nitrogen in the atmosphere, releasing heat.
In either case, the resultant heat will increase
the arc energy, contributing to a more stable
arc, which also helps the metal transfer and
arc stability.
Group V: Slag Formers. Other than those

chemicals in groups I through IV, the rest of
the nonmetallic chemicals in a formula are slag
formers. They are also important in a formula
to provide a supplemental support to successful
welding. For example, Fe3O4 can effectively
reduce the surface tension of the liquid pool to
improve the bead morphology. Being an acidic
oxide, MnO is known to effectively improve
the wetting. Quite a few of the slag formers
have been patented as effective additives in var-
ious formulas.
Flux ingredients in a formula can interact

with each other. Thus, their content should be
carefully designed to achieve a balanced slag
behavior. The interactions between the two
groups of ingredients are quite complicated.
In general, two opposite interactions may exist.

One is positive in that the interaction will facil-
itate and reinforce the discussed functions of
the five groups. The second is negative in that
the effects of one ingredient counteract those
of the ingredients from a different
group. Interactions are shown in Fig. 8. The
solid arrows represent negative interactions,
and the dashed arrows represent positive
interactions.
Negative interactions include:

� Group I ! Group II: Ingredients of Group I
can effectively disrupt the networks built by
Group II ingredients. For example, calcium
and other metal ions can break down the net-
works of titanium oxide or silicon oxide,
affecting the viscosity and coverage of the
weld pool.

� Group II ! Group V: Ingredients of group
II tend to react with Group V ingredients to
form compounds that subsequently solidify.
Therefore, Group II ingredients reduce the
amount of Group V ingredients in the
uncombined form and weaken the effects
of these ingredients on the liquid slag.
A case in point is aluminum oxide (an ingre-
dient of Group V), which is known to
render the slag more refractory with its
high melting point. However, titanium oxide
(an ingredient of Group II) can react with it
to produce aluminum titanate. Because
Al2TiO5 has a melting point almost 700 �C
(1260 �F) lower than that of aluminum
oxide (Ref 27), the refractory effect from
alumina in the presence of titanium
oxide is weakened. Therefore, the amount
of alumina must be increased ac-
cordingly to achieve the refractory effect
on the slag.

� Group V ! Group III: Ingredients of Group
V can be refractory fluxes (such as alumi-
num and magnesium oxides) or those with
melting points higher than or close to the
melting point of steel. Together with other

Table 10 Typical flux compositions of available CO2 shielded FCAW electrodes

Electrode

Composition, wt%Description

Type number Flux type AWS designation SiO2 Al2O3 TiO2 ZrO2 CaO Na2O K2O CO2 (as carbonate) C Fe Mn CaF2

1 Titania (nonbasic) E70T-1, E70T-2 21.0 2.1 40.5 . . . 0.7 1.6 1.4 0.5 0.6 20.1 15.8 . . .
2 Lime-titania (basic or neutral) E70T-1 17.8 4.3 9.8 6.2 9.7 1.9 1.5 . . . 0.3 24.7 13.0 18.0
3 Lime (basic) E70T-1, E70T-5 7.5 0.5 . . . . . . 3.2 . . . 0.5 2.5 1.1 55.0 7.2 20.5

Source: Ref 26

Table 11 Typical flux compositions of available self-shielded FCAW electrodes

Electrode

Composition, wt%Description

Type number Flux type AWS designation SiO2 Al Al2O3 TiO2 CaO MgO K2O Na2O C CO2 (as carbonate) Fe Mn Ni CaF2

1 Fluorspar-aluminum E70T-4, E70T-7, E60T-8 0.5 15.4 . . . . . . . . . 12.6 0.4 0.2 1.2 0.4 0.4 3.0 . . . 63.5
2 Fluorspar-titania E70T-3 3.6 1.9 . . . 20.6 . . . 4.5 0.6 0.1 0.6 0.6 50.0 4.5 . . . 22.0
3 Fluorspar-lime-titania E70T-6 4.2 1.4 . . . 14.7 4.0 2.2 . . . . . . 0.6 2.1 50.5 2.0 2.4 15.3
4 Fluorspar-lime E70T-5 6.9 . . . 0.6 1.2 3.2 . . . . . . 0.6 0.3 1.3 58.0 7.9 . . . 22.0

Source: Ref 26

Table 9 Typical compositions of submerged arc welding fluxes

Composition, wt%

Basicity index (BI)Flux Al2O3 SiO2 TiO2 MgO CaF2 CaO MnO Na2O K2O

A 49.9 13.7 10.1 2.9 5.7 . . . 15.1 1.6 0.2 0.4
B 24.9 18.4 0.2 28.9 24.2 . . . 1.8 2.1 0.07 1.8
C 19.3 16.3 0.8 27.2 23.6 9.8 0.08 0.9 1.1 2.4
D 18.1 13.2 0.5 28.2 31.8 4.5 0.1 0.9 0.9 3.0
E 17.0 12.2 0.7 36.8 29.2 0.7 8.9 1.6 0.1 3.5
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slag components, these ingredients can
effectively restrict the flow of liquid slag
and liquid metal that is from Group III
ingredients.

� Group III ! Group IV: Ingredients of
Group III absorb part of the arc energy to
melt and incorporate into the weld
pool. They can potentially consume a
large amount of the arc energy contributed
by Group IV ingredients, resulting in
a cooler arc. A fluoride-base self-shielded
flux cored wire is a good example of
this interaction. The formation energy of
CaF2 and CaO are �290.3 and �151.8
Kcal/mol, respectively, in separation (Ref
28). In addition, CaF2 has two fluorine atoms
to be ionized, instead of one oxygen atom in
CaO. As a result, CaF2 (an ingredient of
Group III) consumes more arc energy that
is partially contributed by Group IV ingredi-
ents. It indeed confirms the observation that
a fluoride-base flux cored wire has a
“colder” arc than an oxide-base flux cored
wire.

� Group IV ! Group I: It is known that tem-
perature is the strongest variable that affects
viscosity. Group IV ingredients help
increase arc energy. The increased arc
energy can greatly reduce the slag viscosity.
Note that chemical composition control
alone, that is, reducing or controlling the
amount of Group I ingredients, will not be
effective to adjust the slag viscosity. It is
observed that when an excessive amount of
aluminum is added into a rutile-base for-
mula, the heat from the thermite reactions
will cause the molten slag to drip regardless
of the amount of Group I ingredients present
in the formula.

Positive interactions include:

� Group I! Group III: Ingredients of Group I
can reduce the viscosity of liquid slag. As a
result, the liquid slag can move around more
easily, which relaxes the confinement of the
liquid metal deposit covered by slag and
facilitates the spreading out of the liquid
metal. Note that the Group IV ! Group I
interaction is about the viscosity of slag,
and the Group I to Group III interaction here
concerns the fluidity of liquid metal and
weld bead formation through the slag.

� Group III ! Group II: Oxides from Group
III ingredients can participate in the forma-
tion of Group II networks. For example, the
iron oxide produced from the liquid steel
can be used to build the slag network of a
Fe3O4-base slag system of a self-shielded
flux cored wire.

� Group II ! Group IV: Many slag network
builders of Group II, such as rutile and sil-
ica, can stabilize the welding arc. They defi-
nitely support the work of Group IV
ingredients.

� Group IV ! Group V: Strong deoxidizers
and denitriders, such as titanium and alumi-
num, can produce oxides and nitrides with
high melting points. Those products from
the oxidation and nitriding reactions join
Group V ingredients to become a part of
the group. As a result, the supplemental
function of Group V ingredients, such as
holding the liquid metal at out-of-position
welding, can be reinforced.

� Group V ! Group I: Ingredients of Group V
are not pure chemicals. They usually have a
certain amount of residual elements (calcium
and other metal ions, for example) that

happen to be Group I ingredients. Those
residues can work together with Group I
ingredients to control the viscosity of liquid
slag.

Due to the complex relationship among flux
ingredients in a formula, the effects of every
flux ingredient must be carefully weighed and
balanced in order to have a well-behaved slag
system. After the slag system is successfully
established, alloying and microstructure man-
agement can help to achieve qualified mechani-
cal properties, including yield and tensile
strength, elongation, Charpy V-notch impact
toughness, hardness, crack tip opening dis-
placement, and so on.
AnFCAWElectrode Formulation Example.

A basic E71T-5-type flux cored wire is com-
monly used on critical steel structures. Having
inferior welding operability to a rutile-base
E71T-1-type flux cored wire, it is not as
popular as the rutile-base wire. Therefore, it
is of importance to improve its welding per-
formance to populate its application. Tradi-
tional basic wires use the CaF2-SiO2-CaO flux
system to design formulas. Based on that,
a matrix of chemical formulas is shown in
Table 12.
It was found that wire 1 was hard to weld

due to the high fluidity and mixing of the
molten flux with the steel pool. However, the
problem of fluidity and slag/metal mixing
was gradually resolved from wires 2 to 5. Wire
5 just separated the molten slag from the
steel pool. Also observed, the arc stability grad-
ually improved from wires 1 to 5. It was obvi-
ous that CaO in wire 1 broke down the slag
network too much to cause the fluidity problem
to allow molten slag to flow into the steel
pool. In other words, the action of Group I !
Group II happened strongly here. Due to the
poor slag behavior, the weld was extremely
convex, and the slag was firmly attached on
the bead surface. In addition, it seemed that
the volume of liquid steel was too excessive
to be fully covered by the slag. On the other
hand, increasing the amount of Group IV ingre-
dients, Li2O in this case, apparently improved
the arc stability.

Fig. 8 Interactions between flux ingredients. The solid arrows represent negative interactions, and the dashed arrows
represent positive interactions.

Table 12 Matrix of chemical formulas—
phase I

Group Ingredient Wire 1 Wire 2 Wire 3 Wire 4 Wire 5

I CaO 12.0 10.8 9.5 8.2 7.0
II SiO2 8.0 9.2 10.5 11.8 13.0

TiO2 9.8 9.8 9.8 9.8 9.8
III CaF2 20.8 20.8 20.8 20.8 20.8

Fe 34.9 34.9 34.9 34.9 34.9
IV C 0.3 0.3 0.3 0.3 0.3

Mn 7.2 7.2 7.2 7.2 7.2
Na2O 1.5 1.5 1.5 1.5 1.5
K2O 1.5 1.5 1.5 1.5 1.5
Li2O 0.0 0.4 0.75 1.1 1.5

V Al2O3 1.0 1.0 1.0 1.0 1.0
ZrO2 1.5 1.5 1.5 1.5 1.5
MgO 1.5 1.1 0.75 0.4 0.0
Total 100.0 100.0 100.0 100.0 100.0

52 / Fundamentals of Fusion Welding



To further improve the slag behavior,
the weight percent of CaO should be reduced,
and more Group II ingredients, SiO2 and/or
TiO2, should be added to formulas. Hence,
two new formulas were designed and presented
in Table 13.
The formula of wire 6 increased the amount

of Group II ingredient, that is SiO2, to promote
the formation of slag network and balance
the negative interaction from the Group I ingre-
dient, CaO. In addition, the amount of iron
powder, that is, Group III ingredient, was
reduced so that the liquid deposit could be fully
covered by the slag. It was found that wire 6
produced good-looking beads. The weld bead
was completely covered by the slag, and slag
removal became much easier. However, the
weld had porosities and wormholes, which indi-
cated the need to reduce the oxygen content of
the weld.
Instead of SiO2, the formula of wire 7

increased the amount of TiO2, a Group II ingre-
dient, to develop the slag network. It also
decreased the amount of CaO. As a result, the
negative interaction of Group I ! Group II
was further depressed. To achieve a low oxygen
content in the weld, metallic silicon, a Group
IV ingredient, was used for deoxidation. In
addition, the interaction of Group IV ! Group
I also suppressed the negative effect of CaO.
The weight percent of iron powder was again
reduced to facilitate a more complete reaction
of deoxidation in the weld pool. A moderate
increase of CaF2 reduced the source of oxygen,
which also benefitted the control of oxygen
content in the weld. Considering the mechani-
cal properties, carbon was deleted from the for-
mula to avoid martensite in the weld.
An AWS plate was successfully welded by

wire 7 at the 1G position. The slag was well
behaved in terms of its flow, spreading, and
removal. After passing x-ray examination, the
plate was machined out to acquire standard
samples for tension and Charpy V-notch impact
tests. Detailed mechanical properties and chem-
ical composition are shown in Table 14. Appar-
ently, both the strength and Charpy V-notch

impact toughness failed the AWS A5.20
specification.
To increase both strength and impact tough-

ness, more manganese was needed to promote
the acicular ferrite, in addition to solid-solution
strengthening by more silicon in the weld
metal. On the other hand, from the viewpoint
of slag adjustment, increasing the amount of
CaF2 by reducing the amount of oxides (TiO2

and SiO2) could reduce more oxygen in the
wire. Therefore, wire 8 was formulated, as
shown in Table 15.
Again, an AWS plate was successfully

welded at the 1G position. The resultant
mechanical properties and chemical composi-
tion passed the AWS A5.20 specification
(Table 16).
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Heat Flow in Fusion Welding*
Chon L. Tsai, United Ship Design and Development Center

DURING FUSION WELDING, the thermal
cycles produced by the moving heat source
cause physical state changes, metallurgical
phase transformation, and transient thermal
stress and metal movement. After welding is
completed, the finished product may contain
physical discontinuities that are due to exces-
sively rapid solidification, adverse microstruc-
tures that are due to inappropriate cooling, or
residual stress and distortion that are due to
the existence of incompatible plastic strains.
To analyze these problems, this article pre-

sents an analysis of welding heat flow, focusing
on the heat flow in the fusion welding process.
The primary objective of welding heat-flow
modeling is to provide a mathematical tool for
thermal data analysis, design iterations, or the
systematic investigation of the thermal charac-
teristics of any welding parameters. Exact com-
parisons with experimental measurements may
not be feasible, unless some calibration through
the experimental verification procedure is
conducted.

Introduction

Welding Thermal Process. A physical
model of a generic moving-source (i.e., electric
arc, electron or laser beam) welding system is
shown in Fig. 1. The welding heat source

moves at a constant speed along a straight path.
The end result, after either initiating or termi-
nating the heat source, is the formation of a
transient thermal state in the weldment. At
some point after heat-source initiation but
before termination, the temperature distribution
is stationary, or in thermal equilibrium, with
respect to the moving coordinates. This is
called a “quasi-steady” state. The origin of the
moving coordinates coincides with the center
of the heat source. The intense welding heat
melts the metal and forms a molten pool. Some
of the heat is conducted into the base metal and
some is lost from either the heat column or the
metal surface to the environment surrounding
the weld. Three metallurgical zones are formed
in the plate upon completion of the thermal
cycle: the weld-metal (WM) zone, the heat-
affected zone (HAZ), and the base-metal (BM)
zone. The peak temperature and the subsequent
cooling rates determine the HAZ structures,
whereas the thermal gradients, the solidification
rates, and the cooling rates at the liquid-solid
pool boundary determine the solidification
structure of the WM zone. The size and flow
direction of the pool determines the amount of
dilution and weld penetration. The material
response in the temperature range near melting
temperatures is primarily responsible for the
metallurgical changes.
Two thermal states, quasi-stationary and

transient, are associated with the welding pro-
cess. The transient thermal response occurs dur-
ing the source initiation and termination stages
of welding, the latter of which is of greater met-
allurgical interest. Hot cracking usually begins
in the transient zone, because of the nonequilib-
rium solidification of the base material. A crack
that forms in the source-initiation stage may
propagate along the weld if the solidification
strains sufficiently multiply in the wake of the
welding heat source. During source termina-
tion, the weld pool solidifies several times fas-
ter than the weld metal in the quasi-stationary
state. Cracks usually appear in the weld crater
and may propagate along the weld. Another
dominant transient phenomenon occurs when a

short repair weld is made to a weldment. Rapid
cooling results in a brittle HAZ structure and
either causes cracking problems or creates a site
for fatigue-crack initiation.
The quasi-stationary thermal state represents

a steady thermal response of the weldment with
respect to the moving heat source. The majority
of the thermal expansion and shrinkage in the
base material occurs during the quasi-stationary
thermal cycles. Residual stress and weld distor-
tion are caused by the incompatible inelastic
strains that remain in the weldment after com-
pletion of the thermal cycle.
Relation to Welding Engineering Pro-

blems. To model and analyze the thermal pro-
cess, an understanding of thermally-induced
welding problems is important. A simplified
modeling scheme, with adequate assumptions
for specific problems, is possible for practical
applications without using complex mathemati-
cal manipulations. The relationship between the
thermal behavior of weldments and the metal-
lurgy, control, and distortion associated with
welding is summarized as follows.
Welding Metallurgy. As already noted,

defective metallurgical structures in the HAZ
and cracking in the WM usually occur under
the transient thermal condition. Therefore, a
transient thermal model is needed to analyze
cracking and embrittlement problems. Proper
welding techniques, such as using end tabs or
current slope control, may be used to avoid
the transient thermal effects.
To evaluate the various welding conditions

for process qualification, the quasi-stationary
thermal responses of the weld material must
be analyzed. The minimum required amount
of welding heat input within the allowable
welding speed range must be determined in
order to avoid rapid solidification and cooling
of the weldment. Preheating may be necessary
if the proper thermal conditions cannot be
obtained under the specified welding procedure.
A quasi-stationary thermal model is adequate
for this type of analysis.
Hot cracking results from the combined

effects of strain and metallurgy. The strainFig. 1 Schematic of the welding thermal model
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effect results from weld-metal displacement at
near-melting temperatures, because of solidifi-
cation shrinkage and weldment restraint. The
metallurgical effect relates to the segregation
of alloying elements and the formation of the
eutectic during the high nonequilibrium solidifi-
cation process. Using metallurgical theories, it
is possible to determine the chemical segrega-
tion, the amounts and distributions of the eutec-
tic, the magnitudes and directions of grain
growth, and the weld-metal displacement at
high temperatures. Using the heating and cool-
ing rates, as well as the retention period pre-
dicted by modeling and analysis, hot-cracking
tendencies can be determined. To analyze these
tendencies, it is important to employ a more
accurate numerical model that considers finite
welding heat distribution, latent heat, and sur-
face heat loss.
Welding Control. In-process welding con-

trol has been studied by researchers. Many of
the investigations are aimed at developing sens-
ing and control hardware. The link between
weld-pool geometry and weld quality has also
been extensively studied and developed in the
past decade. For a new welding process or pro-
cedure development, transient heat-flow ana-
lyses may be used to correlate the melted
surface, which is considered to be the primary
control variable, to the weld thermal response
in a time domain.
Welding Distortion. The temperature his-

tory and distortion caused by the welding ther-
mal process creates nonlinear thermal strains
in the weldment. Thermal stresses are induced
if any incompatible strains exist in the weld.
Plastic strains are formed when the thermal
stresses are greater than the material yield
stress. Incompatible plastic strains accumulate
over the thermal process and result in residual
stress and distortion of the final weldment.
The material response in the lower temperature
range during the cooling cycle is responsible
for the residual stresses and weldment distor-
tion. For this type of analysis, the temperature
field away from the welding heat source
is needed for the modeling of the heating
and cooling cycle during and after welding.
A quasi-stationary thermal model with a concen-
trated moving heat source can predict, with rea-
sonable accuracy, the temperature information
for the subsequent stress and distortion analysis.
Literature Review. Many investigators have

analytically, numerically, and experimentally
studied welding heat-flow modeling and analy-
sis (Ref 1–18). The majority of the studies were
concerned with the quasi-stationary thermal
state. Boulton and Lance-Martin (Ref 1),
Rosenthal and Schmerber (Ref 2), and Rykalin
(Ref 3) independently obtained an analytical
temperature solution for the quasi-stationary
state using a point or line heat source moving
along a straight line on a semiinfinite body.
A solution for plates of finite thickness was
later obtained by many investigators using the
imaged heat-source method (Ref 3, 4). Tsai
(Ref 5) developed an analytical solution for a

model that incorporated a welding heat source
with a skewed Gaussian distribution and finite
plate thickness. It was later called the finite
source theory (Ref 6).
With the advancement of computer tech-

nology and the development of numerical
techniques such as the finite-difference and
finite-element methods, more exact welding
thermal models were studied and additional phe-
nomena were considered, including nonlinear
thermal properties, finite heat-source distribu-
tions, latent heat, and various joint geometries.
Tsai (Ref 5), Pavelic et al. (Ref 7), Kou (Ref 8),
Kogan (Ref 9), and Ecer et al. (Ref 10) studied
the simulation of the welding process using the
finite-difference scheme. Hibbitt and Marcal
(Ref 11), Friedman (Ref 12), and Paley and Hib-
bert (Ref 13) made some progress in welding
simulation using the finite-element method.
Analytical solutions for transient welding

heat flow in a plate were first studied by Naka
(Ref 14), Rykalin (Ref 3), and Masubuchi
and Kusuda (Ref 15) in the 1940s and 1950s.
A point or line heat source, constant thermal
properties, and adiabatic boundary conditions
were assumed. Later, Tsai and Hou (Ref 16)
extended the analytical solution to incorporate
Gaussian heat distribution using the principle
of superposition. The solution was used to
investigate the effect of pulsed conditions on
weld-pool formation and solidification without
the consideration of latent heat and nonlinear
thermal properties.
The analysis of the transient thermal be-

havior of weldments using numerical methods
has been the focus of several investigations
since 1980. Friedman (Ref 17) discussed
the finite-element approach to the general tran-
sient thermal analysis of the welding process.
Ecer et al. (Ref 10) developed a two-
dimensional transient heat-flow model using a
finite-difference scheme and a simulated
pulsed-current gas tungsten arc welding pro-
cess. Fan and Tsai (Ref 18) modeled the two-
dimensional transient welding heat flow using
a finite-element scheme to study the transient
welding thermal behavior of the weldment.
Frewin and Scott (Ref 19) studied a three-
dimensional finite-element model of the heat
flow during pulsed laser beam welding. Bonifaz
(Ref 20) studied the transient thermal histories
and sizes of fusion and heat-affected zones
using the finite-element method, incorporating
thermal efficiency in the heat-transfer analysis.
DebRoy and David (Ref 21) conducted a more
comprehensive review on the physical pro-
cesses in fusion welding. Because of the com-
plexity of fusion welding processes, solution
of many important contemporary problems in
fusion welding requires an interdisciplinary
approach. Solution to the problems and issues
requires science-based tailoring of composition,
structure, and properties of the weld materials.
In the past two decades, the coupled heat

transfer and viscous flow in a weld pool has
been studied using the finite-element method
by many investigators. Dilawari et al. (Ref 22)

studied two physical models for qualitative
insights in the electroslag welding process
using the finite-element method. It was revealed
that the total weld heat may be reduced by 30%
when the strip electrode was used in place of
the wire electrode. McLay and Carey (Ref 23)
studied the detailed structure of the flow circu-
lation regions and layers, which incorporated
the surface-tension-driven flow (Marangoni
effect) and the moving phase boundary. More
recently, many investigators developed three-
dimensional numerical models to study the vis-
coplastic flow and temperature field in friction
stir welding by solving the equations of conser-
vation of mass, momentum, and energy. Nan-
dan et al. (Ref 24, 25) determined the spatially
variable non-Newtonian viscosity from the
computed values of strain rate, temperature,
and temperature-dependent material properties.
The computed results showed that significant
plastic flow occurs near the tool, where convec-
tive heat transfer is the main mechanism of heat
transfer.
General Approach. The various modeling

and analysis schemes summarized previously
can be used to investigate the thermal process
of different welding applications. With ade-
quate assumptions, analytical solutions for
the simplified model can be used to analyze
welding problems that show a linear response
to the heat source if the solutions are pro-
perly calibrated by experimental tests. Num-
erical solutions that incorporate nonlinear
thermal characteristics of weldments are usu-
ally required for investigating the weld-pool
growth or solidification behavior. Numerical
solutions may also be necessary for metallurgi-
cal studies in the weld HAZ if the rapid cooling
phenomenon is significant under an adverse
welding environment, such as welding under
water.
Thermally related welding problems can be

categorized as:

� Solidification rates in the weld pool
� Cooling rates in the HAZ and its vicinity
� Thermally-induced strains in the general

domain of the weldment

The domain of concern in the weld pool
solidification is within the molten pool area, in
which the arc (or other heat source) phenomena
and the liquid stirring effect are significant.
A convective heat-transfer model with a
moving boundary at the melting temperature is
needed to study the first category, and numeri-
cal schemes are usually required as well.
The HAZ is always bounded on one side by

the liquid-solid interface during welding. This
inner-boundary condition is the solidus temper-
ature of the material. The liquid weld pool may
be eliminated from thermal modeling if the
interface could be identified. A conduction
heat-transfer model would be sufficient for the
analysis of the HAZ. Numerical methods are
often employed, and very accurate results can
be obtained.
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The thermal strains caused by welding ther-
mal cycles are due to the nonlinear temperature
distribution in the general domain of the weld-
ment. Because the temperature in the material
near the welding heat source is high, very little
stress can be accumulated from the thermal
strains. This is due to low rigidity, that is, small
modulus of elasticity and low yield strength.
The domain for thermal strain study is less sen-
sitive to the arc and fluid-flow phenomena and
needs only a relatively simple thermal model.
Analytical solutions with minor manipulations
often provide satisfactory results.
In this article, only the analytical heat-flow

solutions and their practical applications are
addressed. The numerical conduction solutions
and the convective models for fluid flow in a
molten weld pool are not presented.

Mathematical Formulations

Conduction Equation. A diagram of the
welding thermal model is shown in Fig. 1.
The origin of the moving coordinates (w,y,z)
is fixed at the center of the welding heat source.
The coordinates move with the source at the
same speed. The conduction equation for heat
flow in the weldments is:

r � ðlryÞ þ rCpV
@y
@w

þ _Q ¼ rCp

@y
@t

(Eq 1)

The initial condition is:

y ¼ y0; at t ¼ 0 (Eq 2)

and the generalized boundary condition is:

lw
@y
@w

‘wþly
@y
@y

‘yþlz
@y
@z

‘z� _qþhðy�y1Þ¼0 (Eq 3)

where ▽ is a differential operator; y is the tem-
perature (�C); y1 is the environmental temper-
ature (�C); y0 is the initial temperature (�C); l
is the directional thermal conductivity in any
coordinate system (J/mm � s � �C); lw, ly, and
lz are the respective orthotropic thermal con-
ductivities (J/mm � s � �C) in the w-, y-, and
z-directions (mm); r is density (g/mm3); Cp is
specific heat (J/g � �C); h is the surface heat-loss
coefficient (J/mm2 � s � �C); lw, ly, and lz are the
direction cosines of the boundary surface; _Q is
the volumetric heat source (J/mm3 � s); _q is
the surface heat source (J/mm2 � s); t is the
elapsed time after initiation of the welding
heat source (s); and V is the welding speed
(mm/s). For materials with homogeneous thermal
properties, the thermal conductivities become
directional-independent (lw = ly = lz = l) and
can be factored out of the differential operators
in Eq 1.
The volumetric heat source represents the

joule heating in the weldment that is due to
the electric current flow (or mechanical energy
generation due to friction or plastic flow in fric-
tion or friction stir welding) within that con-
ducting medium. The total energy of such

internal joule heating in welding is usually min-
imal, compared to the arc heat input. The
majority of the energy is concentrated in a very
small volume beneath the arc (Ref 5). In other
words, a very high energy density generation
exists in the weld pool, and it may have a sig-
nificant effect on transient pool growth and
solidification.
Heat-Source Formulation. The direction

cosines on the surface that receives the heat
flux from the welding source (z = 0) are lw =
ly = 0 and lz = �1. Within the significant heat-
input area (to be defined later in this section),
the heat-loss coefficient, h, is zero.
The distribution of the welding heat flux on

the weldment surface can be characterized, in
a general form, by a skewed Gaussian function
(Ref 6):

_qðr;wÞ ¼ _q0 expð�Cr2 � bV
2k

wÞ (Eq 4)

where b is a weight constant,k is the thermal diffu-
sivity of the base material (mm2/s), C is a shape
constant, _q is surface heat flux (J/mm2 � s) as a
function of (r, w), _q0 is heat flux (J/mm2 � s)
at the source center, r is the radial coordinate
from the source center (mm), and V is the weld-
ing speed (mm/s).
The weight constant, b, indicates the signifi-

cance of the welding travel speed. A normal
distribution of the welding heat flux is obtained
if the weight constant is zero. For the conven-
tional welding processes, a normal distribution
is usually adequate for predicting thermal
responses of a material.
In general, the total energy input to the weld-

ment, which is a fraction of the total welding
power generated by the welding machine, is
the sum of the concentrated heat and the dif-
fused heat (Ref 26). The concentrated heat is
carried by the core of the energy transmission
medium, for example, the arc plasma column.
The diffused heat reaches the weld surface by
radiation and convection energy transport from
the core surface. The heat-flux distribution is a
function of the proportional values between
these two types of energy. The fraction of the
total welding power reaching the weldment
indicates the heating efficiency of the welding
process, and the fraction percentage is defined
as welding heat efficiency, Z.
The shape constant, C, can be obtained in

terms of the core diameter, D (mm), and the
concentration factor, F. The concentration fac-
tor is defined as the ratio of the concentrated
heat to the net energy reaching the weldment.
The core diameter can be assumed to be the
diameter of the plasma column in the arc weld-
ing process. The concentration factor and weld-
ing heat efficiency are not fully understood and
have been subjected to manipulation during the
mathematical analyses in order to obtain a bet-
ter correlation with the experimental data.
Assuming a normal heat-flux model (b = 0),

the core diameter and the concentrations
factor are required to determine the shape

constant, C, and the heat flux at the source
center, _q0. By integrating Eq 4 over the
core heat area and the entire heat-input domain
(r = 0 ! 1), the shape factor can be deter-
mined by dividing the two integrals. The heat
flux at the source center can then be determined
from the second integral. The two constants are
expressed as:

C ¼ 4‘n 1=ð1� FÞ½ �
D2

(Eq 5)

_q0
_Q
¼ C

p
(Eq 6)

In the case of arc welding:

_q0
ZEI

¼ C

p
(Eq 7)

where E is the welding arc voltage (V), and I is
the welding current (A).
For practical purposes, the welding heat

source can be considered to be restricted within
a circle of radius ra (mm), where the heat
flux drops to 1/100 of the center flux _q0. The
radius of the significant heat-input area can be
written as:

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

‘n 100ð Þ
C

r

¼ 2:146
ffiffiffiffi

C
p (Eq 8)

Surface Heat Loss. The heat-loss coefficient,
h (J/mm2 � s � �C), represents both radiation and
convection heat loss from the boundary sur-
faces outside the significant heat-input area.
The formulation for both heat-loss mechanisms
can be written as the radiation heat-loss coeffi-
cient (in air):

hrad ¼ es y4w � y41
� 	

(Eq 9)

where E is emissivity (e.g., 0.3 for an oxidized
steel surface), s is the Stefan-Boltzmann con-
stant (5.6704 � 10�14 J/s � mm2 � K4, where K
is the absolute temperature in �C), yw is the sur-
face temperature (�C), and y1 is the environ-
mental temperature (�C).
The natural convection heat-loss coefficient

in air is in the range of (5 � 25) � 10�6 (Ref
27) and in water is in the range of 0.003 to
0.1 (Ref 28). The unit for both coefficients is
in J/s � mm2 � �C.
Natural convection is dominant at a tempera-

ture below 550 �C (1020 �F), whereas radiation
becomes more important at temperatures above
this level. The total heat-loss coefficient is the
sum of radiation and convection. In underwater
welding, heat losses are due primarily to heat
transfer from the surface to the moving water
environment. This motion is created by the
rising gas column in the arc area (Ref 29),
which is similar to a boiling heat-transfer
phenomenon.
For an insulated surface, no heat transfer into

or out of the surface is assumed. The
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temperature gradient normal to the surface is
zero and can be represented by:

�n � ry ¼ 0 (Eq 10)

where �n is a unit vector normal to the surface
and equals (lw

2 + ly
2 + lz

2)0.5.
Other Boundary Conditions. There are sev-

eral other possible boundary conditions in
welding heat-flow modeling that depend on
the assumptions used for model simplification.
One is the condition at infinity:

y ¼ y1 or lim
r!1

@y
@r

¼ 0 (Eq 11)

Another is the condition near the heat source. In
the case of a line source for a thin plate:

�2plH lim
r!0

@y
@r

¼ ZEI (Eq 12)

where H is the plate thickness (mm).
In the case of a point source for a thick plate:

�2pl lim
r!0

r2
@y
@r

� �

¼ ZEI (Eq 13)

In the case of a finite source for a thick plate
(on a heating surface):

�n � ð�lryÞ ¼ _qðrÞ; r 	 ra (Eq 14)

Another is represented by the conditions at the
solid-liquid interface:

y‘ ¼ ys ¼ ym (Eq 15)

�n � lryð Þ½ �s � �n � lryð Þ½ �‘ ¼ 
rsL
ds
dt ðEq 16Þ

where “+” indicates the melting process and
“�” indicates the solidification process. The
subscripts “s” and “‘” indicate the temperature
and the properties in a solid and liquid, res-
pectively. The �n is a normal vector on the
boundary surface or interface, ra is the radius
of the heat-input area (mm), L is the latent heat
of the base material (J/g), and the subscript “m”
represents the melting temperature of the base
material.

Engineering Solutions and Empirical
Correlation

General Solutions. The general (analytical)
heat-flow solutions for fusion welding can be
categorized by those appropriate for a thick
plate, a thin plate, or a plate with finite thick-
ness. In most cases, the boundary surfaces
(except for the heat-input area) are assumed to
be adiabatic, and the thermal properties are
independent of temperature. The various metal-
lurgical zones in the weldment are assumed to
be homogeneous, and the thermal model is
linear.

The solutions give the temperature for a spe-
cific point if the welding velocity, V, voltage, E,
and current, I, as well as the physical properties
of the plate material (r, l, Cp) and the welding
heat efficiency, Z, are known. This specific
point is defined by r and w in:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

w2 þ y2 þ z2
p

(Eq 17)

where w = x � Vt. The heat-flow solutions are
not accurate at points near the welding arc
because a point source or line source is
assumed for thick and thin plates, respectively.
To approximate the transient temperature

changes at the start and end of a weld, Fig. 2
shows a global coordinate system (x,y,z), the
origin of which is fixed at the source initiation,
where t0 is the welding time and t1 is the time
after the welding heat-source termination.
The temperature solutions at t0 and t1 are the
temperature changes at the start and end of the
weld, respectively.
The temperature solution for thick plate at

the arc start location is:

y� y0 ¼ ZEI
2plVt0

(Eq 18)

The quasi-stationary temperature distribution
is:

y� y0 ¼ ZEI
2plr

exp
�V wþ rÞð Þ

2k

� �

(Eq 19)

At the arc termination location, the solution is:

y� y0 ¼ ZEI
2plVt1

(Eq 20)

where k is the thermal diffusivity, which is the
ratio of thermal conductivity to the specific heat
of the material:

ðk ¼ l
rCp

;mm2=sÞ

The transient time periods, t0 and t1, are in the
order of seconds for the common arc welding
processes.
The temperature solution for thin plate at the

arc start location is:

y� y0 ¼ ZEI
4plH

exp
V2t0
2k

� �

� K0

V2t0
2k

� �

(Eq 21)

The quasi-stationary temperature distribution is:

y� y0 ¼ ZEI
2plH

exp
�Vw

2k

� �

� K0

Vr

2k

� �

(Eq 22)

For the arc termination location, the solution is:

y� y0 ¼ ZEI
4plH

exp
V2t1
2k

� �

� K0

V2t1
2k

� �

(Eq 23)

where K0 is the modified Bessel function of the
second kind of zeroth order, and ZEI is the
welding heat-input rate.
Temperature for Plate with Finite Thickness.

The image method enables the investigator to
superimpose the solutions for an infinitely thick
plate, the source of which is placed on imagi-
nary surfaces until the proper boundary condi-
tions on the plate surfaces are obtained. This
method is based on the premise that if a solu-
tion satisfies the governing equation and the
boundary conditions, then it must be not only
a correct solution but the only solution (that
is, the uniqueness of solution premise).
Using the image method, the solution for

plates of finite thickness with adiabatic surfaces
can be modified from the respective tempera-
ture solutions described previously.
Letf0 (w,y,z,t) be the initial solution for an infi-

nitely thick plate. The temperature solution for a
finite thick plate can be obtained by superimpos-
ing the imaginary solutions fmn (w,ym,zn,t) and
f0

mn (w,y0m,z0n,t) to the initial solution, and this
can be written in a general form as:

y� y0 ¼ �f0ðw; y; z; tÞ þ
X

1

m¼0

X

1

n¼0

fmn w; ym; zn; tÞð½

þf0
mn w; y0m; z

0
n; t

� 	Þ� (Eq 24)

where ym = 2mB � y; y0m = 2mB + y; zn = 2nH
� z; and z0n = 2nH + z, in which B is the half
width and H is the thickness of the plate. The
subscripts m and n are integers that vary from
zero to infinity.
For a plate with sufficient width (i.e., this is

usually the case in a practical situation), the sub-
script m is zero. The solution will converge and
reach the correct adiabatic surface condition in
six to ten superposition steps (i.e., n value is up
to 6 to 10), depending on the thickness of the
plate. The two-dimensional solution (that is, thin
plate) is generally used for any solution that
requires more than ten superposition steps.
Equation 24 can be expressed as:

y� y0 ¼ �
ZEI exp �Vw

2k

� �

2pl
�

exp �Vr
2k

� 	

r
þ
X

1

n¼1

exp �Vr2n
2k

� 	

r2n
þ exp �Vr2nþ1

2k

� 	

r2nþ1

" #( )

(Eq 25)
Fig. 2 Global and moving coordinate systems for

welding heat conduction
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where:

r2n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

w2 þ y2 þ ð2nH � zÞ2
q

and r2nþ1

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

w2 þ y2 þ ð2nH þ zÞ2
q

(Eq 26)

Cooling Rate. Frequently, it is desirable to
know the cooling rate experienced at some
location in a weldment to enable a prediction
of the metallurgical structure in that area.
A general methodology by which cooling-rate
equations are obtained from the temperature-
distribution equations is discussed as follows.
Recall that the moving coordinate w is

defined by w = x � Vt. Using this definition, it
is easily shown that:

@w

@t
¼ �V (Eq 27)

Using the chain rule, the cooling-rate equation is:

@y
@t

¼ �V
@y
@w

(Eq 28)

Because the temperature-distribution equa-
tions are a function of w and r, the cooling-rate
equations can be obtained by differentiating the
temperature-distribution equations with respect
to w and multiplying by �V.
The cooling rate is defined as the slope of a tan-

gent line drawn on the temperature-time curve.
Because the cooling rate changes with tempera-
ture, when one speaks of a cooling rate, the spe-
cific temperature, yc, at which it occurs must also
be given. In a weldment, the variable of interest
is the cooling rate at the critical temperature that
ultimately defines what type of metallurgical
structure will result (if the material is heat treat-
able). For steels, this critical temperature is the
“nose” of the continuous cooling transformation
curve. At this temperature, the cooling rate deter-
mines if upper transformation products (pearlite,
upper bainite) or lower transformation products
(martensite, lower bainite) will form. For many
steels, this critical temperature ranges from
approximately 200 to 540 �C (400 to 1000 �F).
The cooling rate in a weldment is also a func-

tion of location, because the temperature varies
with location during welding. To find a cooling-
rate equation for the quasi-stationary state, the
particular location in the weldment that is of
interest and corresponds to the cooling tempera-
ture at a given distance from the heat source must
be defined. The resulting cooling-rate equation
will be applicable only to that location.
The differentiation, ]y/]w, of either Eq 19 or

25, which is required to obtain the cooling-rate
expression, will result in a function of w and r.
The variable r can be written in terms of w if
the location of interest is defined by a given
set of values of y and z. This relationship for
r, once formulated, can then be substituted into
]y/]w, the result being a function of w alone.
To determine w corresponding to the cri-

tical temperature, yc, a temperature-distribution

equation is required (Eq 19 or 25). The afore-
mentioned r-w relationship and temperature-
distribution equation (Eq 19 or 25) where y
is equal to yc, critical temperature, are used
to determine w. Then, w is substituted into
the dy/dw expression obtained previously.
The end result will be an equation that defines
the cooling rate for a particular location in the
weldment, and, being a function of the critical
temperature, the welding conditions and ther-
mal conductivity of the base material.
To determine the cooling rate in a thick plate

along the weld centerline (that is y = 0) for a
particular critical temperature, the cooling-rate
equation can be reduced to:

@y
@t

� �

yc

¼ �2plV yc � y0ð Þ2
ZEI

(Eq 29)

This equation has been used to predict weld
cooling rates in shop practices. Cooling rate is
inversely proportional to heat input per unit
weld length (that is, _Q/V) and is proportional
to thermal conductivity and the critical temper-
ature at which the cooling rate needs to be
evaluated.
On the basis of experimental results, a

cooling-rate equation was developed for the
HAZ of low-carbon steel weldments (Ref 30).
This equation considers the combined effects
of plate thickness, H (in.), preheating tempera-
ture, y0 (�C), and welding conditions, and is
given as:

@y
@t

� �

HAZ

¼ 0:35
yC � y0
I=V

� �1:7
(

1þ 2

p
tan�1 H � H0

a

� ��� �0:8

(Eq 30)

The variables a and H0 depend on the critical
temperature of interest. Several values are
given in Table 1.
The units used in Eq 30 are important,

because the same units that were used in devel-
oping the equation must be employed in its
application. The plate thickness, H, must be
given in inches, and the travel speed, V, must
be given in in./min (ipm). The temperatures yc
and y0 must be given in �C, and the welding
current, I, must be given in amperes. Using
the correct units, the application of Eq 30 will
result in a predicted cooling rate (�C/s) for the
HAZ of a low-carbon steel weldment made by
common arc welding processes.
For low-carbon steels welded by the shielded

metal arc welding (SMAW), gas metal arc
welding (GMAW), and submerged arc welding
(SAW) processes, an empirical equation has
been developed that correlates the weld-metal
cooling rate at 538 �C (1000 �F) with a 95 to
150 �C (200 to 300 �F) preheat to the weld nug-
get area (Ref 31):

�C=s ¼ 2012

Nugget area

� �1:119

(Eq 31)

where the nugget area is in mm2. For low-car-
bon steels, an empirical chart for determining
nugget area for a given welding condition
(Fig. 3) also has been developed (Ref 32).

Table 1 Selected critical temperature and
corresponding values for a and H0

Critical temperature, uc H0 a

�C �F mm in. mm in.

700 1290 9.9 0.39 2.0 0.08
540 1000 14.2 0.56 4.1 0.16
300 570 19.8 0.78 9.9 0.39

Fig. 3 Relation between nugget area, heat input, and current
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The straight line drawn to connect the current
and weld bead heat input (i.e., ZEI=V) inter-
sects the nugget area at the calculated value.
The product of welding heat efficiency and arc
voltage remains a rather constant value in arc
welding. Therefore, weld nugget area and
weld-metal cooling rate are influenced primar-
ily by the welding current and speed. Welding
voltage controls weld bead shape.
Peak Temperature. An equation to deter-

mine the peak temperature in a weldment at a
given distance y from the weld centerline would
enable the prediction of HAZ sizes as well as
weld bead widths. The general concept of
obtaining a peak-temperature equation, as well
as some results that have been obtained, are dis-
cussed as follows.
Consider Fig. 4 and note that the maximum,

or peak, temperature is given when ]y/]t = 0.
For the thick-plate model, the cooling rate can
be obtained by differentiating Eq 19 and multi-
plying by �V:

@y
@t

¼ �V
@y
@w

¼ �VZEI
2plr

exp
�V wþ rð Þ

2k

� �

�w

r2
� V

2k
1þ w

r

� �

� �

(Eq 32)

Clearly, the only way that ]y/]t can be equal to
zero is if

�w

r2
� V

2k
1þ w

r

� �

¼ 0 (Eq 33)

Equation 33 describes the relationship
that must exist between the two location vari-
ables, r and w, for the temperature at that point
to be equal to the peak temperature. For a given
y and z in thick plate, this equation can be
solved together with the geometric fact that
(Eq 17):

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

w2 þ y2 þ z2
p

(Eq )

for w = wp and r = rp. The subscript “p” repre-
sents the corresponding peak-temperature loca-
tion. If wp and rp are substituted into the
temperature-distribution equation for thick
plates (Eq 19), the peak temperature for a given
y and z can be determined.
Such a solution for r and w is not explicitly

possible, however, because the equations for r
and w that result are not explicit. Consequently,
iterative techniques are required, resulting in a
solution that is both cumbersome and time-
consuming.
One method of obtaining a simpler thick-

plate peak-temperature equation is to assume
that the heat input is from an instantaneous line
on the surface of the plate, rather than from a
moving point source (that is, V! 1). This
allows the elimination of the time dependency
in the peak-temperature evaluation. Using this
assumption, the temperature distribution is
given by:

y� y0 ¼ ZEI
2plt

exp
�r2

4kt

� �

(Eq 34)

Again, to find the peak-temperature location,
]y/]t is set equal to zero and the equation is
solved for r. The result is:

r2

4kt
¼ 1 (Eq 35)

Substituting Eq 35 into Eq 34 yields the peak-
temperature expression, y = yp, which is:

1

yp � y0
� 	 ¼ 1

ZEI=V
� �

erCppr2

2

� �

(Eq 36)

It has been found that Eq 36 gives results that
are too high, but that the slope of 1/(yp � y0)
versus r2 is accurate. To rectify this situation,
Eq 36 is forced to fit experimental results by
specifying a known temperature/location condi-
tion (yr at rr). When this is done, Eq 36
becomes:

1

yp � y0
� 	 ¼ erCpp r2 � r2r

� 	
 �

2 �
�

ZEI
V

� þ 1

yr � y0ð Þ (Eq 37)

where yr and rr are the reference temperature
and distance. If the peak temperature (yp) eval-
uation is restricted to locations on the plate sur-
face (z = 0), then r = y; and if the reference
temperature and distance are assumed to be
the melting temperature and the distance from
the weld centerline to the fusion boundary
(one-half of the weld bead width), then Eq 37
can be written as:

1

yp � y0
� 	 ¼

erCpp y2 � d
2

� 	2
h i

2 �
�

ZEI
V

� þ 1

ym � y0ð Þ (Eq 38)

where ym is the melting temperature, and d is
the weld bead width. This equation gives the
peak temperature yp in a thick plate at a dis-
tance y from the weld centerline.
Solidification Rate. The weld solidification

structure can be determined by using the consti-
tutional supercooling criterion. Three thermal
parameters that influence the solidification
structure are temperature gradient normal to
the solid-liquid interface, G (�C/mm), solidifi-
cation rate of the interface, R (mm/s), and cool-
ing rate at the interface, ]y/]t, at melting
temperature (�C/s and equal to the product of
GR). The microstructure may change from
being planar to being cellular, a columnar den-
drite, or an equiaxial structure if the G/R ratio
becomes smaller. The dendrite arm spacing will
decrease as the cooling rate increases. The
solidification structure becomes refined at
higher cooling rates.
At a quasi-steady state, the weld pool solidi-

fies at a rate that is equal to the component of
the electrode travel speed normal to the solid-
liquid interface. Therefore, the solidification
rate varies along the solid-liquid interface from
the electrode travel speed, at the weld trailing
edge, to zero, at the maximum pool width.
The temperature gradient and the cooling rate
at the solid-liquid interface can be determined
from Eq 19, 22, and 24.
Modified Temperature Solution. The

temperature solutions have a singularity at the
center of the heat source. This singularity causes
the predicted temperatures to be inaccurate in the
area surrounding the heat source. However, a
condition exists in which the peak temperature
along the weld bead edge, that is, the solid-liquid
interface location at the maximum pool width,
is the melting temperature of the material.
Using this temperature condition as a boundary
condition for the temperature solutions, Eq 19
and 22 can be modified as shown subsequently:
For thin plate:

y� y0 ¼ Bz exp
�Vw

2k

� �

K0

Vr

2k

� �

(Eq 39)

where Bz is a heat-input constant to be deter-
mined from the weld bead width, d:

Fig. 4 Schematic showing peak temperature at (wp, yp,
zp), with wp to be determined for a given peak

temperature value for a given (yp, zp) location. (a)
Isotherms. HAZ, heat-affected zone. (b) Temperature
history
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Bz ¼
ym � y0ð Þ exp �VrB

2k

� 	 K0 VrB=2kð Þ
K1 VrB=2kð Þ
h i

K0
VrB
2k

� 	 (Eq 40)

with a bead width of:

d ¼ 2rB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� K0 VrB=2kð Þ
K1 VrB=2kð Þ
� �2

s

(Eq 41)

For thick plate:

y� y0 ¼ Bz

exp �V wþ rð Þ=2k½ �
r

(Eq 42)

Bz ¼ ym � y0ð ÞrB exp �VrB
2k

� 	

1

1þ 2k=VrB

� �� 1

2

4

3

5 ðEq 43Þ

with a bead width of:

d ¼ 2rB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 1

1þ 2k=VrB

� �

v

u

u

t

(Eq 44)

The welding heat input, _Q, is replaced by the
heat-input parameter, Bz, which can be deter-
mined from measurement of the weld bead
width, d. These equations can also be used to
estimate the arc efficiency from the weld bead
width.
A Practical Application of Heat-Flow

Equations (Ref 33). The thermal condition
in and near the weld metal must be
established to control the metallurgical events
in welding. The particular items of interests
are the:

� Distribution of peak temperature in the HAZ
� Cooling rates in the weld metal and in the

HAZ
� Solidification rate of the weld metal

Using aforepresented equations with some
numerical values placed in them, several simple
formulas are found in the published references.
Although the following discussion focuses pri-
marily on manual arc welding, certain general
statements are applicable to all welding
processes.
Peak Temperatures. The distribution of peak

temperatures in the base metal adjacent to the
weld is given by (Ref 34):

1

yp � y0
¼ 4:13rCpHY

Hnet

þ 1

ym � y0
(Eq 45)

where yp is the peak temperature (�C) at dis-
tance Y (mm) from the weld fusion boundary,
y0 is the initial temperature (�C), ym is the melt-
ing temperature (�C), Hnet is the net energy
input equal to ZEI/V (J/mm), r is the density
of the material (g/mm3), Cp is the specific heat
of solid metal (J/g � �C), and H is the thickness
of the base metal (mm).

Equation 45 can be used to determine the:

� Peak temperatures at specific locations in the
HAZ

� Width of the HAZ
� Effect of preheat on the width of the HAZ

In addition, determination of the peak tem-
perature at specific locations in the HAZ and
the width of the HAZ can be obtained by the
procedure described in the section “Engineering
Solutions and Empirical Correlation” in this
article.
Cooling Rate. Because the cooling rate varies

with position and time, its calculation requires
the careful specification of conditions. The
most useful method is to determine the cooling
rate on the weld centerline at the instant when
the metal passes through a particular tempera-
ture of interest, yc. At a temperature well below
melting, the cooling rate in the weld and in its
immediate HAZ is substantially independent
of position. For carbon and low-alloy steels,
yc is the temperature near the pearlite “nose”
temperature on the time-temperature transfor-
mation diagram. The value of yc = 550 �C
(1020 �F) is satisfactory for most steels,
although not critical.
The cooling rate for thick plate (Ref 34) is:

R ¼ 2pl yc � y0ð Þ2
Hnet

(Eq 46)

Equation 46 is comparable to Eq 29, which was
obtained by the procedure described in the sec-
tion “Cooling Rate” in this article. Adams (Ref
34) has developed a cooling-rate equation for
thin plate along the centerline from Eq 24,
which is:

R ¼ 2plrCp

H

Hnet

� �2

yc � y0ð Þ3 (Eq 47)

where R is the cooling rate (�C/s) at a point
on the weld centerline at just that moment
when the point is cooling past the yc, rCp is
the volumetric specific heat (J/mm3 � �C), and
l is the thermal conductivity of the base metal
(J/mm � s � �C), respectively.
The dimensionless quantity t, called the rela-

tive plate thickness, can be used to determine
whether the plate is thick or thin:

t ¼ H�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rCp yc � y0ð Þ
Hnet

s

(Eq 48)

The relative plate thickness,t, indicates a ther-
mal balance between weld heat input and the
material specific heat. The more energy input
to the joint would lead to a more uniform tem-
perature distribution through the plate thick-
ness, which is analogous to a thinner plate
condition. On the other hand, a smaller amount
of weld heat input would cause deeper temper-
ate slope through the thickness. The specific
heat reduces the effect of heat input. In

practical situations, the thick-plate equation
applies when t is greater than 0.75, and the
thin-plate equation applies when t is less than
that value.
Equations 46 and 47 are used to determine

the cooling rate along the centerline for thick
plate and thin plate, respectively. If one is inter-
ested in the cooling rate at the location at
distance y from the centerline, iterative techni-
ques should be used to solve the cooling rate.
First, w and r can be obtained by iteration of
the simultaneous equations, which consists of
Eq 19 or 25, where y equals yc and r2 = w2 +
y2, where y is given. Then, substitute w and r
into the differentiation, ]y/]t = �V]y/]w, from
the temperature from Eq 19 or 25. The result
will be the cooling rate for thick or thin plate
located at y distance from the centerline:

@y
@t

� �

yc

(Eq )

In addition, the cooling rate for HAZ of low-
carbon steel weldments can be obtained from
Eq 30 directly.
Solidification Rate. The solidification rate

can have a significant effect on metallurgical
structure, properties, response to heat treatment,
and soundness. The solidification time, St, of
weld metal, measured in seconds, is:

St ¼ LHnet

2plrCp ym � y0ð Þ2 (Eq 49)

where L is the heat of fusion (J/mm3).
Example 1: Welding of 5 mm (0.2 in.)

Thick Low-Carbon Steels. The thermal
properties needed for heat-flow analysis are
assumed to be:

Melting temperature (ym),
�C (�F)

1510 (2750)

Austenization temperature, �C
(�F)

730 (1345)

Thermal conductivity (l), W/m �
K (J/mm � s ��C)

28 (0.028)

Volumetric specific heat (rCp),
J/mm3 � �C

0.0044

Heat of fusion (L), J/mm3 2

The welding condition is assumed to be:

Current (I), A 200
Arc voltage (E), V 20
Travel speed (V), mm/s (ipm) 5 (12)
Preheat (y0), �C (�F) 25 (77)
Heat-transfer efficiency (Z) 0.9
Net energy input, Hnet, J/mm (kJ/in.) 720 (18.3)

Calculation of the HAZ Width. The value of Y
at yp = 730 �C (1345 �F) may be determined
from Eq 45:

1

730� 25
¼ 4:13ð0:0044Þ5Y

720
þ 1

1510� 25
(Eq 50)

resulting in a value for Y (the width of the
HAZ) of 5.90 mm (0.23 in.).
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In addition, the HAZ width can be obtained
by the procedure described in the earlier sec-
tion, “Peak Temperature” (relating to Eq 32 to
38). By substituting w = wp, r = rp, y = yp,
and z = 0 (on surface) into Eq 17 and 33, one
respectively obtains:

r2p ¼ w2
p þ y2p (Eq 51)

�wp

r2p
� V

2k
1þ wp

rp

 !

¼ 0 (Eq 52)

Inserting V = 5 mm/s, k = l/rCp = 0.028/
0.0044 = 6.364 mm2/s into Eq 52:

�wp

r2p
¼ 0:393 1þ wp

rp

� �

(Eq 53)

From the temperature distribution equation (Eq
19) and E = 20 V, I = 200 A, Z = 0.9, l = 0.028 J/
mm � s � �C, yp = 730 �C, y0 = 25 �C, V = 5 mm/s,
k = l/rCp = 0.028/0.044 = 6.364 mm2/s:

730� 25 ¼ 0:9 � 20 � 200
2p � 0:028rp
� exp �5 wp þ rp

� 	

2 � 0:028=0:0044
� �

(Eq 54)

�3:368þ lnðrpÞ ¼ �0:393ðwp þ rpÞ ðEq 55Þ

Solving the simultaneous equations, Eq 53 and
55, the peak temperature location (rp, wp) is
determined. The peak temperature of 730 �C
boundary from the weld centerline (yp) can be
determined from Eq 51 using the obtained values
of rp andwp. The final solution result showing the
peak temperature of 730 �C location with respect
to the moving arc center on the plate surface is at
(wp = �10.51 mm, yp = 12.63 mm, zp = 0 mm).
To determine the HAZ width, the weld

bead width or boundary of peak temperature of
1510 �C must be determined. The difference
between the two distances to the weld centerline
of two peak temperatures is the HAZ width (Y).
Following the same mathematical procedure as
used for 730 �C peak temperature location, the
1510 �C location can be determined, which is at
(wp = �4.84 mm, yp = 6.68 mm, zp = 0 mm).
The HAZ size Y = 12.63 � 6.68 = 5.95 mm
(0.23 in.), which is less than 1% difference.
Effect of Tempering Temperature on Quen-

ched and Tempered (Q&T) Steels. If the plate
had been quenched and then tempered to 430 �C
(810 �F), then any region heated above that tem-
perature will have been “overtempered” and
may exhibit modified properties. It would then
be reasonable to consider the modified zone as
being “heat affected,” with its outer extremity
located where yp = 430 �C (810 �F):

1

430� 25
¼ 4:13ð0:0044Þ5Yz

720
þ 1

1510� 25
(Eq 56)

resulting in a value for Y of 14.23 mm (0.56
in.). Tempering to 430 �C increases the HAZ
by 140%.

Effect of Preheating Temperature on Q&T
Steels. Assume that the Q&T steel described
previously was preheated to a temperature, y0,
of 200 �C (390 �F):

1

430� 25
¼ 4:13ð0:0044Þ5Yz

720
þ 1

1510� 200
(Eq 57)

resulting in a value for Y of 28.40 mm
(1.12 in.). Preheating Q&T steel at 200 �C
will double the HAZ size. Therefore, an
upper limit on the preheating temperature is
specified for Q&T steels in most of the welding
codes.
Effect of Energy Input on Q&T Steels.

Assume that the energy input into the Q&T
steel (without preheating) increases 50% (that
is, 1.08 kJ/mm, or 27.45 kJ/in.):

1

430� 25
¼ 4:13ð0:0044Þ5Yz

1080
þ 1

1510� 25
(Eq 58)

resulting in a value for Y of 21.34 mm
(0.84 in.). Increasing the energy input by 50%
will also increase HAZ by 50%.
Example 2: Welding of 6 mm (0.24 in.)

Thick Low-Carbon Steels. The thermal prop-
erties needed for heat-flow analysis are
assumed to be:

Melting temperature (ym),
�C (�F)

1510 (2750)

Austenization temperature,
�C (�F)

730 (1345)

Thermal conductivity (l), W/m �
K (J/mm � s � �C)

28 (0.028)

Volumetric specific heat (rCp),
J/mm3 �
�C

0.0044

Heat of fusion (L), J/mm3 2

The welding condition is assumed to be:

Current (I), A 300
Arc voltage (E), V 25
Preheat (y0), �C (�F) 25 (77)
Heat-transfer efficiency (Z) 0.9

Critical Cooling Rate at 550 �C (1022 �F) (yc).
A critical cooling rate exists for each steel com-
position. If the actual cooling rate in the weld
metal exceeds this critical value, then hard mar-
tensitic structures may develop in the HAZ, and
there is a great risk of cracking under the influ-
ence of thermal stresses in the presence of
hydrogen.
The best way to determine the critical

cooling rate is to make a series of bead-on-
plate weld passes in which all parameters,
except the arc travel speed, are held constant.
After the hardness tests on the weld passes
deposited at travel speeds of 6, 7, 8, 9,
and 10 mm/s (14, 17, 19, 21, and 24 ipm), it
was found that at the latter two travel speeds,
the weld HAZ had hardness exceeding the
critical value (e.g., 350 HV). Therefore,
the critical cooling rate was encountered at
a travel speed of approximately 8 mm/s

(19 ipm). At this speed, the net energy input
(i.e., the minimum requirement) is:

Hnet ¼ 25 300ð Þ0:9
8

¼ 844 J=mm (Eq 59)

From Eq 48, the relative plate thickness is:

t ¼ 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:0044 550� 25ð Þ
844

r

¼ 0:31 mm (Eq 60)

Because t is less than 0.75, the thin-plate equa-
tion (Eq 47) applies:

R

2pl
¼ 0:0044

6

844

� �2

550� 25ð Þ3 ¼ 32:20 (Eq 61)

resulting in R being equal to 2p(0.028)32.20,
which is equal to 5.7 �C/s (10.3 �F/s). This
value is the maximum safe (critical) cooling
rate for this steel, and the actual cooling rate
cannot exceed this value.
Preheating Temperature Requirement.

Although the critical cooling rate cannot be
exceeded, in the actual welding operation a pre-
heat can be used to reduce the cooling rate to
5.7 �C/s (10.3 �F/s).
Assume that the welding condition is:

Current (I), A 250
Arc voltage (E), V 25
Heat-transfer efficiency (Z) 0.9
Travel velocity (V), mm/s (ipm) 7 (17)
Plate thickness (H), mm (in.) 9 (0.35)

The energy heat input, Hnet, is:

Hnet ¼ 25 250ð Þ0:9
7

¼ 804 J=mm (Eq 62)

Assuming that the thin-plate equation (Eq 47)
applies:

R

2pl

� �

max

¼ 32:20

¼ 0:0044
9

804

� �2

550� y0ð Þ3 (Eq 63)

resulting in a y0 of 162 �C (325 �F).
The relative plate thickness should be checked:

t ¼ 9

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:0044 550� 162ð Þ
804

r

¼ 0:41 (Eq 64)

Because t is less than 0.75, the thin-plate equa-
tion does apply. If the initial plate temperature
is raised either to or above 162 �C (325 �F),
then the cooling rate will not exceed 5.7 �C/s
(10.3 �F/s). For this case, a minimum preheat
temperature should be 162 �C (325 �F).
Equation 31 is an empirical equation for pre-

dicting the cooling rate in the weld bead. The
nugget area can be determined from Fig. 3
using the weld bead heat input of 0.8 kJ/mm
(20 kJ/in.), welding current of 250 A, and with-
out preheating, which leads to an approximate
value of 28 mm2 (0.04 in.2). The cooling rate
calculated from Eq 31 is:
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�C=s ¼ 2012

28

� �1:119

¼ 119 �C=s (Eq 65)

This cooling rate would be too high, and pre-
heating must be used.
Effect of Joint Thickness. If the plate thick-

ness increases from 9 to 25 mm (0.35 to 1
in.), but there is the same level of energy input,
then the calculation of the required preheat tem-
perature would be as follows. First, using the
thin-plate equation (Eq 47):

R

2pl

� �

max

¼ 32:2

¼ 0:0044
25

804

� �2

550� y0ð Þ3 (Eq 66)

resulting in a value for y0 of 354 �C (669 �F).
The relative plate thickness, t, should be

checked:

t ¼ 25

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:0044 550� 354ð Þ
804

r

¼ 0:82 (Eq 67)

Because t is greater than 0.75, the use of the
thin-plate equation is inadequate. Using the
thick-plate equation (Eq 46):

32:2 ¼ 550� y0ð Þ2
804

(Eq 68)

resulting in a value for y0 of 389 �C (730 �F).
The relative plate thickness should be checked:

t ¼ 25

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:0044 550� 389ð Þ
804

r

¼ 0:74 (Eq 69)

Although t is less than, but close to, 0.75,
using the thick-plate equation is adequate.
Therefore, the initial temperature should be
raised to 389 �C (730 �F) by preheating to avoid
exceeding the cooling rate of 5.7 �C/s (10.3 �F/s).
Now, if the plate thickness increases to 50 mm

(2 in.), but there is the same level of energy input,
then the thick-plate equation (Eq 46) applies and,
again, the value for y0 is 389 �C (730�F).
The relative plate thickness should be

checked:

t ¼ 50

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:0044 550� 389ð Þ
804

r

¼ 1:48 (Eq 70)

Because t is greater than 0.75, the use of the
thick-plate equation is adequate.
Under some welding conditions, it is not nec-

essary to reduce the cooling rate by using pre-
heat. For example, if the plate thickness is
5 mm (0.2 in.) and there is the same level of
energy input:

R

2pl

� �

max

¼ 32:2

¼ 0:0044
5

804

� �2

550� y0ð Þ3 (Eq 71)

resulting in a value for y0 of �24 �C (�11 �F).
Therefore, using preheat is unnecessary.

Fillet-Welded Tee Joints. For a weld with a
higher number of paths, as occurs in fillet-welded
tee joints, it is sometimes necessary to modify
the cooling-rate equation, because the cooling of
aweld depends on the available paths for conduct-
ing heat into the surrounding cold base metal.
When joining 9 mm (0.35 in.) thick plate,

where Hnet = 804 J/mm (20.4 kJ/in.), and when
there are three legs instead of two, the cooling-
rate equation is modified by reducing the effec-
tive energy input by a factor of 2/3:

Hnet ¼ 2

3
804ð Þ ¼ 536 J=mm (Eq 72)

Using the thin-plate equation (Eq 47):

R

2pl

� �

max

¼ 32:2

¼ 0:0044
9

536

� �2

550� y0ð Þ3 (Eq 73)

resulting in a value for y0 of 254 �C (490 �F).
The relative plate thickness should be

checked:

t ¼ 9

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:0044 550� 254ð Þ
536

r

¼ 0:44 (Eq 74)

Because t is less than 0.75, using the thin-plate
equation is adequate. A higher preheat tempera-
ture is required for welding a tee joint because
of the added cooling mass. The minimum pre-
heat temperature should be increased from 162
to 254 �C (324 to 489 �F) when changing weld
joint type from butt to tee of 9 mm (0.35 in.)
plate thickness using the same amount of weld-
ing heat input.
Example 3: Cooling Rate for the Location

at Distance y (mm) from the Centerline.
For a steel plate of 25 mm (1 in.) thickness
(H), the welding condition is assumed to be:

Current, A 300
Arc voltage, V 25
Arc efficiency, Z 1.00
Heat input (ZEI), kW (J/s) 7.5 (7500)
Travel speed (V), mm/s (ipm) 1.0 (2)
Preheat (y0), �C (�F) 20 (68)

The thermal properties needed for heat-flow
analysis are assumed to be:

Melting temperature (ym), �C (�F) 1400 (2552)
Thermal conductivity (l), W/m �

K (J/mm � s � �C)
43.1 (0.0431)

Volumetric specific heat (rCp),
J/mm3 � �C

0.0037

Thermal diffusivity (k), mm2/s 11.65

Assume that one is interested in the critical
cooling rate at the location on the surface (z = 0)
at distance y = 20 mm from the centerline
at the instant when the metal passes through
the specific temperature of 615 �C (1140 �F).
Initially, the relative plate thickness should
be checked. From Eq 48, the relative plate thick-
ness is:

t ¼ 25

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:0037 � 615� 20ð Þ
7500

r

¼ 1:37 (Eq 75)

Because t is greater than 0.75, this plate can
be treated as a thick plate. Equation 32 should
be used to calculate the cooling rate for thick
plate at the location where the variables are w
and r and at critical temperature y = yc.
To solve Eq 32, the value of w and r must be
calculated first. From Eq 19, the temperature
distribution of thick plate, and Eq 17, where z
= 0, the following two simultaneous equations
are obtained:

615� 20 ¼ 7500

2pð0:0431Þrp exp
�1 � wp þ rpÞ

� 	

2 � 11:65
� �

and rp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

w2
p þ 202

q

(Eq 76)

The value of wp and rp can be solved
by using iteration techniques to solve the
aforementioned simultaneous equation. The
result is that wp = �82.77 mm and rp = 85.15
mm.
Substituting wp and rp into Eq 34:

@y
@t

� �

yc

¼ �V
@y
@w

¼ �1 � 7500ð Þ
2pð0:0431Þ 85:15ð Þ
� exp �1 � �82:77þ 85:15ð Þ

2 11:65ð Þ
� �

� � �82:77ð Þ
85:152

� 1:0

2 11:65ð Þ
�

1þ�82:77

85:15

� ��

(Eq 77)

Therefore:

@y
@t

� �

yc¼615

¼ �3 �C=s (Eq 78)

From Eq 46 we can calculate the cooling rate
along the centerline at the same temperature
(615 �C, or 1140 �F):

R ¼ 2p 0:0431ð Þ 615� 20ð Þ2
7500

¼ 12:8 �C=s (Eq 79)

Also from the empirical equation, Eq 30, one
can calculate the cooling rate in the HAZ at a
temperature of 615 �C (1140 �F):

@y
@t

� �

yc¼615

¼ 0:35
615�20

300=2

� �1:7
(

�

1þ 2

p
tan�1 1:0� 0:486

0:125

� �� ��0:8

¼ 3:7 �C=s (Eq 80)

H0 and a can be determined from Table 1,
and using the linear interpolation method
between the temperature differences, the values
at 615 �C (1140 �F) are H0 = 0.486 and a =
0.125.
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At the same temperature of 615 �C
(1140 �F), the cooling rate at the centerline is
approximately three times greater than the cool-
ing rate at the location a distance y = 20 mm
(0.8 in.) from the weld centerline. The pre-
dicted cooling rate at this location is close to
the estimated cooling rate of the HAZ, using
the empirical formula, under the given welding
condition.
Example 4: Solidification Rate. A weld

pass of 800 J/mm (20.3 kJ/in.) in net energy
input is deposited on a low-carbon steel
plate (using material properties shown in exam-
ple 2 in this article). The initial temperature is
25 �C (77 �F). The solidification time in the
weld pool (Eq 49) would be 0.94 s:

St ¼ 2 800ð Þ
2p 0:028ð Þ 0:0044ð Þ 1510� 25ð Þ2

¼ 0:94 s (Eq 81)

Parametric Effects

To show the effects of material property and
welding condition on the temperature distribu-
tion of weldments, the welding of 304 stainless
steel, low-carbon steel, and aluminum are

simulated for three different welding speeds:
1, 5, and 8 mm/s (2, 12, and 19 ipm). The ther-
mal conductivity and thermal diffusivity of 304
stainless steel are 26 W/m � K (0.026 J/mm � s �
�C) and 4.6 mm2/s (0.007 in.2/s), respectively.
For low-carbon steel, the respective values are
50 W/m � K (0.050 J/mm � s � �C) and 7.5
mm2/s (0.012 in.2/s); whereas for aluminum,
the respective values are 347 W/m � K (0.347
J/mm � s � �C) and 80 mm2/s (0.124 in.2/s).
The heat input per unit weld length was kept
constant, 4.2 kJ/s (1 kcal/s), for all cases. The
parametric results are described as follows.
Effect of Material Type. Figures 5(a) to (c)

depict the effect of thermal properties on isotem-
perature contours for a heat input of 4.2 kJ/s (1
kcal/s), and travel speeds of 1, 5, and 8 mm/s (2,
12, and 19 ipm). The temperature spreads over a
larger area and causes a larger weld pool (larger
weld bead) for low-conductivity material. The
isotemperature contours also elongate more
toward the back of the arc for low-conductivity
material. For aluminum, a larger heat input
would be required to obtain the same weld size
as the stainless steel weldment.
Effect of Welding Speed. Figures 6(a) to (c)

show the effect of welding speed on isotem-
perature contours. When the travel speed
increases, the weld size decreases and the

isotemperature contours are more elongated
toward the back of the arc. Larger heat inputs
would be required for faster travel speeds in
order to obtain the same weld size.
Figure 7 shows the effect of welding heat

input on the peak temperature at two locations,
6.4 and 13 mm (¼ and ½ in.) from the weld
centerline. (The material simulated in this illus-
tration is low-carbon steel plate with a large
thickness.) Within the practical range of weld-
ing conditions for the GMAW process of low-
carbon steels, the peak temperature at both
locations increases linearly, as the welding cur-
rent increases, and decreases exponentially,
with the travel speed. To increase welding cur-
rent proportionally with travel speed for a con-
stant heat input per unit weld length (that is,
_Q=V= constant), the peak temperature at two
locations increases with the travel speed, which
implies a larger weld size resulting from higher
heat input. The welding current has a more sig-
nificant effect on peak temperature than does
the travel speed. However, the increase in peak
temperature is more dominant at the 6.4 mm (¼
in.) location. The influence of proportional
increase in welding current and travel speed
on peak temperature diminishes as the distance
from the weld centerline increases and when
the travel speed becomes high.
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Fig. 5b( ) Effect of thermal property on isotemperature
contours for a heat input of 4.2 kJ/s (1 kcal/s) at

a welding speed, V, of 5 mm/s (12 ipm) and the respective
thermal conductivities of each material (refer to text for
values). Values for x and y are given in cm, and
temperatures are given in �C.
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Fig. 5c( ) Effect of thermal property on isotemperature
contours for a heat input of 4.2 kJ/s (1 kcal/s)

at a welding speed, V, of 8 mm/s (19 ipm) and the
respective thermal conductivities of each material (refer to
text for values). Values for x and y are given in cm, and
temperatures are given in �C.
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Fig. 5a( ) Effect of thermal property on isotemperature
contours for a heat input of 4.2 kJ/s (1 kcal/

s) at a welding speed, V, of 1 mm/s (2 ipm) and the
respective thermal conductivities of each material (refer
to text for values). Values for x and y are given in cm,
and temperatures are given in �C.
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Thermophysical Properties of
Selected Engineering Materials

For the sake of convenience when using
heat-flow equations, the thermal properties of
selected engineering materials are provided in
Table 2.
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Table 2 Thermal properties of selected engineering alloys

Alloy

Density (r), at 20
�C (68 �F), g/cm3

Specific heat (Cp), at 20
�C (68 �F), kJ/kg � K

Thermal conductivity (l) at
20 �C (68 �F, W/m � K)

Coefficient of thermal expansion

(b), at 20 �C (68 �F), 10�5/�C

Carbon steel

�0.5% C 7.833 0.465 54 1.474
�1.0% C 7.801 0.473 43 1.172
�1.5% C 7.753 0.486 36 0.970

Aluminum

Al-Cu (94–96% Al, 3–
5% Cu)

2.787 0.883 164 6.676

Al-Si (86.5% Al, 1%
Cu)

2.659 0.867 137 5.933

Al-Si (78–80% Al, 20–
22% Si)

2.627 0.854 161 7.172

Al-Mg-Si (97% Al, 1%
Mg, 1% Si, 1% Mn)

2.707 0.892 177 7.311

Titanium 4.500 0.52 16 0.84

Alloy

Density (r), at
100 �C (212 �F),

g/cm
2

Specific heat (Cp), at

0–100 �C (32–212 �F),
kJ/kg � K

Thermal conductivity (k) at
100 �C (212 �F, W/m � K)

Coefficient of thermal expansion (a), at
0–538 �C (32–1000 �F), 10�5/�C

Stainless steel

Chromium-
nickel
austenitic

7.800–8.000 0.46–0.50 18.7–22.8 1.700–1.920

Chromium
ferritic

7.800 0.46–0.50 24.4–26.3 1.120–1.210

Chromium
martensitic

7.800 0.42–0.46 28.7 1.160–1.210

Carbon steel 7.800 0.48 60 1.17
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Factors Influencing Heat Flow in
Fusion Welding
Ole Runar Myhr, Hydro Aluminium and Norwegian University of Science and Technology
�ystein Grong, Norwegian University of Science and Technology

IN GENERAL, a quantitative analysis of met-
allurgical reactions in fusion welding requires
detailed information about the weld thermal his-
tory. To obtain a broad overviewof factors affect-
ing heat flow in a real welding situation, the
analytical modeling approach is preferable,
because thismakes it possible to derive relatively
simple equations that provide the required back-
ground for an understanding of the temperature-
time pattern. An important aspect of the approach
is the use of dimensionless groups for a general
outline of the temperature distribution (Ref 1).
Although this practice inevitably increases the
complexity of the mathematical treatment, it is
a convenient way to reduce the total number
of variables to an acceptable level and hence
condense general information about the weld
thermal program into two-dimensional maps
or diagrams. Consequently, readers who are
unfamiliar with the concept should accept the
challenge and try to overcome the barrier asso-
ciated with the use of such dimensionless groups
in heat flow analyses.

Introduction

Fusion Welding Processes

Fusion welding is a collective term that
includes the following processes (the terminol-
ogy used here is in accordancewith theAmerican
Welding Society’s recommendations, Ref 2):

� Shielded metal arc welding (SMAW)
� Gas tungsten arc welding (GTAW)
� Gas metal arc welding (GMAW)
� Flux cored arc welding (FCAW)
� Submerged arc welding (SAW)
� Laser welding
� Electron beam welding (EBW)

Arc Efficiency Factors

In arc welding, which includes the first five
processes listed previously, heat losses by

convection and radiation to the surroundings
are taken into account by the efficiency factor,
Z, defined as:

� ¼ q0=ðIUÞ (Eq 1)

where q0 is the net power received by the
weldment (e.g., measured by calorimetry), I
is the welding current (amperage), and U is the
arc voltage. For SAW, the efficiency factor has
been reported in the range of 90 to 98%; for
SMAW and GMAW, from 65 to 85%; and for
GTAW, from 22 to 75%, depending on polarity
and materials (Ref 3). A summary of ranges is
given in Table 1.

Thermal Properties of Some Metals
and Alloys

A precondition for obtaining simple analyti-
cal solutions of Fourier’s second law of heat
conduction is that the thermal properties of the
base material are constant and independent of
temperature. The thermal properties in question
are the thermal conductivity, l, the thermal dif-
fusivity, a, and the volumetric heat capacity,
rc. For most metals and alloys, l, a, and rc
may vary significantly with temperature. In
addition, the same thermal properties are also
dependent upon the chemical composition and
the thermal history of the base material, which
further complicates the situation.

By neglecting such effects in the heat flow
models, several limitations are imposed on the
applications of the analytical solutions. Never-
theless, experience has shown that these pro-
blems, to some extent, can be overcome by the
choice of reasonable average values for l, a,
and rcwithin a specific temperature range. Table
2 (Ref 5–8) contains a summary of relevant ther-
mal properties for various metals and alloys,
based on a critical review of literature data.
It should be noted that the thermal data in Table 2
do not include a correction for heat consumed in
melting of the parent material. Although the
latent heat of melting is temporarily removed
during fusionwelding, experience has shown that
this effect can be accounted for by calibrating the
equations against a known isotherm (e.g., the

Table 1 Recommended arc efficiency
factors for various welding processes

Welding process

Arc efficiency factor, h

Range Mean

Submerged arc welding (steel) 0.91–0.99 0.95
Shielded metal arc welding (steel) 0.66–0.85 0.80
Gas metal arc welding (CO2-steel) 0.75–0.93 0.85
Gas metal arc welding (Ar-steel) 0.66–0.70 0.70
Gas tungsten arc welding (Ar-steel) 0.25–0.75 0.40
Gas tungsten arc welding (He-Al) 0.55–0.80 0.60
Gas tungsten arc welding (Ar-Al) 0.22–0.46 0.40

Source: Ref 1, based on data from Ref 3, 4

Table 2 Physical properties for some metals and alloys

Material l, W �mm�1 � �C�1

a, mm2 � s�1 rc, J �mm�3 � �C�1

Tm

Hm � H0(a), J �mm�3 △Hm, J �mm�3�C �F

Carbon steels 0.040 8 0.005 1520 2770 7.50 2.0
Low-alloy steels 0.025 5 0.005 1520 2770 7.50 2.0
High-alloy steels 0.020 4 0.005 1500 2730 7.40 2.0
Titanium alloys 0.030 10 0.003 1650 3000 4.89 1.4
Aluminum (>99% Al) 0.230 85 0.0027 660 1220 1.73 0.8
Al-Mg-Si alloys 0.167 62 0.0027 652 1205 1.71 0.8
Al-Mg alloys 0.149 55 0.0027 650 1200 1.70 0.8

(a) Does not include the latent heat of melting (△Hm). Source: Ref 1, based on data from Ref 5–8



fusion boundary). In practice, such corrections
are done by adjusting the arc efficiency factor,
Z, until a good correlation is achieved between
predictions and experiments.

Analytical Solutions of the Thermal
Field around Moving Point and Line
Sources

The purpose of this section is to review the
classical models for the pseudo-steady-state
temperature distribution around moving heat
sources. The analytical solutions to the differ-
ential heat flow equation under conditions
applicable to fusion welding were first pre-
sented by Rosenthal (Ref 9, 10), but the theory
was later extended and refined by a number of
other investigators (Ref 3, 11–13).

Thick-Plate Model

The thick-plate model consists of an isotropic
semiinfinite body at initial temperature T0 lim-
ited in one direction by a plane that is imperme-
able to heat. At time t=0, a point source of
constant power, q0, starts on the surface at a
given position, moving in the positive x-direc-
tion by a constant speed, n. The rise of temper-
ature, T�T0, in a point P at time t is then
sought. The detailed mathematical derivation
of the general thick-plate solution is given in
Ref 1, 9, and 10. Here, only the resulting equa-
tions are presented and discussed.
General Solution. The general thick-plate

solution describing the pseudo-steady-state
temperature distribution for a moving-point
heat source is given by (Ref 9, 10):

T � T0 ¼ q0
2��

1

R

� �

exp � v

2a
ðRþ xÞ

� �

(Eq 2)

This equation is often referred to as the
Rosenthal thick-plate solution (Ref 9, 10) in
honor of D. Rosenthal, who first derived the
relation by solving the differential heat flow
equation directly for the appropriate boundary
conditions. The Rosenthal equation gives, with
the limitations inherent in the assumptions, full
information about the thermal conditions for
point sources on heavy slabs and is thus a true
three-dimensional model. A schematic repre-
sentation of Eq 2 is shown in Fig. 1.
Simplified Solution for a Fast-Moving

High-Power Source. It follows from Eq 2 that
the isotherms behind the heat source become
increasingly elongated as the power, q0, and
the welding speed, n, increase. In the limiting
case, when q0!1, n!1 and q0/n remains
finite, the isotherms will degenerate into sur-
faces that are parallel to the welding x-direc-
tion, as shown in Fig. 2 (Ref 1). Conduction
of heat will then occur exclusively in the direc-
tions normal to the x-axis, meaning that the
mode of heat flow becomes essentially two-
dimensional (i.e., restricted to the y-z plane).

As shown by Rykalin (Ref 11), the solution is
then given by the equation:

T � T0 ¼ q0=v

2��

1

t

� �

exp � r�ð Þ2=4at
� �

(Eq 3)

where r* is the two-dimensional radius vector
in the y-z plane.
Equation 3 represents the simplified solution

for a fast-moving high-power source on a semi-
infinite slab and is valid within a limited range
of the more general Rosenthal equation for
three-dimensional heat flow (Eq 2).

Thin-Plate Model

The thin-plate model considers a line source
in a wide sheet of thickness d and initial tem-
perature, T0. At time t = 0, the source starts to
move at a constant speed, n, in the positive x-
direction. The rise of temperature, T�T0, in a
point P at time t is then sought. Details of the
mathematical derivation of the general thin-
plate solution are given in Ref 1, 9, and 10.

General Solution. At pseudo-steady state,
the general thin-plate solution reads:

T � T0 ¼ q0=d

2��
exp � vx

2a

� �

K0

vr

2a

� �

(Eq 4)

where K0 is the modified Bessel function of the
second kind and zero order.
Equation 4 is often referred to as the

Rosenthal thin-plate solution. It follows that
this model is applicable to all types of welding
processes (including electron beam, plasma arc,
and laser welding), provided that a full through-
thickness penetration is achieved in one pass.
Under such conditions, the mode of heat flow
will be essentially two-dimensional (i.e.,
restricted to the x-y plane). A graphical repre-
sentation of Eq 4 is shown in Fig. 3 (Ref 1, 14).
Simplified Solution for a Fast-Moving

High-Power Source. Similar to the conditions
existing during thick-plate welding, the iso-
therms behind the heat source become increas-
ingly elongated as the arc power, q0, and the
welding speed, n, increase. In the limiting case,
when q0!1, n!1, and q0/n remains finite,
the isotherms will degenerate into surfaces that
are parallel to the welding x-direction, as shown
in Fig. 4. Under such conditions, the mode of
heat flow becomes essentially one-dimensional,
which means that the temperature distribution
is given by the following equation (Ref 11):

T � T0 ¼ q0=vd

rc 4�atð Þ1=2
exp �y2=4at
� 	

(Eq 5)

Fig. 3 Graphical representation of Rosenthal thin-plate
solution (schematic). Source: Ref 1, 14

Fig. 1 Three-dimensional graphical representation of
the Rosenthal thick-plate solution (schematic).

Source: Ref 1

Fig. 2 Fast-moving high-power source on a semiinfinite
slab. Source: Ref 1

Fig. 4 Graphical representation of a fast-moving high-
power source in a thin plate. Source: Ref 1
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Equation 5 represents the simplified solution
for a fast-moving high-power source in a thin
sheet and is valid within a limited range of the
more general Rosenthal equation for two-
dimensional heat flow (Eq 4).
In situations where the inherent assumption of

adiabatic plate surfaces is not fulfilled (e.g., due
to the use of external heat sinks or forced air cool-
ing), it is still possible to employ analytical solu-
tions similar to the ones presented previously.
However, this requires the introduction of an
additional term in the constitutive equations con-
taining the efficient heat-transfer coefficient,
which, in a semiempirical manner, allows for
transfer of heat across the plate surfaces to the
surrounding cooling medium. Further details
are given in Ref 11 to 13 and 15.

Medium-Thick-Plate Model

In a real welding situation, the assumption of
three- or two-dimensional heat flow inherent in
the Rosenthal equations is not always met
because of variable temperature gradients in
the through-thickness z-direction of the plate.
General Solution. The general medium-

thick-plate model considers a point heat source
moving at constant speed across a wide plate of
finite thickness d. With the exception of certain
special cases (e.g., watercooling of the back
side of the plate), it is a reasonable approxima-
tion to assume that the plate surfaces are imper-
meable to heat. Thus, to maintain the net flux of
heat through both boundaries equal to zero, it is
necessary to account for mirror reflections of
the source with respect to the planes of z =
0 and z = d. This can be done on the basis of the
“method of images,” as illustrated in Fig. 5.

By including all contributions from the imagi-
nary sources . . .2q�2, 2q�1, 2q1, 2q2,. . . located
symmetrically at distances þ�2id below and
above the upper surface of the plate, the
pseudo-steady temperature distribution is
obtained in the form of a convergent series
(Ref 10):

T�T0 ¼ q0
2��

exp � vx

2a

� �

X

i¼þ1

i¼�1

1

Ri

� �

exp � vRi

2a

� �

(Eq 6)

where:

Ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2 þ z� 2idð Þ2
q

In practice, the number of imaginary heat
sources necessary to achieve the required accu-
racy depends on the chosen values of R0 and
vd/2a. It follows from Eq 6 that the thermal
conditions will be similar to those in a thick
plate close to the center of the weld. Moreover,
Rosenthal (Ref 9, 10) has shown, on the basis
of a Fourier-series expansion, that Eq 6 con-
verges to the general thin-plate solution (Eq 4)
for points located sufficiently far away from
the source. However, at intermediate distances
from the heat source, the pseudo-steady-state
temperature distribution will deviate signifi-
cantly from that observed in thick- or thin-plate
welding because of variable temperature gradi-
ents in the through-thickness direction of the
plate. This leads to a mixed mode of heat flow,
which, in the following, is referred to as 2.5-
dimensional (2.5-D). Within the 2.5-D “transi-
tion region,” the thermal program is only
defined by the medium-thick-plate solution
(Eq 6).
Simplified Solution for a Fast-Moving

High-Power Source. Also in the medium-
thick-plate welding situation, a simplified
solution exists in the limiting case when
q0!1, n!1, and q0/n remains finite.
The isotherms will then degenerate into sur-
faces that are parallel to the welding x-direc-
tion, and conduction of heat will then occur
exclusively in the directions normal to the x-
axis. The pseudo-steady-state temperature dis-
tribution is then given by the following
equation:

T � T0 ¼ q0=v

2��

1

t

� �

X

i¼þ1

i¼�1
exp �ri

2=4at
� 	

(Eq 7)

where:

ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

y2 þ z� 2idð Þ2
q

Note that Eq 7 is actually the simplified
solution for a fast-moving high-power
source in a thick plate (i.e., Eq 3) summed
for each source. Within the validity range
of this equation, the mode of heat flow is
mixed (i.e., 1.5-dimensional), meaning
that it is a special solution of the more general
Eq 6.

General Outline of the Pseudo-Steady-
State Temperature Distribution in Bead-
on-Plate Welding

To obtain a general survey of the pseudo-
steady-state temperature distribution, it is con-
venient to present the different solutions in a
dimensionless form. The following parameters
are defined for this purpose (Ref 1, 14):

� Dimensionless temperature:

y ¼ T � T0
Tc � T0

(Eq 8)

� Dimensionless operating parameter:

n3 ¼ q0v

4�a2rc Tc � T0ð Þ ¼
q0v

4�a2 Hc � H0ð Þ (Eq 9)

� Dimensionless plate thickness:

d ¼ vd

2a
(Eq 10)

� Dimensionless x-coordinate:

x ¼ vx

2a
(Eq 11)

� Dimensionless y-coordinate:

c ¼ vy

2a
(Eq 12)

� Dimensionless z-coordinate:

z ¼ vz

2a
(Eq 13)

Isothermal Contours and Mode of Heat
Flow. Because of the number of variables
involved, it is not possible to present two-
dimensional plots of the isotherms without first
specifying the dimensionless plate thickness.
Examples of calculated isotherms in different
planes are shown in Fig. 6 and 7 for d equal
to 0.5 and 5, respectively. It is evident that an
increase in the dimensionless plate thickness
from 0.5 to 5 has a dramatic effect on the shape
and position of the isothermal contours. How-
ever, to explain these observations in an ade-
quate manner, it is necessary to condense the
results into a two-dimensional diagram. As
shown in Fig. 8, this can be done by plotting
the calculated field boundaries at maximum
width of the isotherms versus the parameters
yp/n3 and vd/2a, as described in Ref 1 and 14.
It is seen from Fig. 8 that a large plate thick-

ness generally will favor three-dimensional heat
flow. With decreasing values of yp/n3, the con-
ditions for a fast-moving high-power source
are approached before the transition from the
thick-plate to the thin-plate solution occurs. In
such cases, the isotherms at the bottom of the
plate will be strongly elongated in the welding
direction, x, and shifted to positions far behind

2d

2d

2d

2q–2

R–22q–1

R–1

R0d

2q0

R1

2q1

R2

2q2

2d

P
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Fig. 5 Real and imaginary point sources on a medium-
thick plate
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the heat source. The opposite is observed at small
values of vd/2a, because a rapid equalization of
the temperature gradient in the through-thickness
direction of the plate will result in elliptical iso-
therms at both surfaces, located in an approxi-
mately equal distance from the heat source. In
either case, the temperature at which the cross-
sectional isotherms approach a semicircle or
become parallel with the z(z)-axis can be
obtained from Fig. 8 by reading-off the intercept
between the line for the dimensionless plate
thickness and the respective field boundaries.
Table 3 contains a summary of the various

solutions for the pseudo-steady-state tempera-
ture distribution in bead-on-plate welding. Note
that each special solution is valid within certain
ranges of yp/n3 and d, as defined by the field
boundaries in Fig. 8. In contrast, the general
medium-thick-plate solution is always valid in
the sense that it contains the five other solutions
listed in Table 3.
Case Studies. Consider stringer bead

GMAW on 12.5 mm (0.5 in.) thick plates of
low-alloy steel and aluminum (i.e., an Al-Mg-
Si alloy), respectively, under the conditions E
= 1.5 kJ/mm and Z = 0.8. Details of welding
parameters for the four series involved are
given in Table 4. Computed peak temperature
contours in the transverse section of the welds
are given in Fig. 9 and 10.
Aluminum Welding. Figures 9(a) and (b)

reveal a strong influence of the welding speed
on the shape and position of the cross-sectional
isotherms at a constant gross heat input of
1.5 kJ/mm. It is evident that the extension
of the fusion zone and the neighboring iso-
therms becomes considerably larger when the
welding speed is increased from 2.5 to 5 mm/
s (0.1 to 0.2 in./s). This effect can be attributed
to an associated shift from elliptical to more
elongated isotherms at the plate surfaces
(Fig. 8), which reduces heat conduction in
the welding direction. It follows from Fig.
8 that the upper left corner of the map repre-
sents the typical operating region for aluminum
welding.
Because of the pertinent differences in the

heat flow conditions, the temperature-time
pattern will also vary significantly between
series A1 and A2. Hence, in the case of alumi-
num welding, the usual procedure of reporting
arc power and travel speed in terms of an
equivalent heat input per unit length of bead is
highly questionable, because this parameter
does not define the weld thermal program. In
general, the correct course would be to specify
q0, n, and d and compare the weld thermal his-
tory on the basis of the dimensionless parame-
ter n3 and d.
Steel Welding. If welding is performed on

a steel plate of similar thickness, the operating
region will be shifted to the lower right
corner of Fig. 8. Under such conditions, the iso-
therms adjacent to the fusion boundary will be
strongly elongated in the x-direction even at
very low welding speeds (Fig. 7). This implies
that the thermal program approaches a state

where the temperature distribution is uniquely
defined by the net heat input ZE, corresponding
to the limiting case of a fast-moving high-
power source. As a result, the calculated shape

and width of the fusion boundary and neighbor-
ing isotherms are seen to be virtually indepen-
dent of choice of q0 and v, as illustrated in
Fig. 10(a) and (b).
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Fig. 8 Heat flow mechanism map showing calculated field boundaries in transverse direction (c=c
m
) of plate versus

y
p
/n

3
and d = vd/2a. From this map, the validity range of the various solutions listed in Table 3 can be

evaluated.
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Analytical Solutions of the Thermal
Field around Distributed Heat Sources

In some cases, it is also necessary to consider
the important effects of heat distribution on the
bead morphology and the resulting shape of the
heat-affected zone (HAZ) isothermal contours.

Of particular interest in this respect is the for-
mation of the so-called weld crater/weld finger
frequently observed in GMAW and SAW
stringer bead weldments (Fig. 11). Although
the nature of these phenomena is very complex,

they can readily be accounted for by applying
an empirical correction for the effective heat
distribution in the weld pool.
General Solution. The general model of

Myhr and Grong is described in Ref 1. The heat
distribution used to simulate theweld crater/weld
finger formation is shown schematically in Fig.
12(a). Here, two discrete distributions of elemen-
tary point sources are considered, which extend
in the y- and z-directions of the plate, respec-
tively. The contribution from each source to the
temperature rise in an arbitrary point P located
within the plate is calculated on the basis of the
“method of images,” as shown in Fig. 12(b) and
(c). For a heat source displaced in the y-direction
(Fig. 12b), the temperature field is given by Eq 6:

T qað Þ¼ qa
2��

exp � vx

2a

� �

X

i¼þ1

i¼�1

1

Ri

� �

exp � vRi

2a

� �

(Eq 14)

where:

Ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2 þ z� 2idð Þ2
q

Table 3 Summary of various analytical solutions for the pseudo-steady-state temperature distribution in bead-on-plate welding

Solution Mode of heat flow

Equation

SourceStandard form Dimensionless form

1. General medium-thick-plate solution

2.5-D heat flow

1: T � T0 ¼ q0
2pl exp � vx

2a

� 	

P

i¼þ1

i¼�1
1
Ri

� �

exp � vRi

2a

� 	

y
n3
¼ expð�xÞP

i¼þ1

i¼�1
1
si

� �

expð��iÞ Ref 1,10

2. Special medium-thick-plate solution

1.5-D heat flow
2: T � T0 ¼ q0=v

2pl
1
t

� 	

P

i¼þ1

i¼�1
exp �r2i =4at
� 	 y

n3
¼ 1

t

� 	

P

i¼þ1

i¼�1
expð�ðsiÞ2=2tÞ Ref 1

3. General thick-plate solution

3-D heat flow

3: T � T0 ¼ q0
2pl

1
R

� 	

exp � v
2a ðRþ xÞ� 	 y

n3
¼ 1

s3
expð�s3 � xÞ Ref 1,9,10

4. Special thick-plate solution

2-D heat flow

4: T � T0 ¼ q0=v
2pl

1
t

� 	

expð�ðr�Þ2=4atÞ y
n3
¼ 1

t

� 	

expð�ðs4Þ2=2tÞ Ref 1,11

5. General thin-plate solution

2-D heat flow

5: T � T0 ¼ q0=d
2pl exp � vx

2a

� 	

K0
vr
2a

� 	

yd
n3
¼ expð�xÞK0ðs5Þ Ref 1,10

6. Special thin-plate solution

1-D heat flow
6: T � T0 ¼ q0=vd

rcð4patÞ1=2 expð�y2=4atÞ yd
n3
¼ ffiffiffiffi

p
2t

p

expð�c2=2tÞ Ref 1,11

Table 4 Operational conditions assumed in case studies

Material Series q0, W

n d

E, kJ/mm n3 dmm/s in./s mm in.

Al-Mg-Si alloy A1 6000 5 0.2 12.5 0.5 1.5 0.36 0.50
A2 3000 2.5 0.1 12.5 0.5 1.5 0.09 0.25

Low-alloy steel S1 9600 8 0.3 12.5 0.5 1.5 32.6 10
S2 4800 4 0.2 12.5 0.5 1.5 8.2 5

Fig. 9 Computed peak temperature contours in
aluminum welding at pseudo-steady state. (a)

Weld A1. (b) Weld A2. Black regions indicate fusion
zone. Operational conditions as in Table 4. Source: Ref
1, 14 Fig. 10 Computed peak temperature contours in steel

welding at pseudo-steady state. (a) Weld S1.
(b) Weld S2. Black regions indicate fusion zone.
Operational conditions as in Table 4. Source: Ref 1, 14

Fig. 11 Schematic diagram showing the weld crater/
weld finger formation during stringer bead

welding. HAZ, heat-affected zone. Source: Ref 1
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Similarly, for a submerged point source
located along the z-axis (Fig. 12c):

T qbð Þ ¼ qb
4��

exp � vx

2a

� �

X

j¼þ1

j¼�1

1

Rj

� �

exp � vRj

2a

� �

"

þ
X

k¼þ1

k¼�1

1

Rk

� �

exp � vRk

2a

� �

#

(Eq 15)

where:

Rj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2 þ z� 2jd ��ð Þ2
q

and

Rk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2 þ z� 2kd þ�ð Þ2
q

Note that Eq 15 correctly reduces to Eq 14
when △ approaches zero. The total temperature
rise in point P is then obtained by superposition
of the temperature fields from the different ele-
mentary heat sources, taking:

T tð Þ ¼ T0 þ
X

i

T qia
� 	þ T qib

� 	
 �

(Eq 16)

where:

q0 ¼
X

i

qia þ qib
� 	 ¼ �UI (Eq 17)

In practice, the heat distribution can be sub-
divided into a relatively small number of ele-
mentary point sources, and usually a total
number of eight to ten sources is sufficient to
obtain good results (i.e., smooth isothermal

contours). However, the relative strength of
each heat source and their distribution along
the y- and z-axes must be determined individu-
ally through trial and error by comparing the
calculated shape of the fusion boundary with
the real (measured) one.
Figure 13 shows the results from such calcu-

lations, carried out for a single-pass (bead-in-
groove) gas metal arc steel weld. It is evident
that the important effect of the weld crater/weld
finger formation on the HAZ peak temperature
distribution is adequately accounted for by the
present model. A weakness of the model is, of
course, that the shape and location of the fusion
boundary must be determined experimentally
before a prediction can be made.
Simplified Solution for a Fast-Moving

High-Power Source. Similar to the situation
described previously, a point heat source will
clearly not be a good model when the heat
source is supplied over a large area. Welding
with a weaving technique and surfacing with
strip electrodes are prime examples of this kind.
In the model of Grong and Christensen (Ref

16), the Rosenthal thick-plate solution is con-
sidered for the limiting case of a high arc
power, q0, and a high welding speed, n, main-
taining the ratio q0/n within a range applicable
to arc welding. Consider next a distributed heat
source of net power density, q0/2L, extending
from –L to +L on either side of the weld center-
line in the y-direction, as shown schematically
in Fig. 14. It follows from Eq 3 that an infinites-
imal source, dqy0, located between y0 and y0 +
dy0 will cause a small rise of temperature in
point P at time t as (Ref 16):

dTy0 ¼ dqy0=v

2��

� �

1

t

� �

exp � r0ð Þ2
4at

" #

(Eq 18)

where:

r0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

y� y0ð Þ2 þ z2
q

, dqy0 = q0 dy
0/2L, and l =

arc

Substituting:

u ¼ y� y0ð Þ=
ffiffiffiffiffiffiffi

4at
p

; dy0 ¼ �du
ffiffiffiffiffiffiffi

4at
p

and integrating from y0 = �L to y0 = +L gives:

T � T0 ¼ q0=2vL

�c
ffiffiffi

�
p

� �

exp �z2=4atð Þ
ffiffiffiffiffiffiffi

4at
p

� �

erf
yþ L
ffiffiffiffiffiffiffi

4at
p

� �

� erf
y� L
ffiffiffiffiffiffiffi

4at
p

� �� �

(Eq 19)

where erf(u) is the Gaussian error function.
General Outline of the Peak Temperature

Distribution. Because of the complex nature of
Eq 19, the variation of peak temperature with
distance in the y-z plane can only be obtained
by numerical or graphical methods. Accord-
ingly, it is convenient to present the various
solutions in a dimensionless form. The follow-
ing parameters are defined for this purpose
(Ref 1, 16):

� Dimensionless operating parameter:

nw ¼ q0=2vL
2

ffiffiffi

�
p

rc Tc � T0ð Þ ¼
q0=2vL

2

ffiffiffi

�
p

Hc � H0ð Þ (Eq 20)

Fig. 12 General heat flow model for welding on medium-thick plates. (a) Physical representation of the heat distribution by elementary point sources. (b) Method for calculating
the temperature field around an elementary point source displaced along the y-axis. (c) Method for calculating the temperature field around an elementary (submerged)

point source displaced along the z-axis. Source: Ref 1
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� Dimensionless time:

t5 ¼
ffiffiffiffiffiffiffi

4at
p

L
(Eq 21)

� Dimensionless y-coordinate:

b ¼ y

L
(Eq 22)

� Dimensionless z-coordinate:

g ¼ z

L
(Eq 23)

Substituting these parameters into Eq 19
yields

�

nw
¼ 1

t5
exp � �

t5

� �2
" #

erf
bþ 1

t5

� �

�erf
b� 1

t5

� �� �

(Eq 24)

where y is the dimensionless temperature
defined previously in Eq 8.
The variation of peak temperature, yp, with

distance in the y-z plane has been numerically
evaluated from Eq 24 for chosen values of b and
g (i.e., b = 0, b = 3/4, b = 1, and g = 0). The results
are presented graphically in Fig. 15 and 16 for the
through-thickness (z = zm) and the transverse (y =
ym) directions, respectively. These figures pro-
vide a systematic basis for calculating the shape
of theweld pool and neighboring isotherms under
various welding conditions.
In Fig. 17, the weld width-to-depth ratio has

been computed and plotted for various combina-
tions of nw and yp. It is evident that the predicted
width of the isotherms generally is much greater
and the depth correspondingly smaller than that
inferred from the point source model. Such
deviations tend to become less pronounced with
decreasing peak temperatures (i.e., increasing
distance from the heat source). At very large
values of nw, the theoretical shape of the iso-
therms approaches that of a semicircle, which is
characteristic of a point heat source.

Implications of the Heat Distribution. Figure
18 shows a graphical presentation of the calcu-
lated peak temperature contours for a gas metal
arc steel weld deposition using a weaving tech-
nique. It is evident from these plots that the pre-
dicted shape of the isotherms, as evaluated from
Eq 24, departs quite strongly from the semicir-
cular contours required by a point heat source.
Moreover, a closer inspection of Fig. 18 shows
that inclusion of the heat distribution also gives
rise to systematic variations in the weld thermal
program along a specific isotherm, as evidenced
by the steeper temperature gradient in the y-
direction compared with the z-direction of the
plate. This point is more clearly illustrated in
Fig. 19, which compares the HAZ tempera-
ture-time program for the two extreme cases
of z = 0 and y = 0, respectively. It follows from
Fig. 19 that the retention time within the aus-
tenite regime is considerably longer in the latter
case, although the cooling time from 800 to 500
�C (1470 to 930 �F), △t8/5, is reasonably simi-
lar. These results clearly underline the impor-
tant difference between a point heat source
and a distributed heat source as far as the weld
thermal program is concerned.

Analytical Solution of the Thermal Field
around a Moving Keyhole

The analytical keyhole model is shown in
Fig. 20. In this case, the circular keyhole moves
relative to the workpiece with a constant veloc-
ity of n. According to the assumptions, the
diameter of the keyhole is equal to 2r0, and
the wall temperature is equal to T0. At
pseudo-steady state, the temperature distribu-
tion around the keyhole is given by (Ref 18):

T � T0
Tv � T0

¼ exp � vr cosf
2a

� �

X

1

n¼0

enIn
vr0
2a

� � Kn
vr
2a

� 	

Kn
vr0
2a

� 	 cos nfð Þ (Eq 25)

General Outline of the Temperature Dis-
tribution. For a general representation of the
pseudo-steady-state temperature distribution, it
is convenient to rewrite Eq 25 in a dimension-
less form. The following parameters are defined
for this purpose (Ref 17, 19):

� ¼ T � T0
Tv � T0

(Eq 26)

x ¼ vr cosf
2a

¼ vx

2a
(Eq 27)

k ¼ vr0
2a

(Eq 28)

s ¼ vr

2a
(Eq 29)

Fig. 13 Calculated peak temperature contours in the transverse section of a gas metal arc steel weldment. Operational
conditions: I = 450 A,U = 30 V, n = 2.6 mm/s (0.1 in./s), d = 50 mm (2 in.). Source: Ref 1
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Fig. 14 Distributed heat source of net power density
q
0
/2L on a semiinfinite body assuming two-

dimensional heat flow. Source: Ref 1, 16
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Substituting these parameters into Eq 25 gives:

� ¼ exp �xð Þ
X

1

n¼0

enIn kð ÞKn sð Þ
Kn kð Þ cos nfð Þ (Eq 30)

In the cross section of the plate, the shape of
the isotherms is characterized by their depth-to-
width ratio. Referring to Fig. 21(a), the dimen-
sionless half-width of the isotherms is given by:

c ¼ cm ¼ vy

2a
¼ vr sinf

4a
¼ � sinf (Eq 31)

The parameter c can be evaluated numeri-
cally from Eq 30 and 31 for various starting
conditions. The results are summarized in Fig.
21(b) for a limited range of values of c and k.
It follows that cm is uniquely defined by these
two group variables.

Analogy with the Line Source Solution

Hemmer and Grong (Ref 17) have
further investigated the analogy between the key-
hole solution and the line source solution to pre-
dict the penetration depth in electron beam
welding (EBW). At pseudo-steady state, the tem-
perature distribution around amoving line source
is given by Eq 4. By replacing the plate thickness
d with the penetration depth p, it reads:

T � T0 ¼ q0=p

2��
exp � vx

2a

� �

K0

vr

2a

� �

(Eq 32)

Equation 32 can be written in a dimension-
less form in terms of the following group vari-
ables (Ref 17):

n2 ¼ q0=p

2�� Tm � T0ð Þ ¼
q0=p

2�a Hm � H0ð Þ (Eq 33)

y ¼ T � T0
Tm � T0

(Eq 34)

where Tm now refers to the melting point (or
liquidus temperature) of the base material. Sub-
stituting these parameters into Eq 32 gives:

y=n2 ¼ exp �xð ÞK0 sð Þ (Eq 35)

The half-width of the isotherms cm can be
found by differentiating Eq 35 with respect to
x. Hence, cm is also a unique function of the
dimensionless operating parameter n2. In prac-
tice, this means that the penetration depth can
be linked to the group variables O and k by
way of Eq 30 and 31.
Coupling of Models and Prediction of the

Penetration Depth. Because of the analogy
between the two solutions, they can be com-
bined to obtain the set of master curves shown
in Fig. 22. From these curves, the normalized
(scaled) penetration depth can be read for vari-
ous combinations of process parameters (i.e., n
and 2r0) and material properties (i.e., a, Tm,
and Tn). Conversion into real (metric) units is
then carried out by way of Eq 33, using appro-
priate input data for the applied beam power,
q0, and the heat content of the base material at
the melting point, Hm� H0.
It follows from Fig. 22 that the penetration

depth in EBW is uniquely defined by three
group variables: O, which includes the keyhole
wall temperature, Tn; n2, which includes the
beam power density, q0; and k, which includes
the electron beam diameter, 2r0, and the weld-
ing speed, n. In addition, the thermal properties
of the base material come into play through the
parameters l, a, and Tm. Provided that all nec-
essary input parameters are known, it has
been shown that the penetration depth during
EBW can be estimated with an accuracy of
þ�25% for titanium alloys and þ�15% for both
aluminum alloys and duplex stainless steels

Fig. 15 Calculated peak temperature distribution in the through-thickness direction of the plate at various positions
along the weld surface. Dimensionless parameters are defined in Eq 20 to 24. Source: Ref 1, 16

Fig. 16 Calculated peak temperature distribution in the transverse direction of the plate at position g(z) = 0.
Dimensionless parameters are defined in Eq 20 to 24. Source: Ref 1, 16
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using the model of Hemmer and Grong
(Ref 17).

Numerical and Analytical Solutions
of the Thermal Field in Complex
Welding Operations

Over the years, numerical simulation of heat
flow phenomena in fusion welding has become
more and more common and largely reduced
the need for further developments of the

analytical solutions. This is because a number
of important side effects can easily be
accounted for in the numerical analyses without
contributing to a significant increase in the
computational efforts. These are:

� Complex geometries
� Advanced boundary conditions
� Temperature-dependent thermal properties

(Ref 20)
� Realistic representation of the heat source

(Ref 21)

� Time-dependent welding speed and net heat
input

� Continuous addition of filler material during
welding (Ref 22–25)

� Gradual release of the latent heat of fusion
between the solidus and liquidus tempera-
tures during solidification (Ref 22–25)

� Weld-metal fluid flow (Ref 20, 26–28)

In the following, the importance of some
of these additional factors is further evaluated
and explored. However, the intention is not
to cover all aspects of numerical simulations but
rather to illustrate the similarities between the
analytical and numerical approaches and the
inherent limitations of the former one.
In the present case, the numerical simulations

are carried out using the general-purpose finite-
element code WELDSIM. The program
accounts for all of the effects listed previously,
except weld-metal fluid flow. A detailed
description of the various components of the
program is given in Ref 22 to 25.

Temperature-Dependent Material
Properties

As previously stated in the section “Thermal
Properties of Some Metals and Alloys,” a pre-
condition for obtaining simple analytical solu-
tions of Fourier’s second law of heat
conduction is that the material properties of
the base material are constant and independent
of temperature. Because this assumption repre-
sents a crude oversimplification of the problem,
it will, in certain cases, impose restrictions on
the use of analytical solutions. In practice, how-
ever, their limitations are best illustrated by
means of specific examples, based on a compar-
ison with outputs from numerical simulations.
Effect of Latent Heat of Fusion. In numeri-

cal simulations, the latent heat of fusion, △Hm,
can be readily included in the expression for the
specific heat function, thereby allowing alloys
with a freezing range to be simulated (Ref
20). This is not possible in the analytical case,
where △Hm must either be included or ignored
when calculating the dimensionless operating
parameter n3 based on Eq 9. Figure 23 shows
how this affects the resulting peak temperature
contours in conventional bead-on-plate steel
welding. As expected, the isothermal zone
widths are significantly smaller when the latent
heat of fusion is accounted for in the analytical
solutions compared to the situation where △Hm

= 0. This is in contrast to that observed in the
numerical simulations, where the effect of
ignoring or including the latent heat of fusion
is seen to be small because the contribution,
in a real welding situation, is just temporary
and therefore less striking. Hence, the two dif-
ferent numerical simulations tend to yield the
same isothermal zone widths with increasing
distance from the weld centerline. These results
are, in turn, almost identical to those obtained
using the analytical model with △Hm = 0.

Fig. 18 Predicted shape of fusion boundary and Ac
1
isotherm during gas metal arc welding of steel with an

oscillating electrode. Solid lines: distributed heat source; broken lines: point heat source. Operating
conditions: I = 315 A, U = 25 V, n = 5 mm/s (0.2 in./s), 2L = 20 mm (0.8 in.), T

0
= 20 �C (70 �F). Source: Ref 1

Fig. 17 Effects of n
w
and y

p
on the weld width-to-depth ratio. Dimensionless parameters are defined in Eq 20 to 24.

Source: Ref 1, 16
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Effects of Thermal Conductivity and Volu-
metric Heat Capacity. In addition, the analyt-
ical models assume that the thermal
properties—thermal conductivity, l, and volu-
metric heat capacity, rc (and thus a)—are con-
stant and independent of temperature. The
justification of this simplifying assumption is
further investigated in Fig. 24, based on a com-
parison with numerical simulations of the same
peak temperature contours in ordinary bead-on-
plate welding. It is evident from the figure that
the use of temperature-dependent thermal prop-
erties has very little effect on the computed iso-
thermal contours and that the analytical
solutions give results that are in close agree-
ment with those obtained in the numerical
simulations. Hence, the assumption of constant
thermal properties is deemed to be reasonable
in most welding situations.

Start and Stop in Welding

During start and stop in welding, the assump-
tion of pseudo-steady state is no longer valid,
implying that transient effects will dominate.
Although the mathematical treatment of the
problem is complicated, both the heating and
cooling case can be handled analytically, along
the lines indicated in Ref 1.
Duration of the Transient Heating Period.

For example, in thick-plate welding the dura-
tion of the transient heating period is deter-
mined by two group variables, that is, the
dimensionless radius vector, s3, and the dimen-
sionless time, t, defined as:

s3 ¼ vR

2a
(Eq 36)

and

t ¼ v2t

2a
(Eq 37)

Similarly, in thin-plate welding the governing
length scale parameter is s5, taking (Ref 1):

s5 ¼ vr

2a
(Eq 38)

Equations 36 and 38 imply that a dimension-
less distance may be “short” for one combina-
tion of welding speed, n, and thermal
diffusivity, a, while the same position may rep-
resent a “long” distance for another combina-
tion of n and a. Similarly, Eq 37 shows that
the dimensionless time t may be “short” or
“long” at a given number of seconds, depending
on the ratio n2/2a. Hence, transient effects dur-
ing start and stop will be much more dominat-
ing in aluminum welding compared to steel
welding, because of the pertinent difference in

Fig. 19 Calculated heat-affected zone thermal cycles in positions y = 0 and z = 0. Operational conditions as in Fig.
18. Source: Ref 1

Fig. 20 Schematic representation of the analytical
keyhole model showing the cylindrical

cavity of constant surface temperature moving through
the plate. Source: Ref 17

Fig. 21 Interrogation of Eq 30 and 31. (a) Coordinate
system and definition of parameters. (b) Plots

of c
m
versus k for various values of O. Source: Ref 17
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Fig. 22 Master curves for prediction of penetration
depth during electron beam welding.

Source: Ref 17
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the thermal properties of the two base materials
(Table 2). This point is further elaborated in the
case studies presented subsequently.
Case Studies. Consider the same

examples presented previously in the section
“Case Studies” under “Isothermal Contours
and Mode of Heat Flow,” that is, stringer bead
GMAW on 12.5 mm (0.5 in.) thick plates of

low-alloy steel and aluminum, respectively,
under the conditions E = 1.5 kJ/mm and Z =
0.8. Details of welding parameters are given
in Table 4. Numerical methods shall be used
to evaluate how the cross-sectional isotherms
will evolve with time (i.e., change with position
along the weld) in series A1 and S1,
respectively.

Aluminum Welding. Figure 25 shows how the
isothermal contours in the weld cross section
change with position from the start of the weld-
ing operation in series A1. A closer inspection
of the figure reveals that the width of the iso-
therms continuously increases during the tran-
sient heating period. Even after 50 mm (2 in.)
(referred to as the start position), pseudo-steady
state has not yet been reached. This follows
from a comparison between Fig. 25(b) and (c).
Hence, the pseudo-steady-state solutions listed
in Table 3 should not be applied to aluminum
welding unless the welds are very long.
Steel Welding. Figure 26 shows

corresponding results for steel welding (series
S1). In this case, the width of the isotherms is
almost identical at all three positions, indicating
that pseudo-steady state has already been
reached after a weld length of 20 mm (0.8
in.). Therefore, the pseudo-steady-state solu-
tions are much more applicable to steel welding
than aluminum welding because the time to
reach saturation, in practice, is short when the
thermal diffusivity is low, as in steel.

Groove Welding

Numerical simulation tools can also handle
complex geometries and accurately represent
most joint configurations of practical interest.
The analytical models, on the other hand, are
less flexible because they are, in principle,
restricted to simple plate geometries. Still, their
field of application can readily be extended to
groove welding by proper adjustment of the
net arc power without changing the underlying
constitutive equations, as shown for the follow-
ing geometries.
Simple Joint Geometries. By introducing a

correction factor, f, in the models, which takes
into account variations in the effective heat dif-
fusion area, groove welding can readily be han-
dled analytically. Taking f equal to 1 for
ordinary bead-on-plate welding (b.o.p.), the
net power of a groove weld can be defined as
(Ref 1):

q0½ � ¼ f q0½ �b:o:p: (Eq 39)

Recommended values of the correction factor
f for some joint configurations are given in
Fig. 27. For example, if q0 in bead-on-plate
welding is 4.93 kW, and groove welding is to
be carried out under identical thermal condi-
tions, Eq 39 implies that the net arc power in
the analytical solutions should be adjusted as
follows in each case:

� Welding in a V-groove (f = 90�): f = 2, [q0]
= 4.93/2 = 2.46 kW

� Welding in an X-groove (f = 90�): f = 1,
[q0] = 4.93 kW

� Welding of a T-joint: f = 2/3, [q0] = 4.93 �
(3/2) = 7.40 kW

The resulting peak temperature contours,
as calculated from numerical simulations

Fig. 23 Effect of the latent heat of fusion (melting) on the predicted peak temperature contours (500, 700, and 1000
�C, or 930, 1290, and 1830 �F) in conventional bead-on-plate steel welding. Solid and broken lines

represent analytical and numerical calculations, respectively, whereas black regions indicate fusion zone. Operating
conditions: I = 280 A, U = 22 V, n = 2.5 mm/s (0.1 in./s), Z = 0.8, and T

0
= 20 �C (68 �F)

Fig. 24 Effect of thermal conductivity (l) and volumetric heat capacity (rc) on the predicted peak temperature
contours (500, 700, and 1000 �C, or 930, 1290, and 1830 �F) in conventional bead-on-plate welding.

Left side: temperature-dependent thermal properties; right side: constant thermal properties. Solid and broken lines
represent analytical and numerical calculations, respectively, whereas black regions indicate fusion zone.
Operational conditions: I = 280 A, U = 22 V, n = 2.5 mm/s (0.1 in./s), Z = 0.8, and T

0
= 20 �C (68 �F)
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and the Rosenthal thick-plate solution (i.e., Eq
2), respectively, are shown in Fig. 28. As
expected, both the width and the shape of
the isotherms are seen to be identical in all
four cases (i.e., they are all segments of
the same circles). Moreover, it is interesting to
note that the Rosenthal thick-plate solution

yields results that are very close to
those obtained using more sophisticated numer-
ical analyses. This is true as long as the
welding conditions are comparable and corre-
spond to pseudo-steady state, as discussed pre-
viously in the section “Start and Stop in
Welding.”

Complex Joint Geometries. More complex
joint geometries can only be handled by means
of numerical methods. For example, the case
shown in Fig. 29 is a good illustration of this, in
which two aluminum plates of variable thickness,
forming a T-joint, are joined using GMAW.
Because of the high thermal conductivity of alu-
minum, the assumption of infinite plate thickness
is not valid for any of the members. In the exam-
ple, a filler material is also continuously deposited
from a consumable electrode during welding. In
the numerical simulation, this is accounted for by
continuous activation of elements that are part of
the weld reinforcement at material points that
coincide with the instantaneous position of the
moving heat source (Ref 22–25). None of these
features can be handled analytically.

Advanced Boundary Conditions

Furthermore, the numerical modeling
approach allows for the use of advanced bound-
ary conditions, for example:

� Position- and temperature-dependent heat-
transfer coefficients to represent forced-air
cooling at defined positions

� Local heat sinks, such as a steel backing
supporting the weld

The effect of using a steel backing in single-
pass butt welding of aluminum is illustrated in

Fig. 27 Recommended correction factors, f, for some
joint configurations. (a) Single V-groove. (b)

Double V-groove. (c) T-joint. Source: Ref 1

Fig. 26 Computed peak temperature contours in steel welding at various positions along the weld. Figures (a), (b),
and (c) provide snapshots at positions 20, 50, and 150 mm (0.8, 2, and 6 in.) from the start of the weld,

respectively. Operational conditions as for series S1 in Table 4

Fig. 25 Computed peak temperature contours in aluminum welding at various positions along the weld. Figures (a),
(b), and (c) provide snapshots at positions 20, 50, and 150 mm (0.8, 2, and 6 in.) from the start of the weld,

respectively. Operational conditions as for series A1 in Table 4
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Fig. 30. In these simulations, the heat-transfer
coefficient, h, between the steel backing and the
aluminum plate is varied systematically, keeping
the plate thickness, d, the net arc power, q0, and
the welding speed, n, constant and within a sensi-
ble range typical for gasmetal arc butt welding of
2 mm (0.08 in.) thin aluminum plates. Specifi-
cally, Fig. 30 shows plots of the predicted isother-
mal contours in the cross section of the welds for
three different cooling conditions: h = 0 (adia-
batic surfaces—no heat loss to the surroundings),
h = 800 W �m�2 � �C�1 (moderate pressure
between the aluminum plate and the steel back-
ing), and h = 1 (full metallic contact between
the aluminum plate and the steel backing).
Although the thermal gradients in the transverse
direction of the weld increase with increasing
values of the heat-transfer coefficient, the pre-
dicted cross-sectional isotherms appear to be rea-
sonably straight in the through-thickness
direction of the plates. In addition, they are suffi-
ciently elongated at the top and bottom of the
plate surfaces to limit extensive heat diffusion
in the welding direction in all three cases (not
shown here). Hence, the use of a steel backing
does not significantly alter the mode of heat flow
within the HAZ of single-pass butt welds of sheet

Fig. 28 Numerical and analytical calculations of peak temperature contours for various joint configurations in fusion welding of steel. (a) Bead-on-plate. (b) V-joint. (c) X-joint. (d)
T-joint. Operational conditions: I = 280 A, U = 22 V, n = 2.5 mm/s (0.1 in./s), Z = 0.8, and T

0
= 20 �C (68 �F)

Fig. 29 Numerical calculations of peak temperature contours in gas metal arc welding of an aluminum T-joint with
continuous addition of a filler material. Operational conditions: I = 250 A, U = 20 V, n = 8.0 mm/s (0.3 in./

s), Z = 0.8, and T
0
= 20 �C (68 �F)
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materials. This essentially means that the HAZ
temperature-time pattern at pseudo-steady state
is uniquely defined by the group variables q0/vd
when the actual values of the plate thickness, d,
and the heat-transfer coefficient, h, between the
aluminum plate and the steel backing are fixed.
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Transfer of Heat and Mass to the Base
Metal in Gas Metal Arc Welding*
Ian Harris, Edison Welding Institute

HEAT AND MASS TRANSFER in arc
welding is normally studied from the standpoint
of the weld pool and heat-affected zone (HAZ);
however, it is also instructive to examine heat
and mass transfer from the arc to the base
metal. This article describes the latter topic in
terms of the gas metal arc welding (GMAW)
process and provides practical information
related to the development of welding proce-
dures and the general operation of the process.
Welding procedures emphasize control of

parameters such as electrode wire-feed speed
(or current), arc voltage, welding travel speed,
contact tip-to-workpiece distance, as well as
welding current pulse parameters (peak and
background current, and peak and background
time, Fig. 1). It is therefore easy to overlook
the fact that the process is ostensibly a source
of heat and mass inputs to the weldment. Melt-
ing of the base metal, dilution of the filler
metal, solidification of the weld bead, micro-
structural development in the weld bead and
HAZ, and thermomechanical distortion and
residual stresses all follow from the heat and
mass inputs. The conventional parameters iden-
tified previously are variables that control the
heat and mass inputs. An example of the rela-
tionship between the conventional parameters
of electrode speed and welding speed to heat
and mass transferred to the weldment is shown
in Fig. 2 for certain conditions, as applied to the
welding of thick-section steel.
The issues described in this article include

the following:

� Total heat transferred to the base metal
� Partitioning of heat transfer between the arc

and the molten electrode droplets
� Transfer modes of the droplets
� Role of the arc in droplet transfer
� Simple model for welding procedure devel-

opment based on an understanding of heat
and mass transfer to the base metal

* Revised from H.B. Smartt, Transfer of Heat and Mass to the Base Metal in Gas-Metal Arc Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993,
p 25–29

Fig. 1 Current, voltage, and wire-feed control for reciprocating wire-feed gas metal arc welding. Courtesy of Edison
Welding Institute



Heat Transfer

The total transfer of heat, H (neglecting pre-
heating), from the GMAW process to the weld-
ment per unit time is given by:

H ¼ ZEI (Eq 1)

where E is voltage, I is current, and Z is the
heat-transfer efficiency. The rate at which heat
is transferred to the weldment per unit length
of weld is given by:

H ¼ ZEI
R

(Eq 2)

where R is welding speed. Calorimeter-based
heat-transfer experiments reveal that the heat-
transfer efficiency for welding thick-section steel
is nominally 80 to 90%, as indicated in Fig. 3.
The total heat-transfer efficiency is altered
somewhat by changing other parameters. For
example, it increases slightly as the power supply
open-circuit voltage is decreased (for a silicon-
controlled rectifier-regulated power supply),
and it increases slightly with increasing contact
tube-to-base metal distance. However, 85% is a
reasonable estimate for most conditions.
Partitioning of Heat Transfer. In the

GMAW process, the molten droplets of elec-
trode material carry a significant portion of
the total heat transferred to the weld pool. This
is seen in calorimetry experiments (Fig. 3),
where the total heat-transfer efficiency of
the GMAW process is partitioned into those
portions associated with transfer by the arc
and by the molten droplets. At low electrode
speeds, approximately 60% of the total heat
transferred is associated with the arc. As elec-
trode speed increases, the fraction of total
heat transferred associated with the droplets

increases, reaching nominally 50% at current
levels in excess of approximately 220 A (that
is, at approximately 230 mm/s, or 9.1 in./s,
electrode speed) for the conditions used.

Mass Transfer

Droplet Transfer Modes. Although the
International Institute of Welding (IIW) lists
eight distinct metal-transfer modes (Ref 3), the
modes commonly used in U.S. welding practice
are short circuiting, globular, spray, streaming
spray, and rotating spray. The mode terms drop
and repelled used by the IIW are often referred
to as globular, and the mode term projected is
generally referred to as spray. The globular,
spray, streaming, and short-circuiting transfer
modes are shown in Fig. 4 to 7.
When all other parameters are held constant,

the metal-transfer mode at the lowest wire-feed
speed (and associated current level) is short
circuit. As wire speed (and therefore current)
increases, the mode changes rapidly from glob-
ular to spray. With an additional increase
in wire speed (and current), spray transfer
becomes streaming transfer. Figure 8 shows
the droplet sizes during the transition from
globular to spray to streaming transfer for direct
and pulsed current welding. If an adequately
high current, contact tube-to-base metal dis-
tance, and voltage exist, then rotating transfer,
wherein the lower part of the electrode becomes
molten over a considerable length and rotates in

a helical spiral under the influence of the mag-
netic field surrounding the arc, can occur. As
it rotates, a controlled stream of droplets is
transferred from the electrode tube to the weld
pool over a relatively wide area. Additional
increases in wire feed/current at low voltage
shorten the arc length and, eventually, the wire
stubs into the weld pool. In addition, with
appropriate conditions (for example, carbon
dioxide, argon-carbon dioxide mixtures, and
helium-base shielding gases), droplets can be
transferred directly, by surface tension forces,
after contact of the drop with the weld pool, a
condition called short-circuiting transfer.
In practical applications, the optimal transfer

mode depends in part on the thickness of the
base metal being welded. For example, very
thin sections (in all positions) require the
short-circuiting mode (with low current levels
and appropriate settings of voltage and other
operating parameters, including shielding gas
composition). Thicker sections show best
results with spray or streaming transfer. These
transfer modes also produce high heat input,
maximum penetration, and a high deposition
rate. In welding steel, they are generally limited
to welding that occurs in the flat position and
the horizontal fillet position, except when
pulsed current is used. Rotating transfer can
be used in a deep groove in thick-section mate-
rial. One- and two-pass heavy fillet welds are
also a major area of application for this process
variation.
Globular transfer (Fig. 4) involves a droplet

that, generally, is much larger in diameter than

Fig. 2 Plot of welding speed versus electrode speed as
a function of heat transfer per length of weld, H,

and mass transfer expressed in terms of reinforcement, G.
Power supply open-circuit voltage, EO, is 32 V; contact
tube-to-base metal distance, CT, is 15.9 mm (0.625 in.).
Shaded area denotes region in which spray and
streaming transfer modes occur; globular transfer occurs
at lower electrode speeds, and electrode contacts the
weld pool at higher electrode speeds. Source: Ref 1

Fig. 3 Plot of heat-transfer efficiency to base metal versus electrode speed for 0.89 mm (0.035 in.) diameter steel
electrode in an Ar-2% O2 shield gas. Total heat-transfer efficiency is shown partitioned into arc and molten

drop components. Power supply open-circuit voltage, EO, is 32 V; contact tube-to-base metal distance, CT, is 15.9
mm (0.625 in.). Source: Ref 2
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the electrode wire. Globular transfer can
involve a transfer rate of approximately 1 to
10 drops/s, and the arc has a soft, rounded
appearance. Droplet detachment and transfer
are mainly due to the gravitational force, which
limits globular transfer to in-position welding.
For spray transfer (Fig. 5), droplet and elec-
trode diameters are roughly equivalent.
Spray transfer can involve 100 drops/s, and

the arc noticeably contracts, or stiffens. Drops
usually travel in-line down the center of the
arc, but several drops may be in flight at the
same instant.
In streaming transfer (Fig. 6), a well-

developed liquid column extends from the solid
electrode down into the arc and breaks into
small droplets before contacting the weld pool
(see the following discussion on spatter).
Streaming transfer can involve 1000 drops/s,
and the arc has a characteristic cone shape, as
shown in Fig. 6.
In short-circuiting transfer, the arc is very

short (Fig. 7a). During metal transfer, the

undetached molten droplet contacts the
weld pool, shorting out the arc (Fig. 7b), which
then extinguishes. Surface tension plays an
important role in transferring the drop to the
weld pool, but detachment of the drop from
the electrode is due to electromagnetic pinch
forces. Reignition of the arc in conventional
short-circuit arc welding is violent (Fig. 7c),
resulting in considerable spatter. Development
of higher levels of electronic control of power
sources has resulted in several additional
variants of electronically controlled short-
circuit transfer mode. In these cases, the arc
reignition is controlled to very low current
level, which significantly minimizes spatter
generation. There are also reciprocating
wire-feed systems from at least two manufac-
turers that control the wire feed in both
forward and reversing motions. These systems,
combined with electronic current control,
are capable of eliminating spatter on arc reigni-
tion and even on initial arc strike (Ref 5)
(Fig. 9).

Systems involving two gas metal arcs in a
single torch provide interesting additional chal-
lenges and opportunities to increase welding
speed and deposition rate. These systems typi-
cally operate with current isolation and asyn-
chronous pulsing (Fig. 10) of the welding arcs
to avoid electrical interference and arc blow,
which otherwise substantially destabilize the
metal transfer. The arcs can be operated in
pulse/constant-voltage (CV), CV/pulse, and
pulse/pulse modes, depending on the desired
arc characteristics, deposition rate, and welding
position (Ref 5).
As seen in Fig. 8, the transition from one

mode to another actually involves continuous
variations in droplet size. Because the product
of droplet volume and transfer rate equals the
electrode melting rate (in appropriate dimen-
sions), there is also a continuous variation in
droplet transfer rate. Detailed experimental
studies have shown that rapid, cyclic transition
from globular to spray to globular and so on
occurs in the transition region between globular
and spray transfer (Ref 6). Although it is gener-
ally not possible for the welder to see droplet
transfer events in the spray and streaming trans-
fer modes (except under ideal conditions for
spray transfer), the changes in arc shape and
the associated changes in electrical and acoustic
noise allow a trained welder to readily identify
all of the transfer modes. The section “Electri-
cal and Acoustic Signals” in this article
describes this event more fully. Welding is
increasingly mechanized, robotic, or deployed
in methods other than manual (referred to as
semiautomatic in GMAW because the wire is
fed automatically). The skill sets of a good
welder and/or welding engineer are still needed
to set up and maintain the correct operation of
the process, arguably more so because the
intent is to increase productivity and throughput
while maintaining an acceptably high level of
weld quality.
Assuming that mass is conserved as welding

occurs, the transverse cross-sectional area of
the weld bead added to the weldment for a sin-
gle weld pass, G, is given by:

Fig. 4 Globular transfer mode in gas metal arc welding
of steel. (a) Schematic showing transfer of

electrode material globules onto cathode base metal. (b)
High-speed photograph of globular metal transfer

Fig. 5 Spray transfer mode in gas metal arc welding of
steel. (a) Schematic showing transfer of

electrode material droplets onto cathode base metal. (b)
High-speed photograph of spray metal transfer mode

Fig. 6 High-speed photograph of streaming transfer
mode in gas metal arc welding of steel
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G ¼ S

R

pd2

4
(Eq 3)

where S is electrode speed, R is welding speed,
and d is electrode diameter. For the spray and
streaming transfer modes, the assumption that
mass is conserved is reasonably good. How-
ever, because short circuiting and other condi-
tions generate considerable spatter, the actual
reinforcement will be slightly less than the
value calculated by Eq 3.
Droplet Velocity and Temperature. In

spray and streaming transfer, the droplets are
accelerated rapidly through the arc to the weld
pool. Velocities of 1 m/s (40 in./s) are typical,
increasing with voltage (Fig. 11). Calorimetry-
based experimental results indicate that steel
droplets can reach temperatures of approxi-
mately 2600 K (4220 �F) (Ref 2). This explains

why the droplets transport one-half of the total
heat transferred to the base metal.
A result of the activity of molten electrode

droplets in heat transfer to the base metal is that
they also play an important role in convective
heat transport in the weld pool and thus in weld
penetration (Ref 7). This can be seen in Fig. 12,
a transverse cross section of a gas metal arc
bead-on-plate weld on carbon steel. The region
of deep penetration in the center of the weld
bead is associated with the heat convected to
the lower portion of the weld pool by the enter-
ing droplets.
Electrical and Acoustic Signals. As the dro-

plets of molten metal detach from the electrode,
an almost instantaneous change occurs in the
electrode extension, which results in a sudden,
although small, change in the electrical resis-
tance between the contact tube and the base

metal. The results are spikes in the secondary
circuit voltage and welding current, accompa-
nied by pressure changes in the arc. Thus,
both electrical and acoustic noise (Fig. 13) are
generated by the GMAW process and are
characteristic of the droplet transfer mode. The
waveforms for globular transfer show prominent
spikes associated with individual droplet transfer
events. This can also be seen in Fig. 14, a plot of
the computer-digitized current for a weld on car-
bon steel, where a change from globular to spray
transfer has occurred at approximately 8 s into
the weld. The power spectra of the current
changes dramatically for the two transfer modes
(Fig. 15), leading to a means of detecting transfer
mode during welding.
Several specific techniques have been identi-

fied (Ref 9) for detecting the mode of metal
transfer: Fourier transform, standard deviation,
peak ratios, and integrated amplitude of the cur-
rent and voltage signal. In a similar manner,
spatter, lack of shielding gas, and contact tube
wear can also be detected. Similar power spec-
tra changes also occur in the secondary circuit
voltage and acoustic noise. The change in
acoustic noise allows the aural detection of the
transfer mode. An experienced welder can read-
ily hear, for example, the difference between
globular and spray transfer.
Contact of the molten droplet with the weld

pool, while the droplet is still attached to the
electrode, also results in a sudden change
in electrical resistance. This is important,
because spatter is generally produced when this
electrode-to-weld pool contact breaks. (Spatter
can also be produced by rapid expansion of
gas bubbles in the electrode as it melts.) The
resulting electrical and acoustic noise can be
used to detect that spatter is being produced.

Procedure Development

The preceding discussion leads to a logical
approach toward selecting welding parameters
during the development of welding procedures.
First, given a nominal power supply arc voltage
and contact tip-to-workpiece distance, the elec-
trode wire-feed speed can be set to determine
the welding current. It can be shown that:

S ¼ 4ZGI
Hpd2

ðEO þ HIÞ (Eq 4)

where EO is the power supply arc voltage. It is
assumed that the proper selection of electrode
type and shielding gas have been made, and
that the electrode diameter is appropriate for
the application, which, based on the number
of shielding gases, wire types, and diameters
available, is worth checking with a welding
engineer.
Second, the arc voltage is adjusted to give

either an acceptable arc length or electrode
extension. The objective is to prevent either
burnback (transfer of the arc to the contact
tube) or spatter caused by shorting of the

Fig. 7 Short-circuiting transfer mode in gas metal arc welding of steel. (a) Schematic showing transfer of electrode
material by surface tension of weld pool onto cathode base metal. (b) High-speed photograph of material

transfer when arc length is very short. (c) High-speed photograph of cyclic shorting of arc by the electrode during
metal transfer to weld pool. (d) High-speed photograph of violent arc reignition with associated spatter
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molten electrode droplets with the weld pool
prior to detachment from the electrode. Fine
adjustment of voltage may be necessary to
obtain a clean start of the process, thus avoiding
a short period of spatter or globular transfer
following arc ignition. The combination of
current and voltage for a given contact tip-to-
workpiece distance determines the droplet
transfer mode.
Third, the welding current determines the

melting rate of the electrode. The electrode
melting rate (Mrp) is a quadratic function of
current (Ref 10):

Mrp ¼ ðC1 þ C2AÞI þ C3

LI

Ai

2

(Eq 5)

where A is the cross-sectional area of the elec-
trode, and C1, C2, C3, and i are constants.
Another researcher (Ref 11) defines Mrp by:

Mrp ¼ C4I þ C5

LI

A

2

(Eq 6)

where C4 and C5 are constants.
Fig. 8 Droplet sizes attainable under selected current pulsing conditions in gas metal arc welding of steel. Source:

Ref 4

Fig. 9 (a) Pulsed gas metal arc welding of titanium;
growing the metal droplet in the background

current phase. (b) Reciprocating wire-feed gas metal arc
welding; growing a droplet before transfer through short
circuit. Courtesy of Edison Welding Institute

Fig. 11 Droplet velocities for spray transfer in gas
metal arc welding of steel at three different

open-circuit voltages. Source: Ref 6

Fig. 12 Transverse cross section of gas metal arc
bead-on-plate weld in carbon steel to show

deep penetration in the weld bead center generated by
molten electrode droplets

Fig. 10 Tandem gas metal arc welding current waveforms showing asynchronous current pulsing. Courtesy of Edison
Welding Institute
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Given a desired melting rate, the welding
travel speed is set to obtain the desired weld
bead area. The welding current, arc voltage,
and welding travel speed have all now been
set, thus determining the heat input per length
of weld (H = ZEI/R).
It should be noted that it is actually possible

to independently vary heat input and mass
input (in terms of weld bead reinforcement) to
the weld, over at least a small range. This is
shown in Fig. 16, where the same data pre-
sented in Fig. 1 are replotted in terms of rein-
forcement as a function of heat input per
length of weld.
The previous discussion on procedure devel-

opment ignores second-order effects, such as
the dependence of arc length on weld travel
speed. It should also be realized that several
iterations through the steps defined earlier may

be required for final parameter determination.
Items such as the correct torch travel angle
and work angle relative to the welding direction
and the joint, including the weld position
(flat, horizontal, vertical, overhead), are addi-
tional important factors when it comes to the
performance and functionality of the weld
and its acceptance. Proper power supply set-
tings must be used, and code requirements
must be met, typically in terms of both visual
criteria (visual testing, liquid penetrant testing)
and volumetric inspection (liquid penetrant
testing, radiographic testing), depending on the
welding specification and code requirements.
Increasingly, data recorders and loggers are
used for quality-assurance purposes and to
alarm fault conditions to minimize scrap pro-
duction that would otherwise increase in an
automated, high-productivity environment.
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Fluid Flow Phenomena during Welding*
Updated by W. Zhang, Oak Ridge National Laboratory

MOLTEN WELD POOLS are dynamic. Liq-
uid in the weld pool is acted on by several
strong forces, which can result in high-velocity
fluid motion. Fluid flow velocities exceeding 1
m/s (3.3 ft/s) have been observed in gas tung-
sten arc (GTA) welds under ordinary welding
conditions, and higher velocities have been
measured in submerged arc welds. Fluid flow
is important because it affects weld shape and
is related to the formation of a variety of weld
defects. Moving liquid transports heat and often
dominates heat transport in the weld pool.
Because heat transport by mass flow depends
on the direction and speed of fluid motion, weld
pool shape can differ dramatically from that
predicted by conductive heat flow. Temperature
gradients are also altered by fluid flow, which
can affect weld microstructure. A number of
defects in GTA welds have been attributed to
fluid flow or changes in fluid flow, including
lack of penetration, top bead roughness,
humped beads, finger penetration, and under-
cutting. Instabilities in the liquid film around
the keyhole in electron beam and laser welds
are responsible for the uneven penetration
(spiking) characteristic of these types of welds.

Mass Transport in the Arc

High-velocity gas motion occurs in and
around the arc during welding. The gas motion
is partially due to shielding gas flow, but, more
importantly, it is driven by electromagnetic
forces associated with the arc itself. In gas
metal arc (GMA) welds, liquid filler metal is
also being transferred through the arc from the
electrode to the workpiece. Both the mode and
velocity of metal transfer have major effects
on weld pool shape. Mass transport in and
around the arc is important in GTA welding
(GTAW) and even more so in GMA welding
(GMAW). A detailed description of this phe-
nomenon can be found in the articles on arc
physics and metal transfer and weld behavior
in this Volume; only the effects of this transport
on the weld pool are discussed in this article.

Gas Tungsten Arc Welding

Most experimental and theoretical work on
weld pool fluid flow and its effects has been
directed toward GTAW. The motivation for
much of this work was the observation of dra-
matically different weld pool shapes for GTA
welds made using identical welding parameters
on different heats of the same material with the
same nominal composition. An extreme exam-
ple of weld shape variability is shown in
Fig. 1. Early observations of variable weld
shape (often referred to as variable penetration)
were not only an intellectual puzzle but also an
indication of a growing practical problem. Gas
tungsten arc welding is commonly used for
high-precision, high-quality automated welding
applications where reproducibility of weld
shape or penetration is critical.
The possibility that fluid flow in the weld

pool could alter weld shape has been recog-
nized for many years. For example, in 1965
Christensen et al. (Ref 1) proposed that convec-
tion is partially responsible for weld pool
shapes that deviate from those predicted by
conduction solutions. The forces driving fluid
flow in GTA weld pools have also been long
known. The four primary driving forces are sur-
face tension gradients, electromagnetic or Lor-
entz forces, buoyancy forces, and aerodynamic
drag forces caused by passage of the arc plasma
over the weld pool surface.

Surface-Tension-Driven Fluid Flow
Model. Surface tension gradients were first
proposed by Ishizaki et al. (Ref 2) as potential
driving forces for weld pool fluid flow. Sur-
face-tension-driven fluid flow was first
described by Thomson (Ref 3) in 1855, but
the phenomenon is commonly called Maran-
goni convection from the work of Carlo Maran-
goni (Ref 4).
In 1982, Heiple and Roper (Ref 5) proposed

that surface tension gradients are commonly
the dominant forces driving fluid flow in GTA
welds, and that these gradients could be drasti-
cally altered by very small concentrations of
certain trace elements. Surface tension gradi-
ents exist on a weld pool surface because the
surface tension is temperature dependent, and
there are large temperature gradients on a weld
pool surface. For pure metals and many alloys,
the surface tension decreases as temperature
increases; that is, the surface tension tempera-
ture coefficient is negative. For weld pools in
such materials, the surface tension will be
greatest on the coolest part of the pool surface
at the edge, and lowest on the hottest part under
the arc near the center of the pool. Such a sur-
face tension gradient produces outward surface
fluid flow, as shown schematically in Fig. 2
(a). This fluid flow pattern transfers heat effi-
ciently from the hottest part of the weld pool
(near the center) to the edge and produces a rel-
atively wide and shallow weld.

* Updated and revised from C.R. Heiple and P. Burgardt, “Fluid Flow Phenomena During Welding,” Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993

Fig. 1 Partial-penetration gas tungsten arc welds made under the same welding conditions on two heats of type 304L
stainless steel having the same nominal composition. (a) 3 ppm S, d/w = 0.2. (b) 160 ppm S, d/w = 0.40.

Original magnification: 9�



Certain elements are surface active in molten
metals; that is, they segregate to the surface of
the solvent liquid metal and lower the magni-
tude of the surface tension, often drastically.
Small concentrations of surface-active addi-
tions can also change the temperature depen-
dence of the surface tension of the solvent
metal or alloy so that, for a limited range
of temperature above the melting point, the
surface tension increases with increasing tem-
perature. With a positive surface tension tem-
perature coefficient, the surface tension will be
highest near the center of the weld pool. Such
a surface tension gradient will produce fluid
flow inward along the surface of the weld pool
and then down, as indicated schematically in
Fig. 2(b). This fluid flow pattern transfers heat
efficiently to the bottom of the weld pool and
produces a relatively deep, narrow weld.
Experimental Observations. This physical

model (i.e., surface-tension-driven fluid flow
model) was developed and verified with a series
of experiments in which stainless steel base
metal was doped with low concentrations of
various elements and the effect of the doping
on weld pool shape measured. High-speed
motion pictures of the weld pool surface sug-
gested the fluid flow patterns indicated in
Fig. 2. The addition of sulfur, oxygen, sele-
nium, and tellurium to the stainless steel in
low concentrations (less than 150 ppm) was
shown to substantially increase GTA weld
depth-to-width ratio (d/w). All these elements
are known to be highly surface active in liquid
iron. Measurements of the temperature depen-
dence of the surface tension for steels with dif-
ferent GTA weld penetration characteristics
produced an impressive correlation between a
positive surface tension temperature coefficient
arising from surface-active impurities and high
d/w ratio welds (Fig. 3).
When additions were made to the weld pool

of elements known to react with surface-active

elements already present in the steel to form
compounds that are not surface active, the
GTA weld d/w ratio decreased. Aluminum
reacts with oxygen, producing wider, shallower
welds in 21-6-9 stainless steel. Cerium reacts
with both sulfur and oxygen, also producing
lower d/w ratio welds. The effects of trace ele-
ments on weld shape have also been observed
in a number of other alloys. These observations
are summarized in Table 1.
The simple physical model illustrated in

Fig. 2 has been remarkably successful in quali-
tatively explaining trace element effects. For
example, changing GTAW conditions alters
the magnitude and distribution of arc energy
input to the weld, which in turn changes tem-
perature gradients on the weld pool surface.
From Fig. 2, a change in welding conditions
that makes the center of the weld hotter, such
as increasing current, should drive the existing
fluid flow pattern more strongly. As shown in
Fig. 4, increasing current improves the d/w ratio
of steel doped with surface-active elements and
reduces it for high-purity base metal. If the cen-
ter of the weld becomes so hot that there is a
region where the temperature coefficient of the
surface tension is no longer positive, then the
fluid flow pattern necessary for deep penetra-
tion is disrupted and the d/w ratio decreases.
This effect is seen at high currents in Fig. 4.
Similar results have been obtained for other
welding parameters. The surface temperature
at which the change from positive to negative
surface tension temperature coefficient occurs
for stainless steel is estimated by extrapolation
in Fig. 3 to be approximately 2050 �C (3720
�F). Detailed thermodynamic calculations of
the temperature dependence of the surface ten-
sion of iron-sulfur alloys predict that the transi-
tion from positive to negative dg/dT will occur
at 2032 �C (3690 �F) for the high-sulfur alloy
in Fig. 3. Recent spectrographic weld pool
temperature measurements and numerical

simulations have indicated that this temperature
can be exceeded in stainless steel GTA weld
pools under normal welding conditions.
Sahoo et al. (Ref 8) analyzed the published

data on interfacial tension of several binary sys-
tems, including iron-sulfur and iron-oxygen,
and developed a formulation to satisfactorily
describe the surface tension and its dependence
on temperature and concentration for those sys-
tems. In particular, their formulation shows that
the temperature coefficient of surface tension
for iron-sulfur and iron-oxygen systems can
change from negative to positive value as the
temperature increases, which is consistent with
that shown in Fig. 3.
The surface-tension-driven fluid flow model

should be applicable to non-arc processes,
provided the energy input distribution is similar
to a GTA arc. This condition is satisfied for
conduction-mode electron beam and laser
welds. Dramatic increases in weld d/w ratio in
selenium-doped zones in stainless steel have
been observed for both traveling laser and elec-
tron beam conduction-mode welds. The weld
shape changes were similar to those observed
for GTA welds.
Conduction-mode electron beam welds can

also be used to demonstrate that variations in
weld shape with changes in welding para-
meters, as illustrated in Fig. 4, are not a result

Fig. 2 Schematic showing surface fluid flow (top) and
subsurface fluid flow (bottom) in the weld

pool. (a) Negative surface tension temperature coefficient
(pure material). (b) Positive surface tension temperature
coefficient (surface-active elements present)

Fig. 3 Plot of surface tension versus temperature for
two liquid steels. The data labeled “high d/w

heat” are from material having approximately 160 ppm
more sulfur than the material labeled “low d/w heat.”
The dashed lines indicate the expected behavior of the
surface tension above the maximum temperature
studied. Source: Ref 6

Table 1 Effect to trace element impurities
on GTA weld penetration of selected alloys

Alloy system

Trace element impurity

Increases weld

penetration

Decreases weld

penetration

Zirealoy-2 Chlorine . . .
Iron-base alloys
Stainless steels
304, 316, 21–
6–9, JBK-75

AISI 8630
2.5Cr-IMo

Sulfur, oxygen,
selenium(a),
tellurium(a)

Calcium, aluminum,
cerium(a),
lanthanum(a),
silicon(b),
titanium(b)

Nickel-base
alloys
Inconel 600,
718

Sulfur Oxygen

(a) Uncommon impurities. (b) Effect negligible or uncertain

Fig. 4 Plot of weld d/w ratio versus weld current for the
starting base metal (type 304 stainless steel with

very low residual impurity content) as well as for zones
doped with sulfur and selenium. Source: Ref 7
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of some complex arc/weld pool interaction.
One of the results of an investigation of the
effect of changes in beam focus on weld shape
in electron beam welds on low- and high-sulfur
materials is shown in Fig. 5. The high-sulfur
material exhibits a maximum in d/w ratio with
increasing power density at a moderate power
density away from sharp focus, which is analo-
gous to that shown with increasing current in
Fig. 4. (The low- and high-sulfur stainless steels
have deep and nearly identical penetration near
sharp focus. Near sharp focus, where the power
density is high, penetration is by a keyhole
mechanism in which average penetration
is unrelated to surface-tension-driven fluid
flow.) Measurements of the electron beam
power-density distribution verified that there
were no anomalous changes in the beam, such
as a beam width maximum, with increasing
peak power density. The d/w ratio maximum
away from sharp focus is therefore proposed
to originate from exactly the same mechanism
as for increasing current with GTA welds.
Measurements of electron beam power distri-

bution were made as a function of beam focus
and were used to calculate the beam power den-
sity at the d/w maximum. The power density
was also calculated at the d/w maximum for
GTA welds. Calculation of weld pool surface
temperatures using a traveling distributed heat-
source model showed the central surface tem-
peratures to be essentially identical at the d/w
maxima for the electron beam and GTA pro-
cesses. The calculated surface temperatures
using the traveling distributed heat-source con-
duction approximation are much too high
because, as indicated previously, most of the
heat transport in the weld pool is by mass flow
rather than by conduction. Nevertheless, the
equality of the calculated weld pool peak tem-
peratures at the d/w maxima provides strong
confirmation that the mechanism responsible
for the presence of the maximum in weld d/w
with increasing input power density is indepen-
dent of heat source and is not a result of an arc
phenomenon.

A final example of the success of the fluid
flow model in explaining GTAW phenomena
is provided by butt welding together two steels
with large differences in weld penetration char-
acteristics. The weld pool is not centered over
the joint; rather, it is displaced toward the mate-
rial with low d/w behavior (Ref 9), as indicated
schematically in Fig. 6. The low d/w material
has a low concentration of surface-active impu-
rities and therefore a high surface tension.
Thus, there is a net surface tension gradient
across the weld pool toward the low d/w mate-
rial, producing the fluid flow pattern and weld
cross section indicated in Fig. 6. The actual
fluid flow pattern is certain to be more compli-
cated than that illustrated.
Numerical Simulations. Direct measure-

ment of weld pool fluid flow is very difficult.
Surface flow has been studied by observing
the motion on the surface of slag or intention-
ally added particles, as has bulk flow in trans-
parent liquid/solid systems using simulated
welding heat sources. There are a number of
numerical calculations of weld pool fluid flow
and shape, the most comprehensive of which
appears to be that of Zacharia et al. (Ref 10).
These numerical fluid flow simulations agree
in broad terms with the physical model illu-
strated in Fig. 2; however, they differ in detail
with Fig. 2 and with one another. One result
of the analysis of Zacharia is that the weld pool
surface temperature reached in stationary welds
exceeds that in traveling welds. Trace element
effects should therefore be less pronounced
in stationary welds, because a larger portion
of the pool surface is above the temperature range
where a positive surface tension temperature
coefficient exists. This prediction is in agreement
with experimental observations. A detailed
review of recent numerical models of heat and
mass transfer in the weld pool is provided in the
article “Modeling of Heat and Mass Transfer in
Fusion Welding” in this Volume.
Interactions. Experiments in which low con-

centrations of various elements have been
added to the base metal have demonstrated
clear changes in weld pool shape. However,
when weld d/w ratio is plotted versus chemical
analysis for numerous heats of material, consid-
erable scatter is observed. A comparison of

weld d/w ratio in a standard weldability test
versus sulfur content for approximately 200 lots
of steel is shown in Fig. 7. There is a clear trend
of increasing d/w with increasing sulfur, but the
variability for a given sulfur content is substan-
tial. Some of this variability is associated with
imprecision in chemical analysis for sulfur and
some with variations in oxygen content. How-
ever, it appears that much of the variability is
related to interactions of the surface-active ele-
ments sulfur and oxygen with other components
of the steel. Calcium is known to react with
oxygen and, to a lesser extent, with sulfur to
form stable compounds unlikely to be surface
active. Aluminum and silicon also react with
oxygen to form stable compounds. Thus, the
amount of sulfur and oxygen available for seg-
regation to the weld pool surface is a compli-
cated function of the total weld pool chemistry.
There is an additional complication, illu-

strated in Fig. 8. When oxygen is added to the
shielding gas, weld d/w ratio increases, passes
through a maximum, and then declines with
increasing oxygen content. Similar effects
are seen with SO2 additions. The surface of
welds made with torch gas concentrations
above the d/w maximum are heavily oxidized.
A possible explanation for the decreasing d/w
ratios at higher oxygen concentrations is that a
liquid oxide film (slag) is formed on the weld
pool surface, altering the surface tension
gradients.
Oxygen can be added to the weld pool in

other ways. Oxidizing the plate surface prior
to welding adds oxygen to the weld pool and
increases the weld d/w ratio. Wire brushing
and grit blasting an originally clean surface
increases both the surface oxide thickness and
the surface area, thereby adding oxygen to the
weld pool. The d/w ratio of JBK-75 stainless
steel (a modification of ASTM A-286) GTA
welds as a function of amount of wire brushing
is similar in form to Fig. 8. Welds on plate
brushed beyond the weld d/w maximum had
extensive slag on the weld surface. The weld

Fig. 5 Plot of electron beam weld pool ratio (d/w)
versus electron beam power density for low-

sulfur (20 ppm) and high-sulfur (>120 ppm) type 304L
stainless steel. Keyhole formation begins at
approximately 2 � 103 W/mm2.

Fig. 6 Schematic showing typical fluid flow generated
when butt welding two heats of material with

different penetration characteristics. Source: Ref 9

Fig. 7 Plot of weld d/w ratio versus sulfur content for
approximately 200 heats of type 304L stainless

steel. Each point is an average of multiple sulfur
analyses and weld d/w ratio measurements. If single
values are used, the scatter is greater. Source: Ref 11
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d/w ratio on JBK-75 stainless steel appears to
be particularly sensitive to oxygen additions.
Similar wire-brushing experiments on type
304 stainless steel showed smaller effects.
Although the origin of the difference in sensi-

tivity between JBK-75 and type 304 is not
known, one possibility is indicated by surface
tension measurements on iron-silicon alloys in
contact with carbon dioxide. The effect of CO2

on the surface tensionwas a strong function of sil-
icon content. For low-silicon alloys, the surface
tension dropped sharply when contacted with
CO2. For alloys with more than 1.2% Si, the sur-
face tension increased when contacted with CO2.
The different behavior was attributed to differ-
ences in slag formation on the liquid metal sur-
face. Thus, silicon appears to interfere with the
ability of oxygen to produce a positive surface
tension temperature coefficient on liquid iron.
The JBK-75 stainless steel used in the wire-
brushing experiments contained only 0.06% Si,
and the 21-6-9 used for the torch gas experiment
(Fig. 8) contained only 0.16%Si. Type 304 stain-
less steel typically contains more than 0.5% Si.
Thus, the high sensitivity of JBK-75 to oxygen
additions may be related to its unusually low sili-
con content. Reports in the literature on the effect
of oxygen on GTA weld penetration have been
somewhat variable; differences in weld pool sili-
con content may be partially responsible for this
variability.
Effects of High Current. Electromagnetic

(Lorentz) stirring of the weld pool becomes
more important at higher currents. The direc-
tion of the Lorentz force produces the deep pen-
etration fluid flow pattern indicated in Fig. 2(b).
At sufficiently high current, the Lorentz force
dominates other forces that drive fluid flow,
and the effects of trace elements become less
important. In addition, the plasma jet becomes
stronger with increasing current and, at high
enough currents, produces a significant depres-
sion of the weld pool surface. The plasma jet
forces are resisted by surface tension forces on
the weld pool. Halmoy (Ref 13) has shown

that for a traveling weld, the radial pressure
gradient from the plasma jet tends to transport
liquid from the front to the rear of the weld
(Fig. 9). For a sufficiently strong pressure
gradient, pB, the liquid level under the arc
may be pushed down to the bottom of the
pool, as shown in Fig. 9(c). High-speed motion
pictures of the effect of sulfur additions on
weld pool fluid flow in 21-6-9 stainless steel
showed behavior similar to that in Fig. 9(c)
after large sulfur additions. Sulfur additions
substantially reduce the weld pool surface ten-
sion and thereby increase the effect of the
plasma jet.
In addition, a surface depression almost cer-

tainly changes the energy distribution input to
the weld pool by the arc compared with a flat
weld pool surface. Finally, under some high-
current conditions, a vortex has been observed
near the center of weld pools.
Strategies for Controlling Poor and Vari-

able Penetration. A number of techniques
have been developed to reduce penetration
variability and improve penetration. Sometimes
the weld pool shift illustrated in Fig. 6, which
occurs when heats with different penetration
characteristics are welded together, can be
minimized by very tight heat sinking. The sen-
sitivity of weld shape to trace element differ-
ences is a function of welding parameters, as
illustrated in Fig. 4 for current; thus, combina-
tions of welding parameters can be chosen that
minimize heat-to-heat penetration variability.
For wire-fed joints, some joint designs are more
tolerant of penetration variability than others.
For example, joints with thinner, wider lands
are less sensitive than narrower grooves with
thicker lands.
Material control by selection or specification

is another approach. It was originally antici-
pated that stainless steels with less than 20
ppm S would have poor, but consistent, pene-
tration. However, the data illustrated in Fig. 7
demonstrate that penetration variability is sub-
stantial even at these very low sulfur levels.
Stainless steels with more than approximately
100 ppm S generally have consistently good
penetration. A related approach is to test
incoming material for welding characteristics
and then select material with desired welding
behavior for critical applications.
Finally, the weld pool can be doped with

enough surface-active elements to ensure good

penetration. Sulfur and oxygen are the most
practical dopants for ferrous alloys. The addi-
tion of oxygen or sulfur dioxide to the torch
shielding gas has been shown to improve pene-
tration and reduce penetration variability; how-
ever, this approach presents several practical
problems. Oxygen can also be added to the
weld pool by oxidizing the weld joint or by oth-
erwise increasing the oxygen content of the
weld groove surface—by wire brushing, for
example. Probably the most useful approach is
to dope the weld pool in the wire-fed joints by
using a special filler wire. A group of defense
contractors had a special heat of type 380L
stainless steel produced with a sulfur content
in the range of 100 to 150 ppm. The heat was
then converted into weld wire. Welds made
with this wire on a variety of stainless steel
base metals have exhibited consistent and good
penetration.

Deep-Penetration Electron Beam
and Laser Welds

Keyhole Formation. A fundamental differ-
ence between arc heat sources and electron or
laser beam heat sources is that electron and
laser beams are capable of delivering heat over
a small area at much higher power densities. As
the power density of the welding heat source is
increased, the peak surface temperature of the
weld pool rises. For many metals, vapor pres-
sure rises nearly exponentially with temperature
and becomes appreciable (above 4000 Pa, or 30
torr, for an electron beam operating in a vac-
uum) near 0.8 Tb, where Tb is the material boil-
ing point in degrees Kelvin. As the surface
temperature approaches this value, the liquid
surface under the power source is depressed
by the vapor pressure. As the liquid moves
away from the power source, the surface is
depressed and a cavity is formed. This is the
basic theory of keyhole formation by an elec-
tron or laser beam.
Fluid Flow in the Keyhole. The keyhole is a

cavity having roughly the size and shape of the
beam; that is, it is usually approximately cylin-
drical. Fluid flow in the thin layer around the
cavity plays a major role in determining the
behavior of deep-penetration, keyhole-mode
electron beam and laser welds. The first flow

Fig. 9 Effect of arc pressure on the weld pool for stationary and traveling welds. (a) v = 0. (b) v > 0, with weak radial
pressure gradient, p

1
. (c) v > 0, with strong radial pressure gradient, p

B
. Source: Ref 13

Fig. 8 Plot of weld d/w ratio versus oxygen
concentration in the torch gas for gas

tungsten arc bead-on-plate welds on 21-6-9 stainless
steel. Source: Ref 12
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required for a traveling weld is transport of
metal melted at the front wall of the cavity to
the rear (where it eventually solidifies).
Because of the weld geometry, this liquid must
move around the keyhole cavity as a thin, high-
velocity layer on the walls of the cavity. The
dominant driving force for this motion appears
to be surface tension gradients. As in GTAW,
these gradients arise because the surface tension
is temperature dependent and there is a substan-
tial temperature difference between the front
and rear of the cavity.
Calculations of the fluid flow have been

performed by Wei and Giedt (Ref 14).
Their calculations for pure iron predict that liq-
uid metal is moved from the front to the rear of
a sharp focus keyhole in a film that is approxi-
mately 0.02 mm (0.0008 in.) thick and is
moving at a velocity of approximately 250
mm/s (10 in./s). The fluid is driven by a temper-
ature difference of approximately 400 �C (720
�F). These results are only nominal values from
the calculations, but they change little with the
assumptions used and are representative of
electron beam welds in general.
There is an interesting potential problem

with this model. As discussed previously, the
surface tension temperature coefficient, dg/dT,
can be positive over a limited temperature
range in steels and some other alloys if sur-
face-active impurities are present in sufficient
quantity. If dg/dT is positive, then it would
appear that molten metal would not be trans-
ported around the cavity. The likely resolution
of this difficulty is that the liquid dwells slightly
longer in the front of the cavity and is heated by
the beam above the temperature at which a
transition to negative dg/dT occurs. Some per-
turbation of the normal fluid flow may occur
under these circumstances. Effects of such a
perturbation on weld characteristics appear to
be uncommon. The only available evidence
for such an effect comes from electron beam
welds performed on a heat of type 304 stainless
steel with very low residual impurity content,
except for approximately 340 ppm S. These
welds had very high porosity compared with
identical welds in other heats of material.
Instability in Keyhole Fluid Flow. In addi-

tion to the steady-state flow of liquid around
the keyhole, significant instability in the fluid
motion has been seen. For example, Mara
et al. (Ref 15) used side-view, self-illuminated
x-ray films to show that the beam location shifts
between full penetration and nearly zero pene-
tration in an irregular fashion. High-speed
x-ray photographs show that the variable pene-
tration is caused by a lump of metal that sags
into the keyhole from high up on the cavity rear
wall. The sequence of events that creates weld
penetration irregularity was analyzed by Tong
and Giedt (Ref 16) and is illustrated schemati-
cally in Fig. 10. First, the beam forms a keyhole
and produces a lump of very hot displaced metal
at the top rear of the traveling cavity (Fig. 10a).
After some period of time, the weld reaches the
full penetration allowed by heat flow (Fig. 10b).

The lump of displaced metal is unstable and
eventually falls into the cavity, partially filling
it. The beam must now drill through this addi-
tional material. The sequence (a) to (c) in
Fig. 10 occurs repeatedly, but irregularly, and pro-
duces weld penetration variability. When particu-
larly severe, the irregular penetration is called
spiking. Spiking also leads to a tendency for voids
to become trapped in the root of the weld.
A mathematical model that is the basis for

understanding this keyhole instability was
developed by Giedt et al. (Ref 14, 16). Stability
of the keyhole is basically a balance between
vapor pressure, which keeps the cavity open,
and surface tension, which tries to close the
cavity. Vapor pressure and surface tension are
both functions of temperature. Vapor pressure
increases nearly exponentially with temperature
for many materials, while surface tension gen-
erally decreases slowly with temperature.
Because there is a substantial temperature gradi-
ent from the top to the bottomof the keyhole, both
vapor pressure and surface tension vary with
depth in the keyhole. Direct measurements of
cavity wall temperatures for electron beamwelds
indicate that the temperature at the top is nearly
equal to the melting temperature, while the tem-
perature at the bottom is high enough that the
vapor pressure there is large. In type 304 stainless
steel, the temperature at the bottom of the cavity
is approximately 1200 �C (2200 �F). The data
indicate that the temperature profile is insensitive
to welding variables and is determined primarily
bymaterial properties, that is, by the temperature
where the vapor pressure exceeds approximately
1330 Pa (10 torr).
Based on temperature measurements of a

typical keyhole, the vapor pressure decreases
approximately exponentially with height from
the bottom of the keyhole and approaches zero
at the top of the keyhole. The vapor pressure
is balanced primarily by surface tension.
For pure iron and many other materials, the
surface tension decreases approximately linearly

with temperature. Thus, the inward surface ten-
sion pressure increases slowly from the bottom
to the top of the keyhole. The balance of vapor
pressure and surface tension is such that the cav-
ity is stable near the bottom, where the vapor
pressure tending to expand the cavity exceeds
the surface tension tending to collapse it. At the
top, the cavity is unstable because the surface ten-
sion tending to collapse it exceeds the vapor pres-
sure tending to expand it. Thus, the cavity will
always tend to be filled by liquid originating from
above some height, H, in the keyhole, the pres-
sure crossover height. This cavity filling pro-
duces weld penetration irregularity, which is a
consequence of the nature of the keyhole in
deep-penetration welding. More recently, Mat-
sunawa (Ref 17) studied the role of keyhole insta-
bility in porosity formation using high-speed x-
radiography observations. It was found that cav-
ity formation caused by keyhole fluctuation
could be reduced or suppressed by stabilizing
the keyhole. For example, controlled pulse mod-
ulation in continuous-wave laser welding can
effectively reduce porosity formation by
imposing forced oscillation of the keyhole.
Penetration irregularity is usually less severe

if H (as measured from the top) is a small frac-
tion of the keyhole depth. In such cases, the
volume of the lump is small, and liquid tends
to flow into the cavity relatively smoothly. If
H is a large fraction of the keyhole depth, then
the liquid lump has a relatively large volume,
and when it falls into the keyhole at irregular
times, it nearly fills the cavity and produces
large penetration variations.

Gas Metal Arc Welding

Fluid flow certainly occurs in GMA weld
pools, but reports on the details of its nature
and effects are quite limited. In the spray trans-
fer mode, the impact of the stream of droplets
from the electrode on the weld pool forms a

Fig. 10 Schematic showing keyhole instability. (a) Keyhole is formed by heat generated by electron beam. (b)
Maximum penetration that can be produced by heat flow. (c) Liquid cools, causing impending collapse of

displaced metal. The keyhole is filled by a lump of cooling material at the end of (c), which returns the keyhole to
condition (a) to restart the sequence.
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substantial depression or crater. This is the
mechanism responsible for the typical finger-
like penetration observed with argon as the
torch gas. Thus, the depth of penetration is pri-
marily dependent on the momentum of the
stream of droplets. A plot of penetration versus
the momentum of the droplet stream shows an
excellent correlation (Fig. 11). Because the
major force driving the droplets toward the
weld is drag from the plasma jet, the kinematic
viscosity (density times viscosity) of the shield-
ing gas is important. For example, argon has a
substantially higher kinematic viscosity than
helium, so argon drives the droplet stream more
effectively, resulting in a deeper, narrower pen-
etration finger than with helium torch gas. The
strength of the plasma jet can also be altered
by changing the ambient pressure. For GMA
welds on aluminum, Amson and Salter (Ref
19) saw a steady decrease in penetration with
pressure until at 13,300 Pa (100 torr) there
was essentially no penetration at all. Another
way to modify the penetration depth is to
spread the stream of droplets over the surface
of the weld. This can be accomplished by
applying a varying transverse magnetic field.

Submerged Arc Welding

Currents commonly employed in submerged arc
welding aremuch higher than those used inGTAW
or GMAW. Submerged arc welding currents often
exceed 1000 A. Thus, the electromagnetic or Lor-
entz force combinedwith the tendency of the radial
pressure gradient in the moving cavity to transport
liquid to the rear of the cavity (Fig. 9) is likely the
dominant force driving fluid flow. The generally
accepted flow pattern is indicated schematically in
Fig. 12. A cavity is formed at the front of the
moving weld pool by arc pressure and by the
momentum of drops from the rapidly melting elec-
trode. Metal that is melted at the front of the pool
flows underneath and on either side of the cavity.
At the rear of the pool, the flow reverses and metal
flowsback toward the cavity alongandnear the sur-
face. Flow velocities can be very high; Eichhorn
and Engel (Ref 21) measured 4 m/s (13 ft/s) at
720A. The flow pattern was derived from observa-
tionsof themotionofmarker elements, added to the
weld pool, as determined from subsequentmetallo-
graphic sections, and from the motion of radioac-
tive tracer additions. The general features
illustrated in Fig. 12 appear to be supported by x-
ray fluoroscopy observations. Major perturbations
in the indicated fluid flow have been demonstrated,
including reversal of the flow direction. These per-
turbations have been associated with weld defects.

Transport Equations for Weld
Fluid Flow

Although the aforementioned welding pro-
cesses vary significantly in many aspects, such
as welding equipment, the fluid flow phenom-
ena during welding can be described mathemat-
ically by a common set of transport equations.
The different fluid flow characteristics and
resulting weld nugget shapes in those welding
processes are largely attributed to the different
boundary conditions and material states. The
transport equations are available in many

standard textbooks, such as Ref 22. For incom-
pressible laminar flow of Newtonian fluids, the
transport equations are as follows:

r � ~v ¼ 0 (Eq 1)

r
@~v

@t
þ~v � r~v

� �

þ ¼ �rpþ mr2~vþ Sv (Eq 2)

r
@h

@t
þr � ~vhð Þ

� �

þ ¼ r � kTð Þ þ Sh (Eq 3)

where v is fluid velocity, r is density, t is time,
p is pressure, m is molten metal viscosity, h is
sensible heat, k is thermal conductivity, T is
temperature, and Sv and Sh are heat-source
terms. The sensible heat is expressed as:

h ¼
Z

CpdT

where Cp is the specific heat. Equations 1
through 3 are the continuity, moment conserva-
tion, and energy conservation equations,
respectively. Detailed discussion on the solu-
tion of the transport equations and associated
boundary conditions to calculate heat and mass
transfer in the weld pool is provided elsewhere
in this Volume (see, for example, the article
“Factors Influencing Heat Flow in Fusion
Welding” and the articles in the Section “Fun-
damentals of Weld Modeling”).

Concluding Remarks

This article is a modification of a previous arti-
cle in an earlier edition of the ASMHandbook. In
order to maintain the conformance with original
authors, major parts of the article has been main-
tained to allow for contiguity. It is noted that sig-
nificant progresses have been made recently
towards understanding the fluid flow phenomena
in arc plasma and weld pool. Examples include,
the formation of unusual, wavy fusion bound-
aries caused by welding parameters and material
properties (Ref 23); unsteady Marangoni flow in
amolten pool consisting of immiscible dissimilar
metals (Ref 24); welding of stainless steel plates
containing different concentrations of sulfur
(Ref 25); heat transfer and fluid flow during key-
hole mode laser welding (Ref 26, 27); Formation
of Humped Beads in High Speed Gas Metal Arc
Welding due to Strong Backward Fluid Flow
(Ref 28); unified model for stationary tungsten-
inert-gas welding process taking into account
the close interaction between the arc plasma and
the weld pool (Ref 29); and direct visualization
ofMarangoni convection in a simulated transpar-
ent weld pool of NaNO3 heated with a defocused
CO2 laser beam (Ref 30). Since the numerical
modeling plays an essential role in gaining the
understanding, details on these recent progresses
are discussed in another article, which is focused
on the modeling of fluid flow phenomena during
welding.

Fig. 11 Plot of gas metal arc weld penetration in mild
steel for spray transfer mode versus

momentum of droplet stream. Source: Ref 18

Fig. 12 Schematic showing typical flow pattern in a submerged arc weld pool. Source: Ref 20
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Fundamentals of Weld Solidification
John N. DuPont, Lehigh University

MICROSTRUCTURAL EVOLUTION dur-
ing solidification of the fusion zone represents
one of the most important considerations for
controlling the properties of welds. A wide
range of microstructural features can form in
the fusion zone, depending on the alloy compo-
sition, welding parameters, and resultant solidi-
fication conditions. The primary objective of
this article is to review and apply fundamental
solidification concepts for understanding micro-
structural evolution in fusion welds.

Microstructural Features in Fusion
Welds

Figures 1 through 3 schematically demon-
strate the important microstructural features
that must be considered during solidification
in fusion welds (Ref 1, 2). On a macroscopic
scale, fusion welds can adopt a range of grain
morphologies similar to castings (Fig. 1), in
which columnar and equiaxed grains can poten-
tially form during solidification. The final grain
structure depends primarily on alloy composi-
tion and the heat-source travel speed. Although
some of the concepts applicable to grain struc-
ture formation in castings apply to welds, there
are also some unique differences. While the
columnar and equiaxed zones can form in
welds, the fine-grained chill zone at the mold
wall represented by the fusion line is rarely
observed in welds. Fundamental concepts asso-
ciated with nucleation are needed to understand
these differences. In addition, the solid/liquid
interface in welds is typically curved and its
rate of movement is controlled by the heat-
source travel speed, which leads to differences
in formation of the columnar zone within
welds. These differences can be understood
though application of competitive grain growth
processes that occur during solidification.
On a microscopic scale, there can also be a

wide range of substructural morphologies
within the grains (Fig. 2), including planar
(i.e., no substructure), cellular, columnar den-
dritic, and equiaxed dendritic. The type and rel-
ative extent of each substructural region is
governed by the process of constitutional
supercooling in which the liquid becomes

cooled below its liquidus temperature due to
compositional gradients in the liquid. The
extent of constitutional supercooling in the
weld is determined by the alloy composition,
welding parameters, and resultant solidification
parameters. Lastly, the distribution of alloying
elements and relative phase fractions within
the substructure (Fig. 3) are also important
microstructural features that strongly affect
weld-metal properties. The particular example
shown in Fig. 3 represents a case in which
extensive residual microsegregation of alloying
elements exists across a cellular substructure
after nonequilibrium solidification. This micro-
segregation, in turn, produces a relatively high
fraction of intercellular eutectic and associated
secondary phase. The microsegregation behav-
ior and concomitant amount of secondary phase
that forms can each be understood with solute
redistribution concepts. Lastly, dendrite tip
undercooling can become important at
high solidification rates associated with high-
energy-density welding processes. Tip under-
cooling can lead to significant changes in the
primary solidification mode, distribution of sol-
ute within the solid, and final phase fraction
balance. Rapid solidification concepts are
needed to understand these phenomena. All
of these fundamental solidification concepts
(nucleation, competitive grain growth, constitu-
tional supercooling, solute redistribution, and

Fig. 1 Types of grain morphologies that can form in
fusion welds

Fig. 2 Types of substructure morphologies that can form within the grains of fusion welds



rapid solidification) depend on the solidification
parameters during welding. Thus, the important
solidification parameters are briefly described,
followed by detailed discussions and applica-
tion of fundamental solidification concepts for
understanding microstructural evolution.

Solidification Parameters

The temperature gradient (G), solid/liquid
interface growth rate (R), and cooling rate (e)
are the important solidification parameters.
These three parameters are related by:

e ¼ GR (Eq 1)

This simple relation is not always intuitive and
can be understood more clearly with the help
of Fig. 4. This figure shows a fixed temperature
gradient moving from right to left at a rate R so
that t1 > t2. At a fixed position x*, the temper-
ature is reduced from T1 to T2 within the time
t1 – t2. In other words, the time it takes for a
temperature reduction (i.e., the cooling rate) is
governed by the rate of movement (R) of the
temperature gradient (G) through space.
The solidification parameters are not con-

trolled directly in fusion welding but are gov-
erned by the welding parameters. As explained
in more detail subsequently, the growth rate is
determined largely by the speed of the heat
source and shape of the weld pool. The cooling
rate and temperature gradient are controlled pri-
marily by the heat input (HI), which is defined as:

HI ¼ ZP
S

(Eq 2)

where Z is the heat-source transfer efficiency, P
is the heat-source power, and S is the heat-
source travel speed. The heat input represents
the amount of energy delivered per unit length
of weld. It should be noted that e, G, and R can-
not be represented by single values during
solidification. Due to the complex nature of
heat flow in the weld pool, the spatial distribu-
tion of temperature is not linear. Similarly, the
value of R typically varies throughout the weld
pool due to the change in growth directions
between the solid/liquid interface and heat
source. As a result, the values of e, G, and R
are functions of position and time. In general,
the temperature gradient and cooling rate each
decrease with increasing heat input. Detailed
heat-flow equations can be used to quantify
the influence of welding parameters on solidifi-
cation parameters. Heat flow in welding is dis-
cussed in more detail in other articles in this
Volume (see, for example, the article “Factors
Influencing Heat Flow in Fusion Welding”).

Nucleation Considerations in Fusion
Welding

Although the microstructures of castings and
welds share some similarities, there are also
some significant differences. For example, as
shown schematically in Fig. 5 (Ref 3), castings
typically exhibit a chill zone that consists of
fine equiaxed grains which form near the mold
wall. This zone forms as a result of nucleation
at the mold/casting interface. This region is typ-
ically followed by a columnar zone and another
equiaxed zone near the center of the casting.
The columnar grain region and the central
equiaxed grain zones can also form in fusion
welds. However, the equiaxed grains associated
with the chill zone generally do not form in
fusion welds. The differences in these features
can be understood with the application of

nucleation theory, which is covered in this
section.

Nucleation Theory

Figure 6 compares examples of homoge-
neous nucleation in a liquid (Fig. 6a, b) and het-
erogeneous nucleation on a preexisting mold
wall (Fig. 6c, d). The change in free energy
associated with homogeneous nucleation
(△Ghom) is given by (Ref 4):

�Ghom ¼ �Vs�Gv þ ASLgSL (Eq 3)

where Vs is the volume of the nuclei, △Gv is the
volume free-energy change associated with
nucleation, ASL is the solid/liquid interfacial
area, and gSL is the solid/liquid interfacial
energy. The volume free energy is the driving
force for solidification and is shown schemati-
cally in Fig. 7(a), which shows the variation
in volume free energy for the solid and liquid
as a function of temperature. Note that △Gv =
0 at the melting point, so there is no driving
force for solidification at T = Tm. Thus, under-
cooling is generally required to drive the nucle-
ation process. The interfacial energy is a
positive contribution to the overall free-energy
change and therefore works to oppose forma-
tion of the nucleus. The change in volume free
energy with undercooling (△T) is given by:

�Gv ¼ L�T

Tm
(Eq 4)

where L is the latent heat of fusion. A spherical
nucleus is favored over other shapes because
it provides the minimum surface area/
volume ratio, thus providing the largest pos-
sible reduction in △Ghom by maximizing
the negative Vs△Gv term and minimizing
the positive ASLgSL term. For a spherical

Fig. 3 Potential distribution of alloying elements and
phase fractions that can form in fusion welds.

Example shown is for a simple eutectic system that forms
primary a phase and intercellular a/b eutectic under
conditions of nonequilibrium solidification. Location of
composition trace is across primary and eutectic a
phase, as shown by horizontal dotted line.

Fig. 4 Schematic illustration showing relation between
temperature gradient (G), growth rate (R), and

cooling rate. The cooling rate is controlled by the rate of
movement of the temperature gradient.

Fig. 5 Schematic illustration of grain structures that
can form in castings, showing the chill zone

near the mold wall, the columnar zone, and the
equiaxed zone in the center of the casting. Source: Ref 3
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nucleus of radius r, the free-energy change for
homogeneous nucleation is given by:

�Ghom ¼ � 4

3
pr3�Gv þ 4pr2gSL (Eq 5)

Equation 5 is plotted in Fig. 7(b), which
shows the individual contributions to △Ghom

and the overall change in △Ghom. The overall
change in △Ghom goes through a maximum,
which describes the critical radius (r*) at
which point the reduction in △Ghom due to
�4/3pr3△Gv begins to become larger than the
increase in △Ghom associated with the 4pr2gSL
term. A nucleus that forms with a radius smal-
ler than r* is unstable, because any further
increase in the nuclei radius will produce an
increase in △Ghom. Conversely, any nuclei that
forms with a radius larger than r* is stable,
because further growth in the nuclei leads to
an overall reduction in △Ghom. The maximum
in △Ghom is denoted as △G* and represents
the activation energy associated with homoge-
neous nucleation. This condition is given by:

d�Ghom

dr
¼ �4pr2�Gv þ 8prgSL ¼ 0 at r� (Eq 6)

From which the following expressions can be
derived for r* and △G*:

r� ¼ 2gSL
�Gv

(Eq 7a)

�G� ¼ 16pg3SL
3 �Gvð Þ2 (Eq 7b)

Equations 7 and 4 can be combined to
reveal the influence of undercooling on r* and
△G*:

r� ¼ 2gSL
L

� �

Tm
�T

(Eq 8a)

�G� ¼ 16pg3SL
3L2

� �

Tm
�T

� �2

(Eq 8b)

Note that, according to Eq 8(a) and (b), r* and
△G* are infinite when △T = 0, indicating that
nucleation cannot occur without some under-
cooling. The undercooling is needed so that
the reduction in △Ghom due to the volume
free-energy change (by way of Eq 4) is larger
than that due to the increase in △Ghom asso-
ciated with the interfacial energy term. Thus,
r* and △G* each decrease with increased
undercooling.
For heterogeneous nucleation on an existing

mold wall, the overall free-energy change is
given by (Ref 4):

�Ghet¼�Vs�GvþASLgSL þ ASMðgSM � gLMÞ(Eq 9)

The first two terms are identical to those for
homogeneous nucleation. The third term
(ASMgSM) represents the increase in overall free
energy from formation of the solid/mold inter-
face, while the fourth term (ASMgLM) represents
the reduction in overall free energy associated

with elimination of some of the liquid/mold
interface due to formation of the nucleus. Note
that the interfacial energy between two solids is
typically less than that between a solid and a
liquid. Thus, the ASM(gSM � gLM) term is typi-
cally negative so the △Ghet < △Ghom. The
values of Vs, ASL, and ASM will depend on the
shape of the nucleus as determined by the wet-
ting angle, y (Fig. 6d). The value of y, in turn,
is governed by the relative values of surface
energies and is given by a force balance in the
horizontal direction as:

gLM ¼ gSM þ gSL cos y (Eq 10a)

y ¼ cos�1 gLM � gSM
gSL

� �

(Eq 10b)

Assuming the nucleus forms as a spherical
cap, the values of ASL, ASM, and Vs are given
by:

ASL ¼ 2pr2ð1� cos yÞ (Eq 11a)

ASM ¼ pr2sin2 y (Eq 11b)

VS ¼ pr3ð2þ cos yÞ 1� cos yð Þ2
3

(Eq 11c)

Equations 9 to 11 can be combined for an
expression for △Ghet:

�Ghet ¼ � 4

3
pr3�Gv þ 4pr2gSL

� �

S yð Þ (Eq 12)

where:

S yð Þ ¼ 2þ cos yð Þ 1� cos yð Þ2
4

(Eq 13)

Note that 0� 	 y 	 180� and 0 	 S(y) 	 1.
Thus, it is apparent that △Ghet 	 △Ghom. This
is shown schematically in Fig. 8. Low values
of y are an indication that the solid/mold inter-
facial energy is low so that the solid easily wets
the mold wall. This leads to low values of S(y)
and reduced values of △Ghet; that is, nucleation
is made easier for reduced values of gSM.

Application to Fusion Welding

Fusion welding represents a unique case
that can be most easily understood by
starting with Eq 10(b) and noting that the
mold wall and the solid are identical, because
the base metal acts as the mold in fusion weld-
ing. Thus, it can immediately be noted that
fusion welding leads to the following
conditions:

gSM ¼ 0 (Eq 14a)

gLM ¼ gSL (Eq 14b)

θ

Fig. 6 Schematic illustrations of homogeneous (a and
b) and heterogeneous (c and d) nucleation.

Figures on the left are for a temperature above the
melting point. Figures on the right are for a temperature
below the melting point. The wetting angle, y, is shown
in (d).

Fig. 7 (a) Variation in volume free-energy with
temperature for the solid and liquid. (b)

Variation in surface energy term, volume free-energy
term, and DG

hom
with nucleus radius for homogeneous

nucleation
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y ¼ cos�1 gSL
gSL

� �

¼ 0 (Eq 14c)

Sðy ¼ 0Þ ¼ 0 (Eq 14d)

Thus, from Eq 12, the activation energy in fusion
welding (△Gfw) for nucleation is given simply by
△Gfw = 0. This is compared to△Ghom and△Ghet

in Fig. 8. This can be interpreted by noting that
the base-metal mold presents a perfect crystallo-
graphicmatch for growth of the solid fusion zone.
Thus, there is no solid/mold interface in fusion
welding due to this perfect crystallographic
matching. An example of this in a fusion weld
made with the electron beam process is shown
in Fig. 9 (Ref 5). Note that there are no fine
equiaxed grains at the fusion line, as often
observed in the chill zone of castings. Instead,
the weld-metal grains grow directly from the pre-
existing base-metal grains. As a result, there is no
barrier to formation of the solid. This condition is
referred to as epitaxial growth, because growth
occurs directly from the preexisting solid without
the need for nucleation. Therefore, there is no
undercooling required to initiate solidification
at the fusion line, and solidification commences
at the liquidus temperature of the alloy. It should
be noted that undercooling can still occur near the
weld centerline due to the process of constitu-
tional supercooling, as explained in more detail
later. This can lead to the formation of the central
equiaxed zone often observed in fusion welds.
Undercooling can also be required for nucleation
of new phases during solidification.

Grain Structure of Fusion Welds

As described previously, the weld-metal
grains will grow epitaxially from the preexist-
ing base-metal grains. However, not all of these
grains will be favorably oriented for continued
growth. Two primary factors control the
continued competitive growth of weld-metal
grains:

� The grains tend to grow in a direction anti-
parallel to the maximum direction for heat
extraction.

� The solid will grow in the “easy-growth”
crystallographic directions.

The first criterion results from the need to
transport the latent heat of solidification down
the temperature gradient into the cooler base
metal. Because the temperature gradient is
highest in a direction perpendicular to the
solid/liquid interface, the resultant heat-flow
rate is also highest in this direction. Thus, the
grains tend to grow in a direction perpendicular
to the solid/liquid interface. The second crite-
rion results from the preferred crystallographic
growth direction, which, for cubic metals, is
along the [100] directions. By combining these
two criteria, it can be seen that grains that have
their easy-growth direction most closely
aligned to the solid/liquid interface normal will
be most favorably oriented to grow, thus
crowding out less-favorably-oriented grains.
This phenomenon accounts for the columnar
grain zone that is often observed in castings,
shown schematically in Fig. 5. In this case,
the grains that nucleated near the mold wall
and have their easy-growth direction aligned
normal to the mold/casting interface outgrow
the less-favorably-oriented grains, leading to
the columnar region.
The situation is slightly more complex in

fusion welding, because the pool shape pro-
duces a curved solid/liquid interface that is con-
stantly in motion as it follows the heat source.
This is shown schematically in Fig. 10 (Ref
6). Grains at the fusion line may initially be ori-
ented in a favorable direction for growth, but
their direction may become unfavorable as the
curved solid/liquid interface changes its posi-
tion. These grains may then eventually be
overgrown by other grains that exhibit more
favorable orientation for growth as the solid/liq-
uid interface sweeps through the weld. An
example of this is shown on a weld in nearly
pure (99.96%) aluminum in Fig. 11(a) (Ref 7).

As may be expected, the pool shape can have
a strong influence on competitive grain growth
and the resultant grain structure of the weld.
In turn, the pool shape can be influenced by
the welding parameters. At low-to-moderate
heat-source travel speeds, the pool shape is gen-
erally elliptical and typically produces the grain
structure pattern shown in Fig. 11(a). However,
at higher travel speeds, the pool shape becomes
elongated into a teardrop shape in which the
solid/liquid interface is straight. This elongated
shape is attributed to the low thermal gradient
and high growth rate that exist at the weld cen-
terline. The release of latent heat is proportional
to the growth rate. Because the growth rate is
highest at the weld centerline, the release rate
of latent heat is also highest at the weld center-
line. However, the temperature gradient is at a

Fig. 9 Example of epitaxial growth from the fusion line
in an electron beam weld of alloy C103.

Original magnification: 400�. Source: Ref 5

Fig. 10 Schematic illustrations of competitive grain
growth in welds. (a) Early growth of grains

near the fusion line. (b) Continued growth of favorably-
orientated grains at a later time. Source: Ref 6

Fig. 8 Comparison of free-energy changes associated
with homogeneous nucleation, heterogeneous

nucleation, and fusion welding
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minimum at the weld centerline, so it is difficult
to transport the latent heat away from the pool
to permit solidification. This causes elongation
of the pool near the weld centerline and leads
to the teardrop shape. In this case, the direction
of grain growth does not change (because the
solid/liquid interface is no longer curved), and
the grains grow straight toward the weld center-
line until grains growing from each side of the
weld intersect. This process typically leads to
a centerline grain boundary, as shown in
Fig. 11(b) (Ref 7).
Axial grains that grow along the direction of

heat-source travel can also occasionally be
observed in fusion welds. The various types of
grain morphologies are summarized in Fig. 12
(Ref 6). Examples of grain structures produced
with elliptical and teardrop-shaped weld pools
were shown in Fig. 11. Figures 12(c) and (d) rep-
resent conditions in which an axial grain grows
along the direction of the heat-source travel.
These grains form in the region where the solid/
liquid interface is generally perpendicular to the
direction of heat-source travel, so that it becomes
favorable for one or more grains to grow in this
direction. The width of this zone can depend on
the pool shape. The region of the interface that
is perpendicular to the heat-source direction is
relatively small in an elongated weld pool, so
the width of axial grains will also be small. By
comparison, this perpendicular region is rela-
tively larger for an elliptical pool, so the axial
grain region can also be larger.
The large columnar grains and the potential

presence of centerline grain boundaries are gen-
erally undesirable from a weldability and
mechanical property point of view. Centerline
grain boundaries can often lead to solidification
cracking associated with solidification shrinkage
and low-melting-point films that become concen-
trated at the centerline. Fine, equiaxed grains are
desired over coarse columnar grains for improve-
ments in both cracking resistance andmechanical
properties (at low temperature). One effective
means for minimizing or eliminating the coarse
columnar grains is through manipulation of the
pool shape. Figure 13 shows an example of a
weld in which the arc was oscillated at a fre-
quency of 1 Hz in a direction normal to the
heat-source travel (Ref 8). In this case, the contin-
uously changing direction of the solid/liquid
interface makes it difficult for the columnar
grains to extend over large distances, thus
providing a degree of grain refinement. Grain
size reduction can also be achieved through the
use of inoculants. This process takes advantage
of heterogeneous nucleation (discussed previ-
ously) and liquid undercooling that occur due to
constitutional supercooling. This topic is
described in more detail in the next section.

Substructure Formation in Fusion
Welds

As shown previously in Fig. 2, grains in
welds typically exhibit various substructural

morphologies within the grains that can be cel-
lular, columnar dendritic, or equiaxed dendritic.
Cellular and columnar dendritic morphologies
develop due to breakdown of the initially planar
solid/liquid interface that forms at the fusion
line, while equiaxed dendrites form by nucle-
ation of solid in undercooled liquid, typically

near the weld centerline. Formation of these
features can be understood with the concept of
constitutional supercooling. The basics of this
topic are described first, followed by applica-
tion of the theory to understanding the substruc-
ture formation in fusion welds.

Constitutional Supercooling

As shown by the phase diagram in Fig. 14(a),
formation of a solid leads to rejection of solute
into the liquid. The extent of solute enrichment
in the liquid progresses as solidification pro-
ceeds and the liquid composition follows the
liquidus line. The solute rejected by the solid
at the solid/liquid interface must be transported
away from the interface by diffusion and/or
convection in the liquid. If the solid/liquid
interface growth rate is relatively high (which
leads to a high rate of solute rejection) and/or
the transport of solute into the liquid by diffu-
sion or convection is low, then a solute bound-
ary layer can develop in the liquid near the
solid/liquid interface. Because solute enrich-
ment leads to a reduction in the liquidus tem-
perature (for an element that partitions to the
liquid), it follows that the presence of a solute

Fig. 12 Summary of various grain morphologies that can form from weld pools of different shapes. Source: Ref 6

Fig. 13 Grain structure in a fusion weld of alloy 2014
made with transverse arc oscillation. Source:

Ref 8

Fig. 11 Examples of (a) competitive grain growth and
(b) a centerline grain boundary forming on a

weld in 99.96 % Al. The weld in (a) was made at a
welding speed of 250 mm/min (10 in./min). The weld in
(b) was made at a welding speed of 1000 mm/min (40
in./min). Source: Ref 7
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boundary layer leads to a gradient in the liqui-
dus temperature near the solid/liquid interface.
This is shown schematically in Fig. 14(b) and
(c), where the liquidus temperature is relatively
low at the solid/liquid interface due to the large
amount of solute in the liquid at that point. The
liquidus temperature gradually increases away
from the interface as the solute concentration
decreases. The liquidus temperature does not
change outside the solute boundary layer.
Next, consider how the relative magnitudes

of the liquidus temperature (TL) gradient
described previously (dTL/dx) and the actual
temperature (Ta) gradient (dTa/dx) in the liquid
affect the stability of a planar solid/liquid inter-
face that forms as the alloy initially starts to
solidify. Figure 15(a) shows the condition for
a relatively steep temperature gradient such that
dTa/dx > dTL/dx in the liquid. The planar inter-
face is moving to the right and develops protru-
sions during growth. Such protrusions can
occur in practical situations due to interface
pinning effects from inclusions in the liquid
and/or differences in the rate of growth between
neighboring grains that exhibit different crystal-
lographic orientations relative to the solid/liq-
uid interface (as described previously in the
section about competitive grain growth). For
this case in which dTa/dx > dTL/dx, the tip of
the protrusion encounters liquid that is at a

temperature above the liquidus temperature of
the alloy. Thus, the solid protrusion is not stable
and melts back so that the planar interface
remains stable. Under this condition, no sub-
structure forms.
Figure 15(b) shows the case for a relatively

low-temperature gradient in which dTa/dx <
dTL/dx in the liquid. In this case, the tips of the
protrusions encounter liquid that is below the
liquidus temperature of the alloy. This condition
is referred to as constitutional supercooling
because the liquid is cooled below its liquidus
temperature due to constitutional variations
within the liquid. Under this condition, the solid
at the tips is stable because it is growing into liq-
uid that is cooled below the liquidus temperature.
In addition, because the growth rate of the solid is
proportional to the undercooling, the growth rate
at the tips will be higher than at the roots of the
protrusions. As a result, the growth rate at the tips
is faster than that at the roots, and the planar inter-
face breaks down into a cellular interface. Note
that solute redistribution in this case now occurs
in three dimensions, and solute can build up
at the cell boundaries as neighboring cells
converge. Depending on the cooling rate and
solute diffusivity in the solid, this local solute
enrichment may persist after solidification (see
the section “Solute Redistribution during Solidi-
fication” in this article for more details). The
presence of the cell walls reflects differences in
solute concentration that are revealed by etching.
The condition for breakdown of the planar solid/
liquid interface and concomitant formation of a
cellular substructure is thus given by the condi-
tion at which dTa/dx < dTL/dx. This can be deter-
mined quantitatively by first developing an
expression for the solute concentration gradient
in the liquid (dCL/dx) and then converting dCL/
dx into dTL/dx via the phase diagram.
Assuming a linear solute gradient in the liq-

uid, a mass balance about the solid/liquid inter-
face is given by:

RðCL � CoÞ ¼ �DL

dCL

dx

� �

(Eq 15)

where CL is the liquid composition at the solid/
liquid interface, Co is the nominal alloy compo-
sition, and DL is the solute diffusivity in the liq-
uid. The left side of Eq 15 represents the solute
flux into the interface due to solute rejection by
the solid, while the right side of Eq 15 repre-
sents the flux of solute down the gradient in
the liquid (assuming a linear concentration gra-
dient). At steady state, these two fluxes balance.
For a phase diagram with a linear liquidus line,
a given value of dCL/dx produces a
corresponding change in the liquidus tempera-
ture dTL/dx that is given by:

dTL
dx

¼ mL

dCL

dx

� �

(Eq 16)

where mL is the liquidus slope. Combination of
Eq 15 and 16 provides an expression for the
constitutional criterion:

dTa
dx

<� RmLðCL � C0Þ
DL

(Eq 17)

The value of dTa/dx is typically noted simply as
G. At steady state, the value of CL is given by
CL = Co/k (Ref 9), where k is the distribution
coefficient given by k = Cs/CL, where Cs is
the solid composition. Thus, the expression for
constitutional supercooling can be expressed as:

G

R
<� mLCo 1� kð Þ

kDL

(Eq 18)

The parameters on the left are solidification
parameters, while those on the right are para-
meters controlled by the alloy. The expression
mLCo(1 � k)/k represents the equilibrium solid-
ification range of the alloy (△Teq), so that the
constitutional supercooling condition can also
be written as:

G

R
<��Teq

DL

(Eq 19)

This condition represents the onset of under-
cooling and formation of a cellular substruc-
ture. Other substructural zones can form with
increased undercooling. For example, the pla-
nar regions separating neighboring cells can
undergo constitutional supercooling between
the cells, thus leading to formation of columnar
dendrites. With further undercooling, the liquid
ahead of the dendritic interface can be super-
cooled to the point where nucleation can occur
within the liquid, thus leading to formation of
the equiaxed zone often observed in welds and
castings and shown previously in Fig. 1(c) and
Fig. 5. The equiaxed zone forms near the center
of the weld or casting because the temperature
gradient is the lowest at this location.
Examination of Eq 19 and reference to Fig.

15 indicate that supercooling is induced by
low values of G and high values of R. The influ-
ence of G is readily apparent in Fig. 15, in
which the extent of undercooling in the liquid
increases as G decreases. The effect of R is to
increase the concentration gradient in the
liquid (Eq 15), which, in turn, increases the
liquidus temperature gradient in the liquid.
Thus, initial breakdown of the planar interface
into a cellular one occurs at relatively high
values of G/R. As G/R decreases, the substruc-
tural morphology can change from cellular to
columnar dendritic to equiaxed dendritic. This
is often summarized on a substructural diagram,
as shown in Fig. 16.

Application to Fusion Welds

Fusion welds represent an interesting case of
substructure formation because the values of G
and R change continuously and in opposing
directions around the solid/liquid interface
within the weld pool. The value of G is rela-
tively high at the fusion line because the molten
pool is in contact with relatively cool base
metal that has not been melted. The value of

Fig. 14 Schematic illustration showing (a) solute
enrichment in liquid during solidification,

(b) formation of a solute boundary layer in the liquid,
and (c) variation in liquidus temperature near the solid/
liquid interface due to formation of the solute boundary
layer
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G decreases as the weld centerline is
approached because the molten pool is in con-
tact with resolidified weld metal that was
already heated well above the liquidus tempera-
ture. An opposite trend exists for the growth
rate. Figure 17 shows the relation between
the heat-source travel speed (S) and growth
rate (R) in terms of the angles a and b, where

a represents the angle between the welding
direction and normal to the solid/liquid inter-
face, and b represents the angle between
the welding direction and [100] growth

direction (for a cubic metal). The growth rate
R is given by:

R ¼ S cosa
cos a� bð Þ (Eq 20)

In many cases, the value of (a – b) is small
so that cos(a – b) � 1, and the relation between
the growth rate and heat-source travel speed is
given simply as:

R ¼ S cosa (Eq 21)

From this it can be seen that R � 0 at the fusion
line and R � S at the weld centerline. Thus, the
value of G/R is very high at the fusion line and
decreases appreciably as the weld centerline is
approached. This can be portrayed on the G-R
diagram as shown in Fig. 16. As a result,
the fusion zone initially forms as a planar inter-
face, which breaks down into cellular and
columnar dendritic morphologies as the center-
line is approached. If enough undercooling is
obtained, an equiaxed zone can form in the cen-
terline of the weld. The relative positions of
these substructural morphologies are shown
schematically in Fig. 2. An example of the
equiaxed zone is shown in Fig. 18 (Ref 2).
It is interesting to note that the planar zone

typically occupies a very small fraction of the
fusion zone. This suggests that the planar

Fig. 15 Schematic illustrations showing (a) stability of a planar interface for a condition in which the actual temperature gradient in the liquid is greater than the liquidus
temperature gradient and (b) breakdown of a planar interface for a condition in which the actual temperature gradient in the liquid is lower than the liquidus

temperature gradient

Fig. 16 Schematic illustration of a G-R diagram
showing regions of various substructural

morphologies Fig. 17 Schematic illustration showing the relation
between the heat-source travel speed (S) and

growth rate (R) in terms of the angles a and b, where a
represents the angle between the welding direction and
normal to the solid/liquid interface, and b represents the
angle between the welding direction and [100] growth
direction (for a cubic metal)
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solid/liquid interface is inherently unstable
under most solidification conditions. This can
be verified by direct application of Eq 18, and
results of this for the aluminum-copper system
are shown in Table 1. These results show the
critical value of R required for breakdown of
the solid/liquid interface for various values of
G and Co that may be encountered for typical
G values representative of casting, arc welding,
and laser welding. For these calculations,
values of mL (��3.3 �C/wt%) and k (�0.17)
were obtained directly from the aluminum-cop-
per phase diagram, and the value for solute dif-
fusivity was taken as DL � 10�3 mm2/s. Note
that the critical growth rates for constitutional
supercooling are significantly lower than actual
growth rates expected during solidification, thus
verifying that a planar interface is inherently
unstable. This implies that the initially planar
interface growing from the fusion line will
break down into a cellular one very quickly as
the value of G/R decreases, which is indeed
observed experimentally.

Columnar-to-Equiaxed Transition

The transition from cellular or columnar den-
dritic growth at the fusion line to heterogeneous
nucleation near the weld centerline is often
referred to as the columnar-to-equiaxed transi-
tion (CET). As discussed subsequently, the
CET occurs due to the relatively large

constitutional undercooling near the weld cen-
terline. In welds of polycrystalline alloys, the
CET can be exploited for grain refinement. This
is typically accomplished by adding inoculants
to the weld to promote heterogeneous nucle-
ation sites. The most effective inoculants are
those that minimize the activation energy
(△Ghet*) required for heterogeneous nucle-
ation, so that nucleation can occur with mini-
mal undercooling. Equation 9 can be used to
provide some insight into effective inoculants,
which, for heterogeneous nucleation on an
inoculant, can be written as:

�Ghet ¼ �Vs�Gv þ ASLgSL þ ASIðgSI � gLIÞ (Eq 22)

This is identical to Eq 9, except that it is written
for heterogeneous nucleation on an inoculant (I)
rather than a mold wall (M). As previously dis-
cussed, the first two terms in Eq 22 are similar
to those for homogeneous nucleation. The
free-energy change associated with heteroge-
neous nucleation on an inoculant can be mini-
mized by minimizing the interfacial energy
between the solid and inoculant (gSI), so that
the ASI(gSI � gLI) term is as large and negative
as possible. The inoculant/solid interfacial
energy can be minimized by optimizing the
crystallographic matching between the inocu-
lant and solid. Common examples of inoculants
include the use of titanium and zirconium in
aluminum welds (Ref 10) and TiN in ferritic
stainless steels (Ref 11).

Fusion Welding of Single Crystals

Nickel-base superalloy single crystals are
often welded to rejuvenate worn blades or to
repair miscast blades. Successful repair of these
alloys requires preservation of the single-crystal
structure during solidification of the weld pool
by avoiding the CET. Constitutional supercool-
ing has been supported as the CET mechanism
by a wide range of experimental observations
in studies conducted on single-crystal alloys
using a variety of techniques, including autoge-
nous laser surface melting (Ref 12–14), laser
cladding (Ref 15), and electron beam welding
(Ref 16). For example, studies on electron
beam and pulsed laser beam welds of a single-
crystal nickel-base superalloy PWA 1480 by
David et al. showed that it was difficult to
maintain the single-crystal structure during
welding due to the formation of equiaxed stray
grains. In contrast, similar experiments con-
ducted on a relatively pure austenitic Fe-15Cr-
15Ni stainless steel single crystal (Ref 17)
demonstrated nearly perfect retention of the
single-crystal nature in electron beam welds.
The difference in these results can generally
be attributed to the solute content of the differ-
ent alloys. Although chromium and nickel seg-
regate to the liquid during solidification, it
is well known (Ref 18) that the equilibrium
partition coefficients (k) for both chromium
and nickel are close to unity, and they do not
segregate strongly during solidification. This,

combined with the low level of other elements
in the Fe-15Cr-15Ni alloy, minimizes the
buildup of solute in the liquid during solidifica-
tion. As a result, the liquidus temperature
variation is minimized and provides a concom-
itant reduction in the level of constitutional
supercooling in the liquid. Thus, the reduced
level of solute segregation makes it easier to
avoid the CET. In contrast, commercial single
crystals require the addition of substitutional
and interstitial alloying elements, many of
which partition strongly during solidification.
This leads to higher concentration gradients in
the liquid and enhanced constitutional
supercooling.
Hunt (Ref 19) was the first to develop an

approximate analytical expression that
described the CET. In that work, expressions
for the nucleation rate were combined with den-
drite growth undercooling equations to estab-
lish the condition for the CET. The type of
growth that occurred was assumed to depend
on the volume fraction of equiaxed grains that
formed in the undercooled region when the
advancing columnar front met the equiaxed
grains. The structure was assumed to be fully
columnar, and thus the CET was avoided, when
the volume fraction of equiaxed grains was less
than 0.0066. This led to the following condition
for avoiding the CET:

G > 0:617ð100NoÞ1=3 1� ð�TNÞ3
ð�TcÞ3

" #

�Tc (Eq 23)

where G is the temperature gradient in the liq-
uid, No is the total number of heterogeneous
sites available for nucleation per unit volume,
△TN is the associated undercooling required
for nucleation, and △Tc is the undercooling at
the solid/liquid interface, which depends on
the temperature gradient and growth rate. The
value of △Tc can be calculated using dendrite
growth undercooling models (Ref 20, 21). The
practical difficulty in the application of Eq 23
lies in the ability to determine appropriate
values of △TN and No. Nevertheless, the model
is useful because it was shown to correctly cap-
ture the observed effects of various factors on
the CET, such as growth rate, temperature gra-
dient, and alloy composition.
More recently, Gauman et al. (Ref 22)

extended the analysis proposed by Hunt. The
composition profile in the liquid was calculated
directly using the appropriate solution of the
diffusion equations for an isolated dendrite with
a parabolic tip geometry. This was then used to
determine the liquidus temperature profile (Tz).
The actual local temperature profile in the liq-
uid (Tq,z) was considered to be controlled by
heat extraction through the solid and was deter-
mined through knowledge of the temperature
gradient and dendrite tip temperature as deter-
mined by the Kurz, Giovanola, Trivedi (KGT)
model (Ref 21). The actual undercooling
(△Tz) at any location within the liquid is then
given by:

Fig. 18 Example of equiaxed zone in the centerline of
a weld made with the gas tungsten arc

welding process on 6061 aluminum. Source: Ref 2

Table 1 Constitutional supercooling
calculations for the aluminum-copper
system showing the critical growth rates
required for breakdown of the solid/liquid
interface for various values of G and Co that
may be encountered in casting, arc welding,
and laser welding

Co,

wt% Cu

G = 20 �C/
mm (casting)

G = 200 �C/mm

(arc welding)

G = 2000 �C/mm

(laser welding)

0.5 0.0024 0.024 0.24
2 0.0006 0.006 0.06
4 0.0003 0.003 0.03
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�Tz ¼ Tz � Tq;z (Eq 24)

Equiaxed grains will nucleate anywhere
in this undercooled region where the actual
undercooling is more than that required for
nucleation, △Tz > △TN. The critical volume
fraction required for a fully equiaxed structure
originally proposed by Hunt was used as the
critical CET value.
Figure 19 shows an example of a microstruc-

ture selection map that was generated for the
nickel-base single-crystal CMSX-4 using the
approach described previously (Ref 12). The
solid continuous line in the plot represents the
transition between values of the solid/liquid
interface growth rate and temperature gradient
in the liquid that lead to the CET. A G-R com-
bination below this line will result in columnar
single-crystal growth, while combinations
above this line lead to equiaxed growth and loss
of the single-crystal structure. Material para-
meters required for calculation of the map were
determined using a multicomponent thermody-
namic database. The values of No and △TN
were assumed to be No = 2 � 1015/m3 and
△TN = 2.5 �C. An increase in the value of No

or a decrease in the value of △TN will widen
the range where equiaxed growth occurs. This
map is useful in a practical sense because it
identifies combinations of G and R that permit
retention of the single-crystal structure during
weld repair. The use of heat-flow equations
can then be used to link R and G to the weld
processing parameters, such as heat-source
power, travel speed, and preheat temperature,
in order to develop process-microstructure
maps for successful weld repair.
Gauman et al. (Ref 12, 15) developed a sim-

plified relationship between the temperature
gradient, growth velocity, volume fraction of
equiaxed grains (j), and nuclei density (No) as:

Gn

R
¼ a �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�4pNo

3 lnð1� jÞ
3

s

� 1

nþ 1

" #n

(Eq 25)

where a and n are material constants that are
determined by fitting calculations of the consti-
tutional tip undercooling from the KGT model

to an equation of the form △T = (aR)1/n. For
CMSX-4, these values are a = 1.25 � 106

K3.4/ms and n = 3.4 This relation is valid under
high-temperature gradient conditions in which
the value of No is most important for
controlling nucleation and the value of △TN
can be ignored. Welds can be prepared under
various values of G and R, and the resultant
volume fraction of equiaxed grains (j) can be
directly measured on the weld cross sections.
In this case, No is the only unknown in Eq 25
and can thus be determined experimentally by
fitting Eq 25 to the measured values of j. For
CMSX-4, this results in No = 2 � 1015/m3.
When the original condition for a fully colum-
nar microstructure proposed by Hunt is invoked
(j = 0.0066), all values on the right side of Eq
25 are known and lead to the following condi-
tion for avoiding the CET:

Gn

R
> K (Eq 26)

where K is a material constant that depends on
No, j, a, and n. For CMSX-4, K = 2.7 � 1024

K3.4m�4.4s. This approximate condition is
shown as the dotted line in Fig. 19, and it can
be seen that this approximation is more restric-
tive than the results obtained by the detailed
calculations. However, Eq 25 is useful because
it permits straightforward coupling of R and G
to the weld processing parameters.
Figure 20 shows an example of a microstruc-

ture selection map for three different welds on
alloy CMSX-4 (labeled “A,” “B,” and “C”)
prepared under different processing conditions.
This plot shows the variation in the Gn/R ratio
as a function of depth in the weld pool. As
expected, the Gn/R ratio is highest at the fusion
line (bottom of the weld) and decreases as the
top of the weld is approached. The critical
value for the CET of CMSX-4 is superimposed
on the plot. Welds prepared under conditions in
which the critical value of Gn/R remains below
this critical value everywhere in the weld are
expected to retain the single-crystal structure
(e.g., weld A), while welds prepared with
regions less than this value (e.g., welds B and
C) will undergo the CET and lose the single-

crystal structure. Experimental identification of
stray grains showed good agreement with the
predictions of Fig. 20.
Figure 21 shows a process-microstructure

map that was proposed to reveal semiquantita-
tive relations between the important processing
parameters of heat-source travel speed (Vb),
power (P), and preheat temperature (T0). This
map was calculated using a single, integrated
average of the Gn/R ratio to represent the varia-
tion in G and R that occurs with position in the
melt pool. The region of high Vb and low P
represents very low heat-input conditions that
are insufficient to cause melting. At any travel
speed, a reduction in power is beneficial, and
this can be attributed to an increase in the tem-
perature gradient. The results suggest that the
effect of heat-source travel speed depends on
the level of heat-source power. At low powers
(i.e., <�550 W), the travel speed has no signif-
icant effect. Apparently, at this low power
level, the gradient is high enough to avoid
reaching the level of undercooling required for
nucleation, regardless of the travel speed and
resultant growth rate. At higher powers, the cal-
culated results suggest that an increase in travel
speed is deleterious to preserving the single-
crystal columnar zone.
Experimental results generated to date gener-

ally confirm the expected influence of power
described previously, but not travel speed. For
example, Yoshihiro et al. (Ref 23) recently
investigated the microstructure of welds on
alloy CMSX-4 prepared over a wide range of
powers and travel speeds using both the laser
and gas tungsten arc (GTA) heat sources.
A summary of their experimental results is
shown in Fig. 22. They identified three types
of morphologies: single crystals with direc-
tional dendrites that only grow in the [001]
direction from the bottom of the weld, single
crystals with disoriented dendrites, and welds
with stray grains. The single-crystal welds with
disoriented dendrites simply indicate the pres-
ence of dendrites that grew in directions orthog-
onal to the [001] direction. These results
demonstrate that a reduction in power and
increase in travel speed are always beneficial
for preserving the single-crystal structure
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within the range of parameters investigated.
The processing window for the GTA welds is
slightly smaller than the laser welds. This is
probably associated with the higher-intensity
heat source of the laser that produces a higher
temperature gradient.
Vitek (Ref 24) improved upon the model

developed by Gauman et al. (Ref 12) that per-
mitted a more in-depth analysis of the effect
of travel speed. In the early model, the Gn/R
ratio was used as an indicator of stray grain for-
mation, and a simple Gn/R value was calculated
at the centerline of the weld and averaged
through the thickness. This neglects orientation
effects of the solidification front and does not
provide an accurate representation of stray
grain tendency, because the fraction of stray
grains does not vary linearly with Gn/R. With
the newer approach, the fraction of stray grains
was determined directly at discrete positions in
the weld pool and used to determine an area-
weighted average of stray grains as an indicator
of stray grain tendency. This improves the
accuracy by accounting for the pool shape and
variations in G and R around the pool.

Figure 23 shows the calculated variation in
the weighted area fraction of stray grains in
the weld ðfcÞ as a function of welding speed
for different weld powers. The tendency for
stray grain formation decreases ðfc decreases)
with a decrease in power and an increase in
welding speed. Increasing travel speed is partic-
ularly advantageous. The only minor exception
to this trend is observed at the lowest power
and travel speed, where an increase in travel
speed causes a small increase in fc initially
before fc then decreases with increasing travel
speed. These results indicate that, within this
regime, the potential beneficial effect of the
increase in temperature gradient produced by
increasing travel speed is outweighed by the
detrimental effect of an increase in growth
rate that occurs with increasing travel speed.
This can be understood by noting that the
formation of stray grains depends on the
Gn/R ratio (where n = 3.4 for CMSX-4, for

example). Thus, stray grain formation is more
sensitive to G than R. The anomalous effect of
travel speed at low power has been attributed to
changes in weld pool shape. At low powers and
travel speeds, theweld pool shape is one inwhich
the area susceptible to stray grain formation is a
relatively large fraction of the total weld pool
area. However, this trend is quickly diminished
with further increases in travel speed.
Factors Affecting Substructural Scale.

Dendrite spacing (l) can have an important
influence on the mechanical properties and
time required for postweld homogenization
treatments and therefore deserves some con-
sideration. Kurz and Fisher (Ref 25) have pro-
posed a geometrical model for primary
dendrite spacing that leads to a relationship of
the form:

� / G�0:5R�0:25 (Eq 27)

which suggests that R and G have different
functional relationships on l. Recall that G
and R are related to the cooling rate through
Eq 1. In most cases, dendrite spacing is related
semiempirically to the cooling rate through an
equation of the form:

� ¼ Ae�n (Eq 28)

where A and n are material constants and typi-
cally 0.3 	 n 	 0.5. Thus, dendrite spacing
decreases with increasing cooling rate. This
concept can be added to the G-R diagram
shown previously in Fig. 16. Note that the
ratio of G/R controls the type of substructure,
while the quantityGR (= e) controls the substruc-
tural scale. As discussed previously, the cooling
rate is inversely proportional to the heat input.
Thus, high heat inputs lead to low cooling rates
and large dendrite spacings in the weld; this has
been observed experimentally in a number of
alloy systems (Ref 26–28). It should also be noted
that the cooling rate will vary throughout the
weld due to changes inG andR, so that variations
in l within the fusion zone due to these changes
are also expected.

Solute Redistribution during
Solidification

Binary Models. Solute redistribution is an
important topic because it controls both the dis-
tribution of alloying elements across the cellu-
lar/dendritic substructure and the type/amount
of phases that form in the fusion zone during
solidification. For many applications, solute
redistribution can be effectively assessed with
the aid of several simple models developed for
binary alloys. These are reviewed first, followed
bymodels developed for ternary alloys. Example
application of the models to multicomponent
alloys is also described, followed by a discussion
on the application of thermodynamic models
developed for multicomponent alloys.
There are various solute redistribution mod-

els available for binary alloys that account for
such factors as solute diffusivity in the liquid
and solid, dendrite tip undercooling, and coars-
ening. A good review on the subject is available
in Ref 29. For many fusion welding applica-
tions, a large extent of solute redistribution
behavior can be understood with the fairly sim-
ple equilibrium and nonequilibrium (Scheil)
(Ref 30) models that account for the extreme
cases of solute redistribution:

Equilibrium lever law :

Cs ¼ kCo

ð1� kÞfL þ k
(Eq 29a)

CL ¼ Co

ð1� kÞfL þ k
(Eq 29b)

Nonequilibrium :

Cs ¼ kCo½1� fs�k�1
(Eq 30a)

CL ¼ Co½fL�k�1
(Eq 30b)
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Fig. 22 Influence of heat-source power and travel speed on stray grain formation for alloy CMSX-4 for (a) laser welds
and (b) gas tungsten arc welds. Source: Ref 23

Fig. 23 Calculated variation in the weighted area
fraction of stray grains in the weld as a

function of welding speed for three different weld
powers. Source: Ref 24
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where Cs and CL are the solid and liquid com-
positions at the solid/liquid interface, Co is the
nominal alloy composition, fs and fL are the
fraction solid and fraction liquid, and k is the
equilibrium distribution coefficient, which is
given by k = Cs/CL. These expressions assume
linear solidus and liquidus lines so that k is con-
stant throughout solidification. The value of k is
an important parameter because it describes the
extent to which a particular element partitions
between the solid and liquid. For k < 1, the sol-
ute partitions to the liquid, and the smaller
the value of k, the more aggressive the parti-
tioning to the liquid. For elements in which
k > 1, the solute partitions to the solid during
solidification.
The equilibrium lever law assumes complete

diffusion in the liquid and solid during solidifi-
cation, equilibrium at the solid/liquid interface,
and no undercooling during growth. The non-
equilibrium lever law (often referred to as the
Scheil equation) carries similar conditions,
except that diffusion in the solid is assumed to
be negligible. These two cases represent the
extreme conditions of residual microsegrega-
tion after solidification. The equilibrium lever
law represents the case where there are no con-
centration gradients in the liquid or solid during
solidification, and there is no residual microse-
gregation in the solid after solidification. In
contrast, nonequilibrium conditions represent
the most severe case of residual microsegrega-
tion in the solid after solidification because
solid diffusivity is negligible.
As an example, consider a binary eutectic A-

B system, shown in Fig. 24(a), that exhibits lin-
ear solidus and liquidus lines, a value of k =
0.02 (for solute element B), a eutectic composi-
tion of 20 wt% B, and a maximum solubility
limit of 4 wt% B. Figures 24(b) and (c) show
the variation in liquid composition during solid-
ification under equilibrium and nonequilibrium
conditions for two alloys: one below the maxi-
mum solid solubility with Co = 2 wt% B and
one above the maximum solid solubility with
Co = 5 wt% B. For the 2 wt% B alloy, the solid-
ification conditions under each extreme are
quite different. Under equilibrium conditions,
the liquid composition never becomes enriched
to the eutectic composition because solute in
the solid is uniformly distributed and therefore
capable of dissolving all the solute before the
eutectic point is reached in the liquid. Note
from Eq 29(b) that the maximum solute enrich-
ment in the liquid for the equilibrium condition
is given as Co/k, which occurs when fL = 0. In
this case, Co/k < Ce (the eutectic composition).
The resultant microstructure directly after solid-
ification would simply consist of primary a
with a uniform distribution of B. For the non-
equilibrium case, the liquid composition will
always become enriched to the eutectic point.
Thus, directly below the eutectic temperature,
the 2 wt% B alloy exhibits primary a with a
concentration gradient and 0.06 weight fraction
of the a/b eutectic when solidified under non-
equilibrium conditions.

The two extreme solute redistribution beha-
viors for the 5 wt% B alloy are compared in
Fig. 24(c). For the equilibrium case, the liquid
composition will become enriched to the eutec-
tic point because the nominal composition is
above the maximum solid solubility. In other
words, Co/k > Ce. This eutectic reaction occurs
when there is 0.06 weight fraction remaining
liquid. Thus, the solidification microstructure
directly after equilibrium solidification consists
of primary a with a uniform distribution of B
at the maximum solid solubility of 4 wt% and
0.06 weight fraction of the a/b eutectic. For
the nonequilibrium case, the liquid composition
is always higher at any stage during solidifica-
tion (i.e., any particular value of fL), because
the solid does not dissolve as much solute. As
a result, more liquid remains when the eutectic
composition is reached (0.18 weight fraction),
and more of the eutectic constituent forms in
the solidification microstructure. The final alloy
here exhibits primary a with a concentration
gradient and 0.18 weight fraction of the a/b
eutectic (three times the weight fraction of
eutectic that formed for the equilibrium case).
Figure 24(d) shows the corresponding solute
profiles in the a solid phase after solidification
for the 2 wt% B alloy. Under equilibrium con-
ditions, there is simply primary a with a
uniform distribution of 2 wt% B. For nonequi-
librium conditions, the primary a phase exhibits
a concentration gradient with a minimum of
kCo = 0.4 wt% B and a maximum at the solubil-
ity limit of 4 wt% B. The portion of solid that
exhibits a uniform composition of 4 wt% B
represents the eutectic a (the composition of
the eutectic b is not shown).
Equations 30(a) and (b) have the interesting

property that CL! 1 as fL! 0 and Cs! 1
as fs! 1 (for k < 1), which indicates that the
solid will always be enriched to the maximum
solid solubility, while the liquid will always
be enriched to the eutectic composition under
nonequilibrium conditions. This can be attribu-
ted to the lack of diffusion in the primary a
phase, which leads to the inability of all the sol-
ute to be incorporated into the primary phase.
This can be understood by direct inspection
of Fig. 24(d) and noting that the dissolved sol-
ute in the solid is given by the area under the
Cs – fs curve. For the equilibrium case, the total
dissolved solute is obviously 2 wt% B, which is
the nominal value. However, the dissolved sol-
ute for the nonequilibrium case is always less
than this due to the regions in the solid where
Cs < Co. In this case, the excess solute must
be accommodated by formation of the eutectic
constituent that contains the B-rich b phase.
Strictly speaking, it is important to note that

the solute redistribution equations described in
this section do not account for undercooling
effects that can occur at the cell/dendrite tip
during nonplanar solidification. Under high-
energy-density welding processes that are oper-
ated at high travel speeds, this undercooling
effect may become significant. This subject is
discussed in more detail in the section “Rapid

Solidification Considerations” in this article.
However, this effect is typically not significant
under many moderate cooling-rate conditions
typical of arc welding and high-energy-density
processes operating at low heat-source travel
speeds. In these cases, the models described
for planar solidification can be applied on a
local scale within a small volume element that
encompasses a planar interface. An example
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of this is shown in Fig. 25 for cellular solidifi-
cation. Here, the solidification process can be
represented by the enclosed region shown and
noting that solidification starts at the cell core
(where fs = 0) and finishes at the cell boundary
when two cells meet (fs = 1). The solute
redistribution then occurs locally within the
given volume element that exhibits an essen-
tially planar interface between the liquid and
solid.
The only difference that separates these

two extreme cases of solute redistribution dur-
ing solidification is the solute diffusivity in
the solid. Thus, it is useful to consider the
extent of solute diffusivity expected for a given
set of parameters and resultant cooling rate.
The Brody-Flemings model was the first
attempt at taking back-diffusion into the solid
into account during solidification and is given
as (Ref 31):

Cs ¼ kCo 1� fs
1þ ak

� �k�1

(Eq 31a)

CL ¼ Co 1� 1� fL
1þ ak

� �k�1

(Eq 31b)

a ¼ Dstf
L2

(Eq 31c)

The a parameter in Eq 31(c) is a dimension-
less diffusion parameter, while Ds is the diffu-
sivity of solute in the solid, tf is the
solidification time (cooling time between the
liquidus and terminal solidus), and L is half
the dendrite arm spacing. The Dstf term in the
numerator of Eq 31(c) essentially represents
the distance that solute can diffuse in the solid
during solidification, while the half dendrite
arm spacing, L, represents the length of the con-
centration gradient. Thus, when Dstf << L2, the
solute is able to diffuse only a small fraction of
the total gradient length, and solid-state diffu-
sion will be insignificant. This represents the
case in which a � 0 and Eq 30 reduces to the
Scheil equation. Clyne and Kurz (Ref 32)
pointed out that Eq 31(a) and (b) do not reduce
to the lever law as a ! 1. They proposed an
alternate form of a that is given by:

a0 ¼ a 1� exp � 1

a

� �� �

� 0:5 exp � 1

2a

� �

(Eq 32)

Although this is not based on a physical model,
use of a0 correctly reduces Eq 31 to the lever
law when a = 1 and to the Scheil equation
when a = 0. It should be noted that Kobayashi
provided a more comprehensive model of sol-
ute diffusivity in the solid that can be used
when more detailed calculations are required
(Ref 33).
The potential for back-diffusion in the solid

during fusion welding can be assessed by deter-
mination of the simple a parameter. The tf and
L terms in Eq 31(c) will each depend on the
cooling rate of the weld (e) via:

tf ¼ �T

e
(Eq 33)

L ¼ �

2
¼ Ae�n

2
(Eq 34)

where △T is the solidification temperature
range, l is the dendrite spacing, and A and n
are material constants. (Equation 33 assumes a
linear cooling rate through the solidification
temperature range.) Thus, by knowing the
solidification temperature range, cooling rate,
and dendrite spacing/cooling rate relationship,
the a parameter can be directly estimated as a
function of cooling rate and the potential influ-
ence of solid-state diffusion can be determined.
Many studies have used these simple equa-

tions to explore the solidification behavior of
welds in austenitic alloys. These studies have
demonstrated that the solute redistribution
behavior and resultant weld-metal microstruc-
ture are controlled primarily by the pertinent
values of k and Ds for the alloying elements
of interest. The value of Ds will control the
potential for back-diffusion in the solid during
solidification. Elements with very low k values
can produce steep concentration gradients
across the cellular or dendritic substructure of
the weld. Table 2 shows an example that sum-
marizes diffusivity data for many alloying ele-
ments in nickel (Ref 34). Upper bound values
of a for each element can be calculated by
determining Ds at the liquidus temperature,
approximately 1350 �C (2460 �F) for many
nickel alloys (Ref 35, 36), using a large but rep-
resentative value of △T of 200 �C (360 �F) and
reported values of A = 32 and n = 0.31 (Ref 37).
Using these values, a can be calculated as
a function of cooling rate and is shown in
Fig. 26 for the substitutional alloying elements
listed in Table 2. The values of A and n used
here were for alloy 713. However, the values
do not vary significantly among many nickel-
base alloys (Ref 38). The a value decreases
with increasing cooling rate due to the decrease
in solidification time (tf) with increasing cool-
ing rate. More importantly, note that a << 1
for all the elements considered under a wide
range of cooling rates. The use of various
values of △T, A, and n representative of other
nickel-base alloys does not change this result
significantly. It is also important to note that
an upper bound value of Ds was calculated at
a typical liquidus temperature of 1350 �C
(2460 �F). The value of a can only decrease
with the use of Ds values calculated at lower
solidification temperatures.
These results clearly demonstrate that solid-

state diffusion of substitutional alloying ele-
ments in austenitic alloys is insignificant during
solidification of fusion welds. Experimental
evidence has been published that supports these
calculations for a variety of elements, including
iron, chromium, niobium, molybdenum, and
silicon (Ref 39, 40). In that work, dendrite core
compositions were experimentally measured in

samples that were solidified under a wide range
of cooling rates, including samples quenched
during solidification and samples cooled at
0.2 �C/s and 650 �C/s. The dendrite core com-
positions were identical in all cases, indicating
that solid-state diffusion is indeed negligible.
In these cases, the simple form of Eq 30 can
be used for quantitative calculations of final
solute profiles and phase fractions. An example
is provided later in this section.
Back-diffusion during weld solidification can

be significant in body-centered cubic systems
and for the diffusion of interstitial alloying

Fig. 25 Volume element for modeling solute
redistribution during cellular solidification.

The solidification process can be represented by the
enclosed region shown and noting that solidification
starts at the cell core (where fs = 0) and finishes at the
cell boundary when two cells meet (fs = 1).

Table 2 Diffusion data for various alloying
elements in nickel

Element

Diffusion coefficient

(Do), m
2/s

Activation energy (Q),
kJ/mol

Fe 8.0 � 10�5 255
Cr 1.1 � 10�4 272
Co 1.4 � 10�4 275
Nb 7.5 � 10�5 264
Mo 1.0 � 10�4 275
W 2.0 � 10�4 299
Al 1.9 � 10�4 268
Ti 4.1 � 10�4 275
Cu 5.7 � 10�5 258
C 8.0 � 10�6 135
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elements. For example, calculation of the a
parameter for carbon in nickel will yield values
that are significantly greater than unity. This is
to be expected, because carbon diffuses by an
interstitial mechanism and therefore exhibits
diffusion rates that are orders of magnitude
higher than the substitutional alloying elements.
Evidence for this is reflected in the activation
energy term (Q) for diffusion of carbon in
nickel shown in Table 2. Note that Q for the
substitutional alloying elements varies over a
fairly narrow range of 255 to 299 kJ/mol, while
the value for carbon is approximately half this
at 135 kJ/mol.
Figure 27(a) shows calculated results for sol-

ute redistribution of carbon in nickel (Ref 39).
In this figure, the solute redistribution behavior
was calculated with Eq 31 and 32 using the
temperature-dependent diffusion rate of carbon
in nickel. Comparison is made between the
nonequilibrium Scheil equation and the lever
law. Note that the detailed results from the
Clyne-Kurz model are essentially identical to
that of the lever law, indicating that complete
solid-state diffusion of carbon is expected in
nickel-base alloys during solidification. A simi-
lar effect can be expected for nitrogen in nickel.
This calculation was conducted for a cooling
rate of 650 �C/s (1170 �F/s) through the solidi-
fication temperature range. Higher cooling rates
typical of high-energy-density welding may
alter this result and begin to limit carbon

diffusion in the solid. Aside from this possibil-
ity, these results demonstrate that carbon (and
nitrogen) can be expected to exhibit complete
diffusion in the solid during most welding con-
ditions. Figure 27(b) shows a similar calcula-
tion for substitutional diffusion of titanium in
a body-centered cubic Fe-10Al-5Cr alloy that
was calculated using the detailed model pro-
posed by Kobayashi (Ref 33, 41). These results
are somewhat similar to those for carbon in
nickel in that solid-state diffusion is essentially
complete at moderate cooling rates. However,
diffusion may become insignificant at very high
cooling rates typical of high-energy-density
processes. These results are meant to serve as
example calculations that can be applied to
understanding solute redistribution behavior in
fusion welds of any alloy system when the per-
tinent alloy parameters are known.
For conditions in which solid-state diffusion

is negligible, microsegregation will persist in
the as-solidified weld (except for the case in
which k = 1). An example of this is shown in
Fig. 28 for fusion welds in a niobium-bearing
superalloy (Ref 36, 42). The final degree of
microsegregation can be assessed by direct
determination of the k value for the element of
interest, where the degree of microsegregation
will increase with decreasing k value (for k
values < 1). For example, the lowest concentra-
tion will occur at the dendrite core where solid-
ification initiates. Direct inspection of Eq 30

indicates that, at the start of solidification when
fs = 0, the dendrite core composition (which is
the first solid to form) is given by kCo.
Although the models described earlier were

strictly developed for binary alloys, they can
be used in a quantitative manner for multicom-
ponent engineering alloys when the alloy prop-
erly mimics the solidification behavior of a
binary system. An example is provided here
by application of the simple binary Scheil equa-
tion to Ni-Cr-Mo-Gd alloys. A typical as-solidi-
fied microstructure of an alloy is shown in
Fig. 29(a). These alloys exhibit g dendrites
and an interdendritic g/Ni5Gd eutectic-type
constituent. Research (Ref 43, 44) has shown
that gadolinium controls the solidification
behavior of these alloys. In particular, the
solidification temperature range and amount
of terminal eutectic-type constituent that
forms at the end of solidification are essentially
dominated by the gadolinium concentration.
Solidification of these alloys initiates at the
liquidus temperature by the formation of pri-
mary g-austenite. As solidification proceeds,
the liquid becomes increasingly enriched
in gadolinium until the liquid ! g + Ni5Gd
eutectic-type reaction is reached, at which point
solidification is terminated.
This reaction sequence and temperature

range is similar to that expected in the binary
nickel-gadolinium system. Simple binary

Fig. 26 Dimensionless a parameter as a function of cooling rate for a wide range of alloying elements in nickel
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Fig. 27 Comparison of solute redistribution behavior.
(a) Carbon in a nickel-base superalloy

calculated using the lever law, Scheil equation, and
Clyne-Kurz model. (b) Titanium in an Fe-10Al-5Cr-1.5Ti-
0.4C alloy with varying cooling rates (calculated using
the Kobayashi model) compared to the lever law and
Scheil cases. Source: Ref 39
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nickel-gadolinium alloys with less than approx-
imately 13 wt% Gd exhibit a similar two-step
solidification sequence consisting of primary
austenite formation followed by a terminal
eutectic reaction involving the Ni17Gd2 inter-
metallic at 1275 �C (2327 �F). By comparison,
the multicomponent Ni-Cr-Mo-Gd alloys com-
plete solidification at �1258 �C (�2295 �F)
by a terminal eutectic-type reaction involving
the Ni5Gd intermetallic. Thus, although the sec-
ondary phase within the terminal eutectic con-
stituent is different in each case, the terminal
reaction temperatures are very similar. As
shown in Fig. 29(b), a pseudo-binary solidifica-
tion diagram can be developed for this system
that is similar to the phase diagram of a binary
eutectic alloy. In this case, the solvent is repre-
sented by the Ni-Cr-Mo solid-solution g-austen-
ite phase, and gadolinium is treated as the
solute element. The similarity of this g-gadolin-
ium binary system to a binary eutectic system is
readily evident in several ways:

� The as-solidified microstructure consists of
primary g dendrites surrounded by an inter-
dendritic eutectic-type constituent in which
the secondary phase in the eutectic is solute
rich.

� The amount of eutectic-type constituent
increases with increasing solute content.

� The proportional amount of each phase
within the eutectic constituent is relatively
insensitive to nominal solute content.

It was also observed that the eutectic tempera-
ture is not strongly dependent on the nominal
gadolinium concentration. Key points of the dia-
gram shown in Fig. 29(b) were determined with
a combination of thermal analysis and quantita-
tive microstructural characterization techniques.
Figure 29(c) shows a comparison of the
measured and calculated g/Ni5Gd fraction
eutectic from fusion welds made on alloys with
various gadolinium concentrations. In this plot,
a comparison is made with the calculated

eutectic fraction using the simple Scheil equa-
tion. The Scheil equation can be used for eutec-
tic fraction calculations by noting that, when
CL = Ce (the eutectic composition), the remain-
ing fraction liquid (fL) transforms to fraction
eutectic (fe), so that:

fe ¼ Ce

Co

� �1=k�1

(Eq 35)

Good agreement is observed between
the measured and calculated values. This sup-
ports the use of a pseudo-binary analog for
modeling the solidification behavior of these
alloys.
Ternary Models. The expressions derived

earlier for binary alloys can be used quantita-
tively in multicomponent alloys when the
alloy behaves like a binary system. However,
many engineering alloys exhibit multiple reac-
tions during solidification that occur over a
range of temperatures and exhibit more than
one eutectic constituent. Thus, they typically
cannot be treated in a quantitative fashion
with the simpler models described earlier.
In this case, models for ternary alloys can be
useful, and relatively simple solidification
path equations can be derived for limiting cases
of solute redistribution in ternary alloys. Two
sets of solute redistribution equations are
needed to fully describe the solidification paths
of ternary alloys. The first set describes the var-
iation in liquid composition and fraction
liquid during the primary stage of solidification.
These expressions can be used to identify
if the liquid composition is enriched to a mono-
variant eutectic-type reaction and, if so,
what type of reaction will occur and the frac-
tion of total eutectic constituent that will
form in the microstructure. The second set of
expressions describes the variation in liquid
composition and fraction liquid during the
monovariant eutectic reaction. These expres-
sions can be used to determine if the liquid
composition is enriched to the ternary eutectic
reaction and the fractions of both the monovar-
iant and ternary eutectic constituents. Only the
primary solidification path expressions are dis-
cussed here. More detailed information on the
full ternary model can be found elsewhere
(Ref 45).
For ternary solidification, three limiting cases

can be identified based on the diffusivity of sol-
ute in the solid phases:

� Negligible diffusion of each solute in the
solid phases, referred to as nonequilibrium
solidification

� Negligible diffusion of one solute in the
solid phases and infinitely fast diffusion of
the other solute in the solid phases, referred
to here as intermediate equilibrium.

� Infinite diffusion of each solute in the solid
phases (equilibrium)

Expressions for the primary solidification paths
for these three conditions are given by:
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Fig. 28 Example of microsegregation in a weld of a
niobium-bearing nickel-base superalloy. (a)

Micrograph showing position of composition trace. (b)
Corresponding electron probe microanalysis results
showing niobium microsegregation. Source: Ref 36, 42

Fig. 29 (a) Microstructure of fusion weld on a Ni-Cr-
Mo-Gd alloy. (b) Pseudo-binary phase

diagram for the g-gadolinium system. (c) Comparison of
the measured and calculated g/Ni5Gd fraction eutectic
from fusion welds made on alloys with various
gadolinium concentrations. Source: Ref 44

Fundamentals of Weld Solidification / 109



Equilibrium:

CLA ¼ CoA

1�kaA
1�kaB

� �

CoB�kaBCLB

CLB

� �

þ kaA
(Eq 36a)

Intermediate equilibrium:

CLA ¼ CoA

CoB � kaBCLB

ð1� kaBÞCLB

� �kaA�1

(Eq 36b)

Nonequilibrium: CLA ¼ CoA

CLB

CoB

� �

kaA�1

kaB�1

(Eq 36c)

where fL is the fraction liquid, Coj is the nomi-
nal concentration of element j, CLj is the con-
centration of element j in the liquid, and kij is
the equilibrium distribution coefficient for ele-
ment j in phase i. When the liquid composition
given by Eq 36 intersects a monovariant eutec-
tic line, the remaining fraction liquid transforms
to a binary-type eutectic and possibly the ter-
nary eutectic. Thus, the value of fL at the inter-
section point of the primary solidification path
and monovariant eutectic line defines the total
amount of eutectic in the microstructure.
Details on the calculation procedure for deter-
mining this value are provided elsewhere (Ref
45). The difference among the three cases con-
sidered here is governed by the diffusivity of
solutes in the solid phases. Thus, the condition
that most closely describes the solidification
behavior for an actual application can be deter-
mined by calculation of the a parameter for
each of the solute elements of importance.
Figure 30 shows an example of primary

solidification path calculations made for fusion
welds on multicomponent superalloys that form
the g/NbC and g/Laves eutectic-type constitu-
ents at the end of solidification (Ref 46).
Although these alloys contain multiple ele-
ments, they can be treated as a pseudo-ternary
g-Nb-C system. Niobium and carbon are treated
as the important solute elements here because
each element partitions aggressively to the liq-
uid during solidification and leads to the forma-
tion of the niobium- and carbon-rich NbC phase
and the niobium-rich Laves phase. For this sys-
tem, niobium exhibits negligible diffusion,
while carbon diffuses infinitely fast. Thus,
Eq 36(b) was used for these calculations. Cal-
culations are shown for alloys with similar nio-
bium concentrations and various amounts of
carbon. Note that the addition of carbon pushes
the primary solidification path up into the car-
bon-rich side of the liquidus projection. The liq-
uid composition must then “travel” a long
distance down the g/NbC eutectic line as the
g/NbC constituent forms. This accounts for the
observed influence of carbon that leads to large
amounts of the g/NbC constituent in these
alloys. It was also observed that carbon addi-
tions increase the start temperature of the L !
g + NbC reaction. This effect is not intuitive,
because solute additions in which k < 1 (such

as carbon) typically lower reaction tempera-
tures. The calculations demonstrate the reason
for this effect. The dotted arrow near the g/
NbC eutectic line represents the direction of
decreasing temperature (as determined through
thermal analysis). Note that carbon additions
drive the solidification path to the carbon-rich
region of the diagram where the L ! g +
NbC reaction is relatively high, thus accounting
for the observed effect. Reasonable agreement
was obtained between the measured and calcu-
lated volume fractions using these expressions
(Ref 46).
Modeling of Multicomponent Alloys. The

relatively simple models described previously
are useful for assessing the solidifcation behav-
ior of alloys that behave in a manner analogous
to binary or ternary alloys. However, such
approaches may be limited in some engineering
alloys. Multicomponent thermodynamic and
kinetic software is now available that can also
be used for understanding solidifcation behav-
ior in such systems, and a simple example is
provided here. Figure 31(a) shows a light opti-
cal micrograph of a weld between a superauste-
nitic stainless steel (CN3MN) with �6 wt% Mo
and a nickel-base filler metal (IN686) with �14
wt% Mo (Ref 47). This weld was prepared at
the 21% dilution level. Welds in these alloys
solidify with a primary L ! g solidifcation
mode and then terminate solidifcation by a L
! g + s reaction. Thus, the final weld micro-
structure consists of primary g dendrites and
interdendrtic g/s eutectic. The s phase is a
molybdenum-rich phase. Welds made at low
dilution levels (i.e., high molybdenum levels)
would be expected to form relatively large frac-
tions of the s phase. However, as shown in
Fig. 31(b), the s-phase content does not change
significantly with weld dilution level and asso-
ciated nominal molybdenum concentration of
the alloy. This immediately suggests that other
factors besides the nominal concentration of
molybdenum are also affecting the s-phase
content.

The s-phase content is controlled by the
amount of eutectic constituent that forms dur-
ing the end of solidification. The fraction of
eutectic is, in turn, controlled by the nominal
alloy composition (Co), eutectic composition
(Ce), and distribution coefficient (k) for molyb-
denum (Eq 35). Note that the nickel and iron
contents in the weld change appreciably with
changes in dilution, and these changes in nickel
and iron may affect the values of k and Ce.
Figure 32(a) shows the variation in liquid com-
position during solidification using a multicom-
ponent Scheil simulation with Thermocalc (Ref
48). The Scheil simulation is justified here
because, as shown in Fig. 26, all the substitu-
tional elements of interest are known to exhibit
insignificant diffusion rates during solidification
in austenite. Results are shown for welds at var-
ious dilution levels. Solidification starts at the
nominal composition (Co), which is controlled
by the dilution level. The eutectic composition
(Ce) is given by the inflection point where the
eutectic reaction L ! g + s begins. It is appar-
ent that the eutectic composition decreases
appreciably with increasing dilution. Figure 32
(b) shows the variation in the molybdenum par-
tition coefficient (k) for the same dilution levels
of interest. The partition coefficient for a given
dilution does not vary significantly during
solidification, but it increases slightly (from

Fig. 30 Example of primary solidification path
calculations made for fusion welds

on multicomponent superalloys that form the g/NbC and
g/Laves eutectic-type constituents at the end of
solidification. Source: Ref 46
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Fig. 31 (a) Light optical micrograph showing primary
austenite and interdendritic s phase that forms

in a dissimilar weld between a superaustenitic stainless
steel base metal and nickel-base filler metal. (b) Variation in
s-phase content with dilution. Source: Ref 47
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�0.67 to 0.84) with decreasing dilution.
Figure 32(c) summarizes the variations in Co,
Ce, and k as a function of dilution. An increase
in Co and a decrease in Ce and k will increase
the fraction eutectic and resultant amount of
secondary phase. These results demonstrate
there are offsetting effects in these parameters
that keep the s-phase content relatively inde-
pendent of the weld-metal composition. In
other words, Ce and k each decrease with
increasing dilution, which would, in itself, lead
to an increase in fraction eutectic and amount
of s phase. However, these changes are offset
by the decrease in nominal molybdenum con-
centration that occurs with increasing dilution.
This accounts for the relatively constant s-
phase content observed in these welds.
The final s-phase content will also depend

on the maximum solid solubility of molybde-
num in the austenite and s phases. All of
these factors can be accounted for with a com-
plete multicomponent Scheil simulation. Table 3
shows the amount of s phase calculated for all
the dilution levels of interest. There is reason-
able agreement between the measured and cal-
culated amounts of s phase. These results
also carry important practical implications,
because IN686 filler metal can be used at vari-
ous dilution levels with minimal changes to
the s-phase content in the weld, which is bene-
ficial from a solidification cracking and tough-
ness standpoint.

Rapid Solidification Considerations

The conditions described previously ignore
the effects of the nonplanar interface and solute
buildup in the liquid on dendrite tip undercool-
ing. Such factors can become important at high
solidification rates associated with high-energy-
density welding processes. These undercooling
effects are shown schematically in Fig. 33.
The liquidus and solidus lines for a planar inter-
face (tip radius, r = 1) are shown by the solid
lines. Solute enrichment in the liquid at the
solid/liquid interface results from solute rejec-
tion directly from the tip and diffusion down
the solute gradient that exists between the cells.
This local enrichment produces a reduction in
the tip temperature, △TC, as shown in Fig. 33.
Undercooling is also produced by the surface
energy effects due to the tip with a finite radius.
In this case, the solidus and liquidus lines
are depressed relative to those for an infinite
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Fig. 32 Multicomponent Scheil calculations for fusion welds made between a superaustenitic stainless steel alloy
and a nickel-base filler metal showing (a) variation in liquid composition with fraction liquid, (b) variation

in kMo with fraction solid, and (c) variation in Co, Ce, and kMo with dilution

Table 3 Comparison of the percent s
values calculated using ThermoCalc and
measured experimentally

Dilution, % Calculated s phase, % Measured s phase, %

100 1.9 1.4 þ� 0.2
83 2.4 1.7 þ� 0.3
52 2.3 1.6 þ� 0.2
37 1.9 2.0 þ� 0.4
21 1.4 2.1 þ� 0.4
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radius, as shown by the dotted lines. The
corresponding undercooling associated with a
finite tip radius is given by the △Tr term in
Fig. 33. As a result of these two effects, the liq-
uid temperature and composition can be
changed significantly from (To, Co) to (Tt, Ct),
as shown in the figure. Also note that this pro-
duces an increase in the dendrite core composi-
tion from kCo to kCt. This change in the
operating point of the dendrite tip can have a
significant effect on the stability of the primary
solidification phase, the final distribution of sol-
ute in the solid, and the final phase distribution.
Different approaches have been used to solve

the dendrite undercooling problem in order to
determine the local tip temperature and compo-
sition. For example, Burden and Hunt (Ref 49)
assumed that the dendrite tips grow with a
radius that minimizes undercooling. This
assumption was used to solve directly for the
tip radius, which then provided a direct solution
for the undercooling and resultant tip composi-
tion. However, this assumption does not capture
the observed behavior in which a dendritic
interface eventually reverts to a cellular and
then planar interface at high solidification velo-
cities. Note also that this reversion to a planar
interface is not captured within the classical
constitutional supercooling criteria (described
previously), because the model neglects surface
tension effects. At high solidification velocities,
the cell spacing is decreased, which leads to an
increase in the solid/liquid interfacial area.
The increase in surface area helps accommo-
date the rapid rate of solute rejection required
at high solidification velocities but also leads
to increased surface energy. At very high velo-
cities, the cellular interface is no longer ener-
getically favorable, and a planar interface
reappears.
The dendrite tip radius and solute redistribu-

tion around the tip are actually coupled, so that
the assumption of a cell tip growing to mini-
mize undercooling is not completely accurate.
This condition has been considered in greater
detail by Kurz et al. (Ref 21). In the KGT
model, the tip radius is related to the tempera-
ture gradient and growth rate through the Peclet
number (Pe) by:

R2 p2�
Pe2D2

l

� �

þR
mlCoð1� kÞ

Dl 1� ð1� kÞIðPeÞ½ �
� �

þG ¼ 0 (Eq 37)

where G is the Gibbs-Thomson parameter (ratio
of specific solid/liquid interfacial energy to
melting entropy), Pe is the Peclet number given
by Pe = Rr/2Dl, and I(Pe) is given by I(Pe) =
Peexp(Pe)E1(Pe), where E1 is the exponential
integral function.
Direct solution of Eq 37 for the dendrite tip

radius is not possible because Pe is defined in
terms of both R and r. Thus, the expression
must be solved numerically in which a wide
range of Pe values are selected to determine
I(Pe), and then the quadratic Eq 37 is solved
for R numerically. Once R is known, the den-
drite radius is given by r = 2PeDl/R. The

resultant tip temperature and composition are
then given by:

C�
l ¼

Co

1� ð1� kÞIðPeÞ (Eq 38)

Tt ¼ To þ mlC
�
l �

2�

r
(Eq 39)

As shown schematically in Fig. 33, this new
“operating point” of the dendrite tip (i.e., the
change in tip composition and temperature from
(To, Co) to (Tt, Ct)) also affects the subsequent
solute redistribution because the new core com-
position is changed from kCo to kCt. Sarreal et
al. (Ref 50) addressed this problem by assuming
that undercooling at the dendrite tip is dissipated
by forming a certain fraction of primary solid
phase, f os , that is given by the lever law at the
undercooled temperature:

f os ¼ Co � C�
l

C�
l ðk � 1Þ (Eq 40)

Under conditions in which solute diffusion in
the solid is negligible (which is often the case
for substitutional alloying elements at high
solidification velocities), the final fraction of
eutectic that forms is then given by the modi-
fied form of the Scheil equation:

fe ¼ ð1� f os Þ
Ce

C�
l

� � 1
k�1

(Eq 41)

Various levels of complexity can be
accounted for with the KGT model. For exam-
ple, Dl and ml can each vary with temperature,
while k can vary with both temperature and
solidification velocity. At high solidification
velocities, the value of k ! 1 due to solute
trapping in the solid. This velocity dependence
can be accounted for with the model proposed
by Aziz (Ref 51) in which the effective distri-
bution coefficient, k0, is given by:

k0 ¼ k þ aiR
D

1þ aiR
D

(Eq 42)

where ai is related to the interatomic distance
and is typically between 0.5 and 5 nm. Equation
42 has the form in which k0= k at low values of
R and k0 = 1 at high R values.
Figure 34 shows example calculations of

the KGT model for an Ag-5wt%Cu alloy.
The results demonstrate how the tip radius
(denoted as R in Fig. 34a), temperature, and
core composition (Cs* in Fig. 34c) change with
increasing solidification velocity. The curves in
Fig. 34(a) and (c) demonstrate how various
assumptions about Dl, ml, and k affect the
results. Note that the dendrite radius initially
decreases with increasing velocity but then rap-
idly increases and becomes infinite at high
growth velocities. This is the condition in
which a planar interface is restabilized. The
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extent of undercooling at high velocities can be
quite significant and can lead to subsequent
enrichment in the cell core composition relative
to that under ideal Scheil conditions (Fig. 34c).
This effect provides one mechanism for reduc-
ing the extent of residual microsegregation that
occurs in many alloys that exhibit low solute
diffusivity in the solid.
Stainless steels represent an important

group of engineering alloys in which dendrite
tip undercooling can have a significant in-
fluence on the primary phase that forms. The
composition of many commercial stainless
steels is adjusted to induce primary delta-ferrite
(d) solidification. The delta-ferrite phase is
desirable as the first solidification phase
because it exhibits a higher solubility for tramp
elements, such as phosphorus and sulfur. Thus,
with primary ferrite solidification, more of the
phosphorus and sulfur are kept in solution and
avoid the low-melting-point phosphorus- and
sulfur-rich phases that are known to aggravate
solidification cracking. In contrast, the solubil-
ity for these tramp elements is relatively low
in austenite (g), and stainless steels that solidify
as primary austenite are well known to be rela-
tively sensitive to this form of cracking.
Although some stainless steels have a nominal
alloy composition that is designed to solidify
as ferrite (under low solidification velocities),
the nominal composition can lie close to the
transition in primary solidification mode so that
dendrite tip undercooling can cause a shift in
the primary solidification mode at higher cool-
ing rates.

Fukumoto and Kurz (Ref 52) used a multi-
component form of the KGT model to predict
how solidification velocity and resultant tip
undercooling affects primary phase stability in
stainless steels. In this work, interface response
functions were developed by calculating the tip
temperature of the d and g phases as a function
of solidification velocity. An example calcula-
tion for an Fe-18Cr-11.3Ni (wt%) alloy solidi-
fied with a temperature gradient of 400 K/mm
is shown in Fig. 35. The primary solidification
phase is identified by noting that the phase with
the highest tip temperature is the one that will
solidify first. Note that, for this alloy and tem-
perature gradient, a shift in the primary solidifi-
cation mode is expected at a solidification rate
of 3.2 � 10-2 m/s, and such shifts have been
observed experimentally.
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Dilution in Fusion Welding
John N. DuPont, Lehigh University

Introduction

MANY APPLICATIONS EXIST in which
alloys of differing compositions are joined by
fusion welding. In these applications, the final
fusion zone can potentially exhibit a composi-
tion that lies anywhere between that of each
alloy. The final composition and corresponding
microstructure and properties of the fusion zone
will be determined by the dilution level. The
dilution level is, in turn, strongly affected by
the welding parameters. Thus, many dissimilar
metal welding applications require careful
control over the welding parameters and
corresponding dilution level in order to produce
welds with the proper microstructure and prop-
erties for the intended service. The objective of
this article is to review the relation between
dilution and bulk fusion-zone composition,
describe the effect of welding parameters on
dilution, and provide some typical examples
of microstructure and property control in dis-
similar weld applications.

Dilution and Fusion Zone
Composition

Dilution can be understood with the sche-
matic illustration provided in Fig. 1, which
shows the amount of base metal melted (Abm)
and filler metal added (Afm) in a typical fusion
weld. The dilution is given by:

D ¼ Abm

Abm þ Afm

(Eq 1)

Inspection of Eq 1 demonstrates that the dilu-
tion is simply a measure of the amount of base
metal that mixes in with the fusion zone. In
many applications, it is important to control
the dilution level to provide the proper micro-
structure and properties for the intended ser-
vice. For example, in cladding applications,
the dilution is typically minimized in order to
maintain the high alloy level and concomitant
wear or corrosion resistance of the cladding.
The concentration of any alloying element, i,
in the fusion zone (C i

fz) is determined by the
dilution and concentrations of element i in the

base metal (C i
bm) and filler metal (C i

fm) by:

C i
fz ¼ DC i

bm þ ð1� DÞC i
fm (Eq 2)

Equation 2 demonstrates that the weld-metal
composition varies linearly with the dilution
level. An example of Eq 2 is shown in Fig. 2,
which shows the fusion-zone chromium con-
centration for a weld made on a carbon steel
with no chromium (CCr

bm ¼ 0) and a filler metal
with 20 wt% Cr (C cr

fm ¼ 0). Note that the fusion

composition varies linearly from the filler-metal
chromium concentration at 0 dilution to the
base-metal chromium concentration at a dilu-
tion value of unity. It is important to note that
a dilution value of 0 does not actually represent
a fusion weld, because no base metal has
melted. This condition would produce lack of
fusion between the base metal and fusion zone.
Thus, although attempts are often made to min-
imize dilution (depending on the application), it
is important to note that some finite dilution is
required to induce mixing between the base
and filler metal in the molten state in order to
form the weld. A dilution value of unity (or
100%) represents an autogenous weld in which
no filler metal is added. Thus, it is not possible
to achieve 100% dilution when a filler metal
with a composition different than that of the
base metal is used.
Equations 1 and 2 assume that the chemical

composition of the weld can be determined
based solely on geometric information (i.e.,
the amount of base metal melted and filler
metal added). Recent measurements have veri-
fied that this is generally accurate. Figure 3
compares the weld-metal dilution determined
from both geometric measurements and
direct chemical composition measurements
made by electron probe microanalysis (EPMA)
(Ref 1). These data were obtained on
fusion welds made between alloy AL-6XN
(a superaustenitic stainless steel) and nickel-
base alloys IN625 and IN622. Note that
there is good agreement between the weld-
metal compositions measured with each tech-
nique, thus confirming that the fusion-zone
composition can generally be determined
accurately with geometrical measurements and
knowledge of the base-metal and filler-metal
compositions.
It should be noted that other factors can

change the final fusion-zone composition in
ways that are not accounted for in the simple
geometrical dilution equations described previ-
ously. For example, elemental losses due to
evaporation from the pool surface can occur
during welding and lead to a reduction in alloy-
ing content in the fusion zone. An example of
this is provided in Fig. 4, which shows the man-
ganese content of the base metal and the fusion

Fig. 1 Schematic illustration of dilution showing the
amount of base metal melted (A

bm
) and filler

metal added (A
fm
) in a typical fusion weld

Fig. 2 Calculated fusion-zone chromium concentration
as a function of dilution for a weld made on a

carbon steel with no chromium and a filler metal with 20
wt% Cr



zone for welds made on manganese-containing
stainless steels (Ref 2). Note that the manga-
nese content in the fusion zone is appreciably
lower than that of the base metal, and this has
been attributed to the relatively high vapor
pressure of manganese. Similar effects have
been reported for losses of magnesium in alu-
minum-magnesium alloys, and evaporative
losses can also occur from the surface of hot
molten droplets in the gas metal arc welding
process (Ref 3). The effect of these losses can
be important when the alloying element of
interest plays an important role in controlling
the strength in the alloy (i.e., by solid-solution
hardening or precipitation strengthening). Addi-
tives made to the weld beyond the filler metal
can also affect the weld-metal composition,

such as the addition of active fluxes that are
used to promote good penetration. Similarly,
the liquid pool can sometimes dissolve ele-
ments from the shielding gas, such as oxygen
and nitrogen (Ref 4). This can lead to relatively
minor changes in alloy compositions, but these
changes can often have significant effects on
the weld-metal microstructure and properties.
In high-energy-density welds made at high
welding speeds, the melting and solidification
occur very rapidly so that there is often not suf-
ficient time for uniform mixing in the melt
pool, and macrosegregation exists in the fusion
zone. These factors must be considered on an
individual basis when using the expressions
for fusion-zone composition described
previously.

It is also important to note that the fusion-
zone composition given by Eq 2 assumes there
is uniform mixing of alloying elements in the
liquid state, so that the composition is uniform
on a macroscopic scale. This is also found to
be generally true due to the rather aggressive
liquid mixing that occurs in the weld due to
the various forces that lead to fluid flow (i.e.,
buoyancy force, Lorentz force, surface-ten-
sion-driven force, and force from the impinging
arc plasma, Ref 5). Figure 5 shows EPMA com-
position profiles for iron, nickel, and chromium
acquired from a weld made with 308 stainless
steel filler metal on A36 carbon steel with
the gas metal arc welding process (Ref 6).
The composition trace was made from the top
surface of the weld to the fusion line. An
expanded view of the composition profile near
the fusion line is provided in Fig. 5(b). Note
that the weld is over 3 mm (0.1 in.) in length
from the fusion line to the weld surface, and
the partially mixed zone (PMZ) is a very small
fraction of this length (�50 mm, or 0.002 in.).
While the PMZ is always present near the
fusion line of dissimilar welds, the width of this
zone is generally small in relation to the fusion-
zone size. There are instances where the PMZ
can become appreciable in size. Figure 6 shows
composition profiles for claddings in which
commercially pure aluminum was deposited
onto a carbon steel using the gas tungsten arc
welding process (Ref 7). Each cladding was
prepared at similar values of heat input but
increasing filler-metal feed speed, the values
of which are indicated in the figure caption.
Note that the PMZ becomes an appreciable
size of the fusion zone as the filler-metal speed
is increased. This effect can become important
in gas tungsten arc welds but is generally
not expected in welds made with consumable
electrode processes due to the more aggressive
mixing that occurs from the molten droplet
transfer.

Fig. 3 Comparison of weld-metal dilution determined from geometric measurements and direct chemical
composition measurements made by electron probe microanalysis (EPMA). Source: Ref 1

Fig. 4 Manganese content of the base metal and the
fusion zone for welds made on manganese-

containing stainless steels. Source: Ref 2
Fig. 5 Composition profiles for iron, nickel, and chromium acquired from a weld made with 308 stainless steel filler

metal on A36 carbon steel with the gas metal arc welding process. Source: Ref 6
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Influence of Welding Parameters
on Dilution

The volumetric filler-metal feed rate (Vfm)
and arc power (P) are the primary welding vari-
ables that control dilution. An example of this
for gas tungsten arc welds made on alloy AL-
6XN with IN625 filler metal is shown in
Fig. 7. The plot shows a wide range of welds
that were made at various values of filler-metal
feed rate and arc power, and the number next to
each data point represents the dilution level.
The filler-metal feed rate controls the amount
of filler metal added to the fusion zone, while
the arc power generally controls the amount of
base metal that is melted and mixed in with
the fusion zone. For example, note in Fig. 7
that, for a fixed arc power, the dilution level
decreases as the filler-metal feed rate increases.
For a fixed arc power, the amount of melted

base metal (i.e., the Abm term in Eq 1) is fairly
constant, but the increase in filler-metal feed
rate causes the Afm term to increase. As a result,
the dilution decreases. Conversely, welds made
with a fixed feed rate exhibit an increase in
dilution with increasing arc power. In this case,
the Afm term is essentially constant, but the
increase in arc power increases the amount of
base metal melted, thus leading to an increase
in the dilution level.
The qualitative effects of welding variables

on dilution can be understood in a more quanti-
tative fashion through the use of process effi-
ciency factors. As shown in Fig. 1, dilution is
typically determined by measurement of Afm

and Abm using metallographic methods.
However, dilution is actually the result of the
volumetric quantities Vfm and Vbm, where Vfm

is the volume of deposited filler metal and
Vbm is the volume of melted base metal.
These volumetric terms are simply reduced by
one dimension into area terms when the
sample is cross sectioned and the measurements
of Afm and Abm are made. The assumption is
made here that the cross-sectional areas do not
vary along the length of the weld. Constant
cross-sectional areas are produced along the
weld length when the volumetric melting
rate of the filler metal (Vfm) and the base metal
(Vbm) are constant with travel speed. Under
this assumption, dilution can also be expressed
in terms of the volumetric melting rates
of the base metal (Vbm) and the filler metal
(Vfm) as:

D ¼ Vbm

Vbm þ Vfm

(Eq 3)

The volumetric melting rate of the filler
metal is a controlled variable of the process.
The implicit assumption in using the set value
of volumetric filler-metal feed rate to represent
the actual deposited volumetric filler-metal rate
is that filler-metal losses due to spatter are neg-
ligible. An expression for Vbm can be obtained
by considering a simplified balance of power

terms across the welding arc, which is facili-
tated by thermal efficiency factors (Ref 6, 8):

ZaZmP ¼ VfmEfm þ Vbm Ebm (Eq 4)

where Za and Zm are the arc and melting effi-
ciencies, respectively; P is the arc power; and
Efm and Ebm are the melting enthalpies of the
filler metal and base metal, respectively. The
left side of Eq 4 represents the melting power
delivered by the arc, while the right side repre-
sents the power required for melting of the base
metal and filler metal. The arc efficiency is
essentially constant for a given process, while
the melting efficiency can be estimated based
on knowledge of the welding parameters (Ref
8). Thus, Vbm is the only unknown in Eq 4
and can be expressed as:

Vbm ¼ ZanmP� VfmEfm

Ebm

(Eq 5)

Combining Eq 3 and 5 yields an expression
for dilution in terms of the welding parameters,
efficiency factors, and melting enthalpies of the
filler metal and base metal:

D ¼ 1

1þ Es
ZaZmP
Vfm

�Efm

(Eq 6)

Note that both melting efficiency and dilu-
tion depend only on the volumetric quantities
of the deposited filler metal and melted base
metal. Thus, the shape of the weld does need
to be known to estimate these quantities.
It is interesting to note that the travel speed

does not appear explicitly in Eq 6 when experi-
ence indicates that increases in travel speed will
lead to increases in dilution (Ref 9). The rela-
tion between travel speed and dilution is readily
apparent when the effect of travel speed on
melting efficiency is considered. It is well
known that increasing travel speed leads to an
increase in the melting efficiency and a con-
comitant increase in the melting power (Ref
8). Inspection of Eq 5 indicates this will lead
to an increase in Vbm with a corresponding
increase in dilution. Therefore, the increase in
dilution that is known to occur with travel
speed is actually a direct result of the increase
in melting efficiency.
Equation 6 demonstrates that dilution

depends only on the ratio of volumetric filler-
metal feed rate to melting power; that is, the
individual values of Vfm and ZaZmP are not
important. Figure 8 compares the measured
and calculated dilution values as a function
of the Vfm/ZaZmP ratio for dissimilar welds
between alloy AL-6XN and IN625, and
there is good agreement between the measured
and calculated values. This validates the
use of Eq 6 for estimating the weld-metal dilu-
tion from knowledge of the processing para-
meters, efficiency factors, and thermophysical
properties and also demonstrates that
dilution is generally controlled by the Vfm/
ZaZmP ratio.

Fig. 7 Experimental matrix of fusion welds produced
in which AL-6XN was the base metal and

IN625 was the filler metal. Numbers to the right signify
the dilution level.

Fig. 6 Composition profiles for claddings in which
commercially pure aluminum was deposited

onto a carbon steel using the gas tungsten arc welding
process at a fixed heat input with various filler-metal
feed rates. (a) 15 mm/s (0.6 in./s). PMZ, partially mixed
zone. (b) 30 mm/s (1.2 in./s). (c) 40 mm/s (1.6 in./s).
Source: Ref 7
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In many applications, it is often desirable to
operate at high filler-metal feed rates (deposi-
tion rates) for economic reasons, while main-
taining low dilution levels for corrosion
resistance or avoidance of undesirable phase
formation. In this regard, it is useful to develop
a graphical display that reveals the effect of
processing parameters on dilution. Equation 6
can be solved in terms of the deposition rate:

Vfm ¼ g
Ebm þ gEfm

� �

ZaZmP (Eq 7)

g ¼ 1

D
� 1 (Eq 8)

Equations 7 and 8 indicate that, for a given
filler-metal/base-metal combination (i.e., Efm

and Ebm fixed), a plot of filler-metal feed rate
(Vfm) against melting power (ZaZmP) will yield
various slopes that depend only on the dilution.
An indication of the maximum filler-metal
feed rate for a given melting power can be con-
sidered to be reached when the dilution is
reduced to zero and the filler metal does not
adequately fuse to the base metal. This occurs
when the volumetric melting rate of the sub-
strate is zero.
Figure 9 shows an example of a dilution dia-

gram calculated for deposition of 308 stainless
steel (Efm = 8.7 J/mm3) onto A36 carbon steel
(Ebm = 10.5 J/mm3). The filler-metal feed rate
is plotted as a function of the melting power,
and the slopes, which correspond to various cal-
culated dilution levels, are plotted in 10%
increments. Because the filler-metal/substrate
combination is fixed here, the slopes are deter-
mined only by the dilution. A boundary
between an inoperable range and an operable
range is shown that describes the conditions
for no dilution (i.e., a lack of fusion condition).
Data for the submerged arc welding process are
plotted on the diagram. The measured values of
dilution are shown in the data points for com-
parison to the calculated isodilution lines, and
the agreement is reasonable.
The effects of processing parameters are

readily apparent on the diagram. For a fixed
filler-metal feed rate, the dilution increases with
increasing melting power. In this case, the extra
melting power cannot be absorbed by the filler
metal if the filler-metal feed rate is fixed, so
the substrate absorbs the extra melting power,
which results in an increase in the volumetric
melting rate of the base metal and a concomi-
tant increase in dilution. Note that a filler-metal
feed rate of zero describes an autogenous weld
that always has 100% dilution, as exhibited by
the diagram. Conversely, for a given melting
power, an increase in the filler-metal feed rate
results in a decrease in dilution. In this case,
additional filler metal is added without a signif-
icant change in the amount of melted base
metal, leading to decreased dilution. When the
filler-metal feed rate is increased beyond the

operable/inoperable boundary for a fixed melt-
ing power, the dilution reaches 0%, and lack
of fusion is likely to result. The boundary
between the inoperable and operable regimes
simply represents the condition in which the

filler-metal feed rate is increased to the point
in which all the melting power would be
required to melt the filler metal, so that no
power remains to melt the base metal. It is
recognized that this somewhat oversimplifies

Fig. 8 Comparison of measured and calculated dilution values as a function of the V
fm
/�

a
�
m
P (where P = VI) ratio for

dissimilar welds between alloy AL-6XN and IN625. Source: Ref 1

Fig. 9 Dilution diagram calculated for deposition of 308 stainless steel onto A36 carbon steel. Source: Ref 1
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the problem, because it does not account for the
relative rates of heat flow between the filler
metal and base metal, but experimental results
show this to be a reasonable approximation
(Ref 10).
It should be recognized that the previous dis-

cussion pertains mainly to simple single-pass
bead-on-plate welds. In more complex joint
designs, other factors besides those described
previously can also influence the dilution level.
Figure 10 illustrates some examples. In an
autogenous dissimilar weld, the placement of
the heat source relative to the position of the
seam in a square butt joint will influence the
dilution, as shown in Fig. 10(a) and (b). In
Fig. 10(a), the heat source is located to the left
of the seam and will therefore melt more of
alloy A, while Fig. 10(b) represents the reverse
situation. In a multipass weld, the dilution can
vary with position within the joint, as shown
in Fig. 10(c). Here, the dilution may be high
near the root of the weld, where a relatively
large portion of base metal is melted. However,
the dilution is minimized near the center of the
cap pass, where the base-metal melting is mini-
mized. Other welding parameter changes can
also affect dilution. The heat balance and con-
comitant extent of melting between the elec-
trode and base metal will be controlled by the
polarity. For example, with the gas tungsten

arc welding process, a relatively deep weld pool
will be created when the process is operated
with electrode negative polarity, because a
larger fraction of the thermal energy from the
arc exists at the base metal. This will produce
high dilution relative to electrode positive
polarity, in which the weld pool is shallower
due to a larger fraction of thermal energy at
the electrode.

Influence of Dilution on
Fusion-Zone Microstructure
and Properties

The microstructure and corresponding
properties of fusion welds are strongly con-
trolled by the weld-metal composition. Wide
variations in fusion-zone microstructure
and properties are therefore possible in dissimi-
lar welds that can exhibit large variations
in dilution. Other articles in this Handbook pro-
vide detailed discussions on composition-
microstructure-property relations in fusion
welds that should be consulted when dissimilar
welds are made between specific alloy
systems. Only a few examples are provided
here on common dissimilar welds of practical
importance.

Deposition of Stainless Steel on
Carbon or Low-Alloy Steel

Stainless steels are often deposited onto car-
bon and low-alloy steels for wear and/or corro-
sion resistance. In these applications, the final
fusion-zone microstructure can be estimated
fairly accurately with the Schaeffler diagram
shown in Fig. 11. This diagram is used to esti-
mate the final microstructure of steels and stain-
less steels based on the use of chromium
equivalent (Creq) and nickel equivalent (Nieq)
values. Consider the deposition of 310 stainless
steel with a typical composition of 0.05C-
1.5Mn-25Cr-20Ni-0.5Si (all in weight percent)
onto a low-alloy steel with a composition of
0.10C-1.0Mn-0.6Si-1.0Mo-2.25Cr. For the 310
stainless steel, Creq = 25.75 and Nieq = 22.25.
For the low-alloy steel, Creq = 4.15 and Nieq =
3.50. These values are plotted on the diagram
in Fig. 11. A fusion weld made between these
two alloys can exhibit all possible Creq and Nieq
values that lie on a line connecting the two end
points representing the individual alloys. Thus,
depending on the dilution, the bulk fusion-zone
microstructure can be fully austenitic, martensi-
tic, or dual-phase martensite and austenite. A
simple graphical procedure can be used to
determine the dilution ranges that produce these
corresponding microstructures. Note that the
Creq and Nieq values for 310 stainless steel rep-
resent 0% dilution, while the values for the
low-alloy steel represent 100% dilution. The
dilution level of any point along the line is
given simply by the distance from the end point
for 310 stainless steel to the point of interest,
divided by the total distance of the line. For
example, the phase boundary between the aus-
tenite and austenite plus martensite (A + M)
regions occurs at 50% dilution, and the phase
boundary between the A + M and martensite
regions occurs at 67% dilution. These values
are also noted on the diagram. This simple
approach is convenient for setting dilution lim-
its that are needed to produce a desired micro-
structure for a given application.
It should be noted that martensite will always

form somewhere within the PMZ of dissimilar
welds made between stainless steels and low-
alloy or carbon steels. While the bulk Creq and
Nieq values of the fusion weld can be repre-
sented by any point along the line in Fig. 11,
the PMZ will exhibit the entire range of Creq
and Nieq values that exist from the bulk weld
to the low-alloy steel due to the composition
gradients in the PMZ discussed previously.
More detail on microstructural evolution near
the fusion line of such dissimilar welds can be
found in Ref 11 and12.

Joining of Superaustenitic Stainless
Steels

Another typical application of dissimilar
welds involves the use of nickel-base filler
metals (e.g., IN622, IN625, IN686) with

Fig. 10 Example of additional factors that can affect dilution. (a) and (b) Placement of the heat source relative to
seam in a square butt weld. (c) Variation in dilution in a multipass butt weld
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relatively high molybdenum concentrations for
joining of superaustenitic stainless steels.
Superaustenitic stainless steels contain rela-
tively high concentrations of nickel, chromium,
nitrogen, and molybdenum for improved resis-
tance to corrosion in a wide variety of aqueous
media. However, the corrosion resistance of the
weld can often be inferior to that of the base
metal due to microsegregation of molybdenum
(Ref 13). The microsegregation leaves the den-
drite cores depleted in molybdenum, rendering
them susceptible to accelerated corrosive attack
(Ref 1, 13). In this case, nickel-base filler
metals are used to enrich the molybdenum con-
centration of the weld as an aid to restoring the
corrosion resistance. The use of nickel-base
alloys does not prevent microsegregation of
molybdenum, but the elevated molybdenum
concentration in the weld helps counteract the
negative effect due to microsegregation. For
these applications, it is desirable to minimize
the dilution level in order to maintain high con-
centrations of molybdenum in the fusion zone
for adequate corrosion resistance.
Figure 12 shows how dilution affects the cor-

rosion resistance of welds made on alloy
CN3MN (a cast superaustenitic stainless steel
with a nominal molybdenum concentration of
6.2 wt%) using IN686 filler metal (approxi-
mately 16 wt% Mo). The plot shows the nor-
malized mass loss as measured in the ASTM
G48 test, which involves immersion in a 6
wt% solution of FeCl3 at 75 �C (165 �F). The
values next to each data point indicate the bulk
molybdenum concentration in the weld. Also
shown are the samples after each test in which
the location of the weld and base metal are indi-
cated. Note that, at the two highest dilution
levels, the weight loss is relatively high, and
extensive corrosion occurs in the weld. In con-
trast, dilution levels below approximately 50%
lead to relatively low mass loss, and the weld
exhibits less evidence of corrosion than the
base metal. This improved corrosion resistance
is attributed to the higher molybdenum concen-
tration of the welds that were made with rela-
tively low dilution values.
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Solid-State Transformations in
Weldments*
Revised by Mehran Maalekian, The University of British Columbia

SOLID-STATE TRANSFORMATIONS
occurring in a weld are highly nonequilibrium
in nature and differ distinctly from those expe-
rienced during casting, thermomechanical pro-
cessing, and heat treatment. This discussion
primarily focuses on the welding metallurgy
of fusion welding of steels and attempts to
highlight the fundamental principles that form
the basis of many of the recent developments
in steels and consumables for welding. Accord-
ingly, examples are largely drawn from the
well-known and relatively well-studied case of
ferritic steel weldments to illustrate the special
physical metallurgical considerations brought
about by the weld thermal cycles and by the
welding environment. Because of space limita-
tions, only a very brief discussion is included
on welds in other alloy systems, such as stain-
less steels and aluminum-base, nickel-base,
and titanium-base alloys.
The metallurgy of the welded joint can be

classified into two main regions: the fusion
zone (FZ) and the heat-affected zone (HAZ).
A series of transformations occur during both
heating and cooling, and every aspect of phase
transformations in steel is relevant to the weld-
ing. The typical transformations that take place
in the FZ during welding of, for instance, low-
carbon steels are ferrite (a) ! austenite (g) !
ferrite (d) ! liquid ! ferrite (d) ! austenite
(g) ! ferrite (a), while that of the HAZ is
a! g! a. During heating in the HAZ, austen-
ite begins to form at the temperature Ac1, and it
becomes fully austenitic at Ac3. (Ac1 and Ac3
are the temperatures at which austenite begins
to form and is completely transformed from fer-
rite upon heating, respectively.) The austenite
grains grow above Ac3, and during cooling the
austenite starts to decompose into various
microconstituents below the Ar3 temperature
(that is, the temperature at which austenite
begins to decompose upon cooling) (Fig. 1).
To describe the microstructural development

under nonequilibrium conditions in steels, a
continuous cooling transformation (CCT) dia-
gram (Fig. 2) is a convenient method. However,
a conventional CCT diagram like the one
shown in Fig. 2 cannot be used to accurately
describe the transformation behavior in a weld-
ment of the same material, because weld ther-
mal cycles are very different from those used
for generating conventional CCT diagrams.

Special Factors Affecting
Transformation Behavior
in a Weldment

Several aspects of the weld thermal cycle and
weld segregation should be considered because
of their effect on the transformation upon
cooling:

* Revised and updated from P. Ravi Vishnu, Solid-State Transformations in Weldments, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 70–87

Fig. 1 Schematic illustration of typical microstructure history of the heat-affected zone that occurs during both
heating and cooling of steel welds



� Peak temperatures reached in the HAZ can
be very much higher than the Ac3 tempera-
ture. The heating rates are very high, and
the times spent at high temperature are of
the order of only a few seconds.

� The temperature gradient in the HAZ is very
steep, and this complicates the problem of
studying in situ transformations in the HAZ
during welding (Ref 1).

� During solidification of the weld metal, alloy-
ing and impurity elements tend to segregate
extensively to the interdendritic or intercellular
regions under the conditions of rapid cooling.
Also, the pickup of elements such as oxygen
by the molten weld pool leads to the entrap-
ment of oxide inclusions in the solidified weld.
These inclusions then serve as heterogeneous
nucleation sites and can substantially influence
the kinetics of subsequent solid-state transfor-
mations.Accordingly, theweld-metal transfor-
mation behavior is quite different from that
of the base metal, even though the nominal

chemical composition has not been signifi-
cantly changed by the welding process
(Ref 2). Most of the CCT diagrams (applicable
to the weld metal) have been generated by
reheating the as-deposited weld metal (Ref 3).
One of the limitations of these diagrams is that
they are strictly applicable only to the high-
temperature reheated zone of multipass welds,
because the initial microstructure at high tem-
peratures is not characteristic of that developed
from the liquid phase.

� Welding may be carried out in several
passes, and this may result in the superposi-
tion of several different heating and cooling
cycles at one point, each of these cycles hav-
ing the characteristics noted earlier.

� Solidification of the weld metal is accompa-
nied by shrinkage, and the anisothermal condi-
tions already emphasized cause deformation.
The thermal cycles are therefore acting on
metal that is subjected to mechanical stresses
at the same time.

The essential differences between weld ther-
mal cycles and the thermal cycles used for gen-
erating a conventional CCT diagram are
summarized in Fig. 3. Thermal cycles for con-
ventional CCT diagrams involve a slow heating
rate, soak at a temperature just above the Ac3
temperature, and subsequent cooling rates,
whereas a much higher peak temperature and
heating rate as well as a very short soaking time
at peak temperature are characteristics of a
weld thermal cycle. Owing to these significant
differences (Fig. 3), a conventional CCT dia-
gram can give only an approximate idea of the
transformation behavior in the HAZ of a
weldment.

Heat-Affected Zone of a
Single-Pass Weld

Microstructural Zones. In the HAZ, the
material is not melted, but the microstructure

Fig. 2 Conventional continuous cooling transformation (CCT) diagram for AISI 1541 (0.39C-1.56Mn-0.21Si-0.24S-0.010P) plain carbon steel with ASTM number 8 grain size and
austenitization at 980 �C (1800 �F). For each of the cooling curves in the plot (given in terms of �C/min), the transformation start and end temperatures given by the CCT

curves, the amount of each transformation product, and the hardness of the final structure are shown. Ac3, 788 �C (1450 �F); Ac1, 716 �C (1321 �F). F, ferrite; P, pearlite; B, bainite;
M, martensite. Source: Ref 1
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and mechanical properties are altered by the
heat of welding. There is a well-defined gradi-
ent of microstructure in the HAZ that can be
divided into a number of subzones as a function
of the distance from the fusion line, as illu-
strated in Fig. 4 for a carbon steel. Very high
peak temperatures (Tp) in the regions immedi-
ately adjacent to the fusion line cause coarsen-
ing of the austenite (g) grains, and this in turn
increases the hardenability of this region rela-
tive to the other subzones. The slower the heat-
ing rate, the longer the retention time above
Ac3 and thus the more severe the grain growth
becomes. As the peak temperature decreases
with distance from the fusion line, the austenite

grain size decreases sharply. Regions of the
HAZ further away from the fusion line become
only partially austenitic during the heating.
Owing to the increase in the solubility of car-
bon in austenite with decreasing temperature,
the austenite that forms will have a rather high
carbon concentration (Ref 5). The part that does
not transform into austenite becomes tempered.
Table 1 summarizes the temperature ranges for
the variety of microstructural zones within the
HAZ of steel welds. Because each of the sub-
zones shown in Fig. 4 occurs in a small volume,
it is difficult to study the transformation behav-
ior of individual regions by in situ methods
(Ref 2). It is more convenient to obtain infor-
mation about the microstructural and property
changes in the HAZ by weld simulation (Ref
4, 6). A thermal cycle simulator (TCS) is used
to reproduce the thermal cycle corresponding
to a point in the HAZ in a large volume that
is convenient for mechanical testing. It is possi-
ble to program the required thermal cycle in the
TCS so that the peak temperature and the cool-
ing rate can be varied independently. A TCS
can be used in conjunction with a high-speed
dilatometer to study phase transformations
in welding and to construct welding CCT dia-
grams. It is thus possible to obtain information
about the microstructural changes in the
HAZ for a wide range of welding parameters.
Nevertheless, it should be borne in mind that
weld thermal simulators, although very useful,
have some limitations. For instance, because
of the limited cooling capacity, extremely high
cooling rates during electron and laser beam
welding cannot be replicated. Moreover, the

temperature gradient in the specimen of the
TCS is much lower than that in the HAZ near
to the fusion boundary, which makes the speci-
men microstructure differ from the HAZ micro-
structure (Ref 7).
Peak Temperature-Cooling Time Dia-

grams. Figure 5 shows how a change in the
peak temperature of the thermal cycle affects
the CCT characteristics of a steel. The well-
known effect of a larger g grain size (caused
by a higher peak temperature) in increasing
the hardenability of the steel is seen. To present
the information about the CCT behavior for a
number of peak temperatures (Fig. 3, 4), it is
more convenient to adopt the scheme shown
in Fig. 6. In this peak temperature-cooling time
(PTCT) diagram (Ref 8, 9), each point repre-
sents a weld thermal cycle with a peak temper-
ature, Tp, given by the ordinate and the cooling
time, Dt8-5 (that is, required for cooling from
800 to 500 �C, or 1470 to 930 �F, see Fig. 1),
given by the abscissa. A microstructural con-
stituent or a combination of two or more consti-
tuents is shown to occur over an area in the
diagram. The upward slope in the boundary
between two areas is consistent with the infor-
mation presented earlier in Fig. 5 that the hard-
enability increases with an increase in the peak
temperature of the thermal cycle. Hardness and
Cv transition temperatures are also shown in the
diagram, corresponding to different thermal
cycles.
The CCT diagram shown in Fig. 5 is plotted

with Dt8-5 as the abscissa instead of time, as in
Fig. 2. The Dt8-5 is a popular measure in weld-
ing, probably because solid-state transforma-
tions during cooling occur between Ar3 and
martensite-start temperature, and in most steels
Ar3 is approximately 800 �C (1470 �F). How-
ever, historically, the practice of thinking in
terms of a cooling time began when a need
was recognized (Ref 10) to compare the CCT
behavior of specimens subjected to different
types of cooling curves—Jominy specimens;
cylindrical bars cooled in air, water, or oil; dila-
tometer specimens cooled at a constant or a
Newtonian rate (i.e., T / e-t, where t is the
time); and so on. Initially, the cooling rate
at 704 �C (1300 �F) was used as a criterion
to judge the equivalency of these specimens
in terms of microstructure and hardness.
Because transformation takes place at lower

Fig. 3 Schematic showing differences between weld
thermal cycle and thermal cycle used to

generate a conventional continuous cooling transformation
(CCT) diagram. Note the much higher heating rate, higher
temperature, and shorter time above Ac

3
temperature for

welding. HAZ, heat-affected zone

Fig. 4 Schematic illustration of the microstructural variation in the heat-affected zone of a carbon steel containing
0.15 wt% C. Source: Adapted from Ref 4

Table 1 Typical temperature ranges of the
microstructural subzones within the heat-
affected zone (HAZ) of steel welds

HAZ microstructure Temperature range

Coarse-grained austenite 1500 �C > TP > 1200 �C
(2730 �F > TP > 2190 �C)

Fine-grained austenite 1200 �C > TP > Ac3
(2190 �F > TP > Ac3)

Partially austenitized zone Ac3 > TP > Ac1
Tempered regions Ac1 > TP

Source: Ref 5
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temperatures in many steels, the half cooling
time (Ref 10) was found to be a better equiva-
lency criterion. The half cooling time was
defined as the time to cool from Ac3 to a tem-
perature that lies midway between Ac3 and
room temperature. For the sake of general
applicability, this was later modified to the
Dt8-5 criterion, and CCT diagrams began to be
plotted with Dt8-5 as the abscissa. It must be
noted that using Dt8-5 as an equivalency crite-
rion is just an expedient solution that does not
have strict theoretical justification (refer, for
example, to the additivity principle in Ref 10).

A special significance of using Dt8-5 as the
abscissa in Fig. 6 is that it is almost constant
(for Tp > 900 �C, or 1650 �F) in the whole
of the HAZ. This can be seen from Ref 4,
where the expressions given for Dt8-5 do not
contain the distance from the weld centerline
as a factor. The derivation of these expressions
is based on the assumption that the time to cool
to 800 �C (1470 �F) is far greater than the time
to reach the peak temperature, so the Dt8-5 can
be taken to be the same for the whole of the
weld and the HAZ. This assumption can be
intuitively rationalized by observing that the

weld thermal cycles in Fig. 3 are such that the
curves are approximately parallel below 800
�C (1470 �F). The constancy of Dt8-5 in the
HAZ means that the gradient in microstructure
(in terms of the final transformation products
from austenite) is mainly due to a variation in
the peak temperature. By drawing a vertical
line in Fig. 6 at a value of Dt8-5 corresponding
to a given heat input and preheating tempera-
ture, it is possible to obtain information about
the type of microstructural gradient in the
HAZ. A grasp of the changes in such properties
as hardness and toughness can also be obtained
from Fig. 6.
Continuous Heating Transformation Dia-

grams. The heating cycle in welding is also
very important, because it influences the final
microstructure and properties of the HAZ. For
example, the heating rate to the peak tempera-
ture determines the degree of superheating,
the rate of coarsening and dissolution tempera-
ture of carbides and nitrides, and the main pro-
portion of austenite grain growth (Fig. 1, 4)
(Ref 4). In fact, all of the aforementioned fac-
tors affect the degree of grain growth in the
HAZ, which, in turn, will greatly influence the
final properties of the weld.
The formation of austenite during heating is,

in many respects, different from the transforma-
tions that occur during cooling. The formation
of ferrite, for example, follows a “C-” curve
kinetic form on a time-temperature transforma-
tion diagram. That is, the overall transformation
rate goes through a maximum as a function of
supercooling below the equilibrium tempera-
ture because of two opposing effects. As the
temperature falls, the diffusion coefficient
decreases, but the driving force for transforma-
tion increases (Ref 5). In contrast, during heat-
ing both the diffusion coefficient and the
driving force increase with temperature. Thus,
the overall rate of transformation increases con-
tinuously as the transformation temperature is
raised, as shown in Fig. 7.
The heating rate in many welding processes

can be very high, and considerable superheating
may be required for the transformation to aus-
tenite on heating, because the Ac1 and Ac3 tem-
peratures will be raised with an increase in the
heating rate (Ref 11). For typical heating rates
encountered in the region near the fusion line,
the formation of austenite should be completed
when the temperature has exceeded the Ac3 by
approximately 100 �C (180 �F) (Ref 5). This is
seen in Fig. 8, a continuous heating transforma-
tion diagram, which is analogous to a CCT dia-
gram. It is seen that grain growth begins only
after the carbides have dissolved and after a
homogeneous austenite (with respect to the dis-
tribution of carbon, at least) is formed.
Thermal Pinning. A fairly satisfactory corre-

lation between real welds and simulation stud-
ies has been observed with respect to
microstructure and property measurements.
However, it has frequently been observed that
the maximum austenite grain size in real welds
is less than that in corresponding simulated

Fig. 5 Effect of a change in the peak temperature of the weld thermal cycle (from 1000 to 1400 �C, or 1830 to 2550
�F) on the continuous cooling transformation characteristics. M, martensite; B, bainite; F, ferrite; P, pearlite.

Source: Ref 8

Fig. 6 Typical peak temperature versus cooling time diagram, showing the effects of these parameters of a weld
thermal cycle on the final transformation products, on hardness, and on Charpy V-notch impact energy. B,

bainite; M, martensite; F, ferrite. Figures in squares indicate the hardness (30 HV); figures in ovals indicate the 21 J
(16 ft � lbf) transition temperatures for Charpy V-notch impact specimens subjected to a specific thermal cycle.
Source: Ref 9
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weld specimens (Ref 2, 4, 6). The reason is
attributed to the very steep temperature gradient
in the HAZ, especially near to the fusion line
where the grains are coarsest, the temperature
gradient is steepest, and the temperature can
vary across a single grain, as first reported
in the HAZ of a Cr-Mo-V steel (Ref 13). The
phenomenon, termed thermal pinning, causes
grains to grow nonuniformly, resulting in a
shape change from, for example, equiaxed to
pear shaped, as shown in Fig. 9(a) (Ref 4).

The corresponding increase in surface-to-
volume ratio effectively represents an increase
in energy, thereby neutralizing the reduction
in energy present in normal grain growth.
Another explanation for thermal pinning is that
the steep temperature gradients cause the
atomic mobility to vary across a large grain,
resulting in different growth propensities in dif-
ferent parts of the grain (Ref 14). Under the
simulation conditions, the austenite grains grow
in all directions, and the constraint arising from
the thermal pinning effect in real welds is diffi-
cult to capture and quantify. However, the
problem has been modeled numerically using
Monte Carlo simulation by subdividing the
grains into many discrete small units, each with
its own atomic mobility depending on the local
temperature (Ref 14, 15). Figure 9(b) shows
that the kinetics of grain growth at the HAZ
with gradient heating are lower than that for
bulk heating using an identical thermal cycle,
thus indicating grain-boundary pinning in the
HAZ due to thermal pinning. However, under
the weld simulation condition, the austenite
grains can grow in all directions, so the previ-
ous discussion shows that the PTCT diagram
(along with property measurements, as in
Fig. 6) can alert the user to the possibility of
local brittle zones in actual weldments, and that
any error in the property being assessed will be
on the conservative side.

Austenite Grain Growth and Grain-
Boundary Pinning. Grain size is of paramount
importance in steels as a key factor in determining
their strength and toughness. It also has immense
impact on the vulnerability of an alloy to cold
cracking and reheat cracking in welds (Ref 4).
Austenite grain growth influences the kinetics of
phase transformation andmay promote the forma-
tion ofmartensite and bainite, with adverse effects
on the fracture toughness of the weld (Fig. 5). Fur-
ther, it has an important effect on the grain size in
the weldmetal where the grains are grown epitax-
ially from theHAZ. Figure 10 shows that the crys-
tals of the weld deposit (columnar d-ferrite) have
derived from the grains of the parent metal at the
fusion surface, that is, epitaxial growth. Thus, the
grain growth in the HAZ not only affects strength
and toughness but also influences the grain size of
the weld.
Traditional ways of improving the strength of

steels had been to increase the carbon and man-
ganese content. However, such steels, even
with their higher carbon equivalent (CE), did
not possess adequate toughness and were prone
to weld cracking. The weldability of steels,
which is usually expressed in terms of CE, is
poor if the CE exceeds 0.4 wt%, because of
their increased tendency to form martensite.

Fig. 7 Schematic comparison of the g! a transformation
(time-temperature transformation curve) and the

reverse a ! g transformation. DG is the driving force, and D
is the diffusion coefficient. Adapted from Ref 5

Fig. 8 Continuous heating transformation diagram for 34CrMo4 steel. In the region of homogeneous austenite there
are lines of constant austenite grain size (ASTM numbers). Because of the measuring procedure, the diagrams

can only be interpreted along lines of constant heating rate. To show the heating time more clearly, a time scale is
added. Source: Ref 12

Fig. 9 (a) Steep temperature gradient in the heat-
affected zone (HAZ) near the fusion line leads

to a rapid change in grain size, which may tend to
suppress grain growth due to grain shape changes.
Arrows indicate direction of moving grain boundaries.
Adapted from Ref 4. (b) Schematic kinetics of grain
growth in the HAZ under steep temperature gradient
(gradient heating) and corresponding uniform thermal
cycle (bulk heating). The growth kinetics for the HAZ
are much slower than that for the bulk heating. This can
be seen in Ref 14 and 15.
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Development of microalloyed or high-strength
low-alloy (HSLA) steels through the last sev-
eral decades made it possible to achieve higher
strength levels with much lower carbon and
manganese levels, thus improving weldability
(Ref 16). In microalloyed steels, alloying addi-
tions are kept to a minimum, and higher
strength is achieved primarily by a reduction
in the grain size and by precipitation strength-
ening. A reduction in grain size is the only
known method of increasing the strength and
toughness at the same time. Because strength-
ening is obtained by other means, both carbon
and the CE can be decreased and the suscepti-
bility of HSLA steel to cold cracking thereby
significantly reduced.
A fine ferrite grain size in these steels is

achieved by controlled rolling in the austenitic
condition (i.e., hot rolling). To obtain a fine
austenite grain size before the g ! a transfor-
mation, it is essential to add such grain-refining
elements as niobium, titanium, vanadium, and
aluminum. Such elements are strong carbide
and nitride formers (except aluminum, which
forms only nitrides); their addition to steels
introduces fine precipitates to the austenitic
matrix. The particles are usually found on grain
boundaries, which are energetically more favor-
able formation sites. A short length of grain
boundary is replaced by the precipitate, and
the effective interfacial energy is lowered.
When the grain boundary attempts to migrate
away from the particles, the local energy
increases, and a drag is exerted on the boundary
by the particles. Therefore, the fine precipitates
can pin the austenite grain boundaries and hin-
der grain coarsening (Fig. 11).

In the HAZs of welds in these microalloyed
steels, it is not possible to achieve the same opti-
mal microstructure and microalloy precipitation
obtained in the parentmaterial by controlled ther-
momechanical processing. Because peak tem-
peratures are much higher in the HAZ, the
precipitate particles coarsen and dissolve, result-
ing in reduced pinning forces and therefore
coarser austenite grains, as schematically shown
in Fig. 11. This effect can be minimized by hav-
ing precipitate particles that do not dissolve, even
at higher temperatures. An idea of the stability
of precipitate particles can be obtained from the
solubility product shown in Fig. 12. It is seen
that the nitrides compared with their respective
carbides are more stable. Moreover, titanium
nitride (TiN) has maximum stability, and this
property has been used to advantage in many
steels and has resulted in the development
and extensive application of titanium technology
(Ref 16). As shown in Fig. 13, the other carbides
and nitrides are not as effective as titanium
nitride in limiting the extent of grain coarsening;
they play a bigger role during thermomechanical
processing.
The austenite grain growth can be shown

conveniently in the form of grain growth
diagrams (Fig. 14), which illustrate contours
of equal grain size as a function of the peak
temperature and Dt8-5 (or input energy). In
titanium-microalloyed steel (Fig. 14), it is seen
that even in the presence of relatively stable

TiN precipitates, grain growth in theHAZ at high
input energies can be considerable, which is
attributed to the increase in the mean particle
size, a process known as Ostwald ripening (Ref
16), as well as the partial dissolution of TiN. This
means that it is not possible to stop, but only to
limit, grain coarsening in the HAZ, especially in
high-heat-input welds. This inevitable grain
coarsening is actually used to advantage in tita-
nium oxide steels (see the section “Titanium
Oxide Steels” in this article). However, the grain
growth can be made to cease after a certain time
in the presence of a fine distribution of particles.
Figure 15 shows that the limiting grain size (Dlim)
is proportional to (r/f) with a constant of propor-
tionality (k) that may be different for different
materials. It also shows how a high volume frac-
tion of fine precipitate particles is needed tomax-
imize the pinning effect.
Unmixed and Partially Melted Zones in a

Weldment. It is common to think of a single-
pass weld as consisting of two zones: weld
metal and HAZ. Careful metallographic exami-
nation has shown that a weld can, in fact, be
divided into four regions (Fig. 16):

� Composite zone: A volume of base metal
melted by the superheated filler metal
experiences complete mixing to produce an
alloy with nominal composition intermediate
between that of the base metal and that of
the filler metal.

Fig. 10 Illustration of the epitaxial growth of
columnar grains of the weld deposit from

the fusion line of a stainless steel weld. After
Honeycombe and Gooch, reprinted from Ref 5

Fig. 11 Schematic illustration of austenite grain size in the heat-affected zone (HAZ) of microalloyed steel with
second-phase particles as a function of distance from the fusion line and associated thermal cycle. The

movement of grain boundaries driven from the reduction of total surface energy (proportional to the inverse of grain
size, D) is hindered by the precipitates that exert a pinning force proportional to the ratio of precipitate volume
fraction, f, to their size, r (i.e., f/r). At regions near the fusion line, where the temperature is well above the
dissolution temperature of carbonitrides (T

d
), profound grain growth can occur as a result of dissolution and/or

coarsening of precipitates and subsequent reduction in particle pinning effect (compare positions 1 and 2 in the HAZ).
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� Unmixed zone: Forms from the stagnant mol-
ten boundary-layer region (approximately
100 to 1000 mm, or 0.004 to 0.040 in., thick)
at the outer extremities of the composite
region. Because no mechanical mixing with
the filler metal occurs here, the composition
of the metal in this region is identical to that
of the base metal, except for minor changes
produced by diffusion.

� Partially melted zone: A region at the fusion
boundary where the peak temperatures fall
between the liquidus and solidus so that
melting is incomplete

� True heat-affected zone: That portion of the
base metal where all microstructural changes
induced by welding occur in the solid state

The width of the partially melted zone
can be extended by a phenomenon known as con-
stitutional liquation (Ref 23), a phenomenon of
localized melting due to a nonequilibrium distri-
bution of phases during rapid heating, in which
melting canoccur evenwhen thepeak temperature
is less than the solidus temperature. This can be
understood by referring to a phase diagram for a
simple binary system A and B (Fig. 17). Consider
an alloy of composition C. Its equilibrium struc-
tures at temperatures T1, T2, T3, and T4 are a + b,
a,a, and L+a, respectively (Fig. 17a).On heating
from room temperature to T3 and holding at this
temperature for a long time, the b particles will
dissolve and give a homogeneous a of composi-
tionC.However, under conditions of rapid heating
in the HAZ, the dissolution of b will give rise to a
solute concentration gradient around each parti-
cle, as shown in Fig. 17(b). In the region surround-
ing each particle, the concentration of the solute
B will correspond to that of liquid because, as the
phase diagram shows, a liquid phase must exist
between a and b at T3.
The partially melted zone is the region where

liquation cracks have been known to occur in
maraging steels, austenitic stainless steels, heat
treatable aluminum alloys, and nickel-base

superalloys. It can also be a site where hydro-
gen-induced cracking is initiated (Ref 21, 22),
both because it can act as a pipeline for the dif-
fusion of hydrogen picked up by the molten
weld metal and because such segregated
regions have higher hardenability.
Although the phenomenon of constitutional

liquation is usually discussed in connection with
liquation cracking of aluminum- and nickel-base
alloys (Ref 7, 23, 24), a more dramatic example
can be found in the case of cast iron welds (Ref
25). Figure 18(a) illustrates the temperature
range over which the formation of a partially
melted zone in a cast iron may occur. Figure 18
(b) shows the microstructure of the HAZ in a
cast iron weld deposited using a quench welding
technique (Ref 26). This procedure involves
welding without any preheat by intermittently
depositing a series of small stringer beads and
strictly maintaining the interpass temperature
below approximately 80 �C (175 �F). The idea
is to limit the size of the hard and brittle white
iron colonies that form by constitutional liqua-
tion around the graphite nodules, and to make
sure that they do not interconnect. By contrast, a
procedure involving a preheat of approximately
200 �C (390 �F) can prevent the formation

Fig. 13 Effects of various microalloying additions on
the grain-coarsening temperature of

austenite. Grain-coarsening temperatures depend on the
microalloying level, nitrogen and/or carbon contents,
and size of the precipitates. Titanium is the most
efficient microalloying element for grain refining due to
the extremely low solubility of titanium nitride in
austenite. Source: Ref 18
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Fig. 14 Effect of peak temperature and precipitate (TiN) coarsening on austenite grain growth in the heat-affected
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Fig. 12 Solubility products of carbides and nitrides in
austenite. Adapted from Ref 17
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of martensite but not the formation of lede-
burite (the structure of white iron). Because
ledeburite forms at higher temperatures than
martensite (�1100 �C, or 2010 �F), a much
higher preheat temperature of approximately
600 �C (1110 �F) is required to reduce the cooling
rate significantly and thereby prevent the forma-
tion of white iron. This high level of preheat is
impractical. While cast iron appears to have been
successfully welded with preheats of approxi-
mately 200 �C (390 �F), it has sometimes been
found that weld repair is most effective when
using the quench welding technique, by which it
is possible to limit both the amount of ledeburite
formed and the width of the HAZ.

Fusion Zone of a Single-Pass Weld

Transformations in Single-Pass Weld
Metal. It is usually not necessary to select a
filler metal that has exactly the same composi-
tion as the base metal; it is more important that
the weld metal has the same strength and other
properties (such as toughness or corrosion resis-
tance). Because these properties are governed
by the microstructure, it is important to under-
stand the influence of different factors on phase

transformations in the weld metal. First, for a
meaningful communication of the different fea-
tures in a microstructure, the various phases and
microconstituents must be identified using a sys-
tem of nomenclature that is both widely accepted
and well understood. In wrought steels, this need
has been satisfied to a large degree by the Dubé
scheme (Ref 27) for classifying the different
morphologies of ferrite, as shown in Fig. 19. Sim-
ilarly, confusion and controversy in the terminol-
ogy for describing the microstructures in ferritic
steel weld metals have been largely resolved by
the classification scheme shown in Fig. 20. This
scheme (Ref 28) was the result of several collab-
orative exercises undertaken under the auspices
of the International Institute of Welding (IIW).
It is worthwhile to note that the IIW approach to
classifying microstructural elements is based on
their appearance in the optical microscope. How-
ever, based on the knowledge of transformation
behavior of various constituents, a different clas-
sification system has been proposed (Ref 29).
Typical micrographs illustrating some of the
microstructural constituents are shown in Fig. 21.
The transformation behavior in ferritic steel

weld metals is best understood by first noting
that ferrite is nucleated heterogeneously and
that, for all practical purposes, it is necessary

to consider the competitive nucleation behavior
only at grain boundaries and at inclusions.
Figure 22 shows that inclusions must be larger
than a certain size (0.2 to 0.5 mm, or 8 to 20
min., the typical size range of most weld-metal
inclusions) for their potency as nucleation sites
to reach a maximum. It also shows that nucle-
ation of ferrite is always energetically more
favorable at grain boundaries than at inclusions.
Based on additional considerations, such as
thermal contraction strains and lattice matching
at inclusion-austenite-ferrite interfaces (not
taken into account to obtain the results in
Fig. 22), a discussion of why certain inclusions
are more potent nucleation sites than others is
found in Ref 3 and 30 to 32.
Broadly, the major factors affecting transfor-

mation behavior in ferritic steel weld metals are
alloy composition, weld heat input (by its effect
on g grain size and Dt8-5), oxygen content (that
is, the inclusion content), and the nature of seg-
regation in the weld metal. A typical weld CCT
diagram is shown in Fig. 23. For the cooling
curve shown in the figure, the first phase that
forms is allotriomorphic ferrite, or grain-bound-
ary ferrite in the IIW scheme. (The term allo-
triomorphic describes a particle of a phase
that does not have a regular external shape; in

Fig. 17 Extension of partially melted zone by
constitutional liquation. (a) Phase diagram

for a simple binary alloy. (b) Structures and distribution of
constituent B in alloy C at three temperatures shown in
(a) when rapid heating is applied. Source: Ref 23

Fig. 18 (a) Schematic showing the location of the
partially melted zone and associated phase

diagram for a cast iron. Adapted from Ref 7. (b) White
iron colonies obtained in the heat-affected zone of
blackheart malleable iron welded using a quench
welding technique with a nickel-base electrode. Original
magnification: 180�. Source: Ref 26

Fig. 15 Effect of particle radius (r) and volume fraction
of precipitates (f) on the limiting (maximum)

austenite grain size. The measured grain size data
(symbols) reported for different steels (Ref 19, 20) are
well represented by the equation D

lim
= k(r/f) (curves)

using different k values.

Fig. 16 Schematic showing the different discrete
regions present in a single-pass weld.

Source: Ref 21, 22
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the present context it means that ferrite grows
on the grain-boundary surfaces and does not
have a regular faceted shape reflecting the sym-
metry of its internal crystalline structure.)
At lower temperatures, the mobility of the
curved or random g/a-allotriomorph boundaries
decreases, and Widmanstätten side plates (fer-
rite side plates in the IIW scheme) form.
Growth of these side plates is rapid because
carbon is efficiently redistributed to the sides
of the growing tips, thus avoiding solute pile-
up problems. In addition, substitutional atoms
do not diffuse during the growth of Widman-
stätten ferrite.
After all the grain-boundary sites are

saturated with allotriomorphic or Widmanstät-
ten ferrite and their growth rate is not sufficient
to extend to the interior of the grains, the nucle-
ation of ferrite at inclusions within the g grains
becomes competitive. Acicular ferrite forms, a
structure resulting from ferrite laths growing
in different directions from inclusions and from
laths already nucleated. Upon impingement,
high-angle grain boundaries and a very fine dis-
persion of microphases are obtained between
ferrite laths. Microphases in this context means
the transformation structures resulting from the

Fig. 19 Schematics showing the Dubé classification of
ferrite morphologies. Source: Ref 27

Fig. 20 International Institute of Welding scheme for classifying microstructural constituents in ferritic steel weld
metals with the optical microscope. Source: Ref 28
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carbon-enriched regions between the ferrite
laths; these could be the martensite-austenite
constituent, bainite, or pearlite (see the section
“Heat-Affected Zone in Multipass Weldments”
in this article). An example of the microstruc-
ture of acicular ferrite is shown in Fig. 24.
Acicular ferrite does not figure in the Dubé
scheme because it is rarely observed in wrought
steels. When the cooling rate is higher or when
the inclusion content is very low, bainite can be
nucleated directly at the g grain boundaries.
Bainite can form as upper or lower bainite;
the difference between the two is illustrated in
Fig. 25. Examination with transmission electron
microscopy (TEM) is usually required for a
firm identification of the type of bainite formed.
In the case of the highest cooling rates, mar-
tensite is obtained.

Figure 26 shows the effect of alloying addi-
tions, Dt8-5, oxygen content, and the g grain
size on the sequence and relative amounts of
allotriomorphic ferrite, Widmanstätten ferrite,
and bainite in the weld metal. Broadly, the
trends shown can be understood in terms of
the well-known observation that an increase in
g grain size, a decrease in inclusion content,
and an increase in alloying additions will shift
the CCT curves to lower temperatures and to
longer times. While Fig. 26 can generally be
interpreted by assuming that the individual fac-
tors act independently of each other, the transi-
tion from Fig. 26(b) to (a) with an increase in
the inclusion content must be understood in
terms of its effect of the g grain size. It has been
observed that the g grain size decreases with an
increase in the inclusion content, and this

decrease has been explained by the higher mag-
nitude of pinning forces at higher inclusion
contents (Ref 31). The smaller grain size
implies a greater grain-boundary surface area,
which increases the amount of grain-boundary
ferrite and side plate structures formed at the
expense of acicular ferrite in Fig. 26(a). The
role of the initial formation or nonformation
of allotriomorphic ferrite at g grain boundaries
in bringing about the transition from Fig. 26
(b) to (c) is discussed in the next section of this
article.
Although the IIW classification is the result

of a consensus viewpoint, some researchers
(Ref 30) still feel that it places an exaggerated
emphasis on morphological features observed
with the light microscope. They believe that it
is more important that the terminology reflect
the mechanism of transformation (Ref 29). For
example, it can be difficult to differentiate
between Widmanstätten ferrite and upper
bainite when using the light microscope, and
both are identified as “FS” in the IIW classifica-
tion. For a more fundamental understanding
for a clear interpretation of the trends in micro-
structural development, it is essential to make a
distinction between the two. In addition, the
subclassification of grain-boundary ferrite in
the IIW classification is not unequivocal in its
meaning: It could refer to ferrite that forms by
diffusion, to Widmanstätten ferrite, or to the
ferrite in upper bainite. In contrast, the term
allotriomorphic ferrite clearly identifies the
mechanism by which it is formed. On the other
hand, the IIW classification is easy to use and

Fig. 21 Micrographs showing typical microstructures in low-alloy steel weld metal. (a) and (b) Coarse-grained heat-
affected zone (low-heat-input welding). (c) As-deposited weld metal (low-heat-input welding). (d) Reheated

weld metal (low-heat-input welding). M, martensite; UB, upper bainite; LB, lower bainite; PF, polygonal ferrite; GF,
grain-boundary ferrite; WF, Widmanstätten ferrite; AF, acicular ferrite. Source: Ref 20

Fig. 22 Effect of particle radius on energy barrier
to ferrite nucleation at inclusions, DG*

(heterogeneous), normalized relative to the homogeneous
nucleation barrier, DG*

h (homogeneous). Corresponding
energy barrier to nucleation of ferrite at austenite grain
boundaries is indicated by horizontal broken line.
Adapted from Ref 4
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allows a more detailed identification, either by
judgment or by further TEM examination—
for example, to determine whether FS is FS
(SP) or FS(UB). At least it decreases the ten-
dency for a wrong identification of the transfor-
mation mechanism with insufficient data. For
a microstructure-toughness correlation, it is

sufficient to characterize the morphological
features.
Sensitivity to Carbon. Small variations in

carbon concentration can have a major influ-
ence on the microstructure of the welds, partic-
ularly because the carbon content of a weld
is normally kept very low. It is seen from
Fig. 27 that the sensitivity of growth kinetics
of allotriomorphic and Widmanstätten ferrite
to carbon becomes larger as the concentration
of carbon decreases (Ref 30). The growth rate
of ferrite increases sharply as the carbon con-
centration of the steel approaches its solubility
in ferrite, because there is no need for the car-
bon to diffuse ahead of the austenite/ferrite
interface since it can all be accommodated in
the ferrite (Ref 30). Hence, the effect of carbon
is expected to be greater when its concentration
changes, for example, from 0.03 to 0.05 wt%,
when compared with the change from 0.09 to
0.11 wt% (Fig. 27). Changes in mechanical
properties reflect this behavior, the strength
of low-carbon steels being very sensitive to
the carbon concentration. Figure 28 illustrates
that both microstructure and mechanical prop-
erties change more rapidly at low carbon
concentrations.
The high sensitivity of the a/g transformation

to carbon at low concentrations leads to a
corresponding decreased sensitivity to substitu-
tional alloying elements. Carbon essentially con-
trols the kinetics of transformation. Hence, for
the weldability of steels that is often expressed
in terms of carbon equivalent (CE), there are log-
ically two popular formulas for the CE for low-
and high-carbon weldable steels (Ref 5):

Fig. 23 Schematic of weld continuous cooling transformation diagram showing selected microstructures

Fig. 24 Replica transmission electron micrograph
showing acicular ferrite in a steel weld

deposit. Source: Ref 30

Fig. 25 Schematic showing the differences in the
transformation mechanism for upper and

lower bainite and the effect of these mechanisms on the
final morphology. Source: Ref 30

Fig. 26 Schematic showing the effect of alloy composition, Dt8-5, oxygen content, and g grain size on the
development of microstructure in ferritic steel weld metals. The hexagons represent cross sections

of columnar g grains. (a) The g grain boundaries become decorated first with a uniform, polycrystalline layer of
allotriomorphic ferrite, followed by formation of Widmanstätten ferrite, and then by formation of acicular ferrite. (b)
The growth rate of Widmanstätten ferrite is not sufficiently high to extend entirely across g grains. Nucleation of
ferrite at inclusions within the g grains leads to an increase in the amount of acicular ferrite when compared with
case (a). (c) The higher alloy content or the higher cooling rate suppresses the formation of allotriomorphic ferrite.
This leaves the g grain boundaries free to nucleate upper bainite. Source: Ref 30

132 / Fundamentals of Fusion Welding



IIW > 0:18wt%C : CE

¼ CþMnþ Si

6
þ Niþ Cu

15

þ CrþMoþ V

5
wt% (Eq 1)

Ito-Besseyo< 0:18wt%C : CE

¼ Cþ Si

30
þMnþ Cuþ Cr

20
þ Ni

60
þMo

15
þ V

10

þ5Bwt% (Eq 2)

The second equation (Ito-Besseyo) has smal-
ler coefficients for the substitutional solutes
compared with the IIW equation. This is, as
already stated, because at low carbon concen-
trations the kinetics of transformation are more
sensitive to carbon content than to substitu-
tional solutes.
Relating Weld-Metal Toughness to the

Microstructure. A good insight into the sub-
ject of toughness in ferrite steel weld metal
is obtained by examining the data shown in
Fig. 29. It is seen from Fig. 29(a) that the
upper-shelf Charpy V-notch (CVN) energy

monotonically decreases with an increase in
oxygen content. In the upper-shelf temperature
region, ductile fracture occurs by a process of
microvoid coalescence, and because microvoids
are initiated at the inclusion-matrix interface,
the upper-shelf impact energy decreases with
an increase in the inclusion content. In contrast,
from Fig. 29(b) it is seen that an optimal
inclusion content is required to obtain the
lowest CVN transition temperature. The transi-
tion temperature is governed mainly by cleav-
age fracture, which in turn depends on how
effectively a propagating cleavage crack is
forced to change direction as it traverses the
microstructure. At low inclusion contents, an
upper bainitic structure is obtained, consisting
of parallel platelets of ferrite (in a single
packet) growing from the grain-boundary sur-
faces. With an optimal inclusion content, a pre-
dominantly acicular ferrite structure is
obtained, in which the adjacent ferrite platelets
tend to radiate in many different directions
from the inclusion nucleation site. At higher
inclusion contents, the amount of ferrite side
plate structures increases, again having nearly
parallel ferrite platelets. The highest toughness
(that is, the lowest transition temperature) is
obtained only in the “chaotic” microstructure
of acicular ferrite, because it has the smallest
effective ferrite grain size.
In recognition of the latter fact, most of

the work in consumables development in
the recent past has concentrated on increasing
the amount of acicular ferrite in the microstruc-
ture. In line with the trends shown in Fig. 26(a)
and (b), it has been found that decreasing
the amount of grain-boundary ferrite and ferrite
side plate structures increases the acicular fer-
rite content. This is shown more clearly in
Fig. 30.
Recent work (Ref 30, 31, 33–35), however,

has shown that a 100% acicular ferritic struc-
ture is neither desirable nor, in most cases,
achievable. Figure 31(a), for example, shows
that, depending on the weld metals, the maxi-
mum amount of acicular ferrite (�70 to 80%)
is achieved at different oxygen concentrations.
The acceleration of CCT diagrams owing to
oxygen in the weld metal (Fig. 32) is consistent
with the decrease in weld-metal hardness
shown in Fig. 31(b). The role of oxides in
providing additional heterogeneous nucleation
sites is indicated by the fact that both bainite
and ferrite regions are accelerated as the oxy-
gen content is increased (Ref 35). In other
words, the hardenability of the weld is lowered
as the oxygen is increased. Figure 33 shows
that the impact toughness peaks at approxi-
mately 70% acicular ferrite. This phenomenon
was attributed to the formation of segregated
bands of brittle microphases in the alloy com-
positions giving the highest acicular ferrite con-
tents. Moreover, when the alloying additions
are increased still further, the transformation
behavior becomes such that allotriomorphic

ferrite formation is totally suppressed, leaving
the g grain boundaries free to nucleate upper
bainite at lower temperatures (Fig. 26c). It
appears that a small layer of allotriomorphic
ferrite is essential to obtain high acicular ferrite
contents. When it forms, it saturates the g grain-
boundary sites, and bainite nucleation at the
g/a-allotriomorphic interface is inhibited by
the high carbon content there as a result of its
rejection from the ferrite (Ref 30). Conditions
are then favorable for intragranular nucleation
at inclusion sites and thus the formation of acic-
ular ferrite.
For the welding of steels with yield

strengths less than 600 MPa (85 ksi), it has
been possible to develop weld metals with
matching strength and toughness by giving
them high acicular ferrite contents. A yield
strength of approximately 600 MPa (85 ksi)
seems to be the ceiling for weld metals
based on acicular ferrite. Attempting to obtain
additional strength by additional alloying to
increase the amount of solid-solution hardening
and precipitation hardening, in fact, results only
in increasing amounts of martensite and bainite,
structures that are associated with a lower
toughness. This phenomenon was observed
in HSLA-100 steels, for example, where
attempts to obtain a matching strength in the
weld metal resulted in a drop in toughness
(Ref 31, 37). It should be noted that a
slightly undermatching weld metal (in terms
of strength) appeared to be favorable. Thus,
the already available lower-strength, high-
toughness consumables having high acicular
ferrite contents can be used for high-strength
steels (Ref 38). These weld-metal compositions
have an additional benefit in that they do
not require the most stringent measures
for avoiding hydrogen-induced cracking.
Work on consumables development for high-
strength steels is still in progress to match
the base metal in strength and toughness
(Ref 38–41).
Titanium Oxide Steels. In the discussion of

the role of pinning by precipitate particles (for
example, TiN) in limiting grain growth in the
HAZ (in the section “Austenite Grain Growth
and Grain-Boundary Pinning” in this article),
it was pointed out that at high heat inputs, the
particles dissolve and are not able to prevent
coarse g grains from forming. The low tough-
ness in these coarse-grained regions is
of some concern. The fact that a coarse g
grain size will lead to a higher acicular ferrite
content (Fig. 26b) with improved toughness
has been used to advantage in the development
of titanium-oxide-containing steels (Ref 42,
43). The compound Ti2O3 is more stable than
titanium nitride and does not dissolve, even
at the highest heat inputs. The undissolved
Ti2O3 particles do not stop grain growth, but
their survival after the heating cycle means
that they can be effective in nucleating acicular
ferrite within the coarse g grains. The precise
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reasons why they are more effective than
other undissolved inclusions (such as Al2O3)
in nucleating acicular ferrite are not well under-
stood (Ref 30). The improved HAZ microstruc-
ture and toughness obtained with titanium
oxide steels over titanium nitride steels at high
heat inputs are shown in Fig. 34 and 35,
respectively.
Effect of Transformations on Transient

Weld Stresses. The effect of transformations
on weld stresses (and vice versa) is best illu-
strated by an old experiment known as the
Satoh test (Ref 46). The method involves the
cooling of a rigidly constrained steel tensile test
sample from its austenitic state. During the test,
the stress that accumulates is monitored. For
uniaxial specimens using a HAZ simulation
technique, the manner in which residual stress
is accumulated during a weld thermal cycle
was investigated for bainitic, martensitic, and
stable austenitic steels (Ref 47). Initially, when
a material is austenite at high temperature, its
yield strength is low and only a small tensile
stress can develop. On cooling, the tensile
stress increases. When a phase transformation
occurs, the resulting volume expansion
opposes the contraction due to cooling and
decreases the stress. When the transformation
is complete, the tensile stress increases
again (Fig. 36). As seen in Fig. 36, if the trans-
formation occurs at a lower temperature (for
example, in the case of 9CrMo steel), the
magnitude of the final residual stress is less.

In contrast, the nontransforming austenitic
steel exhibits a continuous increase in residual
stress with decreasing temperature because
of the thermal contraction of the constrained
specimen. Moreover, the thermal expansion
coefficient of austenite (1.8 � 10�6 /K) is much
larger than that of ferrite (1.18 � 10�6 /K),
and yet the slope of the line prior to transforma-
tion is smaller when compared with that
after transformation is complete (Fig. 36)
(Ref 48). This is because, at high temperatures,
austenite has a low yield strength and
can accommodate the thermal contraction by
yielding. Ferrite is strong at low temperatures,
so the slope of the stress/temperature curve is
steeper.
By engineering the temperature regime

over which phase changes occur, the pro-
nounced effect of volume and shear strains of
displacive transformation can be exploited to
mitigate the development of welding residual
stresses. In recent years, welding consumables
with low austenite-to-martensite transformation
temperatures (Ms) have been developed
(Ref 49–51). By using the proposed welding
electrodes that achieve Ms at or under 200

�C
(390 �F) and martensite finish temperatures
close to room temperature, it is possible to
achieve near-zero or compressive residual stres-
ses in the weld, as shown in Fig. 37. It has
been shown that the fatigue limit of joints
using the new low-Ms welding wire has been
improved significantly (Ref 50). It should

be mentioned that the weld metal with fully
martensitic structure is susceptible to hydro-
gen-induced cracking (HIC). This problem
can be addressed by the use of a duplex mar-
tensite/retained austenite weld microstructure.
Austenite can contribute by increasing
the toughness and by minimizing the risk of
HIC, because of the lower hardness and
the higher hydrogen solubility of austenite
compared to martensite. It has been shown
that the resistance to cold cracking can
be improved when the weld contains mar-
tensite with a small amount of retained austen-
ite (Ref 41).

Heat-Affected Zone in Multipass
Weldments

In the HAZ of a single-pass weld, the grain-
coarsened zone (GC HAZ) is normally the
region having the lowest toughness. Turning
to a multipass weld, Fig. 38 (compare with
Fig. 4) shows how the GC HAZ can be modi-
fied by subsequent passes and can be categor-
ized into four regions, depending on the
reheating temperature (Ref 52):

� Subcritically reheated grain-coarsened
(SCGC) zone: The zone reheated below Ac1

� Intercritically reheated grain-coarsened
(ICGC) zone: The zone reheated between
Ac1 and Ac3

Fig. 28 Calculated variations in (a) microstructure (Ref 5) and (b) mechanical properties (adapted from Ref 5) as a function of carbon concentration in an Fe-1Mn-C wt% steel
weld deposit using manual metal arc (MMA) welding (1 kJ/mm�1)
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� Supercritically reheated grain-refined
(SCGR) zone: The zone reheated above
Ac3 and below approximately 1200 �C
(2190 �F)

� Unaltered grain-coarsened (UAGC) zone:
The zone that is not reheated above approxi-
mately 200 �C (390 �F) or the zone that
is again reheated above approximately
1200 �C (2190 �F)

Figure 39 shows how the crack tip opening
displacement (CTOD) value of simulated speci-
mens varies with the peak temperature of the
second thermal cycle, Tp2 (Tp1 = 1400 �C, or
2550 �F). It is seen that the ICGC, UAGC,
and SCGC regions have CTOD values less
than approximately 0.1 mm (0.004 in.). Similar
low values have been obtained by locating
the crack tip in the CTOD tests at
corresponding locations in the HAZ of actual
multipass weldments. These low-toughness
regions are commonly known as local brittle
zones (LBZs).

The low CTOD values have been obtained
only in tests on modern structural steels, and
no actual structural failure attributable to the
LBZs has been reported so far (Ref 53).
Because the structural significance of the low-
toughness test results is still largely unresolved,
the present conservative strategies are to choose
a steel whose tendency to form LBZs is less
and to choose a welding procedure by which
the size of the LBZs can be reduced.
The ICGC HAZ usually has a lower tough-

ness than the SCGC or UAGC regions, even
though all of them have nearly the same g grain
size. This lower toughness is due to the higher
amount of high-carbon martensite-austenite
(M-A) constituent in the ICGC HAZ. When
the GC HAZ is reheated to a temperature
between Ac1 and Ac3, austenite is nucleated at
the high-carbon areas. Upon cooling, these
local high-carbon areas can transform to give
twinned martensite with very thin regions of
retained austenite in between. (See Ref 54 for
detailed metallographic procedures for identify-
ing the M-A constituent.) The carbon content in
the M-A islands can range from approximately
0.3 to 0.5% C. The significance of this is that,
for a given nominal carbon content in the steel,
the volume fraction of the M-A constituent will
be much higher than it would be if most of the
carbon formed carbides (by the lever rule). This
fact will increase the number of crack nucle-
ation sites and thereby contribute to the inferior
toughness of ICGC HAZ. As is to be expected,
the volume fraction of the M-A constituent also
depends on the hardenability of the steel,
which, in turn, depends on the alloying content.
It has been shown that if the development of
pearlitic microphases could be promoted
instead of the development of M-A, by decreas-
ing the alloy content, the toughness of the
ICGC HAZ could be improved (Ref 55). How-
ever, this would have penalties in terms of
achievement of parent plate strength. A more
feasible solution would be to inhibit grain
growth in the HAZ.

Fig. 30 Effect of manganese content of weld metal on
the relative amounts of the microstructural

constituents present. Carbon content maintained at
0.03%. Source: Ref 33

Fig. 29 Typical variation of selected weld-metal
properties with oxygen content in ferritic

steel weld metals. (a) Plot of Charpy V-notch (CVN)
impact test upper-shelf energy versus oxygen content. (b)
Plot of CVN transition temperature versus oxygen
content. HAZ, heat-affected zone. Source: Ref 33

Fig. 31 (a) Acicular ferrite content as a function of oxygen concentration in low- (624 MPa, or 91 ksi), medium- (688 MPa, or 100 ksi), and high- (778 MPa, or 113 ksi) strength
weld metals. (b) Effect of oxygen concentration on weld-metal hardness. ppmw, parts per million by weight. Adapted from Ref 35
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The multipass welding procedure can alter-
natively be controlled to limit the size of the
LBZs. Figure 40 shows how this can be done
with a tandem three-wire high-current gas
metal arc welding procedure by adjusting
the distances between the three arcs. Special
“temper-bead” procedures (Ref 57) have been
developed for controlling the microstructure in
the HAZ, and a need for these procedures arises
in the following way. Low-alloy steel weld-
ments for critical applications (for example,
pressure vessels) require a postweld heat treat-
ment (PWHT) in a furnace in order to temper
the hard regions in the HAZ and relieve
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Fig. 32 Effect of oxygen concentration on continuous cooling transformation diagrams of a high-strength weld metal. (a) 20 parts per million by weight (ppmw) oxygen. (b) 350
ppmw oxygen. Adapted from Ref 35

Fig. 33 Plot of impact energy versus acicular ferrite content for selected carbon contents at �60 �C (�76 �F). Source:
Ref 36

Fig. 34 Schematic showing heat-affected zone (HAZ) microstructure in selected high-heat-input welds. (a) Titanium
oxide steel. (b) Titanium nitride steel. AF, acicular ferrite; UB, upper bainite. Source: Ref 44

Fig. 35 Heat-affected zone (HAZ) toughness of
titanium nitride and titanium oxide steels

with 420 MPa (60 ksi) yield strength. Source: Ref 45
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residual stresses. If on-site repairs become nec-
essary after the component has been in
service, PWHT is usually not feasible. The
heat of the arc can then be used to achieve the
tempering function of PWHT by suitable spatial
positioning and sequencing of the individual
passes. Grain refinement in the HAZ is also
sought in order to increase the toughness and
thereby offset the harmful effects of residual
stresses that would remain in the absence of
PWHT.
An example of a two-layer temper-bead

procedure is shown in Fig. 41. The heat
inputs of the first and second layer are carefully
controlled, so that the heat from the second
layer is used to refine the coarse-grained
region in the HAZ of the base metal caused
by the first layer. This idea can be extended
one step further by using a pulsed gas tungsten
arc welding procedure in which each pulse in a
pulsed weldment successively refines and tem-
pers the preceding pulse pitch region (Ref 11).
The degree of microstructural refinement
depends primarily on the welding speed and
pulsing frequency, and these parameters can
be controlled with great precision. In contrast,

an important variable to be controlled in the
temper-bead procedure is the weld-deposit
height, and it is difficult to exercise the
same degree of control on this variable. For this
reason, it is argued that the maximum possible
control on the microstructural changes in the
repair weldment is possible with the pulsing
procedure.

Fusion Zone in Multipass
Weldments

In the weld metal of a multipass weld,
reheating effects will lead to a gradient
in microstructure similar to that in the
HAZ. However, instead of a detailed classifi-
cation, the multipass weld metal is usually
considered to consist of just two regions
(Fig. 42):

� As-deposited or primary region: Where the
microstructure develops as the weld cools
from the liquid phase to ambient
temperature

� Reheated or secondary region: Where
regions with the original primary micro-
structure are reheated to temperatures above
the Ac1 temperature. The tempered regions
that are reheated to slightly lower tempera-
tures are also generally considered to belong
to this category.

The properties of the weld metal depend
on the relative areas or volume fractions of
the two regions, which, in turn, depend on
the welding procedure; the properties are there-
fore procedure-specific. That is why it is neces-
sary for welding procedures to be qualified
according to codes and standards in addition to
and separately from the qualification of consum-
ables (for which a standard procedure is
specified).

Weldments in Select Alloy Systems

Stainless Steels

It has long been known that solidification
cracking can be avoided in austenitic stainless
steel welds by having a small concentration of
ferrite in them. Recent work has shown, how-
ever, that residual ferrite content at room tem-
perature is no more than a symptom and that
it is really the solidification mode (whether the
weld metal solidifies as primary austenite or
ferrite) that is the decisive criterion (Ref 58).
It has been found that susceptibility to solidifi-
cation cracking is least for a primary ferrite
solidification mode (more specifically, when
the solidification mode corresponds to the types
shown in Fig. 43c and d). It is believed that
low-melting-point liquid phases (formed by
the segregation of impurities such as sulfur
and phosphorus, for example) solidifying in
the intercellular regions do not wet the d-g
interphase boundaries as easily as they would
d-d or g-g boundaries. In the ferritic-austenitic
solidification mode (Fig. 43c, d), the d-g inter-
phase boundary area is greater at temperatures
just below the nominal solidus temperature,
and this is the reason for a greater resistance
to solidification cracking.
Information about the solidification mode can

be obtained from the chemical composition of
theweldmetal by referring to theWRC-1992 dia-
gram (Fig. 44a). It has been found that this dia-
gram is more accurate than the Schaeffler (for
duplex stainless steel welds) and Delong (for
300-series austenitic steel welds) diagrams
developed earlier. These diagrams are strictly
applicable only for the cooling rates obtained
in manual metal arc (MMA) welding because
the data for establishing the statistical cor-
relations have been taken from MMA welds.
The dotted lines in Fig. 44 are the demarcation

Fig. 36 (a) Axial stress accumulated in uniaxially
constrained specimens during cooling of

martensitic (9CrMo), bainitic (2CrMo), and austenitic
(AISI 316) steels. Some experimental data are shown for
yield strength (YS) of austenite in low-alloy steel.
Adapted from Ref 47. (b) Schematic interpretation of the
experiments shown in (a). Source: Ref 48
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lines between the different solidification
modes shown (that is, A, AF, FA, and F),
corresponding to the types in Fig. 43(a to e),
respectively. The AF-FA boundary in Fig. 44(a)
(which, as discussed earlier, corresponds to
the onset of cracking) intersects the iso-ferrite
number lines at an angle. This is consistent
with the findings of several investigators
that the minimum ferrite content necessary
to avoid hot cracking is different for
different weld-metal compositions (that is, for
weld metals deposited with E 316, E 308L, E
309, and so on).

Fig. 38 Schematic showing the different subzones that can form in the coarse-grained region of the heat-affected
zone (HAZ) in a multipass weld. (a) Position of subzones relative to base metal (BM) and weld metal

(WM). FL, fusion line. (b) Plot of thermal cycles relative to Ac
3
and Ac

1
. (c) Microstructures at the different zones. See

text for details. Source: Ref 52

Fig. 40 Schematic showing that the heat-affected zone
isotherms and the size and location of the

coarse-grained region (CGR) can be controlled in a
tandem three-wire high-current gas metal arc welding
procedure. Grain refinement of initially formed coarse-
grained regions is obtained by optimizing the distances
between the three arcs. Source: Ref 56

Fig. 39 Plot of crack tip opening displacement versus
peak temperature of the second thermal cycle

for simulated specimens subjected to a double thermal
cycle. (T

p1
= 1400 �C = 2550 �F; Dt

8-5
= 20 s). The

heat-affected zones (Fig. 39) corresponding to the
simulation trials are also shown in the figure. Source:
Ref 52

Fig. 41 Schematic showing a two-layer repair procedure. (a) Heat-affected areas of a single weld bead. (b) First layer
causes coarse-grained regions to form in the heat-affected zone of the base metal (right portion of the figure).

Deposition of the second layer refines these initial coarse-grained regions (left portion of figure). Source: Ref 57

Fig. 42 Primary (P) and reaustenitized regions in the
weld-metal region of a multipass weld. The

reaustenitized region is where the columnar structure is
not clearly detected. Source: Ref 28
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The utility of the WRC-1992 diagram
has recently been expanded by addingmartensite
boundaries (Ref 60), as shown in Fig. 44(b).
Using the modified WRC-1992 diagram, it
is now possible to predict whether or not
stainless steel clad layers, over nonalloy or low-
alloy steel, will be free of martensite and
will pass a 2T bend test (a bend test in which the
bend specimen thickness, T, is twice the bending
radius).
A discussion of weld decay due to sensitiza-

tion and knife-line attack in the HAZ of austen-
itic stainless steels can be found in Ref 7, 61,
and 62.

Aluminum Alloys

The main problems in the welding of heat
treatable aluminum alloys are liquation crack-
ing in the partially melted zone (PMZ) (see
the section “Unmixed and Partially Melted
Zones in a Weldment” in this article) and soft-
ening in the HAZ (Ref 7). Figure 45 shows,
for example, the formation of liquation crack-
ing in the PMZ of an aluminum alloy weld with
partial penetration. A good discussion of how
liquation cracking forms in aluminum alloys is
found in Ref 63.

The softening in the HAZ means that
the weld-joint strength can be reduced.
Reasons for the softening can be understood
by referring to Fig. 46. The parent material
is assumed to be a 2000- or 6000-
series aluminum alloy, artificially aged to
contain the metastable phase of y0
(in aluminum-copper alloys), S0 (in aluminum-
copper-magnesium alloys), or b0 (in alumi-
num-magnesium-silicon alloys). A very fine
dispersion of precipitate particles is obtained
in the parent material by a solution heat treat-
ment followed by aging, and this is
the reason for the high strength in the materials.
Figure 46(b) shows that a gradient in
hardness is obtained in the HAZ immediately
after welding. At location 1, the high peak
temperature causes the precipitate particles to
go into solution, and the cooling rate is too
high for reprecipitation. At locations 2 and 3,
the precipitate particles partially dissolve and
coarsen. After postweld artificial aging, fine
precipitate particles are again formed at loca-
tion 1, causing the hardness to increase to the
level of the parent material. However, at loca-
tions 2 and 3, only a lower hardness can be
obtained because of the formation of coarse
precipitate particles. For increasing weld heat

inputs, the width of the softened zone increases.
A good discussion of how the aforementioned
phenomenon can be modeled is found in
Ref 64.

Nickel-Base Superalloys

The high creep resistance of nickel-base
superalloys makes them attractive for critical
high-temperature applications such as gas tur-
bines. Yet, it is this very characteristic that
gives rise to the problem of strain age cracking
in the weld HAZ (Ref 7, 24, 65). The high-
temperature creep strength in the parent materi-
als is obtained by forming fine precipitates of g0
(Ni3(Al, Ti)) or g00 (Ni3Nb) in them. In
the region of the weld HAZ subjected to
high peak temperatures, these precipitates dis-
solve, much as they do in aluminum alloys.
After welding, the weldments are again solution
heat treated and aged (note the difference
between aluminum alloys and the nickel-base
superalloys in this respect). The purposes of
this treatment are to obtain the same uniform
fine precipitation in the weld as in the parent
material and to relieve the weld residual
stresses.

Fig. 43 Schematic showing solidification and transformation behavior resulting in a range of ferrite morphologies in austenitic stainless steel welds. Source: Ref 58
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Normally (for example, in the case of low-
alloy or carbon steel welds), PWHT in a fur-
nace relieves the residual stresses because the
yield stress at the PWHT temperature is very
low. A residual stress greater than the yield
stress cannot be supported, and stress relief is
achieved by a process of creep and plastic
deformation. This process is difficult in nickel-
base superalloy weldments, however, because
of their high creep strength and low creep

ductility. Reprecipitation in the solutionized
regions of the HAZ (during the heating-up to
the PWHT temperature) strengthens the matrix
and does not allow any creep or plastic defor-
mation (necessary for the relief of residual
stress) to take place. Cracking can occur in this
condition at the grain boundaries in the grain-
coarsened region of the HAZ. Cracks initiated
here have been known to run far into the base
material. Figure 47 shows the development of

PWHT cracking. This problem is very difficult
to solve, and the best solution has been found
to be to switch over to materials such as Inconel
718 alloy that are inherently less susceptible to
cracking, even though their creep strength is
somewhat lower. Inconel 718 alloy contains
g00 precipitate, and the slow kinetics of precipi-
tation in this alloy allow substantial stress relief
to be achieved before precipitation increases
the creep strength in the HAZ.
A more detailed discussion of the welding

metallurgy and weldability of nickel-base
superalloys can be found in Ref 24, 65, and 66.

Titanium Alloys

Titanium alloys find use in aerospace appli-
cations, pressure vessels, and so on because of
their high strength-to-weight ratio, high corro-
sion resistance, and high fracture toughness.
Pure titanium has two allotropic forms: low-
temperature hexagonal close-packed (hcp) a
phase and elevated-temperature body-centered
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Fig. 45 Weld metal pulling and tearing the partially
melted zone (PMZ). (a) Schematic showing

the formation of liquation cracking in the PMZ of a
partial-penetration gas metal arc weld of an aluminum
alloy. The welding direction is perpendicular to the
rolling direction. The weld metal in the papillary
penetration solidifies rapidly. This pulls the PMZ that is
weakened by grain-boundary (GB) liquation. (b)
Microstructure near the weld root of 7075 aluminum
made with filler wire of aluminum 1100. The weld metal
pulls and tears the PMZ near the tip of the papillary
penetration. Source: Ref 63
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cubic (bcc) b phase. Various alloying elements
preferentially stabilize one or the other of these
phases. As a result, titanium alloys are gener-
ally classified as a, a + b, metastable b, and b
alloys (Fig. 48).
The a alloys are not heat treatable (that is,

it is not possible to obtain a significant increase

in strength and toughness by heat treatment),
and they have the lowest strength of the four
titanium alloy families. Interestingly, these
alloys are thus considered to have excellent
weldability—which means, in practice, that
the weld thermal cycles cause no significant
degradation in the properties of the weld and

HAZ relative to the parent material. Also, the
b $ a transformation in the weld and near
HAZ means that the extent of grain coarsening
will not be as high as in other single-phase
materials in which no phase transformation
occurs upon heating or cooling, such as stabi-
lized ferritic stainless steels (Ref 68), pure alu-
minum, and so on.
In the a + b alloys, a higher strength

is obtained with a higher volume fraction
of the b phase, which, in turn, is obtained
with a higher b-stabilizing alloy content
(Fig. 48). The effect of cooling rate on the
phase transformations in two a + b alloys
is shown schematically in Fig. 49. As in
the case of steels, it is seen that the b $ a
transformation can occur either by nucleation
and growth at slower cooling rates or martensit-
ically at higher cooling rates. The martensitic
product in the lean a + b alloys has an hcp
crystal structure (designated as a0) or an
orthorhombic one (designated as a00) in the
b-stabilized a + b alloys. It is seen that the
C-curve for the b $ intergranular a transfor-
mation is shifted to the right for alloys
with increasing b-stabilizing alloy content,
while that for the allotriomorphic a (more com-
monly referred to as grain-boundary, or GB, a)
is relatively insensitive to alloy con-
centration (Ref 69). As a result, alloys that
are fairly rich in b-stabilizing additions
exhibit a stronger tendency to form a continu-
ous network of GB a than do leaner a + b
alloys.
The morphology of the a and b phases

in the a + b base materials is strongly depen-
dent on thermomechanical processing (TMP)
and heat treatment, which are performed
either in the b-phase field or in the two-phase
a + b-phase field. When TMP is done in the
a + b-phase field, the a that forms on cooling
is continuously deformed. After recrystalliza-
tion, a near-equiaxed a structure is obtained.
Very little GB a is formed, because defor-
mation introduces sufficient alternate heter-
ogeneous nucleation sites in the form of
dislocations. On the other hand, if TMP is done
above the b-transus temperature (b-processing)
and cooled, a forms at grain boundaries (giving
GB a) and in the interior of grains as a
Widmanstätten structure (also referred to as an
acicular, lenticular, or basketweave structure).
The microstructure in the weld and near
the HAZ is closer to that obtained after b-
processing.
Figure 50 shows the effect of a + b-proces-

sing and b-processing on the strength
and toughness of a + b alloys with increasing
b-stabilizing alloy content. At the lower
strength levels obtained with a lower b-stabiliz-
ing alloy content (because of a lower volume
fraction of b-phase present), the finer Widman-
stätten structure obtained after b-processing
has a higher toughness than the coarser struc-
ture obtained by a + b-processing. At

Fig. 46 Schematics showing the effect of weld thermal cycles on the softening in the heat-affected zone (HAZ) in
age-hardenable aluminum alloys. (a) Thermal cycles in the HAZ (for corresponding locations in the weld,

see inset). (b) HAZ hardness profiles before and after aging. PWAA, postweld artificial aging. Source: Ref 7

Fig. 47 Postweld heat treatment cracking in nickel-base alloys. (a) Thermal cycles during welding and heat treating.
(b) Cross section of the weld showing fusion zone (FZ) and heat-affected zone. (c) Changes in

microstructure. Adapted from Ref 7
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higher strength levels, the trend reverses, with
the a + b-processed structure having a higher
toughness. This result can be understood
in terms of the strength differences between
GB a and the interior of the prior-b grains
(Fig. 51). At lower strengths, when the grain
interiors are relatively weak, the crack tip plas-
tic zone is distributed between the GB a and the
grain interiors. However, as the a-phase preci-
pitates are refined by lower aging temperatures,
as in the case of the metastable b alloys, the
grain interiors are strengthened considerably.
Under such circumstances, the cracks are essen-
tially constrained to follow the GB a layer.
This results in a contraction of the plastic
zone, a reduction in the crack tip opening dis-
placement for crack extension, and an attendant
drop in the toughness.
The microstructures in the weld metal and

the near HAZ (the region where the peak tem-
perature exceeds the b-transus temperature)
resemble those obtained after b-processing.
This means that it is easier to obtain a matching
toughness in the weld metal at the lower
strength levels referred to in Fig. 50. However,
even this result is made somewhat difficult to
achieve by the coarser b grain size in the weld
and HAZ. Grain coarsening in the HAZ induces
coarse b grains to form in the weld too, because
solidification in the weld metal occurs by epi-
taxial growth from the HAZ. The extent of
grain coarsening is such that it is not uncom-
mon to find a single columnar b grain travers-
ing the entire thickness in gas tungsten arc
welds on thin sheet (Ref 70). If high-energy-
density welding processes are used (for exam-
ple, electron beam welding or laser beam weld-
ing), it is possible to limit the extent of b grain
coarsening. However, the high cooling rates in

Fig. 48 Hypothetical b isomorphous phase diagram that shows relation between b-stabilizer solute content and
titanium alloy family description. Selected common alloys are listed along the x-axis of the diagram

based on their compositions. Source: Ref 67

Fig. 49 Schematic continuous cooling transformation diagrams for two a + b titanium alloys with different
b-stabilizer solute contents. (a) Lean a + b alloy (for example, Ti-6Al-4V). (b) a + b alloy (for example,

Corona 5 [Ti-4.5Al-5Mo-1.5Cr]) richer in b-stabilizing solute content. GB, grain boundary

Fig. 50 Schematic plot of toughness versus yield
strength for a + b- and b-processed

structures. Approximate locations of lean (for example,
Ti-6Al-4V) and richer b-stabilized a + b alloys (for
example, Corona 5 [Ti-4.5Al-5Mo-1.5Cr]) are shown.
GB, grain boundary. Source: Ref 69
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the weld and HAZ will mean that a martensitic
structure will be obtained.
To obtain adequate ductility and toughness,

PWHT must be performed at temperatures
close to the b-transus temperature. This can be
a problem because the low strength at these

temperatures can cause sagging in large welded
structures, and complex fixturing will be neces-
sary to maintain dimensional tolerances. It can
also be expensive, because inert gas shielding
is required for almost the entire time of PWHT.
(It is assumed in the present discussion that
adequate care is taken to maintain proper
shielding during welding.) Moreover, it can be
difficult to increase the ductility in the weld
metal and HAZ to a level equal to that in an a
+ b-processed base material (Fig. 52). The
trends seen in Fig. 50 and 52 can be understood
by noting that crack nucleation is more difficult
in an equiaxed structure (because the strain
concentration effects are less) and that the

plastic zone sizes are bigger (Table 2).
This results in a higher tensile ductility.
However, because crack propagation follows a
less tortuous path, the toughness is lower.
The reverse is true for a Widmanstätten struc-
ture (referred to as a lenticular structure
in Table 2). Table 2 explains the apparently
strange observation in titanium alloys that
a structure having a high strength and
toughness is not necessarily the one having
a high tensile ductility. The implication of
this observation for weldments is that, for many
applications, it may be more important to opti-
mize the welding and PWHT procedure with
respect to the toughness than with respect to
the ductility.
A more detailed discussion of the welding

metallurgy of titanium alloys can be found in
Ref 70, 72, and 73.
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Fig. 51 Schematic showing the effect of the relative
strengths of grain-boundary (GB) a and

matrix on the plastic zone size. (a) GB a location
relative to matrix. (b) Effect of plastic zone size on yield
strengths of matrix and GB a. Source: Ref 69

Fig. 52 Schematic plot of ductility versus strength for
a + b- and b-processed structures. GB, grain

boundary. Source: Ref 69

Table 2 Effect of morphological features of the microstructure on crack nucleation and propagation in a + b titanium alloys

Structure Crack nucleation Crack growth Tensile ductility as a function of plastic zone size Toughness as a function of crack propagation

Lenticular (Widmanstätten) Easy Difficult

Globular (equiaxed) Difficult Easy

Note: Voids initiated at the a-b interfaces are shown as black regions. Source: Ref 71

Solid-State Transformations in Weldments / 143



REFERENCES

1. Atlas of Isothermal Transformation and
Cooling Transformation Diagrams, Ameri-
can Society for Metals, 1977

2. O.M. Akselsen and T. Simonsen, Techni-
ques for Examining Transformation Beha-
viour in Weld Metal and HAZ—A State
of Art Review, Weld. World, Vol 25 (No.
1/2), 1987, p 26–34

3. O. Grong and D.K. Matlock, Microstruc-
tural Development in Mild and Low Alloy
Steel Weld Metals, Int. Met. Rev., Vol 31
(No. 1), 1986, p 27–48

4. K. Easterling, Introduction to the Physical
Metallurgy of Welding, 2nd ed., Butter-
worths-Heinemann, 1992

5. H.K.D.H. Bhadeshia and R.W.K. Honey-
combe, Steels Microstructure and Proper-
ties, 3rd ed., Elsevier Ltd., 2006

6. Weld Thermal Simulators for Research and
Problem Solving, The Welding Institute,
United Kingdom, 1972

7. S. Kou, Welding Metallurgy, 2nd ed., John
Wiley & Sons, 2003

8. C.F. Berkhout and P.H. Van Lent, The Use
of Peak Temperature-Cooling Time Dia-
grams in the Welding of High Strength
Steels, Schweiss. Schneid., Vol 20 (No. 6),
1968, p 256–260 (in German)

9. Th.J. Van Adrichem and J. Kas, Calcula-
tion, Measurement and Simulation of Weld
Thermal Cycles, Smitweld N.V., Nijmegen,
The Netherlands

10. G.T. Eldis, A Critical Review of Data
Sources for Isothermal Transformation
and Continuous Cooling Transformation
Diagrams, Hardenability Concepts with
Application to Steel, D.V. Doane and J.S.
Kirkaldy, Ed., TMS-AIME, 1978, p 126–
157

11. P. Ravi Vishnu and K. Easterling, Pheno-
menological Modelling of Heat Flow and
Microstructural Changes in Pulsed GTAW
Welds of a QT Steel, Mathematical Model-
ing of Weld Phenomena, H. Cerjak and K.
Easterling, Ed., The Institute of Metals,
1993

12. Verein Deutscher Eisenhüttenleute, Ed.,
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Thermomechanical Effects of
Fusion Welding
P. Michaleris, Pennsylvania State University

APPLICATION OF WELDING in fabricat-
ing large structures offers several advantages
over mechanical joining methods, such as
improved structural performance, weight and
cost savings, and flexibility of design. However,
welding induces residual stresses and distortion,
which may result in loss of dimensional control,
costly rework, and production delays. Welding
may also introduce such defects as inclusions
and lack of penetration, leading to reduced
fatigue life.
Modeling of welding distortion and residual

stress has been an active research area since
the late 1970s. Some of the first publications
in weld modeling include Ref 1 to 3. Significant
research in the 1980s includes the development
of the double-ellipsoid heat-input model by
Goldak et al. (Ref 4) and the modeling of phase
transformations (Ref 5–7). Most of the weld
modeling in the 1970s and 1980s involved
two-dimensional (2-D) models transverse to
the welding direction using either plane-strain
or generalized plane-strain conditions. These
models demonstrated good correlations with
experimental measurements for residual stress.
However, these models were not capable of
predicting the magnitudes of angular distortion
(Ref 8) or of longitudinal buckling and bowing
(Ref 9). Developments in weld modeling in
the 1990s included the use of three-dimensional
(3-D) moving-source models (Ref 10–12), the
development of sensitivity formulations (Ref
13, 14), and the development of the applied
plastic strain method (Ref 9, 15, 16). The 3-D
moving-source models demonstrated the capa-
bility to model all distortion modes.
A detailed review of finite-element modeling

for welding residual stress and distortion mod-
eling is available in Ref 17 to 20. Typically,
modeling of welding residual stress and distor-
tion involves one-way coupled thermomechani-
cal analyses. In thermal analysis, conductive
heat transfer is considered through the use of
empirical models that provide values for the
applied welding heat input. Some researchers,
in order to consider the effect of the convective
heat flow in the molten metal, have used

artificially high thermal conductivity values
for temperatures that exceed the melting point
(Ref 11). However, this approach may lead to
slower numerical convergence. In mechanical
analysis, rate-independent elastoplastic material
response is considered, using the results of the
thermal analysis as thermal load. Both thermal
and mechanical analyses are typically per-
formed using the finite-element method in a
Lagrangian reference frame. Although thermoe-
lastoplastic modeling of welding is reportedly
providing computed values of residual stress
that agree closely with experimental measure-
ments (Ref 15, 17–19), it is difficult to correlate
the computed and measured fusion zones, espe-
cially for high-energy-intensity processes such
as laser and hybrid welding (Ref 21–23).

Formation of Residual Stress:
Three-Bar Analogy

The three-bar analogy is commonly used to
illustrate the formation of welding residual
stress. Figure 1 illustrates three bars of equal
length connected at the ends. The shade of the
bars correlates to their temperature, with dark
representing hot and light representing cold.

The symbol S denotes their stress state. For thin
plates, the stress correlates to the longitudinal
stress component, and the middle bar corre-
sponds to the welding region. The middle bar
is considered to have a smaller diameter than
the side bars, which correspond to the remain-
ing part of the plate. Before welding, all bars
are at room temperature and under zero stress
(Fig. 1a). When the middle bar is heated
(Fig. 1b), it expands and pulls along the side
bars. The middle bar is under compression and
the side bars are in tension. If the temperature
is high, as in welding, the yield strength of the
material drops, and the middle bar permanently
deforms due to plasticity. When the middle bar
returns to room temperature, it contracts. If the
bar had not been connected (Fig. 1c) at room
temperature, it would now be shorter than the
side bars due to plastic deformation. However,
because it is connected (Fig. 1d), it pushes the
side bars into a state of compression. The mid-
dle bar is now in tension. Therefore, after weld-
ing, the welding region is expected to be in
tension and the base material in compression.
Figure 2 illustrates the computed temperatures
and corresponding longitudinal stress across
a plate before, during, and after welding
(Ref 24). Before welding, the plate has zero
stress. During welding, the welding region
(center of the plate) is under compression and

Fig. 1 Formation of welding residual stress



the edges of the plate under tension. After cool-
ing, the stresses reverse, resulting in tension at
the welding region and compression elsewhere.
Volumetric solid-state phase transformations

during the welding thermal cycle may also con-
tribute to the generation of welding residual
stress and consequently distortion (Ref 5, 7,
25–29). The section “Solid-State Transforma-
tions” in this article discusses the effect of
solid-state phase transformation in further
detail.

Mathematical Formulations

Thermal Transport

Thermal transport models of welding typi-
cally involve coupled heat and mass transfer
and typically use computational fluid dynamics
(CFD) solution methods in Eulerian reference
frames (for more about fundamental principles
of CFD, see Ref 30). A viscoplastic material

response is assumed in most thermal transport
analyses of welding in order to eliminate
the need for tracing and integrating the material
response; this being the case, thermal transport
analyses of welding compute the resulting
residual stress to be zero. Such analyses
have primarily been used to model the temper-
ature field and physical shape of the weld
pool (Ref 31–35), the interaction between
arc and material (Ref 36), buoyancy, surface
tension, and magneto-hydrodynamic effects
(Ref 3).
Accurate material property data are lacking

for metal alloys at extremely high temperatures
(Ref 3). Currently, these material properties
are available only in specific published cases
(Ref 3). Parameters describing the arc (such as
efficiency and other weighting factors) are also
difficult to model accurately, as shown by the
wide range of values chosen in studies for
apparently similar conditions (Ref 31). Because
of the difficulties of knowing all the material
and arc variables in modeling, Mishra and

DebRoy introduced an identification method
for these uncertain variables that combines
experimental data with thermofluid modeling
to obtain exceptional correlation with experi-
mental data (Ref 31).
Thermal transport analyses of welding

involve solving for the mass conservation,
momentum balance, and energy balance simul-
taneously. The analysis is typically performed
in a Eulerian reference frame centered on the
welding torch, with material flowing through
the control volume (Fig. 3). The analysis is fur-
ther simplified by assuming steady-state condi-
tions and thus eliminating dependence on
time. The mass conservation equation (continu-
ity equation) is given by:

r � ðrvÞ ¼ 0 (Eq 1)

where r is the density, v is the velocity, and ▽
is the spatial gradient operator.
The conservation of momentum equation is

as follows:
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r � ðrvÞv ¼ �rpþr � s0 þ rg (Eq 2)

where p is the pressure, s0 is the deviatoric
stress tensor, g is the acceleration due to grav-
ity, and v is the velocity.
Newtonian material response is assumed, and

the deviatoric stress, s0, is calculated as
follows:

s0
ij ¼ m

@vi
@xj

þ @vj
@xi

� �

(Eq 3)

where m is the viscosity.
The energy conservation equation is written

in terms of enthalpy, H, as follows:

r � ðrvHÞ ¼ r � ðkrTÞ þ Q (Eq 4)

where k is the temperature-dependent thermal
conductivity, and Q is the volumetric energy
source.
As mentioned previously, the assumption of

pure viscoplastic behavior (Eq 3) in thermal
transport models of welding results in a com-
puted value of zero residual stress, and the rea-
son is shown in Eq 3. Once the velocity
becomes zero, Eq 3 determines that the deviato-
ric stress is also zero. Computing residual stress
requires modification of the constitutive model
to account for the elastic component of stress,
which depends on the deformation history of
each particle. Furthermore, if material evolution
(via, for example, hardening or transforma-
tions) is also to be considered in the computa-
tion of residual stress, the temperature, stress,
strain, and internal variable history of each
material particle must be computed. In a Euler-
ian reference frame, this computation can be
accomplished by computing backward the
streamline of each particle and then integrating
the material evolution along the streamline (Ref
40–42). Another approach is to use a mixed
finite-element analysis formulation and enforce
the evolution in a weak form (Ref 43–46). Both
approaches are quite specialized and require
custom computer programming.

Thermoelastoplasticity

Welding residual-stress analyses typically
involve solving the energy and momentum bal-
ance sequentially in a Lagrangian reference
frame. The material is attached to the mesh,
and the welding torch travels with time
(Fig. 3). The thermal analysis assumes conduc-
tive heat transfer only, but convective energy
transfer is indirectly simulated by using artifi-
cially high thermal conductivity for tempera-
tures above melting. The energy balance
equation is as follows:

rCp
dT

dt
¼ �r � qðr;tÞ þ Qðr;tÞ (Eq 5)

where Cp is the specific heat capacity, T is
the temperature, q is the heat flux vector, t is the
time, and r is the coordinate in the reference
configuration.
The momentum balance equation is further

simplified by assuming negligible inertia and
body forces as follows:

r � s ¼ 0 (Eq 6)

where s is the stress. Typically, a rate-
independent elastoplastic material response is
assumed in the mechanical analysis, allowing
for the computation of residual stress due to
plastic deformation during the welding heat
cycle. Then, stress is computed as follows:

s ¼ Cee (Eq 7)

ee ¼ e� ep � et � ev � etr (Eq 8)

ep ¼ eq � aðs; eq; TÞ (Eq 9)

f ¼ se � sy 	 0 (Eq 10)

where T is temperature; C is the material stiff-
ness tensor; a is the plastic flow vector; E, Ep,
and Et are the total, plastic, and thermal strains,
respectively; Eq is the equivalent plastic strain;
and Ev and Etr are the volumetric change and
transformation plasticity strain components,
respectively (Ref 7, 28, 29). Equation 10 is
the equation for isotropic hardening, where f is
the yield function, se is the von Mises stress,
and sy is the yield stress. Active yielding
occurs when f = 0.
The thermomechanical simulations of weld-

ing processes are further simplified by recog-
nizing that the mechanical work is negligible
compared to the heat input, and therefore, the
unique coupling between thermal and mechani-
cal behavior is the thermal expansion. On this
understanding, a thermal simulation is per-
formed first and a mechanical simulation after-
ward. However, when the components to be
welded are unrestrained from rigid movements,
large distortions may lead to a full thermome-
chanical coupling, because the fit-up and weld
location may be altered (Ref 12).
Figure 4 illustrates a typical thermomechani-

cal welding simulation. The welding conditions
and joint configuration are the input to the ther-
mal analysis, in which the heat flow, molten
metal flow, and phase transformations are ana-
lyzed. The output from these analyses is the
temperature history and microstructure. In the
mechanical analysis, which may either follow
or be coupled with the thermal analysis, the
elastic-plastic deformation, creep, and transfor-
mation plasticity are analyzed. The distortion
and residual stresses are the output of the
mechanical analyses.

Fig. 3 Eulerian versus Lagrangian models in welding Fig. 4 Outline of thermomechanical weld modeling
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Heat-Input Models

Depending on the process, different types of
physics take place to generate the welding heat
and fuse the material. For example, arc physics
take place in arc welding, electric current flow
takes place in arc and spot welding, and elec-
tron diffraction takes place in electron beam
welding. Most commonly, in welding process
modeling, the physics that account for the heat
generation are not analyzed. Empirical heat-
generation models are used instead.
A review of empirical models used to repre-

sent the heat generated in the welding process
is presented in Ref 4 and 47 to 50. Early simu-
lations of welding implemented simple point-
and-line heat-source models as well as combi-
nations of them (Ref 51–53). These simple
heat-input models, in conjunction with the
assumption of steady-state conditions and tem-
perature-independent material properties, led
to analytical solutions of the temperature field.
These solutions provide a good approximation
in regions far from the weld zone. However,
the predicted infinite temperatures at the weld
source are unrealistic. The availability of
computational resources at low cost leads to
the implementation of more accurate heat-input
models for welding simulations. Papazoglou
and Masubuchi (Ref 3) used a uniform density
surface heat flux over the weld to simulate the
welding heat input. Argyris et al. (Ref 2) and
Tekriwal and Mazumder (Ref 11) used a sur-
face heat flux with a Gaussian density distribu-
tion. Goldak et al. (Ref 4) proposed the double-
ellipsoid heat-source model, where the heat
generated by welding is simulated with a power
density moving along with the torch. Other
heat-input models impose a time-dependent
temperature-boundary condition (frequently
called ramp temperature-boundary condition)
at selected points or regions of the weld pool
(Ref 2, 54). The surface flux and volume heat-
source models are directly derived from weld-
ing conditions and therefore are predictive.
The ramp temperature models do not provide
a direct relation to the actual weld parameters
and thus require temperature measurements to
determine the imposed conditions.
The most commonly used welding heat-input

model is the double-ellipsoid model proposed
by Goldak (Ref 4), in which the welding heat
input is represented by a volumetric heat
source, Q, as follows:

Q ¼ 6
ffiffiffi

3
p

QwZf
abc�

ffiffiffi

�
p e�

3x
a2

2þ 3y2

b2
þ 3ðzþvw tÞ2

c2


 �

ðW=mm
3Þ (Eq 11)

where Qw is the welding heat input; Z is the
welding efficiency; x, y, and z are the local
coordinates of the double-ellipsoid model
aligned with the weld fillet; a is the weld width;
b is the weld penetration; c is the weld ellipsoid
length; f is a scaling factor; vw is the torch
travel speed; and t is time. (Typically, different
values are used for c and f in front of and

behind the weld.) An illustration of the energy
density of the double-ellipsoid model is pre-
sented in Fig. 5.

Material Models

The rate-independent, deviatoric plasticity
model with the von Mises yield condition and
the associated flow rule has been used with suc-
cess in many welding simulations (Ref 18).
Some work has also used viscoplastic models
(Ref 2, 55, 56) or combined rate-independent
plasticity models at lower temperatures with
viscoplastic models at higher temperatures
(Ref 57). The hardening behavior at lower tem-
perature is important in the computation of the
residual stresses; the material near the weld
undergoes cyclic loading, and choosing
between isotropic or kinematic hardening will
affect the stresses calculated from the model
for this region (Ref 58).
For temperatures that exceed the melting

point, the modulus of elasticity and yield limit
have zero value. Viscous flow models are more
appropriate at these temperatures. However,
elastoplastic or elastoviscoplastic models may
still be used in conjunction with a cut-off tem-
perature. This technique is used for two rea-
sons: The properties at high temperatures are
usually unknown, and a too-soft weld metal in
the model may cause numerical problems. In
this technique, during the mechanical analysis,
temperatures that exceed a cut-off value are
reset to the cut-off temperature. An appropriate
choice of cut-off temperature will not affect the
residual stresses (Ref 3, 11, 18).
The very lowvalue of yield strength alongwith

the use of elastoplastic models may result in arti-
ficial hardening and lead to computed values that
exceed the actual residual stresses. To account
for the annealing effect that naturally occurs in
metals, either a creep model may be used or all
accumulated plastic strains may set to zero above
a critical temperature (Ref 8).

Solid-State Transformations

Solid-phase transformations that occur dur-
ing the thermal cycle produced by welding lead
to irreversible plastic deformation known as
transformation plasticity. This phenomenon
can be driven either by volume change during
phase transformations (Greenwood-Johnson
effect) or by martensitic transformations in
which, under external loading, martensite plates
are formed with preferred orientation (Magee
effect) (Ref 5, 7, 25–28). Oddy et al. (Ref 10,
59) decomposed the total strain into its elastic,
plastic, thermal, volumetric change, and trans-
formation plasticity (which is proportional to
the deviatoric stress tensor) components. The
authors report that transformation plasticity sig-
nificantly affects longitudinal and transverse
residual-stress distributions. Early work on
weld modeling in which the thermal expansion
coefficient is modified to take into account the

volumetric change during phase transforma-
tions is found in Ref 2 and 3. Argyris et al.
(Ref 2) also modified the yield strength during
cooling to reflect the formation of austenite,
ferrite, and pearlite. From their numerical simu-
lations, they conclude that the individual stress
components are affected by the phase transfor-
mations during the heat cycle, but that the
effects of phase transformations are dampened
upon cooling of the weld. They also conclude
that the equivalent von Mises stress is not
affected by the phase transformations.

Multipass Welding

The simulation of multipass welding requires
additional care (Ref 60). Early attempts
involved lump weld passes (Ref 52, 53); how-
ever, this procedure should be performed with
care (Ref 17). Two approaches, namely the
use of quiet elements or inactive elements, are
available for modeling of multipass welding.
Quiet elements are present in the analysis but
are given properties that prevent them from
affecting the analysis. Inactive elements are
not included at all until the corresponding filler
material has been added. Both methods require
special attention when large deformations
occur. Quiet elements can accumulate exces-
sive strains that must be reset during activation,
and inactive elements can be severely distorted
before activation, requiring the use of addi-
tional nodes and constraint equations. Both
methods can give the same results (Ref 61).
Methods and issues for obtaining correct sizes
and shapes of the elements corresponding to
the filler metal are described in Ref 60.

Residual Stress

In Michaleris et al. (Ref 15), the effective-
ness of 2-D and 3-D small- and large-
deformation analyses was investigated in the
computation of welding distortion. Experimen-
tal testing was used for verification purposes.
Fillet welding was performed on panels of var-
ious sizes, and residual-stress and distortion
measurements were obtained and used as a

Fig. 5 Illustration of double-ellipsoid heat-input
model. Source: Ref 4
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benchmark to evaluate the accuracy of the vari-
ous modeling methods. The panel thickness and
welding conditions were kept the same in all
experiments.
A schematic of the panel geometry and weld-

ing configuration is shown in Fig. 6. Three
panels with dimensions (width by length) 255
by 255 mm (10 by 10 in.), 310 by 310 mm
(12 by 12 in.), and 310 by 610 mm (12 by 24
in.) and a thickness of 3.2 mm (⅛ in.) are inves-
tigated. A stiffener with a height of 50 mm (2
in.) and thickness of 3.2 mm (⅛ in.) is fillet
welded at the centerline of the panels.
255 by 255 mm (10 by 10 in.) Plate.

Figure 7 depicts the longitudinal residual-stress
distribution for the 255 by 255 mm (10 by 10
in.) plate. Identical results are obtained for the
longitudinal stress distribution from the small-
and large-deformation analyses.
310 by 310 mm (12 by 12 in.) Plate.

Figure 8 shows the longitudinal residual-stress
distribution computed using 2-D analysis (case
B1) for a 310 mm (12 in.) wide panel. The
2-D analysis predicts constant compressive lon-
gitudinal stress away from the weld region.
Figures 9 and 10 show the longitudinal resid-
ual-stress distribution computed using 3-D
small- and large-deformation analyses, respec-
tively. The large-deformation analysis shows
slightly lower residual stress, which is attribu-
ted to relaxation due to buckling.
Longitudinal residual-stress measurements

are carried out at seven locations along the
transverse axis of the welded panel (Fig. 6).
Figure 11 shows the comparison of the com-
puted longitudinal residual stress and the exper-
imental results along the transverse axis. The 2-
D analysis cannot predict the longitudinal
stress correctly at the ends of the plate. Both
the 3-D small- and large-deformation analysis
results compare well with the experimental
results.
310 by 610 mm (12 by 24 in.) Plate.

Figures 12 and 13 show the distribution of lon-
gitudinal residual stress in the 310 by 610 mm
(12 by 24 in.) plate computed by the 3-D small-
(case C1) and 3-D large- (case C2) deformation

analyses, respectively. The plots show that the
small-deformation analysis predicts a high
compressive stress zone that stretches from a
distance away from the weld centerline to the
ends of the plate. The large-deformation analy-
sis predicts a longitudinal stress distribution
that is compressive away from the weld and
decreases toward the ends. The difference is
attributed to relaxation due to buckling.

Figure 14 compares the longitudinal residual-
stress distribution along the transverse axis for
the 2-D, 3-D small-, and 3-D large-deformation
analyses with experimental results. The 3-D
large-deformation analysis shows good correla-
tion. The 2-D and the 3-D large-deformation
analysis results are in close agreement but do
not agree with the experimental results at the
ends of the plate. The difference is attributed
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Fig. 6 Geometry and welding condition. Source:
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Fig. 7 Longitudinal residual-stress distribution predicted by three-dimensional small- and large-deformation analyses
for 255 � 255 mm (10 � 10 in.) panel. Source: Ref 15

Fig. 8 Longitudinal residual-stress distribution computed by two-dimensional analysis for 310 mm (12 in.) wide
panel. Source: Ref 15
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to stress relaxation due to buckling, which only
the 3-D large-deformation analysis can capture.
Figure 15 shows the longitudinal residual-

stress distribution along the transverse axis
for 2-D and 3-D small-deformation analyses
of models of varying lengths. The figure
shows that the longitudinal stress distributions
from the 2-D analysis approach the curve pre-
dicted by the 3-D small-deformation analysis as
the panel becomes longer. This phenomenon is

attributed to the fact that the 3-D small-
deformation analysis corresponds to the unstable
equilibrium condition under no imperfections.
The following conclusions are drawn from

Fig. 7 to 15 (Ref 15):

� The 3-D small-deformation analysis predicts
correct values of longitudinal residual stress
and distortion if there is no buckling. When
buckling occurs, the 3-D small-deformation

analysis corresponds to the unstable equilib-
rium state.

� As panel length increases, the longitudinal
stress distribution predicted by the 2-D anal-
ysis approaches a state corresponding to the
unstable equilibrium state of long panels in
the 3-D small-deformation results.

� The 3-D large-deformation analysis predicts
the correct residual-stress distribution. It also
captures end effects.

Distortion

Masubuchi (Ref 62) classified welding distor-
tion into six types (modes), as illustrated in
Fig. 16. In transverse shrinkage, the parts shrink
transverse to theweld.Angular change is a distor-
tion that manifests in fillet and butt welds, where
the plates change angle as compared to the con-
figuration prior to welding. In rotational distor-
tion, the parts open as the welding progresses.
In longitudinal shrinkage, the parts shrink in the
welding direction. Welding-induced buckling is
elastic instability caused by compressive residual
stress. Longitudinal bending, also known as bow-
ing or camber distortion, is bending caused by
nonbalanced residual stresses with respect to the
neutral axis of the part.
The welding distortion modes can be further

classified into in-plane and out-of-plane modes.
Transverse shrinkage, longitudinal shrinkage,
and rotational distortion are in-plane modes,
and buckling, longitudinal bending (bowing),
and angular change are out-of-plane modes. In
general, in-plane distortion is negligible in
small parts and receives little attention. In large
components (such as those used in shipbuild-
ing), in-plane distortion can be significant, and
manufacturers compensate by starting with big-
ger parts. Out-of-plane distortion modes are
very common and sometimes difficult to con-
trol. When welding results in buckling distor-
tion, the magnitude of distortion is very large,
and distortion control methods should be imple-
mented to remove the source of buckling.
Structures with thick sections are more resistant
to buckling and usually distort via the bowing
and angular out-of-plane modes.
Most of the weld modeling in the 1970s and

1980s involved 2-D models transverse to the
welding direction using either plane-strain or
generalized plane-strain conditions. Thesemodels
demonstrated good correlations with experimen-
tal measurements for residual stress. However,
these models were not capable of predicting the
magnitudes of angular distortion (Ref 8) or longi-
tudinal buckling and bowing (Ref 9).
Large and complex structures such as ship

panels generally have various types of weld-
ing-induced distortions, including angular
deformation, longitudinal bending, and buck-
ling. Conventional transient moving-source
analyses on 3-D finite-element models, where
millions of degrees of freedom and thousands

Fig. 9 Longitudinal residual-stress distribution computed by three-dimensional small-deformation analysis for 310 �
310 mm (12 � 12 in.) panel. Source: Ref 15

Fig. 10 Longitudinal residual-stress distribution computed by three-dimensional large-deformation analysis for 310
� 310 mm (12 � 12 in.) panel. Source: Ref 15
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of time increments are involved, have been
shown to be able to capture all types of welding
distortions, but at great computational cost (Ref
63). A variety of simplified methods (inherent
strain, applied plastic strain, fictitious loads)
have been proposed over the years for modeling
welding distortion in large structures (Ref 50).

Applied Plastic Strain Methods

The concept of applied plastic (inherent)
strain was originally proposed by Ueda et al.
(Ref 64) for determining the residual stresses
and distortions of welded structures (Ref 65–
71). In their approach, six plastic strain

components were simplified as two normal
components—longitudinal plastic strain and
transverse plastic strain—and the shear compo-
nents were neglected. They determined the
plastic strain distributions by both empirical
and analytical methods.
2-D/3-D Applied Plastic Strain Methods.

Michaleris et al. developed a 2-D/3-D applied
plastic strain approach to capture welding-
induced buckling distortion in large ship panels
(Ref 9). Because the buckling was caused
mainly by longitudinal stress, they mapped only
the longitudinal plastic strain component. The
plastic strain field was computed by a 2-D
generalized plane-strain thermoelastoplastic
welding simulation and was applied as a ther-
mal load in a structural 3-D analysis. Solid ele-
ments were used in the structural analysis in
Ref 9 and shell for the plates and truss for the
welds in Ref 72. Michaleris et al. (Ref 9) report
that the method can successfully predict buck-
ling distortion. However, it does not account
for angular distortion or welding sequencing
effects.
The longitudinal component of plastic strain

is applied as an orthotropic thermal load on
the structural model. A unit thermal load is
applied on the structural model, and then the
load is scaled up by a factor g computed as:

� ¼ sres=s1 (Eq 12)

where, sres is the computed residual stress in
the 2-D model, and s1 is the stress resulting
from the unit thermal load (△T1 = �1.0) in
the structural model.
The structural analysis may consist of an

eigenvalue analysis to compute the buckling
stress and mode (Ref 73, 74):

detðKþ �iKG1Þ ¼ 0 (Eq 13)

where KG1 is the nonlinear (stress stiffening)
stress stiffness matrix for a unit negative thermal
load applied in the weld region (△T1 =�1.0). In
shell-truss models, the thermal load is applied
to the truss elements only (Ref 72). The eigenva-
lues (li) represent the multipliers (scaling fac-
tors) to the unit thermal load that will result in
buckling. The structural analysis may also
involve an incremental large-deformation analy-
sis to compute the magnitude of distortion by
applying a negative thermal load (△T = �g) at
the weld region in the structural model.
A comparison of the 2-D/3-D applied plastic

strain method and a direct 3-D thermoelasto-
plastic welding simulation against experimental
measurements is presented in Ref 15. Figure 17
shows a 310 by 610 mm (12 by 24 in.) stiffened
panel after welding. Excessive buckling distor-
tion is visible. Figures 18 and 19 show the com-
puted distortion using 3-D large-deformation
thermoelastoplastic and 2-D/3-D applied plastic
strain methods, respectively. Both analyses
compute the buckling distortion accurately.

Fig. 11 Comparison of predicted longitudinal stress distribution with measured experimental stress values for 310 �
310 mm (12 � 12 in.) panel. Source: Ref 15

Fig. 12 Longitudinal residual-stress distribution computed by three-dimensional small-deformation analysis for 310
� 610 mm (12 � 24 in.) panel. Source: Ref 15
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3-D/3-D Applied Plastic Strain Methods.
Tsai et al. (Ref 75, 76) developed a 3-D plast-
icity-based applied approach to compute angu-
lar welding distortions in panels and T-joints.
Their model demonstrated the relationship
between cumulative plastic strains and angular
distortions and reported that angular distortion
is mainly induced by shear plastic strain (Ref
76, 77).

Michaleris et al. (Ref 16) developed a 3-D
applied plastic strain method for computing
welding distortion in large and complex struc-
tures. In this method, the six components of
plastic strain of each weld are calculated in
two steps. First, a 3-D moving-source analysis
is performed on a small 3-D model with a
shorter length, and then the plastic strain com-
ponents of the small models are mapped and

superposed onto a large 3-D structural model
to obtain the final distortion results. An interpo-
lation algorithm was also developed for
mapping between meshes with different densi-
ties. The effectiveness of the 3-D applied plas-
tic strain method was evaluated by comparing
to the distortion results from 3-D moving-
source simulations. Figure 20 shows a compar-
ison of the computed distortion using the
applied plastic strain method and a direct
moving-source thermoelastoplastic simulation
on the entire structure. The numerical results
show that the applied plastic strain method
accounts for all distortion modes but is only
qualitatively accurate for the prediction of
angular distortion.

Effect of Initial Plate Straightness

The initial plate straightness can have a sig-
nificant effect on the resulting welding distor-
tion. Michaleris et al. (Ref 15) evaluated this
effect using the applied plastic strain method
by seeding the structural model with geometric
imperfections of the first buckling mode, as
follows:

xi ¼ xþ �imp � xe (Eq 14)

where x is the original node coordinates, xi is
the perturbed node coordinates, xe is the nor-
malized eigenmode solution for the first mode,
and aimp is the imperfection magnitude.
Figure 21 illustrates the computed buckling

distortion for various magnitudes of imperfec-
tions for a 310 by 610 mm (12 by 24 in.) panel.
The analyses show the computed buckling
norm for increasing residual stress for several
different values of imperfection magnitude,
aimp. For welds resulting in low residual stress
(low magnitude of thermal load), the results
are insensitive to imperfections. When the
residual stress is close to the critical buckling
stress, the onset of buckling is hastened, and
its magnitude increases with increasing imper-
fection size. The critical thermal load computed
by the eigenvalue analysis is illustrated in the
figure by a vertical dotted line. At postbuckling
residual stresses, there is no sensitivity. The
results also demonstrate the highly nonlinear
nature of distortion near the onset of buckling.
A 10% change in the loading causes two to
three times as great a change in distortion
values.

2-D versus 3-D Analyses

Michaleris et al. (Ref 15) performed a com-
parison of 2-D, 3-D small-deformation, 3-D
large-deformation, and 2-D/3-D decoupled
applied plastic strain analyses for computing
welding-induced distortion. Experimental out-
of-plane distortion measurements were used as
a reference. The following conclusions are
drawn based on the results obtained:

Fig. 13 Longitudinal residual-stress distribution computed by three-dimensional large-deformation analysis for 310
� 610 mm (12 � 24 in.) panel. Source: Ref 15

Fig. 14 Comparison of predicted longitudinal stress distribution with measured experimental stress values for 310 �
610 mm (12 � 24 in.) panel. Source: Ref 15
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� The 2-D generalized plane-strain analysis
cannot capture welding distortion ac-
curately. In thin plates, it does account for
longitudinal buckling. In thick plates, it
results in incorrect predictions of angular
distortion.

� The 2-D/3-D applied plastic strain method
predicts the onset and magnitude of buckling
distortion accurately. However, it is not suit-
able for computing angular distortion.

� The 3-D large-deformation analysis predicts
the correct magnitude of distortion in case

of both angular and buckling distortion. It
also captures end effects.

� Geometric or load imperfections are
needed in large-deformation buckling analy-
sis. In thermoelastoplastic analyses, the
torch offset acts as load imperfection. Add-
on geometric imperfections are needed
in the structural analyses of the applied plas-
tic strain method.

� The distortion magnitude has a high sensitivity
to the imperfection magnitude for residual
stresses near the critical buckling stress.

� When buckling occurs, the residual stresses
relax and reduce in magnitude.

� There are multiple equilibrium configura-
tions in a buckled panel. In computational
models, the configuration can be switched
by switching the imperfection sign. The con-
figuration of the experimental panels can be
switched by applications of momentary
external forces. Therefore, when buckling
occurs, the buckling mode and absolute
value of distortion magnitude are of
significance.

� The 3-D large-deformation method becomes
computationally very expensive as the prob-
lem size becomes large. Thus, the 2-D/3-D

Fig. 15 Comparison of longitudinal stress predicted by two- and three-dimensional small-deformation analyses.
Source: Ref 15

Fig. 16 Types of welding distortion. Source: Ref 62

Fig. 17 Experimental 310 � 610 mm (12 � 24 in.)
panel. Source: Ref 15

Fig. 18 Computed distortion by three-dimensional
large-deformation analysis of a 310 � 610

mm (12 � 24 in.) panel. Original magnification: 2�.
Source: Ref 15

Fig. 19 Computed distortion by two- and three-
dimensional decoupled analysis of a 310 �

610 mm (12 � 24 in.) panel. Original magnification:
2�. Source: Ref 15
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applied plastic strain approach may be used
as an effective tool to predict buckling-
induced welding distortion instead of the 3-
D large-deformation method.
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Residual Stresses and Distortion*
Koichi Masubuchi, Massachusetts Institute of Technology

COMPLEX THERMAL STRESSES occur
in parts during welding due to the localized
application of heat. Residual stresses and dis-
tortion remain after welding is completed.
Transient thermal stresses, residual stresses,
and distortion sometimes cause cracking and
mismatching of joints. High tensile residual
stresses in areas near the weld can cause prema-
ture failures of welded structures under certain
conditions. Distortion, especially out-of-plane
distortion, and compressive residual stresses in
the base plate can reduce the buckling strength
of a structural member subjected to compres-
sive loading. Correction of unacceptable distor-
tion is costly and, in some cases, impossible.
The subjects related to residual stresses, distor-
tion, and their consequences are too broad to be
discussed in depth in this article. Those who
need more detailed information are advised to
refer to the references, especially Ref 1 to 8.

Formation of Residual Stresses
and Distortion

Residual stresses, also referred to as internal
stresses, initial stresses, inherent stresses, and
locked-in stresses, are stresses that exist in a
body after all external loads are removed.
Residual stresses also occur when a body is
subjected to nonuniform temperature changes;
these stresses are called thermal stresses. The
intensity of stress is usually expressed in load
or force per unit area, such as newtons per
square meter (N/m2) or pascals (Pa), kilograms
force per square millimeter (kg/mm2), or
pounds per square inch (psi).
Residual stresses in metal structures occur

for many reasons during various manufacturing
stages, including casting, rolling, bending,
flame cutting, forging, machining, and grinding.
Heat treatments at various stages also influence
residual stresses. For example, quenching treat-
ments produce residual stresses, while stress-
relieving heat treatments may reduce such
stresses. Areas in which residual stresses exist
vary greatly—from microscopic areas to large
sections of the metal structure. This article
focuses primarily on macroscopic residual
stresses. Residual stresses can be classified into
two groups according to the mechanisms that
produce them:

� Stresses produced by structural mismatch
� Stresses produced by an uneven distribution

of nonelastic strains, including plastic and
thermal strains

Thermal Stresses and Metal Movement
during Welding

Because a weldment is locally heated by the
welding heat source, the temperature distribu-
tion is not uniform and changes as welding pro-
gresses. During the welding thermal cycle,
complex transient thermal stresses are produced
in the weldment and the surrounding joint. The

weldment also undergoes shrinkage and defor-
mation during solidification and cooling.
Thermal Stresses during Welding. Figure 1

schematically shows changes in temperature and
resulting stresses that occur during welding by
examining a bead-on-plate weld of a thin plate
made along the x-axis. The welding arc, which is
moving at a speed v, is presently located at the ori-
gin,O, as shown in Fig. 1(a). The area where plas-
tic deformation occurs during thewelding thermal
cycle is shown by the shaded area,M-M 0, in Fig. 1
(a). The region where the metal is molten is indi-
cated by the ellipse near O. The region outside
the shaded area remains elastic throughout the
entire welding thermal cycle.

Fig. 1 Schematic representation of changes in temperature and stresses during welding. (a) Weld. (b) Temperature
change. (c) Stress, sx. Stress distribution is shown in the plane stress condition. Therefore, stresses are

regarded as being uniform in the thickness direction. Source: Welding Research Council

* Reprinted from K. Masubuchi, Residual Stresses and Distortion, ASM Handbook, Volume 6, Welding, Brazing and Soldering, 1993, p 1094–1102



Temperature gradients along several cross sec-
tions through the weld bead path are indicated in
Fig. 1(b). In the base metal ahead of the welding
arc (denoted as section A-A), the slope of the tem-
perature gradient due to welding (DT/DY) is
almost zero. However, along section B-B, which
crosses the welding arc, the slope becomes very
steep. Along section C-C, somewhat behind the
welding arc, the slope becomes less steep. The
slope of the temperature gradient due to welding
once again approaches zero along section D-D,
which is some distance behind the welding arc.
Figure 1(c) shows the distribution of normal stress
in the x-direction (sx) along the cross sections.
Normal stress in the y-direction (sy) and shearing
stress (txy) also exist in a two-dimensional stress
field. In a three-dimensional stress field, six stress
components exist: sx, sy, sz, txy, tyz, and tzx.
Figure 1(c) shows the distribution (along the y-

axis) of normal stress in the x-direction (sx) due
to welding (that is, thermal stress). Along section
A-A, the stresses are almost zero. The stress dis-
tribution along section B-B is complicated.
Beneath the welding arc, stresses are close to
zero, because molten metal does not support
shear loading. Moving away from the arc, stres-
ses become compressive, because expansion of
the metal surrounding the weld pool is restrained
by the base metal. Because the temperatures of
these areas are quite high, the yield stress of the
material becomes quite low. In other words, a sit-
uation occurs in which stresses in these areas are
as high as the yield stress of the base metal at
corresponding temperatures. The magnitude of
compressive stress passes through a maximum
with increasing distance from the weld or with
decreasing temperature. However, stresses
occurring in regions farther away from the weld-
ing arc are tensile in nature and balance with
compressive stresses in areas near the weld pool.
Figure 1(b) shows that along section C-C the

weld-metal and base-metal regions have cooled.
As they shrink, tensile stresses are caused in regions
in andadjacent to theweld (Fig. 1c).As thedistance
from the weld increases, stresses become compres-
sive. High tensile stresses exist along section D-D
in and adjacent to the weld. Compressive stresses
are produced in areas away from the weld.
Equilibrium Condition of Residual

Stresses. Because residual stresses exist
without external forces, the resultant force
and the resultant moment produced by the resid-
ual stresses must vanish on any plane section:
Z

� � dA ¼ 0 (Eq 1)

Z

dM ¼ 0 (Eq 2)

where dA is area and dM is the resultant
moment. Residual stress data must be checked
in any experiment to ensure that they satisfy
the above condition.
Metal Movement during Welding.

Duringwelding, the weldment undergoes shrink-
age and deformation. The transient deformation,

or metal movement, is most evident when the
weld line is away from the neutral axis of the
weldment, causing a large amount of bending
moment. Figure 2 schematically shows how a
rectangular plate distorts when its longitudinal
edge is heated by a welding arc or an oxyacety-
lene torch (for cutting, welding, or flame heat-
ing). Areas near the heat source, or the upper
regions of the rectangular plate, are heated to
higher temperatures and thus expand more than
areas away from the heat source, or the lower
regions of the plate. Therefore, the plate first
deforms as shown by curve AB.
If all the parts of the material remained

completely elastic during the entire thermal cycle,
thermal stresses produced during the heating and
cooling cycle would disappear when the tempera-
ture returned to the initial temperature. Deforma-
tion of the plate during the welding process would
be indicated by curve AB0C0D0, resulting in no
deformation after the thermal cycle. However,
in most practical materials, plastic strains are
produced in areas heated to elevated temperatures,
causing plastic upsetting. The thermal stresses do
not disappear when the temperature returns to the
initial temperature, causing residual stresses. Tran-
sient deformation of the plate during heating and
cooling is shown by curve ABCD. After the plate
cools to the initial temperature, final deformation
in the amount df remains, which also is called dis-
tortion. The metal movement (that is, transient
distortion or transient deformation) duringwelding
and the distortion afterwelding is completed occur
in opposite directions, generally with the same
order of magnitude.
In summary, some basic characteristics of

residual stresses and distortion are (Ref 9):

� The metal movement during welding
(expansion) is opposite to the distortion that
remains after welding.

� Although welding is completed in a short
period (in a fewminutes, for example), residual
stresses and distortion take a relatively long
time to develop completely (30 min to 1h)

� Becausemost of the nonelastic strains that cause
residual stresses and distortions are produced
during welding, necessary actions must be per-
formed during welding to effectively control
and reduce residual stresses and distortion.

Analyses of Residual Stresses and
Distortion in Weldments

Residual stresses anddistortion inwelded struc-
tures have been recognized and studied since the
1930s. Analyses of these subjects require complex
computation; therefore, most early studies were
primarily empirical or limited to the analysis of
simple cases. With the advancement of modern
computers and computational techniques (for
example, the finite-element and finite-difference
method), a renewed effort has beenmade in recent
years to study residual stresses and related phe-
nomena. Therefore, it is now possible using com-
puter programs to simulate the transient thermal
stresses and metal movement during welding as

well as the residual stresses and distortion that
remain after welding is completed (Ref 10–14).
However, because these analysismethods are very
complex, most are not practical for analyzing and
controlling residual stresses and distortion in
weldments.

Techniques for Measuring Residual
Stresses

Many techniques have been used to measure
residual stresses in metals (Ref 6, 15, 16). Table 1
lists most of the presently available measurement
techniques and classifies them as follows:

Fig. 2 Changesofdeflectionat thecenterof the loweredge
ofa rectangularplatedue toheatingbyaheat source

moving along the upper edge and subsequent cooling

Table 1 Classification of techniques for
measuring residual stress

A-1 Stress-relaxation techniques using electric and

mechanical strain gages

Plate
Sectioning technique using electric resistance strain gages
Gunnert technique
Mathar-Soete drilling technique
Stäblein successive milling technique

Solid cylinders and tubes
Heyn-Bauer successive machining technique
Mesnager-Sachs boring-out technique

Three-dimensional solids
Gunnert drilling technique
Rosenthal-Norton sectioning technique

A-2 Stress-relaxation techniques using apparatus other

than electric and mechanical strain gages

Grid system-dividing technique
Brittle coating-drilling technique
Photoelastic coating-drilling technique

B X-ray diffraction techniques

X-ray film technique
X-ray diffractometer technique

C Techniques using stress-sensitive properties

Ultrasonic techniques
Polarized ultrasonic wave technique
Ultrasonic attenuation technique

Hardness techniques

D Cracking techniques

Hydrogen-induced cracking technique
Stress-corrosion cracking technique

Source: Ref 17
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� Stress-relaxation techniques
� X-ray diffraction techniques
� Techniques using stress-sensitive properties
� Cracking techniques

In the stress-relaxation technique, residual
stress is determined by measuring the elastic-
strain release that takes place when a specimen is
cut into pieces or has a piece removed. In most
cases, electric or mechanical gages are used
for measuring this strain release (group A-1 in
Table 1). A variety of such techniques exist (that
is, there are many ways to section a specimen to
determine residual stresses). Certain techniques
are used to study stresses in a plate, while others
are used for cylinders, tubes, or three-dimensional
solids. Strain release caused by stress relaxation
can also be determined by using grid systems, brit-
tle coatings, or photoelastic coatings (groupA-2 in
Table1).An inherent disadvantageof stress-relax-
ation techniques is that they are destructive (that
is, the specimen must be partially or entirely sec-
tioned).Nevertheless, the stress-relaxation techni-
ques provide reliable quantitative data and are the
most widely used method for measuring residual
stresses in weldments.
In metals with crystalline structures, elastic

strains can also be determined by using x-ray dif-
fraction tomeasure the lattice parameter. Because
the lattice parameter of a metal in the unstressed
state is known or can be determined separately,
elastic strain in the metal can be measured nonde-
structively without machining or drilling. Two
methods are presently available: the x-ray film
technique and the x-ray diffractometer technique.
With x-ray diffraction, surface strains can be
determined within a small area—for example, to
a depth of 0.025 mm (0.001 in.) and a diameter
of 0.0025 mm (0.0001 in.). Modern x-ray diffrac-
tion stress-measurement instrumentation can pro-
vide one complete measurement in time scales as
short as a fraction of a second, and typically less
than 1min. However, x-ray diffraction techniques
have some disadvantages. They are time-consum-
ing, and they are not accurate, especially in situa-
tions where high temperatures have distorted the
atomic structure of the material. Studies have
recently been made using diffraction of neutrons,
which can penetrate deeper into the metal than x-
rays (Ref 18).
Attempts have been made to determine the

residual stresses in metals by measuring their
stress-sensitive properties. The following stress-
measurement techniques have been proposed:

� Ultrasonic techniques, such as the polarized
ultrasonic wave technique (which makes use
of stress-induced changes in the angle of
polarization of polarized ultrasonic waves)
and the ultrasonic attenuation technique
(which makes use of stress-induced changes
in the rate of absorption of ultrasonic waves)

� Hardness techniques, which make use of
stress-induced changes in hardness

However, none of these techniques has been
developed beyond the laboratory stage, and

they have not been used successfully for the
measurement of residual stresses in weldments.
Another technique developed for the study of

residual stresses involves the close observation
of cracks induced in the specimen by hydrogen
embrittlement or stress-corrosion cracking
(SCC). Cracking techniques are useful when
studying residual stresses in complex structural
models in which the distribution of residual
stresses is complicated, but these techniques
provide only qualitative, not quantitative, data.

Magnitude and Distribution of
Residual Stresses in Weldments

A number of investigators have studied dis-
tributions of residual stresses in various types
of weldments. Most of the data presented in this
section relates to single welds as opposed to
multipass welds. References 6 to 8 present
detailed information.
Residual Welding Stresses, Reaction Stres-

ses, and Stress Distributions in a Groove
Weld. As stated earlier, residual stresses can
be classified as (1) stresses produced by struc-
tural mismatch or displacement and (2) stresses
produced by uneven distribution of nonelastic
strains. The same method of classification is
applicable to residual stresses in weldments:
(1) reaction stresses caused when the weldment
is restrained externally and (2) residual stresses
produced in an unrestrained weldment.
Figure 3 shows a typical distribution of resid-

ual stresses in a groove weld. The significant
stresses are those parallel to the weld direction,
designated sx, which are usually called the lon-
gitudinal stresses, and those transverse to sx,
designated sy, which are called the transverse
stresses. The distribution of the longitudinal
stress is shown in Fig. 3(b). Near the weld, ten-
sile stresses of high magnitude are produced.
These taper off quickly and become compres-
sive at a distance equal to several times the
width of the weld metal. The stress distribution
is characterized by two parameters:

� The maximum stress at the weld region, sm

� The width of the tension zone of residual stress, b

The distribution of longitudinal residual stress,
sx, can be approximated by:

sxðyÞ ¼ sm 1� y

b

� �2
� �

e�½1=2ðy=bÞ2 � (Eq 3)

Equation 3 satisfies the equilibrium conditions
given in Eq 1 and 2.
Curve 1 of Fig. 3(c) shows the distribution of

transverse stress, sy, along the length of the
weld. In the center of the joint, tensile stresses
of relatively low magnitude are produced. Com-
pressive stresses are produced at the ends of the
joint. If an external constraint is used to restrain
the lateral contraction of the joint, approximately
uniform tensile stresses along the weld are added,
resulting in curve 2 of Fig. 3(c). However, an

external constraint has little influenceon the distri-
bution of residual stress (sx).
Residual Stresses in a Plug Weld. Figure 4

shows the distribution of both the theoretical and
experimental residual stresses in a circular plug
weld (Ref 19). Tensile stresses, as high as the yield
stress of the material, are produced in both radial
and tangential directions in the weld and adjacent
areas. In areas away from the weld, radial stresses
(sr) are tensile, and tangential stresses (sy) are
compressive; both stresses decrease with increas-
ing distance from the weld (r).
Residual Stresses in a Welded Shape and a

Column. Figure 5 shows typical distributions of
residual stresses and distortion in various welded
shapes (Ref 20). As shown in section xx of Fig. 5
(a), high tensile residual stresses are produced in
areas near theweld, in the direction parallel to the
weld line (axis). In the flange, longitudinal stres-
ses are compressive (�) in areas away from the
weld and tensile (+) in areas near the weld. Ten-
sile stresses in areas near the upper edge of the
web are caused by longitudinal bending distor-
tion of the T-shape, which are caused by the lon-
gitudinal shrinkage of the weld. Angular
distortion also is produced.
Figures 5(b) and 5(c) show typical distribu-

tions of residual stress in H-shapes (I-beams)

Fig. 3 Typical distributions of residual stresses in a
groove weld. (a) Groove weld. (b) Distribution

of sx along YY. (c) Distribution of sy along XX. Source:
Welding Research Council
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and in a welded box shape, respectively.
Residual stresses are shown parallel to the weld
line (axis); they are compressive in areas away
from the welds and tensile in areas near the
welds.
Residual Stresses in Weldments of

Selected Materials. Distributions of residual
stresses in welds in various metals are similar to
those in low-carbon steel welds, discussed previ-
ously. Inmost cases, themaximum residual stres-
ses are as high as the yield stress of the material.
One exception is ultrahigh-strength steels, such
as 4130, D-6a, and H13 (Ref 6). For such steels,
peak values of residual stresses in some areas
can be as high as the yield stress (or even higher
in the case of triaxiality); however, average
values of residual stresses in the weld metal are
considerably lower than the yield stress.

Distortion in Weldments

Distortions found in fabricating structures are
caused by three fundamental dimensional changes:

� Transverse shrinkage
� Longitudinal shrinkage parallel to the weld

line
� Angular distortion around the weld line

These dimensional changes are shown in Fig. 6.
The shrinkage and distortion that occur during

fabrication of actual structures are far more com-
plex than those shown in Fig. 6. For example,
when longitudinal shrinkage occurs in afillet joint,

Fig. 5 Typical residual stresses in welded shapes. (a) T-shapes. (b) H-shapes. (c) Box shapes. Compressive stress, �;
tensile strength, +

Fig. 6 Dimensional changes occurring in weldments. (a) Transverse shrinkage in a groove weld. (b) Longitudinal
shrinkage in a groove weld. Distribution of longitudinal residual stress, s

x
, is also shown. (c) Angular

change in a groove weld. (d) Angular change in a fillet weld. Source: Welding Research Council

Fig. 4 Theoretical and experimental distributions of
residual stresses in a plug weld
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the joint bends longitudinally unless the weld line
is located along the neutral axis of the joint. A
common structural element is a stiffened panel
structure inwhich longitudinal and transverse stif-
feners are fillet welded to a flat plate. Angular
changes that occur in the fillet welds cause out-
of-plane distortion in the plate, resulting in a
shape which looks like a “hungry horse.” Pre-
sented subsequently are brief discussions of:

� Transverse shrinkage of groove welds
� Angular distortion of groove welds
� Out-of-plane distortion caused by angular

distortion of fillet welds
� Longitudinal distortion of built-up beams
� Buckling distortion

Transverse Shrinkage of Square-Groove
Welds. In Fig. 6(a), shrinkage is uniform along
the weld; however, transverse shrinkage that
occurs in a groove weld, especially in a long
groove weld, is not uniform and is typically much
more complex. Themajor factors causing nonuni-
form transverse shrinkage in a groove weld are
rotational distortion and joint restraint. When
two separate planes are joined progressively from
one end to the other, the plate edges of the
unwelded portion of the joint move, causing a
rotational distortion. This can be understood from
Fig. 2. The rotational distortion is affected by
welding conditions and the location of tack welds.
In many practical joints, the degree of joint
restraint is not uniform along the weld. Because
the amount of transverse shrinkage is less when
the joint is more severely restrained, nonuniform
distribution of the magnitude of restraint results
in an uneven distribution of transverse shrinkage.
Mechanisms of Transverse Shrinkage. The

most important finding of mathematical analyses
of mechanisms of transverse shrinkage is that the
major portion of the transverse shrinkage of a
groove joint is caused by contraction of the base
plate adjacent to the weld. The base plate near
the weld expands during welding. When the weld
metal solidifies, the expanded base metal must
shrink; this shrinkage accounts for the major part
of transverse shrinkage. Shrinkage of the weld
metal accounts for approximately 10% of the
actual total shrinkage. Therefore, most formulas
developed for computing transverse shrinkage of
a square groove weld are composed of two parts:

� Shrinkage of the adjacent base plate
� Shrinkage of the weld metal

Transverse Shrinkage duringMultipassWelding.
Welding of a square-groove joint in a thick
plate commonly requires a number of passes.
Figure 7 shows how transverse shrinkage
increases during multipass welding of a groove
joint in 19 mm (3/4 in.) thick low-carbon steel
plates. Shrinkage is pronounced during the
early weld passes but diminishes during later
passes because of the resistance to shrinkage
that increases as the weld metal is increased.
The effects of transverse shrinkage on various
factors, including root opening, joint design,

electrode diameter, and degree of restraint,
have been studied extensively (Ref 6).
Transverse Shrinkage in a Square-Groove

Weld in Aluminum. As stated earlier, the
major portion of transverse shrinkage of a
square-groove weld is caused by contraction
of the base plate adjacent to the weld. Com-
pared with steel, aluminum has a much higher
heat conductivity and coefficient of thermal
expansion; therefore, transverse shrinkage of
an aluminum groove weld is approximately
three times greater than that of a steel groove
weld of similar dimensions (Ref 6). Because
the value of thermal conductivity of aluminum
is much greater than that of steel, heat gener-
ated by the welding arc dissipates faster in alu-
minum than in steel, resulting in a broader heat-
affected zone (HAZ) (Ref 7).
Angular Distortion of Groove Welds. In a

groove weld, when transverse shrinkage is not
uniform in the thickness direction, angular dis-
tortion often occurs. The angular change of a
weld in a thick plate can be minimized by prop-
erly selecting the ratio of the size of the weld
groove on the front surface to that of the back
surface (Ref 6).
Out-of-Plane Distortion Caused by Angu-

lar Distortion in Fillet Welds. A stiffened
panel composed of a flat plate with longitudinal
and transverse stiffeners fillet welded to the
plate is widely used for many structures. Angu-
lar changes that occur at fillet welds cause out-
of-plane distortion of the flat plate (Ref 6).
Figure 8 compares values of distortion at the
panel center (dm) for steel and aluminum
welded structures on the basis of the same fillet
size (Df) for selected plate thicknesses. Distor-
tion in aluminum structures is less than in steel
structures because the temperature distribution
in the thickness direction is more uniform in
an aluminum weld than in a steel weld (Ref 7).
Longitudinal Distortion of Built-Up

Beams. Figure 9 compares values of longitudinal
distortion expressed in terms of the radius of cur-
vature of built-up beams in steel and aluminum.
In this instance, aluminum welds distorted less
than steel welds, perhaps because the temperature
distribution in the z-direction is more uniform in
an aluminum weld than in a steel weld.
Buckling Distortion. In any weldment, lon-

gitudinal residual stresses are compressive in
areas away from the weld, as shown in Fig. 3.
When the plate is thin, it may buckle due to
these compressive residual stresses. Buckling
distortion differs from bending distortion in that
the amount of distortion in buckling is much
greater. Also, there may be more than one sta-
ble deformed shape in buckling distortion. The
most effective method for dealing with buck-
ling distortion is prevention by proper selection
of plate thickness, length of free span, and
welding heat input.
When stiffeners are fillet welded to thin

plate, the plate may buckle because of the com-
pressive residual stresses that occur in the
plate. Figure 10 shows relationships between
distortion at the center of the panel and heat

input for square panels 500 mm (20 in.) long
made with plates 4.6 to 10 mm (0.18 to 0.4
in.) thick. For example, in the case of a 500
by 500 mm (20 by 20 in.) panel with a plate 6
mm (0.24 in.) thick, the plate deflection
increases suddenly when the heat input exceeds
approximately 3700 cal/cm2. This indicates that
the critical heat input is approximately 3700 cal/
cm2. When the plate is 4.6 mm (0.18 in.) thick,
this critical heat input is only approximately
2000 cal/cm2. The following formula can be used
to determine the critical heat input, Hcr, above
which excessive buckling distortion occurs:

Hcr ¼ Q

t3
b �� 4� 105 cal=cm3 (Eq 4)

where b is the length of the panel, and t is the
plate thickness, both in millimeters. The afore-
mentioned parameter, Hcr, is also called the
critical heat input index.

Effects of Residual Stresses and
Distortion on the Service Behavior
of Welded Structures

High tensile residual stresses in areas near
the weld can cause premature failures of
welded structures under certain conditions. Dis-
tortion, especially out-of-plane distortion, and
compressive residual stresses in the base plate
can reduce the buckling strength of a structural
member subjected to compressive loading.

Changes in Residual Stresses

Changes in residual stresses when a groove-
welded joint is subjected to tensile loading is
shown in Fig. 11. Curve 0 shows the lateral distri-
bution of longitudinal residual stresses in the as-
welded condition. When uniform tensile stress,
s1, is applied, the stress distributionwill be shown
by curve 1. The stresses near the weld reach the
yield stress, and most of the stress increase occurs
in areas away from the weld. When the tensile
applied stress increases to s2, the stress distribu-
tion will be as shown by curve 2. As the level of

Fig. 7 Increase of transverse shrinkage during
multipass welding of a groove joint.

Specimens were 19 mm (3/4 in.) thick low-carbon steel
plates.
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applied stress increases, the stress distribution
across the weld becomes even more (that is, the
effect ofwelding residual stresseson the stress dis-
tribution decreases). When the level of applied
stress is further increased, general yielding takes
place (that is, yielding occurs across the entire
cross section). The stress distribution at general
yielding is shown by curve 3. Beyond general

yielding, the effect of residual stress on the stress
distribution virtually disappears.
The next consideration is the distribution of

residual stresses after the tensile loads are
released. Curve 10 shows the residual stress that
remains after unloading when the tensile stress
s1 is applied to the weld and then released.
Curve 20 shows the residual stress distribution

when the tensile stress s2 is applied and then
released. Compared with the original residual
stress distribution, curve 0, residual stress dis-
tributions after loading and unloading are less
severe. As the level of loading increases, the
residual stress distribution after unloading
becomes more uniform (that is, the effect of
welding residual stress on the overall stress dis-
tribution across the welded joint decreases).
This phenomenon is called mechanical stress
relieving.
Based on this analysis, the effects of

residual welding stresses can be summarized
as follows:

� The effect of residual welding stresses on
the performance of welded structures is sig-
nificant only for phenomena that occur under
low applied stress, such as brittle fracture
and SCC.

� As the level of applied stress increases, the
effect of residual stresses decreases.

� The effect of residual stress on the perfor-
mance of welded structures is negligible
under applied stresses greater than the yield
stress.

� The effect of residual stresses tends to
decrease after repeated loading (that is, the
reduction of residual stresses will be greater
as the level of service load increases).

Effects of Residual Stresses on the
Brittle Fracture of Welded Structures

Extensive studies have been conducted
on the effects of residual stresses on the

Fig. 9 Relationship between length of leg and
curvature of longitudinal deflection in T-

section beam. Source: Ref 6, 21

Fig. 8 Out-of-plane distortion (dm) as a function of plate thickness (t ), span length (l ), and the size of the fillet weld
(Df) for steel and aluminum. Relation of l to a in graphs: a = l
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brittle fracture of welded steel constructions
(Ref 6, 19). Investigators have observed differ-
ences between data obtained from brittle frac-
tures in ships and other structures and
experimental data obtained with notched speci-
mens. Actual structural fractures were observed
to occur at stresses far below the yield stress of
the material; however, even when experimental
test specimens contain very sharp cracks, the
nominal applied fracture stress of a notched
laboratory specimen is as high as the yield
stress. A number of research studies have been
carried out on low-applied-stress fractures of
weldments in service. Under certain test condi-
tions, complete fracture of a specimen occurred
even though the magnitude of applied stress
was considerably below the yield stress of the
material.
Figure 12 shows the general fracture

strength tendencies of welded low-carbon steel
specimens at various temperatures and the
effects of a sharp notch and residual stress on
fracture strength (Ref 6, 23). When a specimen
does not contain a sharp notch, fracture occurs

at the ultimate tensile strength of the material
at the test temperature, as shown by curve
PQR. When a specimen contains a sharp notch
(but no residual stress), fracture occurs at the
stresses shown by curve PQST. When the tem-
perature is higher than the fracture transition
temperature (Tf), a high-energy (shear-type)
fracture occurs at high stress. When the temper-
ature is below Tf, the fracture appearance
changes to a low-energy (cleavage) type, and
the stress at fracture decreases to near the yield
stress.
These various fractures can occur when a

notch is located in areas where high residual
tensile stresses exist. At temperatures higher
than Tf, fracture stress is equal to the ultimate
tensile strength (curve PQR). Residual stress
has no effect on fracture strength. At tempera-
tures lower than Tf, but higher than the crack-
arrest temperature (Ta), a crack may initiate at
a low stress but will be arrested. At tempera-
tures lower than Ta, one of two phenomena
can occur, depending on the stress level at frac-
ture initiation:

� If the stress is below the critical stress (VW),
the crack will be arrested after running a
short distance; complete fracture will occur
at the yield stress (ST).

� If the fracture initiation stress is higher than
VW, complete fracture of the weldment will
occur.

Effect of Stress-Relieving Treatments.
Residual stresses in weldments can be reduced
by production of plastic deformation in proper
amounts and distribution. This deformation
can be applied mechanically, thermally, or by
a combination of methods. In the most fre-
quently used technique, called a stress-relieving
treatment, a weldment is placed in a furnace or
surrounded by local heaters for a certain period
of time at a specific temperature, depending on
the type of material and thickness, and then is
cooled slowly. Typically, low-carbon steels
are stress relieved at 595 to 650 �C (1100 to
1200 �F). Also, when a load is applied to a
weldment, residual stresses are redistributed
because of local plastic deformation. Residual
stresses are reduced when the load is removed,
as discussed previously (see Fig. 11).
In a series of tests, external loads were

applied to different stress levels—50, 100,
150, 200, and 230 MPa (7, 15, 20, 30, and 35
ksi)—at 20 �C (68 �F), which was above the
critical temperature for crack initiation (Tc).

Fig. 10 Plot of heat input versus deflection for 500 � 500 mm (20 � 20 in.) low-carbon steel panels as a function of
panel thickness

Fig. 11 Schematic showing distribution of stresses in a
groove weld when uniform tensile loads are

applied and the residual stresses that result after the
loads are released. Curve 0, residual-stresses in the as-
welded condition; curve 1, stress distribution at s = s

1
;

curve 2, stress distribution at s = s
2
; curve 3,

distribution of stresses at general yielding; curve 10,
distribution of residual stress after s = s

1
is applied and

then released; curve 20, distribution of residual stress
after s = s

2
is applied and then released
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The load was then reduced. After mechanical
stress-relieving treatments, specimens were
cooled to temperatures below �30 �C (22 �F)
and tensile loads were applied. For these speci-
mens, fractures occurred only after the pre-
loaded stresses were exceeded, even at this
low temperature, as shown in Fig. 13(a). In
another series of tests, specimens were ther-
mally stress relieved by placing them in a fur-
nace for 1 h at 320, 420, 520, and 620 �C
(610, 790, 970, and 1150 �F). Fracture stresses
for these specimens were higher when welds
were heat treated at higher temperatures, indi-
cating that more stresses were relieved by heat-
ing at higher temperatures (see Fig. 13).

Effects of Residual Stresses on Fatigue
Fracture of Welded Structures

Effects of residual stresses on the fatigue
strength of weldments have been studied exten-
sively (Ref 4, 25–27). Fatigue strength
increases when a specimen has compressive
residual stresses, especially on the specimen
surface. Many investigators have reported that
fatigue strength (the number of cycles to frac-
ture under a given load, or the endurance limit)
increased when the specimens had compressive
residual stresses. Conversely, tensile surface
residual stresses are expected to reduce fatigue
strength. In conducting experiments to deter-
mine the effects of residual stresses on the
fatigue strength of weldments, the surface con-
ditions of specimens must be carefully consid-
ered. Because most fatigue cracks originate at
the surface, surface smoothness is very impor-
tant in obtaining high fatigue strength. For
example, removing weld reinforcement, grind-
ing surface irregularities, and other treatments
are effective in reducing stress concentrations
and increasing fatigue strength. In other words,
although a specimen that has compressive
residual stresses is expected to have a high
fatigue strength, the specimen may yield poor
results if it contains a sharp notch that initiates
a fatigue crack.

Effects of Environment

Even without external loading, cracking can
occur in weldments when the material is
embrittled by exposure to certain environments
and residual stresses are present. Stress-corro-
sion cracking is a brittle type of fracture that
occurs in a material exposed to a certain envi-
ronment; it should not be confused with other
types of localized attack, such as pitting, gal-
vanic attack, intergranular corrosion, or cavita-
tion (Ref 1, 6, 27). Stress-corrosion cracking
has been observed in a number of ferrous and
nonferrous alloys exposed to certain environ-
ments (Table 2).
High-strength alloys are sensitive to

atomic hydrogen. Many cracks in weldments
are caused by hydrogen that is introduced

during the welding process or that is present
in the base metal. Hydrogen-induced cracking
of weldments in various steels has been
studied, and attempts have been made to
develop a technique for determining the distri-
bution of residual stresses in a weldment by
observing the pattern of hydrogen-induced
cracks (Ref 6).

Buckling Under Compressive Loading

Failures caused by instability or buckling
sometimes occur in metal structures
composed of slender bars or thin plates,
when subjected to compressive axial loading,
bending, or torsional loading. Residual com-
pressive stresses decrease the buckling strength
of a metal structure. In addition, out-of-shape
(out-of-plane, out-of-circularity, and so forth)
distortion caused by residual stresses
also decreases buckling strength. Reference 6
discusses various subjects related to the
effects of residual stresses and distortion on
the buckling strength of structures of different
shapes.

Thermal Treatments of Weldments

Thermal treatments are often necessary to
maintain or restore the properties of base metal
affected by the heat of welding. Thermal treat-
ment may also affect the properties of the weld
metal. The extent of changes in the properties
of the base metal, weld metal, and HAZ are
determined by several factors, including the
soaking temperature, time, cooling rate, and
material thickness. Further detailed information
is available in Ref 7 and 8.
Preheat is the most common thermal

treatment applied to weldments. Proper use
of preheat can minimize residual stresses
and distortion that would normally occur
during welding as a result of lower thermal
gradients around the weld. Preheat also has the
beneficial effect in steels of reducing the ten-
dency for the formation of aHAZ andweld-metal
cracking.
Postweld Thermal Treatments. A properly

executed postweld heat treatment results in
uniform mechanical properties and reduced
residual stresses. The effects of time at

Fig. 12 Effects of sharp notch and residual stress on fracture strength. Source: Ref 22
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temperature and the stress-relieving temperature
on residual stresses are shown in Fig. 14(a) and
(b), respectively (Ref 8). When thick weldments
require a postweld machining operation, a
stress-relief treatment is usually necessary to
achieve normal machining tolerance.
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Mechanisms of Bonding for Solid-State
Welding Processes
Jerry E. Gould, Edison Welding Institute

SOLID-STATE WELDING PROCESSES
encompass all the methods in which metallic
bonding occurs without the presence of resolidi-
fied liquidmetal. These processes range from cold
methods (cold-pressure welding) to hot upset pro-
cesses (forge processes) to diffusion processes
(diffusion bonding). Typically, these processes
take advantage of applied strain and/or heat to
facilitate joining. Joining is largely the result of
intimate intermetallic contact in the absence of
local protective films.
This article focuses on the underlyingmechan-

isms of bonding for these processes, with particu-
lar emphasis on mechanisms for the forge-type
processes, while mechanisms for both the cold
and the diffusion processes are considered in
other articles. Specific mechanisms for different
stages of these processes are identified and quan-
tified using best-available theory. Further, these
mechanisms are used to understand the roles of
temperature and strain in facilitating bonding
with these classes of joining technologies.
There are three categories of bonding

mechanisms for the forge welding processes to
be considered:

� Contaminant displacement/interatomic
bonding

� Dissociation of retained oxides
� Decomposition of the interfacial structure

Modeling of contaminant displacement/inter-
atomic bonding is largely taken from the cold-
pressure literature and adapted to the forge
welding processes. This modeling suggests that
with increasing surface strain, bond strengths
can asymptotically approach that of the base
metal. The cold-pressure models can be adapted
to forge welding processes by considering the
role that the developing temperature field has
on the distribution of strain. Generally, how-
ever, after the surface strain is applied (upset),
there are still residual oxide particles trapped
in the bondline, and thermal dissolution of these
particles can further improve joint performance.
Thermal dissolution modeling has been

adapted from the carbide dissolution (in steels)
literature, with stability data collected from

the diffusion bonding literature. Resulting mod-
els show the importance of the size and distri-
bution of the residual oxide particles, as well
as the role of the thermal cycle.
Finally, the third underlying mechanism of

forge welding processes is the decomposition of
the interfacial structure. Following the forging
required to displace contaminants, the bondline
can be characterized as a highly dislocated,
high-energy structure. Improvements in weld
performance can be made by decomposing this
structure and reducing the residual bondline
strain energy. Decomposition can occur either
by recovery or recrystallization, depending on
the thermal cycle employed. There is evidence
to suggest that decomposition by recrystalliza-
tion gives better bond performance. Decomposi-
tion by recrystallization can be promoted by
appropriate thermal cycles as well as appropriate
distributions of strain following upsetting.

Solid-State Welding Processes

Solid-state welding processes are the oldest of
welding processes, with the official American
Welding Society definition of forge welding
requiring an anvil and a hammer (Ref 1). Solid-
state welding processes have proliferated, particu-
larly over the last several decades, as new power
systems have developed. General classifications
of these processes include cold-pressure welding,
externally heated hot-pressure processes, resis-
tance processes, friction processes, arc-heated
processes, and diffusion processes. In this article,
mechanisms of bonding are described for those
processes using both mechanically applied strain-
ing andheating.Detailed examinations of bonding
mechanisms of the other processes are available in
the literature. These include the cold-pressure
welding processes (Ref 2–8) and the diffusion
bonding processes (Ref 9–12). Specific variants
of the other bonding processes are as follows:

� Externally heated hot-pressure processes
a. Forge welding
b. Gas pressure welding
c. Induction hot-pressure welding

� Resistance processes
a. Flash butt welding
b. Resistance butt welding
c. Projection welding
d. Mash seam welding

� Friction processes
a. Inertia welding
b. Continuous-drive friction welding
c. Linear friction welding
d. Friction stir welding

� Arc processes
a. Percussive welding
b. Magnetically impelled arc butt welding

These processes can be thought of as having
two generally separable stages. These include a
heating stage and an upsetting stage. As such,
these welding methods can be generally classi-
fied as heat and forge processes. Distinctions
between these processes then are largely in
how heat and forging are applied. Inevitably,
however, heat is first applied. Mechanistically,
this heat is used for two purposes. First, heating
the workpieces reduces the yield strengths of
the base materials and permits forging to occur
with high degrees of strain at reduced upsetting
forces. Second, if heating is properly applied,
upsetting creates high degrees of strain over a
very localized area (at the bonding surface).
Once the appropriate heating has been accom-
plished, forging (or upsetting) commences.
Upsetting also has two major functions. These
include collapsing asperities to create intimate
contact, and displacing/dispersing protective
oxides and films to facilitate metal-to-metal
bonding. Residual heat content/heating is also
considered advantageous, to further consoli-
date/homogenize the joint.

Mechanisms of Solid-State Bonding

To attempt to define the specific mechanisms
of bonding for solid-state welding processes, it
is first necessary to have an understanding
about the microstructural and surface condi-
tions of the workpieces planned for joining.
On a microscopic scale, the surfaces for
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bonding have been well categorized as irregular
and covered with various oxide and contami-
nant films (Ref 2–12). In addition, there may
be microstructural/compositional irregularities,
which further complicate the joining process.
A typical representation of the prebond surface
condition is presented in Fig. 1. This surface is
generally characterized as three layers: the base
material, a layer of mechanically and/or chemi-
cally affected metal, and surface oxides/con-
taminant films.
There are a number of mechanisms that can

proceed to form a bond between such surfaces.
The most important of these is that asperities on
the surfaces must be collapsed to form intimate
contact between materials. In forge welding
processes, creation of this intimate contact is
done mechanically; that is, local yield stresses
are exceeded on the contacting surfaces, and
surface deformation is used to create the con-
tact. For diffusion bonding processes (not cov-
ered extensively in this article), such surface
collapse is done under relatively low forces
and relies on creep and surface diffusional
mechanisms to consolidate the surfaces.
Once the surfaces have come under intimate

contact, bonding still cannot initiate until a num-
ber of other criteria are met. The most important
of these is how oxide and surface contaminant
films can be affected to allow intimate contact
of the underlying virgin materials. Generally,
there are two mechanisms for this. For forge
welding processes, contaminant films can be bro-
ken up as a result of mechanical action. In addi-
tion, it is also possible to break down metal
oxides by dissolution into the matrix. This is a
mechanism particularly important in diffusion
bonding (Ref 13) but also plays a role in other
thermally assisted forge processes.
Even when base materials are in intimate

contact, there are additional changes that must
occur to facilitate an adequate joint. First, crys-
tallographic matching across the boundary must
occur (Ref 14). Obviously, most forge welding
applications are between parent materials with
randomly oriented grain structures, and so, this
bond surface must take on the characteristic of
a series of high-angle grain boundaries. Gener-
ation of this dislocation structure can occur
mechanically (Ref 6) thermally (Ref 9, 10), or
by a combination of the two. At this stage of
the process, intimate solid-state bonding has
undoubtedly occurred; however, the localized
high-angle grain-boundary structure is

relatively unstable and is unlikely to yield an
adequate joint. As a result, the last stage of
the process is to relieve these local bondline
stresses, typically with some sort of thermal
assist. Depending on the treatment, this local
concentration of strain energy can result in a
final bond structure ranging from local recovery
to recrystallization (Ref 15).
As mentioned, these mechanisms collectively

permit solid-state bonding between metallic
materials, although not all mechanisms are used
by all solid-state welding processes. Generally,
these mechanisms, particularly as they operate
within the group of forge welding processes,
can be classified in three general areas. These
include surface deformation mechanisms, con-
taminant dissolution mechanisms, and interfa-
cial structure homogenization mechanisms.
These are described in detail, including their
direct relationship to the forge welding pro-
cesses, in subsequent sections.
Contaminant Displacement/Interatomic

Bonding. As briefly described previously, sur-
face deformation mechanisms have two func-
tions: to collapse surface asperities and to
displace surface contaminants. It is of interest
that the best information on the role of surface
strain and its effect on the extent of solid-state
bonding is available in the cold-pressure weld-
ing literature (Ref 2–8). Several authors have
examined the roles of surface condition,
mechanisms of interfacial breakdown, and
degrees of subsequent bonding for cold-pres-
sure welding applications. Collectively, initial
bonding, related to surface straining, appears
to progress through the following stages.

Extension of the Contacting Surfaces

For any bonding to occur, it is essential that
contaminating oxides/films be disrupted. This
is, of course, accomplished by application of
contact surface strains. It is equally important,
however, that surface oxides/films be in a con-
dition in which they can be readily broken up
when the surface strain is applied. Table 1 lists
hardnesses for some common oxides. Of inter-
est here is the difference between the hard-
nesses of the aluminum or copper oxides.
Figure 2 shows some fractographs of bond sur-
faces for cold-pressure welds below critical
bonding deformation for aluminum, copper,
and silver. It is clear from these results that
the aluminum oxide fails in a brittle manner,
while the copper oxide fails in a shear manner.

A more general plot showing the relationship
between oxide/metal hardness ratio and
required deformation for bonding is presented
in Fig. 3. One method of improving the charac-
teristics of surface film fracture is to locally
cold work the base metal. It has been demon-
strated that cold working the surface using
scratch brushing both minimizes the extent of
contaminant films and creates a local layer of
heavily cold-worked material, which, on strain-
ing, can fracture and carry more ductile oxide
films (Ref 6).
For most conventional forge welding pro-

cesses, extension of the contacting surfaces is
done with a combination of heat and force.
For this stage of the process, local strain is the
most important factor. However, how that strain
is distributed is a strong function of how the
thermal field is applied. Figure 4 shows some
results from numerical simulations of the
flash-butt welding process (Ref 16). This plot
shows how contact surface strain is affected
both by the amount of upset used and the level
of flashing acceleration employed. Flashing
acceleration directly controls the heat distribu-
tion in the workpiece, with higher flashing
accelerations indicating steeper, higher thermal
gradients (Ref 17, 18). For conductivity materi-
als, particularly aluminum and copper, strain
location provided simply by the thermal gradi-
ent is difficult. In such cases, pinch-off dies
are recommended (Ref 19). Pinch-off dies sim-
ply use the constraint of the die (rather than the
thermal profile) to create localization of
forging. The function of pinch-off dies is shown
schematically in Fig. 5.

Separation of the Contaminated
Areas

It is established that the onset of bonding
occurs with applied surface strain as surface
contaminants are separated and virgin base
materials are allowed to contact. Considerable
work has been done, again largely in the cold-
pressure welding area, attempting to quantify
the separation of these contaminants and the
resulting bond quality. In examining the role
of contaminated surfaces, all workers agree that
a critical strain must first be achieved that this
surface ruptures (Ref 2–8). There are discrepan-
cies, however, on how this rupture occurs.
Mohamed and Washburn (Ref 6) suggest that
separations of the two contaminated surfaces
are unrelated, while Wright et al. (Ref 7) and
later Bay (Ref 8) suggest that surface contami-
nants impinge on either side of the joining and
therefore separate as pairs. Local bonding is
then accomplished by extrusion of virgin mate-
rial into the spaces between the separated con-
taminated surfaces. Each set of authors has
developed models based on their assumption
of interfacial breakdown. In each case, the
underlying assumption is that the strength of
the joint is a direct function of the fraction of

Fig. 1 Schematic representation of workpiece surface
conditions in the prebonded state

Table 1 Representative hardnesses of
some metal oxides at room temperature

Metal Hardness, HV Oxide Hardness, HV

Al 15 Al2O3 1800
Cu 40 Cu2O 160
Ag 26 Ag2O 135
Au 20 . . . . . .

Source: Ref 6, Table 1
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the bond area converted by actual base mate-
rial/base material bonds.
The simplest of these models is that devel-

oped by Mohamed and Washburn (Ref 6). This
model assumes a completely brittle contamina-
tion layer and no coordination of contaminants
on either side of the bondline. The physical rep-
resentation of this model is presented in Fig. 6.
The resulting equation for strength is:

f ¼ C
R

Rþ 1

� �2

(Eq 1)

where f is the ratio of the joint strength to
the parent material strength, R is the surface
strain, and C is a constant to incorporate con-
taminant mismatches and contaminant hardness.

Fig. 3 Relationship between oxide/metal hardness
ratio and the critical deformation for bonding

during cold-pressure welding. Source: Ref 3

Fig. 4 Thermomechanical modeling results showing
the relationship between flashing acceleration,

upset distance, and contact surface strain for flash-butt
welding mild steel

Fig. 2 Fractographs showing the faying surfaces of cold-pressure-welded aluminum, copper, and silver at subbonding
strains. (a) Aluminum, 3% deformation. (b) Aluminum, 6% deformation. (c) Copper, 5% deformation.

(d) Copper, 23% deformation. (e) Silver, 25% deformation. Source: Ref 6, Fig. 1
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The model proposed by Wright et al. is slightly
more complex. This model was generated for
roll-bonding applications, so largely plain-strain
conditions exist. The physical representation of
this model is presented in Fig. 7. This model
assumes matchup of contaminants across the
bondline and attempts to account for a degree of
prebonding deformation. The resulting equation
for joint strength is:

f ¼ C 1� 1� Rf

� 	2

1� Rtð Þ2
" #

(Eq 2)

In this case, C is considered an empirical
hardening factor, Rt is the threshold deforma-
tion for bonding, and Rf is the total deformation
of the process. Equations 1 and 2 are similar,
asymptotically approaching a maximum bond
strength as the total deformation (R or Rf)
approaches 1. The most complex analysis is
provided by Bay. This model includes the
effects of contaminant films and subsurface
hardened layers and is diagramed in Fig. 8.
The resulting equation for joint strength is:

f ¼ ð1� bÞY p� pe
so

þ b
Y � Y0

1� Y0
p

so
(Eq 3)

where f is now the ratio of weld tensile strength
to base material tensile strength, b is the frac-
tion area covered by contaminant films, p is
the applied pressure, pe is the threshold pressure

for bonding (extrusion pressure), and so is the
yield strength of the base material. Y and Y0
are the surface exposure and threshold surface
exposure, where the surface exposure is de-
fined by:

Y ¼ 1� 1

1þ X
(Eq 4)

where X is the degree of expansion of the con-
tact area.
These models, of course, show a greater

degree of complexity, because a greater number
of bonding factors are included. It is important
to recall, however, that these models have been
developed for cold-pressure processes, and
these complexities may be more or less relevant
for conventional forge welding processes. One
factor of note is the extrusion pressure
(described as pe in Eq 3). This factor is included
either directly or indirectly in each of these
models. However, for conventional forge weld-
ing processes, extrusion pressures will fall dra-
matically with temperature and may be less
of a factor. Also to be questioned is the role
of subsurface cold-worked layers, which, in
conventional forge welding processes, will
probably anneal substantially before any mac-
roscopic deformation occurs.

Realignment of the Grain Structures
for Bonding

There is considerable evidence that crystallo-
graphic matchup across the bondline is also
important at this stage of bonding (Ref 3, 6,
14). Detailed work (Ref 3) suggests that contact
between similarly oriented close-packed or
near-close-packed planes most readily bonds.
For aluminum, (111) to (111) and (110) to
(110) were found to bond readily, while (111)
to (100) were found difficult to bond. However,
most structural materials are polycrystalline,
so such ideal crystallographic matchups are
relatively uncommon. To accomplish bonding
requires some localized crystallographic re-
orientation. The model here is the one of a
series of grain boundaries. Grain boundaries
can be thought of as a complex dislocation
pileup, accommodating the misorientation
between grains over a very small distance.
The types of macroscopic surface strains and
local intercontaminant extrusion described here
are ideal sources for dislocation generation and
undoubtedly contribute to the generation of
this bondline structure. An example of this dis-
located structure is presented in Fig. 9. This
particular example is a resistance butt weld
on steel, showing evidence of a residual bond-
line. This region is characterized by relatively
high internal strain energy and may be a
quality concern. Reactions of this region to
the applied thermal fields typical of the forge
welding processes are described in a subsequent
section.

Metal

Metal

Metal
Oxide

Oxide

Metal

(b)

(c)

(d)

(a)

Fig. 6 Schematic illustration of interfacial breakup as
proposed in the Mohamed and Washburn

model. (a) Original interface. (b) Fracture of brittle oxide
film. (c) First requirement for welding: formation of
overlapped oxide-free metallic areas. (d) Second
requirement for welding: extrusion of metal through the
gaps created in the oxide and some relative shear
displacement at the points of contact of oxide-free
metal. Source: Ref 6

Fig. 7 Schematic illustration of interfacial breakup as
proposed by Wright et al. Source: Ref 7

Fig. 8 Schematic illustration of interfacial breakup
as proposed by Bay. (a) Interfacial surfaces.

(b) Onset of extrusion and thinning of contaminant film.
(c) Welds. Source: Ref 8

Fig. 5 Use of pinch-off dies in upset welding processes
to localize strain
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Thermal Dissolution of Oxides/
Contaminants

The preceding discussion indicates the
degrees to which bondline strain can be used
to create a solid-state bond. However, implicit
in that discussion and related modeling were
two related facts: some level of contamination
was always present in the joint area, and joint
strengths could only asymptotically approach
parent material strengths. The relationship here
is straightforward. As long as contaminants
exist in the joint, they reduce effective bond
area and act as initiation sites for subsequent
mechanical failures (Ref 20).
To achieve improved joint properties, partic-

ularly in industrial applications, some further
reduction in the residual bondline contaminant
content is advantageous. Fortunately, for many
metallic systems, oxides are soluble in the
matrix at elevated temperatures. The degree of
solubility of a specific oxide in MxOy in a
matrix of metal “A” at equilibrium can be
defined by the solubility product:

Keq ¼ ZðCMÞxðCoÞy (Eq 5)

where Keq is the equilibrium solubility product,
CM and CO are the compositions of the metal
“M” and oxygen in the matrix metal “A,” and
Z is a proportionality constant relevant to the
activity coefficient. If the oxide is of the matrix
metal, this expression reduces to:

Keq ¼ ZðCoÞy (Eq 6)

with Z a different proportionality constant. This
suggests that the solubility product is similarly a
power function of the maximum soluble oxygen
content in the base material. For oxides of the
base materials, Eq 6 suggests that the solubility
product can be estimated from the maximum sol-
ubility of oxygen in the matrix as taken from the
appropriate phase diagram. In addition, the shape
of the oxygen solvus provides some indication of
the temperature dependence for the solubility
product. In a similar manner, Eq 5 suggests that

the solubility product for non-base-material
metal oxides relative to the base metal (as well
as the temperature dependence) can also be esti-
mated from the phase diagram. Here, the solubil-
ity product is estimated from the maximum
solubilities of the secondary metal and oxygen
in the base material.
If Raoultian behavior of oxygen in the base

material is assumed, the proportionality con-
stants in Eq 5 and 6 become equal to 1. Then,
knowing the stoichiometry of the oxide present
and using the appropriate phase diagram,
approximate solubility products for some dif-
ferent metals can be done directly. Table 2 lists
approximate solubility products for some stan-
dard engineering materials with their most
common oxide. These solubility products are
calculated for approximately bonding tempera-
tures estimated for forge welding processes
(0.9 Tm). Materials shown include aluminum,
iron, and titanium. These solubility products
cover approximately 30 orders of magnitude,
indicating, on one extreme, the difficulty of dis-
solving aluminum oxide into an aluminum
matrix as well as the relative ease with which
titanium can dissolve its own oxide.
Similar calculations can be done for nonmatrix

metal oxides. The approximately solubility prod-
uct for Al2O3 on iron is calculated and compared
to the similar calculation for the oxide of iron
(Fe2O3) in Table 3. These calculations were done
at the approximate bonding temperature for forge
welding iron. In this case, the stoichiometry for
the two oxides is similar (x = 2, y = 3), so the dif-
ference between the two solubility products is
directly related to the solubility of the aluminum
in the steel. This fact appears to account for the
relatively low solubility of Al2O3 in iron.
Such solubility products and diffusivities of

oxygen in the matrix have been used as a basis

for modeling oxide dissolution during diffusion
bonding (Ref 21). However, this analysis was
largely based on continuous oxide films and
focused on the maximum thickness of these
films for relatively long (diffusion bonding)
heating cycles. Such an analysis does not take
into account the breakup of the oxide film into
discrete particles caused by the applied surface
strain during forge welding processes, or the
relatively short heating times.
A better analysis can parallel that done by

Ashby and Easterling for the dissolution of car-
bide particles during welding (Ref 22). That
analysis examines the dissolution of discrete
particles. The approach used attempts to esti-
mate the roles of both the solubility of the car-
bide constituents into the matrix and diffusion
of these constituents away from the decompos-
ing carbide. The approach is based on the
assumption that distinct spherical particles can
be dissociated completely into a volume of
matrix with radius l. Further, the particle will
dissociate into this volume at a locus of times
and temperatures defined by:

l ¼ ðD�t�Þ1=2 (Eq 7)

where D* and t* are the combinations of the
diffusivities (D, a function of temperature,
defined at T*) and times (t*) over which the
particle can be completely dissolved into the
volume matrix defined by l. Combining this
approach for examining the role of diffusion
can be combined with an expression for the
temperature dependence of the solubility prod-
uct of the particle, to examine particle dissolu-
tion behavior. The discussions on solubility
products for oxides detailed previously can be
used to adapt these equations for oxide particle
dissolution. The resulting governing equations
include for base-metal oxide particles:

Ts ¼ B

A� ln
Oð Þy
f

h i (Eq 8)

and for non-base-metal oxides:

Ts ¼ B

A� ln
Mð Þx Oð Þy

f

h i (Eq 9)

where Ts is the dissolution temperature, A and B
are the temperature coefficients for the appro-
priate solubility product, and f is the matrix
volume fraction affected by the decaying oxide,
defined by:

f ¼ 1

1þ t�
t exp� Q2

R
1
T� � 1

Ts

� �h i3=2
(Eq 10)

In this expression, Q2 is the activation
energy associated with the appropriate diffusiv-
ity (oxygen or metal + oxygen), and R is the
ideal gas constant. With some estimate of t*
and T*, Eq 10 combined with either Eq 8 or 9

Fig. 9 Resistance butt weld on mild steel indicating a
highly deformed zone down the bondline

Table 2 Estimated solubility products for
oxides present on some common
engineering materials assuming Raoultian
behavior of oxygen in solution in the parent
material

Metal Oxide Keq

Al Al2O3 3 � 10�29

Fe Fe2O3 1 � 10�15

Ti TiO2 1 � 10�1

Calculations are done for temperatures approximately representing
bonding temperatures for forge welding processes (0.9 Tm) (internally
generated).

Table 3 Comparison of solubility products
for Al2O3 and Fe2O3 in an iron matrix at the
appropriate bonding temperature for forge
welding iron (0.9 Tm)

Base material Oxide Keq

Fe Al2O3 1.8 � 10�19

Fe Fe2O3 1.0 � 10�15

Internally generated
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(as appropriate) defines an implicit relationship
between the time/temperature profile for the
process and the degree of oxide dissolution.
In these expressions, t* and T* are direct

functions of the oxide particle size and distribu-
tion. Values for these can presumably be esti-
mated from the original distribution of oxides
on the bonding surfaces and estimations of sur-
face strain, as described previously.
From these equations, some qualitative esti-

mate can be made of the role of both the degree
of forging and time-temperature profile on bond
quality. With increasing strain applied to the
contacting surface, both particle size and den-
sity will inevitably fall. These factors reduce
amounts of oxygen (and potentially second
metal) that must be diffused and increase the
kinetics of oxide dissolution. Extended heating
(welding) times are important in that, again,
diffusion is promoted. Increasing welding tem-
peratures are not only advantageous for increas-
ing rates of diffusion but also for increasing the
solubility product for the dissolution reaction.

Breakdown of the Interfacial
Structure

A third mechanism of bonding results from
the decomposition of any interfacial structure.
As described previously, straining of the bond
surface, extrusion of material around residual
oxide particles, and matching crystallographic
structures across the bondline result in a highly
dislocated bondline structure. This highly dislo-
cated structure is of relatively high energy as
well as planar. An example of such a highly
dislocated bond is shown in Fig. 10. This struc-
ture obviously develops during straining the
contact surface. However, the presence of vari-
ous particulates from the contaminated bond
surfaces may also stabilize this structure.
Decomposition of this structure is largely a

thermally assisted process. To develop this
highly dislocated structure, considerable energy
for deformation is required. Much of this
energy is stored in the interfacial structure
itself. With varying degrees of activation

energy, this structure can quickly decompose
to a lower energy variant. Parks (Ref 15) has
done considerable work to understand the
breakdown of contacting interfaces. In his
work, he suggests two regimes for breakdown
of this interfacial structure. These parallel the
concepts of recovery and recrystallization.
Recovery of the interface implies a realignment
of the dislocated structure to reduce the overall
strain energy of the system. This is typically
done at relatively low temperatures, permitting
only local movement of the dislocations that
make up the boundary structure (Ref 23–25).
During recovery, these dislocations realign
themselves into dislocation cells. An example
of such cells is shown in Fig. 11 (Ref 26). Parks
found that very little effective bonding occurred
if interfacial decompositionwas limited to recov-
ery. Rather, substantial bond strengths were
found if higher annealing temperatures were
used, resulting in bondline recrystallization.
This is shown in Fig. 12. Recrystallization is
essentially the nucleation and growth of new
grains. Provided activation energies are high
enough, this mechanism of interfacial decompo-
sition shows the greatest reduction in bondline
energy and is suggested by Parks as essential for
forming high-integrity bonds.
During welding, residual stored energy (as

local deformation) can play a role in the kinet-
ics of recovery and/or recrystallization. Parks
has demonstrated that actual bonding tempera-
tures can be reduced depending on the degree
of deformation in the material. Required recrys-
tallization temperatures as a function of the
degree of deformation for a range of materials
are shown in Fig. 13.
Obviously, the extent to which this interfa-

cial structure can decompose is a function of
both the amount of strain applied and the tem-
perature cycle experienced. Increasing amounts
of strain (upset) obviously increase the amount
of work in the material and promote subsequent
breakdown of the interfacial structure. Time at
temperature, however, provides the activation
energy to allow this aspect of the bonding pro-
cess to proceed. It is interesting from this dis-
cussion that greater levels of upset may permit
bonding at shorter times and lower tempera-
tures. However, in practice, extended times

and temperatures are almost always advanta-
geous, permitting maximum homogenization
of the joint microstructure.

Comparison of Solid-State Bonding
Processes

The above discussion suggests that, in sum-
mary, solid state processes employ one or more
of three mechanisms to accomplish bonding.
These include disruption of contacting interfaces
for nacient metal contact, diffusion related disso-
ciation of residual contaminants, and breakdown
of the remaining interfacial structure. These fun-
damental mechanisms, are driven by process
mechanisms, specifically temperature, time, and
deformation. Obviously, temperature and time
both drive diffusion reactions (promoting both
contaminant dissolution and breakdown of the
interfacial structure), while deformation pro-
motes interfacial disruption. This approach was
used by Fenn (Ref 27). In the developed con-
struct, Fenn created a ternary diagram with axes
of temperature, time, and deformation. For this
diagram, the axes are represented as conceptual
fractional values. Here, temperature can be con-
sidered as the fraction of the absolute melting
temperature, time as a dimensionless fraction,
and deformation as the relative collapse of the
two components. On this diagram, Fenn then
placed hypothetical ranges for a number of solid
state processes. The resulting diagram is shown
in Fig. 14. Limits of the diagram include diffu-
sion bonding (all time and temperature) and, cold
welding (all deformation). Of note, most conven-
tional solid state welding processes (flash weld-
ing, friction welding, upset (or forge) welding)
fall toward the middle of the diagram, utilizing
components of all the mechanisms described
above. Of note, the diagram is not material spe-
cific. As a result, how individual processes fall
on this diagram will be strongly affected by the
substrate welded, shifting to match the specific
combination of mechanisms most advantageous
to individual material systems.

Summary

This article provides a systematic look at
mechanisms of bond formation during solid-state
(forge) welding processes. Discussions have been
limited to those processes that can be character-
ized as having two stages: heating and forging.
Explicitly excluded were those processes that do
not use heating (cold-pressure welding processes)
or forging (diffusion bonding processes). For the
forge welding processes, three distinct mechan-
isms of bonding have been discussed. These
include contaminant displacement/interatomic
bonding, dissociation of retained oxides, and
decomposition of the interfacial structure.
Contaminant Displacement/Interatomic

Bonding. This mechanism of bonding relates
to displacement of contaminants by local strain
at the contacting surface. Displacement of these

Fig. 10 Interfacial structure on resistance-projection-
welded mild steel

Fig. 11 Dislocation cells in a dynamically recovered
iron microstructure. Source: Ref 26
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contaminants allows exposure of clean surfaces
for direct interatomic bonding. The basics for
modeling this mechanism were largely taken
from the cold-pressure literature. Although sev-
eral models are available with increasing levels
of complexity, all predict that bond strengths
asymptotically approach that of the base metal
with increasing surface strain. For the forge
welding processes, the developed temperature
distribution also plays a role, increasing metal
plasticity, assisting in localizing strain at the
bondline, and reducing required upset loads.
Thermal Dissolution of Oxides/Contami-

nants. The applied surface strains described
previously permit considerable bonding but
leave a residue of oxide/contaminant particles
dispersed over the bond surface. As a mecha-
nism for further facilitating bonding, many of

these particles can be thermally dissolved in
the matrix. The relative solubility of specific
types of particles can be assessed directly by
examining solubility products between the con-
stituent elements of the particle compared with
solution in the base material. For base-material
oxides, this solubility product is only a function
of the solubility limit of oxygen in the matrix.
This analysis was used to indicate relative stabil-
ity of a range of base-metal oxides. This exami-
nation was extended, using previous work done
for dissolution of carbide particles in steel, to
examine the kinetics of dissolution. This analysis
incorporates both solubility product and diffusiv-
ity factors. The results indicate the effects of
residual oxide particle size as well as the role
of the severity of the thermal cycle for dissol-
ving these oxide particles.

Breakdown of the Interfacial Structure.
The side result of the first two mechanisms is a
highly dislocated interfacial bond structure. This
structure results largely from the application of
bondline strain but can be stabilized by the pres-
ence of discrete oxide particles. This structure is
of relatively high energy and can be a detriment
to weld quality. Decomposition of this structure
does improve bond quality. The mechanism
of decomposition, however, depends on the ther-
mal cycle employed. For relatively short or low-
temperature cycles, the structure may only
recover, resulting in a series of dislocation cells.
At higher temperatures and longer times, recrys-
tallization of the metal at the bondline can also
occur. Some results suggest that recrystallization
of the bondline structure results in better weld
properties. Increasing stored energy at the bond-
line (causedbyhigher levels of strain) also appears
to aid the kinetics of recrystallization and improve
weld quality.
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Fundamentals of Friction Welding*
Revised by D.D. Kautz, Los Alamos National Laboratory

FRICTION WELDING (FRW) is a solid-
state welding process in which the heat for
welding is produced by the relative motion of
the two interfaces being joined. This method
relies on the direct conversion of mechanical
energy to thermal energy to form the weld,
without the application of heat from any other
source. Under normal conditions, no melting
occurs at the interface.
Figure 1 shows a typical friction weld, in

which a nonrotating workpiece is held in con-
tact with a rotating workpiece under constant
or gradually increasing pressure until the inter-
face reaches the welding temperature. The rota-
tional speed, the axial pressure, and the welding
time are the principal variables that are con-
trolled in order to provide the necessary combi-
nation of heat and pressure to form the
weldment. These parameters are adjusted so
that the interface is heated into the plastic tem-
perature range where welding can take place.
Once the interface is heated, axial pressure is
used to bring the weld interfaces into intimate
contact. During this last stage of the welding
process, atomic diffusion occurs while the

interfaces are in contact, allowing a metallurgi-
cal bond to form between the two materials.
Friction welding involves heat generation

through frictional abrasion (Ref 1–3), heat dis-
sipation, plastic deformation, and chemical
interdiffusion. The interrelation among these
factors during FRW complicates development
of predictive models for the friction welding
process. However, from a qualitative stand-
point, the process is well understood through
empirical FRW studies that have been per-
formed on a wide variety of materials. Five
qualitative factors influence the quality of a
friction weld (Ref 4):

� Relative velocity of the surfaces
� Applied pressure
� Surface temperature
� Bulk material properties
� Surface condition and presence of surface

films

The first two factors are related to FRW, the
last two are related to the properties of the
materials being joined, while the temperature
achieved is a combination of process para-
meters and material properties.
Commercial FRW applications employ a

number of variations on the basic FRW con-
cepts. These variations were developed to
accommodate different part geometries and to
produce different metallurgical effects (Ref 5)
and are not discussed in this article.

Process Parameters

During FRW, the relative velocity, the
applied pressure, and the duration of the force
are the three variables that are controlled. The
effect of these variables on weld quality is dis-
cussed for the two basic friction welding pro-
cesses: direct-drive welding and inertia-drive
welding. The surface temperature is the critical
parameter for ensuring good welds and is
dependent on the processing conditions and
the materials being joined.

Although the surface temperature is not
measured or directly controlled, the effects of
insufficient or excessive temperature are gener-
ally apparent through visual examination of the
finished weld. The bulk material properties and
the condition of the surfaces being joined affect
both the frictional forces and the forging char-
acteristics of the materials being joined. These
factors are discussed for the friction welding
of both similar-material and dissimilar-material
combinations.
Mechanisms of Friction Heating. The

mechanism of heat generation during friction
welding is complex. Studies in assessing the
effective coefficients of friction for continu-
ous-drive friction welding processes (Ref 6–8)
have shown coefficient values considerably
larger than normal values of sliding friction,
typically found in the range of 0.15 to 0.3.
These works define equilibrium coefficients of
friction when friction welding steels as roughly
equal to 2 over a wide range of processing
conditions.
To understand the utility of this effective

coefficient of friction and its suitability to
the FSW process, it is useful to understand the
variations in frictional behavior occurring dur-
ing conventional friction welding. These
mechanisms can be summarized from other
works (Ref 7, 8). The typical coefficient of fric-
tion heating is diagrammed in Fig. 2. At the
beginning of the process, the coefficient of fric-
tion is defined by the sliding friction, with
values in the 0.15 to 0.30 range. Quickly, how-
ever, the contacting surface heats sufficiently
to allow some instantaneous bonding, with
subsequent shearing or tearing. This period of
bonding and tearing is characterized by a rap-
idly rising coefficient of friction. It is during
this period that the friction peak is often
observed. The exact magnitude of this friction
peak is difficult to characterize, because this
stage of friction heating is so rapid.
During the friction peak stage, the very high

effective coefficient of friction results in con-
siderable generation of heat. This heat allows
the material in the region of the bondline to

*Revised from J.W. Elmer and D.D. Kautz, “Fundamentals of Friction Welding,” Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 150–155

(a)

(b)

Friction
phase

Forging
phase

(c)

Fig. 1 Schematic showing fundamental steps in the
friction welding process. (a) One workpiece is

rotated, and the other workpiece is held stationary. (b)
Both workpieces are brought together, and axial force is
applied to begin the upsetting process. (c) Workpiece
rotation is stopped, and the upsetting process is
completed.



increasingly plasticize. The increasing thick-
ness of the plastic layers then results in a final
transition, during which bonding and shearing
is replaced by a continuous working and recov-
ery of the material. This is sometimes referred
to as a viscoelastic condition. In this third stage,
the effective coefficient of friction is defined by
the temperature and extent of this plasticized
region. During this time, the temperature pro-
files become relatively stable (Ref 7, 8), result-
ing in an equilibrium condition. It is in this
stage that effective coefficients of friction in
the range of 2 are observed.
The effectiveness of this model suggests that

such equilibrium friction conditions exist
between the tool and the workpiece. Given the
highly differing plasticization temperatures
between the steel tool and the aluminum work-
piece, such equilibrium conditions must be
restricted to the aluminum substrate. This can
only occur if, in the preliminary stages of the
process, aluminum is deposited onto the work-
ing surfaces of the tool. Once material is depos-
ited onto the surface of the tool, the necessary
plasticized region is now defined between this
deposited material and the substrate itself. This
is consistent with observations of aluminum
deposits onto the surface of FSW tools (Ref
9). For FSW purposes, enhanced heat genera-
tion can be said to occur through metallurgical
coupling between the tool and the workpiece.
It is clear that such metallurgical coupling

brings into question the applicability of a coeffi-
cient of friction. In such cases, heat generation
is more properly related to material working
(Ref 10). However, for inclusion into the simpli-
fiedmodeling described in this work, an interpre-
tive coefficient of friction term, incorporating
these strain heat effects, is used. This means that
the heating occurs only at the surface, which is
reasonable, because the plastic deformation is
very localized just beneath the shoulder.

Friction Welding Technology

There are two principal FRW methods:
direct-drive welding and inertia-drive welding.

Direct-drive FRW, sometimes called conven-
tional friction welding, uses a motor running
at constant speed to input energy to the weld.
Inertia-drive friction welding, sometimes called
flywheel friction welding, uses the energy
stored in a flywheel to input energy to the weld.
These two FRW technologies produce inher-
ently different metallurgical effects at the joint
interface.
Both FRW technologies can be applied

through different types of relative motion to
generate the friction necessary to form the
weld. The most common FRW geometry is that
shown in Fig. 1, in which one cylindrical com-
ponent is held stationary and the other is
rotated. However, in other methods, both com-
ponents are rotated in opposite directions, or
two stationary components are pushed against
a rotating piece positioned between them. Addi-
tional forms of FRW, such as radial, orbital,
and linear reciprocating motions, have been
developed for special part geometries. These
alternate methods are discussed elsewhere
(Ref 5, 11).

Direct Drive Welding

In direct-drive FRW, a machine resembling a
lathe is equipped with a brake and clutch, a
means of applying and controlling axial pres-
sure, and a weld-cycle timer and displacement
controller. The operation of a direct-drive
machine consists of a friction phase where heat
is generated, a stopping phase where the rota-
tion is terminated, and a forging phase where
the pressure is applied to join the pieces. The
relationships among the process variables are
shown in Fig. 3, which plots the rotational
speed and the axial pressure as a function of
time for a typical weld. The time required to
stop the spindle is also an important variable,
because it affects the weld temperature and
the timing of the forging force.
The forging phase starts at the instant when

higher pressure (that is, a larger forging force)

is applied in the weld cycle. Thus, the forging
phase actually starts during the stopping phase.
In general, the larger forging force is applied
(case 1) while the spindle is decelerating
in the stopping phase (Fig. 3) or (case 2) after
the spindle has stopped rotating at the end
of the stopping phase. The difference between
the two cases is the presence of a second fric-
tion peak. In case 1, the torque will rise again
to reach a second peak before dropping. This
produces a torsional force. In case 2, especially
when the stopping phase is very short due to
rapid braking, frictional torque does not rise
but actually starts to decrease at the onset of
the forging phase. In this case, there is no tor-
sional force, and forging is affected only by
the upsetting force.
The speed of rotation is the least sensitive

process variable in that it can be varied over a
wide range if heating time and pressure are
properly controlled. For steels, the recom-
mended peripheral velocity varies from 75 to
215 m/min (250 to 700 ft/min) (Ref 12). In gen-
eral, higher speeds correspond to low weld heat
inputs and are used to weld heat-sensitive mate-
rials such as hardenable steels.
The friction force is generally applied gradu-

ally to the weld to help overcome the initial
contact-torque peak. For carbon steels, a fric-
tion pressure of approximately 70 MPa (10
ksi) at the interface area is required to form a
good joint. After the drive motor is disengaged
from the workpiece, the forging force is applied
to complete the weld. Typical forging forces for
carbon steel are of 140 MPa (20 ksi) at the weld
interface.

Inertia-Drive Welding

The inertia-drive FRW method uses a similar
type of machine except that the spindle holding
the rotating piece is attached to a flywheel. The
flywheel controls the energy input to the weld.
The moment of inertia of the flywheel is an
important variable that is adjusted by adding

Fig. 2 Schematic representation of the coefficient of
friction variations during direct-drive friction

welding Fig. 3 Plot of selected parameters versus time relative to the three phases of the direct-drive friction welding process
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or removing flywheel mass and diameter. The
amount of energy stored in the flywheel is con-
trolled by its speed. Once the spindle is at the
correct speed, the drive system is disengaged,
leaving a rotating flywheel mass. Axial pressure
is then applied and held constant throughout the
welding process. The applied pressure results in
a decrease in the rotational speed, typically
referred to as deceleration. In some cases, when
the spindle has either nearly stopped or come
to a complete stop, a higher forging force may
be used.
Figure 4 illustrates the inertia-drive FRW

process, which is similar to the direct-drive
method in that the weld typically takes place
in two stages: friction and forging. However,
some weld schedules do not require a forging
stage.
The major difference between the direct-

drive and inertia-drive methods is the speed
during the friction stage. In inertia welding,
the speed continuously decreases during the
friction stage, while in direct welding the speed
remains constant.
The heat generated by the plastic deforma-

tion of materials at the faying surfaces during
the forging phase, not the heat generated by
friction in the friction phase, prevents rapid
decrease of the temperature at the interface.
The process variables that control the charac-

teristics of an inertia weld are the flywheel size
(moment of inertia), the flywheel speed, and the
axial pressure. The weld energy is related to the
first two variables and is a fixed quantity once
they have been determined. The kinetic energy
in the flywheel at any time during the weld is
given by:

E ¼ S2 � I
C

where E is the energy (ft � lbf, or J), I is the
moment of inertia (lb/ft2, or kg/m2), S is the fly-
wheel speed (rev/min), and C is a conversion
constant that is equal to 5873 for English units
or 182.4 for metric units.

The constant C is derived from:

E ¼ 1

2
mv2

where v = or. Because o = 2pS, v = 2pSr:

E ¼ 1

2
mð2�Þ2S2r2

E ¼ 1

2
mr2ð2�Þ2S2

Since mr2 = I, the previous equation
becomes:

E ¼ 1

2
Ið2�Þ2S2

In SI units, the previous equation becomes:

E
m2 � kg
s2

� �

¼ 1

2
ð2�Þ2S2 1

min2

� �

=½m2 � kg� min

60s

� �2

E ¼ 1

2

ð2�Þ2
602

S2I

E ¼ I S2

C

Solving for C in the previous equation:

C ¼ 2 � 602
ð2�Þ2

¼ 602

2�2

¼ 182:378

The energy stored in the flywheel is propor-
tional to its speed of rotation squared, S2.
Therefore, a wide range of energy levels can
be obtained without changing the flywheel to
accommodate changes in part geometries. For
large changes in the parts being joined, the
capacity of an inertia welding machine can be
modified by changing the flywheel moment of
inertia if necessary.
Flywheel Energy. The moment of inertia of

the flywheel is selected to produce both the
desired amount of kinetic energy and the

desired amount of forging. Forging results from
the characteristic increase in torque that occurs
at the weld interface as the flywheel slows and
comes to rest. This increased torque, in combi-
nation with the axial pressure, produces
forging. Because forging begins at some critical
velocity, the amount of forging depends on the
amount of energy remaining in the flywheel,
which is a linear function of the flywheel
moment of inertia. Large, low-speed flywheels
produce greater forging force than small, high-
speed flywheels even though they contain the
same amount of kinetic energy. Although small,
medium, and large amounts of flywheel energy
produce similar heating patterns, the amount of
energy greatly affects the size and shape of the
weld upset, as shown in Fig. 5(a) for similar-
metal joints.
Peripheral Velocities. There is an optimum

range of peripheral or linear surface velocities
for each combination of metals being joined.
For welding steel to steel, the recommended
initial peripheral velocity ranges from 90 to
460 m/min (300 to 1500 ft/min). However,
welds can be made at velocities as low as 85
m/min (275 ft/min). Figure 5(b) shows the
effect of initial peripheral velocity on weld
shape for similar-metal welds.
Axial Pressure versus Peripheral Veloci-

ties. The effect of varying the axial pressure
is opposite to the effect of varying the
velocity. Welds made at low axial pressure
resembleweldsmade atmediumvelocity relative
to the formation of weld upset and heat-affected
zones (HAZ), as shown in Fig. 5(c). Excessive
pressure produces a weld that has poor quality
at the center and has a large amount ofweld upset,
similar to a weld made at a low velocity.

Metallurgical Parameters

Friction welding can be used to join a
wide range of similar and dissimilar materials.
Metals, ceramics, metal-matrix composites
(MMCs), and polymers have been joined by
FRW, and many of the dissimilar-metal combi-
nations that cannot be joined by conventional
fusion welding techniques are readily joined
by FRW methods. This section summarizes
some of the metals that have been joined by
FRW and discusses the metallurgical considera-
tions that govern the properties of the resulting
weld.

Joining of Similar Materials

The two general requirements for forming
good friction welds are, first, that the materials
to be joined can be forged and, second, that
the materials can generate friction at the weld
interface. The first requirement eliminates simi-
lar-material welds in brittle materials such as
ceramics, cast irons, and cemented carbides.
However, ductile materials can sometimes
be joined to these materials. The second
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Fig. 4 Plot of selected parameters versus time relative to the two phases of the inertia-drive friction welding process
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requirement eliminates materials that contain
alloying additions that provide dry lubrication
to the joint interface. Free-machining additives
to steel, graphite-containing alloys such as cast
iron, and lead alloys may be difficult to weld
due to this requirement.
Almost all other metal alloys can be welded

to themselves by FRW techniques. Table 1
summarizes a number of common similar-metal
weld joints that have been made using inertia-

drive FRW. Metallic alloys known to form
high-quality FRW joints include alloys based
on aluminum, copper (copper-nickel, brass,
bronze), iron (low-alloy steel, tool steel, stain-
less steel, maraging steel), nickel, titanium, tan-
talum, and many others (Ref 5, 11). Near full-
strength metallurgical bonds can be produced
for a very wide range of similar-metal alloy
friction welds. The microstructure and mechan-
ical properties of inertia-welded similar-metal

joints for the following alloys can be found in
the sources listed:

Alloy Ref

Low-alloy steels 13, 14
Austenitic stainless steels 15
Aluminum alloys 16–18
Titanium alloys 19

The relative ease of friction welding metals
to themselves is related to the matching proper-
ties at the weld interface. Because the materials
properties are matched, heat is distributed uni-
formly on both sides of the joint, and the defor-
mation characteristics are identical on both
sides of the joint. This results in symmetric
welds with good properties. In general, the pro-
cess variables do not vary significantly for dif-
ferent alloys within a given class of materials.
However, there can be a significant variation
in processing variables between different clas-
ses of materials (Table 1).
Because FRW generates localized heating at

the interface, the HAZ is subject to rapid cooling
due to heat transfer to the cold base metal. This
rapid quenching may sufficiently alter the
mechanical properties of the base metal in the
HAZ region to require postweld heat treatment.
For example, to restore ductility, stress relieving
or tempering may be required to friction weld
steels with hardenability greater than that of AISI
1035 (Ref 5, 11). In addition, age-hardenable
alloys will lose strength in the HAZ during weld-
ing and may require postweld solution heat treat-
ing and/or postweld aging to restore their
strength. Other alloys, such as those that obtain
their strength from cold working, will lose
strength in the HAZof the weld, and their proper-
ties cannot be restored with postweld treatments.

Joining of Dissimilar Metals

While many similar-metal FRW joints are
produced because of economic considerations,
many dissimilar-metal FRW joints are pro-
duced because there are no alternative welding
methods available. Examples of these types of
joints include dissimilar-metal combinations
with widely different melting points and

Fig. 5 Schematic showing effect of welding parameters on the finished weld nugget obtained when similar metals are
welded using inertia-drive friction welding equipment. (a) Flywheel energy. (b) Initial peripheral velocity of

workpiece. (c) Axial pressure. Source: Ref 12

Table 1 Parameters for inertia-drive friction welding of two 25 mm (1 in.) diameter bars made of similar metals

Work metal Spindle speed, rev/min

Axial force Flywheel size(a) Weld energy Metal loss(b)

Total time(c), skN lbf � 103 kg � m2 lb � ft2 kJ ft � lbf � 103 mm in.

1018 steel 4600 53 12 0.28 6.7 33 24 2.5 0.10 2.0
1045 steel 4600 62 14 0.33 7.8 38 28 2.5 0.10 2.0
4140 steel 4600 67 15 0.35 8.3 41 30 2.5 0.10 2.0
Inconel 718 1500 220 50 5.48 130.0 68 50 3.8 0.15 3.0
Maraging steel 3000 90 20 0.84 20.0 41 30 2.5 0.10 2.5
Type 410 stainless 3000 80 18 0.84 20.0 41 30 2.5 0.10 2.5
Type 302 stainless 3500 80 18 0.59 14.0 41 30 2.5 0.10 2.5
Copper (commercially pure) 8000 22 5 0.04 1.0 14 10 3.8 0.15 0.5
Copper alloy 260 (cartridge brass, 70%) 7000 22 5 0.05 1.2 14 10 3.8 0.15 0.7
Titanium alloy, Ti-6Al-4V 6000 36 8 0.07 1.7 22 16 2.5 0.10 2.0
Aluminum alloy 1100 5700 27 6 0.11 2.7 20 15 3.8 0.15 1.0
Aluminum alloy 6061 5700 31 7 0.13 3.0 23 17 3.8 0.15 1.0

(a) Moment of inertia of the flywheel. (b) Total shortening of the workpieces during welding. (c) Sum of heating time plus welding time. Source: Ref 12
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dissimilar-metal combinations that form incom-
patible phases when fusion welded. Table
2 gives parameters used for inertia welding sev-
eral common dissimilar-material combinations.
Carbon Steels and Alloy Steels. In general,

low- andmedium-carbon steels are joined to each
other under a wide range of conditions, and high-
carbon steels are readily joined to alloy steels
(Ref 12) using friction welding. High-speed tool
steels are welded to alloy steel shanks for numer-
ous machine-tool applications. Steel with carbon
contents as high as 1.0%, such as 52100 steel, can
be joined to lower-carbon alloys. Preweld heat
treating may be required in some cases to better
match the properties at the interface, and post-
weld heat treatment may be required in some
cases to temper the interface region of the high-
carbon steel grades.
Stainless Steels to Other Selected Metals.

Stainless steel alloys are comparatively easy
to frictionweld to othermetals. For example, aus-
tenitic stainless steel to low-alloy steel (Ref 20),
titanium and copper to stainless steel (Ref 21),
and 1100 aluminum to stainless steel (Ref 22)
are examples of transition joints that are made
by FRW.
Titanium can be welded to stainless steel

with extreme care (Ref 23), and other incom-
patible dissimilar combinations may be suc-
cessfully welded using interlayer techniques
(Ref 24). Figure 6 shows a micrograph of the
interfacial region of an inertia weld between
Monel 400 and 21-6-9 stainless steel. The joint
properties are excellent, with plastic flow

occurring in Monel 400 before joint failure dur-
ing bend testing.
Such transition joints can often be used as

interlayers for the friction welding of incompat-
ible materials. For example, it is difficult to
weld 5083 aluminum directly to stainless steel.
However, by first friction welding aluminum
alloy 1100 to the stainless steel and machining
the 1100 aluminum alloy back to an interlayer
thickness of approximately 1 mm (0.04 in.),
the 5083 aluminum alloy can be joined to the
stainless steel via this 1100 interlayer with high
joint efficiencies (Ref 25).
Figure 7(a) shows an example of an aluminum-

base MMC that was friction welded to 1100
aluminum. The MMC is a 2024 aluminum alloy
with 15 vol% Al2O3 particles. The interface
region between thesematerials is shown at higher
magnification in Fig. 7(b), where intermixing of
both the materials is shown to occur.
Problems Common to Welding of Dissim-

ilar Materials. In general, the same problems
encountered when welding similar materials
must be addressed when welding dissimilar
materials. However, some problems are asso-
ciated only with the welding of dissimilar mate-
rials or are greatly magnified during the
welding of dissimilar materials. These factors
include joint interfaces, low-melting phases,
brittle phases, and different thermal expansions.
Joint Interfaces. While most similar-material

welds are made with little concern for surface
preparation, highly dissimilar-metal combina-
tions are more sensitive. This happens for vari-

ous reasons. In stainless steel to aluminum alloy
welds, the oxide surface that forms on the alu-
minum picks up contaminants such as water
and hydrocarbons, forming extremely tenacious
surface layers (Ref 26). If this layer is not
removed prior to welding, poor structural welds
may occur. In stainless steel to refractory metal
alloy welds, the oxide on the faying surfaces
again may contain contaminants such as water
and hydrocarbons. The contaminants in this
case are likely to alloy into the finished weld-
ment. This alloying causes a reduction of struc-
tural integrity through the formation of low-
melting or brittle phases at the weld interface.
Surface-treated interfaces frequently cause

problems during FRW. Steels that have been car-
burized or nitrided, titanium alloys that have
been nitrided, and other hardfaced alloys are dif-
ficult to friction weld due to the inherently low
friction coefficient and low forgeability. The
repeatability of welds made on materials with
hard surface layers is difficult to characterize
due to several factors, including coating thick-
ness, coating quality, and physical properties of
the coating. In most instances, weldability is
improved if the surface-treated area is removed
from the faying surface(s) before welding.
Low-Melting-Phase Formation. Some mate-

rial combinations have very low-melting-point
phases associated with mixing of constituents
at the weld interface. The formation of these
phases during the welding cycle is deleterious
to the finished weld properties. Examples of
combinations that fall into this category include

Table 2 Parameters for inertia-drive friction welding of two 25 mm (1 in.) diameter bars made of dissimilar metals

Work metal Spindle speed, rev/min

Axial force Flywheel size(a) Weld energy Metal loss(b)

Total time(c), skN lbf � 103 kg � m2 lb � ft2 kJ ft � lbf � 103 mm in.

Copper to 1018 steel 8000 22 5 0.06 1.4 20 15 3.8 0.15 1.0
M2 tool steel to 1045 steel 3000 180 40 1.14 27.0 54 40 2.5 0.10 3.0
Nickel alloy 718 to 1045 steel 1500 180 40 5.48 130.0 68 50 3.8 0.15 2.5
Type 302 stainless to 1020 steel 3000 80 18 0.84 20.0 41 30 2.5 0.10 2.5
Sintered high-carbon steel to 1018 4600 53 12 0.35 8.3 41 30 2.5 0.10 2.5
Aluminum 6061 to type 302 stainless 5500 22

67(d)
5

15(d)
0.16
. . .

3.9
. . .

27
. . .

20
. . .

5.1
. . .

0.20
. . .

3.0
. . .

Copper to aluminum alloy 1100 2000 33 7.5 0.46 11.0 10 7.5 5.1 0.20 1.0

(a) Moment of inertia of the flywheel. (b) Total shortening of the workpieces during welding. (c) Sum of heating time plus welding time. (d) The 22 kN (5000 lbf) force is applied during the heating stage of the weld; force is
subsequently increased to 67 kN (15,000 lbf) near the end of the weld.

Fig. 6 Metallographic cross section of the interface of
a Monel 400 to 21-6-9 stainless steel weld

produced by inertia-drive friction welding. Note the fine
grain size present at the interface.

Fig. 7 (a) Cross section of the interface of a direct-drive friction weld joining 1100 aluminum to a 2024 aluminum
alloy with 15 vol% Al

2
O

3
particles. (b) Higher magnification of the same weld showing the excellent weld

formed at the interface. MMC, metal-matrix composite
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iron-base alloys to titanium alloys and alumi-
num alloys to magnesium alloys. Low-melt-
ing-point eutectics are found in both of these
metallurgical systems, and great care must be
exercised during parameter development to pre-
vent the formation of liquid phases during the
completion of successful welds.
Other weld combinations may be affected by

contaminants at the weld interface. Examples
include sulfur and phosphorus in iron-base alloys
and bismuth in copper alloys. These contaminants
maycauseproblemswithhot shortness invery low
concentrations. It is imperative that good cleaning
practices be implemented when materials may
have been contaminated with these elements or
with material containing these elements.
Brittle-Phase Formation. Many materials,

when combined, are susceptible to the forma-
tion of brittle phases. In some combinations,
this occurs during the welding cycle; in others,
service conditions after welding cause the prob-
lem. Two main reasons exist for brittle-phase
formation in friction welds:

� Surface contaminants that embrittle the weld
interface (see the section “Joint Interfaces”
in this article)

� Formation of intermetallic phases between
normal constituents of the alloys being
welded

Intermetallic phase formation is common
when welding refractory metal alloys to stain-
less steel alloys and in several other systems.
In the case of stainless steels to refractory
metals, s phase or similar phases may occur
at the interface upon welding. Proper weld
procedure development reduces the amount of
brittle phases that are formed but typically does
not eliminate their formation completely.

Properly developed welds have satisfactory
structural properties, because only small, non-
continuous areas of the brittle phase are present
at the weld interface. Figure 8(a) shows an iner-
tia-drive welded joint between vanadium and
21-6-9 stainless steel. The interface is smooth
and shows no areas of brittle phases. Electron
microscopy techniques are needed to find the
small areas of s phase that could be present at
the weld interface for this weld or for other del-
eterious phases in other material combinations.
Caution must be used when designing com-

ponents for use at elevated-temperature
extremes. In many instances, material combina-
tions in which no brittle phases form during
welding are susceptible to brittle-phase for-
mation at the interface during high-temperature
use. This is not a design issue when the welds
are used for near-room-temperature applica-
tions. Figure 8(b) shows the vanadium to 21-
6-9 stainless steel inertia-drive weld after a
severe thermal cycle of 1000 �C (1830 �F)
for 2 h with s-phase and solid-solution
growth at the weld interface. The thick layer
next to the stainless steel is a solid solution
of iron and vanadium. The thin layer next
to the vanadium is s phase and forms a contin-
uous brittle fracture path across the weld
interface.
Differential Thermal Expansion. Some mate-

rial combinations are difficult to weld because
of the large differences in thermal expansion.
Low-expansion materials, such as refractory
metals, ceramics, and low-expansion iron-
nickel and iron-nickel-cobalt alloys, may fail
or be highly stressed during cooling when
welded to high-expansion material, such as aus-
tenitic stainless steels and nickel- and cobalt-
base superalloys. Use of these combinations
requires the designer to consider the large

stresses or metal fatigue developed within the
fabricated structure if the welds are restrained
when exposed to large temperature changes.
Intermediate-expansion materials and multiple
friction welds may be required to allow for
the transition from high to low thermal expan-
sion materials.
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Fundamentals of Friction Stir Welding
P.S. De, N. Kumar, J.Q. Su, and R.S. Mishra, Missouri University of Science and Technology

TRADITIONALLY,WELDINGOFMETALS
AND ALLOYS has been a fusion-based
process where a filler metal is used for joining.
The approach, although applicable to a wide vari-
ety of commercial alloys, has its own specific lim-
itations due to the nature of the process. As an
example, high-strength precipitation-strength-
ened aluminum alloys are nonweldable by fusion
techniques due to problems of liquation cracking
and porosity. Friction stir welding (FSW) techni-
ques, invented at The Welding Institute of the
United Kingdom in 1991, have successfully over-
come these drawbacks of fusion welding methods
(Ref 1, 2). The concept is remarkably straightfor-
ward: a cylindrical tool with a pinlike attachment
is rotated and slowly inserted into the rigidly
clamped joint tobewelded (Fig. 1a).The frictional
and deformational effects due to the rotating tool
surface in contact with theworkpiece cause plasti-
cization of the metals to be joined. Translational
movement of the rotating tool (actual or relative
to the workpiece) results in the mixing of plasti-
cized metal volumes, leading to joining (Fig. 1b).
Control of the FSW process is currently thought
of in terms of process parameters and is not related
directly to fundamental deformationmechanisms.
Friction stir welding can be viewed as a deforma-
tion process used to join metals rather than a join-
ing process that involves deformation.
Figure 2 shows the schematic section of a

friction stir welded workpiece with its different
zones after macroetching. The microstructural
particulars are explained in more details later
in this article. In this context, the advancing
and retreating side of a friction stir weld needs
further explanation. As already mentioned, dur-
ing FSW the tool rotates as well as translates
along the joint to be welded. Half of the weld,
where the tool rotation direction has similar
sense to the tool translation direction, is known
as the advancing side of the weld. The other
half, where the tool rotation is opposite to the
tool translation direction, is known as the
retreating side of the weld. The macrostructures
in the advancing/retreating sides are signifi-
cantly different, particularly in their shape and
microstructure, and are explained later in this
article. Subsequent sections present the link
between deformation and FSW process para-
meters in more details.

Thermal Aspects

As previously indicated, FSW involves plastic
deformation at high strain rates and elevated tem-
peratures, with resultant microstructural changes
leading to joining. The heat generated in FSW is
primarily from two sources: frictional and plastic
deformation. The frictional component is an out-
comeof the rotationalmovement of the tool shoul-
der and pin surfaces with respect to the stationary

workpiece and is the primary heat source at the
start of the process (i.e., the plunge period). The
frictional heat generation causes a localized soft-
ening of the metal, which causes plastic deforma-
tion. During the pseudo-steady-state welding
process, both frictional and plastic deformation
contribute to the overall heat generation. Unlike
other fusion welding techniques, in FSW nomelt-
ing occurs (other than localized extreme para-
meters). In the next section, the results of
experimental temperature measurements during
FSW of various metals are summarized.

Temperature Measurement

The temperature generated during FSW is an
important process variable and plays a vital role
in determining the weld microstructure. Conse-
quently, numerous experimental measurements
of temperature around the weld zone have been
reported. Figure 3 shows the peak temperatures
measured around the welded region during a fric-
tion stir butt weld. It should be noted that no mea-
surement in the actual welded region has been
performed.This is primarily due to the experimen-
tal limitation imposed by the moving tool during
the actual welding process. Table 1 summarizes
a few examples of the maximum temperature
measured in various metals during FSW, along
with their locations (Ref 3–9). The first observa-
tion is that, regardless of the material welded, the
temperatures measured were well below the

Fig. 1 (a) Schematic of a friction stir tool being inserted
into the workpiece. The process is also

sometimes called the plunge period of welding. The
workpiece is clamped firmly to prevent any movement.
The tool rotation direction and the pin thread
handedness are adjusted such that material is pushed
downward. (b) The tool fully plunged into the workpiece
is moved along the seam while it is rotating, which
consequently leads to welding due to mixing of metals
in a plasticized state.

Fig. 2 Schematic macroetched section of a general
friction stir welded microstructure with its

different zones. TMAZ, thermomechanically affected
zone; HAZ, heat-affected zone



solidus temperatures of the corresponding alloys.
In addition, the microstructural features showed
noobvious indicationofmelting. In fact, a detailed
microstructural analysis of the weld nugget indi-
cates the occurrence of a solid-state recrystalliza-
tion type of phenomenon (see the section
“Dynamic Recrystallization and Microstructural
Evolution” in this article).
The temperatures reported in Table 1were typ-

ical for the corresponding welding parameters.
Thus, for the same welding setup, different
FSW parameters result in different thermal
cycles. Again, use of a different welding tool or
weld backing plate will result in alterations of
the thermal cycle. To predict and understand such
changes, a thorough understanding of the factors
controlling weld temperature is therefore essen-
tial. In the next sections, physical explanation of
the heat input during FSWand the possiblemeth-
ods of their estimation are considered.

Heat-Source Estimation

Although heat-source estimation during FSW
continues to be a topic of active research, this
section covers the most common approaches
adopted. One of the methods consists of mea-
suring the power consumed by the machine
during the welding process. Thus, Khandkar et
al. (Ref 10) measured the torque and the

rotation rate during welding, from which the
radial heat flux _qðrÞ was calculated as:

_qðrÞ ¼ Pavr
2
3
pR3Shoulderþ2pR2PinHPin

(Eq 1)

where Pav is the average power input calculated
from the measured torque and rotation rate,
RShoulder is the shoulder radius, RPin is the pin
radius, and HPin is the pin height. However, this
method is limited by its inability to predict tem-
peratures for unknown welding conditions.
Moreover, the technique was based on the prem-
ise that heat generated during FSW was trans-
ferred fully to the workpiece, and it neglected
any heat transferred to the tool andmachine com-
ponents. Schmidt and Hattel (Ref 11) proposed
an alternative analyticalmodel of heat generation
where both the tool/workpiece contact condition
and tool geometry were considered. According
to this model, the total heat generated during the
rotation of the tool can be expressed as:

Qtotal ¼ 2

3
pðdtyield þ ð1� dÞmpÞ � o

� ½ðR3
Shoulder � R3

PinÞð1þ tan aÞ þ R3
Pin

þ 3R3
PinHPin� (Eq 2)

where d is a dimensionless factor defining the
contact conditions, tyield is the yield stress at the
welding temperature and strain rates, m is the

coefficient of friction, p is the contact pressure,
o is the tool rotation rate, and a is the tool shoul-
der cone angle.However, in thismodelQtotal is an
implicit function of d, tyield, m, and p. Conse-
quently, as in Eq 1, this restricts the prediction
of weld temperature for cases where experimen-
tal measurements are unavailable (Ref 12).
Because of the fully coupled thermomechanical
nature of the friction stir process, temperature
predictions for unknownweld conditions are pos-
sible only for models where both thermal and
material flow equations are solved simulta-
neously. In fact, even in such coupled simula-
tions, an appropriate model for heat generation
is critical. A common approach adopted for this
is an assumption that a finite fraction of the plas-
tic work done during FSW is converted into heat.
The plastic work done can then be calculated as:

_q ¼ bs � _e (Eq 3)

where b is the fraction of plastic work con-
verted, s is the stress, and _e is the strain rate.

Alternatively, considering material to be a
viscous fluid, the work done is calculated as a
product of material viscosity (Z) and strain rate
and is given as:

_q ¼ bZ � _e (Eq 4)

The frictional heat contribution is generally
regarded as a boundary condition and is
expressed as:

_q ¼ mp _� (Eq 5)

where _� is the slip rate, defined as the differ-
ence in velocity between tool surface and
matrix. With a suitable heat-source model, the
FSW temperatures can then be approximated
using analytical/numerical methods.

Temperature Prediction: Analytical
Approach

Any weld temperature prediction is based on
the basic energy conservation equation, which
can be schematically presented as (Ref 13):

{Net rate of internal and kinetic energy stored}

= {Net rate of internal and kinetic energy

flow by convection}

+ {Net rate of heat addition by conduction}

+ {Rate of heat generation} (Eq 6)

During FSW, the kinetic energy contribution
is generally neglected, and the energy equation
is adapted as:

]

]t
rðCpTÞ ¼ �r~� r~uðCpTÞ � r~� ðk ~rTÞ þ _q (Eq 7)

where r is the material density, Cp is the spe-
cific heat capacity, T is the temperature, ~u is
the velocity, and k the thermal conductivity.
Neglecting convective energy transport in Eq 7,
analytical expressions for steady-state conditions
can then be obtained by approximating the heat

Fig. 3 Peak temperature distribution around the friction stir weld (FSW) region of a 6.35 mm (0.25 in.) thick butt-
welded AA7075-T651 alloy. Source: Ref 3

Table 1 Summary of temperatures measured during friction stir welding of various metals

Serial Alloy Location measured Temperature, K Ref

1 AA6061-T6 Top surface and weld center 698 4
2 AA7075-T651 �0.6 mm (0.02 in.) below top adjacent to stir zone 748 3
3 AA6061-T6 . . . 810 5
4 AA1050 Close to stir zone bottom 583 6
5 AISI-1018 Shoulder-workpiece interface 1263 7
6 AA2195-T8 Adjacent to pin edge at plate middle 723 8
7 AZ-31 Measured in heat-affected zone 633 9
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source as a line or point geometry. Thus, for point
heat-source geometry, the pseudo-steady-state
temperature distribution (Rosenthal’s thick plate
solution) is given as (Ref 14):

T � T0 ¼ q0
2pk

1

R

� �

exp½� u
2a

ðRþ xÞ� (Eq 8)

where T0 is the initial plate temperature, u is
the welding velocity, a (= k/rCp) is the thermal
diffusivity, R is the distance from the source to
the point of measurement, and x is the X-coordi-
nate in the moving reference axis system (located
at the source). For line heat-source geometry, the
pseudo-steady-state temperature (Rosenthal’s thin
plate solution) distribution is given as (Ref 14):

T � T0 ¼ q0=d

2pk
exp

�

ux
2a

�

K0

�

ur
2a

�

(Eq 9)

whereK0(ur/2a) is themodifiedBessel function of
the second kind and zero order. In fact, the first
assessments of FSW temperature done by Gould
and Feng (Ref 15) and Feng et al. (Ref 16) used
Rosenthal’s model. However, such analytical
models are applicable only for very specific
boundary conditions. Thus, in practical welding
situations, heat loss through the tool and backing
plate limits the applicability of such analytical
models. In such instances, numerical solution to
the problem is expected to give a better prediction.
The next section discusses the results of such
numerical models on FSW in more detail.

Temperature Prediction: Numerical
Approach

As mentioned previously, a thorough analy-
sis of temperature requires a simultaneous

solution of thermal and material flow equations.
However, solving such coupled equations is
exceedingly complex and is associated with
specific limitations. In this section, temperature
prediction by the solution of Eq 7 alone is dis-
cussed. The approach for such temperature pre-
diction is based on numerical methods such
as the finite-difference and finite-element
methods.
However, subtle differences exist between

the works of various authors. Thus, Song
and Kovacevic (Ref 5) considered _q as a bound-
ary condition with heat generation due to fric-
tion at the shoulder/matrix interfaces. Both
friction and shear were considered to be
the heat-generation source at the pin/matrix
interface. The coefficient of friction was
assumed to be a constant value (�0.4). On the
other hand, Khandkar et al. (Ref 10) assumed
the existence of a uniform shear stress at the
entire tool/matrix interface. The total heat input
was derived from the torque measurements
obtained from actual FSW experiments. The
simulated time-temperature profile obtained
was then matched with the experimental data
by assuming an appropriate conductance value
of the base plate. Frigaard et al. (Ref 17) calcu-
lated the temperature profile by using an adjus-
table friction coefficient. The friction
coefficient was adjusted such that the peak pro-
cessing temperature never exceeded the liqua-
tion temperature. However, during the initial
plunge period, the coefficient of friction was
assumed to be a constant with an approximate
value of 0.4. The pressure (P) during FSW
was assumed to be constant. Similar simula-
tions done by Khandkar and Khan (Ref 18)
resulted in a friction factor value of only 0.15.
As can be noted, although the predicted

temperature profiles matched with the measure-
ments, the coefficient of friction assumed by
various authors was inconsistent. The results
clearly indicate that using friction as the sole
heat-generation source is unrealistic and does
not simulate the actual process occurring during
FSW.

Material Flow

The discussion on thermal aspects of FSW
and the variation in friction coefficients clearly
indicates that plastic flow plays a crucial role
during heat generation. In the next section, the
experimental results on material flow during
FSW are presented.

Experimental Aspects

Experiments on material flow in FSW can be
categorized into two main groups: marker stud-
ies and dissimilar welding. In the marker stud-
ies, small, undissolvable material such as steel
balls or SiC particles (in aluminum) are inserted
in grooves machined along the welding path.
The passage of the FSW tool and accompany-
ing material flow displaces the markers, from
which the material movement during FSW is
reconstructed. In the dissimilar-welding tech-
nique, materials that etch differently are welded
together, with the material flow reconstructed
by postweld chemical etching. Alternatively,
microtextural changes after FSW have also
been used to understand the material move-
ment. A more detailed discussion on texture
evolution during FSW is given in the section
“Texture” in this article. In Table 2, the results

Table 2 Summary of marker study results by various authors

Study type Ref Flow pattern

Steel shots in AA6061-T6 and AA7075-T6 19 (a) Steel shots affected by shoulder deposited chaotically and moved downward
(b) Steel shots in pin front deposited continuously behind pin and moved up

AA5454-H32 marker in AA2195-T8 20 (a) Material stirring occurs only at shoulder-affected zone.
(b) In pin-affected zone, material moves behind its original position.
(c) For threaded pins, a secondary vertical flow exists.

Radioactive Ni tracer in AA2219-T8 21 Metal rotated around tool in a thin sliver just beneath shear surface (“wiping flow”) in last-in/first-out mode.
Microtexture study in AA6063-T5 22 (a) Transverse weld section microtexture shows {111} planes as roughly parallel to pin surface.

(b) The <110> directions were parallel to transverse direction.
(c) Shear type of plastic flow along pin surface

Microtexture study in AA1100, AA6061-T6, and
C458 alloy

23 (a) Dominant shear direction is aligned tangent to rotating tool.
(b) Secondary shear direction along tool such that {111} planes are inclined 70� from the dominant shear direction

Cu foil along faying surface in AA6061-T6 24 (a) Advancing-side material deposits behind pin on advancing side.
(b) Retreating-side material stays on retreating side.
(c) Vortex movement within rotational zone associated with the pin

Microtexture study in AZ-61 alloy 25 (a) Prominent basal texture (0002) of base material traced an ellipsoid surrounding the pin column.
(b) The effect was not noticed near the shoulder region.
(c) Onion-ring structure and nugget shape associated with the elliptical trace of (0002) texture

Al-30vol%SiC and Al-20vol%W markers in AA7050
alloy

26 (a) Upward movement of material ahead of pin
(b) Markers at advancing side distributed over a much wider region in the wake of weld compared to weld centerline
(c) Downward movement of material due to tool threads

Microstructural studies on AA2024-T3/2524-T3 27 (a) Metallurgical bands (low-strain and high-strain alternating bands observed on etching) form, which correspond closely
to tool marks.

(b)Variation in secondary particle segregation and grain size along bands
Microstructure studies on AA2024-T3/2524-T3 28 (a) Strong correspondence between strain response and metallurgical bands

(b) High-strain bands correspond to lower particle density, larger grain size. Reverse is true for lower-strain bands.
Textural studies on AA2195-T8 alloy 29 (a) The {111} planes are aligned with the tool rotation axis.

(b) Randomly oriented grains in nugget
Cu as marker in AA2024-T3 alloys 30 (a) Average material flow velocity 0.1–0.3 times the tool rotation speed

(b) Three different zones of rotation around the pin are proposed: rotation, transition, and deflection.
(c) In rotational zone, material sticks to tool and undergoes multiple rotations.
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of some marker and microtextural studies done
in FSW have been summarized (Ref 19–33),
and a typical example is presented in Fig. 4.
The basic material flow characteristics obtained
from experiments can therefore be summarized
as follows (Ref 31):

� Near the shoulder region, material from the
retreating side is dragged across the weld
centerline and deposited on the advancing
side.

� Material intersecting the pin travels
around the retreating side and is deposited
behind the tool, being moved backward
from the original position by no more than
one pin diameter, except for welds where
shoulder flow dominates (e.g., in thin-sheet
welding).

� Flow pattern similar to that of the shoulder is
seen near the pin bottom, but on a much
smaller scale.

� Tool runout can affect the material flow in
addition to causing periodic variation in
welding forces.

Although the aforementioned flow features
were obtained mostly from FSW of aluminum
alloys, similar studies on magnesium alloys
and steels reveal identical material flow charac-
teristics (Ref 25, 32). Therefore, the material
flow characteristics mentioned previously holds
true regardless of the crystal structure of the
metal considered.
Another typical flow characteristic observed

in FSW is the banded feature, which is
observed on etching of FSW cross sections, as
seen in Fig. 5 (see also the discussion on “onion
rings” in the section “Cross Section of FSW
Material” in this article). These bands are char-
acterized by alternating microstructures with
different grain and particle size distributions
in the weld nugget, where the individual
bands are separated by a distance equal to
or less than the tool advance per revolution

(i.e., u/o). Recent experiments by Yan et al.
(Ref 35) indicate that the banding is associated
with periodic oscillations in force that occur
during each tool revolution in FSW and are
unaffected by tool runout. However, at present
no definite explanation for this periodic metal-
lurgical feature is established, although broadly,
material flow has been accepted to be behind its
genesis.

Analytical Modeling

In this section, two analytical models, sup-
plemented by experimental/numerical flow
models, are described. In Nune’s (Ref 21) rotat-
ing plug model, the flow in the proximity of the
tool pin was approximated by a rotating disc
that is superimposed on a continuum moving
at the speed of welding. The particle trajectory
during FSW was therefore expressed as
(Ref 21):

x2 þ
�

yþ u
o

�2

¼ Constant (Eq 10)

The boundary of the rotating disc was consid-
ered to be a region of velocity discontinuity,
that is, the shearing surface. Additionally, a
vortex flow due to tool thread action was also
incorporated where the radial velocity of mate-
rial was assumed to vary sinusoidally with the
weld depth. Although Nune’s (Ref 21) model
partially simulated the material flow as
observed by nickel tracer distribution, it is inap-
plicable for unthreaded tools and lacks physical
explanation, particularly for the shoulder-
affected region of FSW.
Schmidt and Hattel (Ref 36), on the other

hand, proposed a two-dimensional analytical
model to determine the material shear
layer thickness located around the rotating
tool (Fig. 6). This model explains the shear
layer asymmetry observed in FSW experiments

and assimilates the rotation and transition
zone concepts proposed by Guerra et al.
(Ref 24). Schmidt et al. (Ref 30) further used
this model to calculate the material flow veloc-
ity during FSW in a separate experimental
paper published later. The width of the shear
layer (wy) variation as a function of angle, y
(Fig. 6), calculated from the centerline of the
weld (positive toward retreating side and nega-
tive toward advancing), was expressed as
(Ref 36):

wy ¼ 2Rpinuðsin yþ 1Þ þ wadvo
oRpin � u sin y

(Eq 11)

Although the aforementioned analytical
models provide valuable insight into the
material flow mechanisms, they have
a limited practical use. Consequently, numeri-
cal simulations are assuming a more
significant role in extending the current under-
standing about the processes that occur during
FSW.

Numerical Modeling

Standalone material flow models, although
physically inaccurate, do provide significant
insight into the process when done in
tandem with experimental results. The
mass and momentum balance equations
form the basic building block for such simula-
tions, where the mass balance equation is
given as:

]r
]t

¼ �
�

]ðruxÞ
]x

þ ]ðruyÞ
]y

þ ]ðruzÞ
]z

�

(Eq 12)

with the density, r, remaining constant for all
practical purposes. The momentum balance
equation is expressed as (Ref 13):

Fig. 5 Difference in grain size within the ring patterns
observed in the horizontal-section

microstructure of a bead-on-plate run of cast A356 alloy.
The tool advance per revolution (APR) was 0.1 mm
(0.004 in.). Note that the gap between the bands
matches the APR from Ref 34.

Wq=-90° =Wadv

Wq=180° =Wtrail

Wq=90° =Wretr

Wq= 0° =Wlead

yadv=1

ycl~0.5

yretr=0

y

qd

d

w

Tool probe
Rotation layer
Transition layer
Deflection zone

Fig. 6 Various layers in friction stir welding nugget as
proposed by Schmidt and Hattel (Ref 36). The

streamlines (c) of material flow are also depicted, along
with the shear layer variation with y. Source: Ref 30

Fig. 4 Distribution showing the position of AA5454-O
markers (white region) in AA2195-T8 alloy

after the passage of friction stir tool pin. The markers
placed perpendicular to the weld path moved backward
by a distance equal to the chord length intersecting the
pin circle, and oriented parallel to welding direction.
The double arrow gives a measure of the pin diameter
used. Source: Ref 31
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{Mass per unit volume times acceleration}

+ {Pressure force on element per unit volume}

+ {Viscous force on element per unit volume}

+ {Gravitational force on element per unit volume}

+ {Body forces} (Eq 13)

Schmidt and Hattel (Ref 37) used a two-dimen-
sional version of Eq 13 to model the material flow
around the pin, where the material during FSW
was assumed to follow a non-Newtonian power
law equation. These simulations showed the pres-
ence of a rotational and transition zone, as pro-
posed by Guerra et al. (Ref 24). Similar material
flow simulations in two dimensions conducted
by Xu et al. (Ref 38) used an adaptive Lagrang-
ian-Eulerian technique (ALE) in combination
with the experimental temperature measurements
from a previous work. The results showed that
material flow in FSW occurs along the retreating
side, replicating the general flow feature observed
during experiments. A complete understanding of
material flow, however, requires three-dimen-
sional simulations with simultaneous consider-
ation of both thermal and material flow models.
In the next section, a brief discussion on coupled
modeling in FSW is presented.

Coupled Numerical Modeling

The principal intent of coupled numerical mod-
eling using finite-element modeling (FEM) is to
solve the energy and momentum partial differen-
tial equations (i.e., Eq 6 and 13) simultaneously.
Depending on the approach taken, the heat source
ismodeled on the basis ofEq 3 and 5 orEq4 and 5.
Thus, when material flow is considered to be a
plastic deformation problem, Eq 3 and 5 are used,
and when in the fluid dynamic approach, Eq 4 and
5 are adopted. However, in both cases, the stress
response variation of the metal to changing tem-
peratures and strain rate, that is, the choice of con-
stitutive equation, determines the accuracy of the
simulations.
Table 3 summarizes the constitutive equations

adopted by various authors during FSW simula-
tions, where the equation constants are obtained
from isothermal hot compression experiments
or torsion experiments. During hot compression
experiments, the levels of strain achieved are
much lower compared to those estimated for
FSW. On the other hand, in torsion experiments,
although levels of strains achieved are higher
than in the hot compression case, the strain distri-
bution is nonuniform, being highest at the surface
and zero at the specimen center. Thus, the strain
rate and temperature regimes during such experi-
ments are significantly different from that of
FSW, which introduces inherent uncertainties
into the constitutive equations adopted.
Another important difference is the capability

of the simulations to reproduce different welding
defects (see the section “Simulation ofDefect For-
mation” in this article) that occur during FSW. To
understand the complexities of such simulation,
the difference between Lagrangian and Eulerian
representation in kinematics needs further

elucidation. In Lagrangian representation, the
flow path of individually identifiable material
volumes is traced with respect to their initial posi-
tion. The Eulerian flow representation, on the
other hand, tracks the material velocity at fixed
locations in the space. Plastic deformation model-
ing uses theLagrangian representation,while fluid
dynamics modeling uses the Eulerian representa-
tion. In other words, the finite-element mesh dur-
ing plastic deformation modeling distorts with
the progression of the simulation,while in thefluid
dynamics approach, the finite-element mesh
remains undistorted. This, along with the contact
surface requirements during FEM-based model-
ing, makes defect simulation using the fluid
dynamics approach unachievable. Again, exces-
sive mesh deformation during plastic-deforma-
tion-based FSW simulation creates numerical
instabilities, causing Lagrangian representations
to be inherently difficult to simulate. Currently,
attempts are being made to address this issue by
using more complex numerical methods, such as
the ALE technique (Ref 39). In fact, Schmidt and
Hattel (Ref 39) have shown that defect simulation
using the ALE technique is numerically achiev-
able (see the section “Simulation ofDefect Forma-
tion” in this article). In Table 4, a summary of the
different coupled numerical approaches used by
various authors is presented.

Friction

As discussed previously, frictional heat gen-
eration is a major part of the FSW process.

The frictional heat generated at the tool/work-
piece interface is considered to be particularly
important at the beginning of the process
(plunge portion) and was also observed in the
simulations of Schmidt and Hattel (Ref 39).
According to Schmidt and Hattel’s simulation,
during the pseudo-steady-state period of actual
welding, the contribution of heat generated
due to frictional forces decreases to �25% of
the total heat generated (Ref 39). Nonetheless,
for accurate FSW process simulation, a proper
assessment of frictional heat contribution is
essential.
Frictional forces can be classified mainly into

two types: Coulomb’s and constant shear. For
Coulomb’s friction, the frictional force is
expressed as:

s ¼ mp (Eq 14)

where m is the Coulomb’s coefficient of fric-
tion, and p is the pressure applied. The fric-
tional stress for the constant shear model is
given as:

s ¼ m
s0
ffiffiffi

3
p (Eq 15)

where m is the friction factor, and s0 is the flow
stress of the material. Schmidt and Hattel (Ref
11) proposed a modified description for the
frictional forces during FSW, where three dif-
ferent conditions were assumed to exist. They
are sticking condition, sliding condition, and
partial sliding/sticking condition. A modified
contact variable, d, was proposed (see the

Table 3 Constitutive models adopted in friction stir welding simulations published in
literature.
Here, Z denotes the Zener-Holloman parameter, and s, �_", and �e are the average stress, strain rate, and strains,
respectively. TM is the melting point, and Tref is a reference temperature. Remaining variables are material constants and
are obtained experimentally.

Ref Constitutive model used

39 s ¼ Aþ B �e½ �nð Þ 1þ C ln
�_e
_e0

� �

1� T�Tref
TM�Tref

� �m� �

40

s T;�_e
� 	 ¼ 1

a ln
Z
A


 �

1=n þ Z
A


 �

2=n þ 1

 �

1=2

0

B

@

1

C

A

41
se ¼ 1

a sinh
�1 Z

A

� 	

1=n
� �

42 Extrapolation from experimental data
43 s ¼ KTAð�_eÞBð�eÞC
44

se ¼ 1
a sinh

�1 Z
A

� 	

1=n
� �

45 Z ¼ A sinh asð Þn

Table 4 Summary of coupled simulations in friction stir welding as published in literature
Simulations are differentiated on the basis of modeling approach used: ALE, adaptive Lagrangian-Eulerian; CFD,
computational fluid dynamics; and LM, Lagrangian method. The temperatures mentioned in column 4 are the peak
simulation temperatures.

Ref Approach Material Temperature, K Other variables predicted

39 ALE AA2024-T3 773 Deformation field, plunge force
40 CFD AA6061-T4 Isothermal Material flow, power, X-force
41 CFD AA7075-T7 701 Material flow, pin forces
42 LM AA6061-T6 773 Residual stress
43 LM AA7075 731 Strain distribution, material flow
44 CFD AISI-1018 1100 Strain rate, tool torque, material flow
45 CFD AA5083 and AA7075-T6 1133 Material flow, transverse force, power
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section “Heat-Source Estimation” in this arti-
cle), which was defined as (Ref 11):

d ¼ Umatrix

Utool

(Eq 16)

where Umatrix is the linear matrix velocity, and
Utool is the corresponding linear tool velocity at
that position. This was subsequently used to
develop an analytical model for heat generation
in FSW (Eq 2). Thus, for the sliding condition,
the value of m in Eq 15 is 0, while for sticking
friction, m assumes a value of 1. It should be
noted that in FSW, coefficient of friction values
greater than 1 have also been reported. Colligan
and Mishra (Ref 46) have reported coefficient of
friction values as high as 1.3 (Fig. 7). This relates
to the complexity of the frictional conditions dur-
ing FSW. The experimental and theoretical
approaches so far try to obtain or use a value of
coefficient of friction for a particular run. How-
ever, the coefficient of friction would vary across
the tool shoulder and pin surface because the
pressure and temperature is location-specific. A
fundamental understanding of this is lacking.

Defects

Improper processing leads to defects in the
welded zone in all joining processes, and FSW
is no exception. The defects have been found

in butt joints as well as lap joints. Material flow
and heat-generation patterns have been attribu-
ted to the creation of defective welds. In this
section, types of defects, processing parameters
affecting the generation of these defects, and
results of theoretical models and simulations
to understand the formation and control of
defects during FSW are discussed.

Types of Defects

Arbegast (Ref 47) reported various types of
defects (wormhole or voids, lack of penetration,
lack of fusion, surface lack of fill, root-flow
defect, nugget collapse, surface galling, and
scalloping), and representative examples of
these are shown in Fig. 8. These defects are
either flow related or geometric. Also shown
in Fig. 8 is a processing map correlating the
tool rotational rate and tool traverse speed and
the impact of these parameters on the genera-
tion and control of these defects. In flow-related
defects, processing of a material outside the pro-
cessing window leads to defect generation due to
unbalanced material flow. Improper tool selec-
tion, insufficient plunge depth, unequal thick-
nesses of joining materials, or improper seam
tracking lead to geometric defect formation.
Among all, the most commonly encountered

defects are voids, joint-line remnants, and
improper root penetration (Ref 48). Voids have
been reported to form on the advancing side of

the welds. Some of the voids formed during
FSWare shown in Fig. 9. Figure 9(a) shows a pre-
dominantly surface-breaking void (Ref 49). A
tunnel type of void is shown in Fig. 9(b) (Ref 50).
A joint-line remnant (JLR) defect is also

termed a lazy “S” or zigzag line (Ref 51). If
processing parameters or surface conditions at
the interface of the materials being joined are
such that, during processing, oxide layers can-
not be disrupted, it leads to formation of a
JLR. The oxide layers are present at the faying
surface of the workpieces to be joined. A repre-
sentative example is shown in Fig. 10 (Ref 48).
Like other defects, JLR is also dependent on
processing and geometric conditions.
Among many parameters, a considerably

smaller pin height compared to the thickness
of the plates to be joined and positioning of
the tool relative to the joint interface are the
main reasons for incomplete root penetration.
Local thickness variation of plates may also
lead to this defect (Ref 48).
Kim et al. (Ref 52) discussed three other

types of defects: excess heat input resulting in
flash formation, cavity- or groove-like defects,
and abnormal stirring that leads to cavity for-
mation. The groove and channel defects have
also been reported by Chen et al. (Ref 53).

Parameters Affecting Defect Formation

Tool rotational rate, tool traverse speed, axial
pressure, tool tilt angle, tool geometry, and gap
between plates are a few important processing
parameters determining the quality of the weld.
Tool rotational rate affects the formation of
defects in two ways. Low rotational rate causes
lower heat input and hence less softening of the
materials being joined, and very high rotational
rate causes abnormal stirring. Kim et al. (Ref
52) have addressed these two aspects of the
effects of rotational rate on the formation of weld
defects. Figure 11 shows the effect of rotational
rate on void formation. As can be noted, lower
rotational rate led to insufficient heat input and
resulted in defect formation. On increasing the
rotational rate from 1250 to 1500 rpm and
keeping the tool traverse speed the same (250
and 500 rpm) in the first two cases, sound FSW
welds were obtained. On further increasing the
rotational rate, defects appeared again due to
abnormal stirring of the processed material.
Kim et al. (Ref 52) suggested that the abnormal
stirring was a result of a difference in tempera-
tures between the upper and lower parts of the
weld. In Fig. 11, the effect of axial pressure can
be noted as well. For the defects arising due to
insufficient heat input, increasing axial pressure
reduced the size of the void. The effect of
increase in axial pressure on the defects gener-
ated due to abnormal stirring was marginal.
In a study to show the effect of welding

speed, Zhang et al. (Ref 54) changed welding
speed from 40 mm/min (1.6 in./min) to 600Fig. 7 Variation of coefficient of friction with torque for AA5182- and F-357-type aluminum alloys. Source: Ref 46
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mm/min (24 in./min) at a constant rotation rate
of 1000 rpm. The micrographs from their study
demonstrating the effect of welding speed on
defect formation are shown in Fig. 12. It can
be noted that voids formed at a welding speed
of 200 mm/min (8 in./min).
The effect of tool geometry has been studied

by Elangovan and Balasubramanian (Ref 55,
56). Five different pin profiles (straight cylindri-
cal, threaded cylindrical, tapered cylindrical,
square, and triangle) were used by these

researchers, and the formation of a sound weld
was discussed in terms of the effect of pin profiles
on material flow. The material flow was
explained on the basis of the relationship between
the static and dynamic volume defining the zone
of thermomechanically plasticizedmaterial flow.
The effect of shoulder diameter on defect forma-
tion has also been addressed (Ref 55). Using a
larger-diameter tool resulted in formation of
sound welds due to sufficient heat input com-
pared to tools with smaller diameters.

Tool tilt angle also has an influence on defect
formation. Chen et al. (Ref 53) studied the
effect of tool tilt angle on the formation of weld
defects. The formation of groove-type defects
was reported by these authors at a very small
tool tilt angle (1�) on the advancing side of
the weld. At a tool tilt angle of 3.5�, a sound
weld formed. However, on further increase
of the tilt angle �4.5�, void formation was
observed again.
Leal and Loureiro (Ref 50) have studied the

effect of alloys on the formation of defects.
Three alloys, 5083-O, 2024-T3, and 6063-T6,
were used in that study. Under the processing
conditions used, 6063-T6 did not show any
defects, whereas defects were observed in the
remaining two alloys. This shows the link
between the flow behavior of the material and
defect formation.
Leonard and Lockyer (Ref 49) have shown

the effect of the presence of joint gap on weld
formation. A joint gap of 3.2 mm (0.13 in.),
which corresponded to 50% of the plate thick-
ness, resulted in a defective weld, and the pres-
ence of a cavity was reported on the advancing
side of the weld.

Fig. 8 Types of defects and process map (tool traverse rate vs. rotational rate) governing the process window. Source: Ref 47

Fig. 9 (a) Surface-breaking void type of defect in a 2014Al alloy. Source: Ref 49. (b) Tunnel (void) defect formed in
5083Al-O alloy. Source: Ref 50
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Theoretical Models of Defect
Formation

To develop a physical understanding of the
defect formation process, efforts have been
made to develop theoretical models by various
researchers (Ref 52, 54, 57). Here, the model
developed by Arbegast (Ref 57), based on a
flow-partitioned deformation zone, is discussed.
(Refer to Ref 52 and 54 for more details.)
Arbegast (Ref 57) divided the material flow

process during FSW into four zones, as shown
in Fig. 13. In accordance with this model, mate-
rial passing through zone III on the retreating
side is dragged toward the advancing side. It
is interleaved with the material flowing fromFig. 10 (a) Macroscopic view of joint-line remnant defect. (b) Higher-magnification image showing the oxide

particles dispersed in the processed zone. Source: Ref 48

Fig. 11 Effect of tool rotational rate on defect formation in friction stir welding (FSW). Additionally, the effect of axial pressure on defects can be noted. Source: Ref 52
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the advancing side and is pushed vertically
downward, entering zone I. Part of the material
flowing in zone II may enter zone IV under the
pin before entering into zone I from zone IV.
This model is based on the criterion of mass

balance; material entering the cavity on the

trailing side created by the tool movement
per revolution should be exactly balanced
by the material flowing from the leading
side of the tool. It was defined as the critical
total mass flux of material, Mcr

T , and this is
given as:

Mcr
T ¼ rða � b � f2Þ�1

(Eq 17)

where r, a, b, and f are the density of the
material, the pin shape factor (mm�1), the
shoulder shape factor (mm2), and the proces-
sing parameters (defined as tool rotational
rate/tool traverse speed), respectively. For the
extrusion zone, Eq 17 can be rewritten for a
specific location (i) as:

Mcr
T ¼

X

ri a: � b � oi

ni

� �2

:

 !�1

(Eq 18)

In Eq 18, oi and ni are the tool rotational rate
and tool traverse speed, respectively. The whole
process of welding is divided into three zones
in terms of material flow: initial deformation
zone ðMi

TÞ, extrusion zone ðMe
TÞ, and forging

zone ðMf
TÞ. The variables Mi

T;M
e
T, and Mf

Tare
given as:

Mi
T ¼ Mi

I þMi
II þMi

III þMi
IV ¼

X

IV

j¼1

Mi
j (Eq 19)

Me
T ¼ Mi

T þMXS
T ¼

X

IV

j¼1

Mi
j þ
X

IV

j¼1

MXS
j (Eq 20)

Mf
T ¼ Mf

I þMf
II þMf

III þMf
IV ¼

X

IV

j¼1

Mf
j (Eq 21)

For a defect-free weld, balanced material flow
should take place, and this criterion is met
when Mf

T = Mcr
T. For defect formation, Mf

T<M
cr
T.

In such cases, Mf
T = Me

T + Mwh
T, and Mwh

T is
termed as wormhole mass deficiency and
defined as:

Fig. 12 Friction stir weld regions at tool traverse speed of (a) 40 mm/min (1.6 in./min), (b) 120 mm/min (4.7 in./min),
(c) 150 mm/min (6.0 in./min), and (d) 200 mm/min (8.0 in./min). Processed region corresponding to 200

mm/min shows void. Source: Ref 54
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Mwh
T ¼ Mcr

T �
X

IV

j¼1

Mi
j �
X

IV

j¼1

cjða;b;f2Þ (Eq 22)

where cj (a, b, f
2) is an excess material factor

that takes the excess material entering the
extrusion zone into account. Hence, the flow-
partitioned zone model represents formation of
the defect in terms of an imbalance created by
material flow from one zone to another.
Some of the defects shown in Fig. 8 can be

explained using Arbegast’s flow-partitioned
model. Inadequate flow of materials to zone I
from zones II, III, and/or IV would cause a third
term on the right side of Eq 22 to be less than
needed for mass balance. Consequently, it will
result in formation of defects such as lack of
fill, wormholes, or lack of consolidation. If
there is very little or no flow of materials from
zone II to zone IV, it will again create mass
imbalance in zone IV and may result in a
root-flow defect.

Simulation of Defect Formation

Despite availability of a large volume of
experimental and theoretical data to understand
the material flow during the FSW process, the
exact nature of material flow is not known due
to the complex nature of thermomechanical
conditions during welding. Consequently, the
formation of defects is not properly understood.
Due to improved computational capability and
the availability of commercial codes to simulate
large deformation, efforts have been made to
simulate the material flow process during
FSW. Schmidt and Hattel (Ref 39) used fully
coupled three-dimensional thermomechanical
finite-element models using ABAQUS/Explicit
to study the material flow during FSW. An
ALE formulation and Johnson-Cook material
model was used to model the system. The out-
put of their simulation study leading to the pre-
diction of void formation is shown in Fig. 14. It
shows the formation of a void on the trailing
side of the lower advancing side at the pin/
matrix interface.

Strain and Strain Rate in FSW

For a severe plastic deformation process such
as FSW, knowledge of the strain and strain rate
experienced during processing is essential to
understand the microstructural evolution. Such
strain and strain-rate estimations have been car-
ried out by various researchers using experi-
mental, analytical, and simulation techniques.
In some cases, a combined approach was
also adopted. These efforts are summarized in
Table 5.
A more simple and elegant way of estimating

the strain and strain rates during FSW is the
analytical approach, some of which is discussed
further. Chang et al. (Ref 63) assumed the
deformation process during FSW to be of the
torsion type, which led to an expression for

strain rate. (Note: The texture observed after
FSW is similar to torsional deformation; see
the section “Texture” in this article.):

_e ¼ opre
Le

(Eq 23)

where re is the radius of the dynamically recrys-
tallized zone, and Le is the depth of the dynami-
cally recrystallized zone. Long et al. (Ref 64)
used the two-dimensional material flow field
observed around the tool pin during experi-
ments and simulations to propose a model for
calculating strain and strain rate (Fig. 15). In
this model, it was assumed that each streamline
intersecting the pin on the leading side of the
tool was transported to the trailing side at a
position equal to the respective chord length.
Based on this assumption, the expression to
calculate strain in the FSW shear zone was
given as:

e ¼ In

�

I

APR

�

þ In

�

APR

I

�
�

�

�

�

�

�

�

�

(Eq 24)

l ¼ 2rcos�1

�

r � x

r

�

(Eq 25)

where APR is defined as the advance per revo-
lution of the tool, l is the maximum stretched

length of a material in the shear zone of an ini-
tial length equal to APR, and r and x are the
radius of the pin and the distance of the stream-
line from the retreating side of the tool, respec-
tively. An estimate of the strain distribution in
the processed zone for an APR = 0.5 mm/rev
(0.02 in./rev) and a pin diameter of 10 mm
(0.4 in.) is shown in Fig. 16 (Ref 64). It can
be noted from Fig. 16 that, on the retreating
side, strain is zero, while a maximum in strain
is observed (in this case, �8) on the advancing
side. This is consistent with the experimental
observations during FSW. A sharp transition
from the base material to the advancing side
of the processed zone and a gradual transition
from the retreating side to the base metal are
also observed. The average strain rate was cal-
culated by obtaining the average strain from
Eq 24 and 25, which was divided by the time
per revolution (Ref 64). A typical result of this
model is presented in Fig. 17.
The estimates for strain and strain rate

discussed previously involve considerable sim-
plification and assumptions. Hence, the
actual strain and strain rate involved may be
different from the values reported. A better
understanding of the material flow process in
the future is therefore expected to result in
more comprehensive theoretical and computa-
tional models.

Table 5 Summary of strain and strain rates during friction stir welding as reported in
literature

Strain Strain rate, s�1 Method Ref

3.5 85 Dendrite rotation in thermomechanically affected zone (TMAZ) 58
. . . 10 Grain rotation in TMAZ 59
. . . 1–20 Extrapolated from Z and subgrain size relation 17
4.6 87 Modeling and marker methods 60
. . . 1.8 Plain-strain compression 61, 62
. . . 5–50 Analytical model 63
>10 �350 Analytical and numerical model 64
5–7 4–8 Numerical model 43, 65
10 9 Numerical model 66
. . . 30–100 Numerical model 44

Fig. 14 Finite-element modeling in ABAQUS showing the formation of voids on the advancing trailing side of the
weld. Source: Ref 39

Fundamentals of Friction Stir Welding / 195



Overall Microstructural Feature

Cross Section of FSW Material

The microstructure and its distribution pro-
duced during FSW are dependent on several
factors. The contributing factors include
alloy composition, initial material temper,
welding parameter, tool geometry, and cooling
rate. Based on microstructural characterization
of grains and precipitates, a typical cross sec-
tion of an FSW joint can be identified by
three distinct zones: stirred (nugget) zone, ther-
momechanically affected zone (TMAZ), and
heat-affected zone (HAZ) (Ref 67, 68). The
HAZ is similar to that in conventional welds,
although the maximum peak temperature is
significantly lower than the solidus temperature.
This zone experiences a thermal cycle but
does not undergo any plastic deformation.
Unique to the FSW process is the creation

of a transition zone, the TMAZ, between the
HAZ and the nugget zone. The TMAZ experi-
ences both temperature and deformation
during FSW. The central stir region experiences
the most severe deformation and is a conse-
quence of the way in which a rotating tool
deposits material from the front to the
back of the weld. This region is usually referred
to as the nugget zone (or weld nugget).
Under some processing conditions, an “onion-
ring” structure develops in the nugget zone.
This has been linked to the nature of material
flow during FSW (Ref 29, 69, 70). Depending
on processing parameters, tool geometry, tem-
perature of workpiece, and thermal conductiv-
ity of the material, various shapes of the
nugget zone have been observed. Basically,
the nugget zone can be classified into two
types: a basin-shaped nugget that widens near
the upper surface, and an elliptical nugget

(Ref 3, 71, 72). The interface between the nug-
get zone and the parent metal is relatively dif-
fuse on the retreating side of the tool but quite
sharp on the advancing side of the tool (Ref
73). Figure 18 shows the macroscopic features
in a transverse section of an FSW 7075Al-
T651 alloy.
The grain structure in the HAZ remains

similar to the parent material. The TMAZ is
characterized by a highly deformed structure.
The grains of the original microstructure
deform in this region in an upward flowing
pattern around the nugget zone. Although
the TMAZ undergoes plastic deformation, full
recrystallization does not occur in this zone
due to insufficient deformation strain. Grains
in the TMAZ usually contain a high
density of subboundaries (Ref 71). Within the
nugget zone, intense plastic deformation at
elevated temperatures during FSW results in
generation of a recrystallized fine-grained
microstructure. This region is also referred to
as the dynamically recrystallized zone. It is
well accepted that dynamic recrystallization
during FSW results in generation of fine and
equiaxed grains in the nugget zone. Figure 19
shows typical grain structures in different
regions in an FSW 7050-T651 aluminum alloy.
In some instances, where the dislocation recov-
ery rate in a particular alloy is sufficiently high,
the grain structure in the nugget region can
remain unrecrystallized.

Grain Size in the Nugget Zone

Grain size in the nugget zone in FSW
materials can be affected by various factors,
including processing parameters, tool geometry,
composition of workpiece, temperature of the
workpiece, vertical pressure, and active cool-
ing. Typical recrystallized grain size in FSW
aluminum and magnesium alloys is in the
micrometer range, although ultrafine-grained
microstructures (average grain size <1 mm)
can be achieved by using external cooling or
smaller tool geometries. Table 6 gives a sum-
mary of the grain size values obtained during
FSW for a few aluminum and magnesium
alloys.
Generally, FSW results in equiaxed fine-

grained structures in the nugget zone. However,
grain size is not uniform across the weld nug-
get. In FSW of aluminum alloys, the grain size
tends to increase near the top of the weld zone,
and it decreases with distance on either side of
the weld-zone centerline. This corresponds
roughly to the temperature variation within the
weld zone (Ref 3, 105, 106). Figure 20 shows
the distribution of the grain sizes in different
locations of the nugget zone in FSW 7050Al
(Ref 107). The average grain size ranges from
3.2 mm (126 min.) at the bottom to 5.3 mm
(207 min.) at the top and 3.5 mm (138 min.) from
the retreating side to 5.1 mm (201 min.) on the
advancing side.

Fig. 16 Variation in strain from retreating side to
advancing side for advance per revolution

(APR) = 0.5 mm/rev (0.02 in./rev) (o = 152 rpm, u =
0.27 mm s�1), tool pin diameter = 10 mm (0.4 in.), and
tool pin height = 7.4 mm (0.3 in.). Source: Ref 64
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Fig. 17 Variation of average strain and strain rate as a function of tool rotational rate at u = 1.27 mm s�1. Source: Ref 64

Fig. 15 Streamline flow field from two-dimensional
computational fluid dynamics model

representing material flow around a tool pin. Tool
rotation is counterclockwise, and the tool moves from
left to right. Source: Ref 31
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Precipitate Distribution

The temperature during FSW increases up to
400 to 550 �C (752 to 1022 �F) within the nug-
get zone in aluminum alloys (Ref 3, 6, 72, 79,
80, 108–111). The temperature gradually
decreases from the nugget zone to the TMAZ
to the HAZ. In the HAZ, the temperature rises
above 250 �C (482 �F) for aluminum alloys
(Ref 109), which exerts a significant effect on
the precipitate structure. At such temperatures,
precipitates in aluminum alloys can coarsen or
dissolve into aluminum matrix, depending on
alloy type and maximum temperature. Figure
21 shows the change of strengthening precipi-
tates in an FSW 7050-T651 aluminum alloy
(Ref 74). Precipitates in 7050-T651 base alloy
predominantly consist of intragranular fine Z0
less than 50 nm (2 min.), along with coarser Z
precipitates along grain boundaries. Following
FSW, the precipitates coarsen and the precipi-
tate-free zone increases in width along the grain
boundary in the HAZ. In the TMAZ, strength-
ening precipitates underwent severe coarsening
and partly dissolved, while a small amount of
very fine Z particles reprecipitated. The temper-
ature in the nugget zone reaches the solution
heat treatment temperature. Strengthening pre-
cipitates in this region go into solution and
reprecipitate during cooling.

Texture

In FSW, each zone has a different thermome-
chanical history. What is even more compli-
cated for FSW is that the nugget region
consists of subdomains. For example, the top
layer undergoes deformation by shoulder after
the pin has passed through. In addition, depend-
ing on the tool rotation rate and traverse speed,
the nugget region can contain ring patterns or
other microstructural variations. Such deforma-
tion features can cause complex texture patterns
in FSW materials. For example, in an FSW
AA6063 alloy, the Goss orientation in the par-
ent material changed to a shear texture compo-
nent containing both {110} <001> and {114}
<221> orientations, and these components
rotated around the pin axis (Ref 22). Both these
components were also observed in FSW
AA1100 and AA6061 alloys, including the
rotational aspect of the texture component from
the advancing side to the retreating side (Ref
23). In FSW AA2195 alloy, B-fiber shear (tor-
sion) textures were reported as the main tex-
tural components, with the shear plane normal
and shear directions aligned approximately per-
pendicular to and tangential with the flow lines
in the weld (Ref 112–114). It is also noted that
in an FSW AA7075 alloy, no strong texture was
detected (Ref 115). In general, the texture evo-
lution in FSW of aluminum alloys can be clas-
sified into two types. One is a shear texture with
easy slip plane(s) roughly parallel to the cylin-
drical pin surface. The other is the severe gradi-
ent in crystallographic texture through the

Fig. 18 Typical macrograph showing various microstructural zones in friction stir welded 7075Al-T651. TMAZ,
thermomechanically affected zone; HAZ, heat-affected zone. Source: Ref 67

Fig. 19 Grain structure variations across friction stir welded 7050-T651 aluminum alloy. (a) Unaffected parent
material. (b) Heat-affected zone. (c) Thermomechanically affected zone. (d) Nugget zone. Source: Ref 74

Table 6 Summary of grain size in nugget zone of friction stir welded aluminum and
magnesium alloys

Material

Grain size

Refmm min.

7xxx 0.1–7.5 4–295 72, 74–78
6xxx 5.9–17.8 232–701 79–81
5xxx 3.5–6 138–236 82–84
2xxx 0.5–12 20–472 85–90
1xxx 0.5–20 20–787 6, 83, 91–93
Al-Cu-Mg-Ag-T6 5 197 94
Al-Li-Cu 9 354 59
Al-4Mg-1Zr 1.5 59 95
Al-Zn-Mg-6.7Sc 0.68 27 96
AZ31 0.085–50 3–1969 97–101
AZ91 15 591 102
Mg-6Al-3Ca-0.5Re-0.2Mn 0.9 35 103
Mg-5.5Y-4.3Zn 1 39 104
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thickness of the stir zone due to the compli-
cated material flow. Severe plastic deformation
has been considered as the main source for tex-
ture evolution during FSW.

Dynamic Recrystallization and
Microstructural Evolution

Microstructural examinations of FSW alumi-
num alloys have shown a typically fine
equiaxed grain structure in the stir zone. The
fine-grained structure observed in the nugget
has usually been attributed to dynamic recrys-
tallization. Several recrystallization theories,
including continuous dynamic recrystallization
(CDRX) (Ref 59, 74, 81), discontinuous
dynamic recrystallization (DDRX) (Ref 78,
80, 116), geometric dynamic recrystallization
(Ref 17, 117), dynamic recrystallization in the
adiabatic shear bands (Ref 118), and recrystalli-
zation via particle-stimulated nucleation (Ref
119) (which were developed to account for
grain size control during conventional thermo-
mechanical processing), have been used to
explain the formation of grain structures during
FSW/friction stir processing. In FSW Al-Li-Cu
alloy (Ref 59), it was suggested that low-angle
boundaries in the parent metal are replaced by
high-angle boundaries in the nugget zone by
means of a continuous rotation of the original
low-angle boundaries during FSW. In this
model, dislocation glide gives rise to a gradual
relative rotation of adjacent subgrains. On the
basis of microstructural observations in FSW
7050Al-T651 (Ref 74), it is proposed that the
dynamic recrystallization in the nugget zone
can be considered as CDRX on the basis of
dynamic recovery. Subgrain growth associated
with absorption of dislocation into the bound-
aries is the CDRX mechanism. Repeated
absorption of dislocations into subgrain bound-
aries is the dominant mechanism for increasing
the misorientation between adjacent subgrains
during CDRX. Alternatively, DDRX has been
proposed as an operative mechanism for the
formation of very small grains in friction stir
processed aluminum alloys. Using friction
stir processing with rapid cooling, nanocrystal-
line structure was obtained in7075Al and
7050Al-T76 alloys (Ref 78, 116).These recrys-
tallized grains were significantly smaller than
the pre-existing subgrains in the parent alloy
and were identified as nonequilibrium in nature,
predominantly high-angled, and relatively dis-
location-free. Although the exact formation
mechanism of the nanocrystalline structure
is still not clear, the DDRX mechanism has
been proposed for the nanostructure evolution
(Ref 78).
During FSW, materials are heavily deformed

at high temperatures. Material nearest to the
tool pin experiences the largest strain and high-
est peak temperature. The resulting microstruc-
tures around the tool pin further evolve to form
final grain structures under a thermomechanical
deformation of decreasing strain, strain rate,

Fig. 20 Grain size distribution in various locations of a 7050Al weld nugget. Source: Ref 107

Fig. 21 Precipitate microstructures in a friction stir welded 7050Al-T651. (a) Base metal. (b) Heat-affected zone. (c)
Thermomechanically affected zone. (d) Nugget zone. Source: Ref 74
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and temperature behind the pin tool. It is noted,
however, that the formation of the final grain
structure is unlikely to be a result of a single
mechanism. In a study of friction stir processed
7075Al (Ref 120), multimechanisms, including
DDRX, grain growth, dislocation introduction,
dynamic recovery (DRV), and CDRX, were
proposed to be inherent at different stages of
microstructure evolution. The final grain struc-
ture contains of a range of microstructure/grains
developed via different paths, either from initial
recrystallized grains or subgrains formed from
DRV. The grains have different densities of dis-
locations and are in various degrees of recov-
ery. A complex microstructure evolution was
also reported in FSW AZ31 magnesium alloy
(Ref 101). The grain structure development
was dictated not only by the texture evolution
but also involved twinning, geometrical
effects of strain, and limited discontinuous
recrystallization.
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Fundamentals of Ultrasonic Welding
Leijun Li and Chunbo (Sam) Zhang, Utah State University

ULTRASONIC WELDING (UW), as a solid-
state joining process, uses an ultrasonic energy
source and pressure to induce oscillating shears
between the faying surfaces to produce metallur-
gical bonds between a wide range of metal sheets
(Ref 1, 2), thin foils (Ref 3), and wires. Besides
joiningmetals,UWhasbeenused to join semicon-
ductors (Ref 4), plastics (Ref 5), glass (Ref 6), and
ceramics (Ref 7). In contrast to fusion welding
processes, UW has several inherent advantages
(Ref 3, 8) derived from its solid-state process char-
acteristics and has been used as a versatile joining
method in the electronics, automotive, and aero-
space industries since the 1950s.
Although numerous researchers have been

studying the bonding mechanisms of UW for
over 50 years, the process is still arguably the
least understood welding process. Various
mechanisms have been proposed for UW,
including interdiffusion, recrystallization, plas-
tic deformation, work hardening, breaking of
contaminant, generation of heat by friction,
and even melting (Ref 9, 10).
Diffusion has been observed at the interface

between copper and aluminum welds for an
extended period of welding time (Ref 11, 12).
It has also been found that diffusion occurs
along grain boundaries rather than in the bulk
of the material in ultrasonic welding (Ref 13).
Kreye et al. (Ref 14) examined the microstruc-
ture at the weld interface with transmission
electron microscopy and claimed that the very
small grain size observed in a thin layer could
only be explained by melting and solidification.
However, others (Ref 15, 16) concluded that
neither diffusion nor recrystallization could be
responsible for the joint formation of UW after
comparing low-frequency vibration welding
with UW of aluminum and examining the cop-
per and soft iron UW. A great degree of plastic
deformation and metal flow occur across the
interface, and flow lines, evidence of extensive
plastic deformation, are visible in the bond
zone (Ref 17, 18). For the UW of aluminum
foil, plastic flow occurs in a narrow interfacial
zone approximately 10 to 20 mm (0.0004 to
0.0008 in.) in width (Ref 19). In this region,
new subgrain structures form across the bond
zone. When the relative motion at the begin-
ning of the welding cycle cleans the surfaces

and plastically deforms asperities, micro-
welds—areas in which the friction exceeds the
flow stress level of the material and plastic
metal flow has started—occur immediately
between points of contact of the adjacent sur-
faces (Ref 9, 10, 20). Zhou et al. have used
scanning electron microscopy to investigate
the effects of process parameters on bond for-
mation in thermosonic gold ball bonding on a
copper substrate at ambient temperatures (Ref
21). They concluded that relative motion
existed at the bonding interface as microslip at
lower powers, transitioning into gross sliding
at higher powers. Researchers in a variety of
fields have observed that ultrasonic excitation
of metals can produce an apparent reduction
in the yield strength and an enhancement in
the plastic flow behavior of metals (Ref 22, 23).
Due to the difficulties in definitively charac-

terizing the UW process, the mechanism(s) for
bond formation in the UW process are still
under debate. The challenges for process mea-
surement and instrumentation come from:

� The contact surface, where the bonding that
occurs is invisible to observers

� The measurement devices or sensors, which
tend to damage the contact surface and inter-
fere with the bonding process

� The highly localized (a few micrometers)
and transient (typically 20 kHz vibration)
nature of ultrasonic bonding

� The necessity of a high spatial resolution
(micrometer-scale vibration amplitude)

To overcome these obstacles and to gain
insights into the UW process, numerous
researchers have developed analytical (Ref 2,
17, 18) and numerical models (Ref 24–32).
During the last decade, UW has become a pop-

ular technique for joining thermoplastic polymers.
Many studieswere conducted inmodeling the pro-
cess. Senchenkov et al. (Ref 33, 34) studied the
problem of vibrations and the dissipative heating
of a viscoelastic prism by a waveguide. Benatar
and Gutowski (Ref 35) modeled the UW of ther-
moplastics using a five-part model that included
mechanics and vibration of the parts, viscoelastic
heating, heat transfer, flow and wetting, and inter-
molecular diffusion. Roylance et al. (Ref 36)

outlined numerical simulation methods useful in
understanding and developing UW for polymers.
Verderber (Ref 37) implemented algorithms in
anexplicit finite-element (FE) analysis codeappli-
cable to the unique features of UW analysis.
Senchenkov and Zhuk (Ref 38) studied the two-
dimensional (2-D) problem of planar oscillations
of plates under cyclic loading. The model devel-
oped was applied to the simulation of vibration
of sonotrodes for UW of plastics. A similar study
byMikhailenko and Franovskii (Ref 39) proposed
a two-dimensional FE model that linked thermo-
electric processes in acoustic systems.
A recent combination of ultrasonic metal seam

welding and computer numerical control milling
has resulted in a new additive manufacturing pro-
cess known as ultrasonic consolidation (UC). By
continuously welding layers ofmetal foil to previ-
ously deposited material, during which the profile
for each layer is created by contour milling, UC is
able to build up complex, multifunctional, three-
dimensional (3-D) objects. Objects with internal
features, objects made up of multiple materials,
and objects integrated with wiring, fiber optics,
sensors, and instruments can thus be directly fabri-
cated (Ref 3, 40, 41).
Numerical modeling of UW of metals and

alloys began recently, with the development of
emerging new technologies that employ UW
in UC (Ref 3, 42, 43). Compared with UW of
polymers, UW of metals seems to be more
challenging to model. In metals, vibration and
heat have effects on dislocation dynamics, met-
allurgical transformations, and associated varia-
tions in thermomechanical properties (Ref 44).
Gao andDoumanidis (Ref 17, 18) analyzed the

mechanics of metal UW. They developed a 2-D,
quasi-static/dynamic, elasto-plastic numerical
model of the stress/strain field through FE analy-
sis. In the study by de Vries (Ref 2), mechanics-
based models were developed, along with a model
for temperature generation and effect on mechani-
cal properties of weldedmaterial. Hismodelswere
capable of calculating the interface forces that
were verified experimentally. Siddiq and Ghasse-
mieh (Ref 31, 32) studied the changes in the fric-
tion work at the weld interface by simulating UW
of metals based on a phenomenological material
model, which incorporated both surface (friction)
and volume (plasticity) “softening” effects.



Focusing on the contribution of friction to bond
formation in UW, Zhang and Li developed a 3-D
thermomechanical FE model (Ref 25). The model
predicted a saturation of plastic deformation at the
bond interface after a certain number of vibration
cycles. Ding et al. (Ref 29, 30) analyzed deforma-
tion and stress distributions in the wire and bond
pad during ultrasonic wire bonding using 2-D and
3-D FE models. A coupled temperature-displace-
ment FE analysis performed byHuang andGhasse-
mieh (Ref 26) found the oscillation of stress in the
substrate to lag behind the ultrasonic vibration by
approximately 0.1 cycle of ultrasonic wave. Yadav
andDoumanidis (Ref 27) performed anFEanalysis
of two layers of aluminum foil subjected to certain
welding conditions, with surface contact resistance
calibrated by experiments. The results revealed a
moderate temperature rise that was believed to be
sufficient for metal bonding via vacancy diffusion.
The fully coupling effects of thermal field (friction
and plastic heat generation) and structural field
(stress/strain, slide distance, and temperature-
dependent material properties) were studied by
Zhang and Li (Ref 24). In an effort to verify the
model, plastic deformation was correlated with
the bond area of welded joints.

Models

Governing Equations of
Thermomechanical Processes

In modeling the UW process, the governing
dynamic equation of displacement (u) for a lin-
ear structure (Ref 45) is:

½M� üf g þ ½C� u̇f g þ ½K�fug ¼ fLg (Eq 1)

where (M) is the structural mass matrix, (C) is
the structural damping matrix, (K) is the struc-
tural stiffness matrix, ü is the nodal acceleration
vector, u is the nodal velocity vector, {u} is the
nodal displacement vector, and {L} is the
applied load vector.
The basic constitutive equations between

stress (s) and strain (e) are as follows:

fsg ¼ ½D�feelg (Eq 2)

feelg ¼ feg � feplg � fethg (Eq 3)

where {s} is the stress vector, (D) is the elastic
stiffness matrix that is a function of tempera-
ture, {eel} is the elastic strain vector, {e} is
the total strain vector, {epl} is the plastic strain
vector, and {eth} is the thermal strain vector.
Conductive heat transfer can be considered

using the following governing equation:

rc
@T

@t
þ ðv~ � rÞT

� �

¼ _qþr � ððK~ � rÞTÞ (Eq 4)

where r is the density, c is the specific heat, T is
the temperature, t is the time, v~ s the velocity vec-
tor for mass transport of heat, _q is the heat

generation rate per unit volume, K~ is the conduc-
tivity vector, and:

r ¼ @

@x
þ @

@y
þ @

@z

Ultrasonic welding has been identified as a
two-way coupled thermomechanical problem:

� The thermal field affects the mechanical field,
because most of the material properties, such
as modulus of elasticity, yield strength, and
friction coefficient, are temperature sensitive.

� The mechanical field (friction and plastic
deformation) generates heat, which affects
the thermal field.

Therefore, modeling of the UW process
demands a coupled-field analysis method.
Because closed-form solutions for coupled-field
equations are difficult to obtain, structural and
thermal fields are generally treated separately
in analytical modeling of UW (Ref 2, 17, 18).
Recently, commercial FE packages have

expanded their capabilities in solving complex
multiphysics problems. Many researchers found
it convenient to study involved processes that are
not solvable analytically. In the thermomechani-
cal-coupled analysis, the FE matrix equation for
mechanical and thermal fields, coupled by the
thermoelastic constitutive equations, is (Ref 45):

½M�½0�
½0�½0�

� � füg
f €Tg

 �

þ ½C�½0�
½Ctu�½Ct�
� � fu̇g

f _Tg
 �

þ ½K�½Kut�
½0�½Kt�

� � fug
fTg

 �

¼ fLg
fQg

 �

(Eq 5)

where [M] is the element mass matrix, [C] is the
element structural dampingmatrix, [K] is the ele-
ment stiffness matrix, {u} is the displacement
vector, {F} is the sum of the element nodal force,
[Ct] is the element specific heat matrix, [Kt] is
the element diffusion conductivity matrix, {T}
is the temperature, {Q} is the sum of the element
heat-generation load and element convection sur-
face heat-flow vectors, and [Kut] is the element
thermoelastic stiffness matrix:

ð½Kut� ¼ �
Z

vol

½B�TfbgfrfNgTgdfvolgÞ

where [B] is the strain-displacement matrix, N
is the element shape function, and b is the vec-
tor of thermoelastic coefficients. For [Ctu],
which is the element thermoelastic damping
matrix, [Ctu] = �T0[K

ut]T, and T0 is the absolute
reference temperature.

Material Behavior in UW

Yield Rule and Plastic Deformation. The
von Mises yield criterion has been widely
applied in plastic analysis (Ref 24, 27). If the
von Mises equivalent stress is lower than the
material yield strength at temperature, the stress

state is elastic and no plastic strain is computed.
If the stress exceeds the material yield strength,
the plastic strain, Epl, is calculated by:

depl
� � ¼ l

@F

@s

 �

(Eq 6)

where l determines the amount of plastic
straining, and F (yield function) is given by:

F ¼ js� aj � ðs0 þ RÞ ¼ 0 (Eq 7)

where s is the stress tensor, a is the back stress
tensor due to kinematic hardening, R is the iso-
tropic hardening term, and s0 is the initial yield
stress.
Thermomechanical Hardening Rules.

The nonlinear isotropic hardening rule was pre-
sented by Lemaitre and Chaboche (Ref 46)
and Huber and Tsakmakis (Ref 47). The
isotropic hardening (R), which describes the
expansion of the yield surface, is defined as an
exponential function of accumulated plastic
strain:

R ¼ Að1� e�b�eplÞ (Eq 8)

where �epl is the equivalent plastic strain, while
A and b are material parameters to be identified.
A is the maximum change in the size of the
yield surface, and b is the rate at which the size
of the yield surface changes with changing
plastic strains.
A nonlinear kinematic hardening rule pro-

posed by Armstrong and Frederick (Ref 48)
has been used to capture nonlinear hardening
behavior and the smooth transition from elastic
to plastic deformation. The evolution of back
stress tensor ( _a) is given by:

_a ¼ S

g
ðs� aÞ�epl � ga�epl (Eq 9)

where S and g are the material para-
meters, which can be identified from cyclic
testing. The g term determines the rate at
which the saturation value of kinematic harden-
ing decreases with increasing plastic deforma-
tion. S is the kinematic shift of the yield
surface.
Adopted from the hardening model by John-

son and Cook (Ref 49), the temperature term
(1 � Tm) can be embedded in the nonlinear iso-
tropic and kinematic hardening model. The
thermally modified nonlinear isotropic harden-
ing law is given by:

Rth ¼ Að1� e�b�eplÞ � ð1� TmÞ (Eq 10)

where m is a material parameter, and T is the
nondimensional temperature given by:

T ¼ T � Ttransition
Tmelt � Ttransition

(Eq 11)

Similarly, the modified nonlinear kinematic
hardening law is given by:
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ath ¼ aisothermalð1� TmÞ (Eq 12)

where aisothermal is obtained from the numerical
integration of Eq (Ref 50).
Siddiq and Ghassemieh (Ref 31, 32) intro-

duced a phenomenological softening term,
dependent on the ultrasonic energy density
per unit time, in the isotropic and kinematic
hardening terms (Eq 10 and 12). They have
implemented these hardening models in user-
defined ABAQUS subroutines and identified
six parameters (Q, b, C, g, m, d) using
an inverse method from cyclic stress-strain
data, thermal softening data, and acoustic
(ultrasonic) softening data. The modified equa-
tions of isotropic and kinematic hardening are
given by:

Rultrasonic ¼ Rth � ð1� d � EultrasonicÞ2 (Eq 13)

aultrasonic ¼ ath � ð1� d � EultrasonicÞ2 (Eq 14)

where Rth is defined in Eq 10, d must be identi-
fied from deformation behavior of the material
in the presence of ultrasonic energy, Eultrasonic

is the ultrasonic energy transferred from the
sonotrode to the material, and ath is defined in
Eq 12.

Heat Generation in UW

Surface and Volume Heat Generation.
The ultrasonic mechanical energy, subsequently
converted to thermal energy, can be determined
by the local cyclic stress (s), strain (E), friction
shear (tx), and component slip (ex) near the fay-
ing interface. Heat is generated locally in the
control volume, (Qv(x, y, z)), by inelastic hys-
teresis and plastic deformation, and at the inter-
face surfaces, (Qs(x, y)), by friction during each
cycle at the ultrasonic frequency, f, as shown in
Fig. 1 (Ref 2, 27, 29):

Qvðx; y; zÞ ¼ f∮seqðeÞdeeq (Eq 15)

Qsðx; yÞ ¼ f∮txðexÞdex ¼ N∮mszðexÞdex (Eq 16)

where seq and Eeq are equivalent stress and
strain, and sz is normal compressive stress.

The previous equations for calculating heat
generation assume the mechanical state as a
function of location only, without considering
time and temperature influences. Zhang and Li
(Ref 24) have proposed a plastic work rate
( _Wpl), proportional to the plastic strain rate, to
account for the effects of location, temperature,
and time in UW:

_Wplðx; y; z; t; TÞ ¼ sjðx; y; z; t;TÞ
� _eplj ðx; y; z; t;TÞ (Eq 17)

where j = 1,2,3. It is assumed that some of the
plastic work converts to heat, while the rest is
stored as energy of crystal defects accompany-
ing plastic deformation. The fraction of the
plastic work ð _Qpl= _WplÞ that is converted to ther-

moplastic heating ( _Qpl) is 0.33 for aluminum
(Ref 51).
Friction Coefficient. As a friction-based

welding process, there is no doubt that the fric-
tion coefficient at the faying interfaces plays a
key role in UW by affecting the stress/strain
state and surface heat generation. Gao and Dou-
manidis (Ref 17) experimentally determined the
friction-efficient history of aluminum 1100
foils during one cycle (Fig. 2). Zhang and Li
(Ref 25) measured the aluminum-aluminum
friction coefficient varying with temperature
(Fig. 3) at a slide speed corresponding to
UW conditions. Siddiq and Ghassemieh
(Ref 31, 32) numerically described the friction
coefficient varying with temperature and
vibration cycle by curve-fitting the published
experimental data. Based on Coulomb’s friction
law, the stick-slip contact condition can be
identified with the relation of jtfricj and m � p.
If jtfricj < m � p, the friction is of the stick type,
and if jtfricj = m � p, the friction is of the slip type.

Results

Vibration

The vibration of the sonotrode under a con-
stant pressure produces a cyclic sliding at the
bonding interface, along with periodic variation
of the elastic/plastic strain/stress state, as

illustrated in Fig. 4. The resultant shear stress
at the interface is helpful to break the oxides/
contaminants and to generate intimate contact
between the faying surfaces. The overall effect
of ultrasonic vibration of the bonding interface
can be summarized by the so-called “acoustic
softening” of metals. Based on a phenomeno-
logical model, the stress required to initiate
metal plastic deformation decreased signifi-
cantly with ultrasonic excitation. The material
softening effect has been studied by evaluating
the sonotrode displacement in the height direc-
tion, as illustrated in Fig. 5 (Ref 26). It is found

Inelastic
hysteresis

E
elastic

sy yield
s

mq

-mq

t

ε

Qv/N

Qv/N

Plastic
deformation

Friction
work

Coulomb

e

Qs/N

Fig. 1 Mechanical work done during each vibration
cycle of ultrasonic welding. Source: Ref 27

Fig. 2 Experimentally identified history of friction
coefficient of aluminum 1100 foils during one

weld. Source: Ref 17

Fig. 3 Measured aluminum 3003-H18 friction
coefficient varying with temperature. Source:

Ref 25

Fig. 4 Equivalent stress field, seq, at three steps of one
ultrasonic cycle. Source: Ref 17
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that the sonotrode moves downward continu-
ously during the entire UW process, under a
constant load on the sonotrode. This softening
effect becomes significant for a higher friction
coefficient.

Friction

For those areas with the slipping contact con-
dition, the shear stress results in the generation
of friction heat. The friction work is affected
by the vibration amplitude, as illustrated in
Fig. 6, but has a nonlinear relation with the
applied pressure. Higher pressure elevates the
shear stress level but decreases both the overall
slipping areas and distances of contact inter-
face. Better ultrasonic bonds can be formed
by greater friction work, because more ultra-
sonic energy is brought into the bonding inter-
face. These results agree well with the
experimental data of bond strength with ampli-
tude and pressure (Ref 52).

Temperature

Due to the heat generation from friction and
plastic deformation, the temperature on the
bonding interface increases during UW. Higher
temperature occurs along the boundary of the
foil/substrate contact area (Fig. 7). The gener-
ated heat can dissipate quickly across the entire
contact surface for aluminum alloys. Some sim-
ulation results show the maximum temperature
to be located at the foil/sonotrode interface
(Fig. 8), resulting from severe plastic deforma-
tion. These simulation results seem to match
the experimental observation of temperature
measurement by high-speed thermal camera
(Ref 2). The consequence of temperature rise
is to reduce the stress state of the contact inter-
face by decreasing the material properties and
the friction coefficient. Thus, the friction work
decreases with temperature rise, and the final

temperature level is determined by the competi-
tion between friction and plastic deformation
work. When only the friction heat generation
is considered, the temperature rise is slowed
down and seems to approach a steady state
(Fig. 9). The increase of interface temperature
is determined by qfriction � qloss, where qfriction
is the friction heat-generation rate, and qloss is
the heat-dissipation rate by conduction. A bal-
ance between qfriction and qloss will be achieved
eventually, because once the heat loss is greater
than the friction heat generation and the inter-
face temperature drops, the higher values of
material properties in the lower temperature
will automatically increase the qfriction until a
new thermal balance is achieved.

Plastic Deformation

A strong linear correlation between the plas-
tic strain and bond area ratio, which reflects the
bond strength level (Ref 52), is shown in
Fig. 10. A large von Mises plastic strain will
result in more bonded areas. Plastic

Fig. 9 Average temperature at the contact surface as a
function of the vibration cycle (20 kHz

frequency). Source: Ref 25
Fig. 5 Simulated displacements of the sonotrode

versus time in height direction using different
friction models. The external force applied on the
sonotrode is 80 N (18 lb). The friction coefficient
equation is defined as m = E/p[E

xx
(t) + n], where E and n

are the modulus and Poisson’s ratio, respectively, and
p is the constant pressure. Source: Ref 26

Fig. 6 Simulated friction work at foil/substrate
interface. Velocity = 27.8 mm/s (1.1 in./s).

Source: Ref 32

Fig. 7 Simulated three-dimensional temperature
distribution at the 50th vibration cycle. Unit:

�C (�F), 20 kHz frequency. Source: Ref 24

Fig. 8 Simulated temperature in the weld specimen. Amplitude = 8.4 mm (330 min.), velocity = 27.8 mm/s (1.1 in./s),
and pressure = 125 MPa (18 ksi). Source: Ref 32
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deformation affects the bond formation in the
following ways:

� It disperses the surface oxide layer.
� It generates heat to make the atoms more

thermally active.
� It deforms the crystals and grains on the inter-

faces and generates a high dislocation density,
which also provides potential energy for
dynamic grain-boundary migration.

Therefore, the plastic deformation from the
simulation model can be quantitatively corre-
lated with the bonded area (bond strength) from
experiments.
Another quantitative approach for building

the relationship between the simulated and
experimental data is to measure the dimension
of dynamic recrystallized grains. From experi-
ments, it is found that the crystals have been
dynamically recrystallized into nanosized
grains during processing (Fig. 11). From simu-
lation data (Fig. 12), the plastic strain is rela-
tively small at the beginning of bonding. The
highest plastic strain occurs at the edge of the
contact surface. Subsequently, the plastic defor-
mation at the center of the contact surface
exceeds the level of plastic strain at the edge
and becomes the highest.

Bond Strength

The peeling test has been widely used to mea-
sure the bond strength of UW-made parts with
laminated structure by examining the peak load
(Ref 54). A novel push-pin-type test was devel-
oped as a general test for bond strength evaluation
normal to bonded areas for laminated structures
(Ref 52). This evaluation method includes
both experiment—obtaining a load-displacement
response—and elastic-plastic FE simulation, fit-
ting the experimental load-displacement response
by adjusting the material property coefficient for
the bond zone to find the maximum stress normal
to bonded areas from simulation results.
The bond strength is significantly influenced

by process parameters. The bond strength

increases with the vibration amplitude and pre-
heat temperature, decreases with the sonotrode
traveling speed, but shows a nonlinear relation
with normal pressure (Ref 52, 55). It is believed
a high normal pressure will decrease bond
strength, because the vibrational motion of the
parts is constrained, and not enough friction
heat will be generated. Indicators from both
experiment and simulation are employed to pre-
dict the true bond strength. Linear weld density
(LWD), defined as the length of the bonded
interface divided by the total interface length
under consideration (expressed in percentage),
has a good linear relation with bond strength
(Fig. 13), but a significant increase of LWD
results in only a small increase in the bond
strength. A 2-D experimental indicator, bond
area percentage measured from the entire frac-
ture surface, shows a more significant correla-
tion with bond strength (Fig. 14). Friction

Fig. 10 Correlation of von Mises plastic strain and
bonded area. Source: Ref 24

Fig. 11 Inverse pole figure of an unconsolidated
portion of the nickel-nickel interface. Note

the extremely fine grains that are present along the
defect boundaries. Source: Ref 53
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Fig. 13 Correlation of weld strength with linear weld density of welded aluminum 6061 specimens. Source: Ref 54
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Fig. 14 Bond strength versus percentage of bonded
area for aluminum 3003-H18. Source: Ref 52
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work and plastic deformation (Fig. 10) from
simulation have also been used to estimate the
bond strength of UW parts (Ref 24, 31, 52).
The limitation of friction work as a bond strength
indicator results from the neglect of contributions
of plastic heat and vibration energy.

Geometry Effect (Height-to-Width
Ratio of Build)

In ultrasonic consolidation, the geometry of
buildup, specifically referring to the height-to-
width ratio, influences the bond formation and
results in different bond quality across the
bonding interface and inside the substrate,
although the same process parameters are used.
The simulation shows that for a given vibration
condition, with the increased substrate height,
the amplitude of contact frictional strain
decreases (Fig. 15), while that of contact inter-
face displacement increases (Fig. 16). The rea-
son for the decrease in the frictional stress at
the contact interface for certain substrate
heights is the complicated wave interference

occurring in the substrate (Ref 56). From
experiments, parts with a height-to-width ratio
of approximately 1.0 are not feasible to build
(Ref 57). At this particular substrate height,
the wave superposition produces a minimum
interface relative displacement. The displace-
ment on the contact interface is found to be a
critical parameter for bond formation (Ref 25).
The minimal displacement and relatively low
friction stress are the reasons why a height-to-
width ratio equal to 1.0 is a critical height for
defects to occur in ultrasonic bonding. By using
support materials for tall structures, resonant
vibration of the UW part is constrained, and
good bonding is possible. Figure 17 illustrates
the cross-sectional view of a typical vibration
pattern for a substrate with a height-to-
width ratio of 1:1. The vibration pattern is
believed to be closely related with those
observed in fractography of ultrasonic welded
joints (Fig. 18). The distribution of defects
(unbounded areas) can be correlated with the
saturated vibration patterns of strain/stress and
displacement.

Mechanisms for Bond Formation

The temperature and microstructure of the
bonding interface have been examined by
researchers to identify the melting phenomenon
in UW (Ref 2, 13, 58, 59). In most cases, no
evidence of metal melting has been found. Dif-
fusion has been observed at the interface
between copper and aluminum welds for an
extended period of welding time (Ref 11, 12).
However, the relatively low temperature and
short time during the rapid bonding process
seems to make diffusion insignificant for bond
formation. A very small grain size has been
observed in a thin layer, and the interface
region is believed to have experienced dynamic
recrystallization (Ref 14, 53). The role of the
recrystallization phenomenon in UW and its
contribution to the ultrasonic bond is currently
being investigated. Severe plastic deformation
and metal turbulent flow occur across the inter-
face, and flow lines, evidence of extensive plas-
tic deformation, are visible in the bond zone
(Ref 3, 17, 18). The severe, localized plastic

Fig. 15 Interface average shear strain versus height-to-
width ratio at the 750th cycle (20 kHz

frequency). Source: Ref 56
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Fig. 16 Displacement amplitude at the 750th cycle for substrates with different height-to-width (H/W) ratios (20 kHz
frequency). Source: Ref 56

Fig. 17 Distribution of shear strain at the 750th cycle
for a substrate with a height-to-width ratio

(H/W) of 1.0. Source: Ref 56 Fig. 18 Typical features of fractured surfaces. (a) 87.4% bonded. (b) 76.4% bonded. Source: Ref 24
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deformation at the bond region is believed to be
the major phenomenon in UW by establishing a
metallurgical bond via atomic forces at those
intimate contact areas (Ref 24, 53). Plastic
deformation and metal flow at the bonded
regions result in displacement of oxide films
and flow of metal into the voids between the
faying surfaces. Plastic deformation also pro-
vides the driving force for subsequent dynamic
recrystallization, which may be the process
through which the bond forms.
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Fundamentals of Solid-State
Resistance Welding
Jerry E. Gould, Edison Welding Institute

RESISTANCE WELDING PROCESSES are
those which incorporate electric currents to facili-
tate Joule heating. This heating is then used to pro-
mote the metallurgical mechanisms that result in
formation of a joint. The most common resistance
processes nominally result in melting and resolid-
ification ofmetal. These processes typically create
weld “nuggets” as described in the article on
“Resistance Welding” included in this volume.
Joule (or resistance) heating can also be used to
foster the necessary mechanisms for solid-state
joining. Variants of solid-state resistance welding
include flash-butt, upset-butt, mash-seam, etc.
This article provides a fundamentals-based
description of these approaches through one spe-
cific process variant. This is termed as solid-state
resistance projection welding.
The underlying mechanisms of thermally

assisted solid-state welding include displace-
ment of bond line contaminants and thermal
dissolution of contact surface oxides (see the
article “Mechanisms of Bonding for Solid-
State Welding Processes” in this Volume). Pro-
jection welding is a resistance welding process
which uses geometric discontinuities to create
highly localized heating. The approach can pro-
duce solid-state or fusion welds, and allows
highly localized welds to be produced in prede-
fined locations of components.
Solid-state projection welding is closely

related to other solid-state processes, and it pro-
vides a good example in describing the
mechanisms of solid-state welding with resis-
tance heating. In this article, simple analytical
tools are described to help understand the vari-
ety of mechanisms that occur during resistance
projection welding. Factors relating to the qual-
ity of solid projection are discussed, including
an explanation of the mechanisms of bonding
for solid projection welding. This is followed
by a review of how these mechanisms are
affected by heat balance, current profile,
mechanical characteristics of the welding
equipment, and finally, the design of the projec-
tion itself.

The analysis is done in five parts, as
described in the section “Summary of Analysis”
in this article. It is shown that when projection
welding is properly done, the results are solid
state in character and incorporate both bond-
line strain and thermal cycle components.
Bond-line strain has the effect of disrupting sur-
face contaminants and revealing the underlying
clean material for bonding.

Projection Welding

Projection welding is one of the oldest varia-
tions of the resistance processes. Projection
welding is defined by using a geometric feature
as a current concentrator during resistance
welding (Ref 1). The use of the projection
allows highly localized welds in predefined
locations based on the design of the compo-
nent(s) (Ref 2). The resulting joints can be
formed either as solid-state or fusion processes.
Two categories of projections are typically used
with these processes (Ref 2). These include
embossed and solid projection welding.
Embossed projections are often used with

sheet components. The projections are then
stamped into one of the two components.
Embossed projection welding has been studied
extensively (Ref 3–7). These studies have
included basic process dynamics (Ref 3),
design guidelines for projections (Ref 3–6),
process optimization studies (Ref 3–6), and
the mechanics of bonding (Ref 3–7). Such
welds using embossed projections accomplish
bonding progressively, first through solid-state
mechanisms and then through formation of
weld nuggets.
These studies have shown that solid-state

bonds can be accomplished at extremely short
times (milliseconds), with weld nuggets form-
ing at longer weld times (hundreds of millise-
conds). With embossed projections, the
maximum solid-state weld sizes are on the
order of the projection size itself. Alternately,

if nuggets are allowed to grow, the weld
size can exceed that of the projection by
many times. These studies have led to the
development of recommended practices for
projection designs that are widely published
(Ref 1, 8, 9).
Solid projection welding is used for

machined or cold-headed components. This
class of projection welding includes all those
where the basic geometry of the components
results in localized contact that can be used
for current concentration (Ref 9). Geometries
included in this class of projection welding vary
widely. These include those with designed pro-
jections (e.g., annular projection welding) as
well as those where the contact points are
implied (edge projection welding, cross-
wire welding). This class of projection
welds (when done properly) typically results
in solid-state joints (Ref 10–12). Because solid
projection welding applications vary so
broadly, there is little research or standardiza-
tion for resulting designs. One area where some
information is available is annular projection
welds (Ref 10–12). These studies have evalu-
ated projection designs for a number of differ-
ent power supply types. Generally, the best
weld quality is associated with balanced projec-
tion designs (forging will occur equally to the
inside and outside diameters of the projection),
and the projection will have a 90� included
angle.
Projection welding is generally considered

a reliable and robust process. However,
given the variety of projection designs, the
complexity of the stack-ups, and the number
of material combinations with which the pro-
cess is used, there are some chronic concerns.
These include the presence of expulsion (melt-
ing and expelling of material), modes of projec-
tion collapse, consistency of the joint, and so
on. The underlying causes of these problems
can be multifold and include projection design,
type of power supply used, mechanical system,
and so on.



Bonding Mechanisms during Solid-
State Projection Welding

As mentioned previously, solid projection
welding generally results in solid-state joints.
Fusion welds (indicated by the formation of a
weld nugget) are not possible in these applica-
tions, because the solid projection geometry
does not allow constraint of the weld nugget.
Essentially, as the solid projection collapses, it
must form laterally (or circumferentially).
Because there are generally no provisions to
allow flow of this displaced material, the indi-
vidual component surfaces cannot make an
enclosing contact, allowing formation of a weld
nugget. Bonding, then, for solid projection
welds is closely related to other solid-state pro-
cesses. The mechanisms of solid-state bonding
for thermally assisted processes are described
in the article “Mechanisms of Bonding for
Solid-State Welding Processes” in this Volume
(Ref 13). During solid-state welding, two
mechanisms predominate. These include sur-
face disruption by the application of strain,
and thermal dissolution of contact surface
oxides.
Surface strain is an artifact of projection col-

lapse. As the projection collapses, there is both
deformation in that component as well as on the
opposing surface. This deformation results in
surface strains that act to disrupt the oxides res-
ident on the contacting surfaces. As those oxi-
des fracture, clean surface is exposed. Clean
surfaces on the opposing parts, when brought
into intimate contact, then share electrons and
become bonded.
As suggested previously, the second mecha-

nism of interest for projection welding is the
thermal dissolution of any remaining oxides.
Projection welding thermal cycles can be esti-
mated from actual current flow times. These
times range from a few to as many as several
hundred milliseconds. Clearly, such short times
require high temperatures for dissociation of
residual oxides. This fact also suggests that
degrees of residual oxides must be reduced
through forging action (as described previ-
ously) for the mechanism to be effective. It is
generally observed that both forging (i.e., sur-
face strains) and thermal cycles (i.e., oxide dis-
sociation) are required for effective projection
welding.
A third mechanism is also often involved in

solid projection welding. This mechanism is
associated with localized melting and resolidifi-
cation of metal. As mentioned earlier, melting
is often associated with projection welding.
Melting during solid projection welding is
caused by overheating the part for the force
applied. The balance between mechanical and
thermal responses in projection welding is dis-
cussed in subsequent sections. When melting
occurs, there is little constraint to contain this
material. As a result, the liquid is typically both
expelled (defined as weld expulsion) and
retained along the bond line.

Liquid metal can be advantageous for projec-
tion welding, in that material solidifying along
the bond line can facilitate a joint. This bonding
mechanism is commonly used in percussion
welding (Ref 14). Allowing such expulsion,
however, has a number of drawbacks. One issue
is the expelled metal itself. For projection weld-
ing applications, the resulting distribution of
expelled material may be detrimental to the
application (e.g., where sealing is required). In
such cases, the lost material (due to localized
melting) cannot be replaced in subsequent
forging. This can result in porosity along the
weld. In addition, a specific type of weld defect,
so-called flat spots, can be related to this resoli-
dified material.
The relationship between flat spots and liquid

metal in otherwise solid-state welds has been
well investigated with respect to flash butt
welding (Ref 15–17). The problem is predomi-
nantly related to carbon segregation to this liq-
uid material. Carbon at high temperatures is
well known to segregate to liquid steel if it is
present. The result is a local depletion of carbon
from the working surfaces during processing.
As forging occurs, the liquid is typically
squeezed out. However, the thin layers of dec-
arburized solid steel are then forged over the
contact surface, leaving a so-called decarbur-
ized band across the interface. This band is typ-
ically only a few micrometers wide but can
have hardnesses on the order of one-half that
of the surrounding material.
Flat spots can then occur when there are

residual discontinuities at the bond line. For
the projection welding application, the most
likely such discontinuities are residual oxides.
Such discontinuities are inherently located in

this low-strength interface. The difference in
yield strengths between the matrix and decar-
burized band can result in high triaxial stresses
during cooling. Under such conditions, the
defects can expand into planar cracks or so-
called flat spots. These defects occur irregularly
and can be the source of intermittent failures on
projection-welded components.

Mechanical/Heat-Transfer Balances

Ideal projection welds show a number of
underlying process characteristics. These
include localized heating (and subsequent
forging), stable applied forces to prevent expul-
sion, and a balanced forging profile. Achieving
localized heating is typically a balance between
the rates of heating and thermal conduction.
Rapid heating rates (or alternately poor thermal
conduction through the projection) result in
steep thermal profiles in the projection itself.
The temperature profile can be related to the
forge depth through the temperature-dependent
yield strength of the base material. A character-
istic profile for 1015 steel is shown in Fig. 1
(Ref 18). This plot shows a rapid plunge in
yield strength with increasing temperature. For
an applied force, the band of material that is
sufficiently soft to forge is clearly temperature
dependent.
The thermal profile (and subsequently the

forge depth) is strongly a function of both heat-
ing time and projection geometry. The latter is
discussed in the section “Geometric Effects”
in this article. The effect of heating time on
the thermal profile can be estimated through a
simple one-dimensional analysis. By looking

Fig. 1 Yield strength as a function of temperature for 1015 steel. Data taken from Ref 18
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at essentially a straight-sided projection sub-
jected to a heating pulse of duration t, the peak
temperature profile in the part can be defined by
the following equation (Ref 19):

T x; tð Þ ¼ Tp � Tp � To
� 	

erf
x

2
ffiffiffiffi

at
p

� �

(Eq 1)

where Tp and To are the peak (in the welding
cycle) and room temperatures, respectively; a
is the thermal diffusivity of the projection mate-
rial; t is the effective width of the heat (weld)
pulse; and x is the distance back into the projec-
tion. Characteristic results from this equation
are shown in Fig. 2. This plot is based on a steel
projection, using the thermal diffusivity at high
temperatures (�0.1 mm2/ms).These results
show that for increasing heat pulse (weld) time,
thermal gradients progressively decrease. Of
particular interest is the effect such thermal gra-
dients have on the forge depth in the projection.
This can be assessed by determining the depth
of material that is above some forging tempera-
ture in Fig. 2. Such a forge temperature for
steels can be taken directly from Fig. 1. Here,
it is estimated that 900 �C (1650 �F) is typical
(although dependent on projection geometry
and applied force) for forging this material.
Using this as an approximate forging tempera-
ture, forge depths can then be taken directly
from Fig. 2. These data have been replotted as
forge depth as a function of heat time in Fig. 3.
For steep temperature profiles, the shallow

forging depths suggest highly localized defor-
mation. Such localized deformation implies
progressively higher degrees of surface strain
and improved weld quality. It is of note that
processing requirements, particularly current
on-times to achieve best surface strains, are
contrary to those necessary for thermal dissolu-
tion of residual oxides along the bond line. That
is, rapid thermal cycles tend to improve surface
strains, while long times provide a good ther-
mal profile for diffusion. Generally, balancing
these two competing mechanisms is application
dependent. Limited experimental data (Ref 10,
11, 20) show that biasing the process toward
maximizing surface strains (short times, high
currents) is typically beneficial. This is believed
to be related to two factors. First, maximizing
surface strains has the effect of minimizing
the degree of residual oxides for thermal disso-
lution. It appears that shorter thermal cycles for
dissociating fewer and smaller residual oxides
is beneficial. Second, rapid thermal cycles
reduce the tendency to form oxides on the sur-
face of the projection prior to collapse. This
appears again to reduce the size and distribution
of these residual oxides, again minimizing the
extent of the thermal cycle necessary for
dissolution.
As mentioned, applied welding force may

also be a concern. Low welding forces prohibit
forging except at high temperatures. The effect,
then, is twofold. First, because the difference
between the forging and melting temperatures
is reduced, unstable expulsion can result.

Second, because the interfacial temperatures
are inherently higher, the driving forces for
extended heat soak-back are increased. As a
result, lower forces inherently result in shal-
lower thermal gradients, with subsequent
declines in weld quality. Similar problems are
experienced with poor mechanical follow-up.
The issue of mechanical follow-up is addressed
in the next section. However, the implication of
poor mechanical follow-up is a loss of welding
force as the projection collapses. This dynamic
variation in welding force has the same

influence as low welding force on such aspects
as incidences of expulsion and reduced thermal
gradients in the projection.

Effect of System Mechanical
Dynamics on Projection Welds

As discussed previously, system mechanical
dynamics play an important role in projection
weld quality. Specifically, proper forging of

Fig. 2 Peak temperature profiles as a function of heat (weld) time for a straight-sided projection. Results are
calculated from Eq 1.

Fig. 3 Calculated forge depths on a straight-sided steel projection. Results are based on a 900 �C (1650 �F) forge
temperature and the data shown in Fig. 2.
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projections requires that the force consolidating
the weld be maintained throughout the heating
cycle. Otherwise, force dips will result, leading
to heat soak and expulsion-related problems, as
described in the previous section. The relation-
ship between applied weld force, system
mechanical inertia, collapse distance, and col-
lapse time is demonstrated in the following
equation (Ref 21):

Whead

Fapp

	 g ftð Þ2
20x

(Eq 2)

where Whead is the weight of the welding head,
Fapp is the applied welding force, g is the accel-
eration due to gravity, t is the welding time, f is
the fraction of the weld time over which projec-
tion collapse occurs, and x is the projection col-
lapse distance. The equation is based on
the assumptions of constant weld head acceler-
ation, and that 95% of the applied welding
force should be maintained for adequate
welding. The results of this plot are presented
graphically for a range of projection
collapse distances, collapse times, and resultant
head weight/applied force ratios in Fig. 4. This
plot shows that for projection collapse
times and distances on the order of 10 ms and
0.5 mm, respectively, the head weight must
be less than 10% of the applied welding
force. However, if for the same application
the collapse time dropped to 5 ms, the critical
head weight/applied force ratio would drop to
2.5%.
For larger-scale projection welding systems,

the weld force is typically applied by a cylinder
behind the ram and tooling. The weight of the

head then includes all those components. As a
result Whead/Fapp can easily rise and fail the cri-
terion described in Eq 2. This, however, can be
compensated for by using so-called fast follow-
up heads. These heads are spring loaded and
act as a buffer between the main ram and the
platen holding the electrode. Such springs can
be made from steel (both coil and Bellville
washer variations) or from various polymers.
The use of these springs essentially reduces
the moving weight in the process. In effect,
the controlling head weight for Eq 2 then
becomes that of the moving assembly below
the springs. A typical fast follow-up head
assembly is shown in Fig. 5. For this head, a
spring is used for follow-up. In addition, the
cavity holding the spring (in the center of the
unit) is actually a bearing surface, providing
alignment between the fast follow-up platen
and the primary ram of the machine. With such
an assembly, the moving weight in the system
can be readily sized to match Eq 2.
Critical to any fast follow-up head is the

design of the spring itself. The designs of such
springs are usually bounded by geometric con-
siderations and the required spring constant.
The governing equation here is that for force
supplied by a spring (Ref 22):

Fapp ¼ �kxtotal (Eq 3)

where k is the spring constant, and xtotal is the
total displacement of the spring. This equation
basically can be used to define spring collapse
requirements to applied and relative forces.
Similar to the analysis for mechanical follow-
up, it is recommended that springs be designed

to maintain 95% of the applied weld force
through the collapse distance of the projection.
In terms of displacements, this can be
expressed as:

xprecomp þ xcomp � x

xprecomp þ xcomp

� 95% (Eq 4)

where xprecomp and xcomp are the precompres-
sion (preload) and compression distances of
the spring, and x is the collapse distance of
the projection, as defined previously. Of note,
xprecomp + xcomp is equal to xtotal in Eq 3. Also,
xcomp must always be greater than x (with a
margin) for the head to function properly. For
steel springs, the constant k is a design charac-
teristic of the unit. For polymer springs, this
constant is defined by the modulus and the
spring geometry through the following
relationship:

k ¼ E
area

L
(Eq 5)

In this equation, E is the material modulus,
while L and “area” are the length and cross-
sectional area of the spring itself. Springs for
a specific application can then be designed iter-
ating Eq 3 and 4 with the spring constant (for
steel springs) or Eq 3 to 5 (for polymer
springs). Heads are available in an array of con-
figurations, matching both the requirements of
the application and geometry of the welding
equipment. When properly designed, projection
welding mechanical systems can generally
maintain 90% of the weld force throughout
the projection collapse cycle.

Fig. 4 Relationship between projection collapse distance, projection collapse time, and the head weight/weld force
ratio

Fig. 5 Typical fast follow-up head for resistance
welding. The spring is located in the body of

the assembly. Note the shunts providing a current flow
path around the spring.
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Effect of Electrical Characteristics
on Projection Welds

The thermal cycle of the projection welding
process is, to a large degree, defined by the cur-
rent waveform. As described previously, short
cycles and fast rise times suggest localized
deformation of the projection and improved
weld quality. Longer weld cycles and faster rise
times suggest more delocalized forging and
subsequent reductions in quality. An example
is provided here for the capacitive discharge
(CD) variant of projection welding. While this
is just one variant of power supplies used for
this process, the analysis provides insight into
how heat is generated for this class of welding
methods. The schematic for the power circuit
in CD welding systems is shown in Fig. 6. For
operation, the switch on the left is used to
charge the capacitor, while the switch on the
right discharges the capacitor energy into the
welding circuit. Characteristic values for the
circuit include the capacitor charge voltage
(Vc), the system capacitance (C),the turns ratio
of the transformer (N), and the inductance and
resistance of the secondary circuit (Ls and Rs).
The Ls is usually defined by the secondary
geometry (larger loops imply larger induc-
tances), while the Rs is associated with the
workpiece resistance. The secondary current
waveform for this circuit is characterized in
the following equations (Ref 23):

IsðtÞ � Vc

ffiffiffiffiffi

C

Ls

r

e�z$t sin otð Þ (Eq 6)

where:
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(Eq 7)

and:

z ¼ NRs
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These equations are based on treating
the secondary (output) as an inductance
resistance capacitance circuit. The capacitance
and charge voltage have been incorporated
into these equations through the windings
ratio expressionsVs=Vc/NandCs=N

1/2C,where
Vs and Cs are the charge voltage and
capacitance when reflected to the secondary of
the transformer.
These equations allow current profiles to

be estimated from process inputs (charge
voltages), machine configurations (capacitances,
transformer windings ratios), and workpiece
arrangements (component resistances, sec-
ondary inductances). A characteristic waveform
for a CD projection weld is shown in Fig. 7. This
waveform was generated using conditions for a
nominal 15 mm (0.6 in.) diameter steel annular
projection weld. This included a capacitance
of 2400 mFd, a charge voltage of 2000 V, a

transformer windings ratio of 100 to 1, a second-
ary inductance of 0.27 mH, and a secondary
resistance of 175 mO. The waveform shows
a characteristic shape, including a fast rise
time and subsequent exponential decay of the
current. For this waveform, the peak current
obtained is approximately 70 kA, with an asso-
ciated rise time of 2.3 ms.

Geometric Effects

As mentioned previously, solid projection
welding can be accomplished with a wide
variation of included geometries (Ref 10–12).
As suggested by the results of the analyses
provided earlier, the best designs of pro-
jections are those that optimize surface
strains during welding. These projections are

typically geometrically symmetric, allowing
uniform deformation in all unconstrained direc-
tions. For single-point projections, this is gener-
ally either a radiused or cone geometry. For
annular projections, the desired cross-sectional
geometry is typically an isosceles triangle. This
triangle may also include a flat or radius at the
tip. This projection is designed to forge equally
to the inside and outside diameters of the com-
ponent during welding.
For such projection designs, two variables

are dominant. The first of these is the projection
width. Projection widths are largely selected
based on the strength requirements of the joint.
Previous work (Ref 11) has based the width of
the projection on the thickness of the opposing
material in the application. This decision was
largely based on achieving parent-material fail-
ure (in the opposing workpiece) during

Fig. 6 Schematic representation of the power circuit for a capacitive discharge projection welding system. V
c
, charge

voltage; C, capacitance; N, windings ratio in the transformer; L
s
, inductance in the secondary; R

s
, resistance in

the secondary

Fig. 7 Current waveform for a capacitive discharge projection welding system. Plot is generated using Eq 6 to 8, with
a capacitance of 2400 mFd, a charge voltage of 2000 V, a transformer windings ratio of 100:1, a secondary

inductance of 0.27 mH, and a secondary resistance of 175 mO.
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destructive testing for welds on steels. The sec-
ond of these is the included angle in the projec-
tion itself.
Included projection angle has effects on heat

transfer during welding as well as the resultant
profile of the forged material. The heat-transfer
effects can be understood by conducting a
simple one-dimensional thermal analysis incor-
porating the included angle of the projection.
For simplicity, this analysis is conducted
assuming steady-state conditions. In addition,
it is assumed that the process is heat-sinked
by the mass of the component at the base of
the projection. The analysis here parallels that
for truncated cone-style resistance welding
electrodes (Ref 24). For an annular projection,
the governing equation is then:

d2T

dx2
þ 2 tanj
wþ 2x tanj

dT

dx
¼ 0 (Eq 9)

where j is the included angle, w is the face
width, and x is the distance back into the pro-
jection. Assuming a maximum temperature at
the projection tip (similar to the approach used
for Eq 1), the solution to this equation can be
expressed as:

T ¼ Tp � To
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w tanj
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þ To (Eq 10)

where h is the height of the projection. Using
this equation, the effect of the included projec-
tion angle on the resulting temperature profile is
shown in Fig. 8. The plot is based on an annular
projection with a 2 mm (0.08 in.) height and a
0.2 mm (0.008 in.) flat on the tip. As when
examining the effects of heat (weld) time, a
peak temperature at the projection tip of 1400
�C (2550 �F) is assumed. In general, the results
show a progressively decreasing thermal gradi-
ent away from the projection tip. This is the
result of change in projection cross section
associated with the included angle. It is noted
from this plot that the degree of heat penetra-
tion varies inversely with the included angle.
That is, the narrowest included angles result in
the deepest (into the projection) heat penetra-
tions. This variation in heat penetration can
again be used to examine the forge depths, as
was done when considering heat (weld) times.
These forge depths can be calculated by rear-
ranging Eq 10. The resulting equation is:

xf ¼ w

2 tanj
1þ 2h

w
tanj

� �1�Tf�To
Tp�To � 1

" #

(Eq 11)

where xf is the forge depth, and Tf is the forge
temperature. Again, using a forge temperature
of 900 �C (1650 �F), the variation in forge
depths as a function of projection included
angle is given in Fig. 9. The plot shows that
the forge depth decreases monotonically with
increasing angle. This again shows the heat-

sinking capability associated with changes in
projection angle.
It has been documented that for annular pro-

jection welding, a 90� included angle appears to
be optimal (Ref 11, 20). Both too-small (Ref
20) and too-large (Ref 11) included angles have
been shown to be detrimental to weld perfor-
mance. A too-small included angle inevitably
leads to a too-wide forge zone. This, as
described previously, leads to delocalized
forging and reduced effective surface strains.
The concerns with a too-large included angle

can be related to effective stresses during
forging. Essentially, the increase in contact area
during forging with a large included angle
reduces effective stresses, limiting material
deformation and effective strain.
Actual thermal cycles and forge depths are

actually a combination of the effects of weld
time and included projection angle. The effects
have been described separately previously, with
the time-based analysis done with a straight-
sided projection and the geometric analysis
done assuming steady-state conditions (long

Fig. 8 Temperature profiles near the tip for an array of included projection angles. Data generated from Eq 10

Fig. 9 Forge depth as a function of projection angle. Data generated from Eq 11, assuming a forge temperature of 900
�C (1650 �F)
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heat times). Proper optimization requires bal-
ances of these two effects to achieve the best
possible forging characteristic.
While the analysis done earlier assumes bal-

anced projections, many applications use asym-
metric profiles. Such asymmetric profiles tend
to heat on the side with less material. This has
been seen to result in, at a minimum, asymmet-
ric set-down. This, in turn, has the effect of
trapping material in the bond line, reducing
weld quality. In addition, such asymmetric set-
down can easily result in overheating on one
side of the joint, resulting in expulsion. As
mentioned earlier, expulsion is typically detri-
mental to solid projection welds, so joint qual-
ity is inevitably compromised. When using
such unbalanced projections, shorter weld times
tend to improve weld quality. This can be
implied from Eq 1 as well as Fig. 2 and 3. Short
weld times have the effect of minimizing ther-
mal soak-backs (and forge depths), minimizing
complex heating profiles associated with the
specific projection design and the resultant
quality variations. In general, however, bal-
anced projection designs will yield better weld
quality.
All the equations defining the temperature

profiles for included-angle projections include
flats at the tip. Flats at the tip are essential in
these analyses, because a sharp tip implies a
local heat-transfer discontinuity. Such a point
contact would result in excessive current densi-
ties and essentially no heat flux into the projec-
tion. The second implication is that the tip of
the component would reach temperature nearly
instantaneously, causing follow-up problems
for the application. In practice, no projection
is absolutely sharp, in that the applied welding
force would cause yielding at the tip. This
would then dull the projection, creating a flat
that matches the geometry and the applied
welding force. In practice, flats are often used
to compensate for follow-up in the welding
machine. Recent work has shown that the use
of a small flat (�0.2 mm, or 0.008 in.) can min-
imize weld defects and improve weld strengths,
particularly for CD systems.
Finally, it is of note that annular projection

welds are often made into holes (Ref 2, 9).
These types of joints are referred to as edge-
projection welds. Such welds use the geometry
of the hole and component to imply a projec-
tion for resistance heating. Typical examples
include a squared-off bar/tube into a tapered
hole, and a tapered section into a straight hole.
In both cases, the implied projection forges into
and slides across the opposing working surface.
The key factors described earlier for annular
welds are equally valid for edge welds. These
include mechanical balance of the (implied)
projection, matching weld times to the desired
set-down, and so on. One additional note is to
address the motion of the projection across the
mating surface. Generally, if the contact angle
is too steep, the projection will experience too
much lateral motion during forging. This has
the effect of bringing contaminants into the

bond area (as the projection slides), reducing
bond quality. As discussed earlier for unbal-
anced projections, shortening the weld times
to minimize the forge depths can again be help-
ful in these applications.

Summary of Analysis

The foregoing analysis was done in five
parts. First, efforts were made to define the
basic mechanisms of bonding in projection
welding. Thermal cycles can be used as a mea-
sure of oxide dissolution in the bond line. Basic
theory, originally developed for particle disso-
lution during such thermal cycles, was
reviewed in this context. It was noted that most
studies suggest that surface-strain effects domi-
nate those from thermal cycles in most projec-
tion welding applications. Some discussion
was also provided regarding the influence of
expulsion on subsequent weld quality.
The second stage of the analysis considered

thermal and mechanical balances during proj-
ection welding. Thermal balances were ana-
lyzed by examining a defined heat pulse into
a parallel-sided projection. From the resulting
analysis, the concept of forge depth was
defined. Forge depth compared the tempera-
ture-dependent yield strength to the thermal
gradient in the projection. Generally, the
greater the forge depth, the more delocalized
the forging action and the lower the effective
strains for bonding. The analysis showed that
forge depths are strongly dependent on heat
time. For projection welding, this is closely
analogous to the current rise time. Narrower
forge depths (with improved effective surface
strains) are accomplished through shorter and
shorter heat times. Short heat times, however,
then require improved mechanical follow-up
to prevent expulsion.
The third stage considered mechanical

follow-up and related design issues. The rela-
tionships between forge distances, collapse
times, welding forces, and necessary head
weights were discussed, and a defining quanti-
tative relationship was presented. This was fol-
lowed by design criteria for spring-assisted fast
follow-up systems.
The fourth step addressed current (and

therefore heating) cycles associated with resis-
tance projection welding. An example
was provided by examining the CD process.
A relationship was developed based on a
simple inductance resistance capacitance cir-
cuit, combined with a constancy-of-energy rela-
tionship across the transformer. The resulting
equations allowed details of the waveform to
be predicted based on welding parameters
(charge voltage) and process characteristics
(system capacitances, transformer windings
ratios, and both secondary resistances and
impedances). Rise times from this analysis
could be used to provide heating information
for the various other analyses discussed in this
work.

Finally, some consideration was given to the
influences of projection geometry. A quantita-
tive analysis was presented relating included
projection angle, projection height, and the
width of any flat on the projection tip to thermal
profiles in the part during joining. These were
then converted to forge depths using an
approach similar to that described previously
for heat times. These results suggest that wider
included angles in the projection resulted in
shallower forge depths. It is noted that previous
experimental results suggested 90� as an opti-
mal included angle for projection welding.
At sharper projections, the wider forge depths
correlated with reduced weld performance.
For angles greater than 90�, it was speculated
that the increase in projection cross section
(with increasing forge depth) reduced stresses
and effectively minimized any forging that
would occur. This, in effect, again reduced
weld performance. These results (collectively)
were then discussed regarding nonsymmetric
and edge-style projections. For such configura-
tions, the use of short pulse times (with asso-
ciated shallow forge depths) offered a way of
mitigating the thermal imbalances associated
with these designs.

Conclusions

In this work, the mechanisms of bonding for
resistance projection welding have been exam-
ined in detail. These mechanisms were broken
into several components. These included a
review of the basic mechanisms of solid-state
bonding, an analysis of the mechanical and
heat-transfer characteristics of projection weld-
ing, assessments of weld head follow-up
requirements, examinations of current wave-
forms, and influence of projection/workpiece
geometries. Where possible, simplified mathe-
matical solutions were developed to quantify
the phenomena described. From these analyses,
several conclusions were drawn:

� Bond-line quality is largely defined by con-
tact surface strains and thermal cycles. Two
metallurgical mechanisms are active during
projection welding. These include surface
strains for fracture and separation of oxide
particles, and thermal cycles for particle dis-
solution. Surface strain effects appear to be
dominant for achieving the best projection
weld quality.

� Expulsion is generally detrimental to projec-
tion weld quality. Expulsion is the formation
of liquid metal in the joint, and it implies
poor welding practice. In particular, expul-
sion can lead to loss of metal in the weld
and formation of soft zones. The former
can lead to porosity and lack of bonding.
The latter can cause softened layers along
the bond line, leading to intermittent interfa-
cial failures.

� Metal yield strengths typically decrease with
increasing temperature and assist in

Fundamentals of Solid-State Resistance Welding / 215



projection forging. In general, most metals
show precipitous drops in yield strengths
with increases in temperature. This softening
with heating creates forge depths in the pro-
jection. These forge depths are defined by
the temperature-dependent yield strength
and the resulting thermal gradient in the
projection.

� Forge depths during projection welding are a
strong function of the heat pulse width. Lon-
ger heat pulse widths (or weld times) result
in shallower thermal gradients in the projec-
tion. Such shallower thermal gradients
increase forge depths and thus decrease
effective strains at the bond line. This, in
turn, can result in a reduction in weld
quality.

� Proper mechanical follow-up is essential to
achieving solid-state projection welds.
Proper forging is accomplished by assuring
that the applied force can be maintained at
the contact surfaces throughout the welding
process. This is accomplished by assuring
that the weld head can accelerate at a suffi-
cient rate to maintain force as the projection
collapses. A criterion for head weight/weld
force was developed based on the height of
the projection and the effective collapse
time.

� Application-specific spring-loaded fast
follow-up heads can be defined through
some simple design rules. Fast follow-up
heads are typically designed with springs.
The springs in these heads can be designed
based on the load range of interest, the effec-
tive spring constant, and the availability of
space within the welding machine.

� Current pulse profiles can be defined from
process inputs and basic machine character-
istics. Current pulse profiles can be defined
by a simple analysis of the welding
circuit. An example was provided for
CD projection welding. Current response
was calculated from basic process inputs
(charge voltage) and machine characteristics
(capacitance, transformer windings ratio,
secondary inductance, and secondary
resistance).

� Thermal profiles and effective forge depths
are strongly affected by the projection
design. Thermal profiles in projections dur-
ing welding are strongly affected by local
geometry, particularly the included projec-
tion angle. Results show that thermal gradi-
ents increase (and forge depths decrease)
with increasing included projection angle.
Experimental results have shown that weld
quality does increase with included

projection angle, but only to a point. Above
angles of 90�, the increase in contact area
(with collapse of the projection) rapidly
reduces the applied stresses (for a given
weld force), minimizing deformation and
surface strains and reducing joint quality.

� Rapid heat pulses can compensate for unbal-
anced and edge-style projection designs.
Both heat pulse width and projection geom-
etry affect forge depths in welded compo-
nents. As the projection geometry becomes
less optimal (unbalanced and edge-style pro-
jections), short pulse widths can be used to
control effective temperature profiles and to
create stabilized forging profiles.
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Fundamentals of Diffusion Bonding*

DIFFUSION BONDING is only one of many
solid-state joining processes wherein joining is
accomplished without the need for a liquid
interface (brazing) or the creation of a cast
product via melting and resolidification (weld-
ing). In its most narrow definition, which is
used to differentiate it from other joining pro-
cesses such as deformation bonding or transient
liquid-phase joining, diffusion bonding (DB) is
a process that produces solid-state coalescence
between two materials under the following
conditions:

� Joining occurs at a temperature below the
melting point, Tm, of the materials to be
joined (usually >½Tm).

� Coalescence of contacting surfaces is pro-
duced with loads below those that would
cause macroscopic deformation to the part.

� A bonding aid can be used, such as an inter-
face foil or coating, to either facilitate bond-
ing or prevent the creation of brittle phases
between dissimilar materials, but the mate-
rial should not produce a low-temperature
liquid eutectic upon reaction with the mate-
rials to be joined.

Thus, diffusion bonding facilitates the join-
ing of materials to produce components with
no abrupt discontinuity in the microstructure
and with a minimum of deformation. Within
the confines of this definition, the DB process,
in practice, is limited to either press or gas pres-
sure or bonding approaches. It is also noted that
the preferred term for this process, according to
the American Welding Society, is diffusion
welding. However, because diffusion bonding
is used more commonly in industry, it is the
term that is used in this article.
This article provides a qualitative summary

of the theory of diffusion bonding, as dis-
tinguished from the mechanisms of other
solid-state welding processes (see the article
“Mechanisms of Bonding for Solid-State Weld-
ing Processes” in this Volume). Additional
details on the fundamentals of diffusion bond-
ing can be found in the article “Modeling of
Diffusion Bonding” (Ref 1) and in the Selected
References at the end of this article.

Applications details for both metals and
oxide ceramics are in the article “Diffusion
Bonding” in this Volume. It is also well estab-
lished that diffusion bonding can be combined
with superplastic forming (SPF); these pro-
cesses are generally referred to as SPF/DB pro-
cesses. Diffusion bonding in conjunction with
superplastic forming is addressed in ASM
Handbook articles “Superplastic Sheet Form-
ing” (Ref 2) and “Forming of Titanium and
Titanium Alloys” (Ref 3).

Diffusion Bonding Process

The DB process, that is, the application of
pressure and temperature to an interface for a
prescribed period of time, is generally consid-
ered complete when cavities fully close at the
faying surfaces. Relative agreement is found
for the mechanisms and sequence of events that
lead to the collapse of interface voids, and the
following discussion describes these metallurgi-
cal processes. Although this theoretical under-
standing of the DB process is universally
applicable, it should be understood that parent
metal strength is only approached for materials
with surface conditions that do not have bar-
riers to impede atomic bonding, such as the
absence of surface oxides or absorbed gases at
the bonding interface.
In practice, oxide-free conditions exist only

for a limited number of materials. Accordingly,
the properties of real surfaces limit and impede
the extent of diffusion bonding. The most nota-
ble exception is titanium alloys, which, at DB
temperatures greater than 850 �C (1560 �F),
can readily dissolve minor amounts of adsorbed
gases and thin surface oxide films and diffuse
them away from the bonding surfaces, so that
they will not impede the formation of the
required metallic bonds across the bond inter-
face, as shown in Fig. 1(a). An example of a
successful diffusion bond in a titanium alloy is
illustrated in Fig. 1(b), where the integrity of
the bonded interfaces was demonstrated with
subsequent superplastic expansion without
interface failure.

* Reaffirmed in 2011 and reprinted from M.W. Mahoney and C.C. Bampton, Fundamentals of Diffusion Bonding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International,
1993, p 156–159

Fig. 1 Superplastic forming/diffusion bonding (SPF/
DB) of titanium sheet. (a) Sequence of

operations required to join three sheets of superplastic
titanium alloy using the SPF/DB process. (b) Typical
three-sheet titanium alloy component superplastically
formed following diffusion bonding



Similarly, the joining of silver at 200 �C
(390 �F) requires no deformation to break
up and disperse oxides, because silver oxide
dissociates completely at 190 �C (375 �F).
Above this temperature, silver dissolves its
oxide and also scavenges many surface con-
taminants. Other examples of metals that have
a high solubility for interstitial contaminants
include tantalum, tungsten, copper, iron, zirco-
nium, and niobium. Accordingly, this class of
alloy is easiest to diffusion bond.
A second class of material, that is, metals

and alloys that exhibit very low solubility
for interstitials (such as aluminum-, iron-,
nickel-, and cobalt-base alloys), is not readily
diffusion bondable. Special consideration must
be given to remove surface barriers to atomic
diffusion prior to joining and subsequently pre-
vent their reformation during the joining pro-
cess. This is not an easy processing matter.
Accordingly, the potential for high-strength
bond interfaces for alloys with low interstitial
solubility should be considered on an individual
alloy basis.

Bonding Surfaces Containing Oxides

Diffusion bonding can be achieved for mate-
rials with adherent surface oxides, but the
resultant interface strengths of these materials
are considerably less than that measured
for the parent material. Aluminum alloys
are prime examples of this class of material.
Research since 1960 has demonstrated only
limited diffusion bond properties. Although
interface strength can be increased for oxide-
bearing materials, it requires considerable sur-
face extension of the faying interfaces to
create localized plastic flow of the metal and
concurrent oxide breakage. This introduces
an increased number of locations for metal-to-
metal contact via plastic flow around or micro-
extrusion through the broken oxide. In general,
the oxide is not removed but is simply dis-
persed over a greater surface area in an
enclosed environment, in which oxidation
cannot recur. Thus, even with significant
surface deformation, only a fraction of the
interface area contributes to the strength of
the bond. The proportion of oxide-free
metallic area revealed is dependent on the rela-
tive hardness of the metal and its oxide film,
as well as on the mechanical properties of
the oxide. This type of bonding, although
often considered as diffusion bonding, is
better described as deformation bonding and
does not fit within the strict definition of the
low deformation associated with diffusion
bonding.
Factors that affect the relative difficulty of

diffusion bonding oxide-bearing surfaces
include:

� Surface roughness prior to welding: A
rougher surface will result in greater shear
deformation.

� Mechanical properties of the oxide: The
more brittle the oxide, the greater the disper-
sion for a given level of deformation.

� Relative hardness of the metal and its oxide
film: Because plastic flow controls the
amount of bonding area, large differences
in their hardness should facilitate bonding.

� Prestraining or work hardening of the mate-
rial: Initiation of bonding will occur at
lower deformations for prestrained or work-
hardened materials, and the degree of sur-
face extension in the central region of the
interface is considerably greater for cold-
worked material. Thus, annealed material
requires a larger total deformation before
bonding will initiate.

It is clear that with the appropriate informa-
tion, sufficient experiments can be performed
to determine the diffusion bondability of most
materials. Parent metal strength will not always
be attained using the DB approach, particularly
for materials with adherent oxides, but interface
strength can be maximized if the fundamentals
of the process are understood.

Mechanism of Diffusion Bonding

In diffusion bonding, the nature of the join-
ing process is essentially the coalescence of
two atomically clean solid surfaces. Complete
coalescence comes about through a three-stage
metallurgical sequence of events. Each stage,
as shown in Fig. 2, is associated with a particu-
lar metallurgical mechanism that makes the
dominant contribution to the bonding process.
Consequently, the stages are not discretely
defined but begin and end gradually, because
the metallurgical mechanisms overlap in time.
During the first stage, the contact area grows
to a large fraction of the joint area by localized
deformation of the contacting surface asperi-
ties. Factors such as surface roughness, yield
strength, work hardening, temperature, and
pressure are of primary importance during this
stage of bonding. At the completion of this
stage, the interface boundary is no longer a pla-
nar interface but consists of voids separated by
areas of intimate contact. In these areas of con-
tact, the joint becomes equivalent to a grain
boundary between the grains on each surface.
The first stage is usually of short duration for
the common case of relatively high-pressure
diffusion bonding.
During the second stage of joint formation,

two changes occur simultaneously. All of the
voids in the joints shrink, and most are elimi-
nated. In addition, the interfacial grain bound-
ary migrates out of the plane of the joint to a
lower-energy equilibrium. Creep and diffusion
mechanisms are important during the second
stage of bonding and for most, if not all, practi-
cal applications, bonding would be considered
essentially complete following this stage. As
the boundary moves, any remaining voids are
engulfed within grains where they are no longer

in contact with a grain boundary. During this
third stage of bonding, the voids are very small
and very likely have no impact on interface
strength. Again, diffusional processes cause
the shrinkage and elimination of voids, but the
only possible diffusion path is now through
the volume of the grains themselves.

Stage I—Microasperity Deformation

The nature of the starting surface is of con-
siderable importance, because of the small mac-
roscopic deformation allowed during diffusion
bonding. A real surface is never perfectly clean
or perfectly smooth, and the area of metal-to-
metal contact between faying surfaces is a very
small fraction of the area of joint contact. Con-
tact is limited to a relatively few microasperi-
ties. At room temperature and under load,
these asperities deform as long as the surface
area of contact is such that the yield strength
of the material is exceeded. The extent of this
deformation is limited at room temperature
and is even more limited for work-hardenable

Fig. 2 Sequence of metallurgical stages in diffusion
bonding process. (a) Initial contact: limited to

a few asperities (room temperature). (b) First stage:
deformation of surface asperities by plastic flow and
creep. (c) Second stage: grain-boundary diffusion of
atoms to the voids and grain-boundary migration. (d)
Third stage: volume diffusion of atoms to the voids
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materials. As temperature increases to the diffu-
sion bonding temperature, the flow stress of
the material decreases and additional asperity
deformation occurs through plastic flow.
Again, flow occurs until the area of contact
increases to an extent that the yield strength of
the material is exceeded. If the temperature is
above the recrystallization temperature of the
material, then work hardening is no longer a con-
sideration. With time at temperature, creep
mechanisms now control the rate of asperity
deformation, and the area of contact or
bond continues to grow. As the area of contract
grows, the stress acting on the surface asperities
decreases. Consequently, creep deformation pro-
gressively slows and diminishes in significance.
The contributions of temperature and pressure

to both plastic and creep deformation during this
initial stage of diffusion bonding are synergistic;
that is, at higher temperatures, less pressure is
required and vice versa. However, for any combi-
nation of temperature and pressure, bulk defor-
mation to the part is limited to a small
percentage (<2 to 3%). Ideally, at the completion
of the first stage, the extent of asperity collapse
should result in a planar area of contacting sur-
faces with individually dispersed voids. It is nec-
essary to achieve this extent of contact in order to
complete the final stages of diffusion bonding in a
reasonable period of time.
For example, Fig. 3 illustrates the influence

of pressure on the bond-line morphology for a
titanium alloy. At lower pressures, where sur-
face asperity deformation is less during the first
stage of bonding, large voids remain at the
interface, even after a reasonable time at tem-
perature. Conversely with a higher applied
pressure and a correspondingly greater initial

interface deformation, the bond interface
becomes indistinguishable from the matrix
alloy. It should be remembered that, by defini-
tion, very little bulk deformation is allowed
and that only interface microdeformation con-
tributes to the growth in contact area of the fay-
ing surfaces.
Surface Roughness. When considering the

sequences in the stages of diffusion bonding,
it is clear that the original surface finish plays
a significant role in the time dependency for
the completion of the different stages. The sur-
faces that are mated at the bond line are usually
rather irregular, as a result of the machining or
other surface-preparation steps. As shown in
Fig. 4, the surface roughness can be viewed as
a bimodal distribution of asperities; that is,
small, short-wavelength asperities (surface
roughness) arrange on larger, long-wavelength
asperities (surfaces waviness).
It is expected that during the first bonding

stage, a more uneven initial surface that is due
to either roughness or waviness would produce
more large voids than would a smooth initial
surface. For example, as load is applied, asperi-
ties on rough surfaces will experience higher
stresses on the points of contact. Plastic flow
will occur at a lower load, and greater interface
shear will occur. Although first-stage plastic
flow and creep will create more localized inter-
face deformation for a rough surface, fewer but
larger voids will remain at the interface (the
contact area should approach an equilibrium
value independent of the initial surface rough-
ness). In addition to size, the shape and curva-
ture of the voids would be considerably
different, with higher-aspect-ratio voids for the
rougher starting surfaces. For the subsequent

diffusion-controlled collapse of interface voids
during second-stage bonding, an initially rough
surface will require a longer time or higher
temperatures for the mass-transport processes
to shrink and eliminate the voids.
Conversely, because real surfaces are not per-

fectly clean, some limited degree of interface
deformation is necessary for the diffusion bond-
ing of even oxide-free materials. Experimental
evidence has demonstrated that even gold is not
joined unless some shear displacement occurs
as the two faying surfaces come into contact. It
seems that the importance of the shear displace-
ment, besides increasing the contact area, is that
it destroys the continuity of any adsorbed oxygen
layer that can contaminate the oxide-free area
because of trapped air at the interface. Procedures
as simple as wire brushing have been shown to be
a particularly effective surface preparation. This
can be partly attributed to the creation of rough
layers on the surface.

Stage II—Diffusion-Controlled Mass
Transport

The densification or collapse of interface
cavities during the second stage of diffusion
bonding is attributable to the lowering of the
surface free energy by the decrease in surface
area. This takes place with the formation of
new, but lower-energy, solid-solid interfaces.
Because the driving force is the same (reduc-
tion of surface energy) for all systems, the
considerable differences in behavior in various
types of systems are related to the different
mechanisms of material transfer.
In diffusion bonding, a number of mass-

transport processes are operative simulta-
neously, including time-dependent plastic flow,
diffusion from the interface to the cavity via the
lattice and the interface and grain boundaries,
and diffusive flow around the surface of the
void via the lattice and vapor phase. These dif-
ferent paths of mass transfer are illustrated in
Fig. 5 and include:

� Plastic yielding that deforms an original
contacting asperity

� Surfacediffusion fromasurface source to aneck
� Volume diffusion from a surface source to a

neck
� Evaporation from a surface source to con-

densation at a neck

Bond line

20 µm 20 µm

Bond line

Fig. 3 Effect of pressure on the presence of voids at the band interface of a titanium alloy diffusion bonded at
temperatures of 980 �C (1795 �F) for 2 h. (a) Incomplete bond at 7.0 MPa (1.0 ksi). (b) Complete bond at

10.0 MPa (1.5 ksi)

Direction of lay

Profile
Short wavelength
asperity wavelength

Long-wavelength
asperity wavelength Long-wavelength

asperity height
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asperity height

Fig. 4 Bimodal topography of mechanical surfaces
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� Grain-boundary diffusion from an interfacial
source to a neck

� Volume diffusion from an interfacial source
to a neck

� Power-law creep

Although vapor transport and surface transport
of matter change the shape of the void, they do
not directly alter the volume. Thus, these trans-
port paths have only a secondary influence on
the rate of void collapse indirectly, through a
change in void curvature. Only the transfer of
matter from the matrix volume or from grain
boundaries causes shrinkage and pore elimina-
tion. Thus, only the first two mechanisms, plastic
flow and interface diffusion, actually reduce the
volume of the interfacial voids. The dominance
of either of these two processes is dependent on
many inseparable factors, includingmaterial sys-
tem, void geometry, microstructure, and bonding
parameters.
When considering diffusion, evidence seems

to suggest that the most efficient path for atom
flow and counterdiffusing vacancies is along the
interfacial grain boundary and along grain
boundaries that intersect the void when the grain
size is less than the pore size.Although the area of
a grain boundary is small in comparison to the
void surface, this high-diffusivity path has been
shown to dominate. For example, bonding has
been shown to be enhanced by first blasting the
faying surfaces with chilled iron grit. This treat-
ment promoted recrystallization and thus a finer
grain size across the interface, creating additional
high-diffusivity paths. In a related process (the
sintering of Al2O3), porosity was shown to be
eliminated next to grain boundaries,with residual
porosity remaining at grain centers. Similarly,
fine grain size, as exists in superplastic alloys,
should create higher rates of void coalescence
via grain-boundary diffusion. However, because
the chemical potential driving force for grain-
boundary diffusion mechanisms is partly depen-
dent on the angle between the applied pressure
and a particular grain boundary, its actual contri-
bution will be dependent on its precise

orientation with respect to the applied pressure.
The driving force will be maximal when the two
are perpendicular and minimal when they are
parallel.
Although there is insufficient evidence for

generalization, evidence also exists to illustrate
that diffusion is, at times, the rate-controlling fac-
tor for void coalescence. For example, maintain-
ing temperature while removing pressure
following the first bonding stage was shown to
not significantly impede the joining process.
The rate of void elimination was only slightly
slower without the applied pressure. However,
this change in rate could be due to either the lost
contribution that deformation makes to void coa-
lescence or a reduction in efficiency of the stress-
enhanced grain-boundary contribution.

Stage III—Interface Migration

During the second stage of diffusion bond-
ing, voids become much smaller and many are
eliminated. Their grain-boundary pinning influ-
ence decreases, so that interfacial grain bound-
ary migrates toward an equilibrium
configuration, which is indistinguishable from
the other grain boundaries in the microstruc-
ture. The driving force for the boundary migra-
tion is the reduction in grain-boundary area.
The initially straight interfacial bond line
becomes distorted with local penetrations of a
few micrometers of one material into the other
at triple points. As the boundary moves, any
remaining voids become enclosed within grains
where they are no longer in contact with a grain
boundary. Diffusional processes continue to
shrink and eliminate these cavities, but the dif-
fusion path is now restricted to volume diffu-
sion through the matrix lattice. Accordingly,
the elimination of this final small volume of
porosity would be likely to contribute an inordi-
nate time to the bonding process for any inter-
face strength benefits that may be achieved.

Diffusion Bonding with Interface
Aids

Additional layers of material in the form of
coatings or foils are often used as bonding aids
for a variety of reasons. For example, an interme-
diate material can be used when joining dissimi-
lar materials where a brittle intermetallic would
otherwise form. In this case, the interfacial mate-
rial would be selected for its compatibility with
each of the materials to be joined and for its abil-
ity to prevent the creation of a brittle reaction
layer. To promote diffusion inmaterials that con-
tain elements with low diffusivities, the interfa-
cial material should contain an element with a
higher mobility than elements found in the joined
materials. A common material for such applica-
tions is electroless nickel, which contains phos-
phorus. (Phosphorus has been shown to have a
high diffusivity in other metallic systems.) How-
ever, caution should be exercised when

considering the addition of high-diffusivity ele-
ments, because of their potential for accumula-
tion at grain boundaries and their resultant
influence on mechanical properties.
Another approach is to add an interfacial mate-

rial that will scavenge impurity elements at the
interface and thus produce clean surfaces in situ.
Materials with high solubilities for interstitial
elements, such as titanium alloys, can be appro-
priate for this purpose. Because of the importance
of localized plastic flow at the interface, a soft
material addition can also be of benefit to maxi-
mize interfacial contact during the first bonding
stage, where deformationmechanisms dominate.
With the addition of interfacial materials, geo-

metric as well as metallurgical considerations
become important. The mechanical strength
of solid-state metallic bonds achieved with a
thin interfacial layer of bonding material goes
through a maximum, with decreasing joint thick-
ness. For thick joints, tensile strength is directly
related to the bulk properties of the interfacial
layer material. As joint thickness decreases, the
tensile strength of these joints increases, because
of thematrix material restraint on the plastic flow
of the interfacial layer. However, for very thin
joints, the problems of surface roughness and
cleanliness start to diminish the contact area and
thus effectively reduce the joint tensile strength.
Experimental studies should be performed for
individual materials. In general, thicknesses of
approximately 0.025 mm (0.00098 in.) yield
maximum interface strengths.
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Nondestructive Evaluation of
Solid-State Welds
Jeong Na, Roger Spencer, Evgueni Todorov, Sean Gleeson, and Perry White, Edison Welding Institute

A NUMBER OF NONDESTRUCTIVE
EVALUATION (NDE) methods, such as
visual, liquid penetrant, magnetic particle,
radiography, ultrasound, and eddy current, are
available to detect flaws in solid materials. In
general, the first three methods are for inspect-
ing surface discontinuities such as cracks or
cavities. For detection of surface and subsur-
face flaws, radiography, ultrasound, and eddy
current are more suitable methods. Because
most solid-state welds deal with internal flaws
rather than surface-oriented ones, only radio-
graphy, ultrasound, and eddy current methods
are discussed in this article. First, fundamental
aspects of these three NDE methods are briefly
described in terms of operation principles; sec-
ond, some examples are discussed of NDE
techniques performed on various types of flaws
resulting from solid-state welding processes.

Nondestructive Evaluation
Fundamentals

Radiography

Radiography is one of the most widely used
volumetric NDE methods. This method is based
on differential absorption of penetrating radia-
tion by the material. X-rays or gamma rays
are the two types of waves used for this pro-
cess. The radiography method works well for
detecting and sizing volumetric flaws such as
pores, voids, and inclusions. With the radio-
graphic method, it is possible to examine a
wide variety of materials ranging from light to
heavy elements, components of different sizes
and shapes ranging from miniature electronics
parts to large vessels, and different product
forms such as castings, weldments, composites,
and so on. For welding inspection applications,
the rays pass through the weld and onto a sensi-
tized film that is in direct contact with the back
of the weld. When the film is developed, gas
pockets, slag inclusions, cracks, or poor pene-
tration are visible on the film. Conventional
radiography, which uses x-ray machines or

radioactive isotopes such as iridium-192 and
cobalt-60 for generating penetrating radiation,
is used to record the internal flaws of the object
on a radiographic film. Because of the danger
of these rays, only qualified personnel are
authorized to perform these tests.
As one of the recently developed radiography

methods, digital x-ray radiography using cad-
mium telluride (CdTe) detectors provides the
capability to detect small flaws that require very
little inherent unsharpness. The main advantage
of using a CdTe detector is its sensitivity when
used with low-power microfocus generators
(Ref 1). The following are some of the main
advantages of digital radiography over conven-
tional film radiography:

� Digital detectors require less radiation to
create an image, typically only 1 to 4% of
that normally required for a fine-grained,
high-contrast, high-speed film (Ref 1).

� Image processing and computer-aided detec-
tion and diagnosis algorithms are available
for image enhancement and analysis.

� The ability to transmit data to remote sites
for consultation, review, or formal interpre-
tation (Ref 2).

� Dark-room facilities are no longer required.
� There are no environmental issues with film

and chemical disposal.

However, one of the biggest drawbacks with
the radiography method over other NDE meth-
ods is the requirement for accessibility to both
surfaces of the material to be tested.

Ultrasound

The ultrasonic method uses high-frequency
sound waves to locate and measure flaws in
welds. It can be used to inspect various materials
such as metals, plastics, composites, ceramics,
and others. This is an extremely sensitive
method, and it can locate very fine surface and
subsurface cracks as well as many other types of
internal flaws. All types of joints can be tested.
As the sound wave passes through the weld zone,
flaws cause some of the sound energy to be

reflected back to the probe. By calibrating on
known standards, the depth of flaws can be accu-
rately determined. One of the advantages of the
ultrasonic method is that only one side of the
weld needs to be exposed for inspection.
The amount of ultrasonic energy reflected and

transmitted through an interface can be related to
the difference in the acoustic impedance, Z,
which is defined by the multiplication of the den-
sity, r, of the medium and the sound velocity, v,
in themedium,Z=r � v.When an ultrasonicwave
travels through an interface separated by two
media having different acoustic impedances, Z1
and Z2, as shown in Fig. 1, the reflection, R, and
transmission, T, coefficients are defined by:

R ¼ Z2 � Z1
Z1 � Z2

� �2

(Eq 1)

and

T ¼ 1� R (Eq 2)

where Z1 = r1 � v1 and Z2 = r2 � v2. As an example,
for a longitudinal wave traveling in an aluminum
alloy that interacts with a void filled with air, the
reflection coefficient R is almost 1, because
air has an acoustic impedance of 0.0004 g/cm2-s
(8� 10�4 lb/ft2-s), while aluminum has approxi-
mately 17� 105 g/cm2-s (35� 105 lb/ft2-s). This-
means that the bigger the difference in the
acoustic impedance, the stronger the reflection
at the interface. This is why it is relatively easier

Fig. 1 Reflection and transmission of ultrasound at an
interface separated by two different media



to detect voids in a solid material than it is to
detect solid inclusions having an acoustic imped-
ance value similar to the surrounding medium.
Other factors that must be considered when

an ultrasonic technique is used are the frequency
and the attenuation. In general, the minimum
flaw size that would be detected by ultrasound is
approximately one-half of the wavelength. The
wavelength of ultrasound is determined by divid-
ing the sound velocity of a material by the sound
wave frequency; therefore, the higher the fre-
quency, the smaller the flaw size that can be
detected. However, a majority of materials have
some levels of attenuation at a high frequency.
The ultrasonic attenuation coefficient, a, repre-
sents how much ultrasonic energy is absorbed
and scattered in the material. For metals, the
value of a is proportional to the square of the fre-
quency, that is, a / f2. It is common to consider
both the minimum flaw size and the attenuation
coefficient in the material at the frequency being
considered. Especially for welded joints, the
scattering portion of the attenuation due to a com-
plex microstructure can be a major concern
when a high-frequency signal is considered for
a small flaw.
Recently, more advanced ultrasonic methods,

such as linear phased array and matrix phased
array, have been used for weld inspections.
Phased array probes consist of multiple trans-
ducer elements within a single probe housing that
can be grouped to form a desired aperture size
and then pulsed in different timing sequences.
By varying the timing sequences, the ultrasonic
beam can be electronically scanned, steered,
and focused to provide quicker coverage of a
weld zone. Illustrations in Fig. 2 show how the
linear phased array technique is used to focus or
steer an ultrasonic beam for better detection. In
both cases, the amount and sequence of delay in
firing of each element determine the effects. For
beam focusing, the midcentral section of the ele-
ments has more delay than the outer-edge ele-
ments, so the waves generated from the side
elements converge into the central beam to create
a focusing effect. In contrast, for the beam steer-
ing effect, one side of the elements has a longer
delay time than the other side, as illustrated in
Fig. 2(b). It is also possible to combine beam
steering and beam focusing effects. This beam-
manipulation capability with the linear phased
array technique makes it possible to inspect parts
and components with complicated geometries
that are not easily inspected with conventional
single-element transducers.

Eddy Current

The eddy current inspection method is based on
the principle of electromagnetic induction,where
eddy currents are induced in a conductive mate-
rial when the material is placed in a changing
magnetic field. It can be used for both ferrous
and nonferrous materials. Usually, a drive coil
carrying an alternating current induces a swirl
of circulating electrical currents, called eddy cur-
rents, as shown in Fig. 3 (Ref 3).The eddy current

contours in the tested material are approximately
similar in shape to the shape of the coil that gen-
erates the alternating field, especially on the
material surface facing the coil. After eddy cur-
rents are induced in the material, a secondary
magnetic field is formed to interact with the pri-
marymagnetic field of the drive coil. Thismutual
magnetic field interaction causes a change in the
drive coil electrical impedance, which has two
components: one is called the resistance, and
the other is called the reactance. An eddy current
instrument monitors and displays changes in the
electrical impedance, which can be correlated to
the surface or subsurface flaws in the specimen
under test. The strength of eddy currents nor-
mally depends on the material electrical conduc-
tivity, magnetic permeability, frequency of drive
signal, and distance between the coil and the
material (referred to as the lift-off distance).
One of the most important parameters in the

eddy current method is the depth of penetration,
d, as defined by:

d ¼ 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pfmomrs
p (Eq 3)

where f is the frequency of alternating current
applied to the drive coil, mo is the constant mag-
netic permeability of air or free space (4p
�10�7 H/m), mr is the relative magnetic perme-
ability of the material, and s is the electrical
conductivity of the material. In general, the
depth of penetration has a strong relationship
with the detectability and sizing of flaws.
The eddy current techniques may be used to

detect changes in metallurgical phase and
chemical composition, hardness, residual stres-
ses, and others that would affect the electrical
conductivity and magnetic permeability distri-
bution in the material (Ref 3). One of the main
applications of eddy current is for surface and
subsurface flaws and material discontinuities.

Examples of NDE of Solid-State
Welds

Radiography (X-Ray)

One of the most common flaws resulting
from solid-state welding processes is incom-
plete consolidation. For cold welding and

Fig. 2 (a) Beam focusing and (b) beam steering effects of a linear phased array

Fig. 3 Principle for inducing eddy currents in a conducting material. (a) Without defect. (b) With flaw
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diffusion welding processes, cracks may also
occur as a result of poor welds. A good exam-
ple is an incomplete consolidation flaw in fric-
tion stir welding (FSW). This is a tunnel
defect that forms at the intersection of the weld
nugget, thermomechanically affected zone, and
band of material running from the weld nugget
toward the joint edge on the advancing side of
the tool. These defects are attributable to a
combination of welding parameters: insufficient
or excessive rotational speed combined with a
weak downward force. In such cases, the
welded parts cannot be correctly stirred and
mixed together, and hence, a tunnel, or so-
called “wormhole,” is created, running along
the entire weld (Ref 4). An x-ray image of a
wormhole defect is shown in Fig. 4. In this
case, the material was a 13 mm (0.5 in.)
thick, 30 cm (12 in.) long high-strength low-
alloy steel plate. A wormhole defect, shown
as a dark line on the advancing side of the
weld, was detected from the entering site to
the exit site.
Because the size of flaws in diffusion bond-

ing is determined by the scale of roughness
and contaminations of the surfaces being
bonded, both flatness and cleanliness influence
the bond quality. Real-time radiography, cou-
pled with a microfocus x-ray source and digital
image enhancement, has been used to detect
flaws in a diffusion-bonded titanium sample
(Ref 5). Intentional voids 1 mm (0.04 in.) in
size created by a high-melting oxide powder
were successfully detected.

Ultrasound

A majority of solid-state welds are comprised
of smooth, flat surfaces, where the most likely
flaw would be located at the interface of the
materials being joined. Because ultrasound is

sensitive to planar-type flaws, they provide a
good reflecting surface for an incoming ultra-
sonic wave. This, in turn, makes them relatively
easy to detect, provided the sound energy is
reflected at an angle that allows reception by
the receiving ultrasonic transducer(s).
If a pulse-echo technique, one of the conven-

tional ultrasonic testing techniques, is used, the
primary plane of the flaw must be oriented
approximately perpendicular to the beam prop-
agation direction, as shown in Fig. 5. When
there is a discontinuity in the weld, the incom-
ing wave reflects back at the discontinuity due
to a strong impedance mismatch, and hence,
the reflected signal appears early in time, as
shown in the A-scan mode display on the left
of the top illustration. Normally, multiple ultra-
sound reflections occur between the top surface
of the specimen and the discontinuity, and
hence, multiple peak signals would be dis-
played in the A-scan mode. Alternately, if there
is no flaw in the weld, the incoming ultrasound
continues its travel through the weld and
reflects back at the opposite side of the mate-
rial. The back surface reflection signal appears
at a later time compared to the aforementioned
defect signal, because of a longer propagation
distance.
In situations where the sound beam cannot be

aligned perpendicular to the flaws, an angle
beam through-transmission (Fig. 6) or tandem
pitch-catch (Fig. 7) technique may provide
good detection. These techniques use two
probes, with one probe transmitting and the
other receiving. Precise placement of the probes
is critical to assure proper coverage of the weld
area. To obtain full inspection coverage, it
is important to acquire data at different probe
locations to inspect the full weld thickness.
As an alternative to multiple probes and multi-
ple probe positions, phased array probes could

be used to provide electronic beam steering
and scanning (Fig. 8). For some applications,
it may be necessary to inspect for cracking,
porosity, or other flaws resulting from a joining
process (Ref 6). In these cases, additional scans
using pulse-echo angle beam shear waves or
surface waves may be needed to detect certain
types of flaws.
A related defect in FSW is incomplete pene-

tration or lack of penetration (LOP), which can
be a natural stress raiser from which a crack
may propagate. An LOP defect can occur when
the weld metal fails to penetrate the joint. As an
example, a linear phased array NDE technique
was used to detect an LOP defect in a friction
stir weld of two aluminum plates. By using an
angle beam wedge and a 5 MHz 60-element
phased array probe, as shown in Fig. 9, shear
wave conversion was achieved in the part. To
increase the inspection zone, a sectorial scan
was performed between angles 40 and 70�.
A corresponding snapshot image of the test

result is shown in Fig. 10. It should be noted
that the two images in Fig. 10, both D-scan
and S-scan, are upside down when compared
with the setup shown in Fig. 9. Because the sec-
torial scan data were collected with the
reflected beam from the bottom surface of the
part, the images appear to be upside down when
reconstructed. As indicated in the D-scan
image, the bottom of the part (root side) shows
up on the top portion of the image, while the
top surface of the part shows up on the bottom
portion of the image. The situation is the same
with the S-scan image; the top of the weld is
on the bottom portion of the image, while the
root area is on the top. A-scan data in Fig. 10
show a strong ultrasonic signal reflection at
the bottom of the weld root. Macro sections
depicted in Fig. 11 show the corresponding
LOP defect near the bottom of the weld.

Fig. 4 (a) Friction stir weld on a high-strength low-alloy steel plate part. (b) Corresponding x-ray image showing a long wormhole defect along the advancing side of the weld.
Courtesy of GE
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Different ultrasonic NDE techniques have
been discussed extensively by Nagy and Adler
in connection with the evaluation of similar
and dissimilar inertia and friction welds
(Ref 7). The main conclusion they drew from
the results of the study was that the great vari-
ety of solid-state bonding technologies,

material combinations, defect types, bond-qual-
ity considerations, and quantitative parameters
made it necessary to evaluate the feasibility of
any particular ultrasonic technique on a case-
by-case basis. They also concluded that similar
joints were much easier to interrogate for gross
defects, but such defects were more common in

dissimilar joints. A symmetric reflection tech-
nique was introduced to detect weak flaws in
the strongly reflecting interface region of dis-
similar solid-state bonds. Depending on the
accuracy of the reflection measurement, the
detection threshold for interface imperfections
was improved by approximately a factor of
10. In this way, even apparently flawless inter-
faces were also able to be characterized in a
quantitative way by using an effective softening
(or hardening) parameter.
Another specific problem associated

with inertia and friction welds studied by
Nagy and Adler was the so-called cold weld
effect. Frequency analysis was introduced
to assess interface conditions in this particular
case, where conventional ultrasonic interroga-
tion would often be less sensitive. The
slope of the reflected spectrum was shown
to be closely correlated to welding pressure
and interface temperature. They suggested that
the technique may be useful to monitor these
welding process parameters. Finally, frequency
analysis was used to study the sandwich-like
layered structure of similar inertia welds. The
ultrasonic technique proved to accurately pre-
dict the characteristic thickness of the interface
layer, a principal macrostructure parameter
closely related to bond quality. No frequency
analysis study was reported for dissimilar
bonds.
Flaws resulting from diffusion and inertia

bonds are influenced by several manufacturing

Fig. 6 Through-transmission pitch-catch technique

Fig. 5 Ultrasonic pulse-echo technique for a solid-state weld examination. UT, ultrasonic testing
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variables, such as part geometry, part fit-up,
surface finish, surface contamination, as well
as bonding conditions such as time, tempera-
ture, and force. An ultrasonic C-scan inspection
technique interrogating the bonding plane has
been developed by combining a data-reduction
technique with pattern-recognition algorithms
(Ref 8, 9). A set of inertia-bonded copper-to-

stainless steel samples showed a good correla-
tion with the bond strengths and the C-scan pro-
cedure, while diffusion-bonded copper-to-
stainless steel and stainless steel-to-stainless
steel samples did not show a reliable test result.
A planar distribution of flaws in diffusion-

bonded IN100 aircraft engine rotor material
has been investigated by using an ultrasonic

wave-scattering theory based on a quasi-static
model (Ref 10, 11). Comparison to exact
elasto-dynamic solutions and experimental
results confirmed that the wave-scattering
approach can provide a useful nondestructive
inspection technique as well as a tool for frac-
ture mechanics studies.
Various ultrasonic techniques, such as the

time-of-flight diffraction (TOFD) technique,
scanning acoustic microscopy (SAM), ultra-
sonic spectroscopy, and the compound
scanning technique, have been used to detect
diffusion bond defects (Ref 5). The TOFD
method showed a promising result for sizing
defects, but the location of defects in the mate-
rial influences the test results, particularly shal-
low defects for which weak defect signals
are often obscured by the later interface
signals. For the SAM method, a high-frequency
ultrasonic signal above 50 MHz is often scat-
tered by grain boundaries and causes
an image-dappling effect, resulting in loss of
information about the bond interface. The ultra-
sonic spectroscopy method uses a Fourier trans-
formation of pulse signals in the frequency
domain to identify the scattering feature of
microscopic voids and clusters of such voids
related to diffusion bonds. In the compound
scanning method, focused transducers were
used in water tanks to improve the signal-to-
noise ratio over the grain-boundary scattering
noise. This method proved to be a better
approach compared to conventional immersion

Fig. 8 Tandem pitch-catch technique using a linear phased array probe

Fig. 7 Tandem pitch-catch technique
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techniques, but technical difficulties were found
with the probe positioning and alignment when
a short pulse is used.
An acoustic emission technique has been

used to measure resistance projecting weld
strength in Zircaloy-2, a nuclear reactor
alloy, followed by various surface treatments
(Ref 12). Based on the acoustic emission

counts during the weld process, it was found
that tensile-shear weld strength for a range
of welder settings and surface-quality variations
could be correlated. The weld nugget or
process zone was thought to be the primary
source of acoustic emission. The magnitude
of the acoustic emission count and weld
strength level was considered to be related

to the amount of material in the process zone
that is plastically deformed during the weld
process.
Another ultrasonic method, based on the

electromagnetic acoustic transduction technol-
ogy, has been used to monitor weld quality of
flash butt welding of steel coil (Ref 13). The
on-line real-time monitoring system detects
voids, laps, misalignment, and over/under trim
conditions in the weld. Results of the inspection
are immediately presented to the weld machine
operator for disposition. The information is
used to correct suspect weld joints when they
occur and to avoid weld breakage in subsequent
processing operations.

Eddy Current

A majority of the eddy-current-based NDE
work on solid-state welds has been performed
for flaws in friction stir welds (Ref 14–20).
Instead of using a conventional single probe
consisting of transmitting and receiving coils
in the same housing, various specialized eddy
current techniques have been adapted. One such
example is an array eddy current probe having
several coils configured in a two-dimensional
planar format. An array probe can provide the
advantage of covering a wide surface area with
one pass, which helps minimize the lift-off var-
iations. Considering the noise source in the
eddy current method, having a small variation
in the lift-off is a big advantage over many sin-
gle-probe-based scan techniques. In many
cases, advanced signal processing algorithms
can be used to produce more intuitive and
easy-to-interpret test results when compared to
conventional scanning techniques. Model-based
algorithms can be developed to use eddy cur-
rent signal amplitude and phase information to
plot the array data in terms of the material elec-
trical conductivity. The conductivity data col-
lected with an array technique have been used
to correlate the eddy current measurement
results with an LOP defect in a friction stir
weld (Ref 15).
Other eddy current techniques, such as

pulsed eddy current and specialized eddy cur-
rent sensors, have been used to demonstrate
flaw detection and electrical conductivity
mapping, which can be correlated with hard-
ness change on a friction stir weld surface
(Ref 16–19). Carr et al. have used the high-tem-
perature superconducting SQUID system to
characterize the inertia welds of stainless steel
(Ref 20).
Recent advances in computer hardware and

software have made possible computer model-
ing and simulation to be employed for optimi-
zation and prediction of eddy current
technique performance (Ref 21). The computer
models allow fast and comprehensive eddy cur-
rent procedure development with significantly
reduced costs for specimens and representative
flaws fabrication.
An example of array eddy-current-based

NDE performed on a friction stir weld in anFig. 10 Linear phased array results for a lack-of-penetration (LOP) defect in a friction stir weld part

Fig. 9 Setup for the shear wave weld inspection technique with an angle beam wedge and a 5 MHz 60-element linear
phased array probe
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aluminum part is shown in Fig. 12(a). For this
test, a 32-element array probe was operated at
20 and 480 kHz, and the corresponding test
results are shown in Fig. 12(b) and (c), respec-
tively. It should be noted that the array sensor
used for this particular specimen had a con-
formable front face made of a semiflexible
polymer material to minimize lift-off noise on
a slightly curved surface, as in this case.
The surface of the specimen was prepared to

remove any irregularity as well as metal “lips”
on the side section of the weld. Both C-scan
images and isometric plots in Fig. 12(b) and
(c) clearly show two groups of flaws. The big-
gest flaw, which was invisible on the surface,
was detected along the central line of the weld
near the tool exit site, location “B” in the
images in Fig. 12(b) and (c). The other two lat-
eral flaws, located at positions “A” and “C,”
were detected along the advancing side of the
weld. Another characteristic feature is the tool
exit marks, as shown in the scan images. It
may be caused by an increase in the electrical
conductivity (possibly correlated to the hard-
ness change), and it is clearly visible in an arc
shape in the 20 kHz image. The same tool exit
mark shown in the 480 kHz image is not as
clear as in the 20 kHz case.
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Mechanical Properties of Soft-Interlayer
Solid-State Welds*

THE UTILIZATION OF METAL INTER-
LAYERS for solid-state welding can be an
appropriate joining method when brittle inter-
metallic compound formation, differential ther-
mal contraction during cooling, or oxide
dissociation and dissolution temperature pre-
clude the use of conventional methods, such
as fusion welding, brazing, and direct solid-
state welding of the base metals. An interlayer
can have the form of a foil (Ref 1–8), or it
can be applied to one or both of the base metal
surfaces by various coating methods, such as
electrodeposition (Ref 1, 2, 4, 9), plasma spray-
ing (Ref 2), or vapor-deposition methods.
Methods that utilize coated interlayers

require a two-step joining procedure (coating
and welding), as opposed to joints fabricated
with foil interlayers, which may only require a
single solid-state welding step. However, meth-
ods that utilize coated interlayers have the
advantage of not requiring solid-state welding
at the interface of the interlayer and base metal,
as necessitated by the use of foil interlayers.
The solid-state welding of some foil interlayer
and base-metal combinations may require high
temperatures and/or pressures, because of the
high dissociation temperatures of the surface
oxides, which may preclude or restrict their
use (Ref 10–12).
Various base-metal combinations have been

solid-state welded using coated silver as the
interlayer metal. The principal advantage of sil-
ver as an interlayer for solid-state welding is
that high-strength joints can be fabricated at rel-
atively low temperatures (473 to 673 K) and
pressures (100 to 200 MPa, or 15 to 30 ksi),
because of the low dissociation temperature
(<460 K) for silver oxide. Depending on the
strength of the base metals and the method
(hydrostatic or uniaxial stress) by which pres-
sure is applied to the silver/silver interface,
the joining process may result in variable defor-
mation in the base metals. Because some plas-
ticity in the base metal may be important to
assist with intimate atomic contact across the
interface, “soft” interlayers are often preferred.

Silver interlayers for solid-state welding
are usually applied to one or both of the base
metals by deposition using either electrodeposi-
tion (Ref 1, 13–17) or vacuum-coating meth-
ods. The vacuum-coating methods have
included electron beam evaporation (Ref 18),
hot-hollow cathode (HHC) evaporation (Ref
15, 19–26), ion plating using sputtering (Ref
27–29), and planar-magnetron (PM) sputtering
(Ref 30–33).
Prior to deposition, the surface oxide layer

may require removal from the base metal in
order to achieve adequate adhesion of the sil-
ver. The surface oxide layer is usually removed
by chemical- or sputter-etching methods. One
advantage of vacuum coating over electrodepo-
sition is the ability to sputter-etch the base
metal in situ. This permits silver deposition
with minimal recontamination of the oxygen
on the base-metal surface (Ref 34).
Soft-interlayer solid-state welds that join

stronger base metals have unique mechanical
properties that are of fundamental interest and
may be of critical importance to designers.
These assemblies can be subjected to various
applied stress states, such as tensile, where the
load is applied perpendicular to the interlayer/
base-metal interfaces, or shear, where the
applied shear stress lies within the plane of
the interlayer. Of course, in application, the
interlayer may be subjected to a combination
of applied tensile and shear loads. This is
important because these types of welds are,
mechanically, quite anisotropic. This includes
the case where interlayers may be subjected to
residual stresses from fabrication. The loading
may be continually increasing, as with a con-
ventional tensile test, or static, as with creep
tests. Again, these behaviors are quite different.
Additionally, some interlayer/base-metal

interfaces have been shown to be susceptible
to stress-corrosion cracking when exposed to
critical environments (Ref 35). The mechanical
properties of soft-interlayer solid-state welds
and the implications of these behaviors to ser-
vice stress states and environments are

discussed in this article. It should be noted that
although silver interlayers are emphasized, pri-
marily because of their selection by previous
researchers and industrial fabricators, the
described trends appear to be completely con-
sistent with joints that use other soft-interlayer
metals.

Microstructure of Interlayer Welds

As-Deposited Coatings. A fine-grained
(typically <1 mm, or 40 min., in diameter)
columnar structure commonly forms in
coatings that are vacuum deposited onto low-
temperature substrates (�0.3 Tm) using a low
working-gas pressure (�1 Pa, or 1.5 � 10�4

psi). This type of structure has been reported
previously in silver coatings fabricated for
interlayer welding by HHC evaporation (Ref
20) and PM sputter deposition (Ref 30). The
columns are perpendicular to the base-metal
surface, and the axes of the columns are ori-
ented perpendicular to a close-packed crystallo-
graphic direction. The columnar grains
resulting from the PM sputter-deposition of sil-
ver often contain a high density of growth twins
that are approximately 15 nm (0.6 min.) thick
(Ref 30).
Solid-State-Welded Interlayers. Figure 1

shows a solid-state-welded silver interlayer
that is 150 mm (6 mils) thick between steel
base metals after solid-state welding at 673 K
(Ref 17). The silver interlayer typically consists
of two types of structures: nonrecrystallized sil-
ver that has retained the columnar grains and
fine microtwins of the as-deposited coating
and silver that has recrystallized into large
grains (>1 mm, or 0.04 in., in diameter) con-
taining a high density of annealing twins. The
solid-state-welded interfaces are generally
free of any large voids, or nonbonded regions.
In the case of rough base-metal surfaces, large
voids can remain along the silver/silver
interface.

* Reprinted from R.S. Rosen and M.E. Kassner, Mechanical Properties of Soft-Interlayer Solid-State Welds, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993,
p165–172



Tensile Loading of Soft-Interlayer
Welds

Despite the relatively low strength of the
interlayer material, it has long been known that
thin (1 mm to 1 mm, or 40 min. to 0.04 in.) inter-
layer welds or brazes between stronger base
materials can have ultimate tensile strengths
(UTS) that are much higher than that of the
bulk interlayer material (Ref 36, 37). For exam-
ple, the UTS of silver-interlayer solid-state
welds between maraging steel base metals has
been reported to be nearly 800 MPa (120 ksi)
(Ref 32, 33), whereas the UTS of the bulk silver
is only about 250 MPa (35 ksi) (Ref 38). The
high tensile strength of the joint is due to the
mechanical constraint provided by the stronger
base metal, which restricts transverse contrac-
tion of the interlayer (Ref 36, 37, 39–45). The
constraint establishes radial (triaxial) stresses
that inhibit the development of shear stresses
within the joint, thereby decreasing the effec-
tive, or von Mises, stress in the interlayer. This
inhibits the plastic flow that leads to ductile
fracture.
Effect of Interlayer Thickness on Stress.

The degree of mechanical constraint in the soft
interlayer and the joint strength tend to increase
with a decreasing thickness-to-diameter ratio,
t/d, of the interlayer (Ref 36, 37, 39–42, 44,
46–53). Figure 2 summarizes the effect of t/d
on the UTS of solid-state-welded silver inter-
layers fabricated using PM sputter deposition
(Ref 30) and electrodeposition (Ref 15), com-
pared with Ag-4Pd brazed interlayers (no hard-
ening, because of the addition of palladium)
(Ref 41). The UTS is shown to increase with
a decreasing t/d ratio to about 0.002, below
which only small strength increases can be
expected. The higher UTS of sputter-deposited
silver interlayers, compared with those utilizing

electrodeposition or brazed-silver alloy, are dis-
cussed in the section “Effect of Interlayer Fab-
rication Method” in this article.
Although the tensile behavior of interlayer

joints has been reasonably well understood
qualitatively, particularly for thick interlayers,
quantitative prediction has only recently been
accomplished with finite-element method
(FEM) codes. Orowan (Ref 36, 37) was perhaps
the first to derive an analytical expression for

the radial (constraining) stress within the inter-
layer. It was proposed that:

sr ¼ sy

t

d

2
� r

� �

(Eq 1)

where sr is the radial stress, t is the thickness,
d is the diameter, r is the radius, and sy is the
yield stress of the interlayer. This equation

Fig. 1 (a) Optical photograph showing a 150 mm (6 mils), thick silver interlayer joining steel base metals and (b) optical micrograph of the solid-state-welded interface. Source:
Ref 17

Fig. 2 Effect of interlayer thickness on ultimate tensile strength of solid-state-welded silver interlayers fabricated using
planar-magnetron sputter deposition and electrodeposition, compared with Ag-4Pd brazed interlayers
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was originally derived by assuming ideal plastic
behavior (that is, no strain hardening) of the
interlayer and uniform plastic strain in the inter-
layer. Analytical attempts to account for strain
hardening within the interlayer have led to
modifications of Eq 1 that have, experimentally
at least, provided reasonable correlation with
upper bounds for UTS of soft-interlayer joints
(Ref 41, 43, 48, 49).
More recently, FEM analyses (Ref 53, 54)

reveal significant deviation from Eq 1. Figure
3(a) illustrates the effect of t/d on the radial
stress distribution at the center plane for
silver interlayer welds between nonplastically
deforming base metals at a fixed applied tensile
stress. These were determined from an FEM
analysis that included the observed strain hard-
ening of the interlayer metal and are plotted
along with results predicted by Eq 1. This com-
parison shows that for large t/d ratios (“thick”
interlayers), Eq 1 predicts qualitatively correct
behavior for the radial stress distribution. How-
ever, for small t/d ratios (“thin” interlayers), the

FEM results indicate a relatively uniform and
substantially lower stress distribution over most
of the central portion of the interlayer than pre-
dicted by Eq 1. This is partly due to the simpli-
fying assumptions in Eq 1, particularly that of a
radially uniform strain state.
This effect is further illustrated in Fig. 3

(b), which shows the stress state in a strain-
hardening silver interlayer at a small fixed t/d
ratio. Although it is not shown, the effective
(von Mises) stress, which measures the ten-
dency to plastically deform, decreases with
decreasing t/d, down to approximately 0.025.
Hence, a decreasing t/d ratio increases the
mechanical constraint in the interlayer such that
a larger applied stress is needed to produce a
given amount of plastic strain in the interlayer.
Interestingly, and in contrast with Eq 1, the
effective stress does not appear to substantially
change with decreases in t/d that are less than
approximately 0.025 (Ref 54). This is qualita-
tively consistent with the extrapolations of the
solid-state-welded silver data in Fig. 2 (but not
the braze data).
Early investigators (Ref 15, 40, 44, 45, 55)

believed that this phenomenon was due only
to discontinuities (solidification shrinkage cav-
ities, surface flatness, and such) in very thin
brazes and solid-state welds. Recent results
(Ref 17, 30) of solid-state-welded interlayers
fabricated using sputter-deposited silver onto
lapped base metals (surface roughness of 0.03
mm, or 1.2 min.) indicate that the modest
increase (or plateau) in strength occurs even in
the absence of preexisting voids that are com-
mon in thin brazes.

Interlayer Strain. Associated with the
increased UTS of the constrained interlayers,
compared to the UTS of the bulk or uncon-
strained interlayer metal, is a decreased plastic
strain-to-failure, Ef, of the interlayer. Early
results (Ref 42) found that for brazed-silver
interlayers joining elastically deforming base
metals with a t/d ratio of 0.016, the Ef is
about 0.01. The results from specimens fabri-
cated using solid-state welding of PM sputter-
deposited silver interlayers, in which the base
metals did not plastically deform, indicated
plastic strains of only about 0.001 for a compa-
rable t/d ratio of 0.024 (Ref 17, 33). The reason
for the disparity is not clear. Perhaps the rela-
tively large number of interfaces in the PM
sputter-deposited interlayers (Ref 30, 33) led
to higher cavity-nucleation rates. Other works
do not appear to have made reliable attempts
at determining the plastic strain-to-failure
value. It should be emphasized that despite the
relatively low plastic strain-to-failure, the frac-
ture surface is that of a classic, ductile, micro-
void-coalescence type of failure (Ref 33).
Time-Dependent Failure. It has been

observed that at stresses substantially less than
the UTS, delayed or time-dependent ductile
fracture may occur. For at least the case of sil-
ver interlayers, decreases in the applied stress
are associated with increased times-to-rupture,
as indicated in Fig. 4. This figure shows that
decreasing the t/d ratio (to about 0.02) and/or
improving the base-metal surface finish (lapping)
results in longer tensile creep-rupture times.
Time-dependent failure is believed to be a conse-
quence of cavity nucleation and/or growth (Ref
33), as is observed in short-term tensile tests that

Fig. 3 Finite-element method analysis of the effect of
t/d on the radial stress distribution at the center

plane for silver interlayer welds between non-plastically
deforming base metals at a fixed applied tensile stress.
(a) Predictions of Eq 1 are given by dashed lines. (b)
The stress state in a strain-hardening silver interlayer at
a small fixed t/d ratio

Fig. 4 Effect of interlayer thickness and base-metal surface finish on creep rupture of solid-state-welded silver joints
between nonplastically deforming base metals
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determine the UTS. For solid-state welds in
which two coatings are joined, nucleation occurs
principally at the silver/silver welded interface or
the base-metal/silver-coated interface. The cav-
ities appear to nucleate as a consequence of
time-dependent plasticity within the interlayer.
The cavities expand in diameter and final inter-
linkage, and failure appears to occur at relatively
low “macroscopic” strains within the interlayer
(for example, Ef < 10�3).
Figure 5 shows scanning electronmicrographs

of a solid-state-welded silver interlayer joining
steel base metals, loaded at the relatively low
stress level of 207MPa (30 ksi) (albeit, for a sub-
stantial fraction of the expected creep-rupture
time). Some of the larger cavities consist of clus-
ters of smaller (<0.5mm, or 200min., in diameter)
microvoids. A typical fracture surface of a creep-
rupture specimen is illustrated in Fig. 6. Natu-
rally, the fracture surfaces appear identical to
those of the short-term tests in which UTS values

were measured. It should be emphasized that,
consistent with Fig. 2, as the interlayer metal
strength increases, the strength of the weld joint
increases. Similarly, as the interlayer metal creep
resistance increases, the rupture times of theweld
joint should increase. Hence, as reported for
gold-nickel high-strength/creep-resistant inter-
layer brazes (Ref 56), time-dependent failure
has not been observed over periods of about 1
year. Also, it appears that for silver brazes (Ref
33), time-dependent failure is observed but at
increasingly longer times at decreasing stresses,
perhaps because of differences in substructures,
compared with solid-state-welded silver
interlayers.
A nucleation-based theory has been proposed

to explain the low plastic strain, time-dependent
failures of soft-interlayer solid-state welds in
which preexisting voids do not exist, and the
base metal does not plastically deform. (Ref
17, 33, 57). Plastic deformation of the

interlayer, acting under the effective stress,
causes cavity nucleation by dislocation pile-
ups at interfaces. Nucleation continues with
further creep of the interlayer, until the concen-
tration of nuclei is sufficiently high to lead to
instability in the material between the cavities.
Coalescence by interlinkage or by uniform wall
expansion (“growth”) then occurs. The point of
instability between two small nanometer-
sized cavities or nuclei separated by a few dia-
meters or so may lead to subsequent rapid
nucleation between the cavities, resulting in
the formation of a single, larger cavity (as
shown in Fig. 5). This process is repeated and
eventually leads to the onset of final rupture,
and gives the appearance of a classic, ductile,
microvoid-coalescence type of fracture.
In contrast with this nucleation-based theory,

other investigators (Ref 42) suggest that the
macroscopic strain-to-failure is determinted by
the details of the uniform cavity expansion
(growth). Here, once the cavities expand and
come in proximity to other cavities, coales-
cence and ductile fracture occurs. In a creep
experiment, according to the usual cavity-
growth models, the rupture time is determined
by the cavity growth rate or the speed of the
expanding cavity wall. In the absence of
vacancy-controlled growth, this speed is con-
trolled by the macroscopic plastic strain rate.
Therefore, the static (or creep) and dynamic
(or quasi-static) failures of the thin interlayer
welds should be, according to cavity-growth-
based theories, related to the macroscopic strain
in the interlayer. If steady-state plasticity is
achieved throughout the silver interlayer mate-
rial surrounding the cavities, then unstable cav-
ity wall expansion may occur. However, since
the macroscopic strains-to-failure are small (Ef
< 10�3), the time or strain up to the onset of
final catastrophic failure (where a large duc-
tile-dimple fracture surface begins to form) is
not easily explained by a cavity-growth model
in a strain-hardening material.
The silver-plasticity concept for rationalizing

creep rupture is consistent with the temperature
dependence of the time-to-rupture. The activa-
tion energy for the creep of silver at ambient
and near-ambient temperatures for various sub-
structures falls within the range of 50 to 71 kJ/
mol (Ref 38, 58). The activation energy for the
creep rupture of the solid-state-welded silver
joints of Fig. 2, equal to 65 kJ/mol (Ref 33),
falls within the range of activation energies
for silver plasticity.
Effect of Base-Metal Properties. Time-

dependent tensile fracture can be dramatically
accelerated if there is creep, or time-dependent
plasticity, of the base materials. Figure 7 shows
the creep-rupture behavior of solid-state-welded
silver interlayers (t/d = 0.024) joining one of
two different strengths of type 304 stainless
steel base metals: annealed or cold worked
(Ref 17, 33). Interestingly, these base metals
undergo time-dependent plasticity, or creep, at
ambient temperatures at stresses that are less
than the conventional yield stress of the metal.

Fig. 5 Scanning electron micrographs showing solid-state-welded silver interlayer joining nonplastically deforming
base metals, loaded at 207 MPa (30 ksi) (�⅓ ultimate tensile strength) for a substantial fraction of the

expected creep-rupture time

Fig. 6 Solid-state-welded silver interlayer fracture surface between lapped maraging steel base metals
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Although the accumulated plastic strain in the
creeping stainless steel is only about 0.001 to
0.01 at low stress levels, this nonetheless
induces concomitant plastic strain within the
interlayer that exceeds that which would occur
within the interlayer in the absence of base-
metal plasticity, resulting in shorter creep-rup-
ture times. This behavior is consistent with pre-
vious reported data for creep ruptures of
interlayers that join plastically deforming base
metals (Ref 25, 26, 59, 60).
Finite-element analyses have confirmed

that plasticity in the base metal allows the inter-
layer to plastically deform to a much greater
extent than if the base metal deforms only
elastically (Ref 54). This observation is
important, because these small levels of time-
dependent plasticity (0.001 to 0.01) are
often observed, over time, in other structural
metals and alloys at ambient temperature
at stresses significantly below the convention-
ally defined yield stress. With an increase in
test temperature, the stainless steel base-metal
creep rate significantly increases and rupture
times decrease. The activation energies for
the creep rupture of silver interlayers
between stainless steel base metals and for plas-
tic flow in stainless steel are comparable, fur-
ther suggesting that the temperature
dependence of creep rupture is determined by
creep plasticity in the stainless steel base metal.
The transition from base-metal to interlayer-
controlled creep rupture occurs at the “knee”
of the cold-worked stainless steel data plot, at
stress levels below which base-metal creep is
negligible.

Figure 7 also shows the effect of base-metal
surface finish, which is eventually coated, on
the creep-rupture behavior of joints utilizing
cold-worked type 304 stainless steel. Lapped
cold-worked stainless steel base-metal speci-
mens have longer rupture times than those of
machined cold-worked stainless steel, as was
the case with the maraging steel specimens.
However, the increase in creep-rupture times
of specimens utilizing lapped versus machined
plastic base metals is only a factor of 5, which
is considerably less than the increase of approx-
imately 50 for specimens utilizing lapped ver-
sus machined elastic base metals. The
difference between the increases in creep-rup-
ture times for lapped plastic versus lapped elas-
tic base-metal specimens may be due to the
difference in failure processes. For the case of
a plastic base metal, the strain in the silver is
externally and uniformly imposed by the defor-
mation of the base metal. For elastic base
metals, plasticity is caused by the effective
stress within the interlayer. It is believed that
the heterogeneities along the solid-state-welded
silver interface caused during the joining
of the comparatively rough machined sur-
faces could result in regions that may be
more resistant to plasticity than other regions.
The heterogeneities at the solid-state-welded
silver interface may be less significant in
increasing the nucleation and coalescence rate
of cavities in specimens utilizing plastic base
metals than those utilizing elastic base metals,
where the strain is indigenous to the interlayer,
rather than being imposed by base-metal
deformation.

Effect of Interlayer Fabrication Method. In
general, the tensile strengths of PM sputter-
deposited silver joints between various base
metals have been reported to be equal to or
greater than those utilizing other silver-coating
methods and similar solid-state-welding para-
meters. For elastic base metals with lapped sur-
faces, PM sputter-deposited silver joint tensile
strengths (Ref 30) of 758 and 793 MPa (110
and 115 ksi) using interlayers that are 150 and
50 mm (6 and 2 mils) thick, respectively, are
comparable with HHC-deposited silver joints
(758 MPa, or 110 ksi, using 10 mm, or 0.4
mil, thick interlayers) and greater than those
of electrodeposited silver joints (669 MPa, or
97 ksi, using 25 mm, or 1 mil, thick interlayers)
(Ref 15). However, the tensile strength values
for silver-interlayer welds fabricated using
these other two coating methods are achieved
with considerably thinner interlayers, which
have the advantage of greater plastic constraint
produced by the base metals. For type 304
stainless steel (plastically deforming) base
metals with machined surfaces and 150 mm (6
mils) thick joints, PM sputter-deposited silver
joint tensile strengths (Ref 30) of 304 MPa
(44 ksi) (sy,SS = 221 MPa, or 32 ksi) and 400
MPa (60 ksi) (sy,SS = 359 MPa, or 52 ksi) are
comparable with electrodeposited silver joint
strengths of 321 to 367 MPa (47 to 53 ksi)
(sy,SS = 296 MPa, or 43 ksi) (Ref 16). For ura-
nium (plastic) base metals with machined sur-
faces, the PM sputter-deposited silver joint
tensile strength of 442 MPa (64 ksi) (sy,U =
242 MPa, or 35 ksi) (Ref 30) exceeds electrode-
posited silver joint strengths of approximately
255 MPa (37 ksi) (despite the higher base-metal
yield stress; sy,U = 345 MPa, or 50 ksi) and
HHC-deposited silver joint strengths of 345 to
373 MPa (50 to 54 ksi) (Ref 16, 61). However,
the lower joint strength using HHC-deposited
silver (Ref 61) may have resulted from a lower
solid-state welding pressure (138 MPa, or 20
ksi) and temperature (589 K) than those using
PM sputter-deposited silver. The tensile
strength of solid-state-welded silver joints
between dissimilar metals, such as uranium
(sy = 345 MPa, or 50 ksi) and type 304 stain-
less steel (sy = 296 MPa, or 45 ksi) fabricated
using HHC deposition has been reported to
average 442 MPa (64 ksi) (Ref 25). The tensile
strength of electrodeposited silver joints
between the same uranium and stainless steel
base metals that were solid-state welded at the
same pressure (207 MPa, or 30 ksi), tempera-
ture (873 K), and time (2 h) averaged only
345 MPa (50 ksi) (Ref 17, 30). Therefore,
solid-state-welded silver joints fabricated using
electrodeposition appear to be weaker than
those fabricated using HHC deposition or PM
sputter deposition.
Although there is only a limited amount of

published test results of interlayer joint
strengths fabricated by low-temperature solid-
state welding of foils, it appears that inter-
layer/base-metal adhesion is difficult to achieve
at temperatures below approximately 0.7 Tm of

Fig. 7 Creep-rupture behavior of solid-state-welded silver interlayers (t/d = 0.024) joining one of two different
strengths of type 304 stainless steel base metals (annealed or cold worked), both of which undergo time-

dependent plasticity or creep at ambient temperatures at stresses less than the conventional yield stress of the metal
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the interlayer. Tensile strengths of silver joints
between alumina and type 321 stainless steel
were reported to be only 40 MPa (5.8 ksi) when
solid-state-welding parameters were 1073 K
and 50 MPa (7.3 ksi) for 0.5 h (Ref 11). The
investigators reported threshold solid-state-
welding temperatures below which no measur-
able bonding was produced for each of the foils
utilized (silver, aluminum, copper, and nickel).
The threshold temperature to achieve solid-state
welding of silver foils to alumina and type 321
stainless steel was reported to be 873 K (0.7 Tm
of the silver), considerably higher than the tem-
perature required to achieve solid-state welding
of silver to itself (0.35 Tm) (Ref 18). Joint
strengths of the previous interlayer fabrication
processes were reported to be comparable (40
to 50 MPa, or 5.8 to 7.3 ksi) to those of silver
foils (Ref 11). Tensile tests reported for silver-
foil interlayers between type 304L stainless
steel and Ti-6Al-4V alloy suggest that higher
strengths may be achieved with coated inter-
layers than with foil interlayers (Ref 62). These
joints were fabricated by solid-state welding a
125 mm (5 mils) thick silver foil between the
base metals at 1153 K (0.94 Tm). The investiga-
tors (Ref 62) reported average joint strengths of
280 MPa (40 ksi). For annealed type 304 stain-
less steel and 150 mm (6 mils) thick joints fab-
ricated using PM sputter deposition, the
reported (Ref 30) tensile strength of 304 MPa
(44 ksi) is higher, despite the higher base-metal
yield stress of Ti-6Al-4V alloy used in the sil-
ver-foil study.

Shear Loading

Effect of Microstructure. The base metals
provide relatively little mechanical constraint
of the interlayer during shear loading (shear
stress is parallel to the plane of the interlayer)
and therefore reveal the mechanical behavior
of the interlayer material itself. The behavior
of the interlayer in shear can be converted to
equivalent uniaxial tensile behavior using the
von Mises stress and strain criteria:

�s ¼ t
ffiffiffi

3
p

�E ¼ g
ffiffiffi

3
p

where t and g are shear stress and strain,
respectively. Effective (von Mises) stress-strain
ð�s� �EÞ behavior for a 150 mm (6 mils) thick
(t/d = 0.024) silver joint, fabricated using PM
sputter-deposition (between maraging steel)
and tested in torsion is shown in Fig. 8 (Ref
33), along with the reported results for bulk
polycrystalline (annealed) silver (Ref 38). The
yield stress (�Ep ¼ 0:2%) of the solid-state-
welded joint is six times greater than the bulk-
silver value, presumably because of the much
more refined, twinned substructure. The strain-
hardening rate, dseff/deeff, at an effective stress
of 100 MPa (15 ksi) is over nine times greater
than bulk polycrystalline silver (Ref 38). The
maximum interlayer stress is attained after a

strain of only 0.3 (99% of the maximum value
is attained after a strain of only 0.1). Therefore,
although the interlayer silver has a higher yield
stress and strain hardens at a higher rate, it
reaches essentially the same maximum stress
as bulk silver at a substantially lower strain.
Differences in the maximum (steady-state)

stress may result from two factors. First, the
interlayer microstructure may not be identical
to that of the bulk material. The second expla-
nation is that slip (plasticity) is not isotropic.
The plasticity is not isotropic. The plasticity is
the result of dislocation activity on limited slip
planes with specific Burgers vectors. The shear
displacements of individual grains in the inter-
layer must generally be accommodated by
neighboring grains. However, near the base
metal, the accommodation is not possible, and
additional slip systems may operate in the inter-
layer grains near the base metal, leading to
greater local hardening and higher flow stres-
ses. Torsion tests of solid-state-welded silver
interlayers coated by HHC evaporation, using
uranium-to-stainless steel base metals (Ref
26), showed similar increases in the yield stress
and strain-hardening rates, compared with those
of bulk-silver values. However, the steady-state
stress of silver joints was approximately 25%
higher than that of bulk silver, compared with
10% higher values for interlayers using PM
sputter-deposited silver. One explanation for
this difference may be the presence of HHC
deposits, which may further raise the maxi-
mum, or steady-state, stress.
Time-Dependent Failure. Although not

shown in Fig. 8, the plastic strain-to-failure in
pure shear is very high (�Ef ¼ 5 to 10) for thin,
silver-interlayer specimens, just as for macro-
scopic, or bulk, silver specimens (Ref 33). This
is nearly 4 orders of magnitude higher than for
the case of tension. As previously discussed,
cavity nucleation is promoted by the triaxial
stress state established with simple uniaxial
loading of constrained interlayers. The fact that
torque saturates is consistent with the observa-
tion that some face-centered cubic metals, such
as aluminum, copper, and silver (Ref 38), show
a saturation in the flow stress. This fact is
important because such saturations imply con-
stant torque, or time-dependent, shear-stress
failures. Figure 9 shows a comparison between
the rupture time versus effective (von Mises)
stress behavior in shear (Ref 26) (at torsional
stresses less than the maximum of HHC-depos-
ited-silver interlayers), compared with that of
tension (Ref 17) (calculated using FEM ana-
lyses of PM sputter-deposited silver inter-
layers). The shear rupture times are longer
than tensile rupture times at equivalent uniaxial
stresses (calculated using the von Mises rela-
tion), consistent with the higher plastic strains-
to-failure that are much higher for the torsion
specimens ð�Ef > 5Þ than for the tensile speci-
mens (ef � 0.001). The shorter rupture times
for tensile joints are a direct result of the hydro-
static tensile stresses superimposed on the

effective stresses caused by the mechanical
constraint imposed by the base metal.
The change in steady-state strain-rate (or

time-to-rupture, according to the Monkman-
Grant relationship) with applied stress is pre-
dictable according to the steady-state stress
exponent, n:

n ¼ @ ln E
@ lns

� �

i
(Eq 2)

where n is about 30 for silver at ambient
temperature (Ref 38). Naturally, the steady-
state strain rate of the torsional specimens
shown in Fig. 9 is less than the constant
applied strain rate of the torsional specimens
shown in Fig. 8. If the steady-state rate is not
achievable in the interlayer metal, then time-
dependent failure in shear is not expected to
occur.
It is important to realize the consequence of

the difference in plastic strains-to-failure
between the constant shear-stress case and the
constant tensile-stress case. For example, resid-
ual shear or tensile stresses may develop
during fabrication of interlayer brazes or solid-
state welds. This is particularly true in cases
where dissimilar base materials are joined
but have substantially different coefficients of
thermal expansion. For thin interlayers sub-
jected to residual shear stresses, the dimensions
of the base metal and interlayer may be such
that the stress is relaxed at strains less than
the shear strain-to-failure. However, because
the observed tensile strains-to-failure are
small, creep rupture by residual tensile stresses
is possible, provided a significant stress
level exists. If the interlayer metal is resistant
to time-dependent failure, then only the
indirect implications of residual stress are
important (for example, environmentally
induced failure).

Fig. 8 Effective (von Mises) stress-strain behavior for a
150 mm (6 mils) thick silver interlayer (t/d =

0.024), fabricated using planar-magnetron (PM) sputter
deposition, tested in torsion, along with results reported
for bulk polycrystalline (annealed) silver
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Multiaxial Loading

As discussed earlier, in tension there is sig-
nificant mechanical constraint by the base
material, which tends to reduce the effective
stress. In torsion, where the shear stress is par-
allel to the plane of the interlayer, there is no
constraint, other than, perhaps, the relatively
minor constraint associated with plastic strain
incompatibilities between the interlayer and
the base metal. It was also mentioned earlier
that the equivalent uniaxial strain-to-failure for
torsional deformation of soft-interlayer joints
is roughly 4 orders of magnitude higher than
the values for uniaxial tension, and the (effec-
tive) shear stress-to-failure is only about one-
half the UTS. This suggests that the interlayers
will behave anisotropically to imposed stresses.
The mechanical properties of the intermediate
cases of biaxial deformation are not readily
interpolated between these limits. The authors
have preliminary experimental evidence, for
example, that low-strain ductile failures in thin
interlayers may occur at particularly low stress
levels and strains for cases where tensile loads
are accompanied by in-plane shear stresses
(Ref 63). This implies that some multiaxial
residual stress states may render solid-state-
welded interlayer joints substantially more vul-
nerable to failure than simple tensile-stress
states, even though the “macroscopic” effective
stress may be comparable, when calculated on
the basis of the applied stress state in the base
material away from the interlayer.

Environmentally Induced Failure
of Interlayers

The interlayer/base-metal interfaces of some
soft-interlayer welds appear particularly vulner-
able to failure when exposed to external (corro-
sive) environments. For example, it is known
that brazed silver interlayers between stainless
steel are subject to galvanic corrosion in aque-
ous NaCl media (Ref 64, 65). When dissimilar
base materials are joined, the potential for
stress-corrosion cracking (SCC) exists if the
joints are exposed simultaneously to some
external (corrosive) environments and either
shear or tensile stresses. If an interlayer is sub-
jected to stress, then a determination of the vul-
nerability to SCC is appropriate. It was
mentioned earlier that elevated-temperature
joining using either solid-state or brazing pro-
cesses may leave the joint under substantial
residual stress, particularly in the case of dis-
similar metals for which the coefficients of
thermal expansion are significantly different.
The authors have reported (Ref 35) that the ura-
nium to type 304 stainless steel solid-state
welds, fabricated using HHC-deposited silver
interlayers (Ref 25, 26), are very susceptible
to SCC. These silver solid-state welds were
joined at 873 K, and the difference in thermal
expansion coefficients leaves the joints of cylin-
drical specimens under significant residual
shear stresses after cooling to ambient tempera-
ture. It was found that these residual stresses
led to SCC at the uranium/silver interface in

air saturated with water vapor (100% relative
humidity) (Ref 35). This cracking resulted in
reduced tensile strengths and rupture times,
when compared with those specimens tested in
laboratory air (�40% relative humidity). Speci-
mens subjected to the same 100% relative
humidity in air in an unstressed state exhibited
no loss in strength, even after lengthy exposure.
This, of course, emphasizes the importance of
considering the residual stresses as not only ren-
dering the interlayer joints vulnerable to “pure
mechanical” rupture but also to environmentally
induced failures such as SCC, hydrogen embrit-
tlement, and metal-induced embrittlement, if
exposed to critical environments.
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Introduction to Arc Welding*

ARC WELDING is one of several fusion
processes for joining metals. By the application
of intense heat, metal at the joint between two
parts is melted and caused to intermix directly
or, more commonly, with an intermediate mol-
ten filler metal. Upon cooling and solidification,
a metallurgical bond results. Since the joining
is by intermixture of the substance of one part
with the substance of the other part, with or
without an intermediate of like substance, the
final weldment has the potential for exhibiting
at the joint the same strength properties as the
metal of the parts. This is in sharp contrast to
nonfusion processes of joining, such as solder-
ing, brazing, or adhesive bonding, in which
the mechanical and physical properties of the
base materials cannot be duplicated at the joint.
In arc welding, the intense heat needed to

melt metal is produced by an electric arc. The
arc is formed between the work to be welded
and an electrode that is manually or mechani-
cally moved along the joint (or the work may
be moved under a stationary electrode). The
electrode may be a carbon or tungsten rod, of
which the sole purpose is to carry the current
and sustain the electric arc between its tip and
the workpiece. Or, it may be a specially
prepared rod or wire that not only conducts
the current and sustains the arc but also melts
and supplies filler metal to the joint. If the elec-
trode is a carbon or tungsten rod and the joint
requires filler-metal addition, that metal is sup-
plied by a separately applied filler-metal rod or
wire. However, most welding in the manufac-
ture of steel products where filler metal is
required is accomplished with the second type

of electrodes: those that supply filler metal as
well as provide the conductor for carrying elec-
tric current.
This article introduces the fundamentals of

arc welding, which is described in more detail
in other articles on specific topics. This article
also provides a brief summary of the history
and early discoveries of arc welding. For many
centuries, the only method man had for metal-
lurgically joining metals was forge welding, a
crude and cumbersome blacksmith-type opera-
tion in which heated metals were pounded or
rammed together until they bonded. Then,
within the span of a few years prior to 1900,
three new processes came into existence. Arc
welding and resistance welding were developed
in the late 1880s and put to work in industry a
few years later. Oxyacetylene welding was
developed during the same period and was first
used industrially in the early 1900s.
Today (2011), a wide variety of arc welding

processes are used, as described further in sep-
arate articles. A general comparison of the most
commonly used processes relative to some gen-
eral application factors is summarized in
Table 1. Although some of the ratings are sub-
jective, they provide a general overview of the
different processes. The general ratings encom-
pass broad variation depending on application.
For example, the rating of fair to excellent for
FCAW in the field covers the broad range of
alloys that might be used, and the difference
between gas-shielded and self-shielded. Pro-
ductivity (weld metal deposited per hour) is
often a key factor, but the other factors in Table
1 also must be considered, as a minimum, when

selecting a welding process. Selection may
involve a balance of productivity and weld
quality, and each process has a number of
conflicting advantages and limitations in spe-
cific situations.

Arc Welding Fundamentals

The basic arc welding circuit is illustrated in
Fig. 1. An alternating current (ac) or direct cur-
rent (dc) power source, fitted with whatever
controls may be needed, is connected by a
ground cable to the workpiece and by a “hot”
cable to an electrode holder of some type,
which makes electrical contact with the weld-
ing electrode.
When the circuit is energized and the elec-

trode tip touched to the grounded workpiece

*Adapted with permission from The Procedure Handbook of Arc Welding, 13th ed., The Lincoln Electric Company, 1995. Courtesy of The James F. Lincoln Arc Welding Foundation.

Table 1 General application characteristics of selected arc welding processes

Parameter or characteristic

Process(a)

SMAW GTAW GMAW FCAW SAW

Weld quality Good Excellent Excellent Good Excellent
Weld deposition rate Fair Poor Good Good Excellent
Field work Excellent Poor Fair/good Fair/good Poor
Equipment maintenance Low Low Medium/high Medium/high Medium
Smoke/fume emission Medium/high Low Medium Medium/high Very low
Heat input control Good Poor Good Good Excellent
Arc visibility and filler-metal placement Good Excellent Satisfactory Satisfactory Not applicable(b)
Variety of metals weldable Excellent Excellent Good Good Fair

(a) SMAW, shielded metal arc welding; GTAW, gas tungsten arc welding; GMAW, gas metal arc welding; FCAW, flux cored arc welding; SAW, submerged arc welding (b) Arc visibility is not applicable for SAW, as elec-
trode placement is established prior to welding

Fig. 1 Basic arc welding circuit. ac, alternating
current; dc, direct current



and then withdrawn and held close to the spot
of contact, an arc is created across the gap.
The arc produces a temperature of approxi-
mately 3590 �C (6500 �F) at the tip of the elec-
trode, a temperature more than adequate for
melting most metals. The heat produced melts
the base metal in the vicinity of the arc and
any filler metal supplied by the electrode or
by a separately introduced rod or wire. A com-
mon pool of molten metal is produced, called a
crater. This crater solidifies behind the elec-
trode as it is moved along the joint being
welded. The result is a fusion bond and the met-
allurgical unification of the workpieces.
What takes place immediately under the

welding arc is similar to what happens in an
electric furnace for metal production. Electrical
furnace steels are premium grades; weld metal
from steel electrodes is newly prepared elec-
tric-furnace steel and also premium grade.
Properly executed welds are almost always
superior in mechanical properties to the metals
they join. In no other metals-joining process is
the joint customarily stronger than the metals
joined. However, the heat during arc welding
also can cause various metallurgical effects in
the weld metal and the adjacent base metal.

Arc Shielding

Joining metals with the heat of an electric
arc, however, requires more than the moving
of the electrode with respect to the weld joint.
Metals at high temperatures are chemically
reactive with the main constituents of air: oxy-
gen and nitrogen. Should the metal in the mol-
ten pool come in contact with air, oxides and
nitrides would be formed, which upon solidifi-
cation of the molten pool would destroy the
strength and toughness properties of the weld
joint. For this reason, the various arc welding
processes provide some means for covering
the arc and the molten pool with a protective
shield of gas, vapor, or slag. This is referred
to as arc shielding. Arc shielding may be
accomplished by various techniques, such as
the use of vapor-generating and/or slag-forming
coverings on filler-metal-type electrodes, the
covering of the arc and molten pool with a sep-
arately applied inert gas, or a granular flux. The
use of materials within the core of tubular elec-
trodes also generates shielding vapors and slag.
Whatever the shielding method, the intent is

to provide a blanket of gas, vapor, or slag that
prevents or minimizes contact of the molten
metal with air. The shielding method also
affects the stability and other characteristics of
the arc. When the shielding is produced by an
electrode covering, by electrode core sub-
stances, or by separately applied granular flux,
a fluxing or metal-improving function is usually
also provided. Thus, the core materials in a flux
cored electrode may supply a deoxidizing func-
tion as well as a shielding function. In
submerged arc welding, the granular flux
applied to the joint ahead of the arc may add

alloying elements to the molten pool as well
as shielding it and the arc.
Figure 2 illustrates the shielding of the weld-

ing arc and molten pool with a covered “stick”
electrode, the type of electrode used in most
manual arc welding. The extruded covering on
the filler-metal rod, under the heat of the arc,
generates a gaseous shield that prevents air
from contacting the molten metal. It also
supplies ingredients that react with deleterious
substances on the metals, such as oxides and
salts, and chemically ties up these substances
in a slag that, being lighter than the weld metal,
rises to the top of the pool and crusts over the
newly solidified metal. This slag, even after
solidification, has a protective function; it mini-
mizes contact of the very hot solidified metal
with air until the temperature falls to a point
where reaction of the metal with air is reduced.
While the main function of the arc is to sup-

ply heat, it has other functions that are impor-
tant to the success of arc welding processes. It
can be adjusted or controlled to transfer molten
metal from the electrode to the work, to remove
surface films, and to bring about complex gas-
slag-metal reactions and various metallurgical
changes. The arc itself is a very complex phe-
nomenon that has been intensively studied. In-
depth understanding of the physics of the weld-
ing arc is of little value to the welder, but some
knowledge of its general characteristics is intro-
duced in the following section, with more
details given in the article “Arc Physics of
Gas Tungsten and Gas Metal Arc Welding” in
this Volume.

Nature of the Arc

An arc is an electric current flowing between
two electrodes through an ionized column of
gas, called a plasma. The space between the
two electrodes or, in arc welding, the space
between the electrode and the work can be
divided into three areas of heat generation: the
cathode, the anode, and the arc plasma (Fig. 3).
The welding arc is characterized as a high-cur-

rent, low-voltage arc that requires a high concen-
tration of electrons to carry the current. Negative
electrons are emitted from the cathode and flow,
along with the negative ions of the plasma, to
the positive anode. Positive ions flow in the
reverse direction. A negative ion is an atom that
has picked up one or more electrons beyond the
number needed to balance the positive charge
on its nucleus, thus the negative charge. A posi-
tive ion is an atom that has lost one or more elec-
trons, thus the positive charge. However, just as
in a solid conductor, the principal flow of current
in the arc is by electron travel.
Heat is generated in the cathode area mostly

by the positive ions striking the surface of the
cathode. Heat at the anode is generated mostly
by the electrons. These have been accelerated
as they pass through the plasma by the arc volt-
age, and they give up their energy as heat when
striking the anode.

The plasma, or arc column, is a mixture of
neutral and excited gas atoms. In the central
column of the plasma, electrons, atoms, and
ions are in accelerated motion and constantly
colliding. The hottest part of the plasma is the
central column, where the motion is most
intense. The outer portion or the arc flame is
somewhat cooler and consists of recombining
gas molecules that were disassociated in the
central column.
The distribution of heat or voltage drop in the

three heat zones can be changed. Changing the
arc length has the greatest effect on the arc
plasma. Changing the shielding gas can change
the heat balance between the anode and cath-
ode. The addition of potassium salts to the
plasma reduces the arc voltage because of
increased ionization.
The difference in the heat generated between

the anode and cathode can determine how cer-
tain types of arcs are used. For example, when
gas tungsten arc welding of aluminum using
argon gas, the electrode as a cathode (negative)
can use approximately 10 times more current
without melting than when used as an anode
(positive). This indicates that more heat is gen-
erated at the anode than at the cathode. The
submerged arc welding process generates more
heat at the cathode rather than the anode, as

Fig. 2 The coating on a coated (stick) electrode
provides a gaseous shield around the arc and

a slag covering on the hot weld deposit.

Fig. 3 Areas of heat generation in the arc
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evidenced by the higher melt-off rate when the
electrode is negative. The same is also true for
EXX10 stick-electrode welding.
In welding, the arc not only provides the heat

needed to melt the electrode and the base metal
but, under certain conditions, must also supply
the means to transport the molten metal from
the tip of the electrode to the work. Several
mechanisms for metal transfer exist. In one,
the molten drop of metal touches the molten
metal in the crater, and transfer is by surface
tension. In another, the drop is ejected from
the molten metal at the electrode tip by an elec-
tric pinch. It is ejected at high speed and main-
tains this speed unless slowed by gravitational
forces. It may be accelerated by the plasma, as
in the case of a pinched plasma arc. These
forces are the ones that transfer the molten
metal in overhead welding. In flat welding,
gravity also is a significant force in metal
transfer.
If the electrode is consumable, the tip melts

under the heat of the arc, and molten droplets
are detached and transported to the work through
the arc column. Any arc welding system in which
the electrode is melted off to become part of the
weld is described as metal arc. If the electrode is
refractory—carbon or tungsten—there are no
molten droplets to be forced across the gap and
onto the work. Filler metal is melted into the joint
from a separate rod or wire.
More of the heat developed by the arc is

transferred to the weld pool with consumable
electrodes than with nonconsumable electrodes.
This produces higher thermal efficiencies and
narrower heat-affected zones. Typical thermal
efficiencies for metal arc welding are in the
range of 75 to 80% and for welding with non-
consumable electrodes, 50 to 60%.
Because there must be an ionized path to

conduct electricity across a gap, the mere
switching on of the welding current with a cold
electrode posed over the work will not start the
arc. The arc must first be ignited. This is
accomplished either by supplying an initial
voltage high enough to cause a discharge or
by touching the electrode to the work and then
withdrawing it as the contact area becomes
heated. High-frequency spark discharges are
frequently used for igniting gas-shielded arcs,
but the most common method of striking an
arc is the touch-and-withdraw method.
Arc welding may be done with dc, with the

electrode either positive or negative, or with
ac. The choice of current and polarity depends
on the process, the type of electrode, the arc
atmosphere, and the metal being welded. What-
ever the current, it must be controlled to satisfy
the variables—amperage and voltage—that are
specified by the welding procedures.

Overcoming Current Limitations

The objective in commercial welding is to
get the job done as fast as possible without
sacrificing quality, so as to lessen the labor-time

costs of skilled workers. One way to speed the
welding process would be to raise the current
(use a higher amperage), because the faster
the electrical energy can be induced in the weld
joint, the faster will be the welding rate.
With manual stick-electrode welding, how-

ever, there is a practical limit to the current.
The covered electrodes are from 23 to 46 cm
(9 to 18 in.) long, and, if the current is raised
too high, electrical resistance heating within
the unused length of the electrode will become
so great that the covering overheats and breaks
down; that is, the covering ingredients react
with each other or oxidize and do not function
properly at the arc, or the coating simply falls
off of the electrode. Also, the hot core wire
increases the melt-off rate, and the arc charac-
teristics change. The mechanics of stick-elec-
trode welding are such that electrical contact
with the electrode cannot be made immediately
above the arc, a technique that would circum-
vent much of the resistance heating.
Not until the development of semiautomatic

guns and automatic welding heads, which are
fed by continuous-electrode wires, was there a
way of solving the resistance-heating problem
and thus making feasible the use of high cur-
rents to speed the welding process. In such guns
and heads, electrical contact with the electrode
is made close to the arc. The length between
the tip of the electrode and the point of electri-
cal contact is then inadequate for enough resis-
tance heating to take place to overheat the
electrode in advance of the arc, even with cur-
rents two or three times those usable with
stick-electrode welding.
This solving of the point-of-contact problem

and circumventing the effects of resistance
heating in the electrode was a breakthrough that
substantially lowered welding costs and
increased the use of arc welding in industrial
metals joining. In fact, through the ingenuity
of welding equipment manufacturers, the re-
sistance-heating effect has been put to work
constructively in a technique known as long-
stickout welding. Here, the length of electrode
between the point of electrical contact in the
welding gun or head and the arc is adjusted so
that resistance heating almost, but not quite,
overheats the protruding electrode. Thus, when
a point on the electrode reaches the arc, the
metal at that point is almost ready to melt.
Thus, less arc heat is required to melt it, and,
because of this, still higher welding deposition
rates and speeds are possible.

Historical Development of Arc
Welding

As noted, forge welding was the only method
man had for metallurgically joining metals for
many centuries. No one knows when man first
learned to use forge welding. The working and
hardening of steel—advanced arts that doubt-
less took centuries to evolve—were commonly

practiced 30 centuries ago in Greece. However,
primitive tribes on different continents, and
with no apparent means of communication,
developed the same basic methods for smelting,
shaping, and treating iron. Thus, the principles
of welding probably were discovered, lost, and
rediscovered repeatedly by ancient peoples.
By the time of the Renaissance, craftsmen

were highly skilled in forge welding. Parts to be
joined were shaped and then heated in a forge or
furnace before being hammered, rolled, or
pressed together. Vannoccio Biringuccio’sPyro-
technia, published in Venice in 1540, contains
several references to such operations. Biringuc-
cio was obviously intrigued by the process,
because he wrote, “This seems to me an inge-
nious thing, little used, but of great usefulness.”
For a few centuries thereafter, ordinary fire

remained the principal source of heat for weld-
ing. The traveling tinker, a familiar figure on
the dusty roads of the countryside, carried with
him a small charcoal furnace for heating his
irons. During this era, tinsmiths and other work-
ers in metal often used the heat of burning
gases to braze and solder.
Forge welding of iron developed into a recog-

nized industry. However, the joining of large,
heavy pieces required great skill and much labor,
because they could be brought to the required
temperature only if a fireweremaintained around
them. When the two parts were hot enough, they
were forced together by various means and were
often hung from cranes for this operation. The
ends were struck repeatedly with a sledge ham-
mer while the heat was maintained. Then, the
work was withdrawn from the fire and finished
on an anvil. Forge welding is still practiced today
(2011) but to a very limited extent.
Just prior to 1900, three new processes

changed the manner in which metals were
joined together:

� Arc welding
� Resistance welding
� Oxyacetylene welding

Of these three new processes, arc welding has
emerged as the most widely used and commer-
cially important method. There is evidence that
a Professor G. Lichtenberg may have joined
metals by electric fusion as early as 1782 in Ger-
many, butmost accounts trace the history of elec-
tric welding to the discovery of the electric arc by
Sir Humphrey Davy. In 1801, while experiment-
ing with the infant science of electricity, Davy
discovered that an arc could be created with a
high-voltage electric circuit by bringing the two
terminals near each other. This arc, which cast a
bright light and gave off considerable heat, could
be struck and maintained at will, and its length
and intensity could be varied within limits deter-
mined by the circuit voltage and by the type of
terminals used. Davy demonstrated the arc at
the Royal Institute of England in 1808, where
his discovery aroused a great deal of interest.
For many years, however, it remained a scientific
plaything; there appeared to be no practical use
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for the phenomenon. In fact, Davy did not apply
the term arc to his discovery until 20 years later.
After the discovery of the arc, the first person

known to intentionally join metals by electric
welding was an Englishman named Wilde. In
the early 1860s, he melted together small pieces
of iron, and, in 1865, he was granted a patent
on his process—the first patent relating to elec-
tric welding.
The electric arc, however, remained of scien-

tific interest only until 1881, when the carbon
arc street lamp was introduced. Shortly thereaf-
ter, the electric furnace made its appearance in
England. One of the earliest was installed in
1886 for the production of aluminum alloys.
This particular application of the electric arc
was an important step in the early development
of the aluminum industry.

New Welding Methods Are Put to Work

Probably the first attempt to use the intense
heat of the carbon arc for welding was made
in 1881 when Auguste de Meritens used a car-
bon electrode to arc weld lead storage-battery
plates. In this experiment, de Meritens
connected the work to the positive pole of a
current source and attached a carbon rod to
the negative pole in such a manner that the dis-
tance between the rod and plate could be con-
trolled. Some of the heat developed was lost
to the surrounding air, but enough reached the
plate to fuse the lead and join the parts. Other
early efforts with arc welding employed carbon
electrodes arranged similarly to the positions of
electrodes in an arc lamp. The heat of the arc
was deflected against the work by magnetic
fields or by a jet of compressed air.
Two other scientists, Nikolas de Benardos

and Stanislav Olszewski, were interested in
the de Meritens process and experimented with
it. In 1885, they were issued a British patent for
a welding process employing carbon electrodes
(Fig. 4). A voltaic arc is formed by the
approach of carbon to the part of the metal
operated upon, the carbon usually forming the
positive pole and the metal the other pole. The
carbon, which may be solid or hollow, is fixed
in an apparatus, one form of which is shown
in Fig. 4. The frame “A,” having a jointed lever

“B” to lower the carbon “C,” is insulated and
supported on the plate or held in the hand.
The frame may have wheels running on rails.
The work may be supported on an insulated
electrically connected plate.
Benardos, a Russian, also filed for a patent in

his homeland. His application described a pro-
cess in which the work was connected to a nega-
tive pole, and the carbon rod was fastened to the
positive pole of a dc circuit. The rod was not
fixed, as in de Meritens’ method, but was fitted
with an insulated handle so that it could be
manipulated by hand. This process was patented
in 1887. Thus, Benardos is generally credited as
the holder of the first patent on arc welding.
Benardos’ carbon arc process was put to

work on a limited scale in England soon after
it was developed. In 1887, a shop was using it
to make tanks, casks, and iron garden furniture.
In the 1890s, another English shop was welding
wrought iron pipe up to a foot in diameter. In
the United States, the Baldwin Locomotive
Works established a shop in 1892, where car-
bon arc welding was used extensively for loco-
motive maintenance. In general, acceptance of
the carbon arc process was slow, because the
procedures used at that time introduced parti-
cles of carbon into the weld metal. These parti-
cles made the welded joint hard and brittle.
In the early days of arc welding, a bank of

storage batteries was used as the power source
(Fig. 5). Voltage could be controlled by the
number of cells placed in series. Current could
be controlled by the number of cells in parallel
and by series resistors. The batteries were kept
charged by dynamos or generators, powered
by the shop steam engine or water wheel.
Two years after Benardos’ patent was

granted, another Russian, N.G. Slavianoff,
announced a process in which the carbon elec-
trode was replaced by a metal rod. After an
arc was struck, the rod gradually melted and
added fused metal to the weld. In the same
year, 1889, unaware of Slavianoff’s work,
Charles Coffin was granted a U.S. patent on
a similar metal arc welding process. (Coffin
later became president of General Electric
Company.)

The metal arc process simultaneously devel-
oped by Coffin and Slavianoff represented a
giant step forward, because the metal electrode
supplied not only fusing heat but also added
additional filler metal necessary for the joint.
In the carbon arc process, filler metal was sup-
plied by excess metal along the weld line or
by a metal rod held in the welder’s hand.
Despite this advance in the technology, com-
mercial application of the metal arc process in
the following years was slow because satisfac-
tory metal electrodes were not available.

Commercial Arc Welding Comes to
America

Two Germans who had been working on
the metal arc process in Europe came to the
United States in 1907. They formed the
Siemund-Wienzell Electric Welding Company
and patented a metal arc welding method. A short
time later, another German concern, Enderlein
Electric Welding Company, also started opera-
tions in the United States. Then, a bit of intrigue
was attempted. It is reported thatEnderlein offered
to ensure the validity of the Siemund-Wienzell
patent by violating it, then putting up a weak
defensewhenSiemund-Wienzell sued.The condi-
tion was that the two companies would then share
the patent rights. Siemund-Wienzell refused the
proposal. When Enderlein began using the pro-
cess, the firm was promptly and sincerely sued.
In the suit, the patent holders were completely

confounded when Enderlein introduced a copy
of Mechanics Handbook, published in England
in 1888. This handbook contained a woodcut
unmistakably showing a shop using the metal
arc process, and its publication date was before
any patents had been issued. This revelation cast
doubt on the validity of any patents on the pro-
cess and, by so doing, opened the field of metal
arc welding in the United States.
By 1917, there were four well-established

manufacturers of arc welding equipment in the
United States. One of these was The Lincoln
Electric Company, which today (2011) is the
world’s largest producer of arc welding equip-
ment. Lincoln began experimenting with weld-
ing in 1902 and introduced its first machines
in 1912 (Fig. 6).

Fig. 4 Apparatus for applying a fused metallic coating
for ornamental or other purposes in the British

welding patent 12,984 issued to N. de Benardos and
S. Olszewski on October 28, 1885. Layers of metal are
formed by holding an insulated stick of metal in the
electric arc. See text for description.

Fig. 5 Carbon arc welding shop of the late 1800s. The
power source is a bank of batteries. Note the

dynamo on the right. Fig. 6 Portable arc welder of the early 1920s
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Electrodes—The Key to Progress

In the early work with metal arc welding, it
was apparent that the limiting factor was the
electrode. The earliest electrodes were bare
wire of Norway or Swedish iron, which pro-
duced brittle, weak welds. The arcs often over-
heated the weld metal, and the metal deposited
by the electrode was embrittled by the reaction
with the air. In an attempt to overcome these
difficulties, researchers developed a number of
electrodes that were lightly coated with various
organic or mineral materials. Oscar Kjellborg
of Sweden, who received a patent in 1907, is
credited with being one of the pioneer develo-
pers of covered electrodes.
The coverings developed during this time did

more to stabilize the arc than to shield or purify
the weld metal. It was not until 1912, when
Strohmenger obtained a U.S. patent for a
heavily covered electrode, that industry had an
electrode capable of producing weld metal with
good mechanical properties. The early covered
electrodes, however, were slow in gaining
acceptance because of their cost. The covering
process required expensive production opera-
tions, involving the application of fine alumi-
num wire and other materials.

The Impetus Onward—World War I

The first major increase in the use of welding
occurred during World War I. The sudden need
for large numbers of transport ships was a con-
tributing factor. At the onset of the war, ships
were built by the relatively slow process of riv-
eting. Government officials realized that faster
manufacturing methods were needed, and an
Emergency Fleet Corporation was set up to find
improved shipbuilding methods. Professor
Comfort Adams of Harvard was asked to
appoint a committee to investigate the problem,
and in July 1917, the first committee meeting
was held.
Many members of this committee were of the

opinion that the key to increased production
would be found in resistance welding, a process
that had been invented in 1886 by Professor
Elihu Thomson, a member of the committee.
To gather background information, the commit-
tee visited England, where shipbuilders were
using welding to some extent. There the com-
mittee discovered that it was arc, not resistance,
welding that the British were using. Forced by
gas shortages to curtail gas welding, England
was using arc welding with both bare and cov-
ered metallic electrodes to produce bombs,
mines, and torpedoes. The British had gone so
far as to start construction of a ship with an
all-welded hull.
The American committee returned as propo-

nents of the arc welding method. The various
supporters of gas and resistance welding, how-
ever, would not accept their findings at face
value, and the subsequent debate included the
relative merits of carbon and metal electrodes,

covered and bare-metal electrodes, and direct
and alternating current.
During this discussion, a dramatic incident

publicized the capabilities of arc welding. Ger-
man ships interned in New York Harbor at the
outbreak of the war had been scuttled by their
crews so that the vessels could not be used in
the Allied war effort. Damage was so extensive
that revolutionary repair processes were clearly
needed if the ships were to be put back into ser-
vice without long delay. The Navy called in
welding experts from two railroad companies,
and these men recommended that repairs be
made by arc welding. Most of the damaged
components were subsequently repaired by this
process, and the ships were rapidly returned to
service. The potential of the process was clearly
established.
In Europe, at approximately the same time,

an all-welded cross-channel barge had been
put in service. Also, the British launched their
all-welded ship, the Fulagar, in 1920. Arc
welding thus became an accepted process for
shipbuilding.
The first application of arc welding to aircraft

also occurred during World War I. Anthony
Fokker, the Dutch airplane manufacturer, used
the process to produce fuselages for some Ger-
man fighter planes.

The Era of Slow Growth

In the years immediately following the war,
applications for arc welding did not increase
appreciably. In 1919, a patent was granted for
a paper-covered electrode that did not leave a
slag coating on the joint yet produced a tough,
ductile weld. This welding electrode was used
in 1925 to fabricate heavy pressure vessels for
oil refineries. A three-span, 150 m (500 ft),
all-welded bridge was erected in 1923 in Tor-
onto, Canada. At approximately this time, man-
ufacturers began to use arc welding
increasingly for building storage tanks for fuel
oil, gasoline, and petroleum distillates. An early
application of large proportions was the con-
struction of a million-gallon standpipe that
stood 39 m (127 ft) high.
In 1928, the steel framework for the upper

Carnegie Building in Cleveland, Ohio, was
erected, using arc welding in a joint effort by
The Austin Company and The Lincoln Electric
Company (Fig. 7). Construction of this building
brought out several important advances in con-
struction techniques. No connection angles or
plates were used at intersections, as commonly
required with riveted assembly. Because
welded lattice joists were used, piping could
be concealed between floors. The building was
18 by 36 m (60 by 119 ft) and four stories high.
The 115 tons of steel required was estimated to
be 15% less than required for a riveted design.
A factor contributing to this savings was the
use of continuous beams, which permitted ligh-
ter beams and columns with no sacrifice in
strength or rigidity.

In the 1920s, manufacturers were also using
arc welding in the production of sheet steel fab-
rications, such as hot water tanks (Fig. 8),
blower fans, air conduits, housings for machin-
ery, and bases for machine tools. Foreseeing the
potential, the arc welding industry began advo-
cating the conversion of cast iron parts to
welded assemblies.
In 1927, the development of an extrusion

process for applying a covering to the metal
core substantially lowered the cost of covered
electrodes. These lower-cost electrodes proved
to be one of the most significant developments
in the evolution of arc welding. The extrusion
process permitted varying the composition of
the electrode covering to give desirable
operating characteristics and meet specific
application requirements. The shielded arc elec-
trode, with its deoxidizers and protective gases
and slag, became feasible.

Fig. 7 This building was erected in 1928 using arc
welding and bare-wire electrodes.

Fig. 8 Early machine for welding the longitudinal seam
in a hot water tank with an automatic carbon

arc welding head.
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Years of Rapid Advance

The applications for arc welding grew rap-
idly after 1929, and, by the onset of World
War II, the process was becoming the dominant
welding method. Prior to 1929, the largest
undertaking involving welding was the con-
struction of a 1.5 m (5 ft) diameter, 145 km
(90 mile) pipeline for carrying water to cities
east of San Francisco Bay. It was estimated that
this pipeline would have leaked enough water
to supply a city of 10,000 if riveted construc-
tion had been used. Leakage was minimal with
welding.
In the 1930s, welding became increasingly

important in shipbuilding (Fig. 9). The U.S.
Navy, which had contributed much to welding
research, turned to the process for practical rea-
sons after the London Naval Treaty of 1930.
This treaty imposed limits on the gross ton-
nages of the major navies of the world, and
thereafter, the Navy often found welding
advantageous to minimize weight and thereby
maximize the firepower permitted by the ton-
nage restriction. For the same reason, the Ger-
mans used arc welding in their pocket
battleships, three of which were launched from
1931 to 1934. Armor plate was difficult to
weld, and the Germans developed a method
for satisfactorily welding it.
In 1930, the first all-welded merchant ship

was built in Charleston, South Carolina. This
ship was the forerunner of the thousands of
all-welded ships that were to be produced dur-
ing World War II. Also in the 1930s, the U.S.
Army became interested in welding, and a con-
siderable amount of ordnance equipment was
redesigned at the Watertown Arsenal for pro-
duction by welding.
In approximately 1935, improved ac

machines (or welders) were becoming avail-
able. These welders offered certain advantages,
but ac arcs often proved difficult to maintain.
To overcome this difficulty, producers of elec-
trodes developed coverings that ionized more
easily and thus stabilized the arc. Also during
this decade, more stainless steels came into
use in metalworking. These materials were rel-
atively difficult to weld because hydrogen in
the electrode coverings often caused porosity
in the weld. Low-hydrogen electrode coverings
were developed to overcome this difficulty.

Then, in the early 1940s, it was discovered that
these low-hydrogen electrodes also provided
good welds in armor plate. Stainless steel cov-
erings were applied to low-alloy steel electro-
des to further improve the quality of welded
joints in armor plate.
During the 1930s, numerous attempts were

made to bring some degree of mechanization
with good shielding to the arc welding pro-
cesses (Fig. 10). The early attempts at auto-
matic welding were made with continuously-
fed bare wire, with no shielding other than a
thin slag flux that was sometimes painted on
the workpiece. Shielding for automatic carbon
arc welding was provided by passing a flux-
impregnated paper string near the arc as it
traveled along the seam. In 1932, an innovation
was introduced. A heavy layer of flux was
placed on the seam ahead of the carbon elec-
trode. The heat of the arc melted the flux into
a slag, which provided shielding. The develop-
ment proved successful, and penstocks for the
Tennessee Valley Authority project and water
conduit for the Los Angeles Water Authority
were welded by this precursor to the
submerged-arc welding process.
Advances in welding fabrication also led to

design innovations, such as the Hortonspher-
oids (Fig. 11). Chicago Bridge and Iron Com-
pany, after having invented the design, built

many of these vessels between approximately
1930 and 1960 for storage of volatile liquids.
The unique geometry makes the most efficient
use of the steel shell plates by balancing the lat-
itudinal and longitudinal membrane stresses.
(Today, however, most of these vessels have
been retired or derated from pressure service,
because the unique geometry presents a chal-
lenge in the inspection and evaluation of vessel
integrity.)
Use of a granular flux with a continuously-

fed bare-steel electrode led to development in
1935 of the submerged arc process, which
found its first major use in pipe fabrication
and shipbuilding. A 159 m (521 ft) tanker was
fabricated by this process in 1936. By 1940,
the submerged arc process was well accepted
but had proved practical primarily on steel plate
over 6.3 mm (¼ in.) thick. In approximately
1942, the process was improved to accommo-
date stock down to 2.4 mm (3/32 in.) thick and
thus become feasible for automotive use and
for general metal fabrication.
Hand-held, semiautomatic guns (Fig. 12)

were developed for the submerged arc
process in 1946. Voltage and current were con-
trolled automatically, so that weld quality was
uniform and results varied less with operator
skill. Multiple arcs were introduced in 1948,
primarily for manufacturing pipe with 6.3 to
12.7 mm (¼ to ½ in.) walls in diameters from
46 to 91 cm (18 to 36 in.). Subsequent improve-
ments in submerged arc welding have been
mainly in the areas of improved fluxes and
more sophisticated welding equipment and
controls.
One problem that continued to defy solution

was the joining of the reactive metals aluminum
and magnesium. Neither the submerged arc
process nor covered electrodes provided
enough shielding to adequately protect these
metals from atmospheric contamination. To
overcome this difficulty, welding engineers
began to use bottled inert gases as shielding
agents in the early 1930s. Later in that decade,
successful gas-shielded processes powered by
direct current (dc) began to emerge from the
aircraft industry in response to a specific need
to weld magnesium.
The first gas-shielded process employed a

tungsten electrode and helium shielding gas

Fig. 9 All-welded naval vessel that won a major award
in a design competition in 1932.

Fig. 10 Welding a steel beer barrel (1933)

Fig. 11 Chicago Bridge and Iron Company Hortonspheroid of 80,000 barrel capacity in southern Texas (May 1940)
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and became known as the the HeliArc process,
as well as the gas tungsten-arc (GTA) or tung-
sten inert-gas (TIG) process. Initially, direct
current and a positive electrode were used. It
was found, however, that the tungsten electrode
tended to overheat and transfer particles
of tungsten to the weld unless a low current
was used. Researchers then discovered that
overheating could be avoided by making the
electrode negative. This change proved satis-
factory for welding stainless steel but still was
not suitable for magnesium or aluminum. The
next development was the use of ac with a
high-frequency, high-voltage current superim-
posed over the basic welding current to stabi-
lize the arc. This proved to be the solution to
the problem of making good welded joints in
aluminum and magnesium. In 1953, the tung-
sten arc process was modified by directing the
arc through a nozzle, and the resulting method
became known as the plasma arc process.

Postwar Developments Continue

The tungsten arc process proved unsatisfac-
tory for welding thick sections of highly con-
ductive materials because the workpieces
tended to act as heat sinks. To overcome this
difficulty, a consumable metal electrode was
substituted for the nonconsumable tungsten
electrode. The resulting process, announced in
1948, became known as gas metal arc (GMA)
or metal inert-gas (MIG) welding. It proved
successful for welding aluminum and was sub-
sequently adapted for other nonferrous materi-
als and for stainless and mild steels. About
this time, studies showed that a more stable
arc could be obtained by using gas mixtures
instead of pure helium or argon.
An important development in manual cov-

ered-electrode welding also occurred in this
era, namely, the use of iron powder in electrode
coverings. One benefit of iron powder in the
covering was a higher deposition rate and thus
greater welding speed. Another was that the
welder could simply drag the electrode along
the seam without trying to hold it a fixed dis-
tance from the work. Thus, less skill was
required, and proper welding technique could
more easily be taught to beginners. The disad-
vantage of the iron powder in the covering
was the high manufacturing cost. However, by
1953, advances in manufacturing technology
and electrode design resulted in cost reductions
that made possible the marketing of iron-pow-
der electrodes at acceptable prices. The use of
iron-powder electrodes became widespread.
As the gas metal arc and gas tungsten arc

processes gained acceptance in the early
1950s, users found that shielding gases based
on argon or helium were often too costly. To
lower the material cost of the processes,
researchers turned to one of the early develop-
ments in arc welding, using carbon dioxide
gas as a shielding agent. John C. Lincoln,
founder of The Lincoln Electric Company,

had applied for a patent on this idea in 1918.
Refinements in both the process and equipment
for welding steel using carbon dioxide as a
shielding gas resulted in a low-cost process.
This was immediately adopted by automotive
shops and other metalworking plants for appli-
cations where the quality of the weld was not
exceedingly critical.
One of the most significant developments of

the period was the Innershield process, intro-
duced by Lincoln Electric in 1958 for the weld-
ing of steel. Prior to its development, self-
shielded processes derived protective gases
from the decomposition of chemical coverings
on the electrode. One could envision possibili-
ties in mechanization with the covered elec-
trode if it could be fed to the arc from a
continuous coil. The coverings of such electro-
des, however, tended to crack if wound into a
coil, and also there was no practical way to feed
electric current to a covered continuous elec-
trode. Therefore, self-shielded electrodes as
constituted could not be used with automatic
or semiautomatic processes.
The Innershield process, also referred to as

the self-shielded, flux cored arc welding pro-
cess, solved the problem by incorporating the
fluxing and shielding materials inside tubular
filler-metal wire. The result was a self-shielded
electrode that could be coiled and used with
high-speed automatic and semiautomatic equip-
ment. Some of the carbon-dioxide-shielded pro-
cesses also began to employ a flux cored
electrode at this time. The concept of a tubular
electrode sheath to contain a powderized pro-
cessing ingredients had been employed prior
to 1958 but was limited to electrodes for
surfacing applications.
In 1961, the Innershield electrode was intro-

duced, providing exceptionally high deposition
rates. This electrode, referred to as a fast-fill
electrode, is widely used in semiautomatic
welding (Fig. 13). Because heat input with
the fast-fill electrode was considerably less
than required by older types, the automati-
cally-fed electrode holders, or welding guns,
developed for its use did not require water
cooling and thus were lightweight and easy
to manipulate. The electrode produced welds
that had good resistance to cracking and opera-
tional characteristics that lessened the amount
of care required to fit up workpieces prior to
welding.
When first introduced, the fast-fill electrode

was limited to single-pass welds in the flat or
horizontal positions. By 1962, fast-fill electro-
des were available for multiple-pass welds.
Thick plates could thus be welded at high depo-
sition rates. In 1967, an all-position electrode
was introduced that considerably broadened
the application of the process. The American
Welding Society has written specifications for
flux cored electrodes. These specifications
include both self-shielded electrodes and elec-
trodes requiring gas shielding. These develop-
ments provided the means for enhancing the
design of structures that exhibit cleaner lines,

lighter weight, lower cost, and an architectural
appearance (Fig. 14–16).
As the arc welding processes reached a high

level of development in the 1960s, research
emphasis shifted somewhat. Producing reliable
welds was unquestionable, but there was
some difficulty in being able to determine
whether a given weld made in the plant or field
met the metallurgical standards for its particular
application. Considerable attention was there-
fore focused on nondestructive testing,

Fig. 12 Four submerged arc passes are made inside
the tower of this flame-gouged seam joining

the head to the shell. A current of 400 A and a speed of
36 cm/min (14 in./min) were used.

Fig. 13 Splicing a column during the erection of a
building in Los Angeles using the

semiautomatic self-shielded, flux cored arc welding
process
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particularly ultrasonic, radiographic, magnetic
particle, and dye penetrant techniques.
Researchers also exerted considerable effort

on the development of new and emerging join-
ing methods, such as laser welding and electron
beam welding processes that use electricity but

do not employ an arc, as well as new forms of
arc welding such as plasma arc welding.
Although the newer processes do produce
welds that were not previously possible, their
limitations somewhat restrict their use to
specialized applications.

Arc welding continues to serve as the pri-
mary means of metal joining. The flash, smoke,
and sputter that emanated from the early Euro-
pean laboratories produced one of the most
important processes of modern industry.

Fig. 14 Smooth, clean lines, without outside stiffeners
carry a ramp on a sharp radius curve.

Fig. 16 San Francisco skyline showing a building with
welded steel frames.

Fig. 15 Giant bridge girders fabricated by Allied
Structural Steel for the Mississippi River

crossing between Dresbach, Minnesota, and Onalaska,
Wisconsin.
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Arc Physics of Gas Tungsten and
Gas Metal Arc Welding
Y.M. Zhang, University of Kentucky

THIS ARTICLE provides basic physics
needed to understand two most widely used
arc welding processes: gas tungsten arc welding
(GTAW) and gas metal arc welding (GMAW).
The GTAW part is an update from the article
“Arc Physics of Gas-Tungsten Arc Welding”
authored by J.F. Key (of EG&G Idaho, Inc.)
and published in Welding, Brazing, and Solder-
ing, Volume 6 of ASM Handbook, 1993. Treat-
ments for general arcs, arcs in other specific
arc welding processes, and arc physics in
greater depths may be found in the Selected
References listed at the end of this article and
from other literature. A general description
of arc welding processes is also given in the
article “Overview of Welding Processes” in this
Volume.

Gas Tungsten Arc Physics

The GTAW process is performed using a
welding arc between a nonconsumable tung-
sten-base electrode and the workpieces to be
joined. C.E. Jackson defined a welding arc as
“a sustained electrical discharge through a
high-temperature conducting plasma producing
sufficient thermal energy so as to be useful for
the joining of metals by fusion.” This definition
is a good foundation for the discussion that
follows.
The physics of GTAW are fundamental to all

arc processes and are more straightforward,
because the complications of materials (for
example, filler and flux) transferred through
and interacting with the arc can be avoided.
Geometrically, the arc discharge in GTAW is
between a rod-shaped tungsten electrode and a
planar-shaped electrode, that is, the workpiece.
Pure tungsten electrodes are less expensive

and, possibly, more environmentally compati-
ble than those with rare earth or other oxide
additions. They are used for less critical welds,
where tungsten contamination that could be
caused by the molten electrode surface can be
tolerated. They are also used for alternating
current (ac) welding of aluminum, copper,

magnesium, and thin sections of low-alloy and
stainless steels.
Analysis of the arc discharge is separated

into electrode regions and the arc column. The
electrode regions are confined to very small dis-
tances from the electrode surfaces, have very
high electrical and thermal fields, and have
much higher current density, because of the
contraction of the arc to a small spot. As a
result, electrode regions for both the cathode
and the anode are difficult to analyze by diag-
nostic measurements and theoretical computa-
tion. This situation must be remedied for a
thorough understanding of the process, because
the process parameters control the arc discharge
at the cathode, with the anode serving as the
connection to ground. The arc column, on the
other hand, is relatively easy to analyze but is
important primarily as a means to deduce arc
characteristics at the electrodes.
Polarity. The GTAW process generally uses

a direct current (dc) arc, where the tungsten
electrode has a negative polarity. The tungsten
electrode thus becomes the cathode and the
workpiece becomes the anode. The polarity is
called straight polarity, or direct current elec-
trode negative (DCEN).
Reverse polarity, or direct current electrode

positive (DCEP), is literally the reverse of
DCEN. The workpiece is the cathode and the
tungsten electrode serves as the anode. Because
most heat is generated at the anode in the
GTAW process, DCEP is used for welding cer-
tain thin-section, low-melting-point materials
when DCEN would be likely to cause excessive
penetration or burn-through.
Either ac or DCEP is used for removing an

oxide film from the surface of the weld pool
or workpiece. This is particularly important in
obtaining a sound joint in metals with a tena-
cious oxide, such as aluminum. The oxide film
promotes emission during the half-cycle (ac)
when the workpiece is negative polarity. As
the oxide is depleted, the emission moves to a
new location that has a high enough oxide con-
tent to sustain the discharge of electrons. The
arc root or cathode spot where the emission

occurs is highly mobile in ac or DCEP and, as
a result, the arc is much less stable than in
DCEN.
Gas Shielding. In all cases, the arc and both

electrodes are shielding by gas, usually an inert
gas or a gas mixture. Argon and argon-helium
mixtures are used most often, although argon-
hydrogen mixtures are used for some applica-
tions. The GTAW process may simply use the
arc to fuse the workpieces together without
the addition of filler materials (autogenous), or
filler may be added to the molten pool to fill
grooves in thicker weldments. A reasonable
understanding of welding arc fundamentals
and the GTAW process requires a more thor-
ough discussion of the electrode regions of the
arc and the arc column.
Electrode Regions and Arc Column. The

cathode and anode are similar in several
respects. Both exhibit a voltage drop caused
by a space charge that covers a very thin region
over their surfaces, and the arc is significantly
contracted on the surfaces. Figure 1 shows that
the total arc voltage is partitioned between the
electrode drops and arc column. The relative
magnitude of these drops depends on welding
parameters and electrode material.
The arc discharge requires a flow of electrons

from the cathode through the arc column to the
anode, regardless of polarity or whether ac or

Fig. 1 Plot of relative arc voltage distribution versus
relative arc length between electrodes



dc is used. Two cases of electron discharge at
the cathode are discussed: thermionic emission
and nonthermionic emission, also called cold
cathode or field emission.
Thermionic emission results from joule heat-

ing (resistance) of the cathode by the imposed
welding current until the electron energy at
the cathode tip exceeds the work function
(energy required to strip off an electron). This
case applies to the general case of DCEN,
where the tungsten electrode is the emitter, or
cathode. Pure tungsten electrodes must be
heated to their melting point to achieve therm-
ionic emission. Once molten, the equilibrium
tip shape becomes a hemisphere, and a stable
arc results from uniform emission over this sur-
face. Thoria (ThO2), zirconia (ZrO2), or ceria
(CeO2) are added to pure tungsten in
amounts up to 2.2 wt% ThO2, 0.4 wt% ZrO2,
or 3.0 wt% CeO2 to lower the work function,
which results in thermionic emission at lower
temperatures and avoids melting the cathode
tip. These electrodes typically have a ground
conical tip, and thermionic emission is loca-
lized to a cathode spot. Thermionic emission
creates a cloud of electrons, called a space
charge, around the cathode. If a second elec-
trode at a higher potential is nearby (the work-
piece, in this case), then the electrons will
flow to it, thus establishing the arc.
Nonthermionic, or field, emission creates an

electron discharge with a very high electric
field, typically exceeding 109 V/m. This intense
electric field literary pulls electrons out of a rel-
atively cold or unheated cathode. This would
not appear to be applicable to welding until
one considers that for reverse polarity or DCEP,
a condensation of positive ions from the arc
column can build up in a very thin (1 nm, or
0.04 min.) layer over the cathode surface, creat-
ing a very high localized electric field even
though the cathode voltage drop may only
amount to several volts.
An oxide layer, which is always present

on the cathode surface in an actual weld, facil-
itates the discharge with a source of lower
work-function electrons. When the oxide layer
is very thin (on the order of one atom layer),
emission occurs via a tunneling mechanism
through the film to an emitting site. Thicker
oxide films exhibit locally conducting spots at
the end of filamentary channels through the
oxide. Large currents flow in these channels,
which are on the order of 100 nm (4 min.) in
diameter and have lifetimes of 0.001 to 1 ms.
The cathode cleaning action, which is one of

the principal reasons to use DCEP or ac, results
from stripping away the oxide film at the emit-
ting sites by very small and intense jets of metal
vapor and debris. It becomes obvious that a
practical implication of the short lifetime of
these cathode spots is a generally unstable arc
that is due to the necessity of continual move-
ment of the cathode spot to undepleted regions
of oxide film. Arc instability is undesirable
and DCEP or ac is only used when cathodic
cleaning or the minimizing of heat input to the

workpiece is a higher priority than optimizing
weld bead shape and location.
Anode. Welding process parameters (for

example, current and voltage) control the arc dis-
charge at the cathode. The electron flow enters
the anode through the anode spot and constitutes
85% of the energy going into the weld pool, thus
making current density the single most important
welding parameter that determines pool shape.
However, events at the anode can only be con-
trolled indirectly by controlling the cathode.
Anode spot stability does depend somewhat on
shielding gas composition and the shape of the
anode (that is, weld groove).
Current density and heat input measurements

at the anode help to explain how process

parameters that are largely controlling events
at the cathode will, in turn, influence the shape
and melting rate of the weld pool. The relative
contributions of heat transfer to the workpiece,
in terms of the GTAW process, are shown in
Fig. 2.
The Thomson effect represents the energy

lost by electrons as they move from higher to
lower temperatures. The sum of work function,
Thomson effect, and anode fall gives an elec-
tron contribution to heat transfer of approxi-
mately 84%. The remaining 16% is due to
thermal effects (that is, conduction, convection,
and radiation). There are small heat losses from
the pool that are due to evaporation of metal
ions and radiation. Figure 3 shows that the

Fig. 2 Relative heat-transfer contributions to workpiece with gas tungsten arc welding. (a) Contribution of individual
parameters to anode heat input. (b) Heat output at cathode (workpiece) relative to weld pool heat loss

Fig. 3 Plot of electron and thermal contributions to heat transfer. A, total arc power (standard deviation, s, of 0.8
mm, or 0.031 in.); B, electron contribution (s = 0.7 mm, or 0.028 in.); C, thermal contribution. Weld

parameters: current, 10 A; voltage, 10 V; time, 10 s; shielding gas, argon; electrode angle, 30�
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energy distribution for this particular case
approaches a Gaussian distribution (that is, nor-
mal distribution curve). High helium contents
in the shielding gas have produced data that
are typically better fit by a Lorentzian curve,
indicating a narrower current density distribu-
tion (that is, a more-contracted arc at the anode
spot).
Arc efficiency, in addition to those variables

that have an effect on it, is an extremely impor-
tant term in the heat-transfer analysis of weld-
ing. It gives the percentage of heat dissipated
in the arc that actually is captured by the work-
pieces and is available for melting. Arc effi-
ciency, as a function of all GTAW welding
parameters and many materials, has been deter-
mined experimentally and found to be nomi-
nally 75%. The variables having the greatest
effect on arc efficiency are arc voltage and
anode material. For those variables, the effect
is usually no more than þ�5%. Other parameters
have a negligible effect.
Arc Column. The electron discharge

between the electrodes partially ionizes the
shielding gas in its path, thus making the arc
column a conductor, or plasma. Overall, the
arc column is neutral and is composed of elec-
trons, positive gas and possibly metal ions,
and neutral gas atoms.
Ironically, fundamental measurements of arc

properties are most easily made in the arc col-
umn, although the actual effect of these proper-
ties on the electrode region of an actual weld
must still be inferred. Nevertheless, it is useful
to understand fundamentals of the arc that
relate essential welding variables (for example,
current, voltage, electrode gap, choice of
shielding gas, and electrode shape) to arc tem-
perature, current density distribution, and gas
flow structure at the anode surface.
Effect of Cathode Tip Shape. For the gen-

eral case of straight polarity, DCEN, the tip of
the tungsten alloy cathode is ground to a point
and then truncated somewhat to prevent the
sharp tip from burning off and contaminating
the weld. The included angle of the cone and
the diameter of the truncation under some weld-
ing conditions have a significant effect on weld
pool shape. Figure 4 shows examples of the
effect of these two parameters on weld pool
shape.
For a stationary spot-on-plate weld shielded

by pure argon, the weld depth-to-width ratio
increased with an increasing vertex angle up
to 90� and with an increasing truncation diame-
ter. The arc became less “bell shaped” and
more “ball shaped” as the vertex angle or trun-
cation diameter increased. These results should
be a valid indication of the effect of cathode tip
shape for pulsed current welding, which pro-
duces a series of overlapping spot welds.
A study of bead-on-plate welds (Fig. 5) made

with constant current and velocity indicated a
similar but less pronounced trend. These condi-
tions produce a tear-drop molten pool shape
when viewed from above, compared to a circu-
lar shape for spot or pulsed current welding.

Fluid and heat flow within the pool is less
uniform front-to-rear in a tear-drop-shaped pool
and probably has a greater influence on pool
shape than electrode tip shape.
When the arc is used in a weld groove,

the relative shapes of the cathode tip and
the anode groove become more important. The
arc discharge from the cathode will seek a
path to ground with the lowest electrical resis-
tance. For a stable arc properly centered in
the groove (for example, a root pass), the short-
est path to ground should be between the cath-
ode tip and the bottom of the groove (Fig. 6).
This will require the cathode vertex angle to
be somewhat less than the included angle of
the groove and/or a sufficiently wide groove
to ensure that the shortest path to ground is
from the cathode tip to the groove bottom and
not, for example, from the electrode shoulder
to the groove wall, as the case would be with
a 90� electrode in a 10� narrow groove. Weld-
ing in a groove places a higher priority on
arc stability and location than on maximum
penetration.
To understand the effects of tip shape, tem-

perature distributions in the plasma were
measured. Figure 7 shows that as the cathode
vertex angle increases, the plasma radius of
the arc column increases at midgap and
becomes more constricted near the anode. The
quantitative interpretation of these results
requires theoretical modeling, which has yet to
be completed.

Effect of Shielding Gas Composition. The
GTAW process typically uses either an inert
gas, such as argon, or an inert gas mixture, such
as argon and helium, to shield the arc and the
weld from atmospheric contamination. Occa-
sionally, a slightly reactive gas mixture, such
as argon with up to 15 vol% H2, is used. (The
15 vol% limit is based on safety considera-
tions.) Shielding gas composition has a rather
strong effect on arc temperature distribution
and, under certain conditions, a significant
effect on weld pool shape.
Figure 8 shows how shielding gas affects arc

voltage. The curves would all be displaced
downward for shorter arc lengths, but the rela-
tive positions would be maintained. Figure 9
shows the effects of both cathode vertex angle
and shielding gas composition on weld pool
shape for spot-on-plate welds. Increasing addi-
tions of helium to argon show a remarkable
increase in penetration when using a 30� vertex
angle. However, the effect is much less evident
when using a 90� vertex angle.
To understand these phenomena, arc temper-

ature distributions for a variety of shielding
gases and mixtures, electrode shapes, current,
arc voltages (electrode gaps), and anode materi-
als have been measured in order to clarify weld-
ing arc fundamentals. Welding arcs are
composed of electrons, positive gas ions, and
neutral gas atoms. Some measurement techni-
ques give the temperature of one species (elec-
trons), whereas other techniques give the

Fig. 4 Fusion zone profile for spot-on-plate welds as a function of electrode tip geometry using 100% Ar as a
shielding gas. Weld parameters: current, 150 A; duration, 2 s

Fig. 5 Fusion zone profile for bead-on-plate welds as a function of electrode tip geometry using 100% Ar as a
shielding gas. Weld parameters: current, 150 A; welding speed, 3 mm/s (0.12 in./s)
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temperature of another species (neutral atoms).
If the arc is in local thermodynamic equilibrium
(LTE), all techniques should give the same
temperature.
Although the assumption of LTE used to be

considered completely valid, contemporary
investigations have suggested that this is not
always the case and that some of the older mea-
surements may be somewhat in error. Absolute
values of arc temperature are only needed to
establish boundary conditions for detailed
arc modeling of temperature-dependent proper-
ties. What is of more importance to the
welding engineer or technologist is the relative
effect of essential variables on heat input to
the workpiece. Arc temperature measurement
is one useful indication of how these variables
affect the arc.
When compared to Fig. 7(a), Fig. 10 shows

that large additions of helium to argon decrease
peak temperatures slightly and increase the
plasma diameter in the plasma column. The
arc appears to become a broader and more iso-
thermal heat source. The lower peak tempera-
ture is reasonable, because a combination of
the high ionization potential of helium and rel-
atively low currents of welding arcs gives

an arc column that is only slightly ionized.
Figure 7 showed that a large vertex angle had
a similar, but less pronounced, effect on arc
temperature when adding helium to the shield-
ing gas (that is, the axial peak temperature
decreased and the plasma diameter increased).
Figure 11 shows that doubling the current

from 150 to 300 A produces an increase
in plasma diameter (that is, that portion of
the arc above approximately 8000 K, or
13,900 �F). This effect occurs regardless of
the shielding gas composition.
The arc length or gap between the electrodes

is yet another process parameter that must be
considered, especially for mechanized welding,
where it can be kept reasonably constant.
Because arc voltage increases roughly in pro-
portion with arc length, longer arcs have higher
arc voltages and consume more energy for the
same current. However, this increased energy
is generally lost through radiation to the envi-
ronment surrounding the weld and does not
effectively supply additional heat to the work-
pieces. Mechanized welding generally uses
rather short arc lengths (2 to 3 mm, or 0.08 to
0.12 in.), whereas manual welding uses a longer
arc length. Unfortunately, relationships that

establish a direct correlation between the tem-
perature distribution in the arc column and the
weld pool shape still have not been established,
primarily because weld pool shape depends on
other factors, such as compositionally depen-
dent molten metal properties.
Flow Structure. Shielding gas is used to dis-

place reactive gases in the atmosphere from the
vicinity of the weld. Inert gases are preferred
for the GTAW process, because they minimize
unwanted gas-metal reactions with the work-
pieces. A uniform laminar flow of gas from
the gas cup would be ideal and, in fact, is usu-
ally achieved as long as there is no welding arc.
However, the arc discharge rapidly heats the
gas in the arc column, and thermal expansion
causes plasma jets. The lower temperature near
the cathode tip in Fig. 11 is an indication of a
jet pumping in cooler gas. This becomes an
important factor at high currents, because these
jets can depress the surface of the weld pool
and alter heat transfer to it. The rapid gas
expansion can cause the flow to deviate from
laminar and, in extreme cases, the flow can
become turbulent. Turbulence tends to mix
atmospheric contaminants into the arc, often
where they can do the most harm: at the surface

(a) (b) (c)

30°

80°
90°
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80°
90°
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Fig. 6 Effects of electrode tip geometry on the path length to ground in weld grooves of various shapes. (a) 75� V-groove. (b) 40� U-groove. (c) 10� narrow groove

Fig. 7 Effect of vertex angle on gas tungsten arc welding arc column temperature distribution with 100% Ar used as shielding gas. (a) 30� electrode vertex angle. (b) 90� electrode
vertex angle. Welding current, 150 A
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of the molten weld pool. Holographic interfer-
ometry and Schlieren photography have been
used to characterize gas flow.
Figures 12 to 14 show examples of laminar

and turbulent flow. The flow from a commer-
cial-design gas cup for three current levels is
shown in Fig. 12. Laminar flow occurs where
the fringes are generally straight and parallel.
Turbulent flow is indicated by very wavy or cir-
cular fringes. Increasing current tends to make
the laminar region somewhat broader and
thicker, effectively increasing the area shielded
from atmospheric contamination.
Figures 13 and 14 result from experiments

with gas cup shapes that were designed to
improve shielding. Figure 13 shows that a con-
verging cone would be a very poor choice for
the GTAW process, as indicated by the very
small area of laminar flow and the extreme tur-
bulence in the surrounding region.
Figure 14 is a venturi shape, which provides

a large laminar flow region for all current levels
and excellent shielding. This design may be
somewhat better than commercial designs, but
weld contamination studies should be con-
ducted to verify this possibility.
Arc Length Control. As mentioned earlier,

the arc length or gap between the electrodes is
an important process parameter that must be
considered. In particular, the distribution of
the arc (thus arc force and heat distributions)
is also determined by the arc length together
with the arc current. Unlike the tungsten shape
and flow gas that can be easily controlled, the
arc length fluctuates and needs to be controlled
for precision joining, where GTAW has its
advantages.
The most convenient way to control the

arc length is to use the arc voltage as a feed-
back of the arc length. This is because a change
in the arc length would result in the same
change in the arc column. In a first-order

approximation, the voltage of the arc column
is considered to be proportional to the
arc length (length of the arc column), and the
voltage drops at the anode and cathode are con-
sidered to be constant for the given shielding
gas and workpiece material. Hence, the change
in the arc voltage is considered to be propor-
tional to the change in the arc length, and
controlling the arc length at a constant would
be the same as controlling the arc voltage at a
constant.
For precision sensing and control of arc

length, especially when the arc length is small
or the current may change, the aforementioned
first-order approximation may not always be
sufficient. The complexity has been demon-
strated through the following:

� For the same arc length, the voltage of a
tungsten-copper arc in argon decreases rap-
idly before the current increases to 50 A
and decreases significantly before the cur-
rent increases to 100 A (Ref 1).

� When the current is the same, the arc voltage
decreases before the arc length increases to
approximately 1 mm (0.04 in.) and then
increases gradually when the arc length fur-
ther increases (Ref 2, 3).

To use the arc voltage, V, as a precision feed-
back/measurement of the arc length, l, studies
are needed for the particular anode (workpiece)
to measure the arc voltage at different currents
and arc lengths in order to establish an accurate
model for the specific material being welded:

Fig. 9 Effect of electrode tip geometry and shielding gas composition on weld pool shape for spot-on-plate welds.
Welding parameters: current, 150 A; duration, 2 s

Fig. 10 Plot of gas tungsten arc welding arc column temperature distribution as a function of anode distance and arc
position. Welding parameters: electrode vertex angle, 30�; current, 150 A; shielding gas, 10Ar-90He

Fig. 8 Plot of arc voltage versus arc current for
selected inert shielding gases. Welding

parameters: anode, titanium; cathode, tungsten; polarity,
direct current electrode negative; arc length, 12.7 mm
(0.050 in.)
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l ¼ f V; Ið Þ (Eq 1)

where I is the current. However, despite the
possibility that such a model may be estab-
lished and the model is deterministic, it is likely
that this model will be nonlinear, as has been
demonstrated in the previously referenced
studies.
In the previous studies, because of the lack

of capabilities to measure the weld pool sur-
face, the arc length was difficult to accurately
measure, and the gap between the tungsten
and the unmelted workpiece was typically
used as the measurement of the arc length.
When the arc length is small and the welding
current is large (such that the difference
between the weld pool surface and the

workpiece surface is large), the arc length
should be measured more accurately. To this
end, technology recently developed to measure
the three-dimensional weld pool surface may
be used (Ref 4).
The nonlinearity issue seen in Eq 1 may

be overcome by replacing the arc voltage
using an argon atomic line intensity (Ref 5).
Figure 15 shows the linear relationship
between argon atomic line intensity and
arc length. Ideal linear relationships are found
in the entire arc length range that is typically
used. Of course, the measurement of the line
intensity requires the use of an optical-electric
sensor with a band-pass filter, and it is more
complex than the measurement of the arc
voltage.

Gas Metal Arc Physics

The gas metal arc welding (GMAW) process
is performed using a welding arc established in
a shielding gas between a continuously-fed con-
sumable wire electrode and the workpieces or
base metal to be joined. Part of the shielding
gas that is continuously supplied around the
wire is ionized to form the arc column and to
establish the arc; the rest surrounds the arc
and molten metal to shield them from the atmo-
sphere. The most widely used variant of
GMAW is flux cored arc welding, where the
wire electrode is solid metal and cored with flux
of specific chemical powders.
The most fundamental difference between

GMAW and GTAW is the presence of the
metal-transfer process; that is, the consumable
electrode must be melted and the liquid metal
of the melted consumable wire must transfer
from the electrode into the pool being formed
by molten metal from the workpieces and

Fig. 11 Plot of gas tungsten arc welding arc column temperature distribution relative to anode distance and arc
position. Welding parameters: electrode vertex angle, 30�; current, 300 A; shielding gas, 100% Ar

Fig. 14 Effect of geometry on venturi gas cup laminar
and turbulent flow as detected by real-time

holographic interferometry

Fig. 12 Effect of geometry on commercial gas cup
laminar and turbulent flow as detected by

real-time holographic interferometry

Fig. 13 Effect of geometry on converging cone cup
laminar and turbulent flow as detected by

real-time holographic interferometry

Fig. 15 Argon atomic line intensity versus arc length
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electrode. Both the melting of the electrode and
how the melted electrode metal detaches from
the electrode into the weld pool play fundamen-
tal roles in determining the behavior of the arc,
the quality of the resultant welds, and the pro-
ductivity of the process.
The detachment of the melted electrode is

controlled by forces acting on the liquid droplet
formed by the melted electrode. Of these
forces, the electromagnetic force often plays a
dominant role in determining the mode of the
metal-transfer process and how the detachment
is completed. The primary variable that controls
the electromagnetic force is the welding cur-
rent, while other factors such as electrode diam-
eter, shielding gas, polarity, and so on also
affect the electromagnetic force, but they are
not conveniently adjusted during welding.
Another fundamental difference between

GMAW and GTAW is that the material of the
electrode varies with the application, because
it will be melted and transferred into the base
metal to become part of the weld metal. Also,
the electrons are emitted from the material
being welded in typical direct current electrode
positive GMAW applications. Because the
material that emits the electrons varies with
application, the cathode voltage varies from
application to application. Further, the electrons
tend to emit from areas of lower electron volt-
age in the weld pool, the location of the cathode
in relation to the anode (wire tip) may change,
and the arc column may not always be straight
if the reduction in the voltage for electron emis-
sion is greater than the increase in the arc col-
umn voltage. Because the location of the area
of lower electron voltage in relation to the wire
tip may change during welding, the arc (path,
column, distribution) may be subject to change.
In particular, because of cyclic changes in the
arc length due to metal-transfer variations, the
arc length in GMAW typically must be long
enough to tolerate these periodic changes. This
increased length of the arc also promotes the
change of the arc. As a result, the arc voltage
fluctuates in addition to the periodic change.
For constant voltage (CV) power supplies, the
current also fluctuates accordingly. Such fluc-
tuations make it more difficult to sense by use
of the arc signals than in GTAW.
The GMAW process generally uses a dc arc,

where the electrode wire has a positive polarity.
The wire thus becomes the anode and the work-
piece becomes the cathode. The polarity is
called reverse polarity, or DCEP. The purpose
of DCEP is to detach the droplets formed by
the melted wire. This is because the component
of the electromagnetic force generated by the
current along the wire axis direction typically
has the same direction as the current in argon-
rich gases. Hence, when the current flows away
from the droplet, the electromagnetic force is a
detaching force. Further, DCEP can remove
oxide films from the surface of the weld pool
or workpiece. The oxide film promotes emis-
sion. As the oxide is depleted, the emission
moves to a new location that has sufficient

oxide content to sustain the discharge of elec-
trons. The arc root or cathode spot where the
emission occurs is highly mobile. Together
with the oscillation of the weld pool surface
caused by impact from the detached droplets,
the arc is typically not completely stable. The
arc voltage fluctuates, and for CV power supply
the fluctuation in the arc voltage will cause the
current to fluctuate.
In DCEP, the wire is primarily melted by the

anode heat whose power is IVanode, where I is
the welding current, and Vanode is the anode
voltage. The heat directly imposed on the work-
piece by the arc is IVcathode. For GMAW appli-
cations, the workpiece and wire are similar
materials, and the Vcathode/Vanode ratio is
approximately 2 (Ref 6). Hence, if GMAW
is performed using straight polarity, the wire
is expected to be melted at double speed, so
the deposition speed is doubled. That is,
straight polarity helps GMAW to increase
the deposition rate or reduce the heat input.
However, in DCEN, the electromagnetic forces
prevent the droplet from being detached.
Hence, variable polarity or ac GMAW has been
proposed that uses DCEN to speed the wire
melting and DCEP to detach the droplet.
In all cases, the arc and both electrodes are

shielded by gas, usually an inert gas, a gas mix-
ture, or pure CO2. The inert gas is typically
argon, and the gas mixture is Ar-O2 or Ar-
CO2. A gas mixture is used to improve the pen-
etration capability and weld bead, and pure CO2

is used for reduced costs and increased deposi-
tion and arc temperature.
A reasonable understanding of welding arc

fundamentals and the GMAW process requires
a more thorough discussion of electrode melt-
ing and droplet detachment/metal transfer,
including the physics and physics-based
controls.
Wire Melting. In GMAW (Fig. 16), a con-

sumable wire is fed to the contact tube, which
is typically connected to the positive terminal
of the power supply. A shielding gas is supplied
to surround the wire and is restricted by
the nozzle to deliver to the local area that sur-
rounds the wire. When the wire touches the
negatively charged workpiece (connected to
the negative terminal of the power supply),
the tip of the wire is rapidly melted, forming a
gap between the wire and the workpiece, and
an arc is ignited across this gap. The anode of
the arc directly melts the wire, and melted
metal forms a droplet at the tip of the wire.
The formation and detachment of the droplet
is typically referred to as the metal-transfer
process.
Before droplet detachment and metal transfer

are analyzed, the melting of the wire in GMAW
must be understood. Basically, the wire is
melted by the anode and resistive heat, which
are proportional to the current and its square,
respectively. However, the resistive heat also
depends on the length of the wire extension
(E). The heat that melts the wire is often simpli-
fied as:

Qwire ¼ IVanode þ r
A

� �

EI2 (Eq 2)

where r is the resistivity of the wire material,
and A is the cross-sectional area of the wire.
In a first-order approximation, r is treated as a
constant. If greater accuracy is needed, the
dependence of resistivity on temperature, that
is, r(T) and @r(T)/@T 6¼ 0, can be considered,
and an equivalent resistivity can be calculated
as the average resistivity over the wire exten-
sion to replace the constant resistivity in Eq 2:

r ¼
�
Z

E
0rðTðtÞÞdt

�

=E (Eq 3)

However, a more accurate calculation of this
equivalent resistivity requires the following:

� r(T), the dependence of resistivity on tem-
perature for the given wire material

� T(t), the dependence of temperature on posi-
tion t(0 	 t 	 E) in the wire extension for
the given wire material, diameter, current,
and wire extension

One may find that extremely high precision
for the heat that melts the wire is often not
required because the temperature in the liquid
droplet is not uniform, and the average temper-
ature of the droplets changes with the current
and droplet volume in addition to other metal
parameters. Hence, the wire metal melt cannot
be accurately determined from the heat.
Arc Length/Voltage Control. The length of

the arc column from the droplet to the cathode
on the weld pool surface is the arc length. The
welding voltage is the sum of the voltage drop
on the wire extension, the anode voltage drop,
the arc column voltage, and the cathode volt-
age. The arc length is an approximate indicator
for the distance from the wire tip to the weld
pool surface and must be controlled at an
appropriate level to prevent unintentional

Fig. 16 Illustration of gas metal arc welding processes
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short-circuiting (too short an arc length) or burn-
ing of the contact tube (too long an arc length). To
this end, the arc length must be feedback con-
trolled. Because the voltage drop on the wire
extension is typically much smaller than the arc
column voltage, and the cathode and anode volt-
age drops are both approximately constant, the
arc column voltage can be approximately con-
trolled by controlling the welding voltage.
The major parameter that determines the arc

column voltage is the arc length, although the
welding current also affects the arc column
voltage. A first-order approximation is:

V ¼ V0 þ kl (Eq 4)

where V0 = Vanode + Vcathode + Vwire and k are
both considered constant, although Vwire and k
are both current-dependent and Vwire is also
wire-extension-dependent. Hence, the welding
voltage can be used to indicate the arc length,
and the control of the arc length can be con-
verted into the control of the welding voltage,
which can be easily measured.
The arc length control is based on the follow-

ing melting-feeding balance equation:

dl

dt
� c1Qwire � vf (Eq 5a)

or

dV

dt
� kðc1Qwire � vf Þ (Eq 5b)

where vf is the nominal wire feed speed, and c1
is a constant that depends on wire material,
diameter, and droplet temperature.
When the contact-tube-to-work distance sud-

denly increases, the arc length immediately
increases, such that the welding voltage also
increases immediately. In this case, the feed-
back control system will reduce the voltage,
and the needed dV/dt is negative. Based on
Eq 5(b), Qwire must decrease. From Eq 2, the
current must be reduced. Once the current
decreases, dV/dt < 0 will be realized, and the
voltage will decrease.
Metal Transfer. The wire is continuously

melted, but the metal melted from the wire
may not transfer continuously/immediately into
the base metal/weld pool. Instead, it accumu-
lates at the tip of the wire to form a droplet, pri-
marily because of the surface tension at the
droplet (liquid)/wire (solid) interface that func-
tions as a retaining force for the droplet. The
metal-transfer process is often loosely used to
refer to the entire process associated with wire
melting, droplet formation and detachment,
and merging with the base metal. Droplet
detachment is specifically referred to in this
section.
The droplet is transferred into the base metal

through three major modes/types described sub-
sequently: short-circuiting, globular, and spray
transfer. There are two major established the-
ories for when and how the droplet is detached:
pinch instability and static force balance.

Detailed discussion and application of either
theory to determine when and how the droplet
is detached is beyond the scope of this article.
This article only introduces the principle of
static force balance.
When applying the static force balance the-

ory, all forces imposed on the droplet are pro-
jected to the axis of the wire and are
categorized into detaching forces (pointing
away from the liquid-solid interface) and
retaining forces (pointing toward the liquid-
solid interface). In typical cases (an argon-rich
shielding gas and DCEP), the major detaching
forces are the electromagnetic force, which
can be considered to approximately increase
quadratically with the current, and the gravita-
tional force, which increases proportionally
with the mass of the accumulated mass in the
droplet; the major retaining force is the surface
tension at the liquid-solid interface, along with
some supportive force from the momentum of
electrons and ions. For a given wire material
and diameter, the surface tension is approxi-
mately fixed, and the major parameters that
determine when and how the droplet is
detached are the welding current and arc length:

� Short-circuiting transfer is characterized by
the occurrence of short-circuiting between
the droplet and weld pool. When the wire
feed speed is low, such that the current
needed to melt the wire is small, the electro-
magnetic force will be small. Unless a con-
dition exists for the droplet to grow to a
level such that its gravitational force,
together with the electromagnetic force,

exceeds the surface tension, the droplet will
touch/short-circuit with the weld pool before
transferring into the weld pool. Figure 17
shows a typical short-circuiting metal-
transfer process. It is found that much spatter
may be generated in this process.

� Globular transfer is characterized by rela-
tively large droplets whose diameters are
significantly greater than that of the wire.
Two conditions are needed for this to occur:
the arc length, l (Fig. 16), is sufficient to
allow the droplet to grow to a diameter that
is significantly larger than that of the wire,
and the current is relatively small, such that
the corresponding electromagnetic force is
not sufficient to form a competent detaching
force that exceeds the surface tension with-
out a droplet of relatively large diameter to
provide a sufficient gravitational force.
Two typical globular transfers are shown in
Fig. 18.

� In spray transfer, if the current is sufficient
that the detaching electromagnetic force is
close to or exceeds the retaining surface ten-
sion, the droplet will detach without a need
for additional gravitational force. The dia-
meters of the droplets will thus be similar
to (drop spray) or much smaller than that
of the wire. Figure 19 shows a typical drop
spray metal transfer.

The occurrence of spray transfer is primarily
determined by the current level for the given
wire diameter and material, and the arc length,
l, is irrelevant as long as it is not extremely
short. The current level that determines if a

Fig. 17 Typical short-circuiting metal-transfer process

Fig. 18 Schematic of typical globular metal transfer. (a)
Axial globular transfer. (b) Nonaxial globular

transfer Fig. 19 Typical drop spray metal transfer
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spray transfer could occur is referred to as the
transition current, It, and it is approximately
230 A for steel wire of 1.2 mm (0.05 in.) diam-
eter. At I < It, the gravitational force will play a
role in providing sufficient detaching force. If l
is sufficient, globular transfer theoretically
could occur at any I < It, and the diameter (vol-
ume) of the droplets detached decreases as I
increases; otherwise, short-circuiting would
occur. For a given l, the transfer tends to
change from short-circuiting to globular as I
increases.
Static Force Balance and Arc Climb. The

wire is continuously melted, but the resultant
droplet typically detaches from the wire and
transfers into the base metal discontinuously.
The static force balance can be a good start to
understanding the metal-transfer process.
The major forces acting on the droplet

include gravitational force, electromagnetic
force (Lorentz force), aerodynamic drag force,
surface tension, and momentum force. The
force due to gravity can be expressed as:

Fg ¼ mdg ¼ 4

3
prd3rg (Eq 6)

where md is the mass of the droplet, rd is the
droplet radius, r is the droplet density, and g
is the acceleration of the gravity. The surface
tension is given as:

Fs ¼ 2pRs (Eq 7)

where R is the electrode radius, while s is the
surface tension coefficient. The aerodynamic
drag force can be expressed as:

Fd ¼ 1=2CdAdrpvp
2 (Eq 8)

where Cd is the aerodynamic drag coefficient,
Ad is the area of the drop seen from above,
and rp and vp are the density and fluid velocity
of the plasma, respectively. The momentum
force can be expressed as:

Fm ¼ vs _md (Eq 9)

where vs is the wire feed speed, and _md is the
change of the droplet mass. The electromag-
netic force, Fem, is given by:

Fem ¼ m0I
2

4p
1

2
þ ln

ri
ru

� �

(Eq 10)

where m0 is the magnetic permittivity, I is the
welding current, ri is the exit radius of the cur-
rent path, and ru is the entry radius of the cur-
rent path; ri and ru are related with the process
of the droplet status. Before the droplet starts
to be detached, ru is the same as the radius of
the wire and is thus a constant. However, once
the droplet is being detached, ru decreases.
The increase of Fem thus accelerates the detach-
ment of the droplet. In the conventional
GMAW process, the droplet is not detached
when the retaining force, Fs, is still sufficient
to balance the detaching force, Ft:

Ft ¼ Fg þ Fd þ Fm þ Fem (Eq 11)

During the metal-transfer process, the major
variables that affect the detaching force are
the droplet mass and the current, as can be seen
from Eq 6 to 10. Because the surface tension is
the major retaining force and it is fixed for the
given wire, the droplet can only be detached
either by waiting for the droplet to grow into
a larger size, such that the gravitational force
is sufficient to break the balance; waiting for
the droplet to touch the weld pool, such that
an additional detaching force—surface tension
between the droplet and weld pool—is added;
or by increasing the current to increase the elec-
tromagnetic force.
The phenomenon of the transition current

implies that the effect of the electromagnetic
force as the detaching force changes rapidly
around the transition current. The rapid increase
of the electromagnetic force reduces the depen-
dence on the gravitational force to overcome
the surface tension at the liquid-solid interface
on the wire tip. Such a rapid increase in the
electromagnetic force at detaching is due to
the rapid climb of the arc (anode) from the bot-
tom of the droplet toward the neck of the drop-
let (the solid-liquid interface). The climb of the
arc increases the exit radius of the current in
Eq 10. When the arc climbs rapidly as the cur-
rent increases, the exit radius of the current in
Eq 10 increases rapidly, such that the required
gravitational force component is much smaller.
(Figure 20 demonstrates the arc climb phenom-
enon.) As a result, the diameter of the droplet
decreases rapidly in the narrow range around
the transition current, from being much larger
than that of the wire to being much smaller than
that of the wire.
Metal-Transfer Control. Metal transfer

plays a critical role in determining the quality
of the welds produced. In conventional GMAW
with a continuous waveform CV power supply,
the continuous waveform current is dictated by
the wire feed speed. If the wire feed speed is
large, such that the resultant current is higher
than the transition current, that is, I � It, the
droplets are automatically detached smoothly
at relatively small diameters as spray transfer,
and the metal transfer is typically not an issue
of concern unless the current is extremely high,
producing a rotating transfer. However, if I < It
is required, the metal transfer could cause pro-
blems. If the arc length is long, the large dro-
plets pending at the tip of the wire would
wander about the wire axis and cause not only
an arc instability but also uncertainties in the
travel direction of the detached droplet. Dro-
plets thus merge into the weld pool at different
locations, forming irregular weld beads. If the
arc length is short, resulting in short-circuiting
transfers, spatters would be produced. Hence,
a continuous waveform current is typically not
used in the large current range I < It. A number
of methods have been developed to control the
metal-transfer process if the needed current is
smaller than the transition current.

Pulsed Arc Control. This is a method to
achieve the desired spray transfer over a wide
range of average current by using a square
waveform with a background current, Ib < It,
to maintain the arc and a peak current, Ip � It,
to detach the droplet, as shown in Fig. 21. The
applications of GMAW that require different
levels of heat input are thus greatly extended.
Surface Tension Transfer (STT, Lincoln Elect-

ric). This technology was developed from an
understanding of phenomena associated with
short-circuiting transfer. By detecting the prog-
ress of the short-circuiting process, the current
waveform is controlled/optimized differently
in different metal-transfer stages to minimize
the production of spatters. Figure 22 shows its
typical current waveform.
Cold Metal Transfer (CMT). Gas metal arc

welding typically feeds the wire forward con-
tinuously by using a motor (wire feeder) at a
distance from the welding torch to minimize
the weight being carried and to maximize the
torch accessibility. The CMT uses a second
motor installed close to the torch to draw
the wire back after the droplet touches the
weld pool. As a result, the droplet can be suc-
cessfully separated from the solid wire and
transferred into the weld pool, and the arc is
re-established during the separation process, as
shown in Fig. 23. During the separation and
arc re-establishment, the current is controlled
at a minimal level to minimize the production
of spatter.
Double-Electrode GMAW. In conventional

GMAW, the current melts the wire. By adding
a bypass electrode and bypass loop (Fig. 24),
such that part of the current passes through
the bypass loop, there will be two cathodes,
one on the base metal and another on the
bypass electrode. The current flowing to the
workpiece becomes lower than the melting cur-
rent. As a result, the arc root on the wire
becomes more distributed, and the spray trans-
fer is achieved with a base-metal current much
smaller than the transition current (Ref 7).
Heat Input Control. Many GMAW applica-

tions require that a certain amount of metal be
deposited into the workpiece with a minimal
heat input. This problem can be posed as

Fig. 20 Arc climb phenomenon. (a) Below transition
current. (b) Above transition current
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achieving a maximum efficiency ratio, defined
as the effective heat over heat input ratio:

l ¼ He=H (Eq 12)

where H is the heat input into the workpiece,
and the effective heat, He, is the heat that melts
the wire.
This can be simplified by omitting the arc

column heat and resistive heat. In conventional
direct current electrode positive GMAW:

He ¼ VaI=v (Eq 13)

H ¼ VaþVcð ÞI=v (Eq 14)

where Va is the anode voltage drop, Vc is the
cathode voltage drop, and v is the travel speed.
Their ratio is:

l ¼ Va= Va þ Vcð Þ (Eq 15)

In GMAW, the materials of the wire and base
metal are similar, and Vc � 2Va (Ref 6). Hence,
for conventional direct current electrode posi-
tive GMAW, the efficiency ratio is approxi-
mately 33%.
In direct current electrode negative GMAW:

He ¼ VcI=v (Eq 16)

H ¼ Va þ Vcð ÞI=v (Eq 17)

The efficiency ratio is approximately 66%.
However, in electrode negative (EN) mode,
the electromagnetic force prevents the droplet
from being detached. To resolve this issue, the
polarity can be switched between EN and elec-
trode positive (EP), such that the efficiency
ratio is increased using EN but the droplet is
detached using EP. The resultant processes are
variable-polarity GMAW and ac GMAW.
In double-electrode GMAW, if the bypass

electrode is nonconsumable, such as a tungsten:

He ¼ VaI=v (Eq 18)

H ¼ VaI þ VcIbmð Þ=v (Eq 19)

where Ibm is the base-metal current, and the
melting current I = Ibp + Ibm, that is, the sum
of the base-metal current and bypass current.
The efficiency ratio is:

l � I= I þ 2Ibmð Þ (Eq 20)

If Ibp = Ibm, then l = 50%. If Ibp = 4Ibm, then
l = 5/7 = 71%.
For consumable double-electrode GMAW

where the bypass electrode is a wire:

He ¼ VaI þ VcIbp
� 	

=v (Eq 21)

H ¼ Va þ Vcð ÞI=v (Eq 22)

Fig. 21 Typical pulsed gas metal arc welding process

Fig. 22 Schematic of surface tension transfer process and current waveform
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The efficiency ratio is:

� � 33%þ 2

3

� �

Ibp
I

� �

(Eq 23)

If Ibp = Ibm, then l = 66%. If Ibp = 4Ibm, then
l = 86%.
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Qualification of Welding Procedures
and Personnel
Harvey R. Castner, Edison Welding Institute

QUALIFICATIONofwelding procedures and
personnel is an important step to assure the qual-
ity and performance of any welded component or
structure. These qualifications confirm that the
welding procedure will meet design require-
ments and that personnel are competent to pro-
duce welds that meet the expected quality
levels. These are the reasons that welding codes,
standards, and fabrication documents require
the qualification of welding procedures and per-
sonnel. This article summarizes common weld-
ing procedure and personnel qualification
variables and test methods. The reader is referred
to the specific code, standard, or specification for
the detailed qualification requirements that gov-
ern their particular application.
Several widely recognized codes and stan-

dards address qualification of welding proce-
dures and personnel, including:

� Section IX of the American Society of
Mechanical Engineers (ASME) “Boiler and
Pressure Vessel Code”

� AWS B2.1, “Standard for Welding Proce-
dure and Performance Qualification”

� NAVSEA Technical Publication S9074-AQ-
GIB-010/248, “Requirements for Welding
and Brazing Procedure and Performance
Qualification”

Many other codes and standards include
welding procedure and performance qualifica-
tion requirements, for example:

� AWS D1.1, “Structural Welding Code—Steel”
� AWS D1.5, “Bridge Welding Code”
� API 1104, “Standard for Welding Pipelines

and Related Facilities”

Purpose of Qualification and
Responsibility for the Task

Fabricators, manufacturers, and contractors
are responsible for the selection, definition,
and control of the welding procedures they

use and the personnel who use them. This con-
trol normally includes the preparation of
detailed written instructions known as welding
procedure specifications (WPS)—or just weld-
ing procedure—and the qualification of both
welding procedures and personnel. The purpose
of qualifying a welding procedure is to demon-
strate that the resulting welds will meet pre-
scribed quality standards and have the
requisite mechanical properties for the intended
application. The qualification of personnel
demonstrates their ability to produce welds that
meet the quality requirements using the pre-
scribed welding procedure.
Some fabrication codes and standards (for

example, AWS D1.1) permit the use of a pre-
qualified WPS that is within specified guide-
lines for materials, joint designs, processes,
and methods. Other codes and standards
(ASME “Boiler and Presser Vessel Code Sec-
tion IX”) permit the use of American Welding
Society (AWS) Standard Welding Procedure
Specifications. However, the majority of WPSs
must be qualified by the user. The use of stan-
dard or prequalified procedures does not lessen
the responsibility of the fabricator or contractor
to ensure that the welding procedures are satis-
factory for the application.
In all cases, all the important process vari-

ables must be documented in a welding proce-
dure specification. A sample WPS form is
shown in Fig. 1. If these variables change, then
a new WPS may have to be prepared to reflect
these changes. Whether the WPS must be
requalified when revised depends on which
variables are being revised. The qualification
standard will identify which changes require
requalification.

Qualification of Welding
Procedures

Procedure qualification involves demonstrat-
ing that welds made using the procedure meet
minimum soundness and mechanical property
requirements. This is accomplished by

preparing, examining, and testing a qualifica-
tion test weldment as well as documenting the
results on a procedure qualification record
(PQR). The most common method of procedure
qualification involves welding a test weldment
that is specifically designed for this purpose
and testing it as described by the applicable
code or standard. Some codes and standards
permit qualification of procedures by testing
special or prototype welds. The fabricator, man-
ufacturer, or contractor must supervise and con-
trol the preparation of the qualification test
welds.
The PQR documents the details of the weld-

ing variables used to prepare the qualification
test weldment as well as the results of its
inspection and testing. The sample form shown
in Fig. 1 can be used for the PQR document
along with the test results. The application of
a WPS that is prepared based on the PQR is
limited by the details of the test specimen and
ranges of variables used in the test. For exam-
ple, the range of base-metal thicknesses over
which the procedure can be used is determined
by the thickness of the qualification test speci-
men. Other variables in the WPS, such as pre-
heat and interpass temperature or welding heat
input, also may be limited by the ranges of the
variables used for qualification.
While another organization may assist in

the removal and assessment of test specimens,
the contractor or fabricator is ultimately res-
ponsible for the procedure qualification tests,
the results of these tests, and the control and
application of the procedures in production.
A single welding procedure qualification test
may support a number of WPSs, or a single
WPS may be supported by several procedure
qualifications.

Types of Qualification Tests

Welding procedure qualification tests can be
categorized as either standard or special tests.
Standard procedure qualification test weldments
represent the type of weld and weld joint that
are to be used in production. Special welding



procedure qualification tests use the specified
welding procedure to fabricate prototype struc-
tures or mock-up components that are then
subjected to loads that simulate the actual con-
ditions encountered in service.
Groove-welded butt joints in plate and pipe are

shown in Fig. 2 and 3, respectively, as examples
of standard test weldments. Two examples of fil-
let welds in T-joints are shown in Fig. 4. Fillet
welds can also be deposited on lap, corner, or
edge joints. A partial penetration weld in a T-
joint is shown in Fig. 5, whereas a plug weld test
specimen is shown in Fig. 6. The latter could be a
slot weld as well, and a similar weldment could
be used for spot welds.
Resistance spot and seam welds are typically

made on lap joints. Other test weldments are
appropriate for friction, laser beam, electron
beam, and stud welding or for cladding and
surfacing weld deposits. The thickness of test
weldments should be selected after considering
the thickness of materials used in actual fabri-
cations and the thickness limitations of the fab-
rication code or standard. The length and width
of the test weldment should be sufficient to per-
mit removal of the necessary test specimens.

After the test weldment is prepared and
welded using the methods that are detailed in
the PQR, it is examined and tested to the
requirements of the applicable qualification
code or standard. Standard tests include visual,

metallurgical, and nondestructive examinations,
chemical analysis, and tests to determine
mechanical properties. The mechanical prop-
erty tests can include tension, bend, torque,
nick-break, shear, peel, and hardness tests, as

Fig. 1 Welding procedure specification form. Source: Ref 1

Fig. 2 Typical location of test specimens from groove welds in butt-joint test plate
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well as tests to determine impact (Charpy test)
toughness or perhaps plane-strain (KIc) or
plane-stress (Kc) fracture toughness.
Although the use of standard tests to qualify

a WPS demonstrates the ability of the proce-
dure to produce sound welds that meet the min-
imum required properties, these tests may not
ensure that the welding procedure is suitable
for all applications. Standard test plates are rel-
atively small and are normally welded under
laboratory, rather than production, conditions.
Special Qualification Tests. Codes and

standards may permit the qualification of weld-
ing procedures by testing special or prototype
welds. In other cases, the code, standard,
designer, owner, or operator of the welded
structure or component may require additional
special qualification tests to establish the
acceptability of a welding procedure. Special
tests may involve welding mock-up or proto-
type structures and then subjecting these struc-
tures to loads that simulate the actual
conditions encountered in service. Tests can

include static or dynamic loads, corrosive
environments, high temperatures, shock, impact
loading, or other tests. After load testing, the
structure can also be tested destructively; welds
can be sectioned and the cross sections exam-
ined for proper penetration, bead placement,
and profile. Testing of roll-over protection
structures is an example of a special test.

Standard Qualification Tests

Tests for Full-Penetration Groove Welds.
Typical tests for full-penetration groove welds
include tension, bend, and impact (Charpy)
toughness tests. It is also common to subject
weldments to chemical analysis, hardness tests,
and macroexaminations of weld cross sections.
Figures 2 and 3 indicate the location of tension
and bend specimens in plate and pipe test weld-
ments, respectively. Figure 7 shows the config-
uration of tension and bend specimens. The
details of specimen size, orientation, removal,

testing, and acceptance are provided in the
welding code or standard or by references to
ASTM International test standards or AWS
B4.0, “Standard Methods for Mechanical Test-
ing of Welds.”
Tension Tests. Transverse tension tests are

performed on full-penetration groove welds to
determine the tensile strength of the weld
region. The specimens can be full-section or
reduced-section rectangular or round specimens
(Fig. 7). Multiple tension specimens may be
needed to test the entire thickness of plates that
are more than 25 mm (1 in.) thick, as shown in
Fig. 8. The acceptance of tension test results is
normally based on a tensile strength that is
either equal to or greater than the minimum
specified tensile strength of the base metal
being welded. If the weld metal has a lower
specified strength than the base metal, then the
tension test must exceed the specified minimum
tensile strength of the weld metal. Some codes
permit the strength of the tension specimen to
be 5% below the specified minimum tensile
strength of the base metal if the specimen
breaks outside of the weld or fusion line. If
all-weld-metal tension tests are required, then
round specimens are typically removed from
the center of the weld and oriented parallel to
the weld axis.

Fig. 3 Typical location of test specimens from groove welds in butt-joint pipe test

Fig. 4 Two examples of T-joint weldments for fillet weld qualification. (a) Fillet weld on one side of T-joint. (b) Fillet
weld on both sides of T-joint

Fig. 5 Partial-penetration weld specimen

Fig. 6 Plug weld specimen
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Guided-Bend Tests. Bend tests are performed
to verify the soundness and ductility of the weld
and the heat-affected zone (HAZ). Figures 2, 3,
and 8 show bend specimens that are typically
oriented transverse to the weld axis, with the
center of the weld in the center of the specimen.
Face-bend and root-bend specimens are typi-
cally specified for base-metal thicknesses of
less than 9.5 mm (0.375 in.). These specimens
place either the face of the weld (face-bend)
or the root of the weld (root-bend) on the con-
vex side of the bend specimen. Side-bend speci-
mens, taken through the thickness of the test
weldment, are required for thicker test plates
in order to test the entire weld cross section.
Test weldments that are more than 38 mm
(1.5 in.) thick may require multiple side-bend
specimens to ensure that the entire weld thick-
ness is tested (Fig. 8).
Under some circumstances, longitudinal

bends are removed with their length parallel to
the axis of the weld. Longitudinal-bend speci-
mens are used for welds between dissimilar
metals where there is a large difference in bend
properties between the two base metals or
between the weld metal and the base metal.
Guided-bend specimens are forced into a

specified curvature (Fig. 7) by either applying
a load to a plunger or forming the specimen
around a fixed mandrel. The width and thick-
ness of the specimen and the radius of the
plunger or mandrel are designed to produce a
minimum specified elongation in the outer sur-
face of the specimen. It is important to follow
the recommendations for specimen dimensions,
because width and thickness influence test per-
formance. The most common bend specimen
for steel welds is 9.5 mm (0.375 in.) thick and

is formed around a 20 mm (0.75 in.) radius to
yield 20% elongation in the outer surface of
the specimen. Larger bend radii are permitted
to match the lower ductility of some base
metals or weld metals. Acceptable bend speci-
mens must not fracture or have cracks or other
open defects that exceed a specified maximum
size (usually 3.2 mm, or 0.125 in.) on their con-
vex surface.
Impact Toughness Tests. Charpy V-notch

impact tests are often used to measure the frac-
ture toughness of weld metals and HAZs.
Charpy V-notch specimens are usually removed
from the weld metal and HAZ, with the
notch oriented normal to the surface. One face
of the V-notch specimen is located within
1.6 mm (0.06 in.) of the surface of the material.
Thick materials require additional specimens at
subsurface locations. When permitted, subsized
impact specimens can be used for thin materials
that do not permit the removal of standard spe-
cimens. The number of specimens, their loca-
tion and orientation, and the test temperature
are determined by the design requirements or
material specifications. Acceptance criteria
may be a minimum specified absorbed energy
in joules (ft�lbf), a minimum percentage of
shear fracture appearance, or a minimum speci-
fied lateral expansion opposite the notch. The
applicable code or standard should be consulted
for test conditions and acceptance criteria for
subsized specimens.
The assessment of toughness, in terms of

dynamic tear or plane-strain fracture properties,
using compact-tension or crack tip opening dis-
placement specimens may be required for some
welding procedures. Drop-weight tests are
sometimes used to determine the minimum
nil-ductility transition temperature for ferritic
steel weld metal and HAZs. Codes and specifi-
cations describe how specimens should be

removed from the weld metal and HAZs to per-
mit the measurement of each of these fracture
toughness properties.
Tests for Fillet Welds, Partial-Penetration

Groove Welds, and Spot and Plug Welds.
The procedure qualification of fillet welds typi-
cally involves T-joint test weldments, similar to
those shown in Fig. 4. Some codes and specifi-
cations permit lap joints, corner joints, or other
joint configurations that represent the actual
joint used in production.
Procedures for partial-penetration groove

welds can be qualified by making test weld-
ments that represent the joint used for the appli-
cation. Figure 5 shows a T-joint test weldment
for a partial-penetration groove weld. Figure 6
shows the configuration of the test weldment
for the qualification of plug or slot welds.
Completed fillet, partial-penetration, and

plug or slot weldments are usually examined
visually and tested to ensure that they meet
the acceptance requirements of the weld-quality
specification. These welds do not normally lend
themselves to mechanical property testing,
although tension-shear tests and weld-break
tests can be conducted on them. The required
mechanical properties must be determined from
a standard groove-weld test. Macrosections are
removed to verify root penetration.
Figures 4 and 5 show how macroexamination

specimens are removed from fillet or partial-
penetration welds. Figure 6 illustrates how plug
or slot welds are cut through their center to pro-
duce macroetch specimens. The faces of macro-
etch specimens are ground smooth, etched, and
then examined. Acceptable welds must have:

� The designated weld size and profile
� Fusion to the root of the joint
� No cracks

Fig. 7 Tension and bend specimens for testing of full-
penetration groove welds. (a) Reduced-section

tension specimen. (b) Round tension specimen. (c) Bend
specimen Fig. 8 Removal of multiple bends and tension specimens from thick test plates
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� Complete fusion between adjacent layers of
weld metal, as well as between weld metal
and base metal

Shear tests can also be used to measure the
strength of fillet, partial-penetration, plug, or
slot welds. Usually, acceptable shear strength
is at least 60% of the minimum specified tensile
strength of the base metal.
Weld-break tests also may be required for fil-

let and partial-penetration welds. These speci-
mens are removed from the weld, as shown in
Fig. 4, and loaded so that the root of the weld
is in tension until the specimen fractures or
bends flat upon itself. Acceptance is determined
by examining the fractured surface for com-
plete fusion, the required depth of penetration,
and porosity and inclusion levels that do not
exceed a specified maximum size. The speci-
men is also acceptable if it bends flat upon itself
without fracturing.
Procedure qualification tests for arc and

resistance spot welds include tension-shear, tor-
sion, peel, and hardness tests, as well as macro-
examinations. Tension, torsion, and peel test
specimens are examined to determine the loca-
tion of failure and the size and soundness of
the weld nugget.
Tests for Stud Welds. The qualification of

stud welding procedures can involve welding
and testing multiple specimens for each diame-
ter, welding position, and geometry to be quali-
fied. Sectioning and macroexamination can
determine whether or not the welds and HAZs
have the proper fusion and are free of cracks.
Bend tests for stud welds involve bending the
stud through a minimum angle (for example,
30�) and then bending it back to the original
position. An alternative test is to bend the studs
by hammering them flat onto the test plate. The
bent studs must be free of visible separation or
fracture. Stud welds also are tested by applying
torque or tension loads.
Tests for Weld Cladding and Surfacing.

The qualification of weld cladding procedures
can involve liquid penetrant testing, chemical
analysis of the deposit, macroexamination of
cross sections, and bend tests. The qualification
for hard-surfacing welding procedures can
include hardness tests in addition to chemical
analysis of the deposit and macroexamination
of cross sections.
Limitations on Procedure Qualification.

A new welding procedure must be qualified if
it differs significantly from another qualified
procedure. The application range of a welding
procedure qualification is determined by plac-
ing limits on the welding variables specified
in the procedure. Codes and standards define
these limiting variables as essential variables,
essential elements, or qualification variables.
A welding procedure must be requalified if
changes in these variables exceed specified
limits.
Supplementary essential variables are the vari-

ables that affect notch toughness. Supplementary

variables become essential variables when notch
toughness tests are required.
Nonessential variables are the remaining

variables contained in the WPS that can be
changed without requiring requalification. An
essential variable for one process may be non-
essential for another process.
Although there are differences in how codes

and standards define essential variables, the
variables described as follows are considered
to be essential by most codes and standards.
Welding Process. A change of welding pro-

cess will require requalification, because the
process has a significant effect on the mechani-
cal properties and metallurgical structure of the
weld.
Base Metal. Changing from one base-metal

type or thickness to another can affect weldabil-
ity as well as the metallurgical and mechanical
properties of the weld. Changes in base metals
also can cause differences in weld penetration
and weld fusion characteristics for certain weld-
ing processes. Therefore, significant changes in
base-metal type, composition, heat treatment,
or processing will require requalification.
Codes and standards group together base

metals that have similar weldability characteris-
tics, metallurgical properties, chemical compo-
sitions, or mechanical properties. The
grouping of base metals reduces the number
of required qualifications by allowing the qual-
ification of a procedure on one of the materials
in the group to qualify the procedure for use on
the other base metals in that group. Changing to
a base metal of another group requires
requalification.
Separate welding procedure qualifications are

typically required for pipe and plate.While a pro-
cedure qualification on pipemay also cover plate,
a procedure qualification on plate may be
restricted to welding plates and large-diameter
pipes. Limitations also are placed onmetal thick-
ness for procedure qualification. Base-metal
thickness influences cooling rate and therefore
metallurgical and mechanical properties. The
composition of a metal may also change with
thickness. Most codes permit qualification on
one thickness of test specimen to cover a range
of base-metal thicknesses. Some codes require
qualification on the exact thickness of metal that
is to be used for production welds. Other codes
require qualification on the thinnest and thickest
metals that are used in production.
Filler Metal. Filler metals and welding elec-

trodes with similar chemical compositions and
operating characteristics also are grouped
together for the purposes of procedure qualifi-
cation. Grouping reduces the number of qualifi-
cations that must be done by allowing the
qualification of one of the filler metals in the
group to also qualify the others in that group.
Ferrous filler metals can be grouped by both
chemical composition and usability. The addi-
tion or deletion of a filler metal, supplementary
filler metal, or consumable insert is an essential
variable for arc welding processes.

Position is not an essential variable for some
codes and standards, while other specifications
allow qualification in one position to cover
qualification in another position. Welding posi-
tion usually is an essential variable for proce-
dures requiring notch toughness testing.
Joint design is an essential variable for some

processes and applications but not for others.
Weld joint design should be an essential vari-
able for processes where changes to the joint
affect metallurgical structures and weld proper-
ties. Examples of these processes include stud,
laser beam, electron beam, and friction
welding.
Electrical Characteristics. Variations in the

type of welding current (alternating or direct,
for arc welds) or in polarity normally require
requalification. A small change in welding cur-
rent or voltage within limits permitted by the
document does not typically require requalifica-
tion. The results of more than one PQR can be
used to support the acceptable performance
of the range of variables for a given WPS.
Procedures meeting notch toughness require-
ments may limit changes in electrical character-
istics and travel speed through limits on weld
heat input. The use of current pulsation and
the pulse parameters may be essential variables.
For example, beam current or beam power are
essential variables for both laser beam and elec-
tron beam welding. Use of pulsed welding cur-
rent is an essential variable for gas tungsten arc
welding and gas metal arc welding in some
codes or standards.
Shielding. The use and the composition of a

shielding gas are essential variables for gas
shielded arc welding, friction welding, and laser
beam welding processes.
Preheat and Interpass Temperatures. Signifi-

cant changes in preheat or interpass tempera-
tures will affect properties and therefore will
require requalification. Codes and standards
differ on the size of the change in temperature
that is permitted. Some codes limit changes to
a maximum of 14 �C (25 �F), whereas others
permit an increase or decrease of up to 56 �C
(100 �F) before requalification is required.
Postweld Heat Treatment. The use of post-

weld heat treatment requires qualification that
includes the heat treatment. The applicable
code or standard should be consulted regarding
changes in the postweld heat treatment temper-
ature or time at temperature that requires
requalification.
Other variables that affect the soundness,

metallurgical structure, or mechanical proper-
ties of the weld are essential or qualification
variables. These variables depend on the weld-
ing process being used. Examples of these vari-
ables include:

� Changing from a stringer to a weave bead,
or changing the direction of welding for ver-
tical arc welding procedures

� Changes in electrode composition or config-
uration for resistance welding

264 / Arc Welding Processes



� Changes in filament type, size, or shape and
in gun-to-work distance for electron beam
welding

� Changes in focal length, focus position, or
spot size for laser beam welding

� Changes in energy, applied loads, or the
amount of upset for friction welding

Qualification of Welding Personnel

The employer is responsible for assuring that
their personnel are trained and qualified to the
specific requirements of the codes, specifica-
tions, or fabrication documents under which
work is to be performed. Welding personnel,
including welders, tack welders, and welding
operators, are qualified by demonstrating their
ability to produce welds that meet minimum
requirements for soundness and quality. Quali-
fication of personnel is also referred to as per-
formance qualification.
Welding personnel are qualified by welding a

test plate while following a welding procedure
specification and having the test plate examined
to determine its acceptability. Some standards
permit qualification of personnel by examina-
tion of workmanship samples or production
welds. Critical applications may require the
welder to produce special welds that simulate
the actual conditions encountered during fabri-
cation. Training, knowledge tests, and visual
acuity are part of the requirements of some
specifications.
Performance Qualification Tests. The test

specimens, types of tests, and variables that
govern personnel qualification are based on
the level of knowledge or skill required for
the task and those variables that have an effect
on the ability of the individual to produce sound
welds. Therefore, personnel that are qualified
only to produce tack welds or fillet welds do
not have to demonstrate the same skill levels
as those qualified for out-of-position pipe weld-
ing. Welding operators are qualified to produce
welds using the mechanized, automated, or
robotic equipment and the welding procedure
specification that they intend to use.
Qualification using standard tests involves

the individual preparing the test weld using
the WPS and having the weld tested according
to the requirements of the code or standard
being used. These requirements typically
include visual and nondestructive examination
and/or the removal of specimens for mechani-
cal property or other tests. Guided-bend tests,
fillet weld-break tests, and macroexamination of
weld cross sections are typical types of tests per-
formed on performance qualification welds.
These tests are similar or identical to those
described previously for qualification of welding
procedures. Many codes and standards permit
radiographic tests to be substituted for guided-
bend testing for performance qualification, since

the issue being examined is thewelder’s ability to
produce a sound weld.
Limitations on Performance Qualification.

Variables that determine the limits of perfor-
mance qualification include the welding pro-
cess; base-metal type, composition, and
thickness; type of weld; use of weld backing;
a change in welding position to a more difficult
position; changes in uphill or downhill progres-
sion for vertical-position welding; and a change
in the filler-metal operating characteristics
grouping.
Process. Use of each welding process

requires specific knowledge and skills that
make it essential that a welder is tested on the
welding process to be used in fabrication. There
are also certain changes within a process that
affect usability and require requalification, such
as the use of short-circuit metal transfer or
pulsed welding current.
Base Metal. Similar to welding procedure

qualification, changing from one base-metal
grouping to another often requires requalifica-
tion since the base metal can affect the filler
metal used, weld penetration, and fusion char-
acteristics. Codes and standards permit qualifi-
cation on one base-metal group to allow
personnel to weld metals in similar groups.
The type and thickness of the base metal also
are essential variables for performance qualifi-
cation. Pipe, sheet, and plate may require dif-
ferent welding abilities or techniques that need
to be verified by testing. Specific limits must
be considered during performance qualification
for welding of small-diameter pipes and
heavy-thickness materials.
Weld Type. Producing fillet welds or groove

welds can require different levels of skill, and
therefore, qualification for groove welds is
tested differently than qualification of an indi-
vidual that will only produce fillet welds. The
deletion of backing from a groove weld joint
also requires requalification of individuals that
have previously been qualified only on joints
with backing.
Position. Welding in the vertical or overhead

positions or welding pipe in the horizontal-fixed
position requires greater skill than flat-position
welding. Normally, a performance test in the
more difficult position also qualifies for less
demanding positions. A change in the direction
of weld progression from uphill to downhill or
vice versa requires requalification.
Filler Metal. A change to a filler metal from

another operating characteristics group (F-num-
ber) usually requires requalification of the indi-
vidual. There are some instances where
qualification on one filler-metal group also qua-
lifies the individual on other similar groups.
The addition or deletion of a filler metal, sup-
plementary filler metal, or consumable insert
is an essential variable for arc welding
processes.
Maintenance of Qualification. Failure to

maintain their qualification or to demonstrate

competence can result in an individual having
to requalify their ability to perform a welding
operation. Once the welder or welding operator
has passed a performance qualification test,
they must continue to use the qualified skills
in order to maintain their qualified status. Main-
tenance of personnel qualification requires veri-
fication that the individual has used the welding
process during a period of time that is specified
as every six months by some codes and stan-
dards or three months by others. Qualification
of an individual can be revoked if their ability
to produce satisfactory welds comes into
question.

Qualification Documentation

Record keeping of procedure and perfor-
mance qualification is an essential part of the
responsibility of the activity (fabricator, manu-
facturer, and contractor) that uses welding pro-
cedures and employs welding personnel.
Documentation includes preparation and main-
tenance of the WPS that defines the variables
and methods to be used for welding. A PQR
is used to document the actual welding vari-
ables that are used for the procedure qualifica-
tion test weldment as well as the results of the
tests of this weldment. Performance qualifica-
tion test records are used to document the prep-
aration, inspection, and testing of the
performance qualification test. The activity also
needs to record the use of a process by their
qualified personnel in order to maintain their
qualified status. The manufacturer or contractor
should have these records available for review
by customers or authorized inspectors.
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General Design Considerations for
Arc Welding Processes
W.C. Mohr, Edison Welding Institute,
O.W. Blodgett, The Lincoln Electric Company

A WELD JOINT serves to transfer the stres-
ses between the joined members and throughout
the welded assembly. The type of loading and
service of the weldment influences the selection
of a joint design and how forces and loads at
different points are transmitted to different
areas throughout the weldment.
Joint types describe how the members meet,

and the names of different joint types are butt,
T, corner, lap, and edge. The selected weld also
may or may not require preparation in the form
of a groove to permit proper access to the root
of the joint. Several methods of joint prepara-
tion include machining, chipping, shearing,
grinding, gas cutting, gas gouging, or air carbon
arc gouging, which may be used to create sin-
gle- or double-bevel, V-, J-, or U-grooves.
No preparation is needed for a square groove

weld. The members can be abutted in the same
plane. If there is zero root opening, the weld arc
essentially fuses the members together. Usually,
very little or noweldmetal bridges theweldmem-
bers, although some weld metal or reinforcement
may be left on the top and bottom surfaces. Simi-
larly, fillet welds, which join pieces perpendicular
to each other, can be used on T-joints without
preparation. The welds and the fusion into both
members join the two pieces.
Groove preparations are often necessary,

however, for successfulwelding of various corner,
T-, and butt-joint applications. Frequently
required with larger metal thicknesses, these weld
preparations ensure that thewelding heat andweld
metal reach and fuse the root of the joint.

Nomenclature

Terminology describing various joints and
welds is often confused. Types of welds and
joints recognized by the American Welding
Society (AWS) are illustrated in Fig. 1. Note
that joints are the junctions where the members
join, and welds are the mechanisms (groove or
preparation) that complete joints. Figure 2
shows applications of some single-bevel and
single-V welds on T- and corner joints.

Although precise nomenclature to differenti-
ate between welds and joints is desirable, engi-
neers will probably continue to use the terms
interchangeably. For example, although Fig.
16 (discussed later) is technically a joint made
with two partial-penetration double-bevel
groove welds, the joint is referred to as a par-
tial-penetration double-bevel groove joint.
Thus, in this article as well as other practical
applications, the terms joint and weld are used
interchangeably to describe how a joint is
constructed.

Types of Joints

Butt joints are joints between two abutting
members lying approximately in the same
plane. Although they may be welded with no
preparation, butt joints are often grooved, espe-
cially with thicker and heavier plate.
Butt joints are preferable in uses where

continuity of section is desired, such as fusion-
welded joints in sheet or plate for pressure ves-
sels, pipelines, decking, tanks, and similar con-
struction applications. Generally, when the

Fig. 1 Types of joints and welds



metal thickness exceeds approximately 6 mm (¼
in.), the butt joint requires grooving to prevent a
lack of fusion from weakening the weld.
T-joints are joints in which the members are

positioned in the form of a “T.” They are well
suited for no-preparation fillet welds, but in
thick material the preparation welds, such as
the single-bevel in Fig. 2, may be necessary.
T-joints are frequently used in production of

fabricated weldments, welded machinery com-
ponents, attachment of flanges and plate stiffen-
ers to webs of girders, and assembly of rolled
section and tubular building structures. Fillet-
welded T-joints should not be used for fusion
welding with ordinary gas or arc welding of
containers because corrosive solids may be
trapped in the unwelded area between the
members.
Corner joints are joints between members

located at approximately right angles to each
other that meet in the form of an “L.” Typical
applications are the same as those for T-joints.
Figure 3 shows various corner joints with fillet

and preparation welds. The corner-to-corner joint
(Fig. 3a) is difficult to assemble because neither
plate can be supported by the other. A small elec-
trode with low welding current must be used to
prevent the first welding pass from melting
through.This joint requires a large amount ofweld
metal. In contrast, the corner joint in Fig. 3(b) is
simple to assemble, does not melt through easily,
and requires half the amount of weld metal. Half
the weld size is also usedwhenwelding the identi-
cal joint with two welds, one outside and the other
inside (Fig. 3c), a design that has the same total
throat as Fig. 3(a).
With thick plates, a partial-penetration

groove weld (Fig. 3d) is often used in a corner
joint. This weld requires beveling. For a deeper
weld, a J-groove preparation may be chosen
instead of a bevel (Fig. 3e). Another possibility,
the fillet weld in Fig. 3(f), is inconspicuous and
makes a neat and economical corner.

Lap joints are joints made with two overlap-
ping members. They do not require edge prepa-
ration. Lap joints are necessary for use in seam
and spot welding of sheet metals.
Edge joints are joints between the edges of

two or more parallel or nearly parallel mem-
bers. They may not require the addition of filler
metal for welding and are frequently used to
join thin turned-out edges, such as those formed
where the sides of a container meet.

Types of Welds

Fillet welds are welds approximately trian-
gular in cross section, joining two surfaces
essentially at right angles to each other in a
lap, T-, or corner joint. Basically, they fill in a
corner. Fillet welds require no preparation and
are the most common type of weld used in
structural work.
Square groove welds are welds in which the

abutting surfaces are square (0� included
angle). Because welding from one side makes
penetration difficult, the double-square weld is
used frequently to ensure the strength of the
weld. Sometimes the root of the weld is opened
and a backing bar is used. The purpose of a
backing material, which is placed at the root
of the weld joint, is to support the molten weld
metal.
Bevel groove welds are welds in which only

one member is beveled. The bevel angle (mate-
rial removed by cutting) is measured between
the prepared edge of a member and a plane per-
pendicular to the surface of the other member.
Single-bevel groove preparations are widely
used because they are easily prepared by oxyfuel
gas cutting. They are well suited for corner and
T-joints (Fig. 2), as well as butt joints 6 mm
(¼ in.) in thickness and greater. Double-bevel
grooves are recommended, if welding from
both sides is possible, when metal is 19 mm
(3/4 in.) or thicker, because these grooves
produce less distortion of the welded parts and
reduce weld-metal requirements by approxi-
mately half.
V-groove welds are welds in which the total

included angle of the groove between the mem-
bers to be joined is the sum of the two bevel
angles. Similar to single-bevel groove welds,
single-V-groove welds are widely used because
they are easily prepared by oxyfuel gas cutting.
Figure 2 shows a single-V weld in a corner
joint. These groove preparations are also used
extensively in edge preparations for butt joints
6 mm (¼ in.) in thickness and greater. The
advantages of double-V bevel grooves are the
same as those for double-bevel grooves.
J-groove welds are welds made in J-shaped

grooves between the two members to be
welded. Single-J-grooves are well suited for
butt, corner (Fig. 3e), and T-joints. The advan-
tages of double-J-groove preparations are the
same as for double-bevel grooves.
U-groove welds are welds made in

U-shaped grooves between two members to be

welded. Because of the rounded base, larger
electrodes can be used with narrower groove
angles than for V-groove welds. The U-groove
preparations can be prepared by air carbon arc
gouging or by machining, which yields more
uniform grooves. Because J-grooves and
U-grooves require at least 3 mm (⅛ in.) root
face and 6 mm (¼ in.) radius at the root of
the joint, the material must be more than 9
mm (⅜ in.) thick for this joint to be used. The
advantages of double-U-groove welds are the
same as those for double-bevel welds.

Weld Joint Design

The first consideration in the design of a
weld joint is its ability to transfer load; the sec-
ond is cost. The ideal weld joint is one that can
handle the loads imposed, usually with a sub-
stantial safety margin, and still be produced at
minimal cost.
Therefore, once the type of joint has been

selected primarily on the basis of load require-
ments, the choice of weld to complete the joint
should be determined by the effects of the
structural design and layout on weld metal,
accessibility, and preparation requirements—
variables that directly influence the cost of the
weld joint. There may be other factors, such
as distortion and fatigue resistance, that enter
into the decision. Design factors can also be
important in the prevention of defects such as
incomplete fusion, solidification cracking, or
lamellar tearing.
Weld Metal. In general, joint and weld types

specified should require the least amount of
filler metal to avoid unnecessary expense. The
size of the weld should always be designed with
reference to the size of the thinner member. The
joint cannot be made any stronger by matching
the weld size to the thicker member, which
would require a greater amount of weld metal.
In the design stage, joints that create

extremely deep grooves should be avoided,
because these require more filler metal. Deep-
penetration welding processes, such as
submerged arc welding, especially automatic
welding, reduce the volume of weld metal
needed. Because greater thickness of plate can
be welded, use of these methods may reduce
the cost of groove preparations.
If groove welds are required, minimum root

openings and included angle should be used
to reduce the filler metal required. The use of
double- instead of single-groove welds on thick
plate where welding from both sides is feasible
decreases the total filler metal.
To prevent waste of weld metal, welding spe-

cifications should avoid the unnecessary use of
continuous welds. Welding everything that
touches may have no engineering advantages
yet increases the amount of weld metal used.
Where sealing is required, other methods of
postweld sealing can be preferred.
When joining high-strength materials, cost

can be minimized by specifying the use of

Fig. 2 Welds in T- and corner joints. (a) and (b) Single-
bevel welds. (c) Single-V-groove weld

Fig. 3 Corner joints. (a), (b), (c), and (f) Fillet welds. (d)
V-groove weld. (e) J-groove weld
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high-strength weld metal only where required
for primary load-carrying welds, in cases where
alternate and lower-cost materials are
compatible.
Accessibility. An important factor in the

design of a weld joint is the accessibility of
the members to be welded. The welder needs
space to manipulate the electrode when making
the weld. Frequently, what appears straightfor-
ward on the drawing board may be impractical
in the shop or very costly to produce. As a
rough estimate, there should be 200 mm
(8 in.) above the weld cap to manipulate the
electrode or torch and freedom to angle the
arc toward either side of the joint by approxi-
mately 10�.

Distortion. There are several modes of
welding distortion that can change the shape
of the finished weldment. These are more
severe with larger amounts of weld metal,
larger amounts of heat input, and welds further
from the center of the thickness of the parts
being joined. These same parameters also
increase the variability of distortion. Groove
welds can be advantageous over fillet welds
because they can reduce all of these parameters
related to distortion. However, as earlier distor-
tion builds up during progressive construction,
it may become more difficult to control the
gaps in groove welding, and fillet welding
may need to be used.
Fatigue. Detail geometry and joint configura-

tion are the most important variables affecting
the fatigue life of a structural detail. Discontinu-
ities associated with a weld detail can behave as
preexisting cracks and serve as the initiation site
(s) for further fatigue crack propagation. Fatigue
cracks tend to grow from local stress concentra-
tions, such as the weld edge on the surface or the
weld root of a fillet weld.
The joint designs with poorest fatigue resis-

tance are the nonsymmetrical types, such as
strap, tee, and lap joints in which large second-
ary stresses are also developed. Poor fatigue
resistance is also observed in non-load-carrying
attachments or reinforcements to a plate strictly
due to the stress-concentration effect of those
attachments. Bevel welds are usually superior;
lack of fusion and incomplete penetration pro-
blems often occur in fillet welds or square
joints. Size effects must also be considered,
because fatigue results obtained from small-
scale specimens demonstrate distinctly higher
fatigue limits than those obtained in full-scale
sections.
The precise location and the magnitude of

stress concentration in welded joints depend
on the design of the joint and on the direction
of the load. Some examples of stress concentra-
tions in butt welds and fillet welds are given in
Fig. 4. Concentration of stress at the toes of the
weld may initiate cracking, even if the weld
does not carry any load. Indeed, the weld toe
is often the primary location for fatigue crack-
ing in joints that have good root penetration.
In situations where the root penetration is poor
or the root gap is excessive, or in load-carrying

fillet welds where the weld throat is insufficient,
the root area can become the region of highest
stress concentration. Fatigue cracks in these
situations start from the root of the weld and
generally propagate through the weld (Fig. 5).
Standard methods are available for assess-

ment of the acceptable fatigue stresses in
welded structures. The preference for one type
of weld joint over another may be affected by
the need to prevent fatigue cracking. Groove
welds can usually be made with lower stress
concentrations than fillet welds. Moving weld
ends to low-stress areas can also improve
fatigue resistance.
Design Aspects in Prevention of Defects

Associated with Arc Welds. Welded joints
may include various types of discontinuities,
some of which may be considered as defects
if the discontinuity is an unacceptable condition
for joint performance. The types of discontinu-
ities may be divided into three broad classifica-
tions: design related, welding process related,
and metallurgical. Design-related discontinu-
ities include problems with design or structural
details, choice of the wrong type of weld joint
for a given application, or undesirable changes
in cross section. Process-related discontinuities
include lack of fusion, lack of penetration,
porosity, shrinkage voids, inclusion, or other
process effects. Metallurgical discontinuities
include various types of cracking phenomena
(e.g., lamellar tearing, solidification cracking)
and the nonuniform distribution (segregation)
or concentration of impurities or alloying ele-
ments during weld solidification.
The observed occurrence of discontinuities

and their relative amounts depend on several
factors, including the welding process used,
process parameters, the type of weld made,
the joint design and fit-up obtained, the material
used, and the working and environmental con-
ditions. Typical types of process-related discon-
tinuities are discussed in other articles on
specific arc welding processes. However, joint
design can be a factor in preventing or reducing
the likelihood of some types of metallurgical
defects, such as solidification cracks and lamel-
lar tearing.

Solidification cracks occur in the fusion zone
near the end of solidification. Simplistically,
they result from the inability of the semisolid
material to accommodate the thermal shrinkage
strains associated with weld solidification and
cooling. Cracks then form at susceptible sites
to relieve the accumulating strain. Susceptible
sites are interfaces, such as solidification grain
boundaries and interdendritic regions that are
at least partially wetted.
Solidification cracking requires both a suffi-

cient amount of mechanical restraint (strain)
and a susceptible microstructure. Alloys with a
wide solidification temperature range are more
susceptible to solidification cracking than alloys
that solidify over a narrow temperature range.
Simply described, this is because accumulated
thermal strain is proportional to the temperature
range over which a material solidifies. This
temperature range is determined primarily by
chemical composition.
The development of shrinkage strains, and

the rate at which the strain is applied, also influ-
ences the ability of an alloy to solidify without
cracking. Because of the limited quantitative
understanding of strain development in a solidi-
fying weld, the practical approach taken to min-
imize the mechanical factor is to reduce the
overall weld restraint through judicious joint
design and appropriate choice of welding para-
meters. A simple way to minimize the restraint
on a solidifying weld joint is to keep the joint
gap to a minimum by designing hardware with
good fit-up. Another approach, particularly
attractive for small parts, is to design the weld
joint as a standing edge.
Lamellar tearing is cracking that occurs

beneath welds. It is found in rolled steel plate
weldments. It is associated with nonmetallic
inclusions such as oxides, sulfides, and silicates
that are elongated in the direction of rolling.
The net result of these inclusions is a decrease
in the through-thickness ductility. The crack
originates internally because of tensile strains
produced by the contraction of the weld metal
and the surrounding heat-affected zone (HAZ)
during cooling.
The tearing always lies within the base

metal, generally outside the HAZ and parallel
to the weld fusion boundary. The problem is
caused by welds that subject the base metal to
tensile loads in the z-, or through-thickness,
direction of the rolled steel. Occasionally,
the tearing comes to the surface of the metal but

Fig. 4 Examples of stress concentrations in welded
joints Fig. 5 Fatigue cracking from the weld root
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more commonly remains under the weld (Fig. 6)
and is detectable only by ultrasonic testing.
Thicker, higher-strength materials appear to

be more susceptible. However, the phenomenon
affects only a very small percentage of steel
plates. The problem can be avoided by proper
attention to joint details. In T-joints (Fig. 6), dou-
ble-fillet welds appear to be less susceptible than
full-penetration welds. Also, balanced welds on
both sides of the joint appear to present less risk
than large, single-sided welds. In corner joints,
common in box columns, lamellar tearing can
be readily detected on the exposed edge of the
plate (Fig. 7a). The problem can be overcome
by placing the bevel for the joint on the edge of
the plate thatwould exhibit the tearing rather than
on the other plate (Fig. 7b). Butt joints rarely
exhibit lamellar tearing, because weld shrinkage
does not set up a tensile stress in the through-
thickness direction of the plates.

Fillet Welds

A fillet weld is measured by the leg size (o) of
the largest right triangle that may be inscribed
within the cross-sectional area (Fig. 8). Although
the actual leg of the fillet weld is defined by the
distance from the root of the joint (the point
where the members are closest before welding)

to the toe, which is the junction of the weld face
and base metal, the leg size of the weld may be
shorter than the leg in a concave fillet, as shown
in Fig. 8. The leg size (o) is equal to the side of
a right triangle but does not extend from root to
toe of the weld. Unequal leg size should be
avoided, because the longer leg adds nothing to
strength but does add to cost.
For efficient weld filler-metal use, the con-

vexity of the fillet weld should be minimized.
The 45� flat fillet, very slightly convex,
achieves maximum strength and economy.
Throat Size. The shortest distance between

the root of the joint and the face of the diagram-
matical weld, or the throat (Fig. 8), is a better
index of strength of a weld than leg size. It is
along this throat (t) that the allowable stress
over the minimum thickness is actually applied.
The leg size (o) of a fillet weld simply provides
this throat.
Weld Size. Table 1 provides two basic meth-

ods of sizing fillet welds, with the first based on
achieving the full strength of the adjacent mem-
bers and the second based on the peak loadings.
While the examples here are for steel, the same
ideas apply to other arc-welded materials. The
limit considered is the shear strength of the fil-
let weld material considered to be 30% of the
minimum ultimate strength required for the
weld metal.
When sizing fillet welds, the direction of

loading should be considered. Extensive test

data have shown a 50% increase in weld
strength under transverse versus parallel load-
ing. However, a weld under transverse loading
has less deformation capacity than a weld under
parallel loading. So, when accounting for load-
ing direction in a group of welds, both the angle
of load on the weld element of interest and the
angle of load on the element with the lowest
capacity should be considered. AWS D1.1 has
three methods for doing this calculation, using
equations, tabular data, and graphs.
At one time, two 45� fillet welds that had

legs equal to three-fourths of the plate thickness
were considered to develop the full strength of
the plate for either transverse or parallel load-
ing, assuming that the weld metal was equiva-
lent to the base metal and average penetration
was obtained. Originally, calculations for full-
strength welds were based on thinner plate
welded on both sides, with the welds extending
full length. Although this ratio of 0.75 is true
for the old values of E60 weld metal and A 7
low-carbon steel prior to 1969, these values
are not necessarily applicable when working
with the wide range of steels and weld-metal
strength levels available today (2011). Table 2
shows how the full-strength factor varies
with weld-metal and plate strength levels for a
number of steel grades. Suggested factors for
the weld size in relation to plate thickness in
rigidity or non-full-strength designs are also
given.

Fig. 6 Typical location for lamellar tearing in a T-joint.
Stress across the plate thickness (the z-

direction) occurs from strains that develop from weld-
metal shrinkage in the joint. Lamellar separation is
roughly parallel to the fusion line. Lamellar tearing can
be prevented when the rolling direction of the plate is
oriented perpendicular to the fusion line.

Fig. 7 Corner joint. (a) Lamellar tearing surfaces at the exposed plate edge. (b) Redesigned joint

Fig. 8 Leg size (o) of a fillet weld. t, throat

Table 1 Allowable unit forces on fillet welds

Leg size, mm

E70 or equivalent

Leg size, in.

E70 or equivalent

Longitudinal load,

N/mm

Transverse load,

N/mm

Longitudinal load,

10
3 lbf/in.

Transverse load,

103 lbf/in.

2 205 307 1/16 0.93 1.39
3 307 461 ⅛ 1.86 2.78
4 410 614 3/16 2.78 4.18
5 512 768 ¼ 3.71 5.56
6 614 921 5/16 4.64 6.96
8 819 1229 ⅜ 5.56 8.35

10 1024 1536 7/16 6.50 9.75
12 1229 1843 ½ 7.42 11.14
14 1433 2150 ⅝ 9.28 13.92
16 1638 2457 3/4 11.14 16.71
18 1843 2765 ⅞ 12.99 19.49
20 2048 3072 1 14.85 22.28
22 2253 3379
25 2560 3840

General Design Considerations for Arc Welding Processes / 269



Weld Placement. In addition to sizing, the
placement of welds in the most effective load-
carrying positions can conserve weld metal.
Welds that carry uniform loads along their
length can carry much greater loads for the
same weld size as welds that have part of their
length loaded very lightly. A common example
of this is a weld of a connection in bending
where welds across the neutral axis must be
much larger or longer to carry the same loading
as welds remote from the bending neutral axis.
Therefore, selection of the most effective weld
position facilitates the use of smaller welds.
Comparison of Fillet and Groove Welds.

Cost is the major consideration in the choice
between fillet or groove welds. Although sim-
ple fillet-welded joints are the easiest to make,
they may require excessive weld filler metal
for larger sizes. The fillet welds in Fig. 9(a)
are easy to apply and require no special plate
preparation. Because these welds can be made
with large-diameter electrodes using high weld-
ing currents, the deposition rate is high. How-
ever, the amount of weld metal increases in
relation to the square of the leg size.
The double-bevel groove welds in Fig. 9(b)

have approximately one-half the weld area of
the fillet welds (Fig. 9a) but require extra prep-
aration and the use of smaller-diameter electro-
des with lower welding currents to place the

initial pass without melt-through. As plate
thickness increases, this initial low-deposition
region becomes a less important factor, and
the higher cost factor (preparation and opera-
tion expenses) decreases in significance.
One means of deciding at what point in plate

thickness double-bevel groove welds become less
costly than fillet welds is from analysis of the cost
of welding, cutting, and assembling. By reading
upward from the plate thickness in Fig. 10, the rel-
ative costs of fillet welds or double-bevel welds of
45 or 60� can be determined. Thus, for smaller
plate sizes, the 45� double-bevel groove weld is
more expensive, but as plate thickness increases,
the cost of fillet welds is higher. The accuracy of
this technique depends on the accuracy of the cost
data used in constructing the curves.
The single-bevel groove weld in Fig. 9(c)

requires approximately the same amount of
weld metal as the fillet welds in Fig. 9(a). Thus,
there is no apparent economic advantage. There
are some disadvantages, however. The single-
bevel joint requires bevel preparation and, initi-
ally, a lower deposition rate at the root of the
joint. From a design standpoint, the single-
bevel groove weld offers a more direct transfer
of force through the joint, which provides better
service under fatigue loading.
Although the full-strength fillet welds

(Fig. 9a) would be sufficient, some codes have

lower allowable limits for fillet welds and
may require a leg size equal to the plate thick-
ness. In those cases, the cost of the fillet-welded
joint may exceed the cost of the single-bevel
groove in thicker plates. Also, if the joint is
positioned so that the weld can be made in the
flat position, a single-bevel groove weld would
be less expensive than fillet welds, because one
of the fillets would have to be made in the over-
head position, a costly operation (Fig. 11).

Groove Preparation Welds

The important design considerations for
groove-weld selection are the depth of groove
included angle, root opening, root face, and
radius at root. Both complete joint penetration
and partial joint penetration groove welds can
be designed. The included angle, which is the
angle of the groove weld, and the root opening,
which is the portion of the joint before welding
where the weld members are closest, are
directly related. The root opening should be
increased as the included angle decreases (Fig.
12) to allow for electrode access. The root face
of a groove preparation, which helps to prevent
melt-through at the root opening, is the portion
of a weld groove face that is adjacent to the
root of the joint. The radius at the root (groove
radius) is the radius used to form the shape of a
J- or V-groove joint.
Included angles vary from 20 to 60� (Fig.

12). Generally, the smaller the included angle,
the less weld metal is required. The included
angle and root opening must be sufficient to

Table 2 Weld size factors for full-strength and rigidity fillet welds

Steel ASTM grade

Yield strength of

base metal Strength level of weld metal

MPa ksi E70 E80 E90 E100

Full strength Ratio of weld leg length to plate thickness for double-longitudinal fillet welds at

full plate strength

A36 248 36 0.56 . . . . . . . . .
A572-50 345 50 0.76 . . . . . . . . .
A572-65 448 65 1.00 0.86 0.77 . . .
A514 690 100 1.52 1.33 1.18 1.06

Rigidity design Ratio of weld leg length to plate thickness for double-longitudinal fillet welds at

half plate strength

A36 248 36 0.28 . . . . . . . . .
A572-50 345 50 0.38 . . . . . . . . .
A572-65 448 65 0.49 0.43 0.38 . . .
A514 690 100 0.76 0.66 0.59 0.53

Fig. 9 Comparison of fillet and bevel-groove welds. o is the leg size of the fillet weld in inches = 19.1 mm (3/4 in.); A
is the cross-sectional area of the weld in square inches = ½ o2; t is the plate thickness in inches = 25.4 mm

(1.0 in.) (a) Fillet welds. (b) Double-bevel groove weld. (c) Single-bevel groove weld.

Fig. 10 Relative cost of welds having the full strength
of the plate. (a) Fillet welds. (b) 45� double-

bevel groove welds. (c) 60� double-bevel groove welds
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permit the electrode access to the root of
the joint and to ensure good fusion to the side
walls with multiple passes. All four prepara-
tions in Fig. 12 are acceptable; all are condu-
cive to good welding procedure and good
weld quality. Therefore, selection usually
depends on root opening and joint preparation,
which directly affect weld cost (pounds of
metal required).
Although the smaller included angle appar-

ently requires less weld metal, it also requires
a wider root opening. The wider root opening
may defeat any savings achieved by the need
for less metal in a narrower included angle, par-
ticularly in thinner plates. Thus, with 16 mm (⅝
in.) plate, a 60� included angle in a double-
bevel joint, with its 3 mm (⅛ in.) root opening,
is more economical than a 20� included angle
with a 13 mm (½ in.) root opening. However,
with 53 mm (2 in.) plate, the same combina-
tions of root opening and bevel angle make
the 20� included angle the choice, with less
weld metal than the 60� angle.
Root openings are the separations between

the members to be joined and provide electrode
access to the root of the joint. The smaller the
angle of bevel, the larger the root opening must
be to obtain good fusion at the root.
If the root opening is too small, root fusion

is more difficult to obtain, and smaller electro-
des must be used, thus slowing the welding
process. If the root opening is too large, weld
quality does not suffer with use of a backing
bar, but more weld metal is required, thus
increasing welding cost and tending to increase
distortion.

Bevel angles, because they affect the size of
the root opening, also affect accessibility to all
parts of the joint and the quality of fusion
throughout the entire weld cross section. Acces-
sibility can be improved by compromising
between maximum bevel and minimum root
opening. As in Fig. 13, the importance of main-
taining proper electrode angle in confined quar-
ters may affect the angle of bevel. The
minimum recommended bevel for the condi-
tions in Fig. 13 is 45�.
Double-groove weld joints reduce the

amount of weld filler metal required for sin-
gle-groove preparations by approximately half
(Fig. 14). The decreased welding reduces dis-
tortion and facilitates alternating weld passes
on each side of the joint, which further reduce
distortion, at the cost of moving the welder or
the part to switch sides.
Joint preparation after assembly has not

always been considered acceptable. This prac-
tice—assembly and tackup before gouge prepa-
ration of V-grooves for welding—is practical
and less costly in certain applications. V-groove
joints for complete- and partial-penetration
welds may be made prior to or after fitting.

Groove- and Fillet-Weld
Combinations

Combinations of partial-penetration groove
welds and fillet welds, such as those shown
in Fig. 15, are used for many joints. The
AWS prequalified, single-bevel groove T-joint,
for example, is shown reinforced with a fillet
weld.
Combination Double-Bevel Groove and

Fillet Welds. The combination weld joint in
Fig. 16 is welded using a partial-penetration
double-bevel groove weld and two fillet welds.
The plates are beveled to 60� on both sides to
give a bevel whose depth is at least 29% of
the thickness of the plate (0.29t). After the

grooves are filled, they are reinforced with fillet
welds of equal cross-sectional area and shape.
This joint has a strength equal to that of the
plate. These partial-penetration double-bevel
groove joints have 57.8% of the weld metal of
full-strength fillet welds. Although they require
joint preparation, the 60� angles allow the use
of large electrodes and high welding current.
Comparison of Single-Bevel Groove, Fil-

let, and Combination Welds. When full-
strength fillet welds are not required in the
design, savings can often be achieved by using
partial-penetration groove welds. A 45� par-
tial-penetration single-bevel groove weld with
a 25 mm (1 in.) throat requires only one-half
the weld area needed for a fillet weld. For smal-
ler welds, however, this weld may not be as
economical as the same-strength fillet weld,
because of the cost of edge preparation and
the need to use a smaller electrode and lower
current on the initial pass.
Throat Size. Similar to the use of the mini-

mum throat for fillet or partial-penetration
groove welds, the minimum throat is used for
designing a partial-penetration combination
groove weld. As Fig. 17 shows, the allowable
unit force for a combination weld is not the
sum of the allowable unit forces for each por-
tion of the combination weld, which would
result in a total throat larger than the actual.

Edge Preparation

When considering whether to construct the
weld joint using any of the groove welds—bevel,
V-, J-, or U-groove—the cost of preparing the
plate and weldment handling must be weighed

Fig. 13 Relationship of electrode angle on bevel angle

Fig. 14 Comparison of weld metal required for single-
and double-V-groove weld joints

Fig. 15 Combination groove- and fillet-welded joints

Fig. 16 Partial-penetration double-bevel groove joint.
t, plate thickness. Depth of bevel is 29% of

plate thickness.

Fig. 11 Comparison of welds in the flat position in a
T-joint. Fillet welds (a) are more expensive

than a single-bevel groove joint (b) because of the
overhead weld required.

Fig. 12 Relationship of included angle size to the root
opening
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against the savings in weld metal or other advan-
tages of the groove-preparation welds.
Methods of cutting the groove-weld prepara-

tions include machining, chipping, shearing,
grinding, flame (gas) cutting, gas gouging, and
air carbon arc gouging. The choice of the most
economical means depends on factors such as
the type of material, section characteristics,
quality required, and available equipment.
Edge preparations are cut into the weld mem-

ber using flame cutting, shearing, sawing,
punch-press blanking, nibbling, or cutoff
machining (for bar and tube stock). In addition
to cost, selection of the appropriate cutting
operation depends on the quality of the edge
for fit-up and whether a bevel is needed.
Because they are easily prepared by gas

cutting, bevel and V-groove welds are
more widely used. Although they offer the
advantages of less weld filler metal and a
more accessible work area, J- and U-groove
preparations are not as applicable because
they usually require machining or air carbon
arc gouging, more costly methods of edge prep-
aration. Thus, the bevel-groove preparation
with a backing bar may be more economical
than a J- or V-groove. If a plate planer is avail-
able, however, J- or V-groove preparations are
often specified because of reduced weld-metal
requirements.
For single-bevel and single-V-groove pre-

parations, single-tip flame-cutting torches are
used because only one cut is necessary. Dou-
ble-bevel or double-V-groove preparations are
usually made with multiple-tip flame-cutting

torches, which facilitate completion of the cut
in one pass of the cutting machine.
Root faces on edge preparations provide

additional thicknesses of metal to minimize
melt-through, the tendency of the weld metal
to pass through the root opening during weld-
ing. Feather-edge preparations, which provide
only minimal thickness at the root opening,
are more prone to melt-through than weld joints
with root faces, especially if the gap becomes
too large, and they require more weld filler
metal to fill the joint.
A root face is more difficult to obtain than a

feather edge. A feather edge can be achieved by
one cut with a torch, while a root face usually
requires two cuts or possibly a torch cut plus
machining. If a 100% weld is required, a root
face usually requires back gouging. When
welding into a backing bar, root faces are not
used because they decrease fusion at the root
of the joint into the bar.
Spacer bars may be required to prevent

melt-through when very large root openings
are used on double-grooved joints (Fig. 18d).
A wide gap may be unavoidable for practical
reasons, such as difficulty in pulling the parts
together for desired fit-up.
The metal spacer bar serves as a backing

and maintains root opening throughout
the course of the welding operation. When
using a spacer bar, the joint must be back
gouged to sound metal before the second side
is welded.
Backing bars, another edge preparation fre-

quently required when the root opening is

excessively large, are also used when welding
must be done from one side (Fig. 18). Com-
posed of metal, weld metal, or nonmetal, a
backing bar is placed under or behind a joint
to enhance the quality of the weld at the root.
The bar usually remains in place after welding,
becoming an integral part of the joint.
Steel backing bar material should conform

to the base metal, maintaining a close contact
with both edges to avoid trapped slag at the root
of the weld joint. Feather edges are recom-
mended on the weld members for best perfor-
mance of backing bars in ensuring weld
quality. To hold the backing bar in place, short
intermittent tack welds should be used, prefera-
bly staggered to reduce any initial restraint of
the joint (Fig. 19).
Back gouging, or removal of metal at the

weld root, is often necessary to eliminate fusion
defects at the root face when a butt weld is
made without a backing bar. Without back
gouging, penetration (the distance weld metal
and fusion extend into a joint) may be incom-
plete (Fig. 20). Proper back gouging extends
deep enough to expose sound weld metal and
creates a contour that provides complete acces-
sibility to the electrode (Fig. 21). Means of
back gouging include grinding, chipping, and
gouging. The most economical method, goug-
ing, also leaves an ideal contour for subsequent
beads.

Fig. 17 Determination of minimum throat

Fig. 18 Welding edge preparations for wide root openings. (a), (b), and (c) Backing bars. (d) Spacer bar

Fig. 19 Use of short intermittent tack welds to secure
backing bars

Fig. 20 Use of back gouging for complete
penetration. (a) Complete penetration of

weld with back gouging. (b) Incomplete penetration of
weld prior to back gouging Fig. 21 Depth and contour of back gouging
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Appendix: Recommended Proportions of Grooves for Arc Welding
Butt Joints

Fig. 22 Recommended proportions of grooves for butt joints. Made by shielded metal arc welding, gas metal arc welding, gas tungsten arc welding, flux cored arc welding, and
oxyfuel gas welding (except pressure gas welding). Dimensions that apply to gas metal arc welding only are noted.
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Corner Joints, Flange Joints, and Plug Welds

Fig. 23 Recommended proportions of grooves for corner and flange joints and plug welds. Made by shielded metal arc welding, gas metal arc welding, flux cored arc welding,
and oxyfuel gas welding (except pressure gas welding). Dimensions that apply to gas metal arc welding only are noted.
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T-Joints and Joints for Specific Applications

Fig. 24 Recommended proportions of grooves for T-joints and joints for specific applications. Made by shielded metal arc welding, gas metal arc welding, gas tungsten arc
welding, and oxyfuel gas welding (except pressure gas welding). Dimensions for specific welding processes are noted.
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Joints Made by Submerged Arc Welding

Fig. 25 Recommended proportions of grooves for joints made by submerged arc welding
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Power Sources for Arc Welding
Lee Allgood, The Lincoln Electric Company

POWER SOURCES for the major arc weld-
ing methods are discussed in this article. The
characteristics and technology of power sources
are discussed along with suggested criteria for
assuring that a power source selection can
safely deliver the desired output and yield long
service life when properly used. Arc welding
consists of a number of distinct processes
that require specific types of electrical power
(amps � volts) for the welding of many differ-
ent materials in various thicknesses, joint con-
figurations, and welding position. Therefore,
there are a number of different types of power
sources (welders) available.

Power Source Characteristics

Electric arc welding encompasses various
methods, which are introduced in the article
“Overview of Welding Processes” in this Vol-
ume and are covered in more detail in separate
articles for each method. The methods of arc
welding include:

� Shielded metal arc welding (SMAW)
� Gas tungsten arc welding (GTAW)
� Flux cored arc welding (FCAW) with some

type of gas shielding or without requiring
gas shielding

� Gas metal arc welding (GMAW) with short
arc, spray arc, or pulsed arc modes of opera-
tion, as described subsequently

� Submerged arc welding (SAW) using direct
current (dc), the most common, or alternat-
ing current (ac), with some operations using
a number of independent arcs working in a
tandem configuration (each arc requiring its

own power source) or two electrodes
arranged together, with power from a com-
mon welder (power source)

� Plasma arc welding (PAW)

The type of current and voltage suitable for
each of these processes is shown in Table 1. The
power source output characteristics for all of
these welding methods may be loosely described
as constant current, constant voltage, and wave-
form control. As noted, GMAW also includes
three different modes of operation. Short arc
GMAW is loosely defined as using an arc voltage
less than 24 V. (See the section “Short Arc
GMAW Power Sources” in this article.) Spray
arc GMAW usually involves arc voltages above
24 V and uses an argon-base shielding gas mix-
ture. Pulsed arc, or waveform-controlled arc,
operation may involve both short arc and spray
arc in some form of controlled manner.
Typical volt-amp output curves are shown in

Fig. 1 to 5. Figure 1 is typical of constant cur-
rent welders primarily designed for manual
stick electrode welding (SMAW). Setting the
power source for maximum open-circuit volt-
age results in a very steep output curve, as
shown by “A.” This allows minimum current
change but a relatively large voltage change,
which is desirable for out-of-position welding
with smaller-sized electrodes. Curve “B” allows
a relatively large change in welding current as
the arc length is manipulated during welding.
This can be beneficial when welding in the flat
and horizontal positions using larger electrodes.
Most dc SAW uses constant current, especially
for larger-sized single-pass welds.
Although the term constant voltage is used to

describe the amps-volts relationship of the

power sources used for a number of arc welding
methods, the output does vary somewhat as cur-
rent increases (Fig. 2). Curve “A” in Fig. 2 is a
common output used for the FCAW methods
and is nearly a flat curve. Curve “B” is typical
of the output used for GMAW. This curve usu-
ally droops 3 to 4 V per 100 A. This is some-
times referred to as slope control. Curve “C”
is seldom used any longer but is designed to
rise slightly as current increases, thus offsetting
the effects of internal power source and cable
heating at higher currents when welding with
FCAW processes.
Waveform-controlled welding (Fig. 3) is also

known as pulse welding (PW) but with some sig-
nificant differences that enhance the process.
Earlier welders for PW usually had a fixed num-
ber of pulses per second and permitted adjusting
only the peak and background currents. Present-
day PW machines permit changing the shape
and frequency of the pulse. By doing this, opti-
mum arc characteristics can be established for
welding any type ofmaterial, using any appropri-
ate type of gas and providing optimum control
when welding thin or thick material while using
small- or large-diameter electrodes. Some

Table 1 Type of current and voltage suitable for each arc welding process

Type of current and voltage(a)

Type of welding(b)

SMAW GTAW FCAW/gas FCAW/no gas GMAW SAW PAW

Constant current dc X X . . . . . . . . . X X
Constant current ac X X . . . . . . . . . X . . .
Constant voltage dc . . . . . . X X X X . . .
ac square wave . . . X . . . . . . . . . X . . .
ac custom sine wave . . . X . . . . . . . . . . . . . . .
Waveform dc . . . . . . . . . . . . X . . . X

(a) dc, direct current; ac, alternating current. (b) SMAW, shielded metal arc welding; GTAW, gas tungsten arc welding; FCAW, flux cored arc weld-
ing; GMAW, gas metal arc welding; SAW, submerged arc welding; PAW, plasma arc welding

Fig. 1 This is typical of constant current welders
primarily designed for manual stick electrode

welding (shielded metal arc welding). OCV, open-circuit
voltage



machines allow altering the waveform by using
a number of external controls. Other machines
can incorporate a library of predetermined,
optimized waveforms. These are then accessed
by a relatively simple external control. Today
(2011), most of these machines incorporate
advanced inverter technology.
Conventional sinusoidal ac welding (Fig. 4)

has been and still is a very important type of
current used for arc welding. It is the dominate
type used for small, limited-input SMAW
machines. In larger, industrial-sized machines,
it is usually included as an option along with
dc output. With larger-sized electrodes, ac vir-
tually eliminates magnetic interference with
the arc (arc blow) and is the preferred choice.
Alternating current was, and largely still is,
the preferred method by which aluminum and
its alloys are GTA welded. Alternating current
has traditionally been used for SAW applica-
tions where arc blow is a problem with dc or
where larger-sized electrodes are used at high
current. Multiple electrode configurations
necessitate the use of ac. The use of ac with sin-
gle-electrode SAW has sometimes been lim-
ited, especially on short-length welds, because
of difficulty with arc starting.
Some square-wave-type power supplies

(Fig. 5) have been built as specialized machines

specifically for GTAW for some time. The use
of newer inverter technology has permitted the
building of powerful machines designed pri-
marily for SAW. These machines do not exhibit
the arc striking problem mentioned in the Fig. 4
discussion. Arc stability is further enhanced
because significantly less time is spent transi-
tioning from positive voltage to negative volt-
age. Frequency from 0 (dc) to 80 Hz is easily
accomplished by using external controls. This
has been shown to have beneficial effects when
welding different material thicknesses. These
machines are usually software controlled and
also provide rapid responses to changes in the
weld puddle. The wave may be unbalanced to
favor the positive side for increased penetration
or to favor the negative side to increase deposi-
tion rate (Fig. 5b, c).
While there is some commonality in the

power source output requirements between
these processes, each process has many unique
requirements. The type and thickness of mate-
rial to be welded, size and type of electrode,
shielding type, position of welding, and the
weld joint influence how a particular power
source will perform. More detailed information
on each of these processes is available in other
articles of this Handbook as well as from sev-
eral other sources (Ref 1–3).

One common requirement is that the power
source be designed to deliver the required
power—current and voltage—at a sufficiently
sustained rate to satisfy the job requirements.
Sustained rate is expressed by percent duty
cycle. Duty cycle (Ref 4) is the time a power
source must operate at rated load within a 10
min period, expressed as a percentage, and not
to exceed a stated temperature rise from a spe-
cified ambient temperature.
Power sources with single-phase ac input

voltage are common and are available with out-
puts of ac only as well as ac/dc output. Welders
with ac output are available in a wide range of
output sizes from80 to 1500A. The ac/dc voltage
output welders are usually available from 250 to
500 A output ratings. Typical schematic dia-
grams are illustrated in Fig. 6 to 8.
The dc current output is usually achieved by

placing a rectifier in the secondary circuit of the
power transformer, as shown in Fig. 7. These
machines are primarily used for SMAW with
ac or dc welding. Machines of this general size
are readily available.
Power sources in the range of 175 to 350 A

ac and ac/dc outputs and configured with addi-
tional controls suitable for GTAW welding are
available. The smaller-sized machines, 80 to
250 A ac output type, are commonly used in

Fig. 2 Output variation of constant voltage supply as
current increases Fig. 3 Waveform-controlled pulse welding

Fig. 4 Conventional sinusoidal alternating current (ac)
for arc welding

Fig. 5 Some square-wave-type power supplies
Fig. 6 Typical small, single-phase, alternating current

output transformer welder
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small machine shops, schools, maintenance
departments, and by consumers. The smallest
of these machines (80 to 225 A output rated)
are usually designed to operate on 230 V, sin-
gle-phase input and are rated at a 20% duty
cycle. There are some machines rated at 80 A
output that will operate on 120 V single-phase
input. These machines have very limited output
and duty cycle.
When a number of single-phase welders are

connected to a single-phase power system or

to the same phase lines of a three-phase system,
the supply line current draw will be the sum of
the input current for each connected machine. If
a number of machines are connected to the
same phase of a three-phase system, significant
line imbalance can occur. This can result in
requiring larger supply lines and, perhaps,
increased utility power costs. (See the section
“Other Operational Costs” in this article.) The
solution to this, whenever possible, is to estab-
lish groups of three machines and then connect

each machine in a group to a different pair of
phase lines, as shown in Fig. 9. In group “A,”
the sum of the input current for each of the
welders is drawn from lines L2-L3. In group
“B,” the current draw is balanced across all
three input lines. The current draw for each line
is 1.73 times the line draw for each welder.
There are also single-phase input, silicon-

controlled rectifier, constant voltage dc output
machines that are integrated with built-in wire
feeders for FCAW and GMAW. These usually
have a limited duty cycle at rated amperage
and voltage but are adequate for many produc-
tion welding applications involving smaller-
diameter electrodes.
Three-phase input machines are the most

commonly used machines for industrial appli-
cations today (2011). They are available as:

� Constant current machines for SMAW,
GTAW, SAW, and PAW

� Constant voltage machines for FCAW and
GMAW

� Combination constant current/constant volt-
age machines based on rated output that are
well suited for SMAW, GMAW, and SAW

These machines are usually available in rated
output sizes ranging from 250 to 1500 A. Typi-
cal electrical schematic drawings for this group
are shown in Fig. 10 to 12.
Inverter-based power sources began to

appear in about 1980 as a solution to requests
for increased portability and to allow the opera-
tor ready access to controlling welding current
at the point of use, especially on large construc-
tion sites. Inverter-based welders have become
increasingly important and can be made to pro-
duce excellent output characteristics for
SMAW, FCAW, GMAW, GTAW, and SAW.
Most are configured for a specific process or
combination of processes:

� SMAW
� SMAW, GMAW, FCAW
� GMAW and FCAW
� GTAW
� SAW

Inverter-based welders are available in
output sizes ranging from 100 to 1000 A. The
conversion from input voltage frequency
(60 or 50 Hz) to high frequency (20 KHz or
more) facilitates transforming the line voltage
to welding voltage with transformers that are
more efficient, smaller, and much lighter in
weight than conventional step-down transfor-
mers. The lower voltage is then rectified and fil-
tered to provide a smooth dc output. Figure 13
is a basic diagram of a three-phase input
inverter. Figure 14 visually compares a typical
275 A rated inverter unit to a conventional
250 A ac/dc welder. Figure 15 illustrates a
visual size comparison between a 400 A con-
stant current/constant voltage (CC/CV) trans-
former welder and a 450 A inverter-based CC/
CV welder.

Fig. 7 Single-phase, alternating current/direct current, constant current welder

Fig. 8 Large-output, alternating current (ac), single-phase welder. dc, direct current; SCR, silicon-controlled rectifier
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Some of the smaller-rated units are designed
so that they will operate on either three-phase
or single-phase input voltage.
The versatility of inverter technology with

solid-state electronics makes it possible for the
designer to include many features with appro-
priate output characteristics within a single
machine. Specific arc dynamics can be studied
and replicated for all processes. For this reason,
it is highly recommended that manufacturer’s
specifications be carefully reviewed.
Power Source Efficiency. The efficiency of

a power source is a major factor in determining
the cost to operate the welder. Figure 16 is a
graphical comparison of the major power
source groups. There are no specific industrial
standard values for a power source, so each
manufacturer’s specifications should be
checked. Typically, a power source will be
more efficient as the output load approaches
its rated value. The actual energy cost will be
a combination of time at load and time at idle.
Other Operational Costs. There is another

consideration in determining the cost of opera-
tion of a particular machine and that is the
power factor of the unit. Power factor is related
to the amount of current drawn from the power
line in excess of what is needed to supply the
operational energy. Power factor is usually
expressed as a percentage number. The lower
the number, the greater the current demand on
the input line. It is not uncommon for power
companies to impose an extra charge for sys-
tems operating below some fixed value. Poor
power factor may also require heavier-gage
input wiring. One source for further informa-
tion about power factor and operating costs is
available from Cos Phi Inc. (Ref 5).

Short Arc GMAW Power Sources

Short arc welding is a method within the
GMAW process, and it requires power sources
with specific output characteristics. Tradition-
ally, GMAW short arc (GMAW-S) power
supplies used a CV transformer with varying
means to control the magnitude of short-circuit
current, usually using fixed or variable slope
(Fig. 2 and 17) and fixed or variable inductance
to control the rate of current response (Fig. 18).
As inductance is increased, the rate of current
change from short-circuit current to operating
current is slowed. Properly adjusted, this pro-
vides increased fluidity in the weld puddle and
results in improved weld appearance and
reduced spatter.
Hybrid inverter power sources have been

developed that cannot be classified as either
true CC or CV power sources. Instead, they
deliver current of a suitable waveform that uses
continuous feedback information to control the
short-circuiting dynamics. As with pulsed
GMAW welding, the frequency of shorting
may be set to optimize the arc. These power
sources are ideally suited for the GMAW-S
process.

Fig. 9 Groups of three machines with connections to different pairs of phase lines. Each group consists of three
single-phase welders with the same input current rating.

Fig. 10 Three-phase, constant current, direct current welder. SCR, silicon-controlled rectifier

Fig. 11 Three-phase, constant voltage welder. SCR, silicon-controlled rectifier
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Engine-powered welders have long been the
power source of choice and still are today
(2011) when portable welding power is needed.
These machines are available from 125 to 600
A ratings. They may be powered by:

� Air-cooled engines
� Water-cooled gasoline engines
� Water- and/or air-cooled diesel engines

There are three fundamental types of engine-
powered welders: generator, alternator, and
alternator rectified.
The pure alternator output machines are

usually small, air-cooled, engine-powered,
limited-output machines of low duty cycle

that provide only for SMAW. These machines
usually deliver only ac or dc. They usually pro-
vide a source of 120 or 240 V single-phase aux-
iliary power. The waveform of the auxiliary
power may not be well regulated; therefore, it
is not a substitute for a comparably sized power
generator for use with sensitive electronic
equipment and appliances but is amply suited
for emergency power lighting and electric tools.
Maximum output is usually limited by available
engine horsepower.
The dc generator machines have been in use

for years and are still preferred by some weld-
ing operators for demanding SMAW applica-
tions. This is largely a preferential legacy

inbred from years of welding experience. Typi-
cally, these machines offer a source of auxiliary
dc power. This is suitable for temporary
lighting or for universal voltage-powered hand
tools. These machines are usually available in
output rating sizes from 200 through 600 A
with various duty cycles.
Alternator generators with rectified power

output have largely replaced dc generator
machines. In combination with solid-state
component technology configured to operate
in switch mode, these machines can be
suitable for most of the welding processes.
They are available with dc output and CC/CV
welding modes. While engine power is still
the limiting factor in establishing maximum
welding current output at rated voltage,
many of these machines have engines that per-
mit nameplate rating at 100% output duty
cycle.
Some machines are manufactured to offer

other significant capabilities that allow them to
function as portable generators, including:

� 120 V single-phase ac output
� 240 V single-phase ac output
� 240 V three-phase ac output

Machines offering any or all of these capabil-
ities usually include appropriate connection
plugs, circuit breakers, fuses, or ground fault
circuit interrupter devices. Output frequency is
regulated so that they may be used for true
emergency power.
There are a few machines that also include a

built-in air compressor. The pressure and cubic
feet per minute output is suitable for most air-
driven portable tools and carbon arc air scarf-
ing. Because of the versatility and wide choices
within this family, manufacturer’s specifica-
tions should be carefully considered.
Figure 19 is a schematic of a typical machine

in this group, providing both three-phase and
single-phase ac auxiliary output.

Multiple Arc (Multiple Operator)
Power Sources

These actually represent a welding system
rather than a single power source. Typically,
one central power supply provides the output
to a number of independent welding locations.
These units are of special interest for welding
projects that require a number of welding arcs
within close proximity to each other, such as
large construction projects, power plant and
chemical plant turnaround, large offshore dril-
ling platforms, and so on. There are two sys-
tems in common use:

� Resistance grid
� Multiple dc positive welders using dc

switch-mode converters

Resistance grid systems generally are suit-
able only for SMAW and carbon arc air

Fig. 12 Three-phase, constant current/variable voltage, direct current power source. SCR, silicon-controlled rectifier

Fig. 13 Basic inverter diagram
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scarfing. The power source is usually a three-
phase, 100% duty cycle, dc constant voltage,
80 V output welder. Welding is accomplished
by connecting individual resistance grid boxes
across the power source welder output. The
arc polarity dc+ must be the same for all
attached units. A typical block diagram is
shown in Fig. 20.
This system is inherently inefficient

because the welding arc is usually in the range
of 18 to 30 V. A 25 V, 150 A welding arc
requires 3.75 kW of energy, but the power
source must deliver 80 V at 150 A or 12 kW
of energy. This amounts to an output power
efficiency of only 26.6%. The efficiency of the
power source itself would bring this efficiency
down a bit more.
Multiple dc+ Welders. This system incor-

porates solid-state technology to permit
SMAW, FCAW, GMAW, and carbon arc air
scarfing. Unlike the resistance grid system,
any constant current welder with an ample cur-
rent output rating may be used. The connected
units use advanced solid-state technology
known as buck converters or choppers
operating in switch mode (Fig. 21).
Each individual unit incorporates a power-

off, CV output, CC output switch. All of the
units connected to the main power source do
not need to be welding with the same process.
The individual units are usually rated for con-
tinuous output at 350 A, 34 V dc+. The number
of units that can be connected and used is
dependent on the rated kilowatt output capacity
of the power supply. This can be approximately
calculated using the formula:

Power source capacity ðVolts� AmpsÞ
¼ 1:1� Number of units� ðVolts� AmpsÞ

It is unlikely that all units will be operating at
any one time or that all will be using the same
output settings. Some units may be operating

Fig. 14 Size comparison: shielded metal arc welding transformer versus an inverter

Fig. 15 Size comparison: transformer versus inverter. CC/CV, constant current/constant voltage

Fig. 16 Typical efficiency range of different types of
power sources
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in the SMAW mode and others in FCAW. For
this reason, the aforementioned formula should
be considered a conservative estimate. Figure
22 illustrates a typical unit setup. All connected
units operate with the electrode positive. The
advantage with this is that the operator has
almost any process readily available with fully
presettable current and voltage output. Operator
units may be paralleled for high current output
to permit carbon arc air scarfing or resistance
heating.

Power Source Selection
Considerations

A welding machine should deliver the
desired output, provide adequate service life
durability, and be safe to use when properly
installed and operated. The following items
are some considerations when selecting a power
source. Some key factors to evaluate an appro-
priate power source for desired output and ade-
quate service life durability are:

� Duty cycle (Ref 4) that the power source
must operate

� Electrical installation and wiring requirements
� Output capability of the power source
� Servicing and identification information
� Safety in use of properly installed and oper-

ated machines

Reference 6 identifies basic equipment char-
acteristics to be included on the nameplate of
the machine:

� Manufacturer’s type designation and/or
identification number

� Maximum open-circuit voltage
� Rated load volts
� Rated load amperes
� Duty cycle at rated load
� Maximum rated speed of generator in revo-

lutions per minute at no load (for engine-
powered machines)

� Rated frequency(s) of power supply
� Number of phases of power supply
� Rated input voltage(s) of power supply

Fig. 17 Fixed slope control of short-circuit current. Source: Ref 9

Fig. 18 Fixed or variable inductance control of
current response. DCRP, direct current

reverse polarity. Source: MIG/MAG Welding Guide,
MIG C4.200, The Lincoln Electric Company

Fig. 19 Constant current/variable voltage alternator welder, with alternating current auxiliary output

Fig. 20 Connection of individual resistance grid boxes across the power source

Power Sources for Arc Welding / 283



In the United States, electric-powered
machines should be installed in accordance
with the National Electrical Code. National Fire
Protection Association (NFPA) 70, Article 630
(Ref 7) describes installation requirements. It
is possible that local electrical codes may
impose more rigorous requirements than the
National Electrical Code. Installations outside
the United States should be in compliance with
local codes or regulations.
The operating environment of a power source

requires careful consideration, such as whether
it will be subjected to weather elements,
whether workers and operators will be in close
proximity to the power source (creating possi-
ble welding spatter or grinding particles), and
whether the welder may be subjected to falling

or blowing foreign material. Standards for vari-
ous levels of protection have been developed by
the International Electrotechnical Commission
(IEC) (Ref 8). Standards IEC 60529 (Ref 10)
and IEC 60934-1 classify the various degrees
of protection provided by electrical enclosures
from intrusion of solid objects (including body
parts such as hands and fingers), accidental con-
tact, and water as follows.
A welder designed for indoor use should

have a protection rating of at least IP21S.
Welders that are to be used outdoors should at
least meet the requirements of IP23S. In these
designations:

� The first digit indicates the level of protec-
tion that the enclosure provides against

access to hazardous parts (e.g., electrical
conductors, moving parts) and the ingress
of solid foreign objects.

� The second digit indicates protection of the
equipment inside the enclosure against
harmful ingress of water.

� The ending designator letter “S” indicates
moving devices are standing still or station-
ary during water testing.

For example, in the aforementioned rating
of IP21S, the “2” designates protection from
the ingress of fingers or similar objects greater
than 12.5 mm (0.5 in.), and the “1” designates
protection from vertical dripping of water.
A “3” designates protection from spraying
water. The rating IP23S is for storing welders
out of doors but not intended to be used out-
doors during precipitation unless otherwise
sheltered. An abbreviated presentation of these
ratings may be found at http://wikipedia.org/
wiki/IP_code.
For guidance on safe installation and use of

arc-welding equipment, welders should be used
and welding should be done at least following
the safe practice recommendations of AWS/
ANSI Z49.1, “Safety in Welding, Cutting, and
Allied Processes” (Ref 9), and the article “Safe
Welding Practices” in this Volume.
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WELDING is a complex, multidisciplinary
process in which both intelligent and conven-
tional control techniques have been success-
fully applied to mechanized welding systems
in an attempt to control one or two system para-
meters, such as penetration, bead width, heat-
affected zone, or cooling rate. However, to
develop significantly higher degrees of auton-
omy, a weld controller must be able to regulate
a number of functions of the welding process
over an extended period of time and under
varying process conditions and disturbances.
Advances in the fields of artificial intelligence,
operations research, sensor networks, and
distributed control, improvements in network
bandwidth and computational performance,
and the availability of low-cost sensors and sin-
gle-board computers offer the opportunity for
collaboratively monitoring and controlling as
many relevant process parameters as possible
to achieve more robust, highly autonomous,
general weld process controllers.
Although great strides continue to be made in

the research community, the flexibility and judg-
ment of a human welder has yet to be transferred
successfully to a mechanical system. This article
provides an overview of the research associated
with the development of closed-loop feedback
control of the arc welding process.

Overview onWelding Process Control

In a typical manual arc welding situation, a
human welder can observe the sights, hear the
sounds, and sense the reactive forces from the
welding process. Using this feedback informa-
tion, awelder can assess thewelding processwith
respect to its desired state, make minor changes
in the weld parameters under his/her immediate
control (e.g., weld current, voltage, travel speed
and electrode orientation with respect to the joint
path), and maintain proper torch orientation and
distance in an effort to control the desired state
of the weld. Adapting these sensory inputs to
machine control and making the appropriate
decisions is a challenging task.

The human operator makes decisions based
primarily on past learned experience. For
instance, when aweld is performed in the vertical
position, a seasoned welder knows that when the
weld pool gets too large the liquid will run out of
the pool, leaving a crater. Acquiring the skill and
knowledge to perform complicated tasks, such as
full-penetration vertical-up or overhead welds, is
the result of countless hours of practice through
acquired rule-of-thumb techniques. Explaining
this knowledge involving precise visual cues to
another person or to a knowledge engineer is
difficult.
Most welding automation techniques did not

evolve from traditional manual methods.
Instead, control engineers have applied conven-
tional quantitative techniques of system analy-
sis through the use of difference, differential,
and integral equations to model and control
the mechanized aspects of welding. Applica-
tions involving through-the-arc sensing, such
as arc voltage control and seam tracking, have
met with a great amount of success, and they
have found their way into commercial use
and have been successfully used in industry
(Ref 1–3). The sensing technique is low cost,
reliable, and nonintrusive. Both of these auto-
mated solutions are mechanistic, governed by
electromagnetic laws, and employ a single-
input, single-output controller. These laws are
well understood and are therefore strategically
and efficiently applied to both the sensor feed-
back information and to the control laws within
the closed-loop feedback path. In short, their
success is directly correlated to their relative
simplicity, inherent robustness, and adequate
performance in a production environment.
More complex systems, such as bead geometry

or penetration control, are well-understood phe-
nomena that can be accurately modeled from a
theoretical standpoint, but the computational com-
plexity of the numerical models and the multiple-
input, multiple-output nature of the required con-
trol laws have precluded their integration into
mainstream commercial weld process controllers.
Yet, the ability of a skilled humanwelder to assess
and control bead geometry, for example, is not due

to a fundamental understanding of the laws of
physics. Instead of applying a mechanistic
approach to the control of the weld pool, a sea-
soned welder applies a more humanistic approach
in which the feedback information is not based on
precision and formal truths but rather on impreci-
sion and partial truths. Fully automated welding
robots will require a marriage between mechanis-
tic approaches for phenomena that are physically
well understood and mathematically feasible for
both sensors and control algorithms and heuristic
approaches for phenomena that are otherwise dif-
ficult or impractical to implement using conven-
tional control techniques due to the required
complexity resulting in a diminished accuracy.

Control System Requirements

Careful consideration of the power density of
the heat source, the interaction time of the heat
source on the weldment, and the effective spot
size of the heat source must be thoroughly
understood in order to design a weld process
controller. In general, a heat intensity of
approximately 103 W/cm2 is required to melt
most metals (Ref 4). Below this heat intensity,
the solid metal can be expected to conduct heat
away as fast as it is being introduced. On
the other hand, a heat intensity of 106 or 107

W/cm2 will cause vaporization of most metals
within a few microseconds, thus preventing
any fusion welding from occurring. Most fusion
welding processes therefore lie between
approximately 103 and 106 W/cm2.
Examples of welding processes that are char-

acteristic of the low end of this range include
oxyacetylene welding, electroslag welding,
and thermit welding. The high end of the power
density range of welding is occupied by laser
beam welding and electron beam welding. The
various arc welding processes encompass the
midrange of the heat source power densities.
The interaction time required to produce

melting determines the appropriate bandwidth
of the controller. For continuous welding, the
interaction time is proportional to the spot



diameter divided by the travel speed. The mini-
mum interaction time required to produce melt-
ing can be estimated from the relation for a
planar heat source given by (Ref 4):

tm ¼ K

pd

� �2

(Eq 1)

where pd is the heat intensity (W/cm2), and K is
a function of the thermal conductivity and ther-
mal diffusivity of the material.
Figure 1 illustrates the relationship between

the weld pool-heat source interaction time and
the heat intensity. Eagar (Ref 4) states that mate-
rials such as copper or aluminum in which the
thermal diffusivity is relatively high will lie on

the high end of the band, whereas materials such
as steel, nickel alloys, or titanium will lie in the
middle of the band. Uranium and ceramics in
which the thermal diffusivity is relatively low
will lie on the bottom of the band.

System Parameters

The arc welding process is a tightly coupled
system which is composed of the arc; the power
source, sometimes awire feeder, and accessories;
any tooling, fixtures, and positioning system; any
consumables; and the part itself. Decoupling
such a complicated system is extremely difficult.
However, mapping the arc welding process as a
parameter space can help identify aspects of
the process that need to be explored in terms of
process variability that can adversely impact
product quality. Figure 2 illustrates how the arc
welding process can be separated into process
and product attributes and follows the guidance
provided in Ref 5. Process attributes are those
aspects of the process that the welding engineer
has control over. They include the indirect weld
parameters (IWP), preselected parameters, work-
piece parameters, and other influential aspects of
the process. The product attributes, or direct weld
parameters (DWP), represent the characteristics
of the postwelded product.
The weld quality is characterized by the direct

weld parameters and is affected to varying
degrees by the coupled effects of the process
attributes. Indirect weld parameters are para-
meters that can be modified in-process as part of
an open- or closed-loop control procedure, while
the preselected parameters remain fixed during
the process, for example, the electrode type, size,
and tip geometry, the torch nozzle size, and the
shielding gas type. Finally, other factors that
can affect weld quality include clamping, heat
sinks such as tack welds, heat buildup, backing,
and impurities thatmay be foundwithin themate-
rial, electrode, or shielding gas.
Once the preselected parameters are properly

chosen, the quality of the weld can be con-
trolled through proper selection and modifica-
tion of the IWP. In general, the welding
process presents the control engineer with two
principal problems:

� In most cases, the relationship between the
IWP and the DWP are nonlinear.

� The variables are highly coupled.

The job of the welding engineer is to deter-
mine a set of IWP (usually in a laboratory envi-
ronment) that will produce the desired DWP. If
the production floor conditions do not differ too
much from the laboratory conditions and the
process and environmental variability is kept
to a minimum, then the welding operation can
be expected to satisfy the postprocess quality
inspection procedures. Otherwise, human or
computer intervention must provide the neces-
sary feedback to make corrective actions in
the welding equipment settings.
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Fig. 1 Typical weld pool-heat source interaction time. Source: Ref 4

Fig. 2 The arc welding process can be separated into process and product attributes. The process attributes include
those aspects of the process that the engineer has control over. The product attributes represent characteristics

of the postwelded product.
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A feasible solution is to sense the DWP of
interest, compare the sensed variables with the
desired variables, and adjust the IWP in real-time
to reduce the error between the desired and
sensed DWP. For a multiple-input, multiple-out-
put and highly-coupled manufacturing process
such as arc welding, the previously described
approach usually involves amultivariable control-
ler. The controller requires both dynamic and
steady-state process models. The models must be
computable in real-time, although they do not
need to be as globally accurate as a computation-
ally-intensive numeric model.
Successful implementation of a closed-loop

feedback control system for arc welding
requires sensing, modeling, and control. Each
of these is discussed in the following sections.

Sensing

Directly sensing the DWP of interest provides
the most robust feedback to a closed-loop control
system. However, in certain cases, directly sens-
ing many of the DWP associated with arc welding
is impractical and/or infeasible in a production
environment. Therefore, indirect sensing techni-
ques are employed where a sensor is coupled with
amodel to “indirectly” sense, or infer, theDWPof
interest. The following sections provide an over-
view of the more commonly applied sensing tech-
niques for arc welding control.

Arc Sensing

Arc sensing (also commonly referred to as
through-the-arc sensing) monitors the change
in current (constant voltage power sources) or
voltage (constant current and pulsed current
power sources) in the arc. Systems employing
arc sensors rely on the principle that the resis-
tance between the welding torch electrode and
the workpiece is a function of the distance
separating the two. The obvious advantage of
arc sensing is the use of the arc itself as a sen-
sor. This reduces costs and avoids the technical
challenges associated with instrumenting exter-
nal sensors in or around the harsh environment
of the welding arc. Active research and success-
ful applications involving through-the-arc sens-
ing date back over 40 years (Ref 6).
Arc sensing has been instrumental in achiev-

ing robust mechanized and robotic automation
by providing joint tracking, bead width control,
torch height control, and torch orientation. The
sensing technique has been applied successfully
to both consumable and nonconsumable arc
welding processes. The feedback mechanism
relies primarily on the voltage drop in the arc
column as a rough order prediction of arc
length (Ref 7). The voltage-arc length charac-
teristic has been successfully employed in arc
voltage control systems where the welding
engineer specifies a desired arc voltage and a
servomotor is used to vertically adjust the weld-
ing torch height with respect to the workpiece

surface (Ref 8). The arc-voltage length relation-
ship has also been applied to joint tracking and
width control in which the torch oscillates back
and forth across the joint (Ref 8–11).
Rotating arc sensors, using either mechanical

or electromagnetic oscillation, have been investi-
gated to improve the sensitivity and responsive-
ness over conventional torch weaving methods
(Ref 12). Recently, an electromagnetic arc oscil-
lation system was developed for narrow-groove
gas metal arc welding (GMAW) to achieve
uniform sidewall penetration and provide feed-
back for an automatic joint tracking system (Ref
13). A mechanized arc rotation sensor was
employed in Ref 14 to detect the end points of
joints during GMAW of fillet welds. Robotic
torch orientation detection and control is demon-
strated in Ref 15 where a high-speed rotational
arc sensor provides feedback of the deviation
and inclination of the welding gun with respect
to the workpiece surface.
Detection of surface contaminants on the

workpiece and/or the electrode was accom-
plished in Ref 16where the authors demonstrated
that the electrical arc signals vary as a function of
contaminants on the workpiece and/or electrode.
Through-the-arc sensing of gas metal arc weld
quality was also demonstrated in Ref 17 to 19.
The characteristic changes in the current and
voltage records were correlated to weld process
instabilities such as loss of shielding gas, contact
tip wear, change in contact-tube-to-work dis-
tance, and variations in the welding procedure
that may induce changes in the droplet-transfer
mode. A real-time monitoring system was devel-
oped that measures process stability and infers
weld quality. In Ref 20, a process signature using
arc voltage and wire feed rate is established to
monitor arc start instability and estimate the
amount of spatter generated during the unstable
arcing period during GMAW.
The voltage-arc length characteristic has also

been used to monitor the metal-transfer mode
and droplet detachment during GMAW. John-
son et al. have demonstrated a correlation
between the perturbations in the electrical arc
signal with droplet transfer (Ref 21). Using
high-speed video that is correlated with the
arc voltage and current traces, they were able
to detect the droplet detachment and to distin-
guish between the three transfer modes: globu-
lar, spray, and streaming. Using features of the
arc signal, an artificial neural network was
developed to estimate the spatter rate during
GMAW short-circuit transfer mode (Ref 22).
Recently, the decreasing cost of titanium and

its high strength-to-weight ratio, combined with
its excellent corrosion-resistant properties, make
it an ideal candidate for many chemical, marine,
and military applications. Research into pulsed-
current GMAW of titanium offers the potential
for lower heat-input fabrication without the typi-
cal occurrence of spatter found in globular trans-
fer. Active control of the waveform during
pulsed-current GMAW of titanium has been
demonstrated by Zhang et al. (Ref 23, 24). Spat-
ter-free, one-drop-per-pulse metal transfer is

achieved by ensuring that the electromagnetic
force that is generated by the detachment pulse
is in phase with the downward oscillatory motion
of the undetached droplet.
A method for detecting contact tube wear in

GMAW is presented in Ref 25. The approach
calculates a “wear parameter” that is based on
the integral from 0.3 to 4 Hz of the power spec-
tral density of the voltage or current. Real-time
monitoring of the wear parameter during weld-
ing can predict the onset of tube wear when the
parameter begins to grow nonlinearly or
exceeds a predetermined threshold.
Weld pool oscillation sensing as a means of

indirectly assessing the depth of penetration in
an autogenous gas tungsten arc weld was first
proposed by Hardt et al. (Ref 26). Originally
recognized by Cheever and Howden (Ref 27)
and later investigated further by Kotecki et al.
(Ref 28), the authors were able to empirically
verify that the pool’s natural resonant frequency
increased as the pool’s radius decreased. The
coupled sensing and modeling technique is
founded upon the premise that the weld puddle
oscillations are a function of the external force,
the properties of the molten region, the surface
tension, and the shape of the container. Deter-
mining the depth of penetration using the natu-
ral resonant frequency of the pool vibrations
involves exciting the pool into motion, sensing
the weld pool oscillations, and modeling the
relationship between the frequency and the pool
geometry. Through-the-arc voltage sensing can
detect small fluctuations in the arc voltage as
an indicator of weld pool surface displacement.
Renwick and Richardson (Ref 29) and later
Madigan et al. (Ref 30) used the alternating
current component of the arc voltage as an indi-
cator of pool oscillations. Other research
attempts followed that improved upon the exci-
tation and sensing techniques and extended the
modeling fidelity (Ref 31–36).

Optical—Nonimaging and Imaging
Optics

The arc light radiation and the resulting dif-
fuse and specular reflections from the molten
weld pool, the mass transfer, and the workpiece
can provide valuable insight into the behavior
and state of the welding process. Researchers
have attempted to capture the dynamics of the
welding process optically through both imaging
and nonimaging techniques. Illumination
comes from either the arc itself or an auxiliary
high-intensity light source, for example, laser.
Nonimaging and imaging optics are discussed
in the following two sections.
Nonimaging optics are concerned with the

capture of light radiation but without the intent
to form an image of the source. Examples of non-
imaging optical devices for monitoring an arc
welding process include fiber optics and/or noni-
maging lenses that are coupledwith a photosensor,
for example, photodiodes or photomultipliers.
Although the arc light spectrum encompasses the
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visible, ultraviolet, and infrared, the photosensor
can be chosen to be more sensitive to one area of
the spectrum, depending upon the need. A typical
arc light sensor consists of a glass fiber bundle
shrouded in some sort of light-limiting tube (such
as a copper tube) that is pointed at the welding arc
or the weld pool surface.
Several research efforts have investigated a

more robust method of detecting changes in
the arc length using the amount of light emitted
by the arc as an improvement over arc voltage
control (Ref 37) and as a method of sensing
weld pool vibrations (Ref 38–43). Better sensi-
tivity to flucturations in the arc length using arc
light rather than arc voltage can be attributed to
the fact that most of the arc light is produced in
the arc column, whereas only a minor amount
of the arc voltage drop is from the arc column
(Ref 41). A novel control system was demon-
strated by Madigan (Ref 44) that relied on the
arc light to monitor and control both the droplet
frequency and the arc length during GMAW.
Although the sensitivity of monitoring pool

oscillations using arc light is improved over arc
voltage, the averaging effect of the pool motion
over its entire surface remains as an obstacle.
An alternative optical method for assessing pool
oscillations relies on the specular reflections of
arc light from the pool’s mirrorlike surface (Ref
45–47). Unlike the previous optical methods that
sense diffuse arc light emitted from the arc col-
umn, the optical probe is positioned approxi-
mately 45� to the workpiece in an effort to
collect specular reflections from the arc and the
electrode, as illustrated in Fig. 3. A novel excita-
tion method (Ref 46) and modeling approach
(Ref 45) are integrated in an effort to provide
real-time closed-loop control of partial- and
full-penetration welding conditions (Ref 47).
Imaging optics are concerned with the opti-

cal reconstruction of a light source. In welding
control systems, imaging optics are typically

applied to the capture and reconstruction of
the fusion zone geometry, the workpiece and
joint geometry, or the mass transfer. Although
vision-based systems have a long history of
being employed as diagnostic tools in labora-
tory environments (Ref 27, 28, 48, 49), the
continued advances in computational capabil-
ities and reduction in cost have recently lead
to an increase in the research and application
of vision-based systems for closed-loop control.
One of the first optical tracking systems was

a coaxial viewing system developed by
Richardson (Ref 50). The vision system is
integrated inside the welding torch to detect
the edges of the weld pool for process monitor-
ing, joint tracking, and weld pool control. Pietr-
zak (Ref 51) also applied a coaxial vision-based
system in which the weld pool width was mon-
itored and controlled as a first-order approxima-
tion to the depth of penetration.
Due to the difficult optical environment that

is caused by arc glare, welding spatter, and
fume, most commercially successful joint
tracking systems employ an auxiliary light
source. Therefore, a number of optical tracking
systems make use of a projected laser stripe to
provide structured lighting that permits three-
dimensional profiling of the joint (Ref 52, 53).
However, improvements in the performance of
vision-based platforms and the application of
sophisticated image processing routines have
enabled joint tracking without the external light
source (Ref 54, 55). Xue has demonstrated a
vision-based system for joint tracking GMAW
that relies on the arc itself as an illumination
source (Ref 56). A high-speed, vision-based
spatter classification and contamination detec-
tion system is presented in Ref 57.
Using a digital camera imaging system, a

penetration control technique has been devel-
oped during root pass welding of an open butt
joint (Ref 58). The digital camera is positioned

in front of the torch at an angle of approxi-
mately 10 to 20� from a line tangent to the
workpiece. A frontal view of the weld is
obtained such that penetration can be viewed
directly from the weld contour line. Penetration
can therefore be directly monitored and con-
trolled. This method is only applicable to the
root pass with an open joint and provides no
information during subsequent fill passes.
A novel, dual-camera backside and topside

sensing system was developed to monitor the
root opening during pulsed gas tungsten arc
welding (GTAW) with filler metal (Ref 59).
The system uses a neural network to predict
the backside width and topside height and con-
trol the wire feed rate and the pulse duty cycle
to compensate for root-opening variability.
Through the use of an elaborate laser-

enhanced stroboscopic video system (Ref 60),
the geometrical appearance of the weld pool has
been extensively studied (Ref 61–63) as a means
of monitoring and controlling weld joint penetra-
tion. Previous research contends that important
information such as weld defects and penetration
are contained in the surface deformation of the
weld pool during GTAW and GMAW processes
(Ref 64, 65). Therefore, the authors set out to
investigate the possible application of monitor-
ing and controlling weld penetration through
pool surface shape. In particular, the weld
pool area (two-dimensional shape) and three-
dimensional surface can provide varying degrees
of accuracy for controlling the weld process.
However, when they are used in combination,
the authors found that an improvement in main-
taining both desired penetration and mechanical
properties is achieved. The researchers employed
artificial neural networks to emulate the human
operator ability to extract weld quality informa-
tion, in particular, penetration, from the shape
of the weld pool. Additional efforts followed that
have extended upon the previously described
principles (Ref 66–68).
A novel imaging system to monitor the solid-

ification and surface flow of autogenous gas
tungsten arc weld pools is presented in Ref 69
and 70. The system was designed to investigate
the formation of weld surface ripples. The
authors present a theory of ripple formation that
is based on solidification mode instability dur-
ing columnar dendritic solidification (Ref 71).

Other Measurements

Temperature measurements involve either
a direct contact method using thermocouples or
a noncontact method employing either an infra-
red (IR) point source or a vision-based digital
IR camera. Temperature distribution sensing
methods involve certain disadvantages. Thermo-
couples, in particular, require intimate contact
with the weldment at all times, while IR systems
require calibration for differences in the thermal
emissivity of the workpiece. In GTAW, accurate
IR temperature measurements can be further
hampered by interfering radiation from the arcFig. 3 A nonimaging optical probe can be used to collect arc light from an arc welding process. The probe can be

elevated and rotated depending on the light source of interest
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and the tungsten electrode (Ref 72). Finally,
unlike IR sensors, which typically have a fast
response time, contact temperature transducers
such as thermocouples tend to have a slow
response time (Ref 73), thus preventing them
from being incorporated into a real-time feed-
back control system.
Monitoring the temperature distribution

around the weld can infer many attributes of
the welding process that can be applied to auto-
mated control. Thermally-based weld penetra-
tion estimation has been investigated using
both contact (Ref 74–76) and noncontact-based
sensing methods (Ref 72, 77–79). Independent
of the sensor employed, thermally-based depth
estimation requires a heat-transfer model in
the closed-loop feedback path in order to
address time-varying welding conditions. Con-
sequently, controller accuracy depends on the
accuracy of the sensor and the thermal model.
Various research efforts have investigated the
effects on the weld bead shape, penetration in
particular, from themagnitude of heat input from
the arc, the distribution of heat input over the sur-
face of the weldment, and the duration of heat
input (Ref 80–84). The effect of plate thickness,
thermal properties, and operating variables (of
the welding process) on the thermal phenomena,
such as the cooling rate and the peak temperature
distribution, must be throughly understood in
order for a thermal model to accurately assess,
and control, the weld bead geometry. Conse-
quently, the process parameters, such as material
thickness, thermal conductivity, and material
composition, must be known a priori. The accu-
racy of themodel predictions depends on the type
of model employed and the accuracy of selecting
various parameters. Furthermore, model para-
meters such as arc efficiency and distribution
are only first-order approximations and therefore
result in potential ambiguities or uncertainties in
the ability of the model to accurately predict
penetration.
In addition to penetration assessment meth-

ods, other potential applications to automated
control involve sensing discontinuities (Ref
85), seam tracking (Ref 86), and cooling-rate
measurements (Ref 87, 88).
Acoustical Signals. The airborne acoustical

signals generated by the welding arc are a princi-
pal source of feedback for manual welders (Ref
89). Research into airborne acoustics as a means
of inferring weld quality date back to the late
1960s (Ref 90) and are founded upon the princi-
ple that sound pressure variations occur due to
changes in the electrical power of the arc column
(Ref 91). Changes in the electrical power of the
arc can be manifested by the effects of variation
in gas flow, welding speed, welding current or
voltage, and arc length or by the behavior of the
molten weld pool, mass transfer, or heat source
to material interaction. Therefore, the audio sig-
nal is a natural feedback mechanism for evaluat-
ing process stability, detecting defects in situ, and
automated control.
The use of acoustical signals generated by

GMAW for detection of metal-transfer mode

is presented in Ref 21. In Ref 92, Grad et al.
identified that the main source of acoustic
waves in GMAW short-circuit metal-transfer
mode is arc reignition. Using airborne acous-
tics, the authors were able to assess process sta-
bility and detect welding conditions that lead to
welding defects. Similar efforts are presented in
Ref 93 to 97. The arc sound was also used in
GTAW for monitoring welding quality (Ref
98), while acoustic arc length control was
demonstrated in Ref 99.
Ultrasonic Techniques. Postweld inspection

using ultrasonic techniques has been an effec-
tive and proven method for locating internal
flaws such as discontinuities, cracks, slag inclu-
sions, and porosity of a welded joint. Capable
of working on all materials, ultrasonic testing
is extremely sensitive, allowing it to detect
exceptionally small flaws. Based upon an estab-
lished technology, several researchers have
applied ultrasonic techniques to weld penetra-
tion measurement for feedback control (Ref
100–103). The use of ultrasonics for weld pro-
cess sensing has the potential to detect weld
pool geometry and discontinuities in real-time.
However, to be useful in a production system,
a means must be developed for injecting and
receiving the ultrasound with noncontact sen-
sors. A noncontact system was developed that
combined a laser array generation source and
an electromagnetic acoustic transducer receiver
(Ref 104, 105). Similar to other external sens-
ing methods, movement of the sensor must be
synchronized with the torch motion. Finally,

large temperature gradients within the heat-
affected zone can reflect ultrasonic waves, thus
limiting the quality and accuracy of measuring
the weld pool dimensions.
Arc Tracer Spectroscopy. The use of arc

tracer spectroscopy to determine root penetration
during pulsed autogenous GTAW from the top-
side of the workpiece is demonstrated in Ref
106. Although access to the back of the plate is
necessary in order to attach tracer elements for
spectroscopy detection, topside penetration sens-
ing is accomplished and demonstrated in both the
2Gposition aswell as in orbital welding. Penetra-
tion defects were determined by comparing pre-
determined root penetration spectroscopy to the
current workpiece spectroscopy.

Modeling

There are at least two roles for models in a
generic nonadaptive weld process controller.
First, a model can be used in defining the initial
equipment parameters of the process. The
welder specifies the desired DWP, such as weld
bead width and/or penetration, and the model is
then used to arrive at suitable IWP, such as
welding current and/or travel speed. Secondly,
a model can be operated in parallel with the
actual process and provide predictions of the
DWP that cannot be measured directly in real-
time. For example, a weld model can provide
the controller with an estimate of the weld bead
penetration. Figure 4 illustrates the application

Fig. 4 An example closed-loop control system employs both a setpoint selector model and a steady-state weld
process model. The desired bead width, WRef , and penetration, PRef , are specified by the user. These

parameters, as well as the workpiece thickness, H, are fed to a setpoint selector model, which yields the nominal
travel speed, current, and arc length (v

0
, I

0
, and L

0
, respectively). Upon reaching steady state, the closed-loop control

is enacted. The bead width from the process is monitored in real-time, while penetration is estimated. The measured
bead width and the estimated penetration are subtracted from the respective reference values, processed
through proportional-plus-integral controllers, and added to the final values obtained from the setpoint sequencer.
Source: Ref 107
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of both models within the context of a closed-
loop control system for GTAW bead width
and depth of penetration (Ref 107).
A distinguishing characteristic of process

models used for control purposes is they must
be computed in real-time. This rules out many
of the more exact numerical models that have
been developed using finite-element and finite-
difference methods. While simpler models
may lack the precision and the fidelity of a
numerical solution, they provide the necessary
real-time responsiveness for automation of
mechanized and robotic systems.
Weld process models are either derived from

the fundamental physics of heat transfer, or
they are constructed from empirical data. The
models derived from heat-transfer physics fre-
quently assume that the arc can be modeled as
a heat source of a given form (a point source,
a disk-shaped source of heat, etc.), and then
the laws of heat conduction are applied to cal-
culate the temperatures at various points in the
workpiece (Ref 80, 81, 84, 108). The analytical
derivations usually require significant simplifi-
cations, such as assuming that the workpiece
is either infinitely thick or of a specific shape
and that the thermal properties of the molten
pool are homogeneous and the same as those
of the solid base metal. As a result, physics-
based models can be fairly inaccurate for
open-loop control (Ref 109).
An alternative to a physics-based model is an

empirically-derived model (Ref 110–112).
These models may simply consist of one or
more equations relating the DWP to the IWP
and are derived by obtaining a best fit of exper-
imental data to the given equations. In such
cases, the models are derived without any con-
sideration of the underlying physics of the
process.
A number of weld process models can be

placed between the two extremes of a purely
physics-based model and an empirically-
derived model. Frequently, physics-based mod-
els are derived using the necessary approxima-
tions, and then various “empirical constants”
and other unspecified variables are tuned until
the model adequately agrees with experimental
welding data. By the same token, empirical
models frequently use pieces of general knowl-
edge of the process, derived from the underly-
ing physics. Therefore, the physics-based and
the empirical models bookend the opposite
extremes in weld modeling.
Neural networks are an alternative to formal

analytical techniques. Empirical in nature, neu-
ral network models are not governed by the
physics of the process. Instead, they rely on
the input and output relationships of the train-
ing data to define the weight matrix within a
sophisticated pattern-mapping architecture.
The advantages of neural models include rela-
tive accuracy and broad generality across many
different problem domains. In particular, if the
training data are general enough and span
the entire range of process parameters, then
the resulting model can capture the complexity

of the process, including nonlinearities and
parameter cross couplings (Ref 107, 113–115).
Neural network model development is usu-

ally much simpler than other analytical alterna-
tives. A neural model tailors itself to the
training data. Speed is also a benefit. In a real-
time control loop, a feed-forward neural model
is relatively fast, because the input data are only
propagated once through the network. Finally,
neural networks can learn when new training
instances become available. When compared
to other control modeling methodologies, neu-
ral networks also have certain drawbacks. The
most notable one is a lack of a comprehensive
model that reflects the physics of the process.
Finally, relating the qualitative effects of the
networks structure or parameters to the process
parameters is usually impossible.

Control of Arc Welding

Although an extensive amount of research
has investigated multivariable feedback control
of the fusion process, most commercial applica-
tions of control for arc welding have thus far
been largely focused on the control of one, or
at most two, parameters of the process. The
control techniques for these parameters have
usually been limited to classical feedback con-
trol, based on the assumptions of linear and
time-invariant behavior of the controlled sys-
tems. Examples of such control schemes
include voltage and current control of the weld-
ing power source, control of the arc voltage
through adjustment of the arc length, and other
isolated single-variable control applications.
The following sections discuss some of the

research and development activities that
attempt to extend the commercial, state-of-the-
art welding process controllers.
Adaptive Control. The highly nonlinear rela-

tionships that generally exist between the direct
and indirect weld parameters require a feedback
control system with self-tuning capabilities. A
feedback control system that has this added abil-
ity to modify its control law, for example,
through modifications of gains and/or time con-
stants, in response to changes in the process being
controlled is formally known as an adaptive con-
troller. (The term adaptive control that is widely
used in industry refers to a system that automati-
cally determines changes in process conditions
and directs the equipment to take appropriate
action. From an open-loop perspective, this
approach does appear “adaptive” in nature; this
is simply known as feedback control, whereas
adaptive control is feedback control with the
added capability of self-adjustment.) Assuming
localized linearity, an adaptive controller can be
used to change the controller characteristics in
response to changes in the operating domain.
An adaptive controller provides the robustness
to maintain stable control over the entire
operating range of the process.
Adaptive control algorithms have been

developed for the nonlinear operating regions

of the arc-voltage length relationship to ensure
a more robust and stable control system
throughout the entire operating region (Ref
116, 117). In fusion welding, the time constant
and gain of a linear controller for weld geome-
try regulation are highly dependent upon the
welding conditions, for example, torch speed,
arc length, material thickness, and material
properties. Suzuki et al. demonstrate the advan-
tages and benefits of an adaptive controller over
a traditional linear controller for bead width
control during GTAW (Ref 118).
Intelligent Control. Researchers working in

the field of intelligent control typically derive
an approach to solving a control problem that
is inspired by the decision-making process in
humans and other biological systems. Certain
approaches are heuristic in format, and most
turn out to be nonlinear and possibly adaptive.
Unlike conventional methods in which stability
is proven, verification that the approach is suc-
cessful is commonly determined by simulation
or by experimental evalution. The relative
advantages and disadvantages of using an intel-
ligent method over a conventional method or
over another intelligent method are difficult to
assess due to the lack of a clear and objective
set of evaluation criteria.
The tools used for artificial intelligence

depend upon the application. Four of the most
commonly applied intelligent tools are neural
networks, expert systems, fuzzy logic, and
genetic algorithms. Neural networks and
genetic algorithms operate on unstructured data
in the form of numbers, usually normalized
between 0 and 1. Expert systems excel through
the use of rules that operate on structured data
in the form of words or symbols. Fuzzy logic
can work well with both structured and unstruc-
tured data in the form of both symbols and
numbers.
Methods of evaluating the performance of a

controller using various techniques are compli-
cated. When considering different techniques,
Passino (Ref 119) suggests evaluating the fol-
lowing attributes of the system:

� Time-domain performance analysis, includ-
ing stability and performance measures such
as rise-time, overshoot, and steady-state
error

� Simplicity of the design method
� Ease of understanding the approach
� Lead-time to design and implementation
� Ease of implementation

The development of a self-organizing, fuzzy
logic weld penetration controller was presented
in (Ref 120). The adaptive controller was mod-
eled after expert human welding knowledge and
tuned online to automatically adjust the sensi-
tivities to its membership functions according
to the current welding conditions. The single-
input, single-output fuzzy logic controller relies
on simple heuristics to capture the nonlinear,
time-varying, asymmetric thermal relationship
of the arc welding process. The translation from
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an expert’s knowledge to a set of fuzzy vari-
ables and rules inevitably results in a
generalized, yet nonoptimal, control rule base
and therefore requires tuning to optimize the
transient and steady-state performance under
process-specific conditions. Figure 5 illustrates
the controller and performance supervisor. The
approach avoids the time-consuming, unsys-
tematic, and error-prone manual tuning that is
considered by some to be the greatest drawback
to using fuzzy logic for control purposes. The
performance tuner exploits the fundamental
advantage of fuzzy systems by incorporating a
vague, yet intuitive, human-based model of
the system.
Multivariable Control. The welding control

applications mentioned in the previous sections
are usually adequate for their specific purposes,
that is, to maintain one or two system parameters
at predefined values. These traditional schemes,
however, are not easily applicable to the more
complex task of directly controllingmultiple out-
puts of the process through the available equip-
ment parameters, that is, controlling the DWP
in terms of the IWP (Ref 5).
Cook et al. (Ref 107) have described a multi-

variable weld process control system that
makes use of a model to estimate one of
two DWP(s) controlled. The system, shown in
Fig. 4, was configured to accept weld bead
width and weld penetration as its two inputs.
The system used width sensing, while penetra-
tion was estimated using a forward process
model acting in parallel to the actual process.
Conventional time-based up-sloping/down-
sloping was used for weld initiation and termi-
nation, and an inverse process model was used

to provide initial weld IWPs (following up-
slope) to the weld start sequencer. Using the
layout in Fig. 4, the desired bead width and
penetration are specified by the user as W0

and P0, respectively. These parameters, as well
as the workpiece thickness, H, are routed to a
neural network setpoint selector (inverse pro-
cess model), which produces the nominal travel
speed, current, and arc length (v0, I0, and L0,
respectively). Arc initiation and stabilization
are controlled in an open-loop fashion by the
weld start sequencer. Given the desired equip-
ment parameters, the arc is typically initiated
and established at a relatively low current, with
the other equipment parameters set at some
nominal value. Once the arc has been estab-
lished, the equipment parameters are ramped
to the setpoint values specified by the neural
network. When the setpoint values have been
reached, at time t = T, the closed-loop process
control is enacted. The bead width was
measured in real-time, while a real-time, neural
network penetration predictor (forward process
model) was run in parallel with the process to
yield estimates of the penetration. The
measured bead width and the estimated pene-
tration are subtracted from the respective refer-
ence values, processed through proportional-
plus-integral controllers, and added to the final
values obtained from the setpoint sequencer.
Controlling a single or multivariable system

is not a trivial task without an adequate quanti-
tative model. In the case of arc welding, rela-
tionships between the various process inputs
and outputs are not well defined. Furthermore,
the process variables are coupled (that is, any
given input parameter affects more than one

output parameter), and, in general, the welding
processes are nonlinear (that is, the output para-
meters are not adequately described in terms of
a linear combination of the input parameters
and their time derivatives). All of these facts
add to the difficulty of designing a general weld
controller using conventional multivariable
control.
Distributed, Hierarchical Control. An

alternative to conventional multivariable con-
trol is a distributed, hierarchical control archi-
tecture. Decoupling of the process is
accomplished through a loosely-coupled and
hierarchical network of supervisors that oversee
the application of successful one- and two-
parameter conventional, adaptive, and intelli-
gent controllers. The supervisors work together
toward a common goal and achieve modularity,
while increasing reliability and decreasing
complexity.
Autonomy and multivariable control is

achieved through the use of high-level, intelli-
gent, decision-making techniques that supervise
low-level, real-time control methodologies.
Relevant information about the process that is
typically overlooked or generalized upon in a
conventional mathematical approach to control
design can be incorporated more formally and
logically using a collection of intelligent super-
visory components. Communication, synchro-
nization, and supervision are therefore critical
in order to guarantee that the system will satisfy
an overall or global goal.
A network architecture that facilitates com-

munication permits integration of distributed
components through a communication layer
and maintains system integrity by preventing

Fig. 5 A self-organizing fuzzy logic controller for depth-of-penetration control.
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deadlock. Equally important is an architecture
that can help manage a diversity of decision-
making processes. Cooperation, collaboration,
and supervision between various agents is nec-
essary in order to address resource manage-
ment, conflict resolution, controller tuning,
scheduling, and crisis and contingency manage-
ment. Furthermore, the control system must be
capable of interacting with a human expert or
other system in order to generate goals, assess
capabilities of the system, monitor overall per-
formance, and alert the operator when human
intervention is necessary.
A proposed architecture for an intelligent,

multivariable, autonomous weld controller for
arc welding is proposed in Fig. 6 and evolves
from established conventional welding control
systems by adding intelligent components (Ref
121). In addition to interfacing with sensors
and other hardware, the execution layer is
responsible for executing low-level numeric
signal processing and control routines, process
parameters identification routines, and failure
identification routines. Essentially, the execu-
tion layer is responsible for individual control
algorithms and monitoring techniques of the

physical process. The coordination level tunes,
schedules, supervises, and redesigns the execu-
tion-level functions; performs crisis and contin-
gency management; plans and coordinates
execution-level tasks; and executes heuristic-
type functions. Finally, the management level
supervises all lower-level functions, allows
humans or other systems access to relevant pro-
cess monitoring and control information, and
performs high-level learning about the user
and the lower-level functions.
The intelligent supervisory agents in the

coordination level would be responsible
for managing multiple, concurrent, and
often conflicting goals that are associated with
the process of joining two components.
The execution-level control elements would
still execute low-level control algorithms
(such as proportional, integral, or derivative
functions, adaptive control, and intelligent
methods) that provide accurate and fast
response times, while an automated supervisory
module can mimic a human welder’s expert
supervision of the welding process by incorpor-
ating this intuitive knowledge into a set of
fuzzy rules.
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Shielding Gases for Arc Welding*

THE SHIELDING GAS used in a welding
process has a significant influence on the over-
all performance of the welding system. Its pri-
mary function is to protect the molten metal
from atmospheric nitrogen and oxygen as the
weld pool is being formed. The shielding gas
also promotes a stable arc and uniform metal
transfer. In gas metal arc welding (GMAW)
and flux cored arc welding (FCAW), the gas
used has a substantial influence on the form of
metal transfer during welding. This, in turn,
affects the efficiency, quality, and overall oper-
ator acceptance of the welding operation.
The shielding gas interacts with the base

material and with the filler material, if any, to
produce the basic strength, toughness, and cor-
rosion resistance of the weld. It can also affect
the weld-bead shape and the penetration
pattern.
Understanding the basic properties of a

shielding gas will aid in the selection of the
right shielding gas or gases for a welding appli-
cation. Use of the best gas blend will improve
the quality and may reduce the overall cost of
the welding operation as well.

Basic Properties of a Shielding Gas

The controlled electrical discharge known as
the welding arc is formed and sustained by the
establishment of a conductive medium called
the arc plasma. This plasma consists of ionized
gas, molten metals, slags, vapors, and gaseous
atoms and molecules. The formation and struc-
ture of the arc plasma is dependent on the prop-
erties of the shielding gases used for welding.
Table 1 lists the basic properties of gases used
for welding (Ref 1).
The ionization potential is the energy,

expressed in electron volts, necessary to
remove an electron from a gas atom—making
it an ion, or an electrically charged gas atom.
All other factors held constant, the value of
the ionization potential decreases as the molec-
ular weight of the gas increases. Arc starting
and arc stability are greatly influenced by the
ionization potentials of the component shield-
ing gases used in the welding process. A gas
with a low ionization potential, such as argon,

can easily turn atoms into ions. Helium, with
its significantly higher ionization potential, pro-
duces a harder-to-start, less stable arc.
Although other factors are involved in sustain-

ing the plasma, the respective energy levels
required to ionize these gases must be main-
tained; as a consequence, the arc voltage is
directly influenced. For equivalent arc lengths
and welding currents, the voltage obtained with
helium is appreciably higher than it is with argon.
This translates into more available heat input to
the base material with helium than with argon.
The thermal conductivity of a gas is a mea-

sure of how well it is able to conduct heat. It
influences the radial heat loss from the center
to the periphery of the arc column as well as
heat transfer between the plasma and the liquid
metal. Argon, which has a low thermal conduc-
tivity, produces an arc that has two zones: a
narrow hot core and a considerably cooler outer
zone. The penetration profile of the weld fusion
area then exhibits a narrow “finger” at the root
and a wider top. A gas with a high thermal con-
ductivity conducts heat outward from the core;
this results in a wider, hotter arc core. This type
of heat distribution occurs with helium, argon-
hydrogen, and argon/carbon dioxide blends; it
gives a more even distribution of heat to the
work surface and produces a wider fusion area.
Dissociation and Recombination. Shield-

ing gases such as carbon dioxide, hydrogen,
and oxygen are multiatom molecules. When
heated to high temperatures within the arc
plasma, these gases break down, or dissociate,
into their component atoms. They are then at
least partially ionized, producing free electrons
and current flow. As the dissociated gas comes
into contact with the relatively cool work

surface, the atoms recombine and release heat
at that point. This heat of recombination causes
multiatomic gases to behave as if they have a
higher thermal conductivity, similar to that of
helium. Dissociation and recombination do not
occur with gases, such as argon, that consist
of a single atom. Thus, at the same arc temper-
ature, the heat generated at the work surface
can be considerably greater with gases such as
carbon dioxide and hydrogen.
Reactivity/Oxidation Potential. The oxi-

dizing nature of the shielding gas affects both
welding performance and the properties of the
resultant weld deposit. Argon and helium are
completely nonreactive, or inert, and thus have
no direct chemical effect on the weld metal.
Oxidizing or active gases, such as CO2 and
oxygen, will react with elements in the filler
metal or baseplate and will form a slag on the
surface of the weld deposit. The loss of ele-
ments, such as manganese and silicon, from
steel can affect the quality and cost of the weld-
ment produced. Both weld strength and tough-
ness generally decline as the oxidizing nature
of the shielding gas increases.
Additions of reactive gases such as oxygen or

carbon dioxide enhance the stability of the arc
and affect the type of metal transfer obtained.
Metal droplet size is decreased, and the number
of droplets transferred per unit time increases as
the level of oxygen in the shielding gas
increases. Oxygen reduces the molten weld-
bead surface tension, promoting better bead
wetting and higher welding travel speeds. Small
additions of CO2 work in a similar manner.
The surface tension between the molten

metal and its surrounding atmosphere has a pro-
nounced influence on bead shape. If the surface

* Reprinted from K.A. Lyttle, Shielding Gases, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 64–69

Table 1 Properties of shielding gases used for welding

Gas Chemical symbol Molecular weight Specific gravity(a)

Density Ionization potential

g/L g/ft3 aJ(b) eV

Argon Ar 39.95 1.38 1.784 0.1114 2.52 15.7
Carbon dioxide CO2 44.01 1.53 1.978 0.1235 2.26 14.4
Helium He 4.00 0.1368 0.178 0.0111 3.92 24.5
Hydrogen H2 2.016 0.0695 0.090 0.0056 2.16 13.5
Nitrogen N2 28.01 0.967 12.5 0.782 2.32 14.5
Oxygen O2 32.00 1.105 1.43 0.0892 2.11 13.2

(a) At 100 kPa (1 atm) and 0 �C (32 �F); air = 1. (b) 10�18 J. Source: Ref 1



energy is high, a convex, irregular bead will
result. Low values promote flatter beads with
minimal susceptibility for undercutting.
Pure argon is generally associated with high

interfacial energy, producing a sluggish weld
puddle and high, crowned bead. The addition
of a small amount of a reactive gas, such as
oxygen, lowers this surface tension and pro-
motes fluidity and better wetting of the base
material; it does this without creating excessive
oxidation of the weld metal.
Gas Purity. Some metals, such as carbon

steel and copper, have a relatively high toler-
ance for contaminants in the shielding gas;
others, such as aluminum and magnesium, are
fairly sensitive to particular contaminants. Still
others, such as titanium and zirconium, have
an extremely low tolerance for any foreign con-
stituent in the shielding gas.
Depending on the metal being welded and

the welding process used, very small quantities
of gas impurities can significantly affect weld-
ing speed, weld surface appearance, weld bead
solidification, and porosity levels. The effects
of any given impurity are wide ranging, but
weld quality and eventual fitness for purpose
are major areas of concern.
There is always a possibility that the gas, as

delivered, is contaminated; however, it is far
more likely that impurities will enter some-
where between the supply and the end-use
points. For this reason, properly designed pip-
ing systems and high-quality hose are recom-
mended for use with welding shielding gases.
Typical industry minimum purity levels for
welding gases are listed in Table 2 (Ref 1).
Gas density is the weight of the gas per unit

volume. Density is one of the chief factors that
influence shielding gas effectiveness. Basically,
gases heavier than air, such as argon and carbon
dioxide, require lower flow rates in use than do
the lighter gases, such as helium, to ensure ade-
quate protection of the weld puddle.

Shielding Gas Blends

To obtain a shielding gas that is suited to a
specific application, a mix of gases is generally

needed. Each basic gas contributes certain char-
acteristics to the performance of the overall
mix. Some gas blends have relatively specific
areas of application and limited operating
ranges; others can be used on many materials
under a variety of welding conditions. Each
component of the blend brings with it proper-
ties that are supplemented by the others to pro-
duce an enhanced level of performance.
Argon is inert or unreactive with respect to

the materials present in the welding electrode.
With its low ionization potential, argon pro-
motes easy arc starting and stable arc operation.
Its lower thermal conductivity promotes the
development of axial “spray” transfer in certain
forms of GMAW. It is also used in applications
where base material distortion must be con-
trolled or where good gap-bridging ability is
required.
Helium. Unlike argon, helium is lighter than

air and has a low density. Like argon, it is
chemically inert and does not react with other
elements or compounds. Because of its high
thermal conductivity and high ionization
potential, more heat is transferred to the base
material, thus enhancing the penetration charac-
teristics of the arc. In many applications, it also
allows higher weld travel speeds to be obtained.
Because of its higher cost, helium is frequently
combined with argon or argon mixtures to
enhance the overall performance of the blend
while minimizing its cost.
Oxygen combines with almost all known

elements except rare and inert gases; it vigor-
ously supports combustion. Small amounts of
oxygen are added to some inert mixtures to
improve the stability of the welding arc devel-
oped as well as to increase the fluidity of the
weld puddle.
In the spray-transfer mode of GMAW, small

additions of oxygen enhance the range over
which this spatterless form of welding can be
performed. The droplet size decreases and the
number of drops transferred per unit time
increases as oxygen is added to the blend.
Carbon dioxide is a reactive gas that is com-

monly used alone in certain types of GMAW.
Oxidation of the base material and any filler
electrode occurs readily. Carbon dioxide is

added to argon blends to improve are stability,
enhance penetration, and improve weld puddle
flow characteristics. The higher thermal con-
ductivity of carbon dioxide (because of the dis-
sociation and recombination of its component
parts) transfers more heat to the base material
than does argon alone. A broader penetration
pattern versus argon is obtained; however, base
material distortion and lack of gap-bridging
ability are possible problems.
Hydrogen is the lightest known element and

is a flammable gas. Explosive mixtures can be
formed when certain concentrations of hydro-
gen are mixed with oxygen or air. It is added
to inert gases to increase the heat input to the
base material or for operations involving cut-
ting and gouging. Because some materials are
especially sensitive to hydrogen-related con-
tamination, its use is generally limited to spe-
cial applications, such as the joining of
stainless steels, and to plasma arc cutting and
gouging.
Nitrogen is generally considered to be inert

except at high temperatures. At arc welding
temperatures, it will react with some metals
(e.g., aluminum, magnesium, steel, and tita-
nium), so it is not used as a primary shielding
gas. It can be used with other gases for some
welding applications (e.g., copper) and is also
widely used in plasma cutting.

Shielding Gas Selection

In most welding applications, more than one
shielding gas or gas blend can be used success-
fully. For example, there is no one optimal gas
blend for joining carbon steels, but a consider-
able array of mixes are available depending on
the specific requirements of the application.
For some processes, such as gas tungsten arc
welding and plasma arc welding, the choices
may be somewhat limited by the nature of the
electrodes used and the materials being welded.
However, for applications involving GMAW, a
multitude of blends can be selected from when
carbon steels are being joined. Determination
of the best blend depends on a number of spe-
cific job-related needs.

Accuracy of Gas Blends

The accuracy with which gases are blended
is a function of the way in which they are sup-
plied. If the source of the gas is a high-pressure
cylinder, the following generally applies:

1. þ�10% relative, minor component (Ref 2)
2. þ�0.5% absolute for concentrations up to 5%;

þ�10% relative for concentrations between
5 and 50% (Ref 3)

For example, the mix accuracy of an Ar-2O2

blend would be Ar/1.8�2.2O2 (method 1) or
Ar/1.5�2.5O2 (method 2). A blend of Ar-
25CO2 would yield Ar/22.5�27.5CO2 by either
method of calculation.

Table 2 Typical gases purity and moisture content of shielding

Gas Product state Minimum purity, % Maximum moisture(a), ppm

Approximate dewpoint at maximum

moisture content

�C �F

Argon Gas 99.995 10 �60 �77
Liquid 99.997 6 �64 �83

Carbon dioxide Gas 99.5 19 �51 �60
Liquid 99.8 50 �58 �73

Helium Gas 99.95 32 �51 �61
Liquid 99.995 3 �69 �92

Hydrogen Gas 99.95 8 �63 �80
Liquid 99.995 5 �65 �86

Nitrogen Gas 99.7 32 �51 �61
Liquid 99.997 5 �65 �86

Oxygen Industrial 99.5 50 �48 �54
Liquid 99.5 6 �64 �83

(a) Moisture specifications are measured at full cylinder pressure, the pressure at which the cylinder is analyzed. Source: Ref 1
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When gas cylinders are properly filled with
the appropriate blend, the components of that
mixture will not separate unless the temperature
of the environment is reduced far below normal
working temperatures. If the gases are supplied
from a liquid source, such as a bulk tank, the
accuracy of the blend is a function of the mix-
ing equipment used, but most likely falls within
the þ�10% minor component range.

Shielding Gases for GMAW

By far, the largest number of gas blends have
been developed for GMAW, especially for join-
ing carbon steel. These can be roughly divided
into four categories: pure gases, argon-oxygen
mixes, argon/carbon dioxide mixes, and three-
part gas blends composed of either argon,
helium, oxygen, carbon dioxide, or hydrogen.
Table 3 contains suggestions for shielding gas
selection based on material type, thickness,
and mode of metal transfer.
Argon. Pure argon is generally used on non-

ferrous base metal, such as aluminum, nickel,
copper, and magnesium alloys, and on reactive
metals, such as titanium. Argon provides excel-
lent arc stability, penetration, and bead profile
when joining these materials. Its low ionization
potential results in easy arc starting. Argon pro-
duces a constricted arc column with high cur-
rent density, which concentrates the arc
energy over a small area; deep, fingerlike pene-
tration results.
Carbon Dioxide. A reactive gas, carbon

dioxide is generally used only for joining car-
bon steel. It is readily available and relatively
inexpensive. Because CO2 will not support
spray transfer, deposition efficiency is lower
and spatter and fume levels are higher than with
argon blends. Weld bead surfaces are more oxi-
dized and irregular in shape. The higher ioniza-
tion potential of CO2 and its characteristic
dissociation upon heating provide greater weld
fusion and penetration while still achieving
acceptable mechanical properties.
Helium. Because of its higher thermal con-

ductivity, helium can provide additional heat
input to the base material while still maintain-
ing an inert atmosphere. Wetting action, depth
of fusion, and travel speed can be improved
over comparable argon levels. This advantage
is most frequently used in the welding of
heavier sections of aluminum, magnesium, and
copper alloys.
Argon-Oxygen. The addition of a small

amount of oxygen to argon greatly stabilizes
the welding arc, increases the filler-metal drop-
let rate, lowers the spray transition current, and
influences bead shape. The weld pool is more
fluid and stays molten longer, allowing the
metal to flow out toward the edges of the weld
(Fig. 1a).
The most common blends contain 1, 2, 5, or

8% O2 in argon. Increasing oxygen improves
arc stability and makes higher travel speeds
possible by enhanced puddle fluidity. Some

increased alloy loss and a greater chance of
undercut occur as the oxygen level is increased,
especially beyond 5%.
Argon/carbon dioxide blends are primarily

used for carbon and low-alloy steels and have
limited use for stainless steels. The addition of
CO2 to argon produces results similar to the
addition of oxygen, but it also broadens the
penetration pattern as the CO2 content is
increased (Fig. 1b). Above a range of 18 to
20% CO2, spraylike transfer can no longer be
obtained; short-circuiting/globular transfer with
somewhat increased spatter levels is found from
this point up to approximately 50% CO2 in
argon.
The most common blends for spray transfer

are argon plus 5, 8, 10, or 13 to 18% CO2. With
increased CO2 content, the more fluid weld
puddle permits higher weld travel speeds.
Mixes with higher carbon dioxide levels

can also be used for short-circuiting transfer—
commonly, argon plus 20 or 25% CO2. Mix-
tures in this range provide an optimal droplet
frequency for minimum spatter when small-
diameter (0.9 and 1.2 mm, or 0.035 and 0.045
in.) wire is used.
Argon-Helium. Helium is often mixed with

argon to obtain the advantages of both gases.
These blends are primarily used for nonferrous
base materials, such as aluminum, copper, and
nickel alloys. Helium increases the heat input
to the base material and thus is used for joining
thick, thermally conductive plates. As the
helium percentage increases, the arc voltage,
spatter, and weld width-to-depth ratio increase
(Fig. 1c).
The most common blends contain 25, 50, or

75% He in argon. The highest percentage of
helium is used for joining thick (>50 mm, or
2 in.) plate material, especially aluminum and
copper. Higher travel speeds can be obtained
using helium-enhanced blends.
Three-Gas Blends. Mixtures containing

three gas components are versatile because of
their ability to operate in short-circuiting, glob-
ular, and spray-transfer modes. These blends
are generally proprietary, and manufacturers’
recommendations should be followed for their
proper use.
Argon/Oxygen/Carbon Dioxide. Blends of

argon, carbon dioxide, and oxygen are gener-
ally used to join carbon and alloy steels.
Argon/Helium/Carbon Dioxide. Helium and

carbon dioxide additions to argon increase the
heat input to the base metal, which improves
wetting, puddle fluidity, and weld bead profile.
With helium plus CO2 additions less than
40%, good spray transfer is obtained for carbon
and low-alloy steel welding. Some increase in
tolerance of base material surface contamina-
tion is also noted.
When the helium content exceeds 50 to 60%,

transfer is restricted to short-circuiting and
globular. Blends in which the CO2 content is
relatively low (	5%) are generally used for
the joining of stainless steels without any loss
in corrosion resistance.

Argon/Carbon Dioxide/Hydrogen. Three-part
blends of this design are intended for the join-
ing of austenitic stainless steel in the spray or
short-circuiting transfer modes. Because of the
addition of hydrogen, these blends should not
be used for carbon steel. The carbon dioxide
and hydrogen increase the heat input to the base
material and improve bead shape characteris-
tics, as well as promote higher welding travel
speeds.

Shielding Gas Selection for FCAW

Carbon Dioxide. The majority of large-
diameter (>1.6 mm, or >⅛ in.) wires that use
a shielding gas use carbon dioxide. Some smal-
ler-diameter wires are formulated to operate in
100% CO2. The arcs are generally stable and
provide a globular transfer over the usable
operating range. Good performance over rust
and mill scale on the plate surface is obtained
with these large-diameter wires and CO2

shielding.
Argon/Carbon Dioxide. A significant num-

ber of small-diameter (	1.6 mm, or ⅛ in.)
cored wires are shielded with blends of argon
with 15 to 50% CO2. These blends provide bet-
ter out-of-position weld puddle control versus
that of CO2. To obtain the best performance
from a particular cored wire, check the manu-
facturer’s product literature for the recom-
mended gas blend.

Shielding Gas Selection for GTAW

Argon. The most commonly used gas for
GTAW, argon exhibits low thermal conductiv-
ity, which produces a narrow, constricted arc
column; this allows greater variations in arc
length with minimal influence on arc power or
weld bead shape. Its low ionization potential
provides good arc-starting characteristics and
good arc stability using the direct current elec-
trode negative (DCEN) power connection plus
superior arc cleaning action and bead appear-
ance when alternating current (ac) power is
used. Argon is the most commonly selected
gas for DCEN welding of most materials and
ac manual welding of aluminum.
Helium. The high thermal conductivity and

ionization potential of helium make it suitable
for the high-current joining of heavy sections
of heat-conductive materials such as aluminum.
Helium increases the penetration of the weld as
well as its width. It also allows the use of
higher weld travel speeds.
Argon-Helium. Blends of argon and helium

are selected to increase the heat input to the
base material while maintaining favorable arc
stability and superior arc-starting characteris-
tics. Blends of 25, 50, and 75% He in argon
are commonly used.
Argon-Hydrogen. Hydrogen is added to

argon to enhance its thermal properties. The
slightly reducing atmosphere improves weld
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puddle wetting and reduces some surface oxi-
des to produce a cleaner weld surface.
To minimize problems associated with arc
starting, additions of hydrogen are generally
limited to 5 to 15%. These blends are primarily
used to join some stainless steels, nickel, and
nickel alloys. These mixtures should not be
used to join alloy steels; delayed weld cracking
may result.
Argon/2–5H2 is used in manual welding

applications on materials thicker than 1.6 mm
(⅛ in.). Additions of 10 to 15% H2 are used in

Table 3 Recommended shielding gas selection for gas metal arc welding

Material

Thickness

Transfer mode

Recommended

shielding gas Advantages and limitationsmm in.

Carbon steel <2.0 <0.080 Short circuiting Ar-25CO2 Good penetration and distortion control to reduce potential burnthrough
Ar-15CO2

Ar-8CO2

2.0�3.2 0.080�0.125 Short circuiting Ar-8CO2 Higher deposition rates without burnthrough; minimum distortion and spatter; good puddle control
for out-of-position weldingAr-15CO2

Ar-25CO2

>3.2 >0.125 Short circuiting Ar-15CO2 High welding speeds; good penetration and puddle control; applicable for out-of-position welds
Ar-25CO2

CO2

Globular Ar-25CO2 Suitable for high-current and high-speed welding; deep penetration and fast travel speeds but with
greater burnthrough potentialCO2

Conventional spray arc Ar-1O2 Good arc stability; produces a more fluid puddle as O2 increases; good coalescence and bead
contour; good weld appearance and puddle controlAr-2O2

Ar-5CO2

Ar-8CO2

Ar-10CO2

Ar-15CO2

Ar-CO2-O2

blends
Pulsed spray Argon-5CO2 Used for both gage and out-of-position weldments; achieves good pulsed spray stability over a

wide range of arc characteristics and deposition rangesAr-He-CO2

blends
Ar-CO2-O2

blends
Alloy steel All sizes Short circuiting Ar-8CO2 High welding speeds; good penetration and puddle control; applicable for out-of-position welds;

suitable for high-current and high-speed weldingAr-15CO2

Ar-CO2-O2

blend
Spray arc (high-current
density and
rotational)

Ar-2O2 Reduces undercutting; higher deposition rates and improved bead wetting; deep penetration and
good mechanical propertiesAr-5O2

Ar-CO2-O2

blends
Ar-He-CO2

blends
Pulsed spray Ar-5CO2 Used for both light-gage and heavy out-of-position weldments; achieves good pulsed spray

stability over a wide range of arc characteristics and deposition rangesAr-8CO2

Ar-2O2

Stainless steel, copper,
nickel, and Cu-Ni
alloys

All sizes Short-circuiting transfer Ar-He-CO2

blends
Low CO2 contents in helium mix minimize carbon pickup, which can cause intergranular
corrosion with some alloys; helium improves wetting action; CO2 contents >5% should be used
with caution on some alloys; applicable for all-position weldingHe-Ar-CO2

blends
Ar-1O2

Ar-2O2

Spray arc Ar-He-CO2

blends
Good arc stability; produces a fluid but controllable weld puddle; good coalescence and bead
contour; minimizes undercutting on heavier thicknesses

Ar-1O2

Ar-2O2

Pulsed spray Ar-He-CO2

blends
Used for both light-gage and heavy out-of-position weldments; achieves good pulsed spray
stability over a wide range of arc characteristics and deposition ranges

Ar-1O2

Ar-2O2

Aluminum, titanium,
and other reactive
metals

	13 	½ in. Spray arc Argon Best metal transfer, arc stability, and plate cleaning; little or no spatter; removes oxides when used
with direct current electrode positive (reverse polarity)

Spray arc 75He-25Ar High heat input; produces fluid puddle, flat bead contour, and deep penetration; minimizes
porosity50He-50Ar

>13 >½ in. Spray arc Helium High heat input; good for mechanized welding and overhead; applicable to heavy-section welding
50He-25Ar

Pulsed spray Argon Good wetting; good puddle control

Fig. 1 Effect of shielding gas blends on weld profile using direct current electrode positive. (a) Argon versus
argon-oxygen. (b) Carbon dioxide versus argon/carbon dioxide. (c) Helium versus argon-helium. Source:

Ref 4
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mechanized applications, such as those found in
the manufacture of stainless steel tubing.
Warning: Special safety precautions are

required when mixing argon and hydrogen.
Do not attempt to mix argon and hydrogen from
separate cylinders. Always purchase ready-
mixed hydrogen blends from a qualified
supplier.

Shielding Gas Selection for Plasma Arc
Welding

The physical configuration of the plasma
arc welding (PAW) system requires the use
of two gases: a “plasma” or orifice gas
and a shielding gas. The primary role of the
plasma gas, which exits the torch through the
center orifice, is to control arc characteristics
and shield the electrode. The shielding gas,
introduced around the periphery of the arc,
shields or protects the weld area. In many ap-
plications, the shielding gas is also partially
ionized to enhance the performance of the
plasma gas.
Low-Current (<100 A) PAW. Argon is the

preferred plasma gas for low-current PAW
because of its low ionization potential, which
ensures easy and reliable arc starting. Argon-
helium mixtures are used for some applications

requiring higher heat inputs. The choice of the
shielding gas depends on the type and thickness
of the base material. Recommendations can be
found in Table 4.
High-Current (�100 A) PAW. The choice

of gas used for high-current PAW also depends
on the material to be welded. In almost all
cases, the shielding gas is the same as the ori-
fice gas. Again, argon is suitable for welding
all metals, but it does not necessarily produce
optimal results. Depending on the welding
mode used (keyhole or melt-in), the optimal
gas blend will vary. Table 4 lists gases recom-
mended on the basis of materials joined.

Influence of Shielding Gas on Weld
Mechanical Properties

The mechanical properties of a weld are
dependent on specific characteristics of the
shielding gas. When the gas blend is totally
inert, the effects are less pronounced and are
derived more indirectly. In this case, the shield-
ing gas affects penetration and solidification,
which can influence the microstructure of the
resulting weld.
When the shielding gas contains active com-

ponents, such as oxygen or carbon dioxide, the
influence is direct and more substantial. The

oxygen potential of the shielding gas influences
the amount of surface slag, the fume emission
rate, the fluidity of the weld puddle, and the
mechanical properties (both strength and tough-
ness) of the weld metal. A number of empirical
formulas have been developed to estimate the
oxygen potential of a gas blend (Ref 5); the dif-
ferences lie in their treatment of the CO2 com-
ponent of the gas mix. Because parameters
other than gas composition can affect the oxy-
gen level of the weld metal (e.g., welding
speed), most of the recently developed formulas
are also welding parameter and material spe-
cific. Their importance centers on how the oxi-
dation potential is linked to elemental loss of
silicon and manganese in the weld metal, to
weld-metal oxygen content, and to weld
mechanical properties.
Because a relatively complex relationship

exists between the loss of alloying elements,
the composition of the shielding gas, and the
mechanical properties of the resulting weld
metal, it is difficult to select an optimal gas
blend that will work well with all types of
wires. This influence is most noticeable in the
GMAW of carbon steel. Figure 2 (Ref 5) and
Table 5 (Ref 6) illustrate the effect of the
shielding gas on impact strength and tensile
strength. In general, as the oxidation potential
of the shielding gas increases, the toughness
and the tensile strength of the weld deposit
decrease. Because of their lower oxidizing gas
content, argon blends will generally produce
weld properties superior to those obtained by
shielding with CO2 only. There appears to be
an “optimal” oxygen content, because too low
an oxygen level can also be detrimental to
toughness.

Shielding Gas and Fume Generation

The shielding gas used in solid and flux
cored wire welding affects the rate at which
fumes are produced during welding, as well as

Table 4 Recommended guidelines for selecting plasma arc welding (PAW) shielding gases

Material

Thickness Mode of penetration

mm in. Keyhole technique(a) Melt-in technique(b)

Low-current PAW(c)

Aluminum copper <1.6 <1/16 Not recommended Argon
Helium

�1.6 	1/16 Helium Helium

Carbon steel <1.6 <1/16 Not recommended Argon
Helium
75Ar-25He

�1.6 �1/16 Argon Argon
75He-25Ar 75He-25Ar

Low-alloy steel <1.6 <1/16 Not recommended Argon
Helium
Ar-1.5H2

�1.6 �1/16 Argon Argon
75He-25Ar Helium
Ar-1.5H2 Ar-1.5H2

Stainless steel, nickel alloys <1.6 <1/16 Argon Argon
75He-25Ar Helium
Ar-1.5H2 Ar-1.5H2

�1.6 �1/16 Argon Argon
75He-25Ar Helium
Ar-1.5H2 Ar-1.5H2

High-current PAW(d)

Aluminum <6.4 <¼ Argon Argon
75He-25Ar

�6.4 �¼ Helium Helium
75He-25Ar

Copper <2.4 <3/32 Not recommended Helium
Carbon steel; low-alloy steel <3.2 <⅛ Argon Argon

�3.2 � ⅛ Argon 75He-25Ar
Stainless steel; nickel alloys <3.2 <⅛ Argon Argon

Ar-5H2

	3.2 � ⅛ Argon 75He-25Ar
Ar-5H2

(a) Properly balanced gas flow rates produce complete joint penetration by forming a small weld pool with a hole penetrating completely through the
base metal. As the plasma torch is moved, metal melted by the arc is forced to flow around the plasma steam, producing the “keyhole” to the rear
where the weld pool is formed and solidified. (b) Conventional fusion welding similar to that done with gas tungsten arc welding. (c) Gas selections
shown are for shielding gas only. Orifice gas in all cases is argon. (d) Gas selections shown are for both the orifice and shielding gas. Source: Ref 1

Fig. 2 Plot of weld-metal impact energy versus test
temperature as a function of shielding gas

composition. Source: Ref 5
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the composition of the fumes. The type of
shielding gas also affects the composition of
the pollutant gases in the welding area. The
fumes and gases generated in some welding
applications impact health and safety; therefore,
it is important for the user to review the Mate-
rial Safety Data Sheets and precautionary label-
ing provided by the manufacturers and
suppliers of welding consumables. Welding
safety and health information can also be found
in this Handbook and in ANSI Z49.1, “Safety
in Welding and Cutting.”
Fume generation rates are generally highest

when CO2 shielding is used. Inert gas blends
containing CO2 produce higher fume levels
than those containing only oxygen additions.
For solid wire welding at the same weld-
metal deposition rate, argon blends typically
generate significantly less fumes than when
CO2 only is used (Ref 7–9). Figure 3 (Ref 10)
illustrates the dependence of the fume genera-
tion rate on shielding gas composition as a
function of current level in GMAW. Similar
trends can be seen when using gas-shielded flux
cored wires.
Pollutant gases must be considered when

arc welding. The gases of greatest interest
are carbon monoxide, ozone, and nitrogen
oxides. When CO2 is used for shielding in
confined spaces, CO can be a potential prob-
lem. Ozone can be a concern when high-
energy gas-shielded welding is conducted,
particularly on aluminum and stainless steel
plate. It is produced in the immediate arc
area as well as in the surrounding environment.
Oxides of nitrogen can be present in some
plasma welding and cutting applications
(Ref 11).

Self-Shielded Flux Cored Arc
Welding

The self-shielded flux cored wire welding pro-
cess employs a continuous wire electrode that
requires no external shielding. These cored wires
generate protective shielding gases from compo-
nents in the corematerial similar to those found in
coated electrodes. The unique feature of this class
of consumables is that they rely only partly on the
exclusion of air from the molten electrode and
weld pool to produce a quality deposit. In addi-
tion to deoxidizers, they contain denitriders to
react with nitrogen that may be entrained in the
molten metal. The less a given consumable relies
on shielding and the more it relies on “killing” to
control nitrogen and produce sound weld metal,
the less that consumable will be affected by cross
air currents and side winds.
Through careful control of welding para-

meters and the proper balance of core constitu-
ents, good-quality weld metal can be obtained
under poor welding conditions. Self-shielded
flux cored wires are especially suited to weld-
ing outdoors, where it is difficult to provide
acceptable external gas shielding. Both light-
and heavy-gage materials have been success-
fully joined with these electrodes.
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Table 5 Effect of shielding gas on carbon, manganese, and silicon losses and on weld
strength values

Shielding gas(a)

Ultimate tensile strength Yield strength

Elongation, %

Weld-metal composition(b), %

MPa ksi MPa ksi C Mn Si

Ar-10CO2 640 92.9 544 79.0 25.7 0.09 1.43 0.72
Ar-18CO2 620 90.0 522 75.8 26.8 0.09 1.37 0.70
Ar-5CO2-4O2 610 88.5 472 68.5 28.1 0.08 1.32 0.67
Ar-25CO2 601 87.2 505 73.3 29.3 0.09 1.30 0.65
Ar-12O2 591 85.8 510 74.0 27.5 0.06 1.20 0.60
CO2 594 86.2 487 70.7 27.8 0.10 1.21 0.62

(a) Gases listed in order of increasing oxidation potential. (b) Base wire composition: 0.115% C, 1.53% Mn, 0.98% Si. Source: Ref 6

Fig. 3 Plot of fume formation rate versus current for
mild steel solid wire using selected shielding

gases. Source: Ref 10
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Shielded Metal Arc Welding*
Revised by Steve Knostman, Hobart Brothers Company

SHIELDED METAL ARC WELDING
(SMAW), commonly called stick or covered
electrode welding, is a manual welding process
whereby an arc is generated between a flux-
covered consumable electrode and the work-
piece. The filler metal is deposited from the
electrode and uses the decomposition of the
flux covering to generate a shielding gas and
to provide fluxing elements to protect the mol-
ten weld-metal droplets and the weld pool. This
welding process has its origins in the 1800s, but
it was not until the early 1900s that coverings
for these electrodes began to be developed. In
the 1930s, this method of welding began to
grow in popularity and retains an important role
in the welding industry. Shielded metal arc
welding is one of the most used of various elec-
tric arc welding processes.

The SMAW Process

The important features of the SMAW process
are shown in Fig. 1. The arc is initiated by
momentarily touching or “scratching” the elec-
trode on the base metal. The resulting arc melts
both the base metal and the tip of the welding
electrode. The molten electrode metal/flux is
transferred across the arc (by arc forces) to the
base-metal pool, where it becomes the weld
deposit covered by the protective, less-dense
slag from the electrode covering.

Advantages and Limitations. The SMAW
process is the simplest, in terms of equip-
ment requirements, but it is, perhaps, the most
difficult in terms of welder training and
skill-level requirements. Although welder skill
level is a concern, most new welders start as
“stick welders” and develop the necessary
skills through training and experience. The
equipment investment is relatively small, and
welding electrodes (except for the very
reactive metals, such as titanium, magnesium,
and others) are available for virtually all
manufacturing, construction, or maintenance
applications. Specific electrodes can be selected
depending upon base-metal requirements and
can be formulated to match specific base-metal
requirements if necessary. Shielded metal arc
welding has the greatest flexibility of all the
welding processes. It can be used to weld both
ferrous and nonferrous metals, it can be used
in all positions (flat, vertical, horizontal, and
overhead), with virtually all base-metal thick-
nesses (1.6 mm, or 1/16 in., and greater), in
areas sensitive to wind and drafts, and in areas
of limited accessibility, which is a very impor-
tant capability.
Because the SMAW process is basically a

manual process, the skill level of the welder is
of paramount importance in obtaining an
acceptable weld. The welder duty cycle is gen-
erally low, because of the built-in work break,
which occurs after each electrode is consumed
and requires replacement. In addition to repla-
cing the electrode when the arc is stopped (bro-
ken), the welder may “chip” or remove slag and
clean it away from the starting and welding
area with a wire brush to allow the proper depo-
sition of the subsequent weld. This electrode
replacement and cleaning operation occurs
many times during the work day (about every
2 min, or the time it generally takes to consume
an electrode). This stopping, chipping, wire
brushing, and electrode replacement prevents
the welder from attaining an operator factor,
or duty cycle, that is much greater than 25%.

Weld Quality. The quality of the weld
depends on the design and accessibility of the
joint, as well as on the electrode, the technique,
and the skill of the welder. If joint details vary
greatly from established design details, then a
lower-quality weld can result. Other factors that
also reduce quality are improper interbead
cleaning, poor location of individual weld
beads within the joint, and various problems
with individual electrodes, including partially
missing flux (chipped ends), core wires that
are not centered within the flux covering, and
covered ends (coating covering the strike end
of the electrode). Overall, welds of excellent
quality can be obtained with the SMAW pro-
cess, as demonstrated by its use in naval ship
repairs and off-shore oil jack-up rigs, nuclear
power plants, and high-pressure oil/gas pipeline
construction.
Base-Metal Thickness. The SMAW process

can be used on thicknesses above 1.6 mm
(1/16 in.) to an unlimited thickness. The thinner
materials require a skilled welder, tight fit-up,
and the proper small-diameter welding elec-
trode. Welding position also is important when
determining the minimum plate thicknesses that
can be welded. Flat-position butt welds and
horizontal fillet welds are generally considered
the easiest to weld. Out-of-position welding
(vertical, overhead) requires greater skill.
Welding Circuit. The circuit diagram for

the SMAW process is shown in Fig. 2.
The equipment consists of a power source, elec-
trode holder, and welding cables that connect
the power source to the electrode holder and
the workpiece. Alternating current (ac), or
direct current, electrode negative (DCEN), or
direct current, electrode positive (DCEP) can
be used, depending on the electrode coating
characteristics. The DCEN source is also called
dc straight polarity, whereas the DCEP source
is also called dc reverse polarity.
Equipment. The welding machine, or power

source, is the crux of the SMAW process. Its
primary purpose is to provide electrical powerFig. 1 Shielded metal arc welding process

* Revised from R.H. Juers, Shielded Metal Arc Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p175–179.



of the proper current and voltage to maintain a
controllable and stable welding arc. Its output
characteristics must be of the constant current
type. SMAW electrodes operate within the
range from 25 to 500 A. The electrode producer
should suggest a narrow optimum range for
each size and type of electrode. Operating arc
voltage varies between 15 and 35 V.
The electrode holder, which is held by

the welder, firmly grips the electrode and trans-
mits the welding current to it. Electrode holders
are available in several designs, such as the
pincher type and the collet, or twist, type,
shown in Fig. 3. Each style has its proponents,
and the selection is usually a personal prefer-
ence. Electrode holders are designated by their
current capacity. Selection factors, such as the
current rating, duty cycle, maximum electrode
size, and cable size, are shown in Table 1.
The most lightweight holder that will accom-
modate the required electrode size is usually
desired.

All electrode holders should be fully insu-
lated. Because they are used in proximity to
the arc and are exposed to high heat, they will
deteriorate rapidly. It is extremely important
to inspect and maintain electrode holders to
ensure that they retain their current-carrying
efficiency, their insulating qualities, and their
electrode gripping action. Manufacturers supply
spare parts so that the holders can be rebuilt and
maintained for safe and efficient operation.
Certain pieces of auxiliary equipment can

be used with the SMAW process, such as
low-voltage control circuits, which enable the
relatively high open-circuit voltage to be cut
off until the electrode touches the workpiece.
Other items include remote-control switches
for the contactors, remote-control current-
adjusting devices, and engine idling controllers
for engine-driven power sources.

Applications

Most manufacturing operations that require
welding will strive to use the mechanized pro-
cesses that offer greater productivity, higher
quality, and therefore more cost-effective pro-
duction. For these reasons, the SMAW process
has been replaced where possible. However,
the simplicity and ability of the SMAW process
to achieve welds in areas of restricted accessi-
bility means that it still finds considerable use
in certain situations and applications. Heavy
construction, such as shipbuilding, and welding
“in the field,” away from many support services
that would provide shielding gas, cooling water,
and other necessities, rely on the SMAW pro-
cess to a great extent.
Although the SMAW process finds wide

application for welding virtually all steels and
many of the nonferrous alloys, it is primarily
used to join steels. This family of materials
includes low-carbon or mild steels, low-alloy
steels, high-strength steels, quenched and tem-
pered steels, high-alloy steels, stainless steels,
and many of the cast irons. The SMAW process
is also used to join nickel and its alloys and, to
a lesser degree, copper and its alloys. It can be,
but rarely is, used for welding aluminum.
In addition to joining metals, the SMAW

process is frequently used for the protective
surfacing of base metals. The surfacing deposit
can be applied for the purpose of corrosion con-
trol or wear resistance (hard surfacing).

Electrodes

The electrodes used in the SMAW process
have many different compositions of core wire
and a wide variety of flux-covering types and
weights. Standard electrode diameters of the
core wire range from 1.6 to 8 mm (1/16 to
5/16 in.). Electrode length usually ranges from
230 to 455 mm (9 to 18 in.); the shorter lengths
are associated with the smaller-diameter elec-
trodes. A bare, uncoated end of the electrode
(the grip end) is provided for making electrical
contact in the electrode holder.
The coating on the electrode has numerous

functions. It provides:

� Gas (normally, carbon dioxide), from the
decomposition of certain coating ingredients
to shield the arc and weld zone from the
atmosphere

� Deoxidizers, for scavenging and purifying
the deposited weld metal

� Slag formers, to protect the deposited weld
metal from atmospheric oxidation and to
help shape the weld bead

� Ionizing elements, to make the arc more sta-
ble and to operate with alternating current

� Alloying elements, to provide special char-
acteristics to the weld deposit

� Iron powder, in certain electrodes, to
increase productivity for welding ferrous
metals

The American Welding Society (AWS)
has established a system for identifying
and classifying the different types of welding
electrodes. All SMAW electrodes have the pre-
fix letter “E” to indicate welding electrode.
The symbols that follow the prefix are based
on criteria that best describe the welding cap-
abilities of the electrode metal. These criteria
include chemical composition of the deposited
weld metal, weld-metal mechanical properties,
certain process parameters, or combinations of
all factors.
The condition of the electrode coating is

important to the quality of shielded metal arc
welds. There are two general types of coatings:
one is a cellulose type, which breaks down in
the arc to produce hydrogen; the other is a cel-
lulose-free coating that produces very low
hydrogen levels. The first type of electrode
coating is used when hydrogen in moderate
amounts is acceptable for welds on noncritical
structures. Electrodes with cellulose-type coat-
ings have also been used when fast-freeze and
good penetration characteristics are desirable
and when hydrogen is controlled by preheat
requirements (see the section “Preheating” in
this article).
The second type of electrode coating is used

for welds on structures for which even small
amounts of hydrogen are not tolerable.
The low-hydrogen electrode coatings are
hygroscopic and pick up moisture from the
atmosphere, particularly if the relative humidity
is high. This occurs especially if the electrodes

Fig. 2 Shielded metal arc circuit diagram

Fig. 3 Shielded metal arc welding electrode holders

Table 1 Size and capacity of electrode holders

Electrode

holder

Rating Maximum electrode size

Maximum current, A Duty cycle, % mm in. Maximum cable size

Small 100 50 3.2 1/8 1
200 50 4.0 5/32 1/0

Medium 300 60 5.5 7/32 2/0
Large 400 60 6.4 1/4 3/0
Extra large 500 75 7.9 5/16 4/0

600 75 9.5 3/8 4/0
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are exposed to the air for more than 2 to 4 h.
Moisture or other hydrogen-containing com-
pounds in the coating are dissociated by the
arc temperature, and the resulting atomic
hydrogen is readily dissolved in the weld
puddle.
Mild and Low-Alloy Steel-Covered Elec-

trodes. The prefix used to identify these elec-
trodes is followed by a number series that
indicates minimum strength level, position
capability, and type of covering and welding
current. Table 2 explains how the number series
is used in AWS A5.1, the specification for car-
bon steel electrodes for SMAW, and AWS
A5.5, the specification for low-alloy steel elec-
trodes. The first two digits after the “E” in the
E6010 electrode designate a tensile strength of
at least 430 MPa (60 ksi) for the deposited
metal in the as-welded condition. The third
digit indicates the position in which satisfactory
welds can be made with the electrode. Thus, the
“1” in E6010, for example, means that the elec-
trode is satisfactory for use in all positions (flat,
vertical, horizontal, and overhead). The “2” in
E6020 indicates that the electrode is suitable
for the flat position and horizontal fillets. The
last digit or last two digits, taken together, indi-
cate the applicable current type to be used and
the type of covering on the electrode.
If electrodes have been exposed to moisture,

low-hydrogen-covered electrodes, such as
E7015, E7016, and E7018 for SMAW, must
be baked at 230 to 260 �C (450 to 500 �F) for
at least 2 h prior to welding. Higher-strength

electrodes (such as E8018, E9018, and
E10018) must be dried at 370 to 430 �C (700
to 800 �F).
Stainless Steel-Covered Electrodes. The

three-digit number that follows the prefix “E”
indicates the chemical composition. In addition,
letters or numbers can be used to indicate com-
position modifications or position usability. The
specification AWS A5.4 identifies and classifies
covered corrosion-resisting chromium and
chromium-nickel steel welding electrodes.
Nickel and Copper Alloys. The designa-

tions for nonferrous product classifications,
such as nickel and nickel alloys in AWS
A5.11 and copper and copper alloys in AWS
A5.6, follow the prefix with a list of chemical
element abbreviations that are significant in
identifying product composition, such as
ENiCu, ENiCrFe, ECuSi, and ECuNi.
Surfacing Welding Electrodes. The desig-

nations for these products are contained in spe-
cifications AWS A5.13 and A5.21. They are
very similar to the system used to identify non-
ferrous electrodes.
Aluminum and Aluminum Alloys. The

specification for aluminum and aluminum alloy
arc welding electrodes, AWS A5.3, uses the
“E” prefix to indicate a covered electrode, fol-
lowed by a series of numbers that identify the
chemical composition that is equivalent to Alu-
minum Association alloy designations (for
example, E1100, E3003, and E4043).
Suffix symbols are used in various classifica-

tions. The AWS A5.5 specification for low-

alloy filler metals uses suffixes such as -A1,
-B2, -B2L, and -C1 to indicate chemical com-
positions. Table 3 identifies the weld deposit
chemical composition associated with a number
of suffixes found on low-alloy electrodes. The
classifications for nonferrous products in the
AWS A5.6 specification for copper alloys and
in the AWS A5.11 specification for nickel
alloys list a letter or number suffix that indi-
cates position in a series of similar alloy group-
ings. A similar suffix pattern is also used in the
AWS A5.13 and AWS A5.21 specifications for
surfacing welding electrodes. Covered stainless
steel electrodes employ a number, -15, -16, -17,
or -26 as a suffix to identify usability. The -15
suffix indicates that the electrode is designed
for all-position operation using DCEP electrical
current. The -16 or -17 suffix indicates all-posi-
tion operation with either ac or DCEP. The -26
suffix is designed for flat and horizontal
fillet welding, and manufacturers should be
contacted for operating currents.
Deposition Rates. The melting rate of the

electrode is directly related to the welding cur-
rent. The current density in the electrode
increases with higher current, which increases
the melting rate, which, in turn, increases the
deposition rate.
The electrode coating also affects deposition

rate. The iron powder types are designed
to have higher deposition rates and therefore
greater productivity. Figure 4 shows the
expected deposition rate versus amperage for
various electrodes at a 100% duty cycle. (The
actual deposition rate will be considerably less.
Deposition rate is a function of the duty cycle,
which is affected by the time spent changing
the electrodes, cleaning slag off of the weld,
etc.) Electrode size and therefore usable current
range are determined by the base-metal thick-
ness, welding position, welder skill level, and
joint details.

Weld Schedules and Procedures

Welding schedules are tables of operating
parameters that will provide high-quality welds
under normal conditions. Strict welding sche-
dules are not as important for the manual
SMAW process as they are for semiautomatic
and automatic welding for several reasons.
First, in a manual welding process, the welder
controls conditions by arc manipulation, which
achieves better control than any of the other
arc welding processes. The welder also directly
controls the arc voltage and travel speed and,
indirectly, the welding current.
Second, meter readings are rarely used in the

SMAW process for the duplication of jobs. It is
generally considered that the recommended
welding current ranges given in Table 4 for
the different types of electrodes are sufficient
for most operations. The settings provide a
good starting point when first welding on a
new application, although they are not neces-
sarily the only welding settings that can be used

Table 2 Carbon and low-alloy steel-covered electrode identification system

AWS classification(a)

Minimum tensile strength Minimum yield strength

Minimum elongation, %MPa ksi MPa ksi

E60XX 414 60 331 48 17–22(b)
E70XX 482–517(b) 70–75(b) 393–414(b) 57–60(b) 17–22(b)
E80XX 550 80 460–550(b) 67–80(b) 16–24(b)
E90XX 620 90 530–620(b) 77–90(b) 14–24(b)
E100XX 690 100 600–689(b) 87–100(b) 13–20(b)
E110XX 760 110 670–760(b) 97–110(b) 15–20(b)
E120XX 830 120 740–830(b) 107–120(b) 14–18(b)

Classification(c) Flat position Horizontal position Vertical position Overhead position

EXXIX Yes Yes Yes Yes
EXX2X Yes Fillet No No
EXX4X Yes Yes Down Yes

Classification(d) Current(e) Arc Penetration Covering/slag Approximate iron powder(f), %

EXX10 DCEP Digging Deep Cellulose/sodium 0–10
EXXX1 ac and DCEP Digging Deep Cellulose/potassium 0
EXXX2 ac and DCEN Medium Medium Rutile/sodium 0–10
EXXX3 ac and dc Light Light Rutile/potassium 0–10
EXXX4 ac and dc Light Light Rutile/iron powder 25–40
EXXX5 DCEP Medium Medium Low hydrogen/sodium 0
EXXX6 ac or DCEP Medium Medium Low hydrogen/potassium 0
EXXX8 ac or DCEP Medium Medium Low hydrogen/iron powder 25–40
EXX20 ac or dc Medium Medium Iron oxide/sodium 0
EXX24 ac or dc Light Light Rutile/iron powder 50
EXX27 ac or dc Medium Medium Iron oxide/iron powder 50
EXX28 ac or DCEP Medium Medium Low hydrogen/iron powder 50

(a) First two or three digits indicate tensile strength in units of ksi and other mechanical properties (mechanical property requirements vary within
each classification). (b) Minimum depends on electrode classification. Check AWS A5.1 and A5.5 for the various electrode classes. (c) Third (or)
fourth (second-to-last) digit indicates the welding position that can be used. (d) Last digit indicates usability of the electrode. (e) DCEP, direct cur-
rent, electrode positive; ac, alternating current; DCEN, direct current, electrode negative; dc, direct current. (f) Iron powder percentage based on
weight of the covering
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under every condition. For example, for high-
production work, the current settings could be
increased considerably over those shown. Fac-
tors such as weld appearance, welding position,
and welder skill also allow variations from the
settings.
Welder Training. The SMAW process gen-

erally requires a high degree of welder skill to
consistently produce quality welds. As a result,
many training programs emphasize the SMAW
process because of the arc manipulation skills
developed by the welder. This acquired skill
level makes the training on other processes
much easier.
The exact content of a training program will

vary, depending on the specific application of

the process. The complexity of the parts to be
welded and the governing codes or specifica-
tions involved also dictate the length of the
training program. For example, because a pipe
welder would need more skill than a tack
welder, the length of his training program
would be greater.
The job title of arc welder (DOT 810.384-

014) describes a person whose responsibility is
to weld together many components. This job
includes setting up the machine and part to be
welded, striking the arc and guiding it along
the joint, and performing such duties as chip-
ping, grinding, and slag removal. The welder
should be able to:

� Weld in all positions
� Pass employer performance tests
� Meet certification standards of governmental

agencies or professional and technical
associations

A tack welder (DOT 810.684-010) makes
short beads at specific points to hold the parts
in place for final welding. The tack welder also
performs the duties of fitter helper.
A combination welder (DOT 819-384-010)

welds metal parts together to either fabricate
or repair assemblies. The combination welder
is able to produce gas welds and electric arc
welds and to perform flame-cutting operations.

Thewelder portion of the pipefitter description
(DOT 862.381-018) must weld the pipe joint
after it has been assembled and tacked in place.
Procedures. There is a definite relationship

between the welding current, the size of the
welding electrodes, and the welding position.
These parameters must be selected to ensure
that the welder has the molten weld-metal pool
under complete control at all times. If the pool
becomes too large, then it becomes unmanage-
able, perhaps allowing molten metal to run
out, particularly during out-of-position welding.
The welder should maintain the steady frying
and crackling sound that comes with the use
of correct procedures. Both the shape of the
molten pool and the movement of the metal at
the rear of the pool serve as guides in checking
weld quality. The ripples produced on the bead
should be uniform and have good side tie-in
with no undercut or excessive reinforcement.
The following factors are essential for main-
taining high-quality welding.
Correct Electrode Type. It is important to

select the proper electrode for each job. The
selection should be based on the type of base
metal, expected service, and mechanical prop-
erties required.
Correct Electrode Size. The choice of elec-

trode size should depend on the type of elec-
trode, welding position, joint preparation,
base-metal thickness, and welder skill.

Table 3 Suffix symbols and corresponding compositions for low-alloy steel-covered electrodes

Suffix(a)

Composition, %

C Mn Si P S Ni Cr Mo V Cu Al Nb (Cb) N

A1 0.12 0.6–1.0(b) 0.40–0.80(b) 0.03 0.03 . . . . . . 0.40–0.65 . . . . . . . . . . . . . . .
B1 0.05–0.12 0.90 0.60–0.80(b) 0.03 0.03 . . . 0.40–0.65 0.40–0.65 . . . . . . . . . . . . . . .
B2L 0.05 0.90 0.60–1.00(b) 0.03 0.03 . . . 1.00–1.50 0.40–0.65 . . . . . . . . . . . . . . .
B2 0.05–0.12 0.90 0.60–0.80(b) 0.03 0.03 . . . 1.00–1.50 0.40–0.65 . . . . . . . . . . . . . . .
B3L 0.05 0.90 0.80–1.00(b) 0.03 0.03 . . . 2.00–2.50 0.90–1.20 . . . . . . . . . . . . . . .
B3 0.05–0.12 0.90 0.60–1.00(b) 0.03 0.03 . . . 2.00–2.50 0.90–1.20 . . . . . . . . . . . . . . .
B4L 0.05 0.90 1.00 0.03 0.03 . . . 1.75–2.25 0.40–0.65 . . . . . . . . . . . . . . .
B5 0.07–0.15 0.40–0.70 0.30–0.60 0.03 0.03 . . . 0.40–0.60 1.00–1.25 0.05 . . . . . . . . . . . .
B6 0.05–0.10 1.0 0.90 0.03 0.03 0.40 4.0–6.0 0.45–0.65 . . . . . . . . . . . . . . .
B6L 0.05 1.0 0.90 0.03 0.03 0.40 4.0–6.0 0.45–0.65 . . . . . . . . . . . . . . .
B7 0.05–0.10 1.0 0.90 0.03 0.03 0.40 6.0–8.0 0.45–0.65 . . . . . . . . . . . . . . .
B7L 0.05 1.0 0.90 0.03 0.03 0.40 6.0–8.0 0.45–0.65 . . . . . . . . . . . . . . .
B8 0.05–0.10 1.0 0.90 0.03 0.03 0.40 8.0–10.5 0.85–1.20 . . . . . . . . . . . . . . .
B8L 0.05 1.0 0.90 0.03 0.03 0.40 8.0–10.5 0.85–1.20 . . . . . . . . . . . . . . .
B9 0.08–0.13 1.20 0.30 0.01 0.01 0.80 8.0–10.5 0.85–1.20 0.15–0.30 0.25 0.04 0.02–0.10 0.02–0.07
C1 0.12 1.25 0.60–0.80(b) 0.03 0.03 2.00–2.75 . . . . . . . . . . . . . . . . . . . . .
C1L 0.05 1.25 0.50 0.03 0.03 2.00–2.75 . . . . . . . . . . . . . . . . . . . . .
C2 0.12 1.25 0.60–0.80(b) 0.03 0.03 3.00–3.75 . . . . . . . . . . . . . . . . . . . . .
C2L 0.05 1.25 0.50 0.03 0.03 3.00–3.75 . . . . . . . . . . . . . . . . . . . . .
C3 0.12 0.40–1.25 0.80 0.03 0.03 0.80–1.10 0.15 0.35 0.05 . . . . . . . . . . . .
C3L 0.08 0.40–1.40 0.50 0.03 0.03 0.80–1.10 0.15 0.35 0.05 . . . . . . . . . . . .
C4 0.10 1.25 0.60–0.80(b) 0.03 0.03 1.10–2.00 . . . . . . . . . . . . . . . . . . . . .
C5L 0.05 0.40–1.00 0.50 0.03 0.03 6.00–7.25 . . . . . . . . . . . . . . . . . . . . .
NM1 0.10 0.80–1.25 0.60 0.02 0.02 0.80–1.10 0.10 0.40–0.65 0.02 0.10 0.05 . . . . . .
D1 0.12 1.00–1.75 0.60–0.80(b) 0.03 0.03 0.90 . . . 0.25–0.45 . . . . . . . . . . . . . . .
D2 0.15 1.65–2.00 0.60–0.80(b) 0.03 0.03 0.90 . . . 0.25–0.45 . . . . . . . . . . . . . . .
D3 0.12 1.00–1.80 0.60–0.80(b) 0.03 0.03 0.90 . . . 0.40–0.65 . . . . . . . . . . . . . . .
G . . . 1.0 min 0.80 min 0.03 0.03 0.50 min 0.30 min 0.20 min 0.10 min 0.20 min . . . . . . . . .
M(c) 0.10 0.60–2.25(b) 0.60–0.80(b) 0.015–0.030(b) 0.012–0.030(b) 1.25–3.80(b) 0.15–1.50(b) 0.20–0.55(b) 0.05 . . . . . . . . . . . .
P1 0.20 1.20 0.60 0.03 0.03 1.00 0.30 0.50 0.10 . . . . . . . . . . . .
P2 0.12 0.90–1.70 0.80 0.03 0.03 1.00 0.20 0.50 0.05 . . . . . . . . . . . .
W1 0.12 0.40–0.70 0.40–0.70 0.025 0.025 0.20–0.40 0.15–0.30 . . . 0.08 0.30–0.60 . . . . . . . . .
W2 0.12 0.50–1.30 0.35–0.80 0.03 0.03 0.40–0.80 0.45–0.70 . . . . . . 0.30–0.75 . . . . . . . . .

(a) The suffix indicates the chemical composition of the weld-metal deposit. (b) Amount depends on electrode classification. Single values indicate maximum; check AWS A5.5 for the various electrode classes. (c) There are
several different M classes; M classifications are intended to conform to military specifications.

Fig. 4 Deposition rate versus amperes for various
electrodes
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Correct Current. If the current is too high,
then the electrode melts too fast and the molten
pool becomes large, irregular, and difficult to
control. Current that is too low will not provide
enough heat to melt the base metal, causing the
molten pool to be sluggish, with a high, irregu-
lar, ropey weld bead. It should also be noted
that the electrode has inherent current limits.
If the current is too high, then the core wire
overheats and the coating cracks. If the current
is too low, then there is insufficient heat to
maintain the arc and form the protective gas
shield.
Correct Arc Length. If an arc is too long,

then the metal melts off the electrode in large
globules that wobble from side to side, resulting
in a wide and irregular weld bead with consid-
erable spatter and, possibly, porosity and
mechanical property degradation. If the arc is
too short, then it has insufficient heat to melt
the base metal and electrode, which often
results in the electrode sticking to the work.
Correct Travel Speed. A speed that is too fast

allows the weld pool to freeze before impurities
and gases can escape, and the bead will be nar-
row and inadequate in size. When the speed is
too slow, the metal piles up and the bead is
larger than required.
Correct Electrode Angle. In fillet welding

and deep-groove welding, the electrode angle
is particularly important. When making a fillet
weld, the electrode should be held so that it
bisects the angle between the plates and is per-
pendicular to the line of the weld. When under-
cut occurs in the vertical member, the angle
should be lowered and the arc directed toward
the vertical member.
Correct Arc Manipulation. When weaving is

used, the width of the weave and the pause at
the ends of the weave become important. The
welder must pause at each end of the weave
to allow adequate fill buildup and fusion to
occur. The welder should also quickly move
across the center of the weld, because heating
is more concentrated in the center than at the
edges.
Breaking the Arc. Before an arc is broken, it

is important to know whether it will be reestab-
lished with the next electrode and the weld
continued or whether it is the end of a weld

pass. If welding is to continue, then the crater
should remain and the arc quickly broken. If it
is the end of a weld pass, then the arc should
not be broken until the crater has filled.
Correct Interbead Cleaning. Proper inter-

bead cleaning to remove slag and any spatter
is essential to the production of high-quality
welds. Proper cleaning prevents slag inclusions,
lack-of-fusion defects, and porosity.
Preheating. Hydrogen levels in the weld can

be reduced by preheating, such that rapidly dif-
fusing hydrogen atoms escape from the weld
surface. At approximately 250 �C (480 �F), no
hydrogen-induced cracking of steels is possible,
because hydrogen diffuses so rapidly that it will
not segregate at the tips of the discontinuities or
stress concentrations. The level of preheat or
other precaution necessary to avoid cracking
will depend on which region (weld metal or
heat-affected zone) is more sensitive.

Variations of the SMAW Process

Gravity Welding. Gravity feed is considered
to be an automatic method of applying the
SMAW process. It uses a relatively low-cost
mechanism that includes an electrode holder
attached to a bracket, which slides down an
inclined bar arranged along the line of weld.
Special electrodes with a heavy coating are
maintained in contact with the workpiece by
the weight of the electrode holder and elec-
trode. Once the process is started, it continues
automatically until the electrode has burned to
a short stub, whereupon the bracket and elec-
trode holder are automatically kicked up to
break the arc. One welder can operate several
gravity feeders at the same time (Fig. 5). This
increases productivity, reduces welder fatigue,
and requires less-skilled welders, all of which
result in substantial savings in welder labor
costs. Table 5 compares the deposition rate,
based on pounds per hour, when using one elec-
trode manually versus two, three, four, or five
gravity feeders.
Although gravity-fed SMAW was investi-

gated in the United States, England, and the
Scandinavian countries in the late 1940s and
early 1950s, credit must be given to the

Japanese shipbuilders for perfecting and using
the process on a large scale in the early 1960s.
The gravity welding process is being used in
shipyards, railroad car shops, and barge yards
throughout the world. It has reasonable accep-
tance in applications where large amounts of
horizontal fillet welds must be made in a rela-
tively small area.
Firecracker welding is an automatic method

by which shielded metal arc welds are made
using a long electrode with an electrically non-
conductive coating. Human involvement is
not required after the arc is initiated. A fire-
cracker weld is generally positioned in the flat
position. The welding electrode is placed in
the joint, and a retaining bar is placed over it.
The arc is started by shorting the end of the
electrode to the workpiece. The arc length is
controlled by the coating thickness. As the arc

Table 4 Typical amperage ranges for selected shielded metal arc welding electrodes

Electrode

diameter

E6010 and E6011 E6012 E6013 E6020 E6022 E6027 and E7027 E7014 E7015, E7016, and E7016-1 E7018 and E7018-1 E7024-1, E7024, and E7028 E7048mm in.

1.6 1/16 . . . 20–40 20–40 . . . . . . . . . . . . . . . . . . . . . . . .
2.0 5/64 . . . 25–60 25–60 . . . . . . . . . . . . . . . . . . . . . . . .
2.4(a) 3/32 40–80 35–85 45–90 . . . . . . . . . 80–125 65–110 70–100 100–145 . . .
3.2 1/8 75–125 80–140 80–130 100–150 110–160 125–185 110–160 100–150 115–165 140–190 80–140
4.0 5/32 110–170 110–190 105–180 130–190 140–190 160–240 150–210 140–200 150–220 180–250 150–220
4.8 3/16 140–215 140–240 150–230 175–250 170–400 210–300 200–275 180–255 200–275 230–305 210–270
5.6 7/32 170–250 200–320 210–300 225–310 370–520 250–350 260–340 240–320 260–340 275–365 . . .
6.4 1/4 210–320 250–400 250–350 275–375 . . . 300–420 330–415 300–390 315–400 335–430 . . .
8.0(a) 5/16(a) 275–425 300–500 320–430 340–450 . . . 375–475 390–500 375–475 375–470 400–525 . . .

(a) These diameters are not manufactured in the E7028 classification.

Fig. 5 Gravity feeders being used on ship
subassemblies

Table 5 Comparison of deposition rates for
conventional shielded metal arc welding
and multi-arc gravity-fed welding
Data are for making 7.9 mm (5/16 in.) fillet welds using

E6027 electrodes.

Method Deposition rate, lb/h

Manual, one arc 9
Gravity, two arcs 17
Gravity, three arcs 26
Gravity, four arcs 34
Gravity, five arcs 43
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travels along the stationary electrode, the elec-
trode melts and makes a deposit on the metal
immediately underneath. Once the arc is
started, the process proceeds to completion
automatically. Electrodes that are up to 1 m
(39 in.) long and have a core diameter of 5, 6,
or 8 mm (0.20, 0.24, or 0.32 in.) have been
used. Both alternating and direct current have
been applied, and the former may be preferred,
because of arc blow problems associated with
direct current.

Underwater Welding

Underwater welding began during World
War I when the British naval force used it to
make temporary repairs to leaking rivets on
ship hulls. The introduction of covered electro-
des enabled successful underwater welding and
the production of welds having approximately
80% of the strength and 40% of the ductility
of similar welds made in air.
Underwater welding can be subdivided into

two major categories: welding in a wet environ-
ment and welding in a dry protective environ-
ment (Ref 1). When underwater arc welding is
conducted directly in the water, the SMAW
process is usually used, although more recently
flux cored arc welding has been used as well.
Wet underwater welding has been demonstrated
to be an acceptable repair technique at depths
of 100 m (330 ft). However, wet welds have
been made on carbon steel structures at depths
as low as 200 m (660 ft).
Welding that is performed in a dry but high-

pressure (hyperbaric) environment requires the
construction of a chamber around the weld zone
to create the dry habitat. The cost of hyperbaric
welding is therefore much higher than that of
wet welding. The setting up and tearing down of
equipment can be very expensive in a deep-sea
environment. Additionally, hyperbaric welding
exhibits low mobility. Each fabrication situation
often requires a customized setup. Both the gas
metal arc welding (GMAW) and gas tungsten
arc welding (GTAW) processes can be used in
hyperbaric welding, unlike wet welding.
For both wet and dry underwater arc welding,

the process is done with increased pressure of
0.1 MPa (1 bar) for each 10 m (33 ft) increase in
depth. The influences of water depth (pressure)
on arc behavior are similar for both wet welding
and hyperbaric welding (Ref 2–4). Themajor dif-
ference is the cooling rate during wet welding,
which affects the nature of the weld-metal phase
transformation. The cooling time (Dt8/5) is in the
range of 8 to 16 s for cooling from 800 to 500 �C
(1470 to 930 �F) during surface welding by
SMAW. In contrast, a typical wet-welding proce-
dure by SMAW has cooling-time (Dt8/5) values
between 1 and 6 s, depending on heat input (0.8
to 3.6 kJ/mm) and plate thickness (Ref 5–7).
The greater cooling rate produces significant
amounts of heat-affected zone (HAZ) martensite
in nearly all low-carbon steels. As the carbon

equivalent (CE) of these steels approaches a
value of 0.40 wt%, the fusion-line hardness usu-
ally exceeds 400 on the Vickers scale (98 N, or
10 kgf), where:

CE ¼ %Cþ%Mn

6
þ%ðCrþMoþ VÞ

5

þ%ðNiþ CuÞ
15 (Eq 1)

As the martensite content increases in the
coarse-grained HAZ, the susceptibility to
hydrogen cracking becomes a measurable con-
cern. Because of the somewhat diminished
weld properties, this SMAW application is gen-
erally restricted to salvage operations or under-
water repair work.
Wet Welding. The relatively poor quality of

weldsmade in awet environment is due primarily
to the problem of heat transfer, welder visibility,
and the presence of hydrogen in the arc atmo-
sphere during the welding operation. When the
base metal and the arc area are surrounded
entirely by water, there is little temperature or
heat buildup of the base metal at the weld, nor is
preheating possible. This creates a weld-metal
quench effect, which traps higher amounts of
hydrogen and also produces a weld solidification
structure with reduced toughness and ductility.
Both conditions contribute to the weld-metal
cracking tendency experienced when welding
steels underwater. Another disadvantage is the
restricted visibility, which is due to the equip-
ment and the existing local contaminants in
the water, as well as those generated by the weld-
ing arc. Under the most ideal conditions, welds
produced in wet environments using covered
electrodes have rougher beads and poorer
mechanical properties than those produced in
air. They are used when no other option exists.
The covered electrodes used for wet welding

must be waterproofed prior to underwater use.
This can be done by wrapping them with water-
proof tape or by dipping them in special sodium
silicate mixes and allowing them to dry.
Dry Welding. The dry environment enables

the production of high-quality welds that meet all
code quality requirements. The SMAW process
is not very popular for welding in the dry environ-
ment, because large amounts of smoke and fumes
are produced. An extensive air-moving, filtering,
and refrigeration system must be employed when
the SMAW process is used, because a dry-envi-
ronment area will quickly fill with the welding
fumes, making it impossible for the welder to see
that weld area and to function. For this reason,
the GTAW and GMAW processes have broader
use in dry welding applications.

Repair Welding

Depending on the specific application, all of
the common welding processes can be used
for repair welding:

� Shielded metal arc welding (SMAW)
� Gas metal arc welding (GMAW)
� Gas tungsten arc welding (GTAW)
� Submerged arc welding (SAW)
� Plasma arc welding (PAW)

For general repairs, the SMAW process still
enjoys the widest range of applications for
out-of-position welding and for short runs,
especially when time is critical and when read-
ily portable equipment is used. For the highest-
quality welds, the GTAW and PAW processes
find the widest application. For long runs or
when a large amount of weld metal must be
deposited and mechanization is feasible, the
SAW process or, to a lesser extent, the GMAW
process, is used.
When selecting a welding process, a number

of factors must be considered in balancing pro-
ductivity and weld quality. Productivity of each
process can be ranked in terms of its deposition
rate, but productivity is usually not an impor-
tant consideration on most repair jobs. Some
general comparisons are given in Table 6, but
sometimes selection can be difficult because
each process has a number of conflicting advan-
tages and limitations in specific situations in
terms of:

� Base-metal type
� Joint design and thickness
� Welding position
� Environmental conditions
� Equipment availability

Safety Considerations

The SMAW process, like all open arc welding
processes, has a number of potential hazards. To
alert welders about these safety concerns, all
SMAW electrode containers carry a warning
label that identifies the threemost common safety
hazards in these terms:

� Electric shock can kill.
� Do not permit electrically live parts or

electrodes to contact skin. . .or your cloth-
ing or gloves if they are wet.

� Insulate yourself from work and ground.
� Fumes and gases can be dangerous to your

health.
� Keep fumes and gases from your breath-

ing zone and general area.
� Keep your head out of fumes.
� Use enough ventilation or exhaust, or

both, at the arc.
� Arc rays can injure eyes and burn skin.

� Wear correct eye, ear, and body
protection.

In addition to the general warnings on the
container, further detailed information relating
to safety is contained in ANSI/AWS Z49.1,
“Safety in Welding and Cutting.” The informa-
tion described as follows is intended to expand
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on the general warnings and should be particu-
larly useful for SMAW welders.
First, the filter plates installed within welding

shields must be capable of stopping the harmful
levels of infrared, ultraviolet, and visible light
rays originating in the arc. Filter plates are
now able to absorb 99% or more of the infrared
and ultraviolet rays from the arc. The shade of
the filter plate suggested for use with SMAW
electrodes is given in Table 7.
Second, in addition to protecting himself, the

welder must also be aware of others in the area
who need protection, which can usually be
provided by portable screens. The failure of
those working around the arc to use adequate
protection can result in eye burn, which is sim-
ilar to sunburn and is extremely painful for a
period of up to 48 h. Usually, eye burn does
not permanently injure the eyes, but it can
cause intense pain. A physician should be

consulted in the case of severe arc burn, regard-
less of whether it involves the skin or the eyes.
Third, the welding area must be adequately

ventilated because of the heavy concentrations
of smoke and fumes generated in the SMAWpro-
cess. If welding is being performed in confined
spaces with poor ventilation, such as in a tank,
an external air supply in the form of a mask or
special helmet may be required. In addition, a
second person should be stationed at the tank
manhole to provide any necessary assistance.
Special ventilation is required when welding
stainless steels or metals coated with copper,
zinc, lead, or cadmium, because of the toxic
nature of these fumes.
Fourth, cables with frayed or cracked insula-

tion and faulty or badly worn connections can
cause electrical short circuits and electrical
shocks to personnel. When it is necessary to
weld in a damp or wet area, the welder should
wear rubber boots and stand on a dry, insulated
platform.
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Table 6 Rating of selected welding processes as a function of weld parameters and characteristics

Parameter or characteristic

Process

SMAW GTAW GMAW FCAW SAW

Weld quality Good Excellent Excellent Good Excellent
Weld deposition rate Fair Poor Good Good Excellent
Field work Excellent Poor Fair Excellent Poor
Equipment maintenance Low Low Medium Medium Medium
Smoke/fume emission High Low Medium High Very low
Heat input control Excellent Poor Good Good Satisfactory
Arc visibility and filler-metal placement Good Excellent Satisfactory Satisfactory Poor
Variety of metals weldable Excellent Excellent Good Good Fair

SMAW, shielded metal arc welding; GTAW, gas tungsten arc welding; GMAW, gas metal arc welding; FCAW, flux cored arc welding; SAW, submerged arc welding

Table 7 Recommended filter lens shades
used in shielded metal arc welding

Electrode diameter

Lens shade No.mm in.

1.6 1/16 10
2.4 3/32
3.2 1/8
4.0 5/32
4.8 3/16 12
5.6 7/32
6.4 1/4
7.9 5/16 14
9.5 3/8

Source: Ref 8
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Gas Metal Arc Welding
Chris Conrardy, Edison Welding Institute

GAS METAL ARC WELDING (GMAW)
employs an electric arc established between a
consumable wire electrode and the workpiece
to be joined. Heat from the electric arc melts
the continuously fed metal wire and the metal
workpiece surface to deposit a weld bead. An
externally supplied gas or gas mixture acts to
shield the arc and molten weld pool from the
atmosphere.
While gas metal arc welding is the standard

terminology recognized by the American Weld-
ing Society (in accordance with ANSI/AWS
A3.0-2010), the process is also commonly
referred to as metal inert gas welding, because
early applications employed a chemically inert
shielding gas. Flux cored arc welding (FCAW)
is a similar process but is differentiated from
GMAW by the use of a tubular wire containing
flux and may or may not require an externally
supplied shielding gas.
Since its commercial introduction in 1948,

GMAW consumables and equipment have
continued to evolve and expand the range of
applications. Today (2011), there are many
equipment and consumable options suitable
for a broad range of materials and applications.
Materials include a variety of steel, stainless
steel, aluminum, nickel, copper, magnesium,
and titanium alloys. Applications range from
welding of thin sheet to thick-section plate,
pipe, forgings, and castings as well as cladding,
hardfacing, and additive manufacturing. To
achieve the desired results for a particular
application, it is important to employ a suitable
welding procedure, including wire and gas con-
sumable types, equipment type, weld joint prep-
aration, and welding process parameters.
Advantages. The flexibility and productivity

of GMAW make the process a popular choice
for many applications, and it is particularly well
suited to high-production welding applications.
Other advantages include:

� Continuous wire feeding allows long weld
beads to be deposited without stopping.
Welding speed and deposition rates are typi-
cally several times higher than gas tungsten
arc welding (GTAW) or shielded metal arc
welding (SMAW).

� GMAW can be implemented as a semiauto-
matic (i.e., handheld), mechanized, or

automatic operation and is the most widely
used robotic arc welding process. When
used as a semiautomatic process, less skill
is typically required as compared with man-
ual GTAW or SMAW.

� Unlike submerged arc welding (SAW),
GMAW can be used in all positions with
proper welding procedures.

� Unlike SAW and FCAW, GMAW does not
produce a heavy slag or require postweld
slag-removal operations.

� GMAW generally produces less smoke and
fumes than SMAW or FCAW processes.

� There are many GMAW process variations
that provide additional advantages for spe-
cific applications.

Limitations. As with any welding process,
GMAW has limitations that restrict its use:

� Continuous wire feeding and externally sup-
plied shielding gas makes the process equip-
ment more complex, less portable, and
requires more routine maintenance as com-
pared with SMAW.

� Disruption of the shielding gas coverage,
wire feeding problems, or improper gun
maintenance can affect weld quality. Out-
door usage may require protection from air
drafts that can disrupt proper shielding gas
coverage.

� Accessibility is limited by the close proxim-
ity of the gun nozzle to the workpiece (gen-
erally less than 20 mm, or 0.8 in.) in order to
maintain proper shielding gas coverage and
wire stickout.

� Depending on the welding procedure and
consumables used, GMAW can produce
spatter that may adhere to the workpiece,
welding gun, or part tooling.

� GMAW is generally less precise than
GTAW and generally has lower deposition
rates than SAW, although recent GMAW
equipment advancements are reducing these
limitations.

� Operator acceptance can be reduced by the
higher GMAW gun weight relative to
SMAW and greater radiated arc light inten-
sity compared with SMAW, FCAW, or
SAW.

Principles of Operation

A common GMAW process configuration is
shown in Fig. 1. A basic GMAW system
includes a welding power source, wire spool,
wire feed unit, gas supply and delivery equip-
ment, welding gun, workpiece, and electrical
leads to connect the power source to the work-
piece and gun. A wire electrode is continuously
fed from a wire spool through a contact tube in
the welding gun. Conventional GMAW
employs direct current electrode positive
(DCEP) polarity. The contact tip (also called a
contact tube) creates an electrical contact to
apply a voltage to the wire from the welding
power source. The welding power source is also
connected to the workpiece such that an electri-
cal circuit is completed and current flows when
the wire contacts the workpiece. Current flow
causes a high-temperature electric arc to be
established between the wire and the workpiece
which melts the wire as it is continuously fed
into the arc. The arc also melts the workpiece
surface, forming a weld pool comprised of mol-
ten material from both the wire and the work-
piece. An externally supplied shielding gas is
directed through the gas nozzle to protect the
molten weld pool and arc from atmospheric
contamination and to influence the arc and weld
pool characteristics.
Arc Length Regulation. Arc length has

important effects on the process stability, weld
shape, and weld integrity. An advantage of
GMAW is self-regulation of the arc length in
response to reasonable variations in the distance
between the gas nozzle and the workpiece
(called the standoff distance). In its most com-
mon configuration, the GMAW power source
is designed to maintain a balance between wire
feed and wire melting, such that a constant arc
length is automatically maintained as the stand-
off distance is varied. This automatic arc length
regulation is one reason semiautomatic GMAW
generally requires lower skill as compared with
SMAW or GTAW. Automatic arc length regu-
lation is most commonly achieved through con-
trol of the welding current (amperage) to
maintain a constant voltage. Arc voltage is
directly related to arc length, so maintaining con-
stant voltage results in a consistent arc length.



The welding current determines the rate at which
the wire melts and thereby affects the arc length.
When the standoff distance is increased and the
arc voltage begins to rise, the power source low-
ers the averagewelding current to reduce thewire
melting rate and thereby return the voltage and
arc length to the desired level. Conversely, reduc-
ing the standoff distance increases the current and
wire melting rate to keep voltage and arc length
constant.
Modes of Metal Transfer. The GMAW

electrode continuously melts off at the same
rate at which it is fed into the arc to maintain
a consistent arc length. The mechanism by
which the molten metal is transferred from the
end of the electrode to the workpiece (called
the mode of metal transfer) has significant
effects on the weld characteristics. The three
most commonly used modes of metal transfer
are short-circuiting transfer, globular transfer,

and spray transfer. The mode that is obtained
depends on a number of factors, including:

� Electrode and shielding gas compositions
� Electrode diameter
� Welding current and voltage levels
� Electrical polarity
� Power source output waveform and control

methods
� Electrical extension of the wire beyond the

contact tip

Short-circuiting transfer occurs at the lowest
range of GMAW current and voltage levels and
is typically employed with the smallest range of
wire diameters. The low heat input produces a
small, fast-freezing weld pool that is generally
suited for joining thin sections, for out-of-posi-
tion welding, and for bridging large root open-
ings. The low heat input also results in

relatively little base-metal melting, which can
contribute to incomplete fusion defects when
welding thick sections. For this reason, short-
circuit gas metal arc welding is restricted for
some applications.
Figure 2 illustrates conventional short-circui-

ting transfer. When the arc initiates, the tip of
the wire melts. As the wire advances, the mol-
ten tip contacts the weld pool, and the metal
is transferred from the electrode to the work-
piece. Metal transfer occurs only during the
period when the electrode is in contact with
the weld pool and not across the arc gap. When
short circuiting begins, the welding current
rises rapidly, which acts to pinch off the molten
metal from the wire, thereby reestablishing the
arc. The stability of the metal transfer depends
on the rate and level of current rise. The current
increase must be high enough to promote metal
transfer yet not so high that violent separation
and excessive spattering occurs.
The welding power source design and set-

tings largely determine the current output
and the stability of the transfer. In conventional
constant voltage power sources, the open-
circuit voltage and inductance of the power
source affect the current level and rate of cur-
rent rise. The optimum inductance setting
depends on the electrical impedance of the weld-
ing circuit and the wire melting characteristics.
More recent power source innovations employ
sophisticated control methods to optimize the
current output, metal-transfer stability, and
fusion characteristics. Rather than rely on the nat-
ural electrical response of the power source trans-
former, these systems sense the arc and short-
circuiting characteristics and actively control
the current and voltage waveform output. In
some cases, welding current and voltage control
is synchronized with wire feed pulsation. The
result is improved process stability and an expan-
sion of the process capabilities beyond what is
achievable with conventional short-circuiting
transfer, as is discussed in the section “Process
Variations” later in this article.
The choice of shielding gas influences the

operating characteristics of the arc, weld metal
wetting, and weld penetration. For example,
when welding steels with conventional power
sources, carbon dioxide shielding gas allows
for deeper penetration and improved fusion
characteristics but generally produces more
spatter than inert shielding gases such as argon.
Mixtures of carbon dioxide and argon can be
used to achieve a compromise between weld
penetration and spatter generation. Advanced
controls employed by some modern power
sources minimize spatter even when using car-
bon dioxide shielding gases.
Globular transfer occurs at current and volt-

age levels that are higher than used for short-
circuiting transfer. This mode is characterized
by large, irregular drops of molten metal that
form on the end of the wire before transferring
across the arc. Figure 3 illustrates globular
transfer. The cycle starts with a drop forming
on the end of the wire. As the wire continues
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Fig. 1 Typical gas metal arc welding equipment configuration
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to melt, the drop grows until it is large enough
to detach. If the arc length is too short, the drop
may occasionally bridge the gap between the
wire and pool, creating a short-circuit condi-
tion. The short circuit superheats the drop,
causing it to explode and produce spatter.
Because gravity is a significant contributor to
the drop detachment and transfer, use of the
globular mode of metal transfer is generally
limited to the flat position.
The welding current and voltage ranges that

produce globular transfer depend on the con-
sumables used. For steel electrodes and sub-
stantially inert shielding gases, axial globular
transfer occurs at current and voltage levels that
are slightly higher than that used for short-cir-
cuiting transfer. With carbon dioxide shielding,
however, this mode occurs up to very high cur-
rent levels. Carbon dioxide shielding produces
a randomly directed globular transfer when the
welding current and voltage values are signifi-
cantly higher than that used for short-circuiting
transfer. Although severe spatter conditions
may result with conventional arc lengths, car-
bon dioxide is still the most widely used

shielding gas for welding steel with the globu-
lar transfer mode. The spatter can be controlled
to some extent by “burying” the arc below the
base-metal surface, using high currents and rel-
atively low voltages, as illustrated in Fig. 4. In
this case, the high arc force depresses the weld
pool surface to create a cavity that contains the
spatter. This condition results in deep weld pen-
etration but can produce poor weld metal wet-
ting and excessive weld reinforcement. Recent
advances in welding power source control tech-
nology have improved the arc stability and
expanded the usable range with carbon dioxide
shielding gas.
Spray transfer occurs at the highest

current and voltage levels of the three modes.
In spray transfer, small drops of metal stream
from the end of the electrode and are axially
accelerated across the arc gap with little or no
spatter. The drops are typically smaller than
the wire diameter and form at frequencies of
over 100 times per second. Spray transfer is
most easily recognized by the pointed appear-
ance of the end of the wire electrode and the
bright metal vapor arc core, as illustrated in

Fig. 5. If the arc length is sufficiently long,
short circuits are avoided, resulting in very little
spatter.
Spray transfer requires use of DCEP polarity

and a welding current level that is above a crit-
ical value called the transition current. At cur-
rent levels below the transition current,
transfer occurs in globular mode. The transition
current level depends on the wire chemistry,
wire diameter, shielding gas composition, and,
to a lesser extent, the electrode stickout beyond
the contact tip. Transition currents for various
diameters and shielding gas compositions are
provided in Table 1. The table shows that tran-
sition current increases with wire diameter and
with shielding gas CO2 content for mild steels.
For high CO2 concentrations, a stable spray
transfer cannot be achieved under normal usage
conditions.
The spray transfer mode results in a highly

directed stream of discrete drops that are domi-
nated by arc forces that overcome the effects of
gravity. This allows spray transfer to be used in
any position with proper procedures. Another
characteristic of spray transfer is the “finger”
weld penetration produced directly under the
electrode tip. The depth of this penetration is
related to the current density and travel angle,
with higher current levels and drag angles pro-
ducing the greatest penetration. While
increased penetration is often desirable, exces-
sively deep and narrow finger penetration may
be difficult to align with the weld joint and
can lead to root defects such as cracking or
porosity in some materials.
Spray transfer is often preferred for welding

thick sections in the flat position due to the
low spatter, high productivity, and good fusion
characteristics. However, the high current
levels can be problematic for welding thin
materials or for welding out of position. For
thin materials, the deep penetration can result
in excessive root reinforcement or burn-though.
Also, the large, fluid weld pool produced with
high wire feed speeds and high average power
levels can be difficult or impossible to control
when welding in the vertical or overhead
positions.

Fig. 2 Short-circuiting transfer

Fig. 3 Globular transfer Fig. 4 Buried-arc technique
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Pulsed spray is a variation of spray transfer
in which the welding power is cycled from
a low level to a high level, at which point
spray transfer is attained. The lower average
power allows pulsed gas metal arc welding to
be used on thinner materials and provides
better out-of-position operability than conven-
tional spray transfer. A specially designed
power source is employed to produce the
pulsed output power. Figure 6 is a simple
example of a pulse waveform. In this example,
the current is raised to a high peak level
exceeding the spray transition current for a
short period of time (typically a few

milliseconds), then dropped to a low back-
ground level for the rest of the cycle. The peak
pulse causes a drop of metal to be detached and
propelled across the arc. The background
period maintains the arc and melts the end
of the wire. The cycle repeats up to several
hundred times per second. The result is a
stable, low-spatter spray transfer at average
welding power levels significantly below that
which is required for conventional spray trans-
fer. Pulse spray waveforms may be designed
to produce one drop per pulse, with the drop
size similar to the wire diameter, as shown
in Fig. 7.

Power source manufacturers tailor their pulse
waveforms to provide preferred operation char-
acteristics for given electrode material, diame-
ter, and shielding gas combinations. In some
cases, complex multilevel waveforms are
developed for specific applications. The power
source output waveforms also adapt for changes
in wire feed speed setting, voltage trim setting,
or stickout distance. This synergic adaptation
may involve changing pulse frequency or levels
to maintain the proper arc length and stable
spray transfer over a wide range of operating
conditions.

Process Parameters

The important variables of the GMAW pro-
cess that affect weld penetration, bead shape,
arc stability, productivity, and overall weld
quality are:

� Welding consumables: Shielding gas compo-
sition, wire electrode type, diameter, and
other physical attributes

� Equipment settings: Shielding gas flow rate,
wire feed speed, polarity, voltage, pulsing
conditions

� Gun manipulation: Standoff distance, travel
speed, travel angle, work angle, weave,
welding position and progression

� Dependent variables: Welding current,
mode of metal transfer

Knowledge and control of these variables are
essential to consistently produce welds of satis-
factory quality. Because they are not
completely independent of each other, changing
one variable generally requires changing one or
more of the others to produce the desired
results. The selection is further complicated by
the fact that the optimal settings are specific to
the application, including the type and thick-
ness of base metal, joint geometry, weld perfor-
mance requirements, and so on. Thus, no single
set of parameters provides optimum results in
every case. Furthermore, there are additional
parameters related to specific GMAW process
variations. The following describes the effects
of some of the more important parameters of
conventional GMAW.
Welding current is considered a dependent

variable because it is not directly set when a
constant voltage power source is used but
rather is a function of other process variables,
such as wire feed speed, wire diameter, and
standoff distance. Current varies in a direct
relationship to wire feed speed and diameter
and in an inverse relationship to standoff dis-
tance. For example, Fig. 8 illustrates the nonlin-
ear relationship between wire feed speed and
current for selected steel electrode diameters.
These relationships exist because the power
source welding current output varies dramati-
cally with slight changes in arc voltage (arc
length). Welding current level has important
impacts on the process. Welding current can

Fig. 5 Spray transfer

Table 1 Globular-to-spray transition currents

Electrode diameter

Shielding gas Transition current, Amm in.

0.89 0.035 98% Ar + 2% O2 165
1.14 0.045 98% Ar + 2% O2 220
1.57 0.062 98% Ar + 2% O2 275
0.89 0.035 92% Ar + 8% CO2 175
1.14 0.045 92% Ar + 8% CO2 225
1.57 0.062 92% Ar + 8% CO2 290
0.89 0.035 85% Ar + 15% CO2 180
1.14 0.045 85% Ar + 15% CO2 240
1.57 0.062 85% Ar + 15% CO2 295
0.89 0.035 80% Ar + 20% CO2 195
1.14 0.045 80% Ar + 20% CO2 255
1.57 0.062 80% Ar + 20% CO2 345

Fig. 6 Example of welding current waveform for pulsed gas metal arc welding
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affect weld penetration, fusion characteristics,
weld shape, and metal-transfer mode.
Polarity describes the electrical connection

of the welding gun in relation to the terminals
of the direct current welding power source.
When the gun lead is connected to the positive
terminal, the polarity is designated direct
current electrode positive (DCEP). The vast
majority of GMAW applications employ
DCEP polarity, because it provides for a more
stable arc, improved metal transfer, lower
spatter, improved bead profile, and better
penetration than direct current electrode nega-
tive (DCEN) polarity. Although relatively
uncommon, a recent process variation
employs variable polarity, switching rapidly
between DCEP and DCEN, to tailor weld pene-
tration and deposition rate for particular
applications.

Arc voltage directly affects arc length.
When all other variables are held constant, an
increase in arc voltage setting will result in a
longer arc. The specific power source voltage
value to produce a given arc length depends
on a number of factors, such as the shielding
gas composition, wire feed speed, and standoff
distance. Although control of arc length is more
important, voltage is more easily monitored and
is typically specified in welding procedures. An
increase in arc length (increased voltage) tends
to flatten the weld bead and increase the width
of the fusion zone. Excessively long arc length
can cause porosity, spatter, undercut, and poor
weld shape when welding out of position.
Reduced arc length tends to produce a narrower
bead with a higher crown. Insufficient voltage
can result in excessive short circuiting, arc
instabilities, and spatter.

Travel speed is the rate at which the arc
is moved along the weld joint. When all
other conditions are constant, penetration is
maximized at an intermediate travel speed
that allows the arc energy to be directed
onto the weld joint at the leading edge of the
weld pool. At very slow speeds, the weld
pool flows ahead of the arc, which reduces
base-metal heating and hence penetration.
As the travel speed is increased, the arc
acts more directly on the base metal. However,
further increases in travel speed impart less
thermal energy to the base metal, and penetra-
tion is reduced. As travel speed is increased
further, there is a tendency toward undercutting
and weld bead humping. To some extent, the
onset of these problems can be delayed by
using a push angle along with an optimized
arc length.
Travel angle is the orientation of the elec-

trode with respect to the direction of
travel. A push angle is the angle when the elec-
trode is pointing toward the direction of
travel, and a drag angle is the angle when
the electrode is pointing away from the direc-
tion of travel. A drag travel angle that
ranges from 5 to 15� (from perpendicular)
provides maximum penetration and a narrow,
convex surface. More common practice is
to use a push travel angle, which provides bet-
ter visibility for the operator and a weld with
a flatter surface profile. For some materials,
such as aluminum, a leading angle is preferred
because it provides arc cleaning of base-
metal oxides ahead of the molten pool, which
promotes wetting and reduces base-metal
oxidation.
Electrode extension is the distance between

the last point of electrical contact with the con-
tact tip and the end of the electrode. An
increase in electrical extension increases elec-
trical resistive heating of the electrode, which
contributes to a greater electrode melting rate.
Excessive electrode extension can reduce pene-
tration and produce a narrow, crowned weld
bead. The optimum electrode extension is gen-
erally in the range of 6 to 13 mm (0.25 to
0.5 in.) for short-circuiting transfer and 13 to
25 mm (0.5 to 1.0 in.) for globular or spray
transfer.

Consumables

Proper electrode and shielding gas selection
is essential to the success of any welding proce-
dure. The electrode chemical composition is
selected to achieve the desired weld-metal
properties. For example, electrodes are typi-
cally specified to produce a minimum tensile
strength. Other characteristics of interest may
include toughness, corrosion resistance, color
match, or compatibility with the base material.
The composition may include deoxidizers and
other agents to compensate for reactions in the

Fig. 8 Typical relationship between wire feed speed and welding current for several steel electrode diameters. DCEP,
direct current electrode positive

Fig. 7 Typical pulsed spray transfer
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welding arc and to influence arc stability, weld-
metal fluidity, and wetting.
For steel electrodes, higher levels of silicon

and manganese tend to produce a more fluid
weld pool with better wetting and a flatter weld
bead. Excessive fluidity, however, makes out-
of-position welding difficult. Most applications
employ filler metals of similar composition to
that of the base metal. Gas metal arc braze
welding, however, involves use of an electrode
composition that has a significantly lower melt-
ing point than that of the base material, such as
a copper alloy electrode used with a steel base
material. Braze welding may be employed in
situations where it is desirable to minimize
base-metal melting, such as the sheet metal
example in Fig. 9.
The electrode diameter is selected depending

on the current range to be used for a given
application. Table 2 illustrates typical current
ranges for different steel wire diameters. The
larger electrodes use higher current levels; how-
ever, the usable current ranges overlap to some
degree. A larger electrode requires higher min-
imum current than a smaller electrode for the
same metal-transfer characteristics. Higher cur-
rents produce greater electrode melting and
larger, more fluid weld deposits. In general,
smaller wire diameters are best for welding thin
materials and for out-of-position welding,
where lower current levels are preferred. Larger
electrodes are generally preferred for applica-
tions requiring high deposition rates and deep
penetration.
The electrode physical characteristics,

including surface finish and straightness, are
also important considerations. Electrode speci-
fications establish requirements to ensure that
users receive a uniform product that feeds
smoothly. This includes having uniform wind-
ing on the spool or coil; smooth, clean surface
finish; uniform diameter; and prescribed cast

and helix. Cast and helix refer to the straight-
ness, determined by laying a single coil of wire
on a flat surface. A coil diameter that is too
small (cast) or shows an excessive lift from
the flat surface (helix) may cause wire feeding
problems or excessive contact tip wear.
The shielding gas composition is selected to

protect the molten metal and to affect the arc
characteristics, mode of metal transfer, depth
of fusion, weld bead profile, welding speed,
and cleaning action. Figure 10 illustrates typical
bead shape effects with various shielding gas
compositions. Inert gases, such as argon and
helium, are commonly used, as is the active
gas carbon dioxide. It is also common to use
mixtures of these gases and to employ small
additions of oxygen.

Equipment

The major components of a GMAW installa-
tion include a welding gun, shielding gas sup-
ply, electrode feed unit, power source, and
associated controls.
The welding gun provides electrical current

to the electrode, directs the electrode to the
workpiece, and directs the shielding gas to the
weld area. A power cable electrically connects
the gun to the power source. Different types
of guns have been designed for many varied
applications, ranging from light-duty guns for
semiautomatic (handheld) applications to

heavy-duty guns for high-current automated
applications. Light-duty guns are designed to
be cooled by the surrounding air; however, as
current requirements increase, a water-cooled
gun may be needed. Figure 11 illustrates a typ-
ical air-cooled semiautomatic gun configura-
tion. Guns are rated based on current-carrying
capacity to operate continuously for a set period
of time. Current ratings are often specified
using CO2 shielding gas and must be reduced
if inert shielding is used.
The contact tip, which is usually made of

copper or a copper alloy, both directs the elec-
trode toward the work and transfers power to
the electrode. Proper functioning of the contact
tip is critical to the GMAW process operation.
The electrode must feed easily through the con-
tact tip while maintaining a consistent electrical
contact point. Hesitation in wire feeding or var-
iation in the contact point can create arc varia-
tions and instabilities. To achieve consistent
operation, the contact tip hole is slightly larger
than the wire diameter being used. The wire
sliding through the tip causes wear, which can
enlarge and elongate the hole. Spatter can also
adhere to the tip and affect the proper opera-
tion. Routine maintenance should be performed
to check and replace worn or damaged tips.
Contact tip life can be affected by many factors,
including the welding conditions, electrode sur-
face condition, electrode straightness, tip
design, and gun design.
The gas nozzle directs an even-flowing col-

umn of shielding gas into the weld zone to pro-
tect the molten weld metal from atmospheric
contamination. Nozzle size is selected accord-
ing to the application, with larger nozzles used
when high-current welding produces a large
weld puddle, and small nozzles used for low-
current and short-circuit welding. Depending
on the welding conditions, spatter can accumu-
late on the nozzle and disrupt the flow of
shielding gas, necessitating periodic nozzle
cleaning. When welding reactive materials,
such as titanium, a trailing shield may also be
used to protect the solidified weld bead during
cooling.
The shielding gas supply system provides a

constant pressure and flow rate of shielding

Fig. 9 Cross section of a gas metal arc braze weld on
sheet metal. Courtesy of Edison Welding

Institute

Table 2 Typical current ranges for
different wire diameters

Electrode diameter

Useable current range, Amm in.

0.9 0.035 60–280
1.2 0.045 125–380
1.6 0.062 275–475

Fig. 10 Effect of shielding gas type on weld
penetration and shape for steel

Fig. 11 Typical air-cooled semiautomatic gun configuration
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gas during welding. The shielding gas source
can be a high-pressure cylinder, a liquid-filled
cylinder, or a bulk-liquid tank. The type and
size of the gas storage source depend on eco-
nomic considerations that are based on shield-
ing gas consumption rates. Gas mixtures are
available in cylinders, or mixing devices can
be used to produce the desired mixtures on site.
The regulator reduces the source gas pressure to
constant working pressure, regardless of varia-
tions at the source. A gas flow meter, which is
calibrated for the specific gas mixture, is often
used to ensure a consistent gas flow rate. Hoses
are used to transmit the gas from the source to
the gun. Gas supply system connections should
be periodically checked to ensure that they are
leak-free to prevent intrusion of air into the
shielding gas.
The electrode source must provide a large

volume of electrode material that can be readily
fed to the gun to ensure maximum process effi-
ciency and stable operation. The source is usu-
ally in the form of a spool or coil that can
hold from 7 to 27 kg (15 to 60 lb) of wire that
has been wound to allow free feeding without
kinks or tangles. Small spools of 0.45 to 0.9
kg (1 to 2 lb) are used for spool-type guns
(Fig. 12). Large spools of up to 115 kg (250
lb) are also available, and material can be
provided in drums of 340 to 455 kg (750 to
1000 lb). These large sources are often used
with high-volume automated applications to
allow long periods of continuous operation
without stopping. For automated applications
requiring precise weld wire positioning, a wire
straightener may be placed between the elec-
trode source and electrode feed unit to reduce
the electrode cast.
The electrode feed unit, or wire feeder, con-

sists of an electric motor, drive rolls, and acces-
sories for maintaining electrode alignment and
drive roll pressure (Fig. 13). The motor pro-
vides the mechanical energy to pull the elec-
trode from the source and push it through the
gun and to the work. The feed unit can be an
integral part of the gun, as is the case with
spool-type guns. Dual-feed (push-pull) units
include a pull feeder in the gun and a separate
push feeder near the electrode supply. Spool
guns and dual-feed units are useful for feeding
soft electrodes, such as aluminum, which are
difficult to push through a conduit to the gun.
The feed motor is connected through a gear

reducer to a set of wire feed rolls that transfer

mechanical energy to the electrode. Various
types of drive rolls are available, including
knurled, U-groove, V-groove, and flat. Selec-
tion of the proper roll type and pressure is
important to ensure proper feeding of the elec-
trode without damaging the electrode surface
and creating debris that can clog the gun or
liner. Knurled rolls are often used with harder
materials, such as steel, to avoid slippage of
the wire with minimal roll pressure. The U- or
V-groove rolls are often used with softer elec-
trode materials, to allow the electrode to be
gripped without deformation. Flat rolls can be
used in combination with U- or V-grooves for
smaller-diameter electrodes.
The electrode conduit and liner direct the

electrode from the feed rolls to the gun and
contact tip. The conduit/liner diameter and
materials are selected to provide support to the
electrode while allowing it to slide freely with-
out hesitation, which is important to maintain-
ing arc instability and contact tip life. A steel
liner is often recommended when using hard
electrode materials such as steel. Other materi-
als, such as nylon or other synthetic polymers,
are often recommended for softer electrode
materials, such as aluminum. Wire liners can
wear or collect debris from the wire surface,
resulting in increased sliding friction. A preven-
tative maintenance program should include
periodic inspection and replacement of wire
liners when necessary.
The welding power source provides the elec-

trical power that is delivered to the electrode
and workpiece to produce the arc. Output volt-
age levels typically range from 15 to 80 V.
Depending on the application, output current

levels can range from under 100 A to well
over 500 A. Because the vast majority of
GMAW applications use DCEP polarity,
the positive welding lead is usually connected
to the gun and the negative lead to the work-
piece. The input power can be either a
utility line (single or three phase, 120 to 480
V) for fixed installations, or an internal com-
bustion engine with a generator for field appli-
cations. Power conversion technology has
evolved from transformer-rectifier designs to
inverter designs, which allow smaller and ligh-
ter power sources for equivalent output ratings.
These newer designs also allow sophisticated
control of the output waveforms for particular
applications.
Output characteristics can be either constant

current or, more commonly, constant voltage,
also known as constant potential. A conven-
tional constant voltage power source compen-
sates/maintains a constant arc length when the
contact-tip-to-workpiece distance varies by
changing the output current and hence the elec-
trode burn-off rate. Power source manufacturers
have also developed many types of power
source output waveforms and control strategies.
Pulse-spray power source waveforms are tai-
lored to specific electrode type, diameter, feed
speed, and gas composition. The pulse wave-
form is automatically adjusted in response to
changes in electrode feed speed or contact-tip-
to-workpiece distance. This may involve chang-
ing pulse frequency, background current, or
other waveform characteristics. Power sources
have also been developed for short-circuiting
transfer, again tailoring the output waveform
to achieve desired arc characteristics.

Fig. 12 Semiautomatic spool gun Fig. 13 Typical wire feeder and drive roll configuration
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Welding controls are used to set the wire
feed speed, voltage, and other process para-
meters. Power source settings and controls are
a function of the power source type. Conven-
tional constant voltage power sources have an
electrode feed speed setting (which also deter-
mines the current) and a voltage setting (which
affects the arc length). Power sources intended
for short-circuiting transfer may have induc-
tance and slope settings. Pulse synergic power
sources often have electrode/gas selections to
choose from and provide arc voltage trim
adjustments. The location of the controls varies
by power source type and application. Control
settings can be found on wire feeders, power
sources, or located remotely for ease of adjust-
ment. Automated GMAW applications often
involve a separate welding controller that coor-
dinates power source parameters with motion
control.

Process Variations

The advent of computer-based controls in
combination with improved power conversion
technologies has contributed to significant
GMAW innovations with particular benefits
for specific applications. The following briefly
describes some of these variations.
Tandem GMAW makes use of two electro-

des and two welding arcs in close proximity,
which together produce a single weld pool
(Fig. 14). This process variation makes use of
two coordinated welding power sources and
electrode feed units connected to a gun having
two contact tips. Each arc may be separately
adjusted to achieve the desired arc stability,
penetration, and fill characteristics. This config-
uration allows significantly increased welding
deposition rates and travel speeds as compared
with conventional single-electrode GMAW.
Tandem GMAW is generally limited to
mechanized or automated implementations and
is most commonly applied in the flat position,
although it can be used for out-of-position
welding with the proper welding procedures.
Reciprocating wire feed short-circuit GMAW

involves varying the electrode feed speed and
direction in coordination with control of weld-
ing current and voltage levels. Similar to con-
ventional short-circuiting transfer, this process
variation has an arcing phase where the end of

the electrode melts and a shorting phase where
the metal is transferred. Unlike conventional
short-circuit welding, this process variation
does not rely on a sudden rise in welding cur-
rent to pinch off the molten metal. Rather, the
electrode is advanced and retracted many times
each second, allowing a single drop of material
to be precisely deposited during each cycle.
Because the welding current can be lowered
during the shorting phase, spatter can be virtu-
ally eliminated. The net result is a low-spatter
means to produce precise deposits, such as in
Fig. 15.

Variable polarity GMAW makes use of a
specially designed welding power source that
rapidly switches polarity to control drop trans-
fer, deposition rate, and base-metal penetration.
Figure 16 illustrates a variable polarity wave-
form with a portion of the cycle spent on elec-
trode negative (DCEN) polarity and a portion
of the cycle spent on electrode positive (DCEP)
polarity. Arc stability is maintained by the rapid
switching between electrode positive and elec-
trode negative polarities, such that the arc does
not extinguish during the instantaneous zero-
current condition. As Fig. 17 shows, polarity
has a dramatic effect on weld penetration. Dur-
ing the DCEN polarity portion, most of the arc
energy is directed toward electrode melting,
allowing higher deposition rates and reduced
penetration. During the DCEP polarity portion,
the majority of arc energy goes to base-metal
melting and penetration. Thus, increasing the
proportion of the time spent on DCEN reduces
base-metal penetration and increases deposition
rate. Drop transfer also occurs during the DCEP
portion, so the output waveform determines the
drop size and transfer frequency.
Hybrid laser GMAW is a process variation in

which laser beam delivery optics are integrated
with a GMAW gun. Higher productivities are
possible than conventional GMAW, as the laser
beam provides added penetration and stabilizes
the GMAW process at higher travel speeds.
Figure 18 illustrates the greater penetration pos-
sible with hybrid laser GMAW. Better toler-
ance to joint fit-up variations are possible than
with conventional laser welding, because
GMAW provides added fill and alloying.
The arc and laser are in close proximity, such
that the laser keyhole and GMAW weld pool
interact. This process variation may be operated
either with the laser beam leading or the
GMAW torch leading.
Hybrid plasma GMAW involves combining a

plasma arc welding torch with GMAW. The
plasma arc welding torch provides additional
base-metal heat input to improve wetting or
penetration. This technique has been applied
to improve weld profile and speed for braze
welding applications.

Fig. 14 Tandem gas metal arc welding uses two
electrodes in close proximity.

Fig. 15 Reciprocating wire feeding gas metal arc
welding can produce precise deposits, such

as this edge buildup on stainless steel. Courtesy of
Edison Welding Institute

Fig. 16 Example of variable polarity gas metal arc welding output waveform. Courtesy of Edison Welding Institute
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Narrow-groove GMAW makes use of
specialized joint configurations to efficiently
weld heavy sections with minimal distortion.
Figure 19 illustrates a typical narrow-groove
joint configuration. Narrow-groove GMAW
requires the contact tip to reach down into the
bottom of the joint to deposit each successive
weld pass. To provide access, shielding gas is
delivered with ancillary devices rather than a
conventional gas nozzle. Special precautions
are necessary to ensure the electrode is posi-
tioned to achieve proper side wall fusion. Sev-
eral approaches have been developed to
achieve side wall fusion, including tandem
GMAW with each arc directed to one sidewall,
and rotating contact tip, which directs the elec-
trode to the sidewall. Figure 19 is an example
of a narrow-groove weld in 125 mm (5 in.)
thick plate produced at over 9 kg/hr (20 lb/hr)
using a combination of tandem and electrode
rotation.

Safety Considerations

The major hazards of concern during
GMAW are inhalation of fumes and gases,
electrical shock, and eye or skin injury from
arc light radiation and hot spatter.
The type and amount of fumes and gases

present during welding depend on the shielding
gas type, electrode being used, the alloy being
welded, and the presence of any coatings on

the base material. To guard against potential
hazards, a welder should keep his head out of
the fume plume. Ventilation is always required,
and special precautions should be followed
when welding in confined spaces where gases
or fumes can collect. Fume sampling can be
used to assess potential hazards. In some cases,
respirators may be warranted to protect welders
from hazardous fumes and gases.
Electric shock can result from exposure

to high open-circuit voltages of GMAW
power sources. All electrical equipment and
the workpiece must be connected to an
approved electrical ground. Cables should be
of sufficient size to carry the maximum current
required. Insulation should be protected from
cuts and abrasion, and the cable should not
come into contact with lubricants or other fluids
that may cause deterioration. Work areas,
equipment, and clothing must be kept dry at
all times. The welder should be well insulated,
wearing dry gloves, rubber-soled shoes, and
standing on a dry board or platform while
welding.
Radiant arc light, especially in the ultraviolet

wavelength, is intense during GMAW. GMAW
can also produce significant amounts of hot
metal spatter. To protect eyes from injury, the
proper filter shade should be used for the weld-
ing current level. Approved safety glasses
should always be worn with GMAW to protect
against hot spatter. Skin should also be pro-
tected from continuous exposure to the arc light

and hot spatter. The high-intensity ultraviolet
radiation can cause rapid deterioration of
cotton clothing. Leather, wool, and metal-
coated cloth will better withstand exposure to
arc radiation and protect skin. Ear protection
both prevents exposure to excessive noise in
the work area and can prevent spatter from
entering the ear.
Conventional fire prevention requirements

should be followed, such as removal of com-
bustibles from the work area. Sparks and spatter
can travel long distances, so care must be taken
to minimize the start of a fire at locations
removed from the welding operation. For fur-
ther information, see the guidelines set forth
in the National Fire Protection Association
Standard NFPA No. 51B, “Fire Prevention dur-
ing Welding, Cutting, and Other Hot Work.”
Care should be exercised in the handling,

storage, and use of cylinders containing high-
pressure and liquefied gases. Cylinders should
be secured with chains or straps during
handling and use. Approved pressure-reducing
regulators should be used to provide constant,
controllable working pressure for the equip-
ment in use. Lubricants or pipe fitting com-
pounds should not be used for making
connections, because they can interfere with
the regulating equipment, and, in the case of
oxygen service, they can contribute to a cata-
strophic fire. For further safety information,
see ANSI/AWS Z49.1, “Safety in Welding
and Cutting and Allied Processes.”

Fig. 17 Electrode positive polarity produces greater
penetration than electrode negative polarity.

DCEP, direct current electrode positive; DCEN, direct
current electrode negative. Courtesy of Edison Welding
Institute

Fig. 18 Hybrid laser gas metal arc welding cross
section. Courtesy of Edison Welding Institute

Fig. 19 Narrow-groove gas metal arc welding deposit.
Courtesy of Edison Welding Institute
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Plasma Gas Metal Arc Welding*
Revised by Ian D. Harris, Edison Welding Institute

PLASMA GAS METAL ARC WELDING
(GMAW), also known as plasma metal inert
gas (MIG) welding, was invented at the Philips
Research Laboratories in Eindhoven, Nether-
lands, in approximately 1969 (Ref 1). The pro-
cess can be defined as a combination of plasma
arc welding (PAW) and GMAW within a single
torch, where a filler wire is fed through the
plasma nozzle orifice. Although originally
referred to as plasma-MIG welding, the pre-
ferred term is plasma-GMAW. The process
can be used for both welding and surfacing.
The plasma-GMAW process is illustrated in

Fig. 1. Separate power supplies are used for
the PAW and the GMAW elements of the
equipment (for descriptions of PAW and
GMAW, see the articles “Plasma Arc Welding”
and “Gas Metal Arc Welding” in this Volume).
An arc is struck between the tungsten electrode
and the workpiece in a similar fashion to that of
a PAW system. The filler wire can be fed to the
plasma arc, either with or without the GMAW
arc established. Without power supplied to the
filler wire, the system can be operated as a
PAW system with concentric feed of filler wire.
Later versions of the system incorporated an

annular electrode to replace the offset tungsten
electrode in the welding torch. A new configu-
ration of hybrid plasma-GMAW is available,
with in-line rather than concentric configuration
of the two heat sources, and is also described
briefly in the “Gas Metal Arc Welding” article.
The equipment can be operated either with a

single power source, effectively as a PAW sys-
tem with concentric filler wire feed, or with two
power sources, for the plasma-GMAW opera-
tion. The polarity of the tungsten electrode is
direct current electrode negative, as is that of
the GMAW part of the system. The heat of
the plasma arc is sufficient to achieve good
metal-transfer stability for the GMAW element,
despite the fact that when this process is used
separately, it is almost always used in a direct
current electrode positive mode. The filler wire
is heated by the constricted plasma arc, as well
as by the cathode heating of its own arc, and by
resistance heating along the wire extension.
Therefore, the melting and deposition rates of
the wire are higher than the rates achieved by
heating with either arc alone.
Metal transfer is governed not only by plasma

streaming but also by arc forces between the wire
tip and theworkpiece. Because themetal droplets
are totally enclosed by the plasma stream, spray
transfer takes place even though the GMAW ele-
ment operates on negative polarity.
Advantages and Disadvantages. The

advantages of the plasma-GMAW process
include deposition rates and joint completion
rates that are higher than those of the conven-
tional GMAW process. The independent con-
trol of the plasma arc and current to the filler
wire leads to more control of metal deposition.
This capability can yield improved productivity
and good flexibility for controlling heat input
and arc characteristics in both welding and
surfacing operations. Good control of dilution
is achieved by running the system without any
power applied to the filler wire. Metal-transfer
stability is increased, compared to that of the
conventional GMAW process, and results in
lower spatter levels. The cleaning action of
the plasma arc results in lower porosity in

aluminum alloys, compared to that of the con-
ventional GMAW process.
Disadvantages include the capital cost of two

power sources (although there are systems that
are designed to operate with one), the greater
complexity of the torch, and the increased
maintenance time and cost associated with this
complexity. With two power sources, more
welding parameters must be set up, compared
to the conventional GMAW process.

Equipment

As noted earlier, the basic equipment
includes a power source for the plasma arc
and a power source for the GMAW part of the
system. A special torch incorporating both a
contact tip for the GMAW element and a cath-
ode for the PAW element is required. The ini-
tial design incorporated an offset tungsten
electrode, as well as a concentric conduit and
contact tip for the delivery of the consumable
wire (Fig. 1). A later design incorporated a con-
centric cathode for the plasma arc (Fig. 2).
The plasma-GMAW torch can be readily

fitted to existing welding equipment, such as
side beams and welding carriages, to replace
the GMAW process in mechanized welding
operations.
Power Sources. A constant-current power

source with a high-frequency circuit to
initiate the pilot arc is used for the plasma arc
component of the system. The power source
for the GMAW component can be used as a
constant-voltage or a constant-current rectifier.
Power sources have welding currents that typi-
cally range from 40 to 200 A for the plasma
arc and from 60 to 300 A for the GMAW ele-
ment at 100% duty cycle. However, equipment
with welding currents up to 800 A is available
and can be used for surfacing applications.
Welding Torches. A special torch with a

concentric cathode for the plasma arc and
a concentric conduit and contact tip for the
delivery of the consumable wire is required
(Fig. 2). A water-cooled copper alloy nozzle is

* Revised from I.D. Harris, Plasma-MIG Welding, Welding, Brazing and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 223–225

Fig. 1 Schematic of plasma gas metal arc welding
equipment. Source: Ref 1



used to constrict the arc and to form a colli-
mated plasma jet that exits the nozzle orifice.
A plasma orifice gas and a focusing gas from
the same supply are used; the latter is delivered
via channels between the plasma welding elec-
trode and the constricting nozzle. The focusing
gas results in greater arc constriction and
arc stability and prolongs the life of the con-
stricting nozzle by creating a boundary gas
layer between the nozzle orifice and the plasma
arc. The contact tip, plasma cathode, and the
constricting nozzle are all directly water cooled
to provide 100% duty cycle at the typical weld-
ing currents identified in the preceding section,
“Power Sources.”
Shielding Gases. Three shielding gases

are used: one for the plasma (orifice) gas,
one to provide additional arc constriction
and arc stability, and one for supplementary
shielding. The plasma gas and the focusing
gas are usually argon, because an inert gas is
required to prevent oxidation of the PAW elec-
trode. The supplementary shielding gas can be
argon, argon-oxygen, argon-carbon dioxide,
or argon-hydrogen, depending on the nature of
the workpiece being welded or, in the case of
a surfacing operation, on the material being
deposited. Argon is used when welding alumi-
num alloys, whereas argon-oxygen and argon-
carbon dioxide are used when welding steels.
Argon-hydrogen is used when welding stainless
steels or when surfacing with them.

Procedure

Process Operating Procedure. The plasma
arc is ignited using a pilot arc in a fashion similar
to that of a PAW system. The main arc is trans-
ferred from the electrode to the workpiece, and
the plasma jet passes through the nozzle orifice.
The system can be operated in this way, with the

concentric cold wire being fed through the axis
of the torch. A higher melting rate is achieved
when power is applied to thewire through the con-
tact tip andwhen both arcs are run simultaneously.
The higher energy imparted to the wire by the
plasma arc results in an increased wire deposition
rate (Table 1). In this operating mode, deposition
rates higher than those typical of the GMAWpro-
cess can be achieved.
Inspection and Weld Quality Control.

Inspection requirements are similar to those of
other arc welding or surfacing operations.
Visual, ultrasonic, and radiographic inspection
techniques are most appropriate. The dual
action of the GMAW and plasma arcs results
in weld quality that is sometimes higher than
that achieved by the GMAW process alone.
This is particularly true for aluminum alloys,
because the cleaning action of the plasma arc
often results in reduced porosity.
Quality control requires monitoring the

welding parameters for both power sources, as
well as monitoring the wire feed. In addition,
the condition of the nozzle orifice (that is, the
wear and concentricity of the orifice) should
be monitored.
Troubleshooting. The relatively complex

nature of the welding torch involves increased
maintenance time. Erosion of the copper alloy
nozzle orifice will cause a change in the arc
shape and will affect the weld profile. There-
fore, the nozzle should be checked periodically.

Applications

Material Types. The plasma-GMAW pro-
cess is suitable for welding a wide variety
of materials. The high heat energy supplied
by the plasma and gas metal arcs makes
the process suitable for high-melting-point
materials, such as tungsten and molybdenum.
The most common application is welding
aluminum sheet and plate. Wear-resistant
steels are used with the process in hardfacing
applications. Austenitic stainless steels, such
as types 308, 309, and 347, as well as nickel
alloys, such as alloy 625, are used in cladding
applications. Both solid and flux cored wires

(Ref 3) can be employed for welding and
surfacing, although most applications involve
solid wires.
Industries. The plasma-GMAW welding

process has been used for the deposition of cor-
rosion-resisting stainless steel and nickel-base
alloys in the offshore industry, for the general
fabrication of silos and tank trailers made
from aluminum alloys (Ref 2), and for hardfa-
cing applications in the excavation equipment
industry as well as the dredging and offshore
industries.
Typical Components and Joints. The

plasma-GMAW process is suitable for welding
of joints and for surfacing operations. The wide
range of heat inputs available by choosing how
to apply current to the consumable electrode
provides additional flexibility for surfacing
operations, compared to the range of heat inputs
available with an external wire feed using the
GTAW/PAW or the conventional GMAW
process.
Single-V butt joints are commonly used

for the plasma-GMAW welding of plate. A
full-penetration weld can be made in a single
pass on a 9.5 mm (0.375 in.) thick mild steel
plate when operating the plasma and gas metal
arcs simultaneously. This compares to three
passes when just the PAW process is used.
One would expect the same joint to require
two or three passes for the conventional
GMAW process.
When butt welding aluminum alloy sheet and

plate in thicknesses ranging from 4.6 to 6.1 mm
(0.18 to 0.24 in.), single-pass welds can be
made at travel speeds that are more than twice
as fast as when the GMAW process is used
alone (Table 2). Welding of aluminum plate
10 mm (0.39 in.) thick in a single pass without
edge preparation has been reported (Ref 4). The
wire feed rate and melting rate were 14.5 m/
min (571 in./min) and 80 g/min (2.82 oz/min),
respectively, for the 1.6 mm (0.06 in.) diameter
welding wire using the plasma-GMAW pro-
cess. Lower porosity levels are achieved with
the plasma-GMAW process because of the
cleaning action of the plasma arc. When using
mild steel and stainless steel, the plasma-
GMAW process can make butt welds

Fig. 2 Schematic of modern plasma gas metal arc
welding torch with annular plasma arc

welding electrode and additional (focusing) gas stream.
Source: Ref 2

Table 1 Comparison of filler wire melting rates for plasma gas metal arc welding
(GMAW) with and without the GMAW arc
Mild steel filler wire; plasma gas, argon; shielding gas, 89% Ar + 6% CO2 + 5% O2

Plasma arc

current, A

Plasma arc

voltage, V

Filler wire

current, A

GMAW arc

voltage, V

Diameter of filler wire Melting rate of filler wire

mm in. g/min oz/min

110 29 . . . . . . 0.9 0.04 22 0.78
135 30 . . . . . . 0.9 0.04 28 0.99
160 32 . . . . . . 0.9 0.04 33 1.16
190 34 . . . . . . 0.9 0.04 40 1.41
190 37 100 31 1.2 0.05 85 3.0
190 38 150 32 1.2 0.05 130 4.6

Source: Ref 1
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comparable to those made with the GMAW
process alone at almost twice the travel speed
(Table 2).
The hardfacing of dredging equipment

with martensitic steel was made more pro-
ductive by using the plasma-GMAW process,
rather than the conventional GMAW

process. Higher deposition rates were
achieved, resulting in reduced labor costs for
the semiautomatic welding operation. Deposi-
tion rates of up to 20 kg/h (44 lb/h) can be
achieved by plasma-GMAW surfacing of
mild steel with stainless steel flux cored wires
(Table 3).

Personnel

Skill Level and Training. The plasma-
GMAW process can be used for semiautomatic,
mechanized, or automated operation. It requires
a skill level comparable to that of the conven-
tional GMAW process, although additional
parameters must be set for the plasma arc. Most
welding and surfacing activities are carried out
with mechanized equipment. When welding
parameters are set, operation is similar to that
of the GMAW process.
Health and safety issues are similar to those

of other arc welding processes. Electric shock,
eye protection, burns, ultraviolet radiation, and
fume exposure are typical concerns. The
plasma-GMAW process generates more radiant
heat than the conventional GMAW process.
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Table 3 Weld surfacing parameters for stainless steel deposits on mild steel using
plasma gas metal arc welding (GMAW) with flux cored wires

GMAW

welding

current, A

GMAW

welding

voltage, V

Plasma

welding

current, A

Plasma

welding

voltage, V

Welding

speed

Deposition

rate

Inner

wire

stickout

Dilution,

%

Ferrite

No.

mm/

min

in./

min kg/h lb/h mm in.

Undiluted
weld
metal

300 39 150 44 110 4.4 10 22 35 1.4 . . . 15, 12,
13

PZ 6400
(347)
surfacing

200 31 150 40 80 3.2 6.6 14.6 55 2.2 8.6 12

PZ 6410
(308)
surfacing

300 44 150 46 140 5.6 13 28.7 55 2.2 13.8 5.5

PZ 6415
(309)
surfacing

400 50 150 51 190 7.6 20 44 55 2.2 9.7 6.5

Source: Ref 3

Table 2 Comparison of welding speeds for gas metal arc welding (GMAW) and
plasma-GMAW welding of aluminum and steel

Parameter

Material

AlMg4.5Mn Steel

GMAW Plasma-GMAW Plasma-GMAW GMAW Plasma-GMAW

Sheet thickness, mm (in.) 4.6 (0.18) 4.6 (0.18) 5.1 (0.20) 4.1 (0.16) 4.1 (0.16)
Wire diameter, mm (in.) 1.6 (0.063) 1.6 (0.063) 1.6 (0.063) 1.2 (0.047) 1.2 (0.047)
GMAW current, A 280–300 200 280 250 280
Plasma current, A . . . 200 200 . . . 200
Wire feed speed, m/min (in./min) 8.1 (320) 10.9 (430) 10.9 (430) 5.1 (200) 11.4 (450)
Welding speed, m/min (in./min) 0.4 (16) 1.1 (43) 0.97 (38) 0.51 (20) 0.97(38)

Source: Ref 2
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Hybrid Laser Arc Welding
Brian M. Victor, Edison Welding Institute

HYBRIDLASERARCWELDING (HLAW),
also known as laser hybrid welding or simply
hybrid welding, is a metal joining process that
combines laser beam welding (LBW) and arc
welding in the same weld pool. The concept
of HLAW was first introduced in the 1970s as
“arc-augmented laser welding” that combined
LBW with gas tungsten arc welding (GTAW)
(Ref 1). Since then, arc processes including
GTAW, gas metal arc welding (GMAW), and
plasma arc welding have been used; however,
GMAWhas become themost popular arc process
for HLAW. Historically, high-power continu-
ous-wave lasers such as carbon dioxide (CO2)
gas lasers and solid-state neodymium-doped
yttrium-aluminum-garnet (Nd:YAG) lasers have
been used for HLAW.With advancements in the
performance of other solid-state technologies,
fiber lasers, thin-disk lasers, and semiconductor
diode lasers are increasingly used for HLAW.

Advantages and Limitations

Advantages. Hybrid laser arcwelding is a high-
productivity welding process that typically com-
bines GMAW with LBW in the same weld
pool. This process is usedwithmechanized or auto-
mated welding applications. These process combi-
nations result in a synergy that incorporates the
benefits of each individual process. Hybrid laser
arc welding can offer the following advantages:

� The high energy density from the laser pro-
cess can provide deep weld penetration and
high processing speeds.

� With appropriate parameters, HLAW can be
performed in all welding positions.

� Hybrid laser arc welding can provide lower
heat input and less distortion than conven-
tional arc welding.

� Hybrid laser arc welding can produce nar-
row welds with small heat-affected zones.

� Because of the deep-penetration capability,
HLAW can enable less filler-metal usage for
a given material thickness or reduce the num-
ber of passes required for a multipass joint.

� Filler material from the GMAW process can
provide alloying additions and joint filling
that is not possible with autogenous laser
welding.

� Hybrid laser arcwelding has a greater tolerance
to joint gaps than autogenous laser welding.

� The laser component of the HLAW process
can maintain a consistent weld pool at high
processing speeds and reduce weld humping.

� Hybrid laser arc welding is applicable to a
wide range of metal alloy systems.

� For reactive metals such as titanium and zir-
conium, the laser can provide stabilization of
the arc welding process.

� Full-penetrationHLAWcanbeperformedwith-
out a backing material or consumable insert. In
some cases, full-penetration HLAW of steel
can be performed without root shielding gas.

� Because HLAW is an automated process,
precise welds (relative to alignment, width,
and penetration) can be obtained.

Limitations. Although HLAW is a produc-
tive and advantageous welding process, there
are certain limitations that restrict its use:

� Precise alignment and strict part fit-up are
required to maintain weld consistency and
quality with HLAW.

� Hybrid laser arc welding is only used in
mechanized or automated applications.

� Because of the small focal spot diameter of
the laser beam, thick-section butt joints with
a gap exceeding 1 mm (0.039 in.) are diffi-
cult to weld with the HLAW process.

� Due to the low heat input and fast cooling rates
produced by HLAW, mechanical properties of
the as-welded conditionmay, in some cases, be
poorer than mechanical properties from arc
welding processes with higher heat inputs.

� Although combined laser arc processing has
been studied for decades, the HLAW pro-
cess has had limited implementation in pro-
duction manufacturing until recently. This
short history may be an obstacle for imple-
menting HLAW in applications already
using established welding processes.

� Due to the expensive laser equipment, capi-
tal cost for HLAW systems can be 10 to 50
times higher than conventional automated
GMAW systems.

� Compared to conventional arc welding pro-
cesses, additional safety measures are neces-
sary with HLAW to protect personnel from
laser hazards.

Applications and Operating Modes

Hybrid laser arc welding can be used to weld a
wide range of metals, including steel, stainless
steel, nickel, titanium, aluminum, copper, and
other alloy systems. With the high-productivity
advantages of HLAW and the broad range of
alloys that can be welded, many industries cur-
rently using GMAW or submerged arc welding
(SAW) could benefit from hybrid welding. The
HLAWprocess is suitable for applications where
a productivity increase can justify the high capi-
tal cost of an automated hybrid welding system.
These can be high-volume production applica-
tions or low-volume applications that require
an extensive amount of welding. The HLAW
process can increase productivity by providing
faster processing speeds or deeper penetration.
Thin-section applications, such as automo-

tive components, can benefit from HLAW
by an increase in welding speed and a reduction
in filler-metal usage (Ref 2). Lap and fillet
joints of steel or aluminum sheet metal can
be welded at speeds on the order of 4 to
14 m/min (160 to 550 in./min) without humping
or lack-of-fusion defects (Ref 2, 3).
Hybrid laser arc welding can also provide an

increase in productivity for thick-section weld-
ing. In thick-section applications, HLAW can
produce deep-penetration welds at travel speeds
on the order of 1 to 3 m/min (40 to 120 in./min).
In this case, the increase in productivity is gener-
ated by deeper weld penetration rather than a
drastic increase in travel speed. Using a 30 kW
ytterbium-fiber laser, full-penetration HLAW of
a 28mm (1.10 in.) square butt joint has been com-
pleted in a single pass (Ref 4). Applications such
as oil and gas transmission pipelines, wind tur-
bine towers, prefabricated steel beams, nuclear
components, ship structures, heavy vehicles,
construction and mining equipment, and rail cars
are some example applications that can benefit
from the deep penetration of the HLAW process
(Ref 5–7). By generating deep weld penetration
at productive travel speeds, HLAW can reduce
the number of weld passes or decrease weld dis-
tortion, compared to GMAW and SAW (Ref 8).
To date, the most widely known production
application of thick-sectionHLAW is in the ship-
building industry.



In 2002, Meyer Werft GmbH in Papenburg,
Germany, implemented HLAW for production
welding of steel panels and stiffeners for com-
mercial cruise ship fabrication. Using a 12 kW
CO2 laser combined with a 450 A GMAW sys-
tem, steel plates 6 mm (0.24 in.) thick were
welded at speeds of 2.5 to 3.0 m/min (98 to
118 in./min), and 15 mm (0.59 in.) plates
were welded in a single pass at 1.2 m/min
(47 in./min). By moving to the one-sided, sin-
gle-pass HLAW process, Meyer shipyard
reported welding speeds three times faster than
GMAW or SAW and reduced filler-wire usage
by an estimated 80%. In addition, HLAW pro-
duced less weld distortion and eliminated post-
weld flattening processes at Meyer (Ref 9).
Hybrid laser arc welding systems using high-
power fiber lasers have also been developed
for the shipbuilding industry (Ref 10).

Process Description

Hybrid laser arc welding most often combines
LBWwith GMAW in a common weld pool (Fig.
1). InHLAWapplications, theGMAWprocess is
always used to add filler metal to the weld. How-
ever, the laser process can be used for multiple
purposes, depending on the laser power density
(W/cm2) at the work surface.
The applications of the HLAW process can be

divided into two groups based on the mechanism
for which the laser is used. One is a stabilization
mode, where the laser is used to augment the
GMAW process without providing a significant
increase in penetration or speed. The other is a
penetration mode, where the laser generates a
keyhole in the metal, providing both deep pene-
tration and high processing speeds. These two
modes are described in the section “Modes of
Operation” in this article.
In addition, the major process variables for

either mode of operation include three sets of
welding parameters: the variables for the inde-
pendent LBW and GMAW processes and weld-
ing variables that are specific to the HLAW
process. The process variables specific to HLAW
are:

� Travel speed (typically from 1 to 3 m/min,
or 40 to 120 in./min)

� Process orientation
� Process separation

These parameters of the HLAW process are
discussed in the section “Hybrid Laser Welding
Parameters” in this article, while specific vari-
ables for the LBW process (discussed in other
articles in this Volume) include:

� Laser power (typically from 200W to 20 kW)
� Diameter of the focused laser beam (spot

size typically 0.2 to 1 mm, or 0.008 to
0.39 in.)

The variables for GMAW, as discussed in the
article “Gas Metal Arc Welding” in this Vol-
ume, include:

� Arc current, voltage, and polarity
� Wire feed speed
� Electrode diameter and composition
� Electrode extension (contact tip-to-work

distance)
� Shielding gas composition

Other variables, such as base-metal composi-
tion, joint design, part fit-up, GMAW torch
angle, shielding gas flow rate, laser wavelength,
position of the laser focus with respect to the
work surface, and preheat temperature, can play
important roles in hybrid welding but are vari-
ables usually defined by the application or the
available equipment. For HLAW with other
arc processes, the GMAW variables would be
replaced by the variables of the alternative arc
process. The process separation, or distance
between the laser and arc, would remain a crit-
ical variable regardless of the arc process used.

Modes of Operation

Stabilization-Mode HLAW. As noted, this
mode of hybrid laser welding augments the
GMAW process without providing a significant
increase in penetration or speed. This mode
is sometimes referred to as laser-assisted arc

welding. Themethod of augmentation can be dif-
ferent depending on the material being welded
and the laser power density used. For reactive
metals such as titanium and zirconium, the laser
can be used to provide arc stabilization. As little
as 200 W can stabilize the cathode spot during
pulsed GMAWof titanium (Ref 11). For welding
steel, stainless steel, nickel, and aluminum
alloys, a low-power-density laser spot can be
used to produce a wide, shallow weld pool ahead
of theGMAWprocess to stabilize the filler-metal
deposition. In this case, the laser process is used
to increase the wetting angle of the deposited
metal and produce a smooth weld bead. This
technique can be used to prevent weld humping
at fast travel speeds, increase weld toe angles,
improve side-wall fusion in groove welds, or
enhance attachment of deposited metal when
welding out of position (Ref 12).
Using a low-power-density laser beam for

stabilized-mode hybrid welding can provide
technical benefits in unique applications.
However, this mode of HLAW is usually cost-
prohibitive for most production manufacturing
applications. Laser equipment is much more
expensive than arc welding equipment in
terms of price per unit of output power (cost
per watt). If the expensive laser equipment is
used for stabilization rather than drastically
increasing productivity (speed or penetration),
the return on investment for a hybrid welding
system may not be attractive.
Penetration-Mode HLAW. To fully utilize

the benefits of an expensive laser system, HLAW
is conducted primarily in penetration mode. This
is sometimes referred to as arc-assisted laser
welding. In penetration-mode HLAW, the laser
generates a keyhole in the metal. Both deep pen-
etration and high processing speeds can be
achieved with keyhole laser welding.
A keyhole is formed when a laser beam with

sufficiently high power density causes melting
and vaporization of the base metal. As the
metal is vaporized, it rapidly expands and
pushes away from the substrate. This expansion
exerts a reactive force on the melted substrate
called the evaporative recoil force. This recoil
force pushes the melted metal away to form a
depression. The melted metal is continually
pushed out until the depression has formed into
a deep keyhole.
The keyhole can be partially or fully through

the thickness of themetal. In the steady-state con-
dition after the keyhole is established, continual
vaporization of the bottom and walls of the key-
hole holds it open against the forces of surface
tension and gravity. The relationship of laser
power density and travel speed dictates the pene-
tration and width of the keyhole for a given base
metal. Power densities on the order of 106 to 108

W/cm2 are typical for keyhole laser welding.

Hybrid Laser Welding Parameters

Knowledge of each variable and the ability to
precisely control themare necessary to consistently

Fig. 1 Schematic of hybrid laser arc welding process orientations. (a) Laser leading. (b) Arc leading. GMAW, gas
metal arc welding
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produce hybrid welds with the desired quality.
These variables can produce competing effects on
the weld attributes, and balancing the performance
of each variable is essential to successful hybrid
welding. Table 1 lists the general effects of each
HLAW variable on hybrid weld attributes. The
effects listed are typical forwelding butt joints over
6mm(0.24 in.) thickor forwelding thinner sections
at travel speeds above 3 m/min (120 in./min).
Travel Speed. Hybrid laser arc welding is

applicable over a wide range of travel speeds.
Generally, the determining factor for welding
speed is the productivity requirement. As travel
speed increases, hybrid weld penetration will
decrease. To maintain the required weld penetra-
tion at increasing travel speeds, more laser power
and an increased rate of filler-metal deposition is
required. If the existing laser equipment is lim-
ited in power, then a compromise must be made
among travel speed, laser power, and weld
penetration.
At travel speeds on the order of 4 m/min

(160 in./min) or greater, joint-filling capabilities
from the GMAW system can be limited. Gas
metal arc welding systems are inherently lim-
ited to a maximum current output. For a given
electrode diameter, there is a maximum wire
feed speed at the maximum current rating of
the GMAW power supply. This limitation can
lead to insufficient filler-metal addition at faster
travel speeds. If the required reinforcement
or fillet size cannot be met for a given travel
speed due to the limitations of the GMAW
power supply, the travel speed, GMAW source,
wire diameter, joint design, or the number of
passes must be reevaluated. Additional GMAW
torches with separate power supplies and wire
feeders could be used to overcome deposition
limitations.
Process Orientation. The HLAW process

can be oriented in two directions: arc leading
or laser leading. The GMAW process can be
positioned behind or in front of the traveling
laser keyhole. If the GMAW process travels
behind the laser beam, the HLAW process ori-
entation is referred to as laser leading. If the
GMAW process travels ahead of the laser, the
HLAW process orientation is referred to as
arc leading. Figure 1 illustrates the laser-lead-
ing and arc-leading process orientations.
The main difference between the two orien-

tations is the angle of the GMAW torch with

respect to the direction of travel. Torch angle
can have an effect on the deposited GMAW
bead. In the laser-leading HLAW configuration,
the GMAW torch is traveling behind the laser
beam, positioned at a “push angle.” In the arc-
leading configuration, the torch is at a “drag
angle,” traveling in front of the laser beam.
This difference in torch angle can produce dif-
ferent weld surface geometries. In the laser-
leading orientation, the deposited weld bead is
relatively wide and flat, with large weld toe
angles. With arc leading, the deposited weld
bead is more narrow and convex, with sharper
weld toe angles. Torch angle can be adjusted
for each process orientation, but there is a limi-
tation to how close the torch can be positioned
to the beam axis, due to the beam convergence
angle and obstructions from the laser-focusing
optic assembly. Alternatively, the laser beam
axis can be tilted while the GMAW torch is
positioned normal to the work.
Another reported difference between the two

process orientations is in penetration. If the laser
beam is positioned in the arc depression of the
GMAW process, the arc-leading configuration
can provide slightly more penetration for
HLAW. However, there is conflicting data
reporting that the laser-leading process provides
deeper penetration. In either case, the reported
gain in penetration is generally considered insig-
nificant for most manufacturing applications.
Process Separation. A key variable for

HLAW is the process separation, or distance
between the two welding processes. This is also
known as the beam-to-wire distance or process
spacing. Process separation can affect the solid-
ification morphology and microstructure of a
hybrid weld. Increasing the process separation
will eventually separate the two processes into
separate weld pools. Even if the weld pools of
the two processes appear to be connected on
the weld surface, a metallographic cross section
of the hybrid weld can show that the fusion pro-
files from each process may have solidified sep-
arately within the thickness of the joint. This
separate solidification can affect the weld
microstructure and composition gradient of the
GMAW filler metal through the thickness
of the joint. Changing the process separation
can also have an effect on the energy concen-
tration of the hybrid process, affecting weld
penetration, spatter generation, and root bead

profile in full-penetration welding. Process sep-
aration for HLAW is typically between 0 and 6
mm (0 and 0.24 in.), depending on the material,
laser power, process orientation, and travel
speed.
Laser Power. The relationship of laser power

and focused beam diameter determines the laser
power density. In penetration-mode HLAW,
laser power density has the greatest effect on
weld penetration. For most structural metals,
approximately 1 kW of laser power is needed to
provide 1mm (0.039 in.) of penetration at a travel
speed of 2.0 m/min (79 in./min). This estimate
depends on the absorptivity of material being
welded for a given laser wavelength and the
diameter of the focused laser beam. For example,
when welding low-carbon steel with a 10 kW
laser, a full-penetration hybrid weld can be pro-
duced at 2.3 m/min (90 in./min) on a 9.5 mm
(0.375 in.) square butt joint with no gap. Spot
sizes larger than 600 mm (0.024 in.) can reduce
the power density and require more laser power
to penetrate a given thickness.
The depth and diameter of the keyhole are

determined by the laser power and focused spot
size, respectively. Large focused spot sizes,
greater than 600 mm (0.024 in.), produce
large-diameter keyholes with less penetration
for a given laser power. Small-diameter spots,
typically 100 to 600 mm (0.004 to 0.024 in.),
are used more often in HLAW to generate nar-
row keyholes and produce welds with high
aspect ratios (depth to width). Figure 2 is a
video still of a steel hybrid bead-on-plate weld
using 1.1 mm (0.045 in.) diameter wire. The
image shows that the keyhole diameter is rela-
tively small in respect to the width of the weld
pool. This is because the GMAW process
drives the weld width at the top surface of the
material. Through the thickness of the material,
the weld width is similar to the keyhole width.
Figure 3 is a cross section of a penetration-
mode hybrid weld conducted on a 12.45 mm
(0.490 in.) carbon steel square butt joint. This
weld was performed with 10 kW of laser
power, a 333 mm (0.013 in.) laser spot size,
and an 8.9 m/min (350 in./min) wire feed speed
for a 1.1 mm (0.045 in.) diameter steel wire at a
travel speed of 1.52 m/min (60 in./min). Note
that the fusion zone resembles the superposition
of a GMAW weld profile and a laser weld
profile.

Table 1 Effects of hybrid laser arc welding process variables on weld attributes

Welding variable to change

Desired change in weld attribute

Penetration Deposition Cap bead width Root bead width

Increase Decrease Increase Decrease Increase Decrease Increase Decrease

Travel speed Decrease Increase Decrease Increase Decrease Increase Decrease Increase
Laser power Increase Decrease No effect No effect Minor effect Minor effect Minor effect Minor effect
Laser spot size Decrease Increase No effect No effect Minor effect Minor effect Increase Decrease
Wire feed speed and arc current Minor effect Minor effect Increase Decrease Minor effect Minor effect No effect No effect
Arc voltage No effect No effect No effect No effect Increase Decrease No effect No effect
Wire diameter Minor effect Minor effect Decrease Increase Minor effect Minor effect No effect No effect
Process orientation Minor effect Minor effect No effect No effect Laser leading Arc leading Minor effect Minor effect
Process separation Minor effect Minor effect No effect No effect Minor effect Minor effect Decrease Increase
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Shielding Gas. The primary function of the
shielding gas is to protect the molten weld
metal from the surrounding atmosphere. Shield-
ing gas for HLAW should be selected based on
the material being welded; however, additional
considerations are necessary based on the laser
wavelength and the desired GMAW arc
characteristics.
During LBW with a CO2 laser, the vapor

plume or plasma generated by the laser process
can absorb and scatter the laser beam. This inter-
ference can cause a loss in weld penetration.
Therefore, when hybrid welding with a CO2

laser, it is necessary to remove or suppress the
plume with gas usually containing some percent-
age of helium. In some cases, this can be done
with gas delivered by the GMAW torch. In other
cases, a secondary plume-suppression gas may
be necessary. When hybrid welding with solid-
state lasers such as Nd:YAG, fiber, thin-disk, or
diode lasers, the shorter wavelengths are not sig-
nificantly affected by the vapor plume, and a sec-
ondary gas for plume suppression is usually not
necessary.
Shielding gas delivered from the GMAW

torch is generally sufficient to protect the mol-
ten weld metal from the surrounding atmo-
sphere. In some cases, a second gas trailing
the welding process is needed to shield the weld
as it cools. A trail shield device is generally
used when welding reactive metals such as tita-
nium or in applications where discoloration due
to surface oxidation is unacceptable.
For the GMAW process, the shielding gas

plays an additional role in determining weld
profile, arc characteristics, and mode of metal
transfer. Inert gases, active gases, and blends
of the two can be used for HLAW. (For infor-
mation about shielding gas compositions and
which gases to use for specific applications,
see the article “Shielding Gases for Arc Weld-
ing” in this Volume.)

Gas Metal Arc Welding Current, Voltage,
and Polarity. Depending on the arc current,
electrode diameter, electrode extension, and
shielding gas composition used for the GMAW
process, three general modes of metal transfer
can be achieved: short-circuiting, globular, and
spray transfer. Due to the fast travel speeds
used in penetration-mode HLAW, spray trans-
fer or pulsed GMAW are typically used. In
pulsed mode, the GMAW power supply pro-
vides a controlled electrical output that pulses
the welding current to detach individual dro-
plets with each peak current pulse. Because of
the advanced control provided by newer
GMAW power supply technologies, most
HLAW applications now use pulsed GMAW
sources. However, spray transfer can be used
to produce higher arc heat input for fast travel
speed applications.
Arc voltage can be adjusted to increase or

decrease the arc length. A longer arc length
generally produces a wider melt width at the
top surface of the weld. However, a long arc
length can allow the deposited metal to wander
from the weld centerline at fast travel speeds.
A short arc length constricts the arc and limits
weld pool width, reducing the wander of the
deposited bead at high speeds.
The polarity of the GMAW system can be

changed to affect the heat balance between the
electrode and the work. However, the vast
majority of GMAW and HLAW applications
use direct current electrode positive (DCEP)
polarity. The DCEP for GMAW provides good
arc stability and low spatter generation. Direct
current electrode negative and variable polarity
(alternating current) have been tested with
HLAW but have had limited commercial
acceptance.

Wire Feed Speed. The consumable GMAW
electrode is fed into the welding process at a
predetermined speed. This wire feed speed is
selected to provide a specific volume of depos-
ited metal for joint filling, gap bridging, or pro-
ducing the required reinforcement at the cap
and root of the weld. With conventional
GMAW power supplies (constant voltage), wire
feed speed and arc voltage are set while the
power supply adjusts arc current and electrode
melt rate to maintain a constant arc length.
With modern pulsed GMAW power supplies
(constant current), a waveform is designed for
a specific wire feed speed. The pulsed wave-
form dictates the arc current that affects droplet
frequency, droplet size, and arc voltage targets.
If the wire feed speed is increased, the ampli-
tude of the pulsed waveform is synergically
increased.

Joint Designs

Many joint designs can be welded with
HLAW, including butt, groove, lap, flange,
and fillet joints. Using the appropriate para-
meters, hybrid welding can be conducted in
all welding positions. Hybrid laser arc welding
can be performed on linear joints, circumferen-
tial joints, or two- and three-dimensional curvi-
linear joints. Figure 4 illustrates example joint
designs for HLAW.
The primary difference in joint design

between HLAW and conventional welding pro-
cesses is that HLAW can provide both joint fill-
ing and deep penetration into the base metal.
Typically in arc welding, a groove is prepared
and then filled with molten metal deposited by
the process. In autogenous laser welding, a
square butt joint with no groove preparation is
welded by penetrating through the joint thick-
ness and fusing the two base metals together.
The HLAW process is applicable to both meth-
ods of joint fusion.
A multipass V-groove joint that was previ-

ously welded with conventional GMAW could
be redesigned as a single-pass HLAW joint.

Fig. 2 In-process video image of penetration-mode
hybrid laser arc welding on steel. GMAW, gas

metal arc welding. Courtesy of Edison Welding Institute

Fig. 3 Cross section of hybrid laser arc welding on a
carbon steel square butt joint. Courtesy of

Edison Welding Institute

Fig. 4 Example joint designs for hybrid laser arc
welding. (a) Square butt. (b) V-groove. (c) U-

groove. (d) Lap weld. (e) Fillet weld. (f) Dissimilar-
thickness joint
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By using the high energy density of the laser
process, HLAW can penetrate a square butt
joint in a single pass while adding filler metal
to produce positive weld reinforcement. To
maximize productivity gains with HLAW, the
weld joint should be designed to use the avail-
able laser power and maximize penetration or
travel speed while maintaining weld quality.
Because the majority of the HLAW penetra-

tion is produced by the laser, HLAW is best
suited as a root-pass process for thick-section
multipass operations. After the root has been
fused, subsequent passes with penetration-mode
HLAWwill only remelt and solidify the existing
root weld. The only joint filling provided by the
HLAW process is the deposition from the
GMAW process. If the available laser power
is unable to weld the entire joint thickness in a
single pass, the joint should be designed to
use a deep-penetration HLAW root pass, with
subsequent fill passes using a different process
(Fig. 4b, c).
The limitations on part geometries that can

be welded with HLAW are based primarily on
the limitations of the motion system and the
access to the joint. For some applications, the
combined size of the laser beam and GMAW
torch can be too large to fit into tight corners
or inside small-diameter pipes. Due to the
required process separation length, turning
sharp corners with the HLAW process should
be avoided. To maintain consistent quality
around a sharp corner, intersecting welds could
overlap at the corner. Alternatively, the hybrid
weld head can be designed to have a mechan-
ized axis that rotates the GMAW torch about
the laser beam.
In penetration-mode HLAW, small changes

in the repeatability of the joint can have a large
effect on weld quality. A variation in joint
thickness, a mismatch in height between the
two parts, a gap in the joint, or misalignment
with the weld path can all affect the quality of
the weld. To minimize the effects on weld qual-
ity, the consistency of the weld joint prepara-
tion should be strictly controlled.
Joint Gap. Fluctuations as little as 0.25 mm

(0.010 in.) in the joint gap can require adjust-
ments in weld parameters for deep-penetration
HLAW. As the gap increases, maintaining weld
stability with HLAW is challenging. Gap sizes
above 1.0 mm (0.039 in.) are difficult to weld
in a single pass for joints 6 mm (0.24 in.) or
thicker. When welding on any gap, small varia-
tions in process separation or other welding
parameters can have a large impact on weld
quality.
Ideally, there should be no gap in the joint,

because this is the easiest condition to prepare
and keep consistent along the length of the
joint. However, hybrid welding on a joint with
no gap can cause poor mixing of the filler metal
through the thickness of the joint (Ref 13).
When a gap is present, more filler metal reaches
the root of the joint, but higher wire feed speeds
are required to fill the volume of the gap. Weld-
ing can be performed on a joint with a designed

gap; however, ensuring that the prefabricated
gap remains constant may be difficult.
Joint Mismatch. In a butt or groove joint,

mismatch is the measured distance between
the top surfaces of the two parts being welded.
This is also called vertical mismatch or high-
low. Mismatch is common in the pipe-welding
industry due to out-of-roundness or eccentricity
between the two pipes to be welded. In pene-
tration-mode HLAW for a full-penetration
weld, the cap of the weld can generally tolerate
a large amount of mismatch because of the
deposited metal from the GMAW process.
However, the weld bead is relatively small at
the root, and the ability to bridge a mismatch
is limited. Hybrid welding of joints with a mis-
match greater than 2 mm (0.079 in.) is difficult
for full-penetration welding of thick sections.
Joint Thickness. The total joint thickness

that can be penetrated is determined by the
laser power. For a zero-gap joint, the effective
throat of a finished weld is approximately the
sum of the laser penetration and the deposited
thickness provided by the GMAW process. To
maximize the effective throat that can be pro-
duced with HLAW, the weld joint is usually
designed to have a root face or land thickness
that is appropriate for the available laser power.
The remaining thickness of the joint can be
filled by the GMAW deposition.
Dissimilar joint thicknesses can be welded

with the HLAW process (Fig. 4f). If the differ-
ence in thickness is small, 2 mm (0.079 in.) or
less, a bevel preparation of the thicker section
may not be necessary. Usually in dissimilar-
thickness joints, the mismatch should be set at
the cap of the weld rather than the root. At the
cap, there is a larger weld pool and therefore
more tolerance to mismatch geometries. At the
root, there is a limited amount of molten metal
to bridge the transition between the dissimilar
thicknesses.
Even when welding similar thicknesses, the

actual base-metal thicknesses can vary in pro-
duction. A small increase in part thickness can
require more laser power to maintain full pene-
tration. The HLAW parameters and equipment
must be designed to accommodate thickness
variations that can be seen in production.

Equipment and Consumables

There are four major components of an
HLAW system: the laser source, the GMAW
source, the hybrid welding head, and the
motion system. The consumables used for
HLAW are the same as the consumables used
in the individual laser and GMAW processes.

Laser Sources

Continuous-wave lasers are most often used
for HLAW because they generate a constant
laser power for the duration of the weld. The
laser source is selected based on power and

wavelength. The output power capability is
chosen based on the desired weld penetration
for a given application. Travel speed, power
density, base-metal absorptivity, and joint
design can also affect the determination of laser
power.
Multiple factors influence the selection of the

laser wavelength. Table 2 lists the wavelengths
of common high-power laser technologies
that can be used for HLAW. Semiconductor
diode lasers can also be used for HLAW; how-
ever, the output power and beam quality of
diode lasers is currently not suitable for deep-
penetration hybrid welding applications.
Carbon dioxide (CO2) lasers produce a wave-

length of 10.6 mm and must be transmitted to
the work by reflective optics. Because CO2

lasers are limited to reflective optic delivery,
HLAW applications using CO2 lasers are typi-
cally limited to linear welds on gantry-style
motion equipment. Carbon dioxide lasers can
have wall-plug efficiencies exceeding 10% and
can have high output powers. Carbon dioxide
lasers are typically on the order of 20 kW or
less for welding applications but can be focused
to small spot sizes to provide high power
densities.
Solid-state lasers, including Nd:YAG,

ytterbium-fiber, thin-disk, and diode lasers,
produce wavelengths near 1 mm. The shorter
wavelength allows solid-state lasers to be trans-
mitted through flexible fiber optic cables to the
work. Fiber optic delivery enables hybrid weld-
ing of complex contours and flexibility for
welding multiple-part designs.
The Nd:YAG lasers are typically limited to

6 kW or less in output power. Due to the inher-
ent characteristics of the technology, Nd:YAG
lasers exhibit poor beam quality and therefore
have limited power density. Lamp-pumped
Nd:YAG lasers have wall-plug efficiencies
(electrical-to-optical power efficiency) of less
than 5%; however, diode-pumped models have
better efficiency.
Fiber and disk lasers are also referred to as

high-brightness lasers due to the excellent beam
quality and high power densities they can pro-
duce. Both technologies can generate output
powers above 20 kW and are excellent laser
sources for HLAW. Both fiber and disk lasers
are diode-pumped and have wall-plug efficien-
cies exceeding 25%. Fiber and disk lasers
have become the most cost-effective high-
power lasers in terms of price per watt and

Table 2 Wavelengths of various high-
power laser technologies used for hybrid
laser arc welding

Laser type

Wavelength,

mm

CO2 10.6
Ytterbium fiber 1.070
Disk (ytterbium: yttrium-aluminum-garnet, or
YAG)

1.030

Neodymium:YAG 1.064
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maintenance costs. As the efficiency of pump
diodes continues to increase, the overall effi-
ciency of diode-pumped solid-state lasers will
continue to increase.

Gas Metal Arc Welding Sources

Modern pulsed GMAW power supplies are
typically used in most HLAW applications.
Pulsed GMAW sources enable advanced control
of arc stability, arc length, metal transfer, droplet
size, droplet frequency, and spatter generation.
Modern digital power supplies also enable inti-
mate integration with the controllers of auto-
mated motion systems that are typically used
for HLAW.
Due to the fast travel speeds used for HLAW,

wire feed speeds and average current levels may
be higher than typical GMAW applications. For
this reason, theGMAWsystem should be capable
of the maximum wire feed speed and current
rating for the desired HLAW application.
Because of the high average current used in
HLAW, considerable heat is generated in the
GMAW torch. In addition to the heat produced
by the arc, the GMAW torch receives additional
heat radiated by the laser process. To reduce
damage from the heat generated during hybrid
welding, the GMAW torch should be water
cooled.
Push-type wire feeders are conventionally

used for GMAW and HLAW. Push-pull wire
feed systems that use drive rolls at thewire feeder
and in the torch were conventionally used for soft
electrode materials such as aluminum. Because
push-pull feed systems offer increased control
and consistency, they are being used more often
inHLAWapplications for both stiff and soft elec-
trode types, including steel, stainless steel, alumi-
num, nickel, and titanium.

Hybrid Welding Head

The processing head for HLAW is a combi-
nation of laser-focusing optics and a GMAW
torch.
Laser-Focusing Optics. The focusing optics

should be selected to produce the desired spot
size at the work. The optical assembly can con-
sist of reflective or transmissive optics. In both
cases, the lenses or mirrors are very sensitive
to contamination. Dust, dirt, fingerprints,
scratches, or other sources of contamination
on the optical surfaces can cause a loss in trans-
mitted laser power, an increase in the focused
spot diameter, a change in power distribution,
a shift in the focal position, or a combination
of these effects. A transmissive cover window
or debris shield is typically used to protect the
optic assembly from contamination. A com-
pressed air cross-jet, or air knife, is also used
between the work and the optics to protect the
cover window from weld spatter and fume.
In addition to spot size, the standoff distance

of the focusing optic should be considered
when choosing welding optics. If a longer focal

length focusing lens is selected, the expensive
optic assembly will be farther from weld spat-
ter. However, longer focusing optics generate
a larger spot size. Larger spot sizes have lower
power densities and produce less weld penetra-
tion or slower travel speeds. This trade-off must
be managed to provide sufficient weld produc-
tivity while reducing the risk of damaging the
expensive laser optics. Focal lengths of 200 to
300 mm (7.87 to 11.81 in.) are typical for
HLAW.
Gas Metal Arc Welding Torch. The water-

cooled GMAW torch should be capable of
handling the appropriate current rating for the
desired application. The contact tips, liner, and
other consumables should be selected for the
appropriate filler-metal alloy and wire diameter.
If a small process separation (beam-to-wire dis-
tance) is used for HLAW, the GMAW nozzle
may need to be modified so that the laser beam
does not strike the nozzle. Alterations to the gas
nozzle should be kept to a minimum so that the
flow of the shielding gas is not significantly dis-
rupted. If a large process separation is used, the
GMAWgas nozzle does not need to be modified.
Because process separation, torch angle,

electrode extension, and alignment of the two
processes are critical, the method of mounting
the GMAW torch with respect to the laser beam
is critical. Off-the-shelf hybrid processing
heads can be purchased that incorporate both
the optics and the torch into one assembly. Cus-
tom hybrid welding heads can also be assem-
bled by combining standard laser-focusing
optics to a standard GMAW torch with a cus-
tom mounting bracket.
Whether custom-built or commercially pur-

chased, the components of the hybrid welding
head should have certain degrees of freedom.
Based on the application, the GMAW torch
angle and work angle can be fixed or variable
relative to the beam. The torch should be able
to move laterally to align with the beam along
the weld joint, vertically to adjust the electrode
extension relative to the beam focus, and hori-
zontally to adjust the process separation from
the beam axis. These adjustments can be man-
ual or mechanized. The overall assembly
should be rigid and capable of withstanding
the travel speed, acceleration, and changes in
position that may be used during processing.

Motion Systems

The motion systems that can be used for
HLAW are dictated by the application. For lin-
ear welding, a linear beam or gantry system can
be used. For complex geometries, a six-axis
robot is generally used. In pipe-welding appli-
cations, the hybrid head could be mounted
on a track system to traverse around the circum-
ference of the pipe. The part or the hybrid weld-
ing head can be moved to achieve welding
motion. In all cases, the dynamic accuracy and
path repeatability of the motion system are sig-
nificant variables. In particular, the standoff

distance of the hybrid welding head and align-
ment with the joint are critical for HLAW.

Hybrid Laser Arc Welding Consumables

Consumable Parts. The GMAW consum-
ables include contact tips, gas nozzles, liner, guide
tubes, anddrive rolls. For differentwire diameters,
the contact tips, liner, guide tubes, and drive rolls
should be changed. The contact tips should be
changed periodically as the internal bore is eroded
by the moving electrode. The internal bore of the
contact tip is important because thewiremust feed
smoothly through the tube while making good
electrical contact. As the bore of the contact tip
wears away, poor electrical contact can result in
erratic arc characteristics.
Forweldingwith steelwire, a spiral steel liner is

typically used to guide the wire through the torch
cable. For soft wires such as aluminum, nylon or
synthetic fluorine-containing resin liners are used.
When welding with titanium wire, graphite liners
are used to reduce contamination of the weld.
The primary consumables of the laser system

are the cover windows that protect the focusing
optic assembly from contamination and weld
spatter. Other consumables depend on the type
of laser source used for HLAW.
Filler-Metal Consumables. The chemical

composition of the consumable GMAW elec-
trode must be properly selected to achieve the
desired properties in the hybrid weld metal. Of
particular note with HLAW is that the heat
input is typically lower than GMAW, and the
cooling rate is much faster than conventional
arc welding processes. This means that HLAW
can significantly affect the solid-state transfor-
mations in the weld zone and that an acceptable
electrode composition for GMAW applications
may not always be acceptable for the fast cool-
ing rate of the HLAW process, particularly in
high-strength steels or other alloys with high
hardenability.
For deep-penetration HLAW with little or no

joint gap, the dilution of filler metal may not be
homogeneous through the thickness of the joint.
In some cases, weld-metal composition can be
primarily filler metal near the cap of the weld
and primarily base metal near the root. Knowl-
edge of the heat input, cooling rate, and filler-
metal dilution from the HLAW process and their
effects on weld-metal microstructure is essential
to producing high-quality HLAW welds.

Sources of Defects

Typical defects for HLAW are porosity,
undercut, concavity, root humping (root bead
instability), incomplete fusion, and incomplete
penetration. Other defects can occur but are
driven more by the application (joint design,
alloy selection, travel speed, and cooling rate)
than by the nature of the process.
Porosity. Assuming there is no source of con-

tamination (oxidation, oil, foreign metals, weld
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surface, joint interface, wire surface, shielding
gas), porosity is generally attributed to the key-
hole laser process used in penetration-mode
HLAW. The keyhole is a column of metal vapor
surrounded by the liquid weld metal. Turbulence
in the keyhole can introduce gas pores into the
molten weld. Aluminum and titanium are partic-
ularly susceptible to weld porosity from the
HLAW process.
Partial-penetration HLAW occurs when weld-

ing in penetration mode but not fully penetrating
through the joint thickness. Partial-penetration
HLAW is highly susceptible to internal weld
porosity due to instability at the root of the key-
hole. Porosity caused by keyhole instability is
typically seen in the bottom half of a partial-pen-
etration HLAW cross section. To reduce the
occurrence of porosity from keyhole instability,
the weld can be redesigned to fully penetrate the
joint thickness. Full-penetration welds are less
likely to have porosity from keyhole instability.
Increasing the spot diameter or modulating the
laser power has been shown to reduce porosity
from keyhole instability in partial-penetration
laser welding.
Undercut and Concavity.Geometric defects

such as undercut and concavity are typically
caused by a gap in the joint that could not be
filled by the deposited wire. Undercut at the
toes of the weld surface can also occur due to
the high travel speeds. In full-penetration weld-
ing, the molten weld can drop through the joint.
This results in concavity or undercut at the top
surface and excessive root reinforcement on
the back surface of the weld.
Root Humping. In full-penetration HLAW

of steel, improper welding parameters can
result in irregularities in the profile of the
root bead. This defect typically appears as a
longitudinal humping profile at the weld root
on the back side of the joint. This defect most
often occurs in steel, but it has been seen in
stainless steel, nickel, and titanium alloys as
well. The physical phenomena that cause this
defect are not fully understood; however,
increasing the laser power reestablishes a stable
full-penetration keyhole and eliminates the
root-humping defect. Root-humping defects
usually coincide with undercut or concavity
defects at the weld cap.
Incomplete Fusion. Deep-penetration hybrid

welds generally have very narrow weld profiles.
Small deviations in joint alignment can cause
the laser beam to miss the weld joint and result
in an incomplete fusion defect. This can be a
particularly troubling defect because the weld
may appear to have complete fusion from a
visual inspection of the top and bottom sur-
faces, but in the center of the thickness, the
weld may not fuse the entire joint.
Incomplete Penetration. If there is a loss

in laser power or an unexpected increase in
the joint thickness, the hybrid weld may not
fully penetrate the thickness, resulting in an
incomplete-penetration defect. Loss in laser
power or changes in the power distribution are
usually the causes for incomplete penetration.

Contamination of the cover window or other
optical surfaces can cause changes in laser
power density at the work. The gas nozzle, air
knife, or GMAW torch can clip the beam and
reduce the laser power that reaches the work.
If the process spacing has been reduced to zero,
the deposited droplets from the GMAW process
can impinge on the keyhole and decrease pene-
tration depth.

Quality Control and Inspection

Hybrid laser arc welding is an automated pro-
cess that requires strict controls on repeatability
of the parts and of the welding system. To ensure
the parts are repeatable, upstream processes
should be addressed to accommodate the HLAW
process. Improving upstream preparation of the
parts and weld joints will only improve the pro-
ductivity gains possible with HLAW.
Even with strict control on upstream pro-

cesses, weld joint preparations are never perfect.
To adjust for variations in joint fit-up, gap, and
mismatch, real-time seam tracking and joint
sensing should be implemented. With advanced
control systems, thewelding parameters and joint
alignment can be adjusted on-the-fly to compen-
sate for the variations in the joint. If a complex
control system is not feasible, a path check could
be conducted with a camera system coaxial to the
laser beam to verify the joint alignment prior to
welding.
To ensure consistent weld quality and penetra-

tion, periodic laser power measurements should
be conducted. Scheduled preventative mainte-
nance should be conducted on the GMAW and
laser systems to ensure optimal working condi-
tion. Periodic inspection should also be con-
ducted on thewelded parts to ensureweld quality.
Inspection by destructive analysis could evalu-

ate fusion profile, hardness, tensile strength,
fatigue performance, or impact toughness of the
hybrid weldment. Inspection by nondestructive
evaluation (NDE) could search for centerline
defects, incomplete fusion, porosity, solidifica-
tion cracking, and incomplete penetration. The
NDE methods typically used for HLAW are
radiographic testing and ultrasonic testing.

Safety

The greatest safety concerns are from the
laser welding equipment. Because high-power
laser beams are invisible to the human eye,
the hazards may not be readily apparent to
inexperienced personnel. With exposed laser
beams, personnel may be exposed and perma-
nently injured before the existence of the haz-
ard is even recognized. For this reason the
American National Standards Institute specifi-
cation ANSI Z136.1, “Safe Use of Lasers” (lat-
est edition), requires that each facility using
lasers designates an individual as the laser
safety officer. This individual should be famil-
iar with laser safety, ANSI Z136.1, and

potential hazards at the designated facility. Spe-
cial precautions must also be taken to protect
personnel from arc welding hazards.
Training. Employers of facilities using

HLAW are responsible for providing training to
all operators, engineers, technicians, mainte-
nance, and service personnel. ANSI Z136.1
requires that training in the potential hazards
and controlmeasures be provided to all personnel
involved in laser use. ANSI Z136.1 provides a
model safety training program in Appendix D of
the standard. Refer to the article “Safe Welding
Practices” in this Volume and ANSI Z136.1,
“Safe Use of Lasers,” for more information on
training.
Electrical Hazards. Both laser equipment

and GMAW equipment employ high voltages
and currents capable of lethal shock. Only quali-
fied and authorized personnel should install and
service equipment with the appropriate proce-
dures, tools, and protective equipment. Refer to
the article “Safe Welding Practices” in this Vol-
ume for more information on electrical hazards.
Eye Hazards. Eye injury is readily caused by

laser beams. With laser beams operating in the
visible or near-infrared spectrum, a 5 mW beam
can inflict permanent retinal damage. Proper
safety precautions must be taken to protect per-
sonnel from direct, scattered, reflected, and dif-
fuse laser radiation. Depending on the laser
wavelength employed, different safety measures
and personal protective equipment are required.
Consult ANSI Z136.1 for the appropriate safety
measures for specific laser wavelengths.
The GMAW process produces intense visible

and ultraviolet (UV) light. Appropriate protec-
tive equipment is required to protect personnel
from this intense radiation generated by the
electric arc. Eye protection is required for each
of the welding processes used in HLAW to pro-
tect personnel from both laser and arc radiation.
Refer to the article “Safe Welding Practices” in
this Volume and ANSI Z136.1, “Safe Use of
Lasers,” for more information on eye hazards.
Skin Hazards. Skin exposure to the primary

laser beam can result in severe burns and must
be prevented by safety enclosures and operator
training. There is no personal protective equip-
ment rated to protect personnel from direct
exposure to the primary beam. Enclosures
should be designed to prevent operators or
spectators from placing any body part near the
beam path. Unless a sufficient enclosure is con-
structed, exposure to reflected and scattered
laser light is possible. Intense UV light pro-
duced by the GMAW process can cause skin
damage. Spatter and hot metal parts are burn
hazards for HLAW personnel. Refer to the arti-
cle “Safe Welding Practices” in this Volume for
more information on skin hazards.
Fume Hazards. Both the laser and GMAW

processes produce welding fumes. Fume hazards
are dependent on base-metal composition, filler-
metal composition, shielding gas composition,
and welding parameters. Welders, operators,
spectators, and other personnel in the welding
area must be protected from overexposure to
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fumes and gases produced during welding. Refer
to the article “Safe Welding Practices” in this
Volume for more information on fume hazards
for various welding applications.
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Flux Cored Arc Welding*
Revised by Michael T. Merlo, RevWires LLC, a Heico Wire Group Company

FLUX CORED ARC WELDING (FCAW)
was introduced in 1957 to 1958 by two differ-
ent manufacturers in the United States, and it
represented the first improvement in continuous
welding over the solid wire gas metal arc weld-
ing (GMAW). The same equipment and process
variables employed in GMAW were used by
the FCAW process. A unique engineering
breakthrough in this process was the formation
of a carbon steel tube around fluxing and alloy-
ing powders by filling the tube in the middle of
its construction, closing it, and drawing it to a
predetermined size.
In the early years, flux cored wires were manu-

factured with diameters of 3, 2.8, and 2.4 mm (⅛,
7/64, 3/32 in.) and were used for flat and horizontal
welding positions only. There were two varieties
of products made: one requiring gas shielding
and one requiring no external gas shielding. The
latter used denitrification to neutralize the effect
of air intrusion (the “nitrogen boil”), and the for-
mer used the columnar flow of shielding gas to
minimize air intrusion into the weld pool. In the
late 1960s, smaller sizes were introduced, such
as 2, 1.5, and 1.1 mm (5/64, 1/16, and 0.045 in.) dia-
meters. In the early 1970s, formulations were
developed to allow welding in all positions, such
as vertical up and overhead. This allowed flux
cored wires to be used in applications formerly
limited to covered electrodes and the shielded
metal arc welding (SMAW) process.
Common shielding gases employed were car-

bon dioxide (CO2) and a blend of 75%Ar-25%
CO2. As manufacturing processes improved,
both gas-shielded and self-shielded wires were
introduced in diameters as small as 0.75 and
0.90 mm (0.030 and 0.035 in.). The gas-shielded
products evolved to where formulations using
gas blends of 85 to 90% Ar/balance CO2 were
designed and used in common applications.

Process Features

Flux cored welding electrodes are supplied in
two distinct product types:

� Gas-shielded flux cored arc welding
(FCAW-G) process

� Self-shielded flux cored arc welding
(FCAW-S) process

The gas-shielded flux cored process
(Fig. 1) uses an externally applied gas to assist
in shielding the arc from oxygen and nitrogen
in the atmosphere. The most deleterious effect
of air intrusion is the nitrogen boil, wherein
the insolubility of nitrogen in liquid steel causes
it to boil out and create gross surface porosity.
The columnar flow of shielding gas, typically
CO2 or blends of argon and CO2, protects the
molten weld pool from atmosphere in the same
manner as in the GMAW process. Additional
protection from the intrusion of air is provided

by the fluxing and slag-forming powders within
the core ingredients, which form a molten slag
cover over the weld pool.
The use of CO2 shielding gas leads to what is

known as an active gas shielding (i.e., a gas that
reacts with the elements in the molten puddle to
form compounds). The effect of CO2 shielding
on the carbon content of the molten puddle is
very unique. It can be carburizing or decarburiz-
ing. If the initial carbon content of the weld
metal is low (<0.05%), the CO2 will carburize
the molten puddle. If the initial carbon content
of the weld metal is high (>0.10%), the molten
puddle will show a tendency to lose carbon.
The use of CO2 also promotes deeper weld bead
penetration and a more fluid weld puddle from
the exothermic reactions. The CO2 disassociates

* Revised from D.W. Meyer, Flux-Cored Are Welding, Welding, Brazing and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 886–889

Fig. 1 Gas-shielded flux cored arc welding. Source: Ref 1



(2CO2 to 2Co +O2) in thewelding arc, and theO2

reacts with the added deoxidizing elements
within the tubular volume of the wire (as well as
the iron in the base metal in steels).
Additives to the core ingredients can be used to

stabilize the transfer, generate smaller droplets,
and promote less spatter around the weldment.
The use of argon with CO2, typically 75 to 80%
Ar, provides an arc plasma with less heat of reac-
tion (because ofmuch less CO2) and a lower-pen-
etration weld bead. Argon (due to its higher
energy of ionization) is more of a cooling gas
than CO2; hence, the weld pool solidifies much
more quickly. The higher ionization promoted
by argon stabilizes the welding arc, resulting in
smaller droplet transfer and lower spatter levels.
These blends also promote lower fume genera-
tion rates, because the addition of argon lowers
the available oxygen from the CO2 and reduces
the amount of oxide formation, a key component
of welding fume particles.
Argon blends are preferred for all-position

welding, because the cooling effect of the argon
promotes faster freezing of the weld pool; that,
in turn, facilitates welding in the vertical up and
overhead positions. Simultaneously, the fluxing
and slag-forming agents in the core can be
adjusted to assist in the freezing of the molten
slag, further facilitating welding in all posi-
tions. Alloying agents, such as manganese, sili-
con, magnesium, and titanium, are added to the
core ingredients for purposes of grain refine-
ment, oxygen reduction, and strengthening of
the weld deposit. Other alloys, such as nickel,
chromium, molybdenum, and copper, can be
added to produce higher-strength, low-alloy
weld metal, which possesses improved strength
and toughness properties over standard carbon
steel weld metal.
Self-Shielded Flux Cored Arc Welding.

In the FCAW-S process, alloying, slag-
forming, and fluxing ingredients in the core pro-
tect the weld pool from atmospheric contamina-
tion, that is, the nitrogen boil. Because both
oxygen and nitrogen can harm the weld pool by
oxide contamination and porosity, respectively,
different means of neutralization are employed.
Combinations of lithium, magnesium, and alumi-
num, in elemental and chemical compound forms,
either limit nitrogen solubility or combine with it
to form nitrides, preventing the nitrogen boil. Ele-
ments suchasmanganese,magnesium, aluminum,
and titanium are used to deoxidize the weld pool,
combining with oxygen to form oxides that help
form a protective slag covering the weld pool.
It should be noted that oxides of aluminum,

along with nitrides of aluminum and magne-
sium, can be quite detrimental to the toughness
of the resultant weld deposit. Several manufac-
turers have developed formulation technology
that suppresses nitrogen solubility, reducing
the residual level of aluminum oxides in the
weld metal. These products have quite high
levels of Charpy V-notch (CVN) impact tough-
ness at subzero temperatures. There are also
newer formulation technologies that provide
all-position welding capability, in addition to

the high-CVN impact values. Unlike products
from years ago that produced large droplet, or
globular, transfer during welding, these newer
products exhibit small droplet, spraylike trans-
fer, facilitating all-position welding with lower
spatter emission.
Advantages and Limitations. There are

many advantages to the FCAW process.
Both FCAW-G and FCAW-S provide the
high productivity of continuous welding com-
bined with the benefits afforded by the presence
of slag-forming, fluxing, scavenging, and alloying
agents. Advantages include but are not limited to:

� Higher deposition rates in all-position weld-
ing than SMAW or GMAW

� Less training and operator skill required than
for GMAW or SMAW

� Simpler and more adaptable, in terms of
welding equipment and positions, than
submerged arc welding

� Deeper penetration than with SMAW; better
sidewall penetration than GMAW

� More tolerant of rust, mill scale, and other
oxide or hydrocarbon contaminants than
GMAW

The specific advantage of high productivity
with the FCAW process is the dominant basis
for its use. However, the process does present
some limitations that must be dealt with as a
result of its high productivity. Some relative
disadvantages are:

� Slag must be removed from the weld and
properly disposed of.

� Fume generation rates, directly proportional
to deposition rates, are higher than the
lower-deposition-rate processes (GMAW
and SMAW); fume extraction may be
required.

� The process is not as portable as SMAW;
shielding gas may be required, and suitcase
feeders with a spool of wire may weigh up
to 23 kg (50 lb).

Applications

Flux cored arc welding enjoys widespread use
in many industries. Since its inception in 1957,
the FCAW process has been adopted by virtually
every industry seeking productivity and quality
improvements in the welding operation. Both
the FCAW-G and FCAW-S processes are used
to fabricate structures from carbon and low-alloy
steels. Both process variants are used for shop
fabrication, but the FCAW-S process is preferred
for field use. The acceptability of the FCAWpro-
cess for structural use is illustrated by the fact that
prequalified joints are included in the structural
welding code of the American Welding Society
(AWS).
Gas-shielded flux cored electrodes are com-

monly used to weld carbon, low-alloy steel,
and stainless steels in the construction of

pressure vessels and piping for the chemical
processing, petroleum refining, and power gen-
eration industries. In addition, flux cored elec-
trodes are used to weld some nickel-base alloys.
Flux cored electrodes are also used in the

automotive and heavy-equipment industries in
the fabrication of frame members, axle hous-
ings, wheel rims, suspension components, and
other parts. Small-diameter flux cored electro-
des are used for automotive body repair.
Gas-shielded flux cored wires are used in the

fabrication of mining machinery, off-road
equipment, earth-moving machinery, pipe and
superstructures for offshore drilling platforms,
structural steel, water towers, oil storage tanks,
military and commercial ships, rail cars, auto-
mobile components, hot water heaters, truck
frames, wind towers, machine tools, automobile
and truck wheels/rims, barges, farm machinery,
and locomotives.
Self-shielded flux cored wires are used in

many of the same applications but are also used
for field erection of oil and gas pipelines, fabri-
cation of high-rise structures, and welding of
automobile body components. Because self-
shielded electrodes have less penetration than
the gas-shielded variety, they lend themselves
quite readily to welding with minimal burn-
through on lighter-gage steels, such as automo-
tive body sections, various sheet metal
applications, and certain structural joints.
Carbon steel flux cored electrodes are com-

monly used to weld grades of steel such as
ASTM A516, A517, and A572, while the low-
alloy types are used for low-temperature steels,
such as ASTM A302 chromium-molybdenum
steels, and high-strength steels, such as ASTM
A514. Use of self-shielded electrodes has been
dominant in field applications, such as pipeline
construction and high-rise building construc-
tion, because gas-shielded electrodes require a
shielding gas source near the welding arc. The
use of gas cylinders in these instances has
proved unwieldy, hence making self-shielded
products the favorite choice.

Equipment

The FCAW process uses semiautomatic,
mechanized, and fully automatic welding sys-
tems. The basic equipment includes a power
supply, wire feed system, and welding gun.
The required auxiliary equipment, such as
shielding gas, depends on the process variant
used and the degree of automation. The use of
fume-removal equipment may be considered
for welding applications indoors or in enclosed
areas, as deemed necessary by safety and health
professionals. Such systems should be designed
for the specific application and area involved.
Typical semiautomatic equipment is

shown in Fig. 2. The equipment used in the
FCAW-G process is typically identical to
GMAW equipment.
The recommended power supply for the semi-

automatic FCAW process is a constant-voltage
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direct current machine. Most power supplies
used for semiautomatic FCAW have output rat-
ings of 600 A or less. A power supply rated at
60% or more duty cycle is the best choice for
most industrial applications, whereas a duty-
cycle rating as low as 20% may be sufficient for
maintenance and repair applications.
Constant-current power supplies are used in

certain situations, such as field welding applica-
tions, where portable constant-current SMAW
power supplies are readily available. The addi-
tion of a contactor and a voltage-sensing wire
feeder makes this an adequate welding system.
However, such a system is only recommended
when the use of a constant-voltage system is
not feasible, because constant-current systems
produce an inherently less-stable welding arc
than constant-voltage systems.
Wire feeders for constant-voltage FCAW

systems are generally simple devices that pro-
vide a constant wire feed speed. The power
supply provides sufficient current to maintain
an arc at the voltage that is preset at the power
supply. A change in wire feed speed results in a
change in the welding current.
In a constant-current system, the wire feeder is

somewhat more complex. The welding current is
preset at the power supply. The wire feeder has a
voltage-sensing feedback loop that allows it to
adjust the wire feed speed to maintain the desired
welding voltage. The wire feeder generally con-
tains systems to close the contactor and open

the shielding gas solenoid valve (FCAW-G pro-
cess only) when welding is started.
Because flux cored wires are easily deformed

by excessive feed roll pressure, knurled feed
rolls are generally used in the FCAW process.
Some wire feeders use a single drive roll paired
with an undriven pressure roll. Others have one
or two pairs of drive rolls. It is generally
believed that systems having two pairs of drive
rolls require the least drive roll pressure to pro-
vide dependable feeding. Excessive pressure
with smooth rolls can crush the wire to an oval
shape, causing it to jam in the liner or the con-
tact tip. Excessive pressure with knurled rolls
can wear notches into the wire surface that
carve a trough into the contact tip, causing
feeding and electrical burnback problems.
Both air-cooled and water-cooled welding

guns are used in the semiautomatic FCAW pro-
cess. Air-cooled guns are generally preferred,
because they are simpler to maintain, lighter
in weight, and less bulky. Water-cooled guns
may be required when welding currents over
500 A are used, especially when the shielding
gas is rich in argon, because argon arcs radiate
more heat to the gas cup on the gun. As a rule
of thumb, the use of argon blends will typically
reduce the current-carrying capacity of a gun by
50%, rendering a 400 A gun useful at a maxi-
mum of 200 A.
Air-cooled guns designed for gas-shielded

welding should not be used for self-shielded

welding, because the gun depends on the flow
of shielding gas for proper cooling. Although
curved-neck guns are the most common,
straight guns are used to a limited extent.
A trigger switch on thewelding gun is closed to

initiate wire feeding, welding current flow, and
shielding gas flow. The electrode is delivered
from the wire feeder to the gun through a flexible
conduit. Standard conduit lengths are 3, 3.7, 4.6,
and 7.7 m (10, 12, 15, and 25 ft). Other lengths
may also be available.
Mechanized and automatic FCAW equip-

ment is not substantially different from that used
in the semiautomatic FCAW process. The power
supply should be rated for 100% duty cycle.
Power supplies capable of outputs up to 1000 A
may be required for some applications. Con-
stant-current systems are very seldom used for
mechanized and automatic welding.
The wire feed system is separated into a

drive motor assembly and a welding control
device, the latter of which often has a system
to automatically start the travel mechanism
when wire feed, current flow, and shielding
gas flow are initiated. The welding control
device is often equipped with a voltmeter and
ammeter, as well.
The welding gun inmechanized and automatic

systems is often mounted directly to the drive
motor assembly, eliminating the need for a con-
duit. The gun is usually straight, but curved-neck
guns are also used. Both water- and air-cooled
guns are used, depending on the welding current
level and shielding gas.
Most of the commonly available air-cooled

guns can be used at levels up to 500 A with
CO2 shielding gas. When argon-rich shielding
gas is used, the same gun may only be suitable
for use at levels up to 300 A. Water-cooled
guns are generally used at higher current levels.
Various travel mechanisms are used, depend-

ing on the applications. These mechanisms
include side-beam carriages, tractor-type car-
riages, and robots.
Fume-Removal Equipment. In many cases,

the amount of fumes generated by the FCAW
process is sufficient to require fume-removal
equipment. Although such equipment can be as
simple as exhaust fans in the shop roof,
additional local fume collection is often neces-
sary. These systems can be either collection
hoods (located above the welding gun) or fume-
extractor guns. These guns are more efficient at
collecting fumes but are heavier and more bulky
than standard welding guns. To be effective,
fume-collection hoodsmust be repositioned each
time the welding location is moved.

Base Metals

Carbon and Low-Alloy Steels. Most carbon
and low-alloy steels can be welded by the
FCAW process if suitable electrodes are avail-
able and if the steels can accommodate the pro-
cess. Steels for which electrodes are available
include the following.

Fig. 2 Semiautomatic flux cored arc welding equipment. Source: Ref 1
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Mild steels, such as AISI 1010 to 1030 and
ASTM A36, A285, A515, A516, and A572
grades 50 and 60, are commonly used in the
fabrication of heavy equipment, mining
machinery, oil storage tanks, water towers,
bridge structures, and structural steel.
Weathering structural steels, such as ASTM

A588, are used in applications such as electrical
transmission towers and bridge members that
require the corrosion resistance provided by
the oxide covering created by the presence of
nickel, copper, and chromium.
High-strength, low-alloy steels, such as

ASTM A710, are low in carbon and not as sen-
sitive to preheat as steels containing higher
amounts of carbon. Common applications are
shipbuilding and offshore oil platform leg sec-
tions. Yield strengths of these materials are
commonly near 552 MPa (80 ksi).
High-temperature chromium-molybdenum steels,

such as ASTMA387 grades 12 (1Cr-0.5Mo) and
22 (2.25Cr-1Mo), are used in power
plant construction, such as piping systems, for
creep resistance at higher temperatures, in
the range of 690 to 745 �C (1275 to 1375 �F).
Flux cored electrodes of the gas-shielded
variety have made their way into these applica-
tions much more in the last few years through
the development of B2 and B3 alloys with higher
CVN values than previous technology allowed.
Nickel-base steels include ASTM A203

grade A and ASTM A352 grades LC1 and LC2,
although ASTM A302 and A734 would also be
welded with these nickel-bearing, low-alloy elec-
trodes. These grades of steel usually contain from
1 to 3% Ni and are used in applications requiring
high CVN values at temperatures from �45 to
�75 �C (�50 to�100 �F). They are welded in all
positions with flux cored wires containing weld-
metal nickel from 1 to 3.5%, as well as 5 and 9%
Ni steels for cryogenic applications. In these cases,
the tubular sheath is typically pure nickel, and the
deposited weld metal is austenitic in nature.
High-strength quenched and tempered steels

include HY-80, HY-100, and ASTM A514 and
A517. The HY-80 and HY-100 steels are used
almost exclusively in naval submarine and surface
ship construction, without much use in commer-
cial applications. ASTM A514 and A517 are
high-strength, low-alloy steels of the quenched
and tempered variety and have numerous com-
mercial applications, such as crane booms and
mining truck bodies and frames. TheHY-80mate-
rial has a yield strength range of 550 to 620 MPa
(80 to 90 ksi), while ASTM A514 and A517 can
have yield strengths of 690 to 830 MPa (100 to
120 ksi). The K3, K4, K7, and K9 series of alloy
classes in the AWS A5.29 document are usually
selected to weld these steels.
Medium-carbon, heat treatable, low-alloy steels

include AISI 4130, 4140, and 4340. These pro-
ducts use elevated carbon levels, alongwith chro-
mium, nickel, and molybdenum additions,
combined with quenching and tempering, to pro-
duce tensile strengths above 1035MPa (150 ksi).
Welding of these materials is once again done by
the K3, K4, and K7 classes of products.

Stainless Steels. Several grades of stainless
steel are welded with both gas-shielded and
self-shielded flux cored electrodes. Electrodes
designed for welding AISI 304, 316, 347, and
others are available. Also available are electrodes
suitable for joining stainless steels to carbon and
low-alloy steels. Flux cored electrodes for weld-
ing austenitic stainless steels are available in both
gas-shielded and self-shielded classifications.
The gas-shielded types are designed for use with
either CO2 or the Ar-CO2 blends, with products
for all-position and flat and horizontal welding.
Self-shielded electrodes are found mainly in flat
and horizontal classes, but some grades are avail-
able with all-position capability.
Nickel-Base Alloys. Electrodes that can be

used to weld some nickel-base alloys have also
been introduced. Among the nickel-base alloys
that have been joined using the FCAW process
are alloy 600 (UNS N06600) and alloy 625
(UNS N06625). Some cast irons are also
welded using nickel-base flux cored electrodes
designed specifically for this purpose. These
nickel-base electrodes can be obtained in both
gas-shielded and self-shielded versions and are
available for both all-position and flat and hori-
zontal welding.

Electrode Manufacture

Flux cored electrodes are often manufactured
using the process shown in Fig. 3. A flat sheath
material is first formed into a “U” shape. The
sheath material is usually carbon steel strip,
with carbon levels as low as 0.001% and com-
monly used in the range of 0.03 to 0.07%.
The dimensions are used in width/thickness
ratios and are normally considered proprietary.
The core ingredients are mixed and blended in
some type of blending device and then poured
into this “U” at the desired rate. The sheath is
then closed around the core materials to form
a round tube. The diameter of this tube is then
reduced, generally by drawing or rolling opera-
tions, to compress the core materials and bring
the electrodes to a size that is usable for weld-
ing. The finished wire is then wound on spools,
coils, or other packages. Other manufacturing
methods, which are generally considered pro-
prietary, are also used.
The usability of a flux cored electrode, as

well as the properties and chemistry of the weld
it deposits, primarily depends on the ingredients
in the electrode core. Common core ingredients
and their functions are listed in Table 1.

Fig. 3 Flux cored electrode manufacturing process. Source: Ref 2

Table 1 Functions of common core ingredients in flux cored arc welding electrodes

Core ingredient Gas former Deoxidizer Denitrifier Slag former Viscosity control Arc stabilizer Alloy

Rutile (TiO2) . . . . . . . . . X X . . . . . .
Fluorspar (CaF2) . . . . . . . . . X X . . . . . .
Lime (CaCO3) X . . . . . . X . . . X . . .
Feldspar . . . . . . . . . X . . . X . . .
Synthetic frits . . . . . . . . . X X X . . .
Manganese . . . X . . . . . . . . . . . . X
Silicon . . . X . . . . . . . . . . . . X
Titanium . . . X X . . . . . . . . . . . .
Aluminum . . . X X . . . . . . . . . . . .
Chromium, nickel, molybdenum . . . . . . . . . . . . . . . . . . X
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Electrode Diameters

Flux cored electrodes are produced in dia-
meters ranging from 0.030 to ⅛ in. (0.8 to 3.2
mm). All-position electrodes are usually avail-
able in diameters of:

� 0.030 in. (0.8 mm)
� 0.035 in. (0.9 mm)
� 0.045 in. (1.2 mm)
� 0.052 in. (1.4 mm)
� 1/16 in. (1.6 mm)

Electrodes for flat and horizontal welding are
usually available in diameters of:

� 1/16 in. (1.6 mm)
� 5/64 in. (2.0 mm)
� 3/32 in. (2.4 mm)
� 7/64 in. (2.8 mm)
� ⅛ in. (3.2 mm)

Other diameters are supplied through special
purchasing agreements between end users and
the manufacturers. The 0.030 and 0.035 in.
(0.8 and 0.9 mm) diameters are typically made
in the self-shielded versions, with gas-shielded,
all-position, flux cored electrodes commonly
marketed in the 0.045, 0.052, and 1/16 in. (1.2,
1.4, and 1.6 mm) diameters. These diameters
lend themselves quite readily to all-position
welding applications.

Electrode Classification

Carbon and Low-Alloy Steel Electrodes.
Carbon steel flux cored electrodes are classified
by AWS A5.20, “Specification for Carbon Steel
Electrodes for Flux Cored Arc Welding.” The
layout of this classification system is defined

in Fig. 4; an “X” indicates a position where a
designator would be. For example, the designa-
tor indicating minimum tensile strength can be
a 6, to denote 60 ksi (415 MPa), or a 7, to
denote 70 ksi (480 MPa). The assignment of
the final designator depends on the shielding
requirements and features of the electrode, as
well as the recommended welding polarity.
These are described in Table 2. The designa-
tions EXXT-G and EXXT-GS are designed to
allow the classification of electrodes that are
not covered by any of the other classifications.
There are also optional supplemental designa-
tors, allowing the addition of a “J” for lowering
the temperature of CVN testing requirements
by 11 �C (20 �F) and for adding the diffusible
hydrogen designator, which indicates the dif-
fusible hydrogen level that the electrode meets,
such as H2, H4, H8, and H16 (representing 2.0,

4.0, 8.0, and 16.0 mL of hydrogen per 100 g of
weld metal).
Low-alloy steel electrodes are classified

under AWS A5.29, “Specification for Low
Alloy Steel Electrodes for Flux Cored Arc
Welding.” This specification uses a classifica-
tion system very similar to that used in specifi-
cation AWS A5.20, except that a chemical
composition designator is added to the designa-
tion. An electrode classified according to this
specification will have the form EXXTX-X.
All of the positions before the dash have the
same meaning as those in specification AWS
A5.20. The position behind the dash is the
chemical composition designator, which con-
sists of a letter and a number. The same
optional supplemental designators are used in
AWS A5.29 as in A5.20. Therefore, it is possi-
ble to have a classification that looks like

Fig. 4 Classification system for carbon steel flux cored electrodes. The letter “X” as used in this figure and in
electrode classification designations in AWS specification A5.20-79 substitutes for specific designations

indicated by this figure. Source: Ref 3

Table 2 Usability type designators for flux cored electrodes

Type(a)(b) Shielding(c) Single or multipass(d) Transfer Impact toughness requirement Polarity(e) Special characteristics

T-1 Gas Multipass Spraylike 20 ft � lbf at 0 �F (27 J at �18 �C) DCEP Low spatter, full slag coverage
T-2 Gas Single Spraylike No requirement DCEP Low spatter, full slag coverage, high deoxidizers
T-3 Self Single Spraylike No requirement DCEP High speed
T-4 Self Multipass Globular No requirement DCEP High deposition, low penetration, crack resistant
T-5 Gas Multipass Globular 20 ft � lbf at �20 �F (27 J at �30 �C) DCEP(f) Improved toughness, crack resistant, thin slag
T-6 Self Multipass Spraylike 20 ft � lbf at �20 �F (27 J at �30 �C) DCEP Improved toughness, deep penetration
T-7 Self Multipass Globular No requirement DCEN Crack resistant, good slag removal
T-8 Self Multipass Globular 20 ft � lbf at �20 �F (27 J at �30 �C) DCEN Improved toughness, crack resistant
T-9 Gas Multipass Spraylike 20 ft � lbf at �20 �F (27 J at �30 �C) DCEP Toughness requirements are at �20 instead of

0 �F (�30 instead of �18 �C).
T-10 Self Single Globular No requirement DCEN High speed
T-11 Self Multipass Spraylike No requirement DCEN General purpose
T-12 Gas Multipass Spraylike 20 ft � lbf at �20 �F (27 J at �30 �C) DCEP 1.60 max Mn to meet ASME, enhanced toughness
T-13 Self Multipass Globular No requirement DCEN Designed for aluminized and galvanized coated

steels
T-14 Self Multipass Globular No requirement DCEN Designed for thin-gage galvanized steels
T-G Not specified Multipass Not specified No requirement Not specified Not specified
T-GS Not specified Single Not specified No requirement Not specified Not specified

(a) A “C” designator is added when the electrode is designed for CO2 shielding and an “M” designator when designed for Ar-CO2 blends. (b) Addition of the “J” designator requires Charpy V-notch impact values to meet 20 ft �
lbf (27 J) at �40 �F (�40 �C). (c) Gas-shielded electrodes are classified using CO2 shielding; however, Ar-CO2 mixtures are commonly used in practice. (d) Multipass electrodes are suitable for single-pass or multipass weld-
ing; single-pass electrodes are suitable for single-pass welding only. (e) DCEP, direct current electrode positive; DCEN, direct current electrode negative. (f) T-5 electrodes are classified using DCEP; however, they are some-
times used with DCEN in practice. Source: Ref 3
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EXXTX-X J HX. The letter “X” that follows
“EXXTX” denotes the alloy type of the elec-
trode being classified, as follows:

Designator Alloy type

A Carbon-molybdenum steel
B Chromium-molybdenum steel
Ni Nickel steel
D Manganese-molybdenum steel
W Weathering steel
K Other low-alloy steels
G Not specified

Specification AWS A5.29 classifies only the
EXXT1-X, EXXT4-X, EXXT5-X, and EXXT8-
X electrode types, and the usability designator
has the name meaning as that in specification
A5.20. Minimum tensile strengths of up to 830
MPa (120 ksi) are included in specification AWS
A5.29. Impact toughness requirements are based
on the strength, usability, and chemical composi-
tion requirements of the electrode.

Stainless steel electrodes are classified
under AWS A5.22, “Specification for Flux
Cored Corrosion Resisting Chromium and
Chromium-Nickel Steel Electrodes.” Classifica-
tions to this specification have the form
EXXXT-X. The first three positions are the
chemical composition designator, which corre-
sponds to the American Iron and Steel Institute
(AISI) designations (such as 308, 316, and 410)
of steels having a similar composition. The final
position is the shielding-type designator:

� T1 types are designed for use with CO2.
� T-2 types are designed for use with Ar-2O2

shielding gas.
� T-3 types are self-shielded.
� T-4 types are for use with 75 to 80% Ar/bal-

ance CO2.

Also, a T-G type is included for electrodes that are
not coveredby theother shielding-typedesignators.
Nickel-Base Electrodes. A specification for

nickel-base flux cored electrodes has been

published, AWS A5.34. Now that these pro-
ducts have their own classification document,
flux cored nickel-base electrodes have found
their way into many applications, such as
cladding vessels for power generation, welding
dissimilar metals on offshore platform com-
ponents, and joining nickel-base materials to
themselves on scrubbers and other highly corro-
sive weldments.
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Submerged Arc Welding
Lee E. Allgood, The Lincoln Electric Company

SUBMERGEDARCWELDING (SAW) is an
arc welding process in which the arc is concealed
beneath and shielded by a blanket of granular fus-
ible material called flux that is placed over the
joint area ahead of the arc. Fillermetal is obtained
primarily from an electrode wire that is continu-
ously fed through the blanket of flux into the arc
and pool of molten flux.
The distinguishing feature of submerged arc

welding is the granular material (flux) that covers
the weld area and prevents arc radiation, sparks,
spatter, and fumes from escaping. The flux is of
major importance in achieving the high deposi-
tion rates and high-quality weld deposit charac-
teristics. In addition to shielding the arc from
view, the flux provides a slag that protects the
weld metal as it cools. The slag may also deoxi-
dize and refine the weld metal, insulate the weld
to reduce the cooling rate, and help to shape the
weld contour. Figure 1 shows a schematic dia-
gram of a typical submerged arc weld.

Principles of Operation

Duringwelding, the heat of the arcmelts someof
the flux along with the tip of the continuously-fed
electrode, as illustrated in Fig. 2. The tip of the elec-
trode and the welding zone are surrounded and
shielded by molten flux covered by a layer of
unfused flux. The electrode is automatically held a
short distance above the workpiece, with an arc
between the electrode and the workpiece. As the
electrodeprogresses along the joint, the lightermol-
ten flux rises above the molten metal in the form of
a slag. The slag then freezes over the newly solidi-
fied weld metal, continuing to protect the metal
from possible contamination by nitrogen and oxy-
gen while at elevated temperatures. After cooling
and removing any unfusedflux for reuse, the solidi-
fied slag may be easily removed from the weld.
Automatic welding generally uses electrodes

ranging in diameter from 2.4 through 4.8 mm
(3/32 through 3/16 in.), with 4 mm (5/32 in.)
being perhaps the most commonly used size.
Semiautomatic welding is limited in size to
maintain flexibility of the cable through which
the electrode is fed. The normal diameter for
semiautomatic welding is between 1.6 and 2.4
mm (1/16 and 3/32 in.) with 2.0 mm (0.78 in.)
being the most commonly used.

Advantages of SAW include:

� The process virtually eliminates weld spat-
ter, thus simplifying weld cleaning.

� There is little or no arc radiation, eliminating
the need for the operator to use a welder’s hel-
met. It also eliminates surrounding-area weld
flash, hence the need for protective screening.

Fig. 1 Schematic of a typical submerged arc weld

Fig. 2 Submerged arc weld pool schematic



� Submerged arc welding significantly reduces
fume generation. In comparison to open-arc
processes, virtually no fume is generated.

� The flux acts as a scavenger and deoxidizer to
remove contaminants such as oxygen, nitro-
gen, and sulfur from themoltenweld pool, thus
helping to produce very clean weld deposits.

� Deposits that are low in hydrogen are readily
achievable.

� Very high deposition rates are possible, thus
significantly increasing welding speeds and
reducing total arc times.

� High current density produces high arc pene-
tration, allowing for reduced edge preparation.
Figure 3 is a macrophotograph of a submerged
arc weld produced with two plates that were
square butted together with no edge bevel.

� Submerged arc welding is readily adapted to
semiautomatic, machine automated, and
fully automatic modes of operation.

� Multiple electrodes may be used in the same
weld pool resulting in deposit rates unattainable
by any other arc welding process.

Limitations of SAW include:

� Most welding is performed in the 1F, 2F,
1G, and to a limited extent, the 2G positions
(Fig. 4, Ref 1).

� Slag must be removed from each pass
(layer) in weld joints involving multiple
weld passes, although this is no different
than for most arc welding processes.

� High heat inputs for SAW somewhat units the
process to thicker materials, arbitrarily
6.4 mm (0.25 in.). Special conditions may
allow welding thinner materials.

� Submerged arc welding is generally not suit-
able for welding nonferrous materials such
as aluminum, magnesium, and their alloys.

Process Applications

If a steel is suitable for welding with gas
metal arc welding, flux cored arc welding, or
shielded metal arc welding, procedures likely
can be developed to weld the steel with SAW
(Ref 1). The main limitations of SAW are plate
thickness and position. Because SAW is a high-
heat-input and high-deposition-rate process, it

is generally used to weld thicker steels.
Although the welding of 1.6 mm (0.062 in.)
thick steel is possible, most SAW is done on
plate over 6.4 mm (0.25 in.) thickness.
Types of Metals Submerged arc welding is

most commonly used to join plain carbon steels.
Low alloy and alloy steels can be readily welded
with SAW if care is taken to properly control the
heat input to prevent creating undesirable hard-
ness in the heat-affected zone (HAZ). Alloy
steels and heat treated steels can be welded using
controlled heat input (Joules/min.) and interpass
temperature procedures to avoid undesirable
grain coarsening and/or cracking in the HAZ.
Heat input as well as interpass temperature

control may be essential to developing specific
mechanical properties in the weld deposit.
Welding of stainless steels is possible and prac-
tical on many AISI grades of steel. However, it
is not recommended for fully austenitic grades
or where ferrite content is controlled to less
than 4%. Silicon content may be considerably
higher for other arc welding processes and
may cause hot-short cracking in austenitic
grades of material (Ref 1).
Industrial Uses for SAW. Submerged arc

welding is ideally suited for any application involv-
ing long, continuous welds. The ability to readily
weld thick plates, sometimeswith simple joint con-
figurations, makes SAW the method of choice for
welding components or assemblies found in:

� Bridge girder fabrication
� Structural steel components
� Machinery components such as gear cases,

gears, structural bases, hydraulic cylinder
end-caps, and so on

� Shipbuilding
� Earthmoving, construction, and agricultural

equipment
� Mining and mineral processing equipment
� Food processing equipment
� Pressure vessels
� Air receiver and compressed gas cylinders
� Pipe fabrication

Submerged arc welding is also suited for
buildup and/or overlay with alloyed materials.
Typical applications include steel mill and

paper processing rolls, pressure vessel cladding,
and hardfacing wear parts (Fig. 5). This is fre-
quently done during fabrication of new compo-
nents as well as the restoration to serviceability
of worn components.
Joint Configurations. Themost commonweld

depositsmadewithSAWaregroove,fillet, lap, plug,
joggle, and surfacing (buildup) deposits.
For groove or butt welds, the deep-penetra-

tion capability of SAW can play a role in spe-
cific joint selection. Plate up to 9.5 mm (0.38
in.) thick can be completely welded from one
side using a square butt joint with an 0.8 mm
(0.03 in.) root opening incorporating flux, cop-
per, or ceramic backing. Plates in the thickness
range from 6.4 to 19 mm (0.25 to 0.75 in.) that
are square-edge butted with no gap may be
welded without using backing by making one
pass from each side, as shown in Fig. 3 (Ref 1).
Beveled joints may be used on any material

10 mm (0.38 in.) or greater. These joints may
involve one pass from each side or multiple
passes from either or both sides. When multiple
passes are used, each pass should be such that
slag is easily removed (Ref 1).
Fillet and lapweldswith leg sizes up to 7.9mm

(0.31 in.) can readily bemade in the horizontal 2F
position (Fig. 6) using either semiautomatic or
full-automatic methods. Welds larger than this
can be made using multiple-pass techniques. In
the flat (1F) position, it is possible to similarly
produce welds of 12.7 mm (0.50 in.) leg size.
Submerged arc plug welds are made in the flat

position only. The electrode is placed in the cen-
ter of a prepared hole, and the arc is allowed to
remain turned on until the hole is filled.
Ensuring High-Quality Welds. As with all

arc welding processes, there are a number of
steps that should be taken to produce high-qual-
ity welds. Make sure that the plate surfaces and
the abutting surfaces to be welded are prepared
such that:

� Organic materials including oil, grease,
paint, and some paint primers are removed.

� Paint primers are kept uniform in thickness
and as thin as possible.

Fig. 3 Square-edge preparation on 12.5 mm (0.5 in.)
plate Fig. 4 Typical submerged arc welding positions

Fig. 5 Submerged arc welding buildup on cylindrical
object
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� Rust in the weld area, especially red rust, is
removed.

� The surfaces and abutting areas are free of
moisture.

� Slag is removed from previous layers and
any tack welds.

� Welding flux is clean and dry. This is very
important when reusing unfused flux.

� Anestablishedweldingprocedure shouldbe fol-
lowed. This is especially important in repetitive
work andmandatory to complywithmost codes
and standards, such as the American Society of
Mechanical Engineers (ASME), the American
Welding Society (AWS), and so on.

� A welding procedure should at least include
electrode diameter, flux and electrode type,
amperes and/or wire feed speed volts, type
of current, travel speed and contact tip to
work distance (CTWD), see (Fig. 7). This
is sometimes referred to as electrical stick-
out (ESO).

� Work should be securely grounded to the
power source and, whenever possible, weld-
ing direction should be away from the ground.

� If preheating is required, the necessary tem-
perature should be reached through the
thickness of the section to be welded and
(as a rule of thumb) at least 50 mm (two
inches) on either side of the joint line.

Automatic SAW Power Source and
Equipment

Power Supply. The power supplied to the
contact tip may be direct current (dc) or alter-
nating current (ac). Both dc and ac power have
advantages and disadvantages.
In the United States, dc power has been the

predominant type of power used for single-arc
SAW. The dc power may be of a constant volt-
age or variable voltage (also known as constant
current) type. In the past, both types have been
supplied by motor generator or transformer

rectifier-type welders. More recently, inverter
power sources have been designed for SAW.
In Europe and the Far East, ac is more com-
monly used for single-arc SAW. In all cases, a
suitable wire-feeding device is connected to
the power supply. Figure 7 illustrates a simpli-
fied block diagram of a typical setup.
Advantages of the dc system include:

� Arc stability at both low and high travel speeds
� Better arc striking
� Usually uses three-phase input power, which

keeps primary current draw balanced across
each phase

Disadvantages of the dc system include:

� May encounter magnetic interference (arc
blow), resulting in poor bead shape and pos-
sible porosity

� Multi electrode applications will create mag-
netic interference between themselves.

Advantages of the ac system include:

� Freedom from magnetic arc interference (arc
blow)

� Higher deposition rates for the same current

Disadvantages of the ac system include:

� Arc ignition and arc instability may occur,
especially at lower current settings. On a
60 Hz system, the arc extinguishes and
reignites 60/s.

� May require voltages as high as 80 volts to
insure acceptable arc ignition.

� Because these are single phase devices,
larger input power lines are required.

� The high single-phase primary current draw
can create significant supply line imbalances.

� Phasing and/or power sources for multiarc
applications involve complex connections.

� Paralleling power sources for high current
applications involves complex transformer
connections.

Power Inverter Technology. Recent advances
in power inverter technology, digital solid-state
controls, and software control of power output
have dramatically altered the nature of SAW
power sources and related equipment. Figure 8
illustrates a modern power source, control unit,
and wire drive.
These power sources differ from traditional

motor generator or transformer-type power
sources in the following ways:

� Three-phase power input is balanced at higher
efficiencies irrespective of output mode.

� Either ac or dc power and constant current or
constant voltage modes can be output from
the same power source.

� Easy paralleling of power sources for high
current outputs

� The ac output can be square wave, which
increases arc stability (Fig. 9).

� To switch between ac and dc output, no exter-
nal or internal wiring changes are required. Dc
output may be either constant current or con-
stant voltage.

� The ac output may be unbalanced, thus per-
mitting controlled changes in penetration
and deposit rate.

� The source is readily compatible with pro-
grammable logic controllers.

Control System Requirements. If constant
voltage output is used, the wire is fed at a con-
trolled, constant speed. The required welding
current is determined based on the size of the
electrode, the contact-tip-to-work distance, and
the speed of the feeder. This is frequently the
choice for small, high-travel-speed welds.
If constant current (variable voltage) output

is used, the feeder monitors the arc voltage to
adjust the wire feed speed and maintain a given
arc length, while the power source maintains
the desired current. This is usually the choice
where large weld puddles are involved.

SAW Fluxes

Fluxes are described in several different ways,
including method of manufacture, alloying effect,
basicity index, and diffusible hydrogen potential.

Fig. 7 Typical submerged arc welding equipment
layout. CTWD, contact-tip-to-work distanceFig. 6 Fillet welds, 8 mm (0.31 in.)
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Fused fluxes are manufactured by melting,
drying, and then grinding the raw materials.
Agglomerated fluxes are manufactured by bind-
ing the raw materials together and heating them
as a ceramic. Because of the lowermanufacturing
temperatures, agglomerated fluxes may contain
alloys and high-melting compounds. Slag that
has been produced by SAW is sometimes ground
and used as a welding flux. Because of the inher-
ent risks in this process, the usage is typically
limited to overlay welding or less-critical appli-
cations. Reground fluxes may require requalifi-
cation to the appropriate material specification.
Fluxes can be produced over a wide range of par-
ticle sizes. Typically, smaller particle sizes are
preferred for smaller welds, and larger particle
sizes for larger weld puddles.
Fluxes may be categorized as active or neu-

tral with regard to alloying weld metal. Active
fluxes generally add alloy to a weld deposit and
specifically may change the level of alloying
based on the amount of flux that is melted with

respect to the electrode and base metal melted.
They are particularly effective at resisting weld
defects due to dirty steel and are mainly used
for limited-pass welding. When using these
fluxes, more care must be taken to keep welding
conditions the same, because the amount of alloy
deposited changes with the amount of flux
melted. They are also known to increase the alloy
level of multiple-pass welds as subsequent layers
of weld metal are added.
Some fluxes contribute significant amounts

of various alloys and are used for hardfacing
and specific alloy steel applications. Other
fluxes add chromium and are used to compen-
sate for chromium that is lost during welding
of stainless steels. Neutral fluxes are typically
used for multiple-pass applications.
The neutral/active behavior of a given flux is

expressed by the Wall neutrality number (N)
(Ref 2, 3) and is defined by:

N ¼ 100� ð �%Sij j þ �%Mnj jÞ (Eq 1)

where jD%Sij is the absolute value of the change
in the weight percent of silicon, and jD%Mnj is
the absolute value of the change in the weight
percent of manganese when welds are made at
28 and 36 V. Fluxes that contribute alloying
ingredients other than manganese and silicon
are characterized by the expected composition
or properties of the resulting weld metal.
Another common method used to describe

submerged arc fluxes is the basicity index
(BI). The basicity index is a measure of the
ratio of strongly bound metallic oxides to
weakly bound metallic oxides and roughly
relates to the amount of oxygen in the weld
metal. The Boniszewski basicity index (Ref 4)
is defined by:

BI ¼

ðCaOþ CaF2 þMgOþ K2Oþ Na2Oþ Li2OÞ
þfBaOþ SrOþ 1=2ðMnOþ FeOÞg

fSiO2 þ 1=2ðAl2O3 þ TiO2 þ ZrO2Þ ðEq 2Þ

Fluxes with a high basicity index (>2) gener-
ally produce weld metal with higher toughness
properties in multiple-pass welds. Fluxes
with a medium basicity index (1 to 2) generally
produce weld metal with higher toughness
in single-pass or two-run welds. Fluxes with
a low basicity index (<1) are generally used
where high impact toughness is not a
requirement.
Fluxes exhibit more influence on sub-

merged arc weld-metal hydrogen than do
solid electrodes, so fluxes are sometimes clas-
sified in terms of the diffusible hydrogen of
weld metal. Submerged arc weld metal can be
produced with diffusible hydrogen levels of
less than 2 mL/100 g to over 15 mL/100 g weld
metal. Some fluxes must be dried prior to
use to produce low weld-metal hydrogen
values. Different welding fluxes will contain
different amounts of moisture. Different
welding fluxes will have different relation-
ships between moisture in the flux and
hydrogen in the weld. It is difficult to general-
ize this relationship, so the consumable
manufacturer should be consulted with regard
to appropriate flux storage and drying
conditions.

Electrodes for SAW

There are three different types of electrodes
manufactured for SAW welding:

� Solid: These are drawn to specific sizes
and are the most commonly used type.
Solid electrodes are available for welding
carbon steel, low-alloy steel, stainless
steel, and nickel-base alloys. A thin copper
coating is usually applied to the carbon
steel electrodes to enhance atmospheric cor-
rosion resistance and improve electrical con-
tact. The most commonly used sizes range
from 1.6 to 6.4 mm (0.062 to 0.25 in.).Fig. 9 Alternating current (ac) square wave and sine wave output

Fig. 8 Inverter with digital control
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� Cored: These are electrodes with a
metallic sheath and a filling of metals and
fluxing agents. They are often used to
add alloy to a weld puddle to provide a spe-
cific weld-metal composition. Size availabil-
ity ranges from 2 to 4 mm (0.078 to 0.156
in.).

� Strip: These are made from solid strip to
an appropriate chemistry. They are
available in widths from approximately 25
to 100 mm (1 to 4 in.). Thickness ranges
are usually from 0.5 to 1.0 mm (0.02
to 0.04 in.). These electrodes are
primarily used for cladding, buildup, over-
laying, and hardfacing applications. The
advantage of these electrodes is that low
penetration and low dilution with parent
plate (or previous layers) can be achieved
at moderately high deposition rates. A major
disadvantage is that special feeder drive rolls
and contact nozzles are required.

Weld-Metal Considerations

A weld consists of melted parent plate and
electrode andmay also contain alloying elements
from the flux. The weld-metal composition and
mechanical properties are dependent on the
welding procedure, the joint preparation, the con-
sumables used, and any postweld heat treatment.
Submerged arc weld metal is classified based on
tensile strength, impact toughness, and some-
times chemical composition of the weld metal.
Weld metal is classified based upon producing
welds using specific procedures as detailed in

AWS specifications. Provision ismade for classi-
fication by using either a multiple pass procedure
or a two run procedure.
Classification of Multiple-Pass Plain Car-

bon Weld Metal. The classification of electro-
des and fluxes for welding carbon steels is
detailed in “Specification for Carbon Steel Elec-
trodes and Fluxes for Submerged Arc Welding,”
ANSI/AWS A5.17 (Ref 2). The classification of
solid electrodes is based on the chemical compo-
sition of the electrode. Flux is not classified alone
but is based on themechanical properties and dif-
fusible hydrogen of weld metal produced with a
given electrode. The classification system used
to describe flux-electrode combinations for mild
steel welding is shown in Fig. 10. References in
that figure are to the appropriate figures and
tables in AWS A5.17.
Classification of Multiple-Pass Low-Alloy

Weld Metal. The classification of low-alloy
steel welding electrodes and fluxes is detailed
in “Specification for Low-Alloy Steel Electro-
des and Fluxes for Submerged Arc Welding,”
ANSI/AWS A5.23 (Ref 3). The classification
of solid electrodes is based on the chemical
composition of the electrode. The classification
of composite electrodes (cored wire) is based
on weld deposit composition. Flux is not classi-
fied alone but is based on the mechanical prop-
erties, chemical composition, and diffusible
hydrogen of the weld metal produced with a
given electrode. The designator system for
flux-electrode combinations of low-alloy steel
is shown in Fig. 11. References in that figure
are to the appropriate figures and tables in
ANSI/AWS A5.23/A5.23M.

Classification of Two-Run Weld Metal.
The classification of submerged arc weld metal
produced in the two-run welding method is also
detailed in “Specification for Low-Alloy Steel
Electrodes and Fluxes for Submerged Arc
Welding,” ANSI/AWS A5.23 (Ref 3). The clas-
sification of electrodes is identical to that for
multipass welding. The classification of the
flux-electrode combination is based on the
mechanical properties and diffusible hydrogen
of the weld metal produced using a specified
two-run technique. The mechanical properties
of a flux-electrode combination welded with a
two-run technique will most often be very dif-
ferent than those obtained with a multipass
welding technique. This is due to the reheating
of the weld metal as subsequent weld passes are
applied to the weldment. The designator system
for flux-electrode combinations of low-alloy
steel is shown in Fig. 12. References in that fig-
ure are to the appropriate figures and tables in
ANSI/AWS A5.23/A5.23M.
Stainless Steel Electrodes for SAW. The

requirements for classification of stainless steel
electrodes are detailed in “Specification for
Bare Stainless Steel Welding Electrodes and
Rods,” ANSI/AWS A5.9 (Ref 5). The classifi-
cation of the filler metal is based on the chemi-
cal composition. There is no provision for
classifying a flux-electrode combination in this
specification.
Nickel and Nickel Alloy Electrodes. The

requirements for classification of nickel and
nickel alloy electrodes are detailed in “Specifi-
cation for Nickel and Nickel Alloy Bare Weld-
ing Electrodes and Rods,” ANSI/AWS A5.14
(Ref 6). The classification of the filler metal is
based on the chemical composition. There is
no provision for classifying a flux-electrode
combination in this specification.

SAW Process Parameters

In addition to the previously listed
conditions for SAW, there are a number of con-
siderations, including proper fit-up of the
work and an appropriate welding procedure,
that must be carefully controlled, just as
with any automated arc welding process. The
following is a discussion of several important
factors.
Fit-Up of Work. Assembled parts to be

welded should be fit-up accurately as specified
to assure uniformity from assembly to assem-
bly. Some key factors are:

� Whether fit-up of theworkpieces is to be “tight”
orwith a specified gap, edge-preparation unifor-
mity from piece to piece is important.

� Tack welding should be consistently
uniform, and if a slag-forming process is
used, the slag should be removed.

� Fixturing or clamping of the assembly should
be sufficient to minimize distortion during
welding and to establish a consistent weld.Fig. 10 Flux-electrode classification system for U.S. customary units. Source: Ref 2
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� Travel motion alignment relative to the
workpiece must be uniform. The use of auto-
matic seam tracking may be beneficial for
nonlinear seams.

� If groove welds are to be completely welded
fromone side, suitable joint backing is essential.

Welding Procedure Components. Appro-
priate welding procedure requires careful con-
trol of:

� Electrode-flux combination
� Electrode size
� Type of current (dc or ac)
� Current
� Voltage
� Type of voltage (variable or constant)
� Polarity if dc is used
� Frequency, balance, and offset if ac square

wave is used
� Electrical stickout (ESO) (also referred to as

contact-tip-to-work distance, Fig. 16)
� Travel speed

� Position of weld
� Number of passes
� Preheat and/or interpass temperature

These components act together with a joint
design to constitute a specific welding proce-
dure. Published procedures are available for
many joint configurations and provide a good
starting point for developing new welding pro-
cedures (Ref 1). Indiscriminant changes in any
procedural component can result in a final weld
that may not be acceptable in terms of service-
ability or appearance. A brief description of the
effects of some important procedural compo-
nents follows.
Welding current has a direct influence on

deposition rate, joint penetration, and the result-
ing internal and external bead shape. The type
of current in conjunction with electrode size
and ESO affects the deposition rate, penetra-
tion, and base-plate dilution. The effect of cur-
rent variation on weld bead profiles is shown
in Fig. 13. Welds made at excessively low

current (Fig. 13a) will tend to have little pene-
tration and may result in a less stable arc.
Welds made at excessively high current (Fig.
13b) will have deep penetration, high dilution,
and an overall undesirable bead shape. Correct
current (Fig. 13c) will produce a well-shaped
bead.
The direction of current flow will also affect

the weld bead profile. The current may be direct
with the electrode positive (reverse polarity),
electrode negative (straight polarity), sinusoidal
ac, or variable polarity ac. When dc welding is
the only choice available, electrode positive (dc
+) is generally preferred for most applications
because of greater arc stability. However, elec-
trode negative (dc�) is used to increase deposi-
tion rate and reduce penetration. Electrode
negative (dc�) is frequently used for fillet
welding where joint penetration is undesirable
or not needed. Because electrode negative
(dc�) produces shallower penetration and
therefore less base-plate dilution, it is often
used for surfacing (buildup) applications.
Deposition rate for conventional alternating

current is between that of dc straight and dc
reverse polarity. Conventional ac (sine wave)
alternating current is often used when welding
current exceeds 1000 amps.
Alternating current is frequently used when

arc blow is encountered, including in multiple-
electrode applications.
Inverter and software-basedpower sourceswith

digital control can provide a very stable square
wave output that allows the user to control the per-
cent of the cycle that is on the positive or the nega-
tive side. Referred to as percent balance, this
allows for a significant increase in deposit rate
over conventional ac sine wave output at equal
amperes. An example of this increase is shown in
Fig. 14 for a commonly used electrode size.
Arc Voltage. Like current, arc voltage

will affect the bead shape and may affect the
weld deposit composition when using
active and alloy fluxes. Changes in voltage
while holding the current constant can affect
the resulting bead shape, as shown in Fig. 15.
Excessively high voltage (Fig. 15b) will produce
a hat-shaped weld, which has low resistance
to cracking.
Setting voltage toward the high side will pro-

duce a longer arc length with a correspondingly
wider, flatter beadwith less penetration. However,
when the voltage is excessively high, the weld
bead appearance will mimic that of very low volt-
age.Lowervoltageswill shorten the arc length and
increase penetration. Excessively low voltagewill
produce an unstable arc and a crowned bead as
well as uneven surface contours (Fig. 15a).
Electrical stickout is variously referred to as

ESO or contact-tip-to-work distance. It is the
distance between the point at which current is
input to the electrode and the work (Fig. 16).
While not precisely correct, it is typically
measured as the distance from the end of the
electrode contact tip to the work surface or pre-
vious layer surface in multilayer welds.

Fig. 11 Flux-electrode classification system for U.S. customary units. Source: Ref 3
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The current flowing in the electrode between
the contact tube and the arc will cause some
resistance heating, resulting in a voltage drop
across that length of electrode. This resistance
heating and subsequent voltage drop can be
used to obtain higher deposition rates.
Normal electrode extension for solid SAW

wire is approximately 7 to 12 times the elec-
trode diameter. As this length increases, so does
the amount of resistive heating and the melt-off

rate. This (I2R) heating will create an increased
drop in arc voltage and necessitate an increase
in voltage output from the power source to
maintain the desired voltage across the arc.
Extending the electrode 20 to 30 times the
diameter can increase deposition rates by more
than 50% (Ref 1).
As the electrode is extended, keeping the

electrode aligned to the weld seam can become
a problem. Special insulated contact nozzles are

commercially available to keep the proper elec-
trode alignment.
Travel Speed. With any given welding pro-

cedure, travel speed determines and controls
the volume of weld metal deposited per incre-
mental length. There are other effects from
travel speed changes with an otherwise fixed
welding procedure:

� Heat input is directly affected by travel
speed and thus must be carefully con-
sidered when there are specific heat-input
requirements.

� The proper travel speed will result in a good
bead shape and slag removal. Travel speed
also affects penetration.

� Excessively high travel speeds will promote
a crowned weld bead as well as increase
the tendency for undercut and porosity.

� Excessively slow travel speeds can cause
an undesirable increase in the total weld
puddle size. This can cause slag inclusions
and wavy edges because the molten metal
is not properly contained by the slag.

Figures 17 and 18 illustrate how the type of
current and travel speed can interact to produce
the same weld volumes. Voltages were adjusted
as appropriate for the increase in deposit rate. Heat
input for the three welds is within a 10% spread
between the slowest- and highest-speed welds.
Flux depth should be just deep enough that

the arc does not “flash through” the flux blan-
ket. A flux blanket that is too thick can act as
a dam and affect the overall bead appearance.
In deep-groove welds, an excess amount of flux
can result in a humped weld with poor fusion
and trapped slag.
Too little flux will result in the arc flashing

through the flux. This will result in poor weld
surface appearance, arc instability, and may
even cause weld porosity by allowing air to be
drawn into the arc.

Defects in SAW

The fact that SAW is a high-heat-input pro-
cess under a protective blanket of flux greatly
decreases the chance of weld defects. However,
defects such as lack of fusion, slag entrapment,
solidification cracking, hydrogen cracking, or
porosity can occur.
Insufficient Fusion and Slag Entrapment.

Lack-of-fusion defects and slag entrapment are
most commonly caused by improper bead place-
ment or welding procedure. Improper placement
can cause theweldmetal to roll over and trap slag
underneath. A crown-shaped bead caused by
excessively high or lowwelding voltagemay also
contribute to slag entrapment and lack of fusion.
Solidification Cracking. Cracking along the

center of the bead is usually due to improper bead
shape, poor joint design, high joint restraint, or
poor welding procedures. A bead width-to-depth
ratio greater than 1 will decrease cracking ten-
dencies (Fig. 19). If the weld bead is too deep,

Fig. 12 Flux-electrode classification system for U.S. customary units. Source: Ref 3

Fig. 13 Effect of welding current on bead shape
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increased shrinkage stresses related to solidifica-
tion may cause centerline cracking. Joint
design can also contribute to excessive shrinkage
stresses and cracking. Because cracking is
related to stresses in the weld, high-strength
materials will have a greater tendency to crack.
Therefore, special care must be taken to generate
proper bead shape, preheat temperatures, and
interpass temperatures, in addition to correct
electrode and flux combinations, when welding
these materials.
Hydrogen-Induced Cracking. Unlike solid-

ification cracking, which appears immediately
after welding, hydrogen cracking may occur
from several hours to several days after welding
has been completed. To minimize hydrogen
cracking, all possible sources of hydrogen (for
example, water, oil, grease, rust, thick primer
paint, and dirt) present on the plate or joint
should be removed. The flux, electrode, and

plate should be clean and dry. Care should be
taken to avoid moisture contamination of fluxes
and electrodes. Fluxes and electrodes should be
stored, handled, and redried, if necessary, as
recommended by the consumable manufacturer.
Other considerations to reduce hydrogen-

cracking tendency include:

� Electrodes with surface rust should not be
used.

� Consumables designed to produce
weld deposits that are very low in
diffusible hydrogen should be considered,
especially when welding high-strength
steels.

Fig. 16 Contact-tip-to-work distance (CTWD) or
electrical stickout

Fig. 14 Weld deposit rate versus current. ac-SW, alternating current-square wave; dc, direct current

Fig. 15 Effect of voltage on bead shape

Fig. 17 Prepared welding groove
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� Follow proper preheat and interpass tem-
peratures as well as postweld hold times
and temperatures (Ref 1).

� Keep weld-metal layers as thin as
possible, and allow as much time as possible
for hydrogen to escape. Hydrogen escapes
more readily with increasing time and tem-
perature. Reduction of the distance that
hydrogen must travel to escape will also
assist in hydrogen removal from the weld
metal.

Porosity caused by trapped gas is
uncommon in SAW because of the protection
provided by the flux. When porosity does
occur, it may be in the form of internal
porosity or visible holes on the weld bead sur-
face. The gas bubbles that generate porosity
originate either from a lack of protection from
the atmosphere or from contaminants such as
water, oil, grease, and dirt. To reduce porosity
in SAW, in addition to proper flux coverage,
all water, grease, dirt, and any other organic
material should be removed from the plate and

the joint. Porosity that occurs at one end of
the joint and becomes worse with subsequent
passes may be caused by arc blow. Switching
to ac polarity or changing the ground location
may improve this situation. Occasionally,
porosity can occur as the result of nitrogen
being absorbed in plate edges prepared by
plasma cutting. This problem can usually be
eliminated by light grinding of the edges before
welding.

Training and Safety

Welder Training. Submerged arc welding
is an automatic or semiautomatic process carried
out primarily in the flat or horizontal position
with the arc obscured from view. Both forms
of the process are largely controlled by welding
procedure settings. The welder, or weld
operator, is responsible for slight adjustments
in equipment settings. Depending on the level
and sophistication of fixturing, the welding
operator may have to align the electrode to the

work and track the weld joint. Semiautomatic
welding will require training to properly align
the welding torch to the workpiece and to
develop the skill to provide the appropriate
travel speed.
A welder who is expected to establish weld-

ing procedures must understand how the vari-
ous elements of a procedure interact with each
other and influence the weld.
Workplace Health and Safety. Submerged

arc welding has the advantage over other
arc welding processes in that it is
essentially devoid of arc radiation and smoke
and fume generation. Nonetheless, good venti-
lation should be provided, and care should
be taken in handling flux to avoid the genera-
tion of dust.
The heavy protective clothing and gear asso-

ciated with open-arc processes is not required.
Light protective clothing may be worn. Hot slag
and flux can cause burns to exposed skin, as can
contact with hot workpieces. Eye protection
should be worn at all times.
Protection against electric shock should be

provided by assuring that all equipment is prop-
erly installed and grounded. Welding cables
should be maintained in good condition, with
proper connections at each end. Specific prac-
tices as outlined in “Safety in Welding and Cut-
ting and Allied Processes” (Ref 7) should
always be followed.
Manufacturers’ material safety data

sheets should be carefully read and understood.
Note that there is one for the electrode and one
for the flux.
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Fig. 19 Desirable bead shape

Submerged Arc Welding / 343



Gas Tungsten Arc Welding*
Lee E. Allgood, The Lincoln Electric Company

THE GAS TUNGSTEN ARC WELDING
(GTAW) process was developed in the late
1930s when a need to weld magnesium became
apparent. The GTAW process is also referred to
as the tungsten inert gas (TIG) process and as
Heliarc (Ref 3), the original registered trade
name, and thus became commonly referred to
as TIG welding.
The GTAW process derives the heat for

welding from an electric arc established
between a tungsten electrode and the part to
be welded (also called the workpiece). The arc
zone must be flooded with an inert gas to pro-
tect the tungsten electrode and molten metal
from oxidation and to provide a conducting
path for the arc current. In 1941, Russell Mere-
dith and V.H. Pavlecka developed the first
practical torch for holding a tungsten electrode
and delivering an inert gas shield to protect
the electrode, weld pool, and adjacent hot metal
(Fig. 1). The inert gas is fed through a nozzle

surrounding the tungsten electrode, which
provides a means of shielding the arc as it
is moved along a weld joint. Torches used
for higher currents are usually water cooled
(Fig. 2).
The melting temperature necessary to weld

materials in the GTAW process is obtained by
maintaining an arc between a tungsten alloy
electrode and the workpiece (Fig. 1, 3). Weld

pool temperatures can approach 2500 �C
(4530 �F). The inert gas sustains the arc and
protects the molten metal from atmospheric
contamination. The inert gas is normally argon,
helium, or a mixture of helium and argon.
Although the process was developed with
helium, argon soon became the most widely
used shielding gas because of its lower cost,
greater density, and smoother arc operation.
Helium produces a higher-energy arc and so is
still used for certain applications.
A typical setup for GTAW consists of an

inert gas supply (argon, helium, or a mixture
of these), including pressure regulators, flow
meters, and hoses to deliver the gas to the arc.
The gas(es) may be supplied from a cylinder(s)
or liquid container(s). An illustration of a com-
plete GTAW arrangement is shown in Fig. 4.
Gas tungsten arc welding may readily be

automated for automatic, machine, or robotic
welding (Fig. 5), but additional equipment is
required, such as a means of mechanically
moving the torch in relation to the work and
feeding filler electrode into the weld pool.
A fully automatic system may require a pro-
grammer consisting of a microprocessor to con-
trol weld current, travel speed, and filler
electrode feed rate as well as a programmed
travel path.

Fig. 1 Gas tungsten arc welding schematic

Fig. 2 Gas tungsten arc welding water-cooled torch

Fig. 3 Gas tungsten arc manual welding. Courtesy of
Lynn Welding Fig. 4 Gas tungsten arc welding process schematic

* Adapted from Grant Ken-Hicken, Gas-Tungsten Arc Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 190–194 (Ref 1), and with permission
from The James F. Lincoln Arc Welding Foundation (Ref 2)



Applications

Various GTAW applications are shown in
Fig. 6 and 7. Gas tungsten arc welding can be
used for those alloys where high-quality welds
and freedom from atmospheric contamination
are critical. Examples of these are reactive and

refractory metals such as titanium, zirconium,
and niobium, where very small amounts of oxy-
gen, nitrogen, or hydrogen can reduce both the
ductility and corrosion resistance. It can be used
to join stainless steels (austenitic, ferritic, and
martensitic types) and many nickel-base super-
alloys where high-quality welds are required.
Both aluminum and magnesium alloys are read-
ily weldable.
The GTAW process is well suited for welding

thin sheet (Fig. 7c) and foil of all weldable metals
because it can be controlled at the very low
amperages (2 to 5 A) required for these thick-
nesses. Gas tungsten arc welding is an excellent
process for root-pass welding with the applica-
tion of consumable inserts or open-root techni-
ques on pipe and tubing (Fig. 7). Gas tungsten
arc welding should not be used for welding
metals and alloys with very low melting points,
such as tin-lead solders and zinc-base alloys,
because the high temperature of the arc makes it
difficult to control the weld puddle.
The GTAW process is especially suited

when the highest weld quality is required. The
operator has excellent control of heat input, and
visibility is not limited by fumes or smoke from
the process. Other advantages include (Ref 4):

� High-quality, low-distortion welds
� Free of the spatter associated with other methods

� Applicable with or without filler wire
� Applicable with a range of power supplies
� Suitable for almost all metals, including dis-

similar ones
� Precise control of welding heat

Limitations of GTAW include (Ref 5):

� Lower deposition rates than consumable
electrode arc welding processes

� Used manually, it requires slightly more
welder dexterity and eye/hand coordination
than gas metal arc welding or shielded metal
arc welding for manual welding.

� Less economical than consumable electrode
arc welding for thick sections greater than
9.5 mm (0.38 in.)

� Problematic in drafty environments because
of possible difficulty in shielding the weld
zone properly

Additional problems with the process may
include:

� Possible tungsten inclusions if the electrode
is allowed to contact the weld pool

� Contamination of the weld metal if proper
shielding of the filler metal by the gas
stream is not maintained

� Low tolerance for contaminants on filler or
base metals

Fig. 5 Robotic welding. Note wire feed device
supplying “cold” wire. Courtesy of The

Lincoln Electric Company

Fig. 6 Examples of gas tungsten arc welding applications. (a) Horizontal fillet welds. (b) Root-pass heavy wall pipe. (c, d) Aluminum alloy welds. (e) Titanium components welded
in vacuum chamber. (f) Chromium-molybdenum steel component
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� Contamination or porosity, caused by cool-
ant leakage from water-cooled torches

� Arc blow or arc deflection, as with other
processes when using direct current

Principle of Operation

In the GTAW process, an electric arc is
established in an inert gas atmosphere between
a tungsten electrode and the metal to be welded.
The arc is surrounded by the inert gas, which
may be argon, helium, or a mixture of these
two. The heat developed in the arc is the prod-
uct of the arc current times the arc voltage,
where approximately 70% of the heat is gener-
ated at the positive terminal (anode) of the arc.
Arc current is carried primarily by electrons
(Fig. 8) that are emitted by the heated negative
terminal (cathode) and obtained by ionization
of the gas atoms. These electrons are attracted
to the anode, where they generate approxi-
mately 70% of the arc heat. A smaller portion
of the arc current is carried by positive gas ions
that are attracted to the cathode, where they
generate approximately 30% of the arc heat.
The cathode loses heat by the emission of elec-
trons, and this energy is transferred as heat
when the electrons enter or interact with the
anode. This is one reason why a significantly
greater amount of heat is developed at the
anode than at the cathode. Because the greater
amount of heat is generated at the anode, the
GTAW process is normally operated with the
tungsten electrode or cathode negative (nega-
tive polarity) and the workpiece or anode

positive. This puts the heat where it is most
needed, at the work.

Arc Polarity

The GTAW process can be operated in three
different modes: electrode negative (straight
polarity), electrode positive (reverse polarity),
or alternating current (ac) (Fig. 9). In the elec-
trode negative mode, the greatest amount of
heat is developed at the work. For this reason,
electrode negative (straight polarity) is used
with GTAW for welding most metals. Elec-
trode negative (straight polarity) has one disad-
vantage in that it does not provide cleaning
action on the work surface. This is of little con-
sequence for most metals, because their oxides
decompose or melt under the heat of the arc
so that deposited metal will wet the joint sur-
faces. However, the oxides of aluminum and
magnesium are very stable and have melting
points well above that of the metal. They are
not removed by the arc heat and remain on
the metal surface, restricting wetting, which,
in turn, contributes to poor weld appearance.
In the electrode positive (reverse polarity)

mode, cleaning action takes place on the work
surface by impact of gas ions. This removes
the thin oxide layer while the surface is under
the cover of an inert gas, allowing molten metal
to wet the surface before more oxide can form.
The disadvantage of this mode is that the
greater portion of heat is developed at the posi-
tive tungsten electrode and the smaller portion
at the work. This means that to obtain the same
heat at the work with electrode positive as with

electrode negative, the current must be
increased by a factor of 2.3. This current
increase, plus the fact that more heat is devel-
oped at the positive electrode, means that the
electrode operating on positive polarity must
dissipate approximately five times as much heat
as an electrode operating on negative polarity.
Usually, an electrode for positive polarity use
is approximately four times the diameter of an
electrode used for negative polarity. In the ac
mode, the desirable features of both direct cur-
rent (dc) modes are obtained at a reduced cur-
rent level.
With GTAW-ac welding, the current flow

goes to zero twice every cycle, and the arc must
be restarted twice every cycle. When the elec-
trode becomes negative, restarting occurs read-
ily, but when the electrode becomes positive,
restarting may be delayed, resulting in lower
current. If the current does not start on the pos-
itive half-cycle, complete rectification occurs,
and there will be no cleaning action. Continu-
ous high frequency superimposed on the ac will
assure that the arc is restarted early in each pos-
itive half-cycle to provide the cleaning action
and minimize the unbalance. This is the reason
that sine-wave-based GTAW power sources
include a high-frequency generator.
When 60 Hz ac is used, cleaning is obtained

on each positive polarity half-cycle, and some
heat is developed at the work. The area cleaned
on the positive polarity half-cycle will remain
clean during the negative polarity half-cycle
while shielded with inert gas. Most of the weld-
ing heat is delivered to the work during the neg-
ative polarity half-cycle. However, some power
sources, when operated in the ac mode, must be
modified when rectification occurs (as in the
case of GTAW-ac of magnesium and
aluminum).

Rectification and Cleaning Action with
Alternating Current

When welding aluminum or magnesium with
ac, an unbalanced wave form (Fig. 10) occurs
because the hot tungsten electrode will emit
electrons more readily than the clean metal sur-
face. If this happens, more current will flow
when the electrode is negative (Fig. 10), and

Fig. 8 Schematic of gas tungsten arc welding, direct
current electrode negativeFig. 7 Examples of gas tungsten arc welding application in welding tubular assemblies
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rectification will occur. This causes the arc to
look and audibly sound unstable.
Rectification will occur with older, sine-wave

ac welding power supplies. More advanced
GTAW machines include solid-state controls
that allow adjusting the ac so as to favor either
the positive or negative polarity half-cycle
(Fig. 11). This feature is particularly useful

when welding aluminum and magnesium,
because the control can be set to favor the pos-
itive half-cycle for maximum cleaning. When
the electrode is negative, more heat is generated
in the weld pool where it is needed. The smaller
amount of current when the electrode is posi-
tive is acceptable, as long as sufficient current
flows to provide adequate cleaning of the sur-
face. The lower current flow also means less
heating of the tungsten electrode.

Some power sources also produce a square-
wave ac rather than sinusoidal ac. When maxi-
mum cleaning is desired, the electrode positive
mode is favored; when maximum heat is
desired, the electrode negative mode is favored.
In general, square-wave power sources are
much less susceptible to arc rectification than
sine-wave power sources, although it still
sometimes occurs.

Equipment

Power Supplies

Power supplies for GTAW are usually of
the constant-current type with a drooping (neg-
ative) volt-ampere curve (see the article “Arc
Welding Power Supplies and Controls” in this
Volume for more details on power sources in
general and for inverters in particular). Satura-
ble reactors and thyristor-controlled units are
the most common. Advances in the electronics
industry have readily been adapted by the weld-
ing community, resulting in sophisticated, light-
weight power supplies. Transistorized dc power
supplies are common. There are newer inverter-
based power sources that will deliver dc, pulsed
dc in addition to sine-wave ac, and square-wave
ac. The output frequency can also be varied
(Fig. 12). Higher frequencies can be beneficial
in welding thin materials.
For many years, inverter power supplies were

only capable of supplying dc. This limited the

Fig. 9 Characteristics of current types for gas tungsten arc welding. DCEN, direct current electrode negative; DCEP, direct current electrode positive; ac, alternating current.
Source: Ref 5

Fig. 10 Voltage and current wave forms for alternating
current welding. (a) Partial and complete

rectification. dc, direct current; oc, overcurrent. (b) With
arc stabilization. (c) With current balancing. Source: Ref 5

Fig. 11 Alternating current (ac) wave shapes with
square-wave gas tungsten arc power supply.

dc, direct current
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use of inverters for welding aluminum, which is
normally gas tungsten arc welded using ac. By
using two inverters running at opposite polarity
and alternately switching them on and off, a
pseudo-ac output is generated. Some inverters
still generate ac in this manner. Today (2011),
there are more sophisticated methods of gener-
ating ac. The ability to generate ac is what
really makes the inverter suitable for welding
aluminum using GTAW. The fact that the arc
voltage never truly goes through zero means
that the ac arc is much more stable than it was
in the past.
Most inverter-based GTAW power supplies

do not need the traditional high-frequency
(HF) circuit, which had been added to improve
arc initiation and arc stability. The elimination
of continuous HF reduces the amount of
radio-frequency interference generated by the
power supply. In addition to having a very sta-
ble output, they also have faster response times
than conventional silicon-controlled rectifier
power supplies. Figure 13(a) illustrates the typ-
ical response of a thyristor-controlled welding

machine, while Fig. 13(b) shows an inverter-
controlled arc welding machine.
The two figures show that the inverter-

controlled machine reaches a steady-state out-
put in approximately one-third the time of the
thyristor-controlledmachine, and without the typ-
ical starting current overrun and arc instability.
Advanced inverter-based machines also offer

an additional major advantage. Figure 9 sche-
matically shows typical penetration patterns
for the three basic current modes of GTAW:
ac, dc negative, and dc positive. Advanced ac
output inverter-type welders offer the additional
ability to significantly alter the bead shape by
adjusting the balance (Fig. 14a) or frequency
of the balanced ac square wave (Fig. 14b).
Figure 15 illustrates an advanced 300 A rated

ac/dc inverter. The compact size of 439 mm high
by 269 mm wide by 620 mm deep (17.3 by 10.6
by 24 in.) and net weight of 34 kg (75 lb) make
it highly suitable for portable aswell as stationary
use. Note that a graphical image of the output set-
tings is displayed by this machine. This helps to
simplify making output settings.

Fig. 12 Pulsed-wave shapes attainable with gas
tungsten arc welding power supply

Fig. 13 Current profiles with (a) thyristor-controlled and (b) inverter-controlled welding machines

Fig. 14 Effect of alternating current (ac) waveform on weld profile. (a) Effect of altering balance. (b) Effect of altering frequency (with balanced square wave)
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High Frequency. In GTAW, the term high
frequency can have dual-usage meanings:

� The imposition of a separate high-frequency
spark on the welding voltage

� On square-wave-output power sources, an ac
output voltage greater than 60 Hz

Historically, the term is used to indicate that
a separate high-frequency voltage is being gen-
erated and imposed on the welding circuit to
enhance arc ignition, reignition, and stabiliza-
tion. The frequency may be in the range of
20 MHz. Most machines have controls that per-
mit continuously “on” operation or for initial
arc starting only. The latter is useful to avoid
having to bring the electrode into physical con-
tact with the workpiece, which can cause tung-
sten contamination at the arc start point. In
sine-wave ac output machines, continuous
high-frequency operation is essential to assure
arc stability by continuously assisting arc igni-
tion as the sine-wave output approaches the
zero point. This is essential to minimize or elimi-
nate rectification when welding aluminum or
magnesium (Fig. 10a). Some machines also per-
mit adjusting the strength of the generated spark.
The imposed high frequency is usually gen-

erated by a spark-gap transformer. This may
result in radiating signals that can interfere with
radio, television, and electronic devices in gen-
eral. It is important that the manufacturer’s
installation and grounding instructions be con-
sulted and carefully followed.
With advanced-design square-wave-output

machines, the term is used to indicate that
the ac output voltage frequency can be higher
than 50 Hz. The output voltage frequency can
usually be adjusted to anywhere from 20 to
300 Hz (Fig. 12, 14b). These machines also
provide for a high-frequency spark for initiating
the arc for the same reason as mentioned ear-
lier. A major advantage of these machines is
that continuous high frequency is not required
to assure arc stability on ac, even when welding
aluminum- or magnesium-base materials.

Torch Construction and Electrodes

The welding torch holds the tungsten elec-
trode that conducts the current to the arc, and

it provides a means of shielding the arc and
molten metal. The major components of a typi-
cal welding torch are shown in Fig. 16.
Welding torches rated at less than 200 A are

normally gas cooled (that is, the shielding gas
flows around the conductor cable, providing
the necessary cooling). Water-cooled torches
are used for operation at higher welding cur-
rents and/or high arc-on times. Water-cooled
torches are commonly used for mechanized,
automatic, and robotic welding applications.
The cooling water may be supplied to the torch
from a recirculating system that uses a radiator
or chiller to cool the recirculated water.
Electrode Selection. In selecting electrodes

for GTAW, six factors must be considered: mate-
rial to be welded, electrode material, size, tip
shape, electrode holder, and nozzle to be used.
Electrodes for GTAW are typically available

in diameters from 0.25 to 6 mm (0.010 to 0.250
in.) and in standard lengths ranging from 75 to
600 mm (3 to 24 in.). Electrodes are classified
by the American Welding Society (Ref 6).
The classifications are pure tungsten and tung-
sten alloys of thorium, cerium, lanthanum, or
zirconium oxides (Table 1). All classified elec-
trodes are color coded, as shown in Table 1.
Pure Tungsten (EWP). Pure tungsten electro-

des (green), which are 99.5% pure, are the
least expensive but also have the lowest cur-
rent-carrying capacity on ac power, low resis-
tance to contamination, and the highest

consumption rate. Pure tungsten is used primar-
ily for ac welding.
Zirconia Tungsten (EWZr-1 and EWZr-8).

Tungsten electrodes containing zirconia (brown
and white, respectively) have properties
between those of pure tungsten and thoriated
tungsten electrodes regarding arc starting and
current-carrying capacity. These electrodes are
recommended for ac welding of aluminum over
pure tungsten or thoriated electrodes.
Ceriated Tungsten (EWCe-2). Ceriated tung-

sten electrodes (gray) were introduced in the
late 1980s. Ceriated tungsten electrodes operate
well with either ac or dc polarity. These electro-
des feature good starting and arc stability and
also last longer than their thoriated tungsten
counterparts.
Lanthanum Tungsten (EWLA-1, 1.5, and 2).

Tungsten electrodes containing lanthanum
(marked black, gold, and blue, respectively)
have characteristics similar to ceriated tungsten.
These tungsten electrodes can be used for both
ac and dc applications. As the percentage of
lanthanum increases, the arc stability, starting
capability, and tip life improve. These electro-
des can be used in place of thoriated tungsten
with traditional and inverter-based power
sources.
Thoriated Tungsten (EWTh-1 and 2).

Tungsten electrodes containing 1% Th (yellow)
or 2% Th (red) have greater electron emis-
sivity than pure tungsten and therefore greater

Fig. 15 Advanced 300 A, alternating current/direct
current inverter for gas tungsten arc welding

Fig. 16 Schematic showing exploded view of key components comprising a typical gas tungsten arc manual welding
torch

Table 1 Chemical composition requirements for tungsten electrodes

Classification symbol

(ISO 6848

classification)

Chemical composition requirements

Color code and

RGB color value(a)

Oxide addition Impurities,

mass

percent

Tungsten,

mass

percentPrinciple oxide Mass percent

EWP (WP) None Not applicable 0.5 max 99.5 Green #008000
EWCe-2 (WCe20) CeO2 1.8–2.2 0.5 max bal Gray (formerly orange)

#808080
EWLa-1 (EWLa10) La2O2 0.8–2.2 0.5 max bal Black #000000
EWLa-1.5 (WLa 15) La2O2 1.3–1.7 0.5 max bal Gold #FFD700
EWLa-2 (WLa 20) La2O2 1.8–2.2 0.5 max bal Blue #0000FF
EWTh-1 (WTh10) ThO2 0.8–1.2 0.5 max bal Yellow #FFFF00
EWTh-2 (WTh-2) ThO2 1.7–2.2 0.5 max bal Red #FF0000
(WTh 30) ThO2 2.8–3.2 0.5 max bal Violet #EE82EE
EWZr-1 (WZr3) ZrO2 0.15–0.50 0.5 max bal Brown #A52A2A
EWZr-8 (WXr 8) ZrO2 0.7–0.9 0.5 max bal White #FFFFFF
EWG The manufacturer

must identify all
additions.

The manufacturer must state
the nominal quantity of
each addition.

0.5 max bal The manufacturer may
select any color not
already in use.

Note: Intentional addition of doping oxides other than indicated for a particular classification is prohibited. (a) Red, green, and blue (RGB) color
values and color samples can be found at the following website: http://msdn.microsoft.com/en-us/library/ms531197.aspx. Source: Ref 6
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current-carrying capacity and longer life. Arc
starting is easier, and the arc ismore stable,which
helps make themmore resistant to contamination
from the base metal. They maintain a well-sharp-
ened point when welding dc negative polarity.
The most commonly used electrode is EWTh-2.
Caution with Thoriated Electrodes. Thorium

(thoria) is a radioactive material. Appropriate
safety precautions should be taken when using
thoriated electrodes. The statement in Fig. 17
was developed by the International Institute of
Welding Commission VIII on Health and
Safety (Ref 7). The grindings from thoriated
electrodes also may be considered as hazardous
waste in some states, and disposal may be sub-
ject to environmental regulations.
Electrode Tip Shape. The electrode mate-

rial, size, and tip shape (Fig. 18) will depend
upon the welding application, material, thick-
ness, type of joint, and quantity. Electrodes
used for ac or electrode positive polarity will
be of larger diameter than those used for elec-
trode negative polarity. The shape of the elec-
trode tip can affect the resulting weld shape.
Electrodes with included angles from 30 to

120� are stable and give good weld penetration
and depth-to-width ratios. Electrodes with
smaller included angles (5 to 30�) are some-
times used for grooved weld joints to eliminate
arcing to the part sidewalls. For aluminum, alu-
minum alloys, magnesium, and magnesium
alloys, a hemispherical end shape may prove
to be the most suitable (end radius equal to
one-half the electrode diameter).

Shielding Gases

The original GTAW process used helium as
the shielding gas for welding magnesium and
aluminum. Today (2011), argon is the predom-
inant shielding gas. Mixtures of the two are
sometimes used for specific situations.
Argon is the least expensive of the inert

gases used for shielding gas tungsten arc welds,
which is only partially responsible for its wide-
spread use. Argon has a low ionization potential
(2.52 � 10�18 J, or 15.7 eV), making it easier
to form an arc plasma than with other shielding
gases. Argon is approximately 1.4 times heavier

than air, so it displaces air, resulting in excel-
lent shielding of the molten weld pool.
Helium has an ionization potential of 3.92 �

10�18 J (24.5 eV), which results in more difficult
arc initiation and requires operation at a higher
arc voltage and hence higher heat input for a
given current. This higher heat input can be very
beneficial when welding copper, aluminum, and
other high-conductivity materials. Helium
shielding usedwith direct current electrode nega-
tive is very effective forwelding thick aluminum.
Gas Purity. Most materials can be welded

using a welding-grade torch gas with a purity
of 99.995% or 50 ppm impurities. However,
some reactive materials (for example, titanium,
molybdenum, and tantalum) require that the
contaminant level be less than 50 ppm. This
may require certified gas purity or the use of
gas filters and purifiers.
Gas Flow Rates. The density of argon is

approximately 1.4 times that of air and 10 times
that of helium. For this reason, argon is heavier
and will blanket a weld area and be more resis-
tant to cross drafts than helium. Helium, being
much lighter than air, tends to rise rapidly and
cause turbulence, which can bring air into the
arc atmosphere. Because helium costs approxi-
mately three times as much as argon, and the
required flow rate is two to three times that
for argon, the cost of using helium as a shield-
ing gas can be as much as nine times that of
argon. Typical flow rates for argon are 9.4 to
14.2 L/min (20 to 30 ft3/min).
Backup Purge and Shielding the Weld.

Protecting the molten weld pool from the atmo-
sphere is very important in GTAW. Atmo-
spheric contamination can result in weld
cracks, porosity, scaling, and an unacceptable
granular appearance. The gas cup on the weld-
ing torch is the primary outlet of shielding
gas for most GTAW applications. Backside
shielding is especially important on thin-
material butt welds, fillet welds joining thin-
walled tubing, and root-pass welds on pipe
because the presence of oxygen can reduce
weld-metal penetration and result in the effects
mentioned previously. Copper backing bars and
ceramics are sometimes used to hold shielding
gas against the back surface of the molten weld

Fig. 17 CAUTION with thoriated electrodes. Statement of appropriate safety precautions when using thoriated
electrodes, developed by the International Institute of Welding Commission VIII on Health and Safety.

Source: Ref 7
Fig. 18 Electrode end shapes. ac, alternating current;

dc, direct current

350 / Arc Welding Processes



and support the molten underbead (Fig. 19).
Reactive materials and special applications
may require more elaborate shielding. This
can be in the form of a simple trailing device
(Fig. 20) that provides the inert shielding gas
or may be as elaborate as a special welding
chamber equipped with gas purifiers and analy-
zers or vacuum chambers. Note the absence of
oxidation coloring on the titanium welds shown
in Fig. 6(e). For repetitive parts that are auto-
matically welded and where backside protec-
tion is not required, a trailing shield can be
very effective. A trailing shield with backside
protection may be required for some automated
applications where currents and travel speeds
may be higher.
Gas flow rate in a backup bar or closed tube can

be fairly low because the space is small and
enclosed; it may be approximately 2.4 L/min (5
ft3/h). Flow rate in a trailer shield may be equal
to or greater than the flow rate in the torch, such
as 9.4 to 23.6 L/h (20 to 50 ft3/h). Trailer shields
may be curved to fit around circular joints.

Filler Metals for GTAW

In general, composition of the filler metal
used for a specific GTAW procedure should
match that of the material to be welded, espe-
cially if the filler material is readily available.
The American Welding Society filler-metal
specifications in Table 2 provide specific
filler-metal requirements (Ref 8).
The thickness of the part to be welded will

determine the need for filler-metal additions.
Properly designed and prepared, lap welds, butt
welds, and edge welds on material thinner than
2 mm (0.08 in.) may be autogenously welded
without filler-metal additions. Autogenous
welding of aluminum and magnesium is not
generally recommended because there is a pos-
sibility of cracking, especially crater cracking.
Filler metal, when needed, can be added

manually from straight lengths (Fig. 21) or
automatically from a roll or coil. The filler
metal is normally added cold. Filler metal
may also be added by hot wire addition with
automatic applications (Fig. 22).

Welding Inserts

The purpose of an insert is to preplace filler
metal that will subsequently become part of
the finished weld and therefore must be of a
suitable material type. Welding inserts are used
to produce a smooth, uniform backbead. The
insert is normally a separate piece of material,
although integral internal inserts are sometimes
used. Smooth backbeads can be produced in a
mechanized system or in manual systems when
highly skilled welders are available. Inserts can
be commercially obtained in several different
configurations.

GTAW Welding Procedures

When a formal welding procedure specifica-
tion record is required for a particular welded
part to comply with specific agency require-
ments, such as the American Welding Society,
American Society of Mechanical Engineers, or
others, there are a number of selections and
variables that must be considered. These
include:

� Type and thickness of material
� Service requirement
� Joint design
� Position in which weld will be made
� Cleanliness of material to be welded
� Filler metal required if the weld is not

autogenous
� Filler-metal diameter
� Tungsten type and diameter
� End shape of tungsten and end diameter
� Current type and amperes
� Arc voltage
� Composition of shielding gas
� Gas cup diameter
� Shielding gas flow rate

� Backside gas shield
� Travel speed

Current Range and Type

The useable current range for a given-sized
electrode varies somewhat with the type of shield-
ing gas, the type of equipment, and the type of cur-
rent being used (Table 3) (Ref 6). The type of
current used for specific GTAW applications is
perhaps more important, with more choices than
for other open-arcwelding processes. Table 4 pro-
vides a helpful guide for current type selection.

GTAW Manipulation

As with any open-arc welding process, a
skilled welder can easily make adjustments for
some joint or part alignment issues that may
occur, sometimes “on-the-fly” without having
to stop and make setting changes. For critical,
manual GTAW, some power sources permit
remote current adjustment via a foot pedal or

Fig. 19 Backup bar

Fig. 20 Trailing shield. GTAW, gas tungsten arc
welding

Table 2 Selection guide to American
Welding Society (AWS) specifications for
filler metal

AWS specification Material to be welded

A5.18 Carbon steel
A5.28 Low-alloy steel
A5.9, A5.22 Stainless steel
A5.15 Cast iron
A5.14 Nickel alloys
A5.10 Aluminum alloys
A5.7 Copper alloys
A5.16 Titanium alloys
A5.24 Zirconium alloys
A5.19 Magnesium alloys
A5.21 Surfacing alloys
A5.30 Consumable inserts

Source: Ref 8

Fig. 21 Typical manual electrode feeding

Fig. 22 Schematic of gas tungsten arc welding
(GTAW) with hot wire feed. ac, alternating

current; dc, direct current
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torch-mounted thumb-operated device. The
welder’s skills can also make some variations
by controlling travel speed and/or manipulating
the torch. Arc oscillation can be used in both
manual and mechanized welding. The benefits
in manual welding are basic to the control of
the weld when adapting to changes in the weld
joint and gap. In automated welding, the oscil-
lation is typically produced by moving the
entire welding torch mechanically and is preset
to provide width of oscillation, rate, and dwell
time at the end of each oscillation.

Filler-Metal Feeding

Most GTAW is accomplished by the
welder manually feeding a straight length of
filler electrode, as shown in Fig. 21. Even
with manual GTAW, the filler electrode
can be automatically power fed into the arc
using special devices that can be incorporated
and synchronized with the welding torch
motion.
Mechanized or torch-mounted GTAW can

incorporate either cold or hot wire feeding:

� Cold wire: Employs coiled wire fed from an
independent wire feeder into the leading
edge of the weld pool at a preset but adjusta-
ble rate. Figure 5 shows a setup using cold
wire feeding. Note the wire supply, the
feeder, and the feeding tip arrangement.

� Hot wire: Employs a heated filler metal to
increase the deposition rate of the process.
The wire is resistance heated to near the
melting temperature and fed into the trailing
edge of the weld pool. The higher deposition
rates obtained with hot wire improve pro-
ductivity. The process is suitable for making
overlays as well as welds (Fig. 22).

Automatic and Robotic Welding

Generally, the factors that must be consid-
ered for manual GTAW also must be consid-
ered for automatic and robotic (A/R) GTAW.
The main difference between manual and A/R
GTAW is that travel speed, current, and wire
feed rates can be greater for A/R welding. With
higher travel speeds and higher current, the
weld deposit would remain hot enough to oxi-
dize after the torch passes, and for this reason,
the use of a trailer shield is recommended for
all materials. A trailer shield must be used with
reactive and refractory metals such as titanium
and niobium (columbium) and is strongly
recommended with stainless steel and nickel-
and cobalt-base alloys.
Successful A/R welding requires that parts be

uniformly and consistently fit up from part to
part. Only if this condition exists can the weld-
ing truly be automatically controlled. Weld pro-
grammers’ programmable logic controllers and
robotic controllers can control all the para-
metric functions for a GTAW application: arc
current, voltage, travel speed, electrode feed

Table 3 Approximate current ranges for tungsten electrodes depending on electrode diameter

Electrode diameter

Direct current, A Alternating current, A

Electrode negative (�) Electrode positive (+)

Pure tungsten Tungsten with oxide additivesmm in. Pure tungsten Tungsten with oxide additives Pure tungsten Tungsten with oxide additives

0.25 0.010 Up to 15 Up to 15 Not applicable Not applicable Up to 15 Up to 15
0.30 . . . Up to 15 Up to 15 Not applicable Not applicable Up to 15 Up to 15
0.50 0.020 2–20 2–20 Not applicable Not applicable 2–15 2–15
1.0 0.040 10–75 10–75 Not applicable Not applicable 15–55 15–70
1.5 0.060 60–150 60–150 10–20 10–20 45–90 60–125
1.6 . . . 60–150 60–150 10–20 10–20 45–90 60–125
2.0 . . . 75–180 100–200 15–25 15–25 65–125 85–160
2.4 0.093 (3/32) 120–220 150–250 15–30 15–30 80–140 120–210
2.5 . . . 130–230 170–250 17–30 17–30 80–140 120–210
3.0 . . . 150–300 210–310 20–35 20–35 140–180 140–230
3.2 0.125 (1/8) 160–310 225–330 20–35 20–35 150–190 150–250
4.0 0.156 (5/32) 275–450 350–480 35–50 35–50 180–260 240–350
4.8 0.187 (3/16) 380–600 480–650 50–70 50–70 240–350 330–450
5.0 . . . 400–625 500–675 50–70 50–70 240–350 330–460
6.3 . . . 550–875 650–950 65–100 65–100 300–450 430–575
6.4 0.250 (¼) 575–900 750–1000 70–125 70–125 325–450 450–600
8.0 . . . . . . . . . . . . . . . . . . 650–830
10.0 . . . . . . . . . . . . . . . . . .

Note: If no value is given, no recommendation is available. The current values are based on the use of argon gas, and these values may vary depending on the type of shielding gas, type of equipment, and application.
Source: Ref 6

Table 4 Suitability of gas tungsten arc welding current types for various materials

Metal to be welded Alternating current(a) DCEN(b) DCEP(c)

Low-carbon steel:

0.38–0.76 mm (0.015–0.030 in.)(a) G(d) E NR
0.76–3.18 mm (0.030–0.125 in.) NR E NR

High-carbon steel G(d) E NR
Cast iron G(d) E NR
Stainless steel G(d) E NR
Heat-resistant alloys G(d) E NR
Refractory metals NR E NR

Aluminum alloys:

	0.64 mm (0.025 in.) E NR(e) G
>0.64 mm (0.025 in.) E NR(e) NR
Castings E NR(e) NR

Beryllium G(d) E NR

Copper and alloys:

Brass G(d) E NR
Deoxidized copper NR E NR
Silicon bronze NR E NR

Magnesium alloys:

	3.2 mm (0.125 in.) E NR(e) G
	4.8 mm (0.188 in.) E NR(e) NR
Castings E NR(e) NR

Silver G(d) E NR
Titanium alloys NR E NR

Note: E, excellent; G, good; NR, not recommended. (a) Stabilized and balanced. (b) Direct current electrode negative. (c) Direct current electrode
positive. (d) Amperage should be approximately 25% higher than when DCEN is used.(e) Unless work is mechanically or chemically cleaned in the
areas to be welded. Source: Ref 1
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rate, and gas flow. These devices can be used to
start and stop arc current, travel, wire feed, and
gas flow and to control these items within fixed
predetermined limits. These devices can also
vary welding parameters along joints where
thickness, type of joint, or other factors require
a change. Most modern GTAW power supplies
are capable of having current controlled by var-
ious external devices, thus allowing predeter-
mined, multiple procedural changes.

Safety When Using GTAW

Gas tungsten arc welding is an electric arc
welding process, just as are manual electrode,
flux cored electrode, and gas metal arc welding,
and therefore, as a minimum, the safe practices
followed for these processes should be fol-
lowed. There are three basic safety documents,
and all personnel, welders, and supervisors
alike should understand and be familiar with
the safe practices discussed in these documents.
These documents are:

� “Safety in Welding and Cutting,” ANSI
Z49.1 (Ref 8)

� “Fire Prevention in the Use of Welding and
Cutting Processes,” ANSI Z49.2 (Ref 8)

� “Safe Handling of Compressed Gases in
Containers,” 11th ed., Compressed Gas
Association (CGA) P-1 (Ref 9)

To protect personnel from injury or death,
everyone must be aware of and understand all
the possible hazards of arc welding and follow
procedures and precautions to avoid these
hazards. Just as for other open-arc welding pro-
cesses, the possible hazards may be grouped
into four categories:

� Electrical shock
� Fumes and gases
� Arc radiation
� Fire and explosion

With GTAW, there is a fifth potential hazard.
If thoriated (thorium-base) electrodes are to be
used, there is a potential for radioactive con-
tamination, and all necessary precautions
(Fig.17) should be strictly taken.

Electrical Shock

Electric shock can kill, and all personnel
require protection from possible dangerous
electrical shock:

� The electrode and work (or ground) circuits
may be electrically “hot” when the welder
is on. Never permit contact between “hot”
parts of the circuits and bare skin or wet
clothing. Use dry, hole-free gloves to insu-
late hands.

� Always insulate personnel from the work
and ground by using dry insulation. When
welding in damp locations, on metal floors,

gratings, or scaffolds, and when welding
requires positions such as sitting or lying,
make certain the insulation is dry and large
enough to cover the full area of possible
physical contact with work and ground.

� Always be sure the work cable makes a good
electrical connection with the metal being
welded. The connection should be as close
as possible to the area being welded.

� Ground the work or metal to be welded
using a good electrical connection.

� Maintain the welding torch, work clamp,
welding cable, and welding machine in good
electrical operating condition.

� Never dip the end of the torch in water to
cool it. This can also crack the gas cup and
contaminate the torch.

� Never simultaneously touch electrically
“hot” parts of torches connected to two
welders, because voltage between the two
can be the total of the open-circuit voltage
of both welders.

� When changing or installing electrodes in
the GTAW torch, make sure the power is
turned off at the welder.

� When working above floor level, provide
protection against falling in the event of
electric shock.

� Never allow GTAW with wet or damp
gloves. They can allow shocks from the high
frequency when it is being used.

Fumes and Gases

Welding may produce fumes and gases haz-
ardous to health, and breathing these fumes
and gases should be avoided. Precautions
include:

� When welding, the welder should keep his
head out of the fumes.

� Provide enough ventilation and/or exhaust at
the arc to keep fumes and gases away from
the breathing zone of the welder.

� When welding with consumables that
require special or additional ventilation
(such as those having significant amounts
of manganese, chrome, etc.) or for welding
on galvanized, lead-, or cadmium-plated
steel and other metals that produce toxic
fumes, local exhaust is recommended, and
even greater care may be required, such as
a fresh air supply to the welder by an air-
supplied respirator.

� Do not allow welding in locations near
chlorinated hydrocarbon vapors coming
from degreasing, cleaning, or spraying
operations. The heat and radiation of the
arc can react with solvent vapors to form
phosgene, a highly toxic gas, or other irritat-
ing products.

� Shielding gases used for arc welding can
displace air and cause injury or death by suf-
focation. Always provide enough ventila-
tion, especially in confined areas, to ensure
that breathing air is safe.

� Everyone should read and understand the
manufacturer’s instructions for the equip-
ment and the consumables to be used,
including material safety data sheets.

Arc Radiation

The total radiant energy produced by the
GTAW process can be higher than that pro-
duced by the shielded metal arc welding pro-
cess, because the quantity of welding fumes
(smoke) produced is significantly lower and
the arc is more exposed. Generally, the highest
ultraviolet radiant energy intensities are pro-
duced when using an argon shielding gas and
when welding on highly reflective materials
such as aluminum. The range of suggested filter
glass shades for GTAW, as presented in AWS/
ANSI Z49.1, may be used as a guide (Ref 8):

Current range, A Filter plate shade range number

0–50 8–10
50–150 8–12
150–500 10–14

The actual filter plate used will depend on
the person and the location of the arc. It is
recommended that the operator start with the
darker shade and then go to lighter shades until
the operation is sufficiently visible. However,
do not go to a shade lighter than the lowest
number for a given current range.
Dark leather or wool clothing (to reduce

reflection that can cause ultraviolet burns to
the face and neck underneath the helmet) is
recommended for GTAW. The greater intensity
of the ultraviolet radiation may cause rapid dis-
integration of cotton clothing (Fig. 21).
Provide adequate screening to protect other

personnel, who may at times be close to the
welding, from radiation exposure by using suit-
able screening.

Fire and Explosion

Remove fire hazards from the immediate
area. If this is not possible, cover them to pre-
vent any possible welding sparks from starting
a fire. Remember that welding sparks and hot
materials from welding can easily go through
small cracks and openings to adjacent areas.
Have a fire extinguisher readily available.
All personnel should read and follow the

instructions on compressed gas cylinders, on
associated equipment, and in the CGA publica-
tion P-1, “Precautions for Safe Handling
of Compressed Gases in Cylinder” (Ref 9).
Use only compressed gas cylinders containing
the correct shielding gas for the process
used and with properly operating regulators
designed for the gas and pressure used. All
hoses, fittings, and so on should be suitable
for the application and maintained in good
condition.
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Always keep cylinders in an upright position and
securely chained to a power source undercarriage
or fixed support. Cylinders should be located:

� Away from areas where they may be struck
or subjected to physical damage

� A safe distance from arc welding or cutting
operations and any other source of heat,
sparks, or flame

Never allow the electrode, electrode holder, or any
other electrically “hot” parts to touch a cylinder.
The welder should keep his head and face

away from the cylinder valve outlet when open-
ing the cylinder valve. Valve protection caps
should always be in place and hand tight, except
when the cylinder is in use or connected for use.
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Gas Tungsten Arc Welding with
Penetration-Enhancing Compounds
Ian D. Harris, Edison Welding Institute

GAS TUNGSTEN ARC WELDING
(GTAW)—also referred to as the tungsten inert
gas (TIG) process—is used in aerospace, power
generation, oil and gas, and other industries
for single-pass welds and the root passes of
multiple-pass welds in sheet, plate, pipe, tube,
fittings, and castings. The advantages of using
the GTAW process include high-quality welds,
precise control of welding parameters and heat
input, and low equipment costs.
The productivity of GTAW is limited for

many applications because of low deposition
rates, shallow penetration (typically 3 mm, or
⅛ in.), or inconsistent penetration caused by
small variations of trace elements such as sulfur
in the base material, especially in austenitic
stainless steels (lower part of Fig. 1). To over-
come these problems and reduce the cost of

fabrication and construction of a variety of pro-
ducts, the Edison Welding Institute (EWI) and
the National Joint Council (Ref 1–3) developed
compounds to enhance the penetration of the
GTAW process. The EWI-trademarked process
is DeepTIG for GTAW.
Penetration-enhanced GTAW processes have

been referred to variously as Flux TIG, A-TIG,
and GTAW with a penetration-enhancing com-
pound (PEC). In all cases, the process uses a
material that is not a flux but rather an oxide
or mixture of oxides. Similar products are avail-
able in Canada (such as the Catalyst from
Liburdi), Europe (originating from research at
the Paton Welding Institute in Kiev, Ukraine,
in the mid-1970s), and purportedly in India
and China. Most are based on oxides, but little
information on specific composition is available
in the open literature. The EWI compounds are
based on mixtures of oxides of silicon, tita-
nium, and chromium, whereas the Catalyst
from Liburdi is based on titanium oxide only.
The U.S. patent (Ref 4) is held by EWI.

Principles of Operation

The principles of operation are illustrated
(Fig. 1) by the change of surface tension and
fluid flow in the cross-sectional view of a weld
pool resulting from the effect of active oxides
in DeepTIG (or other PEC product). For sim-
plicity, the DeepTIG name is principally used
henceforth. The effect of the oxygen over-
whelms the changes in penetration caused by
sulfur, resulting in an inward fluid flow and
increased surface tension, as shown in the upper
part of Fig. 1. Penetration-enhancing com-
pounds for GTAW can increase weld penetra-
tion by as much as 300% (Fig. 2) and produce
consistent penetration regardless of heat-to-heat
variations in base-metal composition.
The DeepTIG penetrating compound is a

mixture of inorganic powders suspended in a
volatile medium such as acetone or isopropyl
alcohol. The mixture is applied to the base
metal adjacent to the weld joint prior to

welding. A simple square-edged, closed-butt
joint preparation is often used for the GTAW
weld with a penetrating compound. In many
applications, full penetration can be achieved
with a square-edged, closed-butt joint, reducing
joint preparation costs, filler material costs, heat
input, distortion, and welding times. Thicker
sections can be welded using a penetrating
compound on a square-butt land for the root
pass and the weld completed in a conventional
groove preparation. The GTAW DeepTIG pro-
ducts are recommended for mechanized and
orbital welding with and without filler metal.
They also have proven useful in manual weld-
ing applications where maximum penetration
is not required. Standard GTAW equipment,
shielding and backing gases, and consumables
are used. The DeepTIG compound is not
intended to provide shielding for either the face
or the root of the weld.

Advantages and Disadvantages

Shipbuilders and industrial users have con-
firmed the performance and cost benefits of
using the penetration-enhanced GTAW process.
For example, the GTAW-DeepTIG process
increases weld penetration by as much as
300% for mechanized or automatic applica-
tions. The process also reduces heat-to-heat
variation in penetration and distortion, based
on achieving the desired penetration at a lower
welding current. The DeepTIG process can also
promote grain refinement in some alloys. The
mechanical properties, weldability, corrosion
resistance, and safe use of these fluxes have
been extensively tested and found suitable for
a wide range of applications. The penetration-
enhanced GTAW process can reduce welding
time by 50% in most applications. For example,
typical application in stainless steels and nickel
alloys that are welded manually in five passes
may require only one or two passes using a
GTAW with a penetrating compound. Welding
times for these applications could be reduced
from approximately 23 min for the manual

Fig. 1 Schematic of the mechanism of increased
penetration (top) with penetration-enhancing

compounds. There is a reversed weld-pool flow and
increased penetration based on the higher surface
tension.



procedure to 3 min for a single-pass DeepTIG
GTAW procedure.
Typical reasons for using a penetration-

enhanced GTAW process include one or more
of the following:

� High potential for reduced rejection rates
� Improved productivity
� High level of repeatability
� Reduced number of weld procedure

specifications
� Reduced heat input and distortion compared

to conventional GTAW
� Reduced joint preparation requirements
� Reduced wire consumption for making the

weld

When the penetration-enhanced GTAW
process is used for welding of austenitic and
superaustenitic materials, there is little to no
observable impact on microstructure morphol-
ogy (Ref 5–8). Conversely, when used on
duplex and superduplex stainless steels, the
microstructure shifts to a finer prior-ferrite
grain size with a larger volume fraction of aus-
tenite. One critical item noted following weld-
ing was that, for both duplex and superduplex,
the weld-metal nitrogen content remained
unchanged following welding. Typically, these
alloys lose 10 to 30% of their nitrogen content
during welding. Superduplex stainless steels
welded in conjunction with penetrating com-
pounds have been shown to exhibit improve-
ments in both mechanical and corrosion
properties. The use of commercially available
oxide-based DeepTIG products for superduplex
stainless steel yields a smaller observable
(prior-ferrite) grain size when compared to
welds produced without the use of penetra-
tion-enhanced GTAW.
Previous work (Ref 5–8) showed that the use

of penetration-enhanced GTAW for various
grades of duplex stainless steel grades offers a
competitive advantage over that of conven-
tional GTAW welding. In austenitic stainless
steels (>95% austenite), for example, the use
of DeepTIG increased penetration without
affecting the primary solidification microstruc-
ture. In other stainless steels (�50% austenite),
penetration was increased and weld quality was
improved with a smaller prior-d-ferrite grain
size and a more consistent austenite/ferrite bal-
ance in the solidified weld metal. Some of the
research suggests that this small grain size and
austenite/ferrite balance occurs over a wide
range of heat inputs, thus increasing the weld-
ability window for duplex and superduplex
alloys.
Preliminary welding procedures have been

developed for full-penetration welds in 6 mm
(0.25 in.) thick 300-series stainless steel
square-butt joints. Faster travel speeds are pos-
sible by maintaining constant arc energy and
maintaining a short arc length. To date, travel
speeds have been tested up to 300 mm/min
(12 in./min.) and used in the field up to 150
mm/min (6 in./min.). A residual slag that

typically remains on the top surface of the weld
pool can be removed by grinding or mechan-
ized wire brushing. The slag need not be
removed prior to subsequent passes. This slag
will float to the top of each subsequent pass
and remain visible on the finished weldment.
If the weld face appearance is important, slag
removal is recommended prior to deposition
of a cosmetic cap pass or deposition of
subsequent passes in a multipass weld.

Equipment, Procedures, and
Applications

Equipment. The welding equipment used for
penetration-enhanced GTAW is the same as
that used for conventional GTAW (Fig. 3).
Maintenance of a short arc length (1.2 mm, or

0.050 in.) is critical to ensure maximum pene-
tration during welding. Arc length is a critical
variable in the repeatability of welds made with
the penetration-enhanced GTAW products;
hence, the use of arc voltage control and
mechanized equipment is well recommended.
Penetrating compounds for GTAW are com-

mercially available in kit form or in larger
quantities. Kits include materials safety data-
sheets and instructions on how to apply the
penetrating compound to a joint. Also, the
DeepTIG PEC is available from EWI in a wire
that allows increased penetration by using a
compound addition to the wire in a single prod-
uct. This is currently available for stainless
steels with an SS-7 core, yielding results similar
to that shown in Fig. 4.
Procedure. Process operating procedure is

very similar to that for conventional GTAW,

Fig. 2 Effect of welding current on penetration with and without the penetration-enhancing compound (DeepTIG,
Edison Welding Institute)

Fig. 3 Penetration-enhancing compounds pasted onto
the surface of a butt joint in a pipe for gas

tungsten arc welding. Courtesy of the Edison Welding
Institute

Fig. 4 A 6 mm (0.25 in.) thick type 304 stainless steel
welded with penetration-enhanced gas tungsten

arc welding (DeepTIG wire at 195 A). Courtesy of the
Edison Welding Institute
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and similar procedures are recommended. If a
powder-based product is used, it should be
applied using a carrier and mixed to a consis-
tency that allows it to be easily applied to the
joint when it is fit up. The product will not give
the penetration increase desired if removed
before welding, so care must be taken to avoid
accidental contact before welding. With the
product deployed in a wire, this is not a
concern.
Inspection and weld quality control is very

similar to conventional GTAW, and similar
procedures are recommended. Troubleshooting
is very similar to conventional GTAW, and
similar procedures are recommended for the
equipment used.
Applications. Penetrating compounds from

EWI are available for the following joint
materials:

� DeepTIG SS-7 for stainless steels (e.g.,
types 304, 316, 347, 409, 410, duplex, and
superduplex)

� DeepTIG NI-139 for nickel-base alloys (e.g.,
alloys 600, 625, 690, 718, 800) (Fig. 5)

� DeepTIG CS-325 for carbon and low-alloy
steels (e.g., A36, SA-178C, 2¼Cr-1Mo,
X80)

Typical components and joints using the SS-
7 penetrating compound in the GTAW of stain-
less steel include:

� Sterilization chambers and pressure vessels

� Coil ends joined together in steel production
� Nuclear fabrication
� Oil and gas (316L and duplex alloys 2205

and 2507 ) components such as umbilical
center-tubes, plumbing on skids (injection
pumps), hydraulic control panels, Christmas
trees (plumbing)

The United States Navy has approved the use
of the SS-7 product for GTAW of stainless
steels. One shipbuilder is using penetration-
enhanced GTAW to fabricate piping for Navy
aircraft carriers and for commercial tankers.
Another shipbuilder has used the SS-7 com-
pound to improve the quality and reduce the
costs of pipe welds on Navy destroyers.
A boiler manufacturer has used DeepTIG

compounds for boiler tube production applica-
tions. An orbital GTAW equipment manufac-
turer uses the SS-7 compound for orbital
GTAW of stainless steel tubing. Another manu-
facturer uses it for fabricating large medical
instrument sterilizers. Another application is
for fabrication of duplex and superduplex tub-
ing (Fig. 6) for down-hole umbilicals associated
with oil and gas equipment. Aerospace manu-
facturers and suppliers have used penetrating
compounds for fabrication of various
components.
Welds produced by GTAW with penetrating

compounds perform commensurate to or better
than conventional GTAW welds. Property
improvements include:

� Increased strength
� Decreased volume of weld metal and heat-

affected zone
� Increased corrosion resistance
� Improved bead shape and nugget size
� Improved austenite content in SAF 2507

� Smaller grain size in SAF 2507

In duplex and superduplex alloys, property
improvements include:

� Improved microstructure, corrosion, and
mechanical properties

� Weld metal retained a majority of the base-
metal nitrogen

� Weld-metal properties exceeded industry
requirements

� Refined primary delta grain size
� Small grains expand welding process

window

The NI-139 compound is used in the aero-
space industries for welding nickel-base alloys.
One example is in turbine engine manufacture
for nonrotating components (Fig. 7).
Boiler tube and pipe applications include

welding carbon and alloy steels with the CS-
325 compound. One example is a turbine barrel
(Fig. 8).

Personnel

Skill level and training are the same as those
for conventional GTAW, especially when
mechanized or robotic welding is employed.
The only significant difference is a short arc
length, preferably with arc voltage control
(AVC). The use of AVC makes the technique
a little more difficult to achieve when welding
manually, and the deeper weld pool requires
more vigilance for the welder to control.
Health and safety issues are the same as

those for GTAW. Electric shock, eye protec-
tion, burns, ultraviolet radiation, and fume
exposure are typical concerns. A minor amount

Fig. 5 Illustration of penetration increase on nickel
alloy 600; 185 A, 9.5 V, 75 mm/min (3 in./

min) travel speed. Without (top) and with (bottom)
DeepTIG. Courtesy of the Edison Welding Institute

Fig. 6 Use of DeepTIG on thin-walled 2205 duplex tubing to reduce sagging from low depth-to-width ratio. GTAW,
gas tungsten arc welding. Courtesy of the Edison Welding Institute and Sandvik
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of fume generation will occur with the use of
the compounds. Appropriate measures should
be considered to reduce welder exposure to
welding fumes. ANSI Z49.1-99, Safety in Weld-
ing, Cutting, and Allied Processes, should be
reviewed before welding.
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Plasma Arc Welding
Ian D. Harris, Edison Welding Institute

PLASMA ARC WELDING (PAW) can be
defined as a gas-shielded arc welding process
where the coalescence of metals is achieved
via the heat transferred by an arc that is created
between a tungsten electrode and a workpiece.
The arc is constricted by a copper alloy nozzle
orifice to form a highly collimated arc column
(Fig. 1). The plasma is formed through the ion-
ization of a portion of the plasma (orifice) gas.
The process can be operated with or without a
filler-wire addition.

Principles of Operation

Once the equipment is set up and the welding
sequence is initiated, the plasma and shielding
gases are switched on. A pilot arc is then
struck between a tungsten alloy electrode and
the copper alloy nozzle within the torch (non-
transferred arc mode), usually by applying a
high-frequency open-circuit voltage. When the
torch is brought in close proximity to the work-
piece or when the selected welding current is
initiated, the arc is transferred from the elec-
trode to the workpiece through the orifice in
the copper alloy nozzle (transferred arc mode),
at which point a weld pool is formed (Fig. 1).
The PAW process can be used in two distinct

operating modes, often described as the melt-in
mode and the keyhole mode:

� The melt-in-mode refers to a weld pool sim-
ilar to that which typically forms in the gas
tungsten arc welding (GTAW) process,
where a bowl-shaped portion of the work-
piece material that is under the arc is melted.

� In the keyhole mode, the arc fully penetrates
the workpiece material, forming a nominally
concentric hole, or keyhole, through the
thickness. The molten weld metal flows
around the arc and resolidifies behind the
keyhole as the torch traverses the workpiece.

Current and Operating Modes

The PAW process uses three current modes:
microplasma (melt-in mode), medium-current

plasma (melt-in mode), and keyhole plasma
(keyhole mode). This categorization is primar-
ily based on the level of welding current.
The microplasma mode is usually defined in
the current range from 0.1 to 15 A. The
medium-current plasma mode ranges from 15
to 100 A. The keyhole plasma mode is above
100 A. There is a certain degree of overlap
between these current ranges. For example,
keyholing can be achieved at 70 A on a 2 mm
(0.08 in.) sheet. Equipment is available for
welding currents up to 500 A, although a 300
A maximum is typical. Microplasma and
medium-current melt-in modes are used for
material up to 3 mm (0.12, or 1/8, in.) thick,
whereas the keyhole plasma mode is used for
greater thicknesses and higher travel speeds.
In addition to operating in a continuous and

steady direct current electrode negative
(DCEN) mode, the PAW process can be carried
out using DCEN pulsed current, as well as in
the variable polarity mode, which uses both
direct current electrode positive (DCEP) and
electrode negative polarity switching. The
pulsed-current mode (both DCEN and DCEN/
DCEP) is most often used when current levels
(typically, above 100 A) are employed for key-
hole plasma welding. Pulsing the current
widens the tolerance region of acceptance
welding parameters, primarily by further

stabilizing the formation of the keyhole itself
(Fig. 2).
The electrode positive component of the var-

iable polarity plasma arc (VPPA) welding pro-
cess promotes cathode etching of the tenacious
surface oxide film when welding aluminum
alloys, allowing good flow characteristics and
consistent bead shape. Pulsing times are typi-
cally 20 ms for the electrode negative compo-
nent and 3 ms for the electrode positive
polarity. The VPPA welding process is used
very effectively in specialized aerospace
applications.
The PAW process is generally applied when

the high penetration of the keyhole welding
mode can be exploited to minimize the number
of welding passes and hence welding time. The
time saved can reduce the direct labor element
of the welding operation. At the other end of
the scale, the microplasma operating mode is
used to weld small, thin-section components
(as low as 0.025 mm, or 1 mil, thick), where
the high arc constriction and low welding

Fig. 1 Plasma arc welding process, showing
constriction of the arc by a copper nozzle

and a keyhole through the plate

Fig. 2 Tolerance to variation in welding current and
plasma gas flow rate in pulsed- and

continuous-current keyhole welding; boundaries show
the welding parameter combinations at which specific
defects are likely to occur. Welding parameters: nozzle
bore, 2.36 mm (0.0929 in.); electrode diameter, 4.8 mm
(0.19 in.)



current can be beneficial in controlling heat
input and distortion.

Advantages and Disadvantages

The advantages of the PAW process are pri-
marily intrinsic to the keyhole mode of opera-
tion, because greater thicknesses of metal can
be penetrated in a single pass, compared with
other processes, such as GTAW. This greater
amount of penetration allows a reduced amount
of joint preparation. In some materials, for
example, a square-grooved butt joint prepara-
tion can be used for thicknesses up to 12 mm
(0.5 in.). The process can produce high weld
integrity (similar to GTAW) while minimizing
weld passes and hence welding times and labor
costs. The columnar shape of the arc results in a
greater tolerance to variations in torch standoff
distance, when compared with the conical arc
shape of a GTAW arc. The tungsten electrode
used in the PAW process is protected from con-
tamination by the constricting nozzle (Fig. 1).
The longer arc length allows better viewing of
the weld pool, which is important in manual
welding.
Disadvantages include the greater capital

equipment cost, when compared with its main
rival, the GTAW process. Although high arc
constriction achieves higher penetration, it also
reduces the tolerance of the process to joint
gaps and misalignment, when compared with
the broader, conical arc of the GTAW process.
The greater complexity of the PAW torch
design and the greater number of parts requires
more scheduled maintenance. The accurate set-
back of the electrode tip, with respect to the
nozzle orifice, is required to maintain consistent
results. However, this task is facilitated by a
general-purpose tool designed for nozzle
removal and replacement and for electrode
set-back adjustment.

Equipment

A basic PAW system consists of a power
source, a plasma control console, a water
cooler, a welding torch, and a gas supply sys-
tem for the plasma and shielding gases (Fig. 3).
The power source, which supplies the main

power for the welding system, is usually supple-
mented with a sequence controller and control
console. The sequence controller sequences the
timing of gas flow, arc initiation, main welding
current control, and any up-slope and down-slope
parameters. In its simplest form, the plasma con-
trol console controls the gas flow for plasma and
shielding gases from separate flowmeters and
incorporates the high-frequency pilot arc initia-
tion circuit. The welding torch can be manual or
mechanized and is water cooled to avoid torch
overheating and to maximize component life.
In most PAW installations, plasma and

shielding gases are supplied from separate gas
cylinders, although bulk gas can readily be

used. The gas supply is usually routed through
the plasma control console, where the individ-
ual flow rates are set by the operator.
The power source should be of a constant-

current design. Transistorized power sources
are most common, although inverter power
supplies are also available. It should have a
minimum open-circuit voltage of 80 V to
ensure the reliable initiation and transfer of
the main arc current. The power source can be
adjusted for welding current, and it should have
the capability to adjust the up slope and down
slope of the current. It may be equipped with
thumbwheels or potentiometers to select the
parameters for pulse current operation, that is,
peak and background current levels, as well as
peak and background times.

Welding Torches

Like those of the other arc welding pro-
cesses, PAW torches are available in a range
of sizes for different power ratings and in man-
ual and mechanized versions. The design prin-
ciples are the same in each case. A tungsten
alloy electrode is held in a collet within the
torch body. To avoid one of the most common
defects in plasma torches, it is critical to hold
concentricity between the tungsten electrode
and the orifice in the design and manufacture
of the torch. The electrode assembly is set
inside a plenum chamber and the plasma gas
is supplied to this chamber. A threaded copper
alloy nozzle forms the front of this chamber

and contains the nozzle orifice that is used to
constrict the plasma arc. A shielding gas noz-
zle, usually of an insulating ceramic material,
is threaded onto the front end of the torch and
surrounds the constricting nozzle, creating an
annulus through which the shielding gas is sup-
plied. The torch is connected electrically to the
power source, and the electrode forms the neg-
ative pole of the circuit for direct current weld-
ing. The gas hoses that supply the plasma and
shielding gases and the water hoses that supply
and remove water from the torch are all
connected to the torch body or handle. These
hoses are enclosed in a flexible sheath that
extends from the torch to the components of
the welding system.
Most constricting nozzles have a single ori-

fice in the center. However, multiple-nozzle
orifices can be used with higher-power torches
to achieve further arc constriction. The most
common version of this type of nozzle has a
central orifice flanked by a smaller orifice on
each side. The common centerline of the three
orifices is arranged at 90� to the weld line dur-
ing operation.

Electrodes

The nonconsummable electrode employed is
usually a 2% thoriated tungsten electrode, that
is, tungsten with 2% thorium oxide. The elec-
trode specification is covered in AWS A5.12-
92. The electrode size is selected according to
the welding current level that will be used.

Fig. 3 Typical equipment for plasma arc welding. dc, direct current
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The electrode is ground with a tapered point on
the end, the angle of which depends on the
selected welding current level. Electrode sizes
and tip angles for a range of welding current
levels are shown in Table 1.
Tungsten electrodes that contain oxides of

rare-earth elements in place of the thorium
oxide can also be used. These electrodes have
been shown to have greater tip life. However,
they are more expensive and their usefulness
in plasma arc welding may be limited because
of the high level of protection provided to the
electrode tip preparation by the nozzle. In
low-current microplasma welding applications,
their better emissivity provides easier arc trans-
fer and better overall performance.
If a finer wire is required, to fit the joint or to

avoid undercut at the weld toes, then wires suit-
able for gas-shielded arc welding (for example,
those used for GTAW) should be employed.
The appropriate American Welding Society
specification series is AWS A5.XX.

Plasma (Orifice) and Shielding Gases

The plasma gas is used to generate the arc,
whereas the shielding gas is used to provide
the weld pool with supplementary shielding
from atmospheric contamination while it solidi-
fies and cools. The plasma gas is almost always
argon. Gas properties affect both weld shape and
quality. Flow rates, particularly of the plasma
gas, are also important, because they control
the extent of plasma constriction. The flow rate
can vary from 0.1 L/min (0.026 gal/min) for

microplasma welding up to 10 L/min (2.6
gal/min) for keyhole plasma welding. Consider-
able care is needed to regulate the gas flow rate
if keyhole closure is required, because the flow
rate must be sloped out to 1 to 2 L/min (0.26 to
0.52 gal/min) within approximately 1 s. Gas flow
control is best achieved by electronic means.
The design and current rating of welding

torches are based on argon plasma gas. Argon
provides effective shielding, being heavier than
air, and is cheaper than helium. Shielding gas
selection is based on the type of base metal
(Table 2).
Helium and argon-helium mixtures can be

used as shielding gases to increase the thermal
conductivity of the gas and hence the heating
effect on the weld pool. Helium results in wider
weld pools than argon, because it produces a
higher arc voltage. Hydrogen additions to argon
shielding gas tend to promote slightly narrower
weld pools through arc constriction and achieve
a very clean weld pool appearance, because it is
a reducing gas. Although helium and hydrogen
can be added to argon in the shielding gas
to give higher heat input, the use of gases with
higher heat contents in the plasma gas can result
in torch overheating and potential damage.

Applications

The PAW process is commonly used to weld
stainless steels in a wide range of thicknesses.
The process can also be used with carbon and
alloy steels, aluminum alloys, titanium alloys,

copper and nickel alloys, and more specialized
materials, such as zirconium and tantalum.
The thicknesses that can be welded in a single
pass range from 0.025 mm (1 mil) for micro-
plasma applications to 12.5 mm (0.5 in.) for
the VPPA welding of aluminum. Direct current
pulsing can be used on most materials.
The PAW process is often carried out in an

autogenous mode, that is, without filler wire.
When edge beveling is used, a filler wire is
required to complete the joint. A filler wire
can also be used with the keyhole mode of
operation to avoid undercut at high welding
speeds. Wire composition depends on that of
the parent materials in the joint. The same
continuous-wound wire that is used in GTAW
operations is suitable.
The industries that use the PAW process can

be categorized as those that weld thin-section
sheet using microplasma or medium-current
plasma welding and those that weld plate using
keyhole plasma welding.
A wide range of small devices and assem-

blies made from thin stainless steel sheet,
including bellows assemblies and associated fit-
tings, are welded using the microplasma
operating mode. The narrow weld bead that
can be produced provides sheet-metal fabrica-
tions with a good cosmetic appearance. Further-
more, the high welding speed that can be
achieved, coupled with the good tolerance to
stand-off variations resulting from the columnar
nature of the arc, makes the process attractive
for high-volume production work.
Microplasma, as well as medium-current

plasma modes, can be used to spot weld guide
wires and lamp filaments, as well as in other
applications that require highly repetitive
autogenous welds. This type of application
allows a user to limit the number of high-
frequency arc starts that would be required with
tungsten inert gas welding.
Keyhole plasma welding is extensively

used to weld stainless steel pipe and tankage.
The process is applied to individual strakes
from plate to make stainless steel vessels in

Table 1 Maximum current for plasma welding with selected electrode diameter, vertex
angle, and nozzle bore diameter

Maximum current, A

Electrode diam
Vertex angle,

degrees

Plasma(a) Shielding(b)

Nozzle bore diam Flow rate Shroud diam Flow rate

mm in. mm in. L/min gal/min mm in. L/min gal/min

Microplasma

Torch rating, 20 A 5

5 1.0 0.04 15 0.8 0.03 0.2 0.05 8 0.32 4–7 1–1.8
10 . . . . . . . . . 0.8 0.03 0.3 0.08 . . . . . . . . . . . .
20 . . . . . . . . . 1.0 0.04 0.5 0.13 . . . . . . . . . . . .

Medium current

Torch rating, 100 A
30 2.4 0.10 30 0.79 0.03 0.47 0.12 12 0.48 4–7 1–1.8
50 . . . . . . . . . 1.17 0.05 0.71 0.19 . . . . . . . . . . . .
75 . . . . . . . . . 1.57 0.06 0.94 0.25 . . . . . . . . . . . .
100 . . . . . . . . . 2.06 0.08 1.18 0.31 . . . . . . . . . . . .

Torch rating, 200 A
50 4.8 0.19 30 1.17 0.05 0.71 0.19 17 0.68 4–12 1–3.2
100 . . . . . . . . . 1.57 0.06 0.94 0.25 . . . . . . . . . . . .
160 . . . . . . . . . 2.36 0.09 1.42 0.38 . . . . . . . . . . . .
200 . . . . . . . . . 3.20 0.13 1.65 0.44 . . . . . . . . . . . .

Torch rating, 400 A
180 3.2 0.13 60(c) 2.82 0.11 2.4 0.63 18 0.72 20–35 5.3–9.2
200 . . . . . . . . . 2.82(c) 0.11(c) 2.5 0.66 . . . . . . . . . . . .

High current

Torch rating, 400 A
250 4.8 0.19 60(c) 3.45(d) 0.14 3.0 0.79 . . . . . . 20–35 5.3–9.2
300 . . . . . . . . . 3.45(d) 0.14(d) 3.5 0.92 . . . . . . . . . . . .
350 . . . . . . . . . 3.96(d) 0.16(d) 4.1 1.08 . . . . . . . . . . . .

(a) Argon plasma gas. (b) Argon and Ar-5H2 shielding gas. (c) Electrode tip blunted to 1 mm (0.04 in.) diameter. (d) Multiport nozzle

Table 2 Plasma and shielding gas
compositions

Material

Plasma

gas Shielding gas

Mild steel Argon Argon
Argon-2–5%
H2(a)

Low-alloy steels Argon Argon
Austenitic stainless steel Argon Argon-2–5% H2

Helium(a)
Nickel and nickel alloy Argon Argon

Argon-2–5%
H2(a)

Titanium Argon Argon
75He-25Ar(a)

Aluminum and aluminum
alloys

Argon Argon

Helium(a)
Copper and copper alloys Argon Argon

75He-25Ar(a)

(a) Also used
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the food and chemical processing industries.
Circumferential welding of strakes also can be
used to create these products. Longitudinal
seam welds in stainless steel pipe with wall
thickness of �3 mm (�0.12 in.) are ideally
suited to keyhole plasma welding, because joint
preparation is minimized and single-pass weld-
ing can be consistently achieved without the
use of weld-backing devices. Pipes with
wall thickness greater than 5 to 6 mm (0.20 to
0.24 in.) employ the keyhole mode of operation
for the root pass. Depending on the material
type and wall thickness, melt-mode PAW,
GTAW, gas metal arc welding (GMAW), or
submerged arc welding (SAW) are used to
complete the joint. High-alloy composition
piping is similarly manufactured.
The manufacturing of stainless steel tube

from strip was one of the first applications of
the PAW process. Because the process can reli-
ably produce full-penetration welds without the
use of backing, it is extensively used on tube
mills, because a lack of access precludes weld-
ing from the inside.
The VPPA welding process has been very

effective for welding large space shuttle orbiter
sections of aluminum alloys, particularly the
external fuel tank. The cathodic cleaning action
of the electrode positive portion of the current
cycle breaks up tenacious surface oxide film
on the aluminum. The process can be used on
thicknesses up to 12.5 mm (0.5 in.) with
square-grooved butt joints, and it can be used
for the root pass on thicker sections with
edge beveling. It is anticipated that this tech-
nique will be extensively employed in building
aluminum alloys structures in a modular space
station.

Typical Components and Joints

The most common joint configuration used
with the PAW process is a butt joint. The
microplasma mode is used with overlapped butt
(microlap) joints and with joints that have inte-
gral weld metal as a result of flanged, butted
edges on very thin metals (Table 3). Corner
joints with edge welds are also commonly
welded using the microplasma and medium-
current modes. An example is shown for thin-
walled type 304 stainless steel tubing (Fig. 4)
with edge welds between tubes with a wall
thickness of less than 0.5 mm (0.020 in.).
Because the keyhole operating mode fully

penetrates the workpiece, it is used exclusively
on square-grooved butt joints and single-V
joints with a root face (Table 3). For square-
grooved butt joint preparation, the thickness
that can be welded in a single pass depends
on the fluid flow characteristics of the work-
piece material for a given heat input from
the plasma torch. Thus, alloys of titanium and
zirconium can be butt welded with square-
grooved preparation at greater thicknesses than
steels and stainless steels. Generally, it is an
industry-accepted practice to use square-grooved
preparation without edge beveling for stainless
steels up to 6 mm (0.24 in.) in thickness.
A 4 or 5 mm (0.16 or 0.20 in.) root face and a

single-V preparation, usually with a 60�
included angle, are used on steels thicker than
6 mm (0.24 in.) (Table 4). The root is welded
in the keyhole mode, and the rest of the joint is
completed with a filler wire addition by melt-
mode PAW, GTAW, GMAW, or SAW, depend-
ing on the material type, joint volume to be
filled, and the mechanical property requirements

of the joint. An example is shown for 8 mm (0.3
in.) thick type 304L stainless steel (Fig. 5).
In the PAW process, fixturing for part fit-up

is more critical than it is for the GTAW pro-
cess, primarily because of the narrower, more-
constricted arc in PAW. The backing bar design
and shielding gas techniques employed for
GTAW are appropriate for microplasma and
medium-current modes. During keyhole weld-
ing, however, the arc passes right through the
workpiece, forming an efflux plasma (Fig. 1)
that normally extends 10 mm (0.4 in.) below
the back face of the joint. This characteristic
must be accommodated when designing back-
ing systems. Failure to allow sufficient gap
can result in turbulence in the efflux plasma,
causing weld pool disturbance and porosity.
When welding longitudinal seams in tube

or pipe, the weld can be started and stopped on
run-on and run-off tabs, precluding the need
for keyhole closure. However, when using the
keyholemode on circumferential seams of vessels
or on butt joints in tubes or pipes, the keyhole will
overlap the start of the weld to produce a complete
joint. Keyhole closure without porosity has
been an area of difficulty, particularly when butt
welding tubes, and it represented an important
concern for more-widespread use of the process.
Modern electronic controls for simultaneous
reduction in gas flow and current slope-out pro-
vide a more reliable method for keyhole closure.
Plasma arc welding with wire feed is also a

suitable process to rebuild parts or produce
parts in a layer-by-layer method known as addi-
tive manufacturing. The process can be used to
add features to existing parts or to produce a
whole new part, a generic example of which is
shown in Fig. 6.

Table 3 Joint configurations for plasma welding sheet and tubular components

Thickness range

Joint type Joint configuration Process variant No. of runs Commentsmm in.

0.5–1.0 0.02–0.04 Micro-lap Microplasma 1 Edges fully fused to produce additional weld metal; good clamping essential

0.5–1.5 0.02–0.06 Flanged edge Microplasma 1 Edges fully fused to produce additional weld metal

3.0–6.0 0.12–0.24 Square but Keyhole plasma 1 Grooved backing bar required to prevent disturbance of the efflux plasma.
Additional (cosmetic) run using melt mode may be employed

6.0–15 0.24–0.60 Single-V butt Keyhole plasma 2 or more Keyhole technique used for root run only. Joint completed with the melt mode
plus filler wire

362 / Arc Welding Processes



Operations

Procedures

Process Operating Procedure. Welding
parameters, such as welding current, arc volt-
age, travel speed (for mechanized/automatic
operation), and plasma and shielding gas flow

rates, are set by the procedure and implemented
by the welder. Torch parameters include the
correct electrode vertex angle and set-back dis-
tance, as well as the correct orifice diameter for
the welding current level.
The operating sequence for the PAW process

was described in the section “Principles of
Operation” at the beginning of this article.
After the weld pool or keyhole is formed, the
torch is traversed across the workpiece at the
preset welding speed. Welding is terminated
by the down slope of the welding current, with
simultaneous sloping of the plasma gas flow
rate if keyhole welding and keyhole closure
are desired. Slope control for the keyhole mode
is shown in Fig. 7.
Most PAW is done in a mechanized or auto-

mated operation that does not require
much operator intervention, except initially
to set the parameters and to position the work-
piece and torch. When current pulsing and
keyhole closure operations are involved,
numerous parameters must be set, which
requires strict attention to detail, accurate
part fit-up, and careful alignment of the torch
relative to the joint.
Inspection and Weld Quality Control. All

of the common nondestructive evaluation tech-
niques are applicable to plasma arc welds.
Radiography and ultrasonic inspection are the
most common techniques used. The fact that
most plasma arc welding is carried out in the

keyhole mode means that there is a penetration
bead on the root side of the joint. Visual inspec-
tion for full penetration, as well as for correct
width and profile of both the penetration bead
and the weld surface profile, can readily be
accomplished. Smooth, even underbeads can
be achieved through good procedure develop-
ment with tolerances improved through current
pulsing.
Troubleshooting. When troubleshooting

a PAW operation, all of the previously
defined basic parameters of the welding sched-
ule should be checked. Welding dis-
continuities can result from incorrect electrode
set-back or from a worn or damaged nozzle ori-
fice. The concentricity of the diameter of the
nozzle orifice and the alignment of the elec-
trode and nozzle orifice are very important.
Worn nozzles should be replaced. The condi-
tion of the tungsten electrode tip should also
be checked.
An undercut is one of the most common

defects in the PAW process. Depending on
material type, thickness, and preset welding
parameters, a two-sided undercut can occur
above certain threshold welding speeds. This
can only be eliminated by increasing welding
current. A one-sided undercut can result from
misalignment of the torch, the electrode/orifice
and multiport nozzles, or from the mismatched
fit-up of the workpieces. Correct alignment is
essential.

Table 4 Keyhole plasma welding conditions for pipe prefabrication in type 304L/316L stainless steel

Tube diam Thickness

Edge preparation Welding current, A

Welding speed

Gas flow

Filler wire feed rate

(1.0 mm diam)

Plasma gas,

argon

Shielding gas,

argon + hydrogen Backing gas

mm in. mm in. m/min ft/min L/min gal/min L/min gal/min L/min gal/min m/min ft/min

60 2.4 7.5 0.30 160–100 0.22 0.72 4.5 0.13 18 4.8 10 2.6 . . . . . .

140–90 0.22 0.72 1.5 0.40 18 4.8 10 2.6 1.10 3.6

114(a) 4.6(a) 12 0.48 160–100 0.18 0.59 4.5 1.2 18 4.8 10 2.6 1.10 3.6

168(a) 6.7(a) 14 0.56 190–120 0.14 0.46 6 1.6 18 4.8 15 4.0 . . . . . .

510 or 710 20.4 or 28.4 6 0.24 180 0.22 0.72 5 1.3 18 4.8 30 6.6 1.10 3.6

1000(b) 40(b) 12 0.48 270 0.21 0.69 7 1.8 25 6.6 30 6.6 . . . . . .

(a) Welded thickness, 5 mm (0.20 in.). (b) Welded thickness, 6 mm (0.24 in.)

Fig. 4 Edge joints in thin type 304 stainless steel tubes.
Courtesy of Edison Welding Institute
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Personnel Requirements

The skill level and training requirements for
the PAW process are generally similar to those
for the GTAW process. When manual welding,
the columnar nature of the plasma arc allows

greater variation of the torch-to-workpiece dis-
tance without altering the size and shape of
the weld pool. The fact that the electrode is pro-
tected from contamination by the nozzle means
that tungsten contamination and tungsten inclu-
sions in the weld metal are more readily

avoided than they are in the GTAW process.
From the viewpoint of an operator, disadvan-
tages include the greater complexity of the
torch, in terms of nozzle orifice and electrode
set-back considerations, and the correct setting
of two gases (plasma and shielding gas).
When mechanized welding is carried out,

which is usually the case for the keyhole mode,
the operator is required to set a greater number
of parameters (compared to GTAW), particu-
larly if current pulsing and keyhole closure
operations are required. Specific operator train-
ing is required for pulsed keyhole operation,
and particularly for VPPA operations, which
are usually carried out in the vertical position,
welding upward, and thus require a high level
of operator competence. Computerization of
welding parameter selection is the trend for
VPPA welding and other mechanized or auto-
mated PAW operations.
The health and safety issues related to

the PAW process are very similar to those of
other gas-shielded arc welding processes, espe-
cially GTAW. These include electrical shock;
electromagnetic radiation hazards, particularly
ultraviolet radiation; burns from hot metal
parts; and welding fumes and gases, including
ozone. Precautions must be taken to capture
grinding dust when preparing tungsten electro-
des. The volume of welding fumes produced
is low and is similar to that produced by the
GTAW process. Hexavalent chromium and
ozone are concerns when welding stainless steels
and aluminum alloys, respectively. Like the
GTAW process, the low level of general welding
fumes associated with PAW results in a compar-
atively higher level of ozone. However, the rapid
decay of ozone within a short distance of the arc,
coupled with the high degree of mechanization
and automation typical of the keyhole plasma
welding operation, means that operator exposure
is generally very low. The microplasma mode,
which is more commonly used manually,
employs such low current levels that fume and
ozone levels are very low.

Fig. 7 Typical slope control pattern for welding current and plasma gas flow when starting and closing a keyhole;
example is for 9.5 mm (⅜ in.) thick steel

Fig. 5 Butt joint using keyhole plasma arc welding root
pass and gas tungsten arc welding fill pass.

Courtesy of Edison Welding Institute

Fig. 6 Layers of weld metal produced using plasma arc
welding with wire feed to produce a new part

feature. Courtesy of Edison Welding Institute
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Electroslag and Electrogas Welding*
Revised by S.D. Brandi, Escola de Politecnica da USP; S. Liu, Colorado School of Mines; and R.D. Thomas, Jr.,
R.D. Thomas and Company

ELECTROSLAG WELDING AND ELEC-
TROGAS WELDING are two related proce-
dures that are presently used to weld thick-
section materials in the vertical or near-vertical
position between retaining shoes. Primarily
applied for joining steels of thicknesses over
50 mm (2 in.), electroslag welding (ESW)
involves high energy input relative to other
welding processes, resulting in generally infe-
rior mechanical properties, specifically lower
toughness of the heat-affected zone (HAZ).
However, the high deposition rate and rela-
tively low cost of the process make it attractive
for heavy structural fabrication. The as-welded
properties of electrogas welding (EGW), usu-
ally applied to steels under 50 mm (2 in.), are
generally superior to those of electroslag welds,
and the process is commonly applied to the
field erection of storage vessels and other less
critical structures.
Electroslag welding is a vertical welding pro-

cess producing coalescence with molten slag
that melts the filler metal and the surface of
the work to be welded. Confined by cooling
shoes, the molten weld pool is shielded by the
molten slag, which moves along the full cross
section of the joint as welding progresses.
The conductive slag is maintained in a molten
condition by its resistance to electric current
passing between the electrode and the work
(Ref 1). Electroslag welding can be considered
a progressive melting and casting process in
which the heat of a bath of molten flux is used
to melt the filler metal and the edges of the
plates to be welded. Electric arc occurs only
at the beginning of the process, and once a mol-
ten bath is achieved, the arc is extinguished.
During the process, flux is added periodically
or continuously to maintain an adequate slag
covering over the pool of molten metal. Two
or more retaining shoes hold the molten metal
in place until it has solidified. In normal opera-
tion with a constant potential power source, the
electrode melts off while dipping only partly
through the flux bath and gathers in the molten
metal puddle. In the case of low-carbon steel,

the temperature of the bath is reported to be in
the vicinity of 1925 �C (3500 �F), while the
surface temperature is approximately 1650 �C
(3000 �F) (Ref 2). The major process variables
are welding current and voltage. Welding cur-
rent is directly responsible for the electrode
melt rate, while voltage influences the base-
metal penetration and weld bead width. Both
variables are sensitive to the physical properties
of the welding flux, such as electrical resistivity
and fluidity.
Electrogas welding is a method of gas metal

arc welding (if a solid wire is used) or flux cored
arc welding (if a tubular wire is used), wherein
an external gas is supplied to shield the arc and
molding shoes are used to confine the molten
weld metal for vertical-position welding (Ref
2). Electrogas welding may or may not use an
added flux. In the solid wire process, CO2 shield-
ing gas is commonly used and no flux is added.
With the flux cored process, the core ingredients
provide a small amount of flux to form a thin
deposit of slag between the weld and the shoes.
Self-shielding electrodes eliminate the need for
external shielding gas. A major difference

between ESW and EGW is that the former relies
on slag conduction to carry the welding current
and the latter uses arc conduction. Despite the
differences, similarities between ESW and
EGW in terms of equipment, joint preparation,
and welding procedures are such that they can
be grouped into one category and described as
allied processes.

Fundamentals of the Electroslag
Process

Heat Flow Conditions

Electroslag welding is quite similar to in situ
casting, with large volumes of molten metal
and high heat content. When compared with
other arc welding processes, electroslag welds
have a long thermal cycle with very slow cool-
ing rate. Electroslag welding generally con-
sumes from 100 to 200 kJ/mm (2500 to 5000
kJ/in.), as compared to 10 to 40 kJ/mm (25 to
1000 kJ/in.) found in most arc welding pro-
cesses. Figure 1 shows a typical thermal cycle

* Adapted from R.D. Thomas, Jr., and S. Liu, Interpretive Report on Electroslag, Electrogas, and Related Processes, Welding Research Council Bulletin, No. 338, Nov 1988. Used with
permission of the Welding Research Council

Fig. 1 Typical thermal cycle of an electroslag weld bath relative to that of an arc welding pool



of an electroslag weld bath compared with that
of an arc welding pool. As a consequence of the
thermal experience, weld-metal solidification in
ESW is extremely slow, resulting in a coarse
primary solidification structure. The heat
absorbed into the base metal also creates an
extremely large HAZ (Fig. 2).
A heat balance diagram of a typical electro-

slag weld (Fig. 3) illustrates that approximately
60% of the heat is absorbed by the workpart,

close to 25% of the total heat is expended in
the melting of the electrode, and approximately
10% of the heat is used to superheat the molten
metal (Ref 3). The amount of heat extracted by
the cooling shoes varies, depending on the
thickness of the plate and on the welding condi-
tions. In the welding of steel plates 90 mm (3.5
in.) thick, less than 10% of the heat of the mol-
ten slag and metal pool is transferred to the
cooling shoes. In thinner plates, however, the

cooling shoes play a more significant role in
the heat balance.
Mathematical models are used to estimate

the three-dimensional temperature field in the
slag, metal pool, and base-metal regions in an
electroslag weldment, and to predict HAZ size
and grain growth in the HAZ. Figure 4 shows
an example of the calculated temperature
distribution for a base plate 25.4 mm (1 in.)
thick, 470 mm (18.5 in.) long, and 610 mm
(24 in.) wide, at the time that corresponds
to half the total time required for completion
of the weld (Ref 4). The maximum tempera-
tures reached in the slag and weld pool
were 1960 and 1630 �C (3550 and 2960 �F),
respectively. The temperature distribution in
a weldment along planes parallel and normal
to the parent plate surface can also be repre-
sented in the form of isometric temperature
plots (Fig. 5).
The energy balance in the slag phase is sum-

marized in Table 1. A major portion of the heat
generated in the slag layer was transferred to
the cooling shoes (36.1%). Approximately 22
and 15% of the heat was used in base-metal
heating and electrode melting, respectively.
The heat-generating patterns are highly sensi-
tive to the geometric location of the electrode
in the slag. With careful control of the process
variables (such as gap distance and convective
flow suppression) by external application of
the electromagnetic field, reductions of two or
three times the usual heat input could be
practical.
To distribute the energy uniformly across

the thickness of the weldment, empirical rules
have been developed (Table 2) to determine
the preferred number of electrodes, the wire
spacing, and the traverse (oscillation) distance
(Fig. 6). Oscillation speeds depend on the
plate thickness, usually allowing a traverse
time of 3 to 5 s; a dwell time at the end of each
traverse ensures adequate penetration at the
plate edges.

Fig. 2 Macrograph showing fusion zone and heat-affected zone (HAZ) in an electroslag weldment

Fig. 3 Heat balance diagram of a typical electroslag
weldment. Source: Ref 3

Fig. 4 Calculated temperature distribution of an electroslag weldment showing three-dimensional temperature field
in the slag, metal pool, and base metal. Source: Ref 4
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Metal Transfer and Weld Pool
Morphology

The droplet transfer rate and the length
of time each droplet is in contact with the
slag layer profoundly affect the chemical com-
position and the metallurgical properties of the
weld pool.
Droplet Formation. In steady-state opera-

tion, the molten filler metal transfers into the
weld pool in a globular mode. Current and volt-
age oscillograms indicate that despite the drop-
let size decrease observed with increasing
voltage, welding current has no significant
effect on the size of the droplets. Rather, the
length of time that a droplet is in contact with
the slag layer decreases considerably with
increasing current. On the other hand, the
length of time a droplet is in contact with the
layer of slag increases with voltage, because

the electrode tip is further away from the mol-
ten metal pool. The extent of interaction
between a metal droplet and the slag layer
determines the chemical composition of the
weld pool.
Weld Pool Morphology. In an electroslag

weldment, solidification begins at the fusion
line, surfaces adjacent to the retaining shoes,
and progresses toward the center of the weld.
Because the process is continuous in a vertical
or near-vertical-up position, solidification also
progresses from the bottom toward the top part
of the joint. The angles at which the columnar
grains meet at the center of the weld depend
on the shape of the weld pool, which can be
described by the weld pool form factor. Form
factor is defined as the ratio between the width,
w, and the maximum depth, h, of the pool
(Fig. 7). Welds having a high form factor
(>2.0) will have grains meeting at an acute
angle at the center line, while welds with a

low form factor (<1.0) will solidify with grains
meeting at an obtuse angle. Low form factor is
highly undesirable because of the potential
accumulation of residual elements at the center
of the weld joint. High welding current usually
results in a low form factor, while low welding
current usually results in a high form factor and
shallow metal pool. High voltage promotes
shallow pools and low voltage. Figure 7 shows
two examples of different pool morphologies
and form factors as a function of the welding
current and voltage.
An additional factor controlling the weld

puddle morphology is the welding flux conduc-
tivity. Actually, the bulk of the electrical energy
is converted into thermal energy in a thin layer
of the slag contiguous to the electrode tip,
which acts as the heat source in ESW (Ref 3).
High-conductivity fluxes generate less heat
and result in less base-metal penetration and
shallower weld pools.

Fig. 5 Isometric three-dimensional temperature
distribution in an electroslag weldment

allowing improved visualization of the temperature
profile. Source: Ref 5

Table 1 Energy balance in the slag phase of
electroslag welding

Parameter(a)

Energy

dissipated, %

Heat transfer from slag:
To copper shoe 36.10
To base plates 20.22
To liquid metal 8.71

Heat used to heat the electrode to its
melting point

15.26

Heat required:
To melt the electrode 4.07
To heat flux cooling on the consumable

guide
1.84

Heat carried by liquid metal drops 2.04
Radiation loss from the slag surface 1.75
Electrochemical loss 10.00

(a) Actual width of the slag pool, 0.044 mm (0.0017 in.); current, 534
A; other conditions are the same as those presented in Table 2. Source:
Ref 5

Table 2 Effect of joint geometry on multiple-wire butt electroslag welding

Steel plate thickness

Number of wires Oscillation

Square butt gap opening

mm in. mm in.

19–75 3/4–3 1 No 22–32 ⅞–1¼
25–130 1–5 1 Yes 32–35 1¼–1⅜
75–150 3–6 2 No 32–35 1¼–1⅜
75–280 3–11 2 Yes 32–35 1¼–1⅜
130–535 5–21 3 Yes 35 1⅜

Source: Ref 6

Fig. 6 Wire spacing diagram for multiple-electrode electroslag welding incorporating oscillation for better energy
distribution across the thickness of the weldment. Source: Ref 6
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Out-of-Position (Nonvertical) ESW

Electroslag welding has been successfully
done in joints that are inclined from the vertical
position. The stability of the process and the
quality of the weld joint are both functions of
the angle of inclination. Weld morphology,
including penetration, HAZ, and weld-metal
microstructure, is sensitive to the welding para-
meters. Preferential thermal radiation heating of
the upper weld surface is considered the cause
of asymmetric penetration and HAZ geometry
(Ref 7).

Weld Pool Penetration and Magnetic
Field Coupling

Magnetic field is not generally applied in
ESW. For electroslag overlays, however, some
use of magnetic field to promote fluid flow
and to drive the molten slag layer from the hot-
ter region to the colder region to eliminate
undercutting has been reported (Ref 8). How-
ever, the effect of magnetic stirring, which
induced convective fluid motion in the weld
pool and disrupted the solidification and growth
of the columnar dendrites, can be seen in Fig. 8
(Ref 9, 10). Mechanical vibration on electroslag

weld pools generally does not cause significant
microstructural modification. However, some
refinement of the as-deposited grains can result
when the slag/molten metal interface is dis-
turbed. The use of a quartz-shielded electrode
guide tube as an extended stirrer has been
reported to form a deeper weld pool, with the
form factor decreasing from 3 to 1.5 (Ref 11,
12). Other techniques for refining weld-metal
microstructures include ultrasonic cavitation
and the use of chemical inoculators.

Constitutive Equations for Welding
Current, Voltage, and Travel Rate

The power input per unit length of a weld is
the primary variable that influences the degree
of base-metal melting, the amount of filler-
metal deposition, and the thermal history of
the weldment. In ESW, current and travel speed
are not independent variables, as in the other
arc welding processes. For a constant voltage
power supply, the current and power are both
functions of the resistance of the slag pool.
Hence, they are functions of the electrode feed
rate, the mechanics of electrode melting, and
the nature of the electrical and thermal transport
at the electrode/slag interface. To control the
welding process, a constitutive equation has
been proposed (Ref 13):

I ¼ BW1=2V1=3 (Eq 1)

where I is the welding current, W is the elec-
trode feed rate, V is the welding voltage, and
B is a proportionality constant. Equation 1
expresses the functional relationship between
the various process variables and has the pri-
mary objective of selecting a voltage and cur-
rent range that provides sufficient energy input
for base plate penetration without excessive
overheating of the HAZ. The relation can be
empirically determined from Fig. 9. The total
energy input per unit area of weld surface, E,
can also be determined:

E ¼ B
Lg

2�r2ðLþ gÞ �
V5=3

I
(Eq 2)

where L is the width of the base plate, g
is the root gap opening, and r is the radius
of the welding electrode. Note also that
this equation takes into consideration the
electrode-to-joint geometry, which is related to
the electrical and thermal transport in the
process.
Unlike arc welding processes, in which

an increase in current results in greater
energy input and deeper penetration, the
reverse occurs in ESW. An increase in
current requires an increase in electrode burn-
off rate, which increases the welding
speed and decreases the energy input per unit
area of weld. An excessive increase in the cur-
rent at constant voltage, however, can shift the
process from penetration to no penetration of
the base plate. The process control boundaries
for ESW can be easily developed (Fig. 10).
Boundaries A through D enclose an operating
space that exhibits good process stability and
base-metal melting. Outside the indicated
boundary, the process often appears to operate
well but with inadequate base-metal penetration
(Ref 13).
A change in electrode geometry and nature

(cored) may result in a different constitutive
equation (Ref 9, 15):

I ¼ B0W0:35 V1:63 (Eq 3)

where B0 is the proportionality constant. The
total energy input, E, is:

E ¼ B0 Lg � 2wgtg

Lþ g� 2tg
� 	
 �

wetedeð Þ �
V4

I2
(Eq 4)

where wg is the width of the consumable plate
guide, tg is the thickness of the consumable
plate guide, we is the width of the consumable
electrode, and te is the thickness of the consum-
able electrode.

Fig. 7 Effect of increase in welding parameters on weld
pool form factor. (a) Optimum weld pool

dimensions (shallow weld pool, high form factor, acute
angle between grains). (b) Undesirable weld pool
dimensions (deep weld pool, low form factor, obtuse
angle between grains). Source: Ref 6

Fig. 8 Macrograph showing effect of superimposed magnetic field on electroslag weldments. (a) Field present.
(b) Field absent. Original magnification: both 1.6�. Source: Ref 9
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Temperature Relations between the
Slag Bath and Electrode in ESW

Because the electrode is partially immersed in
the slag bath, the current density presents a maxi-
mumvalue at the electrode tip and decreases sub-
stantially in the direction of the metal pool and
the slag bath free surface. Therefore, heat is trans-
ferred to the periphery of the slag bath and to the
periphery of the metal pool.
Experimental evidence (Ref 3) showed that

metal droplets were heated to a temperature
higher than the slag. Assuming only the heat
transfer from the melted slag to the electrode
wire, the temperature at the electrode tip,
assuming a non-preheated electrode, can be
calculated:

Te ¼ Ts 1� exp

�

�2aSwet
c�rW

��

(Eq 5)

�

where Te is the electrode temperature, Ts is the
slag temperature, Swet is the wet stickout (elec-
trode depth into the slag bath), a is the heat-
transfer coefficient, cg is the volumetric specific
heat, r is the distance from the heat source, and
W is the wire feed rate.
Figure 11 presents a plot of a carbon steel

electrode tip temperature change as a function
of the slag bath temperature and wet stickout
for an electrode feed rate of 220 m/h (722
ft/h). In Fig. 11, an increase in the wet electrode
stickout augments the electrode tip temperature
for a constant slag temperature. An ESW usual
wet stickout is 2 cm (0.79 in.) for a 2 mm
(0.08 in.) electrode diameter. For this electrode
stickout, the electrode tip temperature increases
when the slag temperature is increased. In this
condition, the electrode is heated but below
the melting temperature.
Figure 12 depicts the electrode tip tempera-

ture as a function of electrode feed rate and slag
temperature for a wet stickout of 2 cm (0.79
in.). Melting of the electrode is possible only
for a slag temperature higher than 2000 �C
(3632 �F) and an electrode feed rate below
80 m/h (260 ft/h) (for a slag temperature of
2200 �C, or 3992 �F), considering a carbon
steel melting temperature of 1450 �C (2642 �F).
The results of Fig. 11 and 12 indicate the

presence of another electrode heating mecha-
nism, Joule heating. In this case, and ne-
glecting the effect of heat conductivity along
the wire and the heat transfer between wire and
slag, the equation for the electrode temperature
is (Ref 3):

Te ¼ i2reS
c�W

(Eq 6)

S ¼ Sdry þ Swet (Eq 7)

where i is the current density, S is the total
stickout, Sdry is the dry stickout (distance
between electrode contact and the slag bath
surface), and re is the electrode electric
resistivity.
Figure 13 presents the effect of Joule heating

of a 2 mm (0.08 in.) electrode wire diameter
and a 2 cm (0.79 in.) wet stickout for different
electrode feed rates.

ESW Thermal Cycles Equations

A quasi-stationary (pseudostationary) tem-
perature field for an ESW can be achieved
according to (Ref 3):

tqs >

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

7:5ar

v3welding

s

(Eq 8)

where tqs is the time to achieve a quasi-station-
ary state in a distance, r, and a is thermal
diffusivity.

Fig. 9 Functional relation among welding current (I ), potential (V ), and wire-feed rate (W ) for electroslag welding of
2¼Cr-1Mo steel. Line indicates value of I = BW1/2V1/3 for B = 60.8 and r = 0.923. Source: Ref 14

Fig. 10 Operating parameter window for electroslag
welding. Boundary A represents the voltage

threshold for parent plate fusion at low power inputs.
Boundary B represents the constitutive equation for
adequate penetration at high power levels. Boundary C
represents the maximum power output of the welding
power supply. Boundary D represents the limit of
electrode feed rate at which the wire electrode melts by
ohmic heating. Source: Ref 14
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With this time and the welding speed, is it pos-
sible to calculate the distance from the beginning
of welding where a quasi-stationary condition is
achieved. This information is important to the:

� Shape and size of the weld-metal pool and,
consequently, the solidification conditions
and fusion zone microstructure

� Repeatability of thermal cycles in the HAZ,
which means a constant microstructure for
a fixed distance along the weld length and,
consequently, constant mechanical proper-
ties for each point

� One maximum temperature field, which
determines residual stresses and distortion

Three heat sources, distributed and aligned in
a linear geometry and traveling slowly, are used
to simulate ESW thermal cycles. These three
heat sources are located in:

� q1: Located at the surface of the slag bath
and the atmosphere and is responsible for
approximately 25% of the total heat input

� q2: Located in the middle of the slag bath
and is responsible for approximately 50%
of the total heat input

� q3: Located in the middle of the metal pool
and is responsible for approximately 25%
of the total heat input

The temperature at a point of interest in the
HAZ y-distance from the weld centerline is cal-
culated (Ref 3):

Tðx; tÞ ¼ T0

þ
X

3

i¼1

qi
2��h

exp
v2weldingti

2a

 !

K0 ri

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2welding
4a2

þb

a

s
0

@

1

A

0

@

1

A

(Eq 9)

qi ¼ ZViIi
vwelding

(Eq 10)

ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

y� b

2

� �2

þ v2weldingt
2
i

s

(Eq 11)

where T0 is the initial plate temperature (preheat
temperature); qi is the heat input of wire i; l is
the thermal conductivity; h is the plate thickness;
t is the time when a given heat source (number of
electrodes) traverses the cross section containing
the point of interest; a is the thermal diffusivity;
K0(u) is the second-kind, zero-order Bessel func-
tion; vwelding is the welding travel speed; Z is the
thermal-transfer coefficient; ri is the distance of
heat source i to the point of interest in the HAZ;
y is the distance from the weld centerline; and b
is the root gap.
Figure 14 shows two carbon steel thermal

cycles calculated by assuming q1 = q3 = 0, plate
thickness of 50 mm (2 in.), root gap of 24 mm
(0.9 in.), I = 480 A, V = 35 V, and vwelding =
0.02 cm/s (0.008 in./s).

ESW Consumables

ESW Fluxes

Similar to the fluxes used in other welding
processes, ESW fluxes are formulated to refine
the weld metal, to coat the surface of the retain-
ing shoes and the completed weld metal, and to
protect the molten metal from oxidation. How-
ever, several physical and chemical properties
distinguish ESW fluxes from the others used
in arc welding. Electroslag welding fluxes are
invariably fused, rather than agglomerated.
Compared with the arc welding fluxes, fluxes
for ESW are higher in resistivity, because the
arc is extinguished soon after the process
becomes stable. Sometimes, an agglomerated
starting flux with high conductivity is used to
initiate the process and form the weld pool.
After that, a running flux of high resistivity is
added to generate heat for melting the filler
metal and to maintain steady welding operation.
In fact, for high-current welding the use of
starting flux is often omitted.

Fig. 11 Electrode temperature in a slag bath using a constant electrode feed rate (220 m/h, or 722 ft/h) and three
different slag temperatures

Fig. 12 Electrode temperature in a slag bath using a constant wet stickout of 2 cm (0.8 in.) and different electrode
feed rates for three different slag temperatures. Electrode diameter: 2 mm (0.08 in.)
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A typical running flux for low-carbon steels
has the following composition (Ref 11):

Constituent Content, wt%

SiO2 25
MnO 10
CaF2 15
Al2O3 25
CaO 15
MgO 10

Electrical Resistivity. A flux of high resis-
tance (or low conductivity) will draw less cur-
rent, resulting in a colder weld pool and lower
base-metal penetration. It will also allow the
wire to drive deeper into the pool. On the other
hand, a flux of low resistance may draw exces-
sive current, raising the temperature of the bath
until the process stabilizes with a shorter elec-
trode extension. However, if resistance is too

low, then arcing may occur between the elec-
trode and the slag bath surface, especially at
higher voltages. This condition is aggravated
in fluxes that show steeply increasing conduc-
tivity with rising temperature. In terms of pro-
cess conditions, lower slag resistivity may
result in operation at lower voltage.
Fluidity. In addition to its heat-generating

ability, the molten slag must also have suffi-
cient fluidity to cause rapid convection and
good circulation, needed to distribute heat
throughout the weld joint. Fluidity of a slag
depends mainly on its chemical composition
and operating temperature. The melting point
of a flux must be below that of the base metal
for weld pool refining, and its boiling tempera-
ture must be higher than the operating tempera-
ture to avoid loss by vaporization. Any
preferential loss (of one or more ingredients)
will alter the bath composition, which may
greatly change the slag fluidity and electrical
conductivity, resulting in improper shielding.
If the composition of the fluxes is altered during
operation, the change in energy imparted to the
slag may cause an increase in temperature and
in conductivity during welding of long seams,
which may give rise to arcing on the top surface
of the slag bath.
Low fluidity will tend to trap slag inclusions

in the weld metal; excessive fluidity will
cause leakage through the small space between
the work and the retaining shoes. For joining
thin plates, higher-fluidity fluxes are desirable
to obtain good circulation in the relatively
small bath.
Metallurgical Compatibility. Finally, the

slag should be metallurgically compatible with
the alloy being welded. For steel welding, the
fluxes are generally mixed oxides of silicon,
manganese, titanium, calcium, magnesium,
and aluminum (Ref 1). These oxide compo-
nents play an important role in the shielding
and refining of the weld pool. Calcium fluoride
(CaF2) is added to basic oxides or silicate sys-
tems to achieve the proper resistivity and fluid-
ity. Increasing CaF2 decreases viscosity,
melting point, and resistivity. Additions of
TiO2 also decrease resistivity, while Al2O3

increases it. However, TiO2 also increases slag
viscosity (Ref 2, 3). Special applications, such
as inclusion control or sulfur removal, may
require the addition of rare-earth compounds
(Ref 16).
Slag detachability after weld-metal solidifi-

cation is not a major problem in ESW. The
addition of large quantities of TiO2, however,
will often result in difficult slag removal. Fluo-
ride additions generally improve slag
detachability.

ESW Electrodes

Various ESW techniques are available,
depending on the type of electrodes and the
feeding mechanism. The electrodes can be solid

Fig. 13 Electrode temperature due to Joule heating. Wet stickout of 2 cm (0.8 in.) and a 2 mm (0.08 in.) electrode
diameter

Fig. 14 Thermal cycles calculated by Eq 9 for two distances. Plate thickness of 50 mm (2 in.); root gap of 24 mm (0.9
in.); I = 480 A; V = 35 V; vwelding = 0.02 cm/s (0.008 in./s)
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wires, tubular flux cored wires, large-section
solid electrodes, and large-section cored elec-
trodes. The guides or nozzles can be consum-
able or nonconsumable. The conventional
method uses nonconsumable guides (also
known as snorkels), which are maintained
approximately 50 to 75 mm (2.0 to 3.0 in.)
above the molten flux. In this case, a mobile
feeding head is used and is raised vertically to
match the weld pool travel speed. If the elec-
trode feeding mechanism is stationary, then
the nozzle will be “consumed,” becoming part
of the weld metal when it is reached by the slag
pool. Accordingly, the materials used in con-
sumable guides generally match the chemical
composition of the electrode or base metal. A
consumable guide can either be a thin-walled
tube or an assembly of plates or rods with con-
duits to feed the electrode wire. Fin-shaped
guide tubes are prepared by welding webs to
circular-section guide tubes to obtain more
uniform weld pool heating (Ref 1, 3, 6). Among
the different types of electrodes, only the wire
type and the large-section cored electrodes
require the use of nozzles for delivering the
electrode into the root gap. Bare guides some-
times need insulation along their lateral sur-
faces if they cannot be precisely aligned
within the weld joint. One solution is to insert
insulating plugs at critical locations in the
assembly. Flux-coated consumable nozzles
are available to minimize the problem of insu-
lating the electrode assembly. Figure 15 shows
several shapes of electrodes and guides used
in ESW.

Metallurgical and Chemical
Reactions

Fusion Zone Compositional Effects

In ESW of carbon and low-alloy steels, the
major reactions involve manganese, silicon,
carbon, and impurities such as oxygen, sulfur,
and phosphorus. In the welding of high-alloy
steels, reactions involving chromium, titanium,
aluminum, and other elements are important.
The extent and control of reactions are deter-
mined mainly by the concentrations of the ele-
ments in the liquid metal and by the
concentrations of their oxides in the slag. The
temperature in the reaction zone, the metal
droplet/slag surface area, and the duration of
contact between the molten metal and slag are
other factors that affect the final weld-metal
composition. The concentration of elements in
the metal and slag is determined by the elec-
trode wire and flux compositions and by the
renewal of the slag pool (that is, the frequency
with which the make-up flux is added to the
pool).
Thermochemistry. In the case of slags con-

taining high MnO and SiO2, the reactions
between the metal and slag can be described as:

½Fe� þ ðMnOÞ ! ½Mn� þ ðFeOÞ (Eq 12)

2½Fe� þ ðSiO2Þ ! ½Si� þ 2ðFeOÞ (Eq 13)

In Eq 12 and 13, [M] and (NO) represent the
activities of the metal M in the weld pool and of
the oxide of element N in the slag layer. How-
ever, for all practical purposes, concentrations
of the metallic element and oxide can be used
instead of their activities in thermodynamic cal-
culations. When electrodes containing high sili-
con are used, the reduction of manganese oxide
by silicon must also be taken into account:

½Si� þ 2ðMnOÞ ! 2½Mn� þ ðSiO2Þ (Eq 14)

The lower the temperature, the more intense
the reaction between manganese oxide and sili-
con. Changes in welding conditions, such as
power input and temperature distribution, will
have a definite effect on the recovery of alloy-
ing elements.
Like silicon, aluminum is often employed as

a deoxidizer for steels and, to a lesser degree, as
a microalloying element. The deoxidation reac-
tion is:

2½Al� þ 3ðFeOÞ ! 3½Fe� þ ðAl2O3Þ (Eq 15)

The reaction of aluminum with nitrogen is
also important because it has a strong affinity
for dissolved nitrogen in the weld pool and
because aluminum nitride is responsible for
the pinning of grain boundaries and grain
growth control.

Titanium is widely used to alloy and modify
steels. In welding, it is oxidized by the slag:

½Ti� þ 2ðFeOÞ ! 2½Fe� þ ðTiO2Þ (Eq 16)

Similar to aluminum, titanium also reacts
with carbon, nitrogen, and oxygen to form
TiN, TiC, Ti(C,N), TiO, and TiO2 particles that
may remain trapped in the weld metal, moder-
ating excessive grain growth.
The oxidation of carbon may take place as a

result of carbon reacting with dissolved oxygen
and metal oxides in the liquid metal:

½C� þ ½O� ! CO (Eq 17)

½C� þ ðMnOÞ ! COþ ½Mn� (Eq 18)

2½C� þ ðSiO2Þ ! 2COþ ½Si� (Eq 19)

½C� þ ðFeOÞ ! COþ ½Fe� (Eq 20)

Other minor constituents, such as vanadium
and niobium, are oxidized by the slag at the
expense of FeO to form a series of oxides, such
as VO, V2O5, NbO, and Nb2O5.
When ESW is used to surface machine parts,

metal-cored tubular wire electrodes are often
used to provide high contents of alloy elements,
such as chromium, molybdenum, vanadium, or
titanium, in the deposited metal. When silicate
fluxes are used, the oxidation of chromium
takes place according to the following main
reactions:

½Cr� þ ðMnOÞ ¼ ðCrOÞ þ ½Mn� (Eq 21)

½Cr� þ ðFeOÞ ¼ ðCrOÞ þ ½Fe� (Eq 22)

The welding consumables (fluxes and weld-
ing electrodes) and base metal are the major
contributors of tramp elements, such as sulfur
and phosphorus, to the weld pool. In addition,
the temperature and welding conditions in
ESW are not optimal for dephosphorization.
As a result, increased migration of phosphorus
from the slag to the weld pool occurs not only
at the initiation of the weld but also at points
where the electroslag process is resumed after
an interruption. Sulfur in carbon steel welds is
considerably more dangerous than phosphorus
because it is the main cause of hot cracking.
More recently, desulfurization slags with
approximately 60 to 85 wt% CaF2 and 15
to 40 wt% CaO have been adopted in ESW.
Substantial desulfurization can also be achieved
when carbon is added to a lime-fluorspar
system.
There is also indication that in ESW the slag

bath receives oxygen continuously from the
surrounding atmosphere. With higher oxygen
potential, the slag will also tend to oxidize the

Fig. 15 Selected electrodes and guides (nozzles) used
in electroslag welding. (a) Single flux-covered

tube. (b) Cluster of rods taped together. (c) Flux-covered
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weld metal. Therefore, some modified electro-
slag processes include an inert gas cover on
top of the slag layer to ensure a more deoxi-
dized weld pool.
Electrochemistry. In addition to the thermo-

chemistry of the process, electrochemistry plays
an important role in ESW (Ref 17, 18). Because
the anode and cathode reactions all occur in one
pool, the weight of electrode melted is approxi-
mately equal to the weight recovered in the
weld pool. Current efficiency can then be
expressed as a function of electrode melted
and element concentration change. Anodic cur-
rent efficiency data show that the bulk of the
current at the anode is carried by the oxidation
reactions of iron, chromium, manganese, and
silicon (Ref 19), which also indicates that elec-
trochemical reactions account for a large frac-
tion of the charges transferred. The major
charge-carrying reactions at the cathode are
the reductions of iron, aluminum, chromium,
manganese, and silicon cations from the flux.
Furthermore, the current efficiencies for elec-
trochemical reactions involving chromium,
manganese, silicon, molybdenum, oxygen, and
aluminum increase with increasing current den-
sity. The concentration changes are directly
proportional to the welding current and to
the current efficiency for the reactions, and
they are inversely proportional to the electrode
melt rate.

Weld-Metal Inclusions

Due to the almost “equilibrium” operating
conditions of ESW as compared with other arc
welding processes, inclusion separation is
expected to be more complete. The larger vol-
ume of molten metal, less turbulent weld pool,
slower cooling, and slower solidification rate
in ESW contribute to a cleaner weld metal with
relatively few submicron-sized inclusions.

Solidification Structure

The morphology of steel electroslag weld
deposits was first characterized and summar-
ized by Paton (Fig. 16). Yu et al. (Ref 20) fur-
ther characterized the solidification
substructure of low-carbon structural steel elec-
troslag weldments and related them to the weld
pool form factor:

� Group 1: Transition from cellular to colum-
nar dendrites occurs at a short distance from
the fusion line. Welds from this group show
shallow molten metal pools with high form
factor.

� Group 2: Cellular-to-columnar dendrite tran-
sition occurs further away from the fusion
line, with a fine columnar grain zone at the
center of the weld.

� Group 3: Characterized by a shallow angle
of inclination (approximately 10�) between
the columnar grains and the fusion line.
The transition from dendritic to columnar

dendrites occurs close to the centerline of
the weld. The grains meet at the center at
an obtuse angle.

� Group 4: Dendritic-to-columnar dendrite
transition occurs close to the centerline, with
equiaxed grains at the center of the weld.

The deep pools and low form factor gener-
ally found in groups 3 and 4 welds are also
responsible for the high sensitivity to centerline
cracking and radial hot cracking of these welds.

Solid-State Transformations

The cooling rate of an electroslag weld
metal is so much slower than those of other
welding processes that reasonably coarse
microstructures are found. During the austen-
ite-to-ferrite transformation, primary ferrite
and grain-boundary ferrite are the principal
constituents, along with carbides, mostly in
the form of pearlite. In low-alloy steels, acicu-
lar ferrite, martensite, bainite, and retained
austenite can be found only in those welds
that have considerable amounts of alloying
ingredients.

Electroslag Process Development

High-Productivity Electroslag Processes

Responding to the technological challenge of
the need for a large volume of deposited metal
and low heat input, many high-speed ESW
techniques have been developed (Ref 9–12,
15, 21–25). There have been essentially two
approaches:

� Narrowing the gap to decrease the volume of
metal deposited (thereby shortening the time
needed to form the weld joint)

� Increasing the welding speed

With either approach, the productivity is
increased and the heat can be distributed
throughout a longer section of the weld.
With respect to the narrow-gap approach, the

extent of gap cross-sectional area reductions is
limited by the stability of the process and the
size of the electrode and guide tube. Too nar-
row a gap may cause arcing between the elec-
trode and the base metal. Solid flux blocks
may be inserted at regular intervals to avoid
arcing between a solid strip electrode in a
thin-channel consumable guide and the base
metal. Gaps as small as 12 mm (½ in.) have
been reported (Ref 26). Narrow-gap welding,
however, can result in higher base-metal
dilution.
The use of powdered filler metal has been

reported to increase the deposition rate in
ESW (to over 24 kg/h, or 53 lb/h) with reduc-
tion in the specific heat input and to refine the
weld-metal and HAZ microstructure. The sup-
ply of metal powder (ferrous, mainly) to the
weld metal can be obtained by a flow of argon
gas (Fig. 17). Welding speed as high as 230
mm (9 in.) per minute has been reported. Notch
impact testing results measured with samples
taken 1 to 2 mm (0.04 to 0.08 in.) from the
fusion line showed good Charpy impact
toughness.
Metal powder cored strip electrode for con-

sumable guide ESW has also been used (Ref
9, 17). The average weld deposition rate is
approximately two to three times higher than
the solid wire process, over 38 kg/h (85 lb/h).
The specific heat input of these welds was
lower, at 0.8 kJ/mm2 (520 kJ/in.2). Rather than

Fig. 16 Electroslag weld-metal solidification structure
according to the variation of the orientation

and the thickness of the columnar grains zone. (a)
Group 1. (b) Group 2. (c) Group 3. (d) Group 4. See text
for details. Source: Ref 3

Fig. 17 Equipment setup for square-grooved high-
speed welding with metal powder addition.

(a) Plate thickness of 10 to 40 mm (0.375 to 1.56 in.). (b)
Plate thickness of 40 to 100 mm (1.56 to 4 in.). Source:
Ref 24
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add metal powder to increase the deposition
rate and absorb the excess thermal energy in
the molten metal bath, a separate filler wire
can be used (Ref 27). This is shown in
Fig. 18. This setup resembles the feeding of a
cold wire into plasma arc welding or gas tung-
sten arc welding processes. Not only is the pro-
ductivity of the process increased, but the HAZ
width is also reduced.

Narrow-Gap Improved Electroslag
Welding

Narrow-gap improved electroslag welding
(NGI-ESW) is a variant process of standard
ESW with the aim of improving the toughness
of the fusion zone and HAZ, the productivity,
and the soundness of the weld bead. Compared
to the range of process variables between both
welding processes, for a 5 cm (2 in.) thick steel
plate, NGI-ESW presents lower root opening
(approximately 40%), higher welding current
(67% more), higher welding speed (approxi-
mately twice the speed of standard ESW), and
lower welding heat input (75% less energy per
length) (Ref 28–34).
Similar to standard ESW, a molten slag and a

molten welding pool are created, but in this
case, the weld-metal dilution is approximately
50%. The consumable guide and the insulators,
when melted, are mixed with the welding and
slag pools, respectively. An ESW neutral fused
flux is used, with controlled oxygen content
in the weld metal (180 to 200 ppm). The con-
sumable guide is made of low-carbon steel to
improve the soundness of the weld bead. The
filler metals used in NGI-ESW are metal-cored
wires, according to AWS 5.25 ESW filler-metal
specification.
The consumable guide in NGI-ESW is

designed to distribute heat in a more uniform
way. Usually, it has two shapes: the standard,
with a cylindrical-type shape, and the sandwich,

with a rectangular shape (Ref 34). These two
shapes are presented in Fig. 19.
The consumable guide shape is important to

uniform heat flow and also deposition rate and
weld bead soundness, in particular, lack of
fusion. Figure 20 compares the effect of two
consumable guide shapes in the uniformity of
heat flow (presented by arrows and two isother-
mals) and in the presence of cold spots, which
generate a lack of fusion. The standard EWS
shape is more prone to a lack of fusion when
compared to NGI-ESW.
The NGI-ESW process presents reduced sen-

sitivity to weld imperfections and improved
toughness in the HAZ. These goals are
achieved with higher productivity and substan-
tial cost savings (Ref 34).

Electroslag Surfacing

Surfacing by means of weld overlays has a
long history. Electroslag surfacing can be done
in either the vertical or flat position. Where
the area to be surfaced is small relative to the
base metal, vertical electroslag surfacing is usu-
ally used. Adapting the vertical orientation of
ESW to produce composite metallic structures
involves replacing one of the parent-metal
plates with a water-cooled mold. An interesting
application is tool steel ingots that are given a
soft steel electroslag-welded deposit on each
end to facilitate the rolling operation.
For large areas, such as plates for tube sheets

or cylindrical pressure vessels, electroslag
surfacing is conducted in the flat position.
Excellent process stability is one of the charac-
teristics of the process. Even with electrodes as
wide as 150 mm (6 in.), the quality of the sur-
face weld is still comparable to that of welds
produced by other processes. To minimize the
undercutting problem and improve bead
smoothness, Kawasaki Steel (Ref 6) developed
the Maglay process, which uses an external
magnetic field to control the flow of molten slag
and metal. Dilution can also be controlled, to
less than 10%. Forsberg (Ref 28) reports the
development of a similar process, which uses
strips of 60 to 90 mm (2.4 to 3.5 in.) width

and emphasizes the higher deposition rate and
lower dilution ratio.

Electrogas Welding

Electrogas welding can be classified as a gas
metal arc welding process. It was introduced in
the early 1960s to perform single-pass welding
of relatively thin plates in the vertical position.
As shown in Fig. 21, the process is very similar
to ESW, with the exception of the presence of
an arc and the weld pool shielding mechanism
(Ref 6). In most cases, shielding gas is used
together with a bare or flux cored wire to pro-
vide a shielding gas on top of the molten pool
of slag and weld metal. Self-shielded flux cored
wires are often used without a separate gas
shield. The production rate can be as high as
34 kg/h (75 lb/h), depending on the joint con-
figuration and plate size. Special flux cored
wires that contain fewer slagging ingredients
must be formulated for EGW, because slag
buildup on the molten weld-metal surface can
affect arc stability and cause slag entrapment.
The thicker the plate being welded, the less flux
needed. When bare wire is used, small amounts
of granular flux are usually added at the start.
The slag needed for protection is produced
from the deoxidizers in the electrode wire. For
steel welding, the most common shielding gas
is carbon dioxide. Additions of argon (75 to
80 vol%) to carbon dioxide seem to improve
the arc stability and weld-metal properties.
Flow rates are usually of the order of 14 to 19
L/min (30 to 40 ft3/h).
Heavy aluminum weldments are produced by

EGW using argon-helium gas shielding with
flow rates of 28 to 38 L/min (60 to 80 ft3/h).
In addition to its higher deposition rate,

EGW presents the advantages of lower heat

Fig. 18 Schematic of electroslag welding process
using separate filler wire to increase

deposition rate and absorb excess thermal energy in
molten metal bath. Source: Ref 28

Fig. 19 Example of consumable guide designs for a
steel plate. (a) Standard type for standard

electroslag welding. (b) Sandwich type for narrow-gap
improved electroslag welding. Source: Ref 34

Fig. 20 Example of consumable guide designs for a
steel plate. (a) Standard type for standard

electroslag welding. (b) Sandwich type for narrow-gap
improved electroslag welding. Source: Ref 34
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input, more refined microstructure, and
improved HAZ properties. Consequently, post-
weld heat treatment is not mandatory in many
EGW applications. The process also offers easy
restarting if the weld is interrupted (compli-
cated in ESW). However, as the thickness of a
plate increases, the shielding gas often fails to
cover the entire joint area, leading to unaccept-
able porosity. Thick plates favor the choice of
ESW because electroslag welds exhibit fewer
inclusions and defects.

Multipass ESW and EGW

The metallurgical problems encountered in
single-pass electroslag and electrogas processes
can be largely overcome by multipass welding.
An example is a thick steel square-butt electro-
slag weld joint with a fixed copper chill bar or
water-cooled copper tube inserted at midwall,
and a weld being produced with a moving shoe
on one side. The copper chill is then removed,
and the opposite side is welded. In practice,
however, several problems may appear. One is
related to the removal of the copper chill,
gripped by the shrinkage that occurs during
the first weld pass. Another is the problem of
ensuring penetration by the second pass into
the first pass. Unless the plate edges are
machined and carefully fitted up, slag leakage
may also occur.
Reference 29 reports the use of a copper chill

bar that penetrated to the root of one side of a
double V-joint preparation while EGW pro-
ceeded from the opposite side. An alternative
method is to manually deposit the root pass, to
avoid the problem of close fit-up tolerances
needed for complete penetration. Where weld-
ing can only be approached from one side,

conventional backing bars are used, and the
copper shoe protrudes into the joint to mold
the initial pass, followed by the surface pass
deposited in the conventional manner. This
technique is satisfactory for EGW, but slag
retention in the cavity formed by the protruding
shoe and the base plates is a challenge in the
electroslag process.
The consumable nozzle electroslag process

can be used to make a multipass electroslag
weld with a pass from each side. A tightly fitted
spacer bar is placed at midwall. The electroslag
weld pass from the first side partially penetrates
the spacer bar, and the second pass from the
opposite side consumes the remaining spacer
and penetrates the first pass.
These process modifications do not solve the

problem of the wide HAZ on the surface of the
plates being welded, because toughness and
fatigue properties at or near the outer surface
of a weld are essential for the integrity and per-
formance of the structure.

Electroslag and Electrogas Process
Applications

Carbon and Low-Alloy Steels

The joining of heavy-section steels is the
most common application of both ESW and
EGW. As previously stated, ESW is commonly
done on plates of thickness 50 mm (2 in.) and
greater. In fact, economy is greatly increased
if the section thickness is greater than 100 mm
(4 in.). The range of application of EGW is
between 9.5 and 75 mm (0.375 and 3 in.).
When compared with arc welding processes,
minimum distortion, vertical position, and

minimum joint penetration are the major advan-
tages. Typical applications include fabrication
of pressure vessels, nuclear components,
power generation equipment, rolling mills,
heavy presses, bridges, ships, and oil drilling
rigs (Ref 30). Other structural applications
reported are blast furnace shells (carbon steel)
and a wind tunnel structure (HY-100 steel)
(Ref 31, 32).

Structural Steels

A considerable number of highway bridges
were fabricated using ESW prior to its ban in
bridge construction. Some failures have been
attributed to defects such as hydrogen cracking,
lack of fusion, low HAZ fatigue properties, and
so on. However, properly made welds were
found to meet the radiographic standards
required for impact and fatigue loading of
structural members (Ref 33). In the case of
low-alloy steels for structural applications, aus-
tenitizing postweld heat treatments have been
considered necessary for electroslag welds.
However, when proper attention is given
to consumable (flux and electrode) selection,
a stress-relieving heat treatment is generally
sufficient to obtain good impact properties
(Ref 34).
Shipbuilding. Electroslag and electrogas

welding can be used for the welding of compo-
nents and for on-ship welding. One application
is the propeller shaft bracket assembly for natu-
ral gas and oil tankers. Stem frame parts, heavy
rudderstock plates, longitudinal and vertical
hull stiffeners, and shaft struts are often electro-
slag welded (Ref 35).
Pressure Vessels. Thick-wall pressure

vessels used in the chemical, power ge-
nerating, petroleum, and marine industries are
manufactured using ESW. Plates are rolled
to form the shell of the pressure vessel,
and the longitudinal seam created is then
welded. Lifting lugs on the vessels, nozzles,
and branch pipes are also electroslag welded
to thick-walled vessels. Due to the high heat
input, the welding practice must be critically
controlled. Where code requirements are spe-
cified, a normalizing heat treatment is also
performed.
Penetrating members, such as nozzles and

pipe fittings, are often costly to weld into
thick-wall pressure vessels by conventional
processes. A unique method employing both
welding and casting techniques has been pro-
posed by Norcross (Ref 36). A cylindrical
water-cooled mold is tightly affixed to the out-
side surface of the vessel, and weld metal is
cast in place. The hole of the nozzle is then
machined to provide an opening into the vessel,
at the end of which pipes or other attachments
can be easily welded (Fig. 22). Even large-
diameter penetrating members can be made by
this method, by casting hollow cylinders after
first tapering the vessel wall to allow the

Fig. 21 Schematics comparing primary components of two vertical welding processes in which molten weld pools
are confined by cooling shoes. (a) Electroslag welding. (b) Electrogas welding (EGW)
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starting zone of the electroslag weld to be
machined away (Ref 37, 38).
Heavy Machinery. Large presses and

machine tools are often manufactured from
plates that are larger than the mills can produce,
so ESW is used to join large plates together.
Motor frames, press frames, gear blanks, tur-
bine rings, crane rails, and crusher bodies are
some of the common applications. In the trans-
mission pipeline industries, ball valves and
stop-gate valves are often electroslag welded.

Dissimilar Metal Joining

Electroslag remelting has been used to
develop transition pieces for heavy-wall
steam piping where low-alloy chromium-
molybdenum steel pipe is to be joined to aus-
tenitic stainless steel pipe. Two round ingots,
one of the ferritic alloy and one of the austenitic
stainless steel, are welded together to form the
electrode for electroslag remelting. As the elec-
trode is melted in the molten slag bath, the
composition gradually changes from one to
the other, depositing a graded alloy billet that
is later pierced and formed into a transition
piece (Ref 38–40).

Joining and Repairing of Castings

Electroslag welding is also used to weld cast
components. Instead of producing a large cast-
ing, many small castings of lower cost and sim-
pler fabrication are produced and welded
together. One such application is described by
Brosholen et al. (Ref 41) to construct a cast

steel propeller shaft bracket. Cast iron has been
electroslag welded using a cored wire contain-
ing either white or gray cast iron powders and
a graphite nozzle (Ref 42). Defective thick sec-
tions of cast steels can be repaired by ESW, by
drilling a series of connecting holes into the
defect zone. A close-fitting water-cooled copper
mold is inserted in one of the drilled holes
while welding proceeds in the adjacent hole.
On completion of that weld, the mold is moved
to the next hole before the molten slag has
cooled, which allows ESW to start in the
vacated hole (Ref 43, 44).

Tool and Die Surfacing and Welding

The slow thermal cycles involved in ESW are
favorable for depositing hardenable alloys. For
large forging hammers and forming dies, hard
wear-resisting alloys can be spilled to the surface
of a carbon steel backing using multiple electro-
des and current-pulsing techniques (Ref 45–47).

Stainless Steel and Nickel-Base Alloys

Two halves of large 38 tonne (42 ton) cast
stainless steel pumps for nuclear electric power
facilities have been successfully joined by cir-
cumferential welding of their equatorial sur-
faces and have been qualified to rigid nuclear
code requirements. As-welded electroslag
welds in austenitic stainless steels were found
to be insensitive to knife-line attack after sensi-
tization for 1 to 5000 h at temperatures ranging
from 450 to 750 �C (842 to 1382 �F) in tests
(Ref 48). It has also been demonstrated that
ESW is suitable for welding 25 mm (1 in.) thick
alloy 600 plates and 25 mm (1 in.) and 114 mm
(4.5 in.) thick plates of alloy 800. Matching
filler metals and Inconel filler-metal 82
produced sound welds with excellent elevated-
temperature strength and stress-rupture results.
Because stainless steels and nickel-base alloys
do not undergo allotropic transformations, elec-
troslag welds do not require a high-temperature
postweld heat treatment.

Aluminum

Both ESW and EGW have been used to join
thick sections of aluminum. One such applica-
tion is to join 240 mm (9.5 in.) thick electrical
conductors (busbars). Instead of the typical
copper shoes, graphite shoes are used to obtain
satisfactory weld surfaces and edge penetration
(Ref 49). Gagan et al. (Ref 50) reported erratic
penetration encountered in ESW of thick-sec-
tion aluminum due to the magnetic fields gener-
ated by the welding process, which required
special shielding screens around the weld zone.
The high conductivity of aluminum and the
prompt formation of a refractive oxide are
also of concern. High-fluoride-content fluxes
and an inert gas shield in EGW typically
produce good results in welding thick-section

aluminum. For ESW of aluminum containing
4.5 wt% Mg, the following flux has been sug-
gested (Ref 51):

Constituent Content, wt%

MgF2 1–30
MgCl2 5–60
LiF 5–60
KCl 5–6

As welding progresses, additions are made to
the flux containing 30 wt% each of KCl, LiF,
and MgCl2, and 10 wt% MgF2. This flux is
reported to work well for ESW of aluminum
with copper shoes (Ref 51).

Titanium

The reactivity of titanium requires that resid-
ual elements such as hydrogen, oxygen, and
nitrogen be minimized in ESW. A slag bath
high in halides and containing virtually no oxi-
des, and an inert gas (argon) shield over the
bath, are required. Plate electrodes seem to pro-
duce better results (Ref 3, 52). Commonly,
fluxes are halide compounds based on CaF2
with rare-earth additions to produce welds low
in oxygen, nitrogen, and hydrogen. Devletian
(Ref 53) reported that because the high resistiv-
ity of titanium promotes rapid ohmic heating of
the titanium consumables, stable welding oper-
ation generally requires large-diameter electro-
des for nonconsumable guide welding, and
nozzles or guide plates for consumable guide
welding.

Problems and Quality Control

Fusion Zone

As discussed earlier in the section “Solidifi-
cation Structure” of this article, both cellular
and columnar dendrites are observed in the
solidification structure of an electroslag weld-
ment. Particularly in the cases of welds with
low form factor, in which the transition from
cellular to columnar dendrites occurs close to
the centerline of the weld and the grains meet
at an obtuse angle, centerline cracking and
radial hot cracking are more frequently
observed. These defects can be attributed to
the combined effects of temperature gradient,
solidification rate, degree of restraint in fit-up
of the weld, high welding speed, and low form
factor. In general, a long, straight-sided colum-
nar grain structure (the result of high welding
speed) tends to be weaker under load than
the more equiaxed and finer grain structure of
a slow-speed weld. At the same time, the cellu-
lar structure may be coarser and higher in seg-
regation for the case of low welding speed.
Figure 23 shows a proposed mechanism of
solidification cracking.

Fig. 22 Application of electroslag welding to
incorporate penetrating members such as

nozzles onto thick-wall pressure vessels. Source: Ref 38
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Partially Melted Zone

Liquation cracking is associated with the
melting of heavily segregated grain boundaries
near the fusion line region. Carbon and manga-
nese are the most common alloying elements
involved in the formation of compounds such
as (Mn,Fe)S that lower the melting temperature
of the grain boundaries. Phosphorus, nitrogen,
and boron are some of the other embrittling
agents found in ferrous alloys. During cooling,
residual stresses may build up and rupture these
weakened boundaries. Under the slow heating
and cooling conditions experienced by an elec-
troslag weld, the susceptibility of a ferrous
alloy to liquation cracking is increased. It has
been reported that liquation cracks can be
eliminated in heavy electroslag welds by micro-
alloying the steels with cerium, titanium, and
other elements to combine with sulfur and form
small high-melting-point inclusions (Ref 56).

Temper Embrittlement

Thick-section 2.25Cr-1Mo steel plates used
in pressure vessels for petroleum and chemical
service at elevated temperatures are susceptible
to temper embrittlement in service. The prob-
lem has been attributed to the presence of resid-
ual elements such as phosphorus and antimony.
Bruscato (Ref 55) established an X factor to
describe the effect of the residual elements:

X ¼ 10Pþ 5Sbþ 4Snþ As

100
(Eq 23)

where X is in parts per million. Acceptable
weld-metal ductility can be obtained if the man-
ganese and silicon contents and the X factor are
low. Reduction of these elements can be
achieved using basic fluxes. Another indicator,
the Watanabe number, J, shows that welds
and base metal are not susceptible to temper
embrittlement if J is less than 200 (Ref 57):

J ¼ ðSiþMnÞðPþ SnÞ � 104 (Eq 24)

Hydrogen Cracking

Generally speaking, ESW is performed under
perfect slag shielding conditions, and the rate of
cooling of the weld metal is low. Therefore, the
occurrence of hydrogen-induced cracking is
minimal. However, under circumstances that
require the use of a moist argillaceous material
to prevent the slag from leaking out of the joint
region, an atmosphere high in water vapor is
present. Microcracks, and sometimes blow-
holes, may result in the weld metal. Grain-
boundary separation, observed in some electro-
slag welds, can be completely eliminated by
postweld heat treating at 300 �C (570 �F)
immediately after welding, which indicates that
by allowing hydrogen to diffuse out of the spec-
imen, the integrity of the welds can be main-
tained. This effect is further evidenced by the
higher cracking incidence at the bottom part
of an electroslag weld. In addition, diffusible
hydrogen content is high at a region close to
the weld start, decreasing to a relatively con-
stant value at short distances from the starting
point. By increasing the depth of the pool, the
cooling rate is reduced, and hydrogen escapes
by diffusion before it causes damage (Ref 58).

Weld Distortion

When compared with welds produced using
other processes, electroslag welds do not pres-
ent significant distortion problems. Measure-
ments show that both transverse and angular
distortion are present and that the gap distance
changes as welding progresses. However, the
distortion is only of the order of 1 to 2%. Angu-
lar distortion occurs because of the rapid cool-
ing of the welded portion of the joint, which
tends to draw the parts together, reducing the
gap distance. Material ahead of the weld is
separated by a gap, so heating has no effect.
Material in the weld is either liquid or so hot
that it is soft. Neither can support much of a
load. As the weld progresses, the very bottom
of the weld (coldest metal) resists motion.
A contraction of 3 mm (0.125 in.) at the top
of a weld 1.3 m (4.3 ft) long is normal. This
separation must be allowed during joint setup
to avoid jamming the guides and disrupting
the normal progress of welding. Parts to be
joined must be fitted up so that the gap is wider
at the top of the joint. For improved dimen-
sional accuracy, welding must be done at the
maximum travel speed attainable.
Postweld Heat Treatment. As discussed in

the section “Solidification Structure” of this
article, most of the as-welded electroslag weld-
ments have very coarse as-cast structure in
the weld metal and coarse grains in the HAZ.
As a result, such electroslag weldments may
not qualify for many critical applications.

For example, in the case of ferritic steels, nor-
malizing is generally required to refine the
weld-metal and HAZ structure. In the case of
electroslag-welded nuclear transport flasks, nor-
malizing is frequently followed by tempering
(Ref 59). In some low-alloy steels, subcritical
postweld heat treatments (for example, stress
relief) may not be useful because they can be
either detrimental or harmful to mechanical
properties, particularly notch toughness. As an
example, stress-relief 2.25Cr-1Mo steel weld-
ments at 760 �C (1400 �F) significantly
increased the fusion zone and HAZ toughness,
but they coarsened the carbides in the base
metal, reducing its toughness (Ref 60).
Quenched and tempered material, when joined
by ESW, must be heat treated after welding to
obtain adequate mechanical strength in the
weld and HAZ. Kapadia (Ref 61) examined
the need to stress relieve components that will
be exposed to fatigue loading and determined
that in butt welds in the as-welded condition,
the outside surfaces cool and contract before
the center. Thus, compressive residual stresses
are present, which improve fatigue life. Stress-
relief heat treatments actually reduce this bene-
ficial effect.
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Stud Arc Welding*

STUD ARCWELDING (SW), also known as
arc stud welding, is a commonly used method
for joining a metal stud, or fastener, to a metal
workpiece. The process has been used as an alter-
native metal-fastening method since the 1940s.
Millions of specially designed and manufactured
metal studs are welded by this process every
week in such diverse industries as construction,
shipbuilding, automotive, and hard goods, as
well as in miscellaneous industrial applications.
This article serves as a basic information

source for those interested in accomplishing
one-sided, no-hole attachment ofmetal fasteners.
The SWprocess represents an alternative to other
welding processes and is also a substitute for
other fastening procedures, such as drilling and
tapping, bolting, and self-tapping screws.

Process Overview

Stud arc welding is similar to many other weld-
ing processes, including arc and percussion weld-
ing, in that the base (weld end) of a specifically
designed stud is joined to a base material by heat-
ingboth partswith anarc that is drawnbetween the
two. Equipment that is unique to this process reg-
ulates the arc length and arc dwell time. After an
arc is struck, the stud weld end and the workpiece
surface are brought to the proper temperature for
joining and, after a controlled period of time, the
two heated surfaces are brought together under
pressure, creating a metallurgical bond capable
of developing the full strength of the stud.
There are two basic types of stud arc weld-

ing, which are differentiated by the source of
welding power. One type uses direct current
(dc) power provided by a transformer/rectifier
or a motor generator similar to that used in
the shielded metal arc welding (SMAW) pro-
cess. The second type uses power discharged
from a capacitor storage bank. The process
based on a dc power source is known as stud
arc welding, whereas the process that utilizes
capacitors is known as capacitor discharge stud
welding (CDSW).
Both the SW and CDSW processes overlap

in some areas of application. Generally, the
SW process is used in applications that
require similar stud and workpiece metals, the
workpiece thickness is greater in relation
to the stud diameter, and an accommodation

must be made for the stud flash (fillet).
The term flash is preferred to the term fillet,
because the metal that forms the flash during
the stud arc welding process is expelled, rather
than added, as occurs with other welding
processes.
In contrast, the CDSW process is used exten-

sively when welding to thin sheet metal and is
used frequently with dissimilar workpiece and
stud alloys. It is also used in cases where
marks on the opposite side of the workpiece must
be avoided or minimized. With this process,
the stud diameter is limited to smaller sizes. The
CDSWprocess ismore fully described in the arti-
cle “Capacitor Discharge Stud Welding” in this
Volume. The factors on which process selection
should be based are fastener size, base-metal
thickness, base-metal composition, and reverse-
side marking requirements (Table 1).
Equipment. As shown in Fig. 1, the basic

equipment used for stud arc welding consists
of a control system, which regulates the arc
time and controls gun movement; a fixed or
portable stud-welding gun, which holds the stud
in position during the welding process to create
the proper arc length and joining pressure; and
connecting cables, which must be connected
to a separate source of dc power. The other
items that are needed to weld the workpiece
are the studs themselves and ceramic are
shields, or ferrules. The equipment used for
stud welding is comparable, in terms of size,
portability, and ease of operation, to the equip-
ment used in the SMAW process. Although the
initial cost of stud-welding systems varies with
the method selected, stud size, and productivity
requirements, it is generally competitive with
other fastening methods on an in-place or fin-
ished part cost basis.
A stud-welding control system that has been

integrated in a transformer/rectifier power
source is shown in Fig. 2. This type of equip-
ment, which is the most widely used, is called
a power/control system. It can weld studs with
diameters up to 28.5 mm (1⅛ in.). Either a sin-
gle gun or dual guns can be used. Although a
light-duty control system can weigh 11.3 kg
(25 lb), the system shown in Fig. 2 weighs
approximately 450 kg (1000 lb) and can be
put on a wheeled cart for mobility.
A typical stud-welding gun (Fig. 3) is usually

available in at least two sizes: standard duty, for

use with studs up to 16 mm (⅝ in.) in diameter,
and heavy duty, for use on larger-diameter
studs. The weight of the gun can vary from
approximately 1.8 kg (4 lb), for a standard-duty
gun, to 6.8 kg (15 lb), for heavy-duty models.

* Reprinted from H. Chambers, Stud Arc Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 210–220

Table 1 Stud-welding process selection

Capacitor

discharge stud

welding

Parameters

Stud

arc

welding

Gap

and

contact

methods

Drawn

are

method

Stud shape

Round A A A
Square A A A
Rectangular A A A
Irregular A A A

Stud diameter or area

1.6 to 3.2 mm (1/16 to ⅛ in.) D A A
3.2 to 6.4 mm (⅛ to ¼ in.) C A A
6.4 to 12.7 mm (¼ to ½ in.) A B B
12.7 to 25.4 mm (½ to 1 in.) A D D
Up to 32.3 mm2 (0.05 in.2) C A A
Over 32.3 mm2 (0.05 in.2) A D D

Stud metal

Carbon steel A A A
Stainless steel A A A
Alloy steel B C C
Aluminum B A A
Brass C A D

Base metal

Carbon steel A A A
Stainless steel A A A
Alloy steel B A C
Aluminum B A A
Brass C A D

Base-metal thickness

Under 0.4 mm (0.015 in.) D A B
0.4 to 1.6 mm (0.015 to 0.062 in.) C A A
1.6 to 3.2 mm (0.062 to 0.125 in.) B A A
Over 3.2 mm (0.125 in.) A A A

Strength criteria

Heat effect on exposed surfaces B A A
Weld fillet clearance B A A
Strength of stud governs A A A
Strength of base metal governs A A A

A, applicable without special procedures or equipment; B, applicable
with special techniques or for specific applications that justify prelimi-
nary trials or testing to develop welding procedure and technique; C,
limited application; D, not recommended—welding methods not devel-
oped at this time. Source: Ref 1



Operation. The stud arc welding process
utilizes the same principles as any other arc
welding procedure. First, the stud, which acts
as an electrode, is inserted into a chuck on the
end of the gun, surrounded by a ceramic ferrule,
and positioned against the workpiece (Fig. 4a).
Next, the gun trigger is depressed, which starts

the automatic weld cycle by energizing a sole-
nold coil within the gun body that lifts the stud
off the work and draws an arc. The arc melts
the end of the stud and a portion of the work-
piece (Fig. 4b). After a preset arc time (set on
the control unit), the welding current is shut
off and the solenoid is de-energized (Fig. 4c).

A main-spring in the gun forces the stud into
the molten pool of metal, producing a full-
strength weld, which is shown in Fig. 4(d) after
the gun has been lifted off the stud and the
ceramic ferrule removed. The result is a full-
penetration, full-strength stud-to-workpiece
weld, as shown in Fig. 5. This weld is similar
to that obtained with other types of arc-welding
processes.
Studs and Ferrules. With the exception of

special processes, the stud arc welding of steel,
stainless steel, and aluminum studs requires the
use of a specifically designed weld stud and
ceramic ferrule.
Studs. A wide range of studs are made by

stud-welding manufacturers for the SW pro-
cess. They vary in size and weld-base configu-
ration, depending on the application
requirements. The typical stud styles that are
available include threaded, unthreaded, headed,
and rectangular studs (Fig. 6). The steel stud
diameters that are commonly welded using the
SW process range from 2.7 to 25.4 mm (0.105
to 1.00 in.).
Full-strength welds result when using studs

made from low-carbon steel that conforms to
ASTM A-108 grades C-1010 through C-1020,
although other steel grades can be used on a
special-application qualified basis (Ref 2).
Stainless steel studs are typically made from
the austenitic series, including AISI 302, 302
HQ, 304, 305, 308, 309, 310, 316, 321, and
347, in both normal-carbon and low-carbon
varieties. Stainless steel 303 is not an accept-
able stud alloy. Aluminum studs are usually
made from aluminum-magnesium alloys,
including 5183, 5356, 5556, 5086, and 5456
(Ref 3).
Steel and stainless steel arc-welded studs that

are larger than 6.4 mm (0.250 in.) in diameter
use a welding flux to stabilize the welding arc
and to deoxidize the weld area. The most com-
monly used flux is commercially pure alumi-
num, which is installed onto the weld end of
the stud by thermal spraying, staking, or press-
ing a slug into a drilled hole in the end of the
stud (Fig. 7). Studs that are 6.4 mm (0.250
in.) and under usually do not require fluxing.
Aluminum studs do not have to be flux

loaded. Instead, the weld end of the stud has a
conical or cylindrical tip that is shaped into
the parent metal to help initiate the arc and con-
trol the arc length. To prevent the oxidation and
embrittlement of the stud/plate weld zone dur-
ing aluminum stud arc welding, the weld area
is purged with an inert gas during the weld
cycle. Argon gas is commonly used for this pur-
pose, although helium also can be used. The
typical gas flow rates for aluminum studs of
various diameters are shown in Table 2.
When stud arc welding low-carbon and stain-

less steel studs, the stud (electrode) should be
negative. Aluminum stud arc welding should
be set up so that the stud is positive.
Obtaining a full-quality stud arc weld

requires a sufficient amount of total energy

Fig. 1 Stud arc welding control system. The control system must be connected to a direct current power source for
welding. In most applications, the stud (electrode) should be negative.

Fig. 2 Typical integrated power/control system for stud arc welding
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input to the weld joint in order to produce melt-
ing and complete metallurgical bonding of the
stud and workpiece. The energy input or weld
current that is necessary depends on the stud
diameter. Other parameters in the stud arc
welding process are arc voltage, arc time, and
plunge. Arc voltage is a function of the arc
length, which is set as “lift,” or the length the
stud is drawn away from the workpiece during
weld-cycle initiation. Plunge is the length of
stud that extends past the end of the ceramic

ferrule and is available for melt-off during the
weld cycle.
Studs are reduced in length during the weld

cycle. Table 3 shows the typical reductions for
steel and aluminum studs as a result of welding.
There is a range of setting combinations for

all stud diameters. The same total energy input
can be obtained by varying current input and
arc time. For example, a low current input can
be compensated for, to some extent, by increas-
ing weld time. Table 3 also shows typical weld

settings for various SW stud diameters. The
ideal settings in each weld position for a partic-
ular stud and workpiece should be established
by beginning with typical settings and then
varying them within the allowable range to
meet the required conditions.
Typical settings are based on good weld con-

ditions, such as a clean workpiece, good
ground, and others. Also necessary is a proper
dc power source, which should have the follow-
ing characteristics:

� High open-circuit voltage (70 to 100 V)
� Rapid output current rise
� Drooping output volt-ampere curve
� High current output over a short time

Stud arc welding requires a very short weld
time (Table 3), but a very high current input,
when compared with other types of arc weld-
ing. Usually, the duty cycle for this process is
much lower than that of other welding pro-
cesses. Constant-voltage types of dc power
sources are not suitable for stud welding. Many
of the available dc power sources are accept-
able for stud welding, including those supplied
as integrated power/control systems by the
stud-welding manufacturer. These integrated
systems use both three-phase and single-phase
incoming alternating current power. Both stan-
dard and special voltage units are available. Sin-
gle-phase units are relatively low-cost, portable
systems that are usually suitable for smaller-
diameter (⩽12.7 mm, or ½ in.) stud arc welding.
Three-phase units are preferred for larger-diame-
ter studs, because they provide a balanced load
on incoming power lines and have smoother arc
characteristics. A transformer/rectifier power
source, combined with an integral stud-welding
control system, is shown in Fig. 2.
Weld cable length and cable size also can

affect the total output of a power source. Basi-
cally, a larger welding cable size minimizes
current loss that is due to cable length, resis-
tance, and heating. Thus, when the distance
from the power source to the gun increases sig-
nificantly, or when the number and size of studs
applied per minute are large, larger welding

Fig. 3 Typical standard-duty gun for stud arc welding

Fig. 4 Stud arc welding process. (a) Gun is properly positioned. (b) Trigger is depressed and stud is lifted, creating an
arc. (c) Arcing period is completed and stud is plunged into molten pool of metal on base material. (d) Gun is

withdrawn from welded stud and ferrule is removed.

Fig. 5 Macrosection of low-carbon steel stud weld
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cables should be used. Smaller dc power
sources suitable for stud arc welding can be
wired in parallel to produce the necessary cur-
rent range.
Ferrules, or ceramic arc shields, are used in

most stud arc weld applications. They are avail-
able in a wide variety of sizes and shapes to fit
specific stud base designs and applications. For
example, there are specific designs for welding
studs through metal deck, to the fillet or heel
of an angle, to round pipes or bars, or in a ver-
tical position. A ferrule is placed over every
stud at the weld end, where it is held in place
by a grip on the stud-welding gun. The ferrule
is used only once and must be removed from
the stud after welding is completed to allow
the inspection of the completed weld. Typical
ferrule configurations are shown in Fig. 8.
Ferrule design is important, because it con-

trols certain functions during welding. For
example:

� Vents on the bottom of the ferrule allow
weld gases to escape form the weld area
and restrict the inflow of air to minimize
weld porosity and oxidation.

� The internal cavity of the ferrule confines
and shapes the molten metal into a flash (fil-
let) around the stud periphery.

� Heat in the weld area is concentrated and
contained.

� Flash and weld spatter are minimized.

Although the dimensions of the flash are con-
trolled by the ferrule configuration, the flash
diameter and height must be taken into consid-
eration when designing mating parts. Manufac-
turer specifications on finished stud flash
dimensions should be followed, and test welds
should be made to establish part fit. Flash

Table 3 Typical stud welding settings

Downhand welding Overhead welding Vertical welding

Stud base

diameter

Length

reduction
Current,

A

Time Lift Plunge
Current,

A

Time Lift Plunge
Current,

A

Time Lift Plunge

mm in. mm in. s Cycles mm in. mm in. s Cycles mm in. mm in. s Cycles mm in. mm in.

Steel and stainless steel

4.8 0.187 3.2 0.125 300 0.15 8–9 1.6 0.062 3.2 0.125 300 0.15 8–9 1.6 0.062 3.2 0.125 300 0.15 8–9 1.6 0.062 3.2 0.125
6.4 0.25 3.2 0.125 450 0.17 10–12 1.6 0.062 3.2 0.125 450 0.15 10–12 1.6 0.062 3.2 0.125 450 0.17 10–12 1.6 0.062 3.2 0.125
7.9 0.312 3.2 0.125 500 0.25 15 1.6 0.062 3.2 0.125 500 0.25 15 1.6 0.062 3.2 0.125 500 0.25 15 1.6 0.062 3.2 0.125
9.5 0.375 3.2 0.125 550 0.33 20 1.6 0.062 3.2 0.125 550 0.33 20 1.6 0.062 3.2 0.125 600 0.33 20 1.6 0.062 3.2 0.125

11.1 0.437 3.2 0.125 675 0.42 25 1.6 0.062 3.2 0.125 675 0.42 25 1.6 0.062 3.2 0.125 750 0.33 20 1.6 0.062 3.2 0.125
12.7 0.500 4.8 0.125 800 0.55 33 1.6 0.062 3.2 0.125 800 0.55 33 1.6 0.062 3.2 0.125 875 0.47 28 1.6 0.062 3.2 0.125
15.9 0.625 4.8 0.187 1200 0.67 40 2.4 0.093 4.7 0.187 1200 0.67 40 2.4 0.093 4.7 0.187 1275 0.60 36 1.6 0.062 4.7 0.187(a)
19.1 0.750 4.8 0.187 1500 0.84 50–55 2.4 0.093 4.7 0.187 1500 0.84 50–55 2.4 0.093 4.7 0.187 1700 0.73 50 2.4 0.093 4.7 0.187(a)
22.2 0.875 4.8 0.187 1700 1.00 60–65 3.2 0.125 6.4 0.250 1700 1.00 65 3.2 0.125 6.4 0.25 Not recommended
25.4 1.000 6.4 0.250 1900 1.40 85 3.2 0.125 6.4 0.250 2050 1.40 72 3.2 0.125 6.4 0.25 Not recommended

Aluminum(a)

4.8 0.187 3.2 0.125 150 0.25 15 2.4 0.093 3.2 0.125 150 0.25 15 2.4 0.093 3.2 0.125 180 0.20 12 2.4 0.093 3.2 0.125
6.4 0.250 3.2 0.125 200 0.40 24 2.4 0.093 3.2 0.125 200 0.40 24 2.4 0.093 3.2 0.125 225 0.30 18 2.4 0.093 3.2 0.125
7.9 0.312 3.2 0.125 250 0.50 30 2.4 0.093 3.2 0.125 250 0.50 30 2.4 0.093 3.2 0.125 275 0.40 24 2.4 0.093 3.2 0.125
9.5 0.375 3.2 0.125 325 0.65 39 3.2 0.125 3.2 0.125 325 0.65 39 2.4 0.093 3.2 0.125 350 0.60 36 3.2 0.125 3.2 0.125

11.1 0.437 3.2 0.125 400 0.80 48 3.2 0.125 3.9 0.156 400 0.80 48 3.9 0.156 3.9 0.156 430 0.70 42 3.2 0.125 3.9 0.156
12.7 0.500 3.2 0.125 460 0.90 54 3.2 0.125 4.7 0.187 460 0.90 54 4.7 0.187 4.7 0.187 475 0.80 48 3.2 0.125 4.7 0.187

(a) Stud arc welded aluminum studs require inert gas shielding: see Table 2.

Fig. 6 Common stud configurations for stud arc welding

Table 2 Gas flow rates for aluminum
stud arc welding

Stud weld base diameter Shielding gas flow(a)

mm in. L/min n3/h

6.4 ¼ 7.1 15
7.9 5/16 7.1 15
9.5 ⅜ 9.4 20

11.1 7/16 9.4 20
12.7 ½ 9.4 20

(a) Shielding gas, 99.95% pure argonFig. 7 Methods of flux loading studs. (a) Pressed in slug.
(b) Staked on washer. (c) Coating
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dimensions can be accommodated by any of the
five methods shown in Fig. 9.
The typical dimensions for flash clearance

are shown in Table 4. It should be noted that
the flash (fillet) of a stud weld is not the same
as the fillet that is produced by conventgional
welding techniques. It may have areas of nonfu-
sion on its vertical leg or shrink fissures, which
have no adverse affect on weld strength or duc-
tility (Ref 4). Consequently, it is not subject to

the profile and inspection criteria used for a
conventional weld fillet.
Base Plate Material and Thickness. To

obtain full strength, the stud arc welding of
low-carbon steel, stainless steel, or aluminum
studs should be made to a base material of suf-
ficient thickness so that the stud fails in tension
or torque, rather than by pulling a hole in the
base-metal workpiece. In the case of stainless
or low-carbon steel studs, the base-metal thick-

ness should be at least one-third that of the stud
diameter. For aluminum studs, the aluminum
base plate material should be at least half that
of the stud diameter. Thinner base plates can
be used if strength is not the primary design
characteristic that is required. On thinner mate-
rials, the studs will pull a hole in the plate
at strength levels below their maximum. If
the plate is too thin, then the stud will burn
a hole through it. The recommended base
plate thickness for full-strength development
and the minimum thicknesses required to pre-
vent burning through the base plate are given
in Table 5.
The most widely used combinations of base

plate and stud materials are shown in Table 6.
With low-carbon steel studs, no preheat or post-
heat treatments are needed when welding to
low-carbon steel or austenitic stainless steel
base plate materials. As carbon content in the
base plate increases into the medium range,
heat treatment for stud welding may be
required. Welding to high-carbon base plate is
not suggested. When base plate/stud combina-
tions are questionable, an application qualifica-
tion test is suggested (Ref 5). Details on this
procedure are provided in the section “Stud-
Welding Quality Control, Qualification, and
Inspection” in this article. For best results when
welding stainless steel studs to low-carbon steel
plate (especially) when working stress levels
are very high or there are repetitive loading
cycles), the studs should either be manufactured
from annealed-in-process materials or postma-
nufacture annealed before use.
Good welding practice requires that the

base plate material at the weld spot be cleaned.
Common contaminants that can result in
unsatisfactory welds if not removed include
paint, heavy mill scale, heavy rust, oxidation,
oil or grease, and plating, such as galvanizing
and anodizing on aluminum. Removal methods
vary according to the contaminant, the basemate-
rial, and the end use. Wire brushing and grinding
may be satisfactory on heavy structural steel but
can be destructive to thin-gage metals or ano-
dized aluminum, because they may reduce the
thickness to a point where burn-through or less-
than-full-strength welds result.
Suggested cleaning methods include grind-

ing, wire brushing, or needle scaling on heavy
materials; using solvents to clean grease and
oil; and using a noncontaminating stainless wire
brush or a nonmetallic foam disk to clean alu-
minum and milling. Because anodizing is diffi-
cult to remove from aluminum without
reducing the metal thickness, consideration
should be given to anodizing the base plate
and stud after the welding operation.
Similarly, the weld end of the stud should be

free from materials that would contaminate the
wled, including paint, rust, galvanizing, and
others. Studs cannot be coated with any non-
conductive material that would interfere with
the flow of welding current. Light copper flash-
ing and nickel or chrome plating usually do not
cause welding problems.

Fig. 8 Cross sections of ferrules showing some of the many varieties available for different stud base geometries, weld
positions, and applications

Fig. 9 Common methods for accommodating weld flash (fillet) with stud arc welds. Typical dimensions for A, B, and
C are given in Table 4.
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Because a high-amperage, short-time current
is typical in the stud are welding process, it is
also important that the grounding spot(s) on
the base material be clean, that the ground be
tight, and that all cables be in good condition
and have tight connections.
The position of the ground(s) also can influ-

ence stud-welding quality. This depends on
the geometry of the base-metal shape and is
the result of electromagnetic arc deflection, or
arc blow (Ref 6). Occurrences are more com-
mon when studs are very near a free edge or
are on long and narrow base plates, hollow pipe
sections, or irregular peripheries, and can be
corrected by moving the ground to a central
position or using multiple grounds. Because

current flow is usually away from the gournd
toward the heavier or larger area of the base
plate, arc blow is characterized by a lack of
flash or fillet on the side of the stud nearer the
edge, end, or smaller area.
Stud Strenght. Fasteners will develop full

material strength when they have been stud
arc welded to compatible base plate alloys.
Tables 7 to 9 show the tension and torque loads
for various threaded stud diameters, based on
minimum specified stud strengths (Ref 2, 3,
and 6). For unthreaded stud fasteners, the yield
strength and tensile or ultimate strength is cal-
culated by:

Yield strength ¼ AsFy

Tensile strength ¼ AsFu

where As is the area of the stud shank (in.2), Fy

is the specified stud material yield strength
(minimum psi), and Fu is the specified stud
material ultimate strength (minimum psi).
For threaded studs, the area is based on

the mean effective thread area, which is calcu-
lated by:

As ¼ 0:7854 ½D� ð0:9743=NÞ�2

where D is the nominal diameter of the stud,
and N is the number of threads per inch.
Process Variations and Special Equip-

ment. There are several specific applications

that lend themselves to special variations of
the stud arc welding technique. One application
is the welding of studs to thin base materials
that are less than the minimum thicknesses
listed in Table 5. Although full weld base
strength is usually not achieved, the resulting
strength level is suitable for the application
loadings involved. This process variation,
which is called short-cycle stud arc welding,
does not use a ceramic ferrule. Instead, higher
weld current is used with very short times,
which minimizes penetration of the stud into
the base plate. Normally, this variation is used
with stud diameters ⩽9.5 mm (⩽0.375 in.) in
situations where backside marking is not consid-
ered detrimental.
The second special process is gas-shielded arc

welding, which also does not use a ceramic fer-
rule. Instead, the stud-welding area is shielded
by an inert gas, usually argon. This process can
be used with both steel and aluminum but is
more widely used with the latter material. The
welding variables fall into a very narrow range,
and conditions for application usually include
tight tolerances and a tightly controlled setup.
Consequently, the stud are welding equipment
most often consists of a fixed-gun production
unit. A typical application is the welding of alu-
minum studs with special end configurations to
aluminum kitchen utensils.
Special equipment is frequently used with

the short-cycle and/or gas-shielded arc welding
processes, because the application parameters
must be tightly controlled and involve large
quantities of studs applied in a production
environment. Equipment manufacturers assem-
ble many types of special equipment for
production-line use. The equipment can be
used with automatic stud feed, automatic stud
and ferrule feed, computer-programmed
indexing, robotic stud-welding guns, and other
mechanisms. A typical automated stud arc
welding production unit is shown in Fig. 10.
A unit can involve simple, column-mounted,
single-gun systems or sophisticated, multigun,
multiple-feed units that cost thousands of
dollars.

Fixturing and Tooling for Stud Arc
Welding

Regardless of the stud-welding method
employed, certain “expendable” accessories
are required. These include such items as a
chuck or collet to hold the particular stud being
welded, a ferrule grip for the fastener, a foot
that holds the ferrule grip, legs that attach to
the gun and adjust to accommodate various stud
lengths, and other minor items. The operating
life of these items is variable, depending on
the care and maintenance they receive. For
example, a chuck may last for 5000 to 25,000
welds. Legs last indefinitely, whereas ferrule
grips and feet usually have a shorter usage life.

Table 4 Dimensions for counterbore and countersink weld flash clearance
A, B, and C are shown in Fig. 9.

Counterbore 90�countersink

Stud base diameter A B C

mm in. mm in. mm in. mm in.

6.4 ¼ 11.1 0.437 3.2 0.125 3.2 0.125
7.9 3/16 12.7 0.500 3.2 0.125 3.2 0.125
9.5 ⅜ 15.1 0.593 3.2 0.125 3.2 0.125

11.1 7/16 16.7 0.656 4.7 0.187 3.2 0.125
12.7 ½ 19.1 0.750 4.7 0.187 4.7 0.187
15.9 ⅝ 22.2 0.875 5.5 0.218 4.7 0.187
19.1 3/4 28.6 1.125 7.9 0.312 4.7 0.187

Note: Dimensions can vary, depending on stud style and ceramic arc shield selected. Consult manufacturer for details

Table 5 Recommended base-metal thicknesses for stud arc welding

Steel base metal Aluminum base metal

Stud base diameter For full strength(a) Minimum(b) Without backup Minimum with backup(c)

mm in. mm in. mm in. mm in. mm in.

4.8 3/16 1.59 0.062 0.91 0.036 3.18 0.125 3.18 0.125
6.4 ¼ 3.18 0.125 1.21 0.048 3.18 0.125 3.18 0.125
7.9 5/16 3.18 0.125 1.52 0.060 4.76 0.187 3.18 0.125
9.5 ⅜ 4.76 0.187 1.90 0.075 4.76 0.187 4.76 0.187

11.1 7/16 4.76 0.187 2.28 0.090 6.35 0.250 4.76 0.187
12.7 ½ 4.76 0.187 3.04 0.120 6.35 0.250 6.35 0.250
15.9 ⅝ 6.35 0.250 3.68 0.145 . . . . . . . . . . . .
19.1 3/4 7.94 0.318 4.70 0.185 . . . . . . . . . . . .
22.2 7/8 9.53 0.375 6.35 0.250 . . . . . . . . . . . .
25.4 1 9.53 0.375 9.53 0.375 . . . . . . . . . . . .

(a) Nearest commonly available base-metal thickness. (b) Steel without backup—will not develop full stud strength. (c) Metal backup required to
prevent melt-through of base metal

Table 6 Typical combinations of base and
stud metals for stud arc welding

Base metal Stud metal

Low-carbon steel, AISI
1006 to 1022(a)

Low-carbon steel, AISI 1006 to
1020; stainless steel, 300 series

Stainless steel, 300
series(b), 405, 410,
and 430

Low-carbon steel, AISI 1006 to
1020; stainless steel, 300 series

Aluminum alloys, 5000
series(c)

Aluminum alloys,
5000 series(c)

(a) Refer to ANSI/AWS D1.1–92, Table 4.1 (Groups I and II) for
approved steels. (b) Except for the free-machining type 303 stainless
steel. (c) Refer to ANSI/AWS D1.2–89, Table 7.1 and 7.4. Source:
Ref 1

Stud Arc Welding / 385



Accessories are relatively in-expensive items
that should be planned for when preparing bud-
getary estimates on any given project.
The extent and sophistication of tooling for

stud welding reflects the required production
rate and the total number of studs to be welded.
Locating the stud arc welding centers can be as
simple as laying out the workpiece and center
punching the locations either directly or
through a template, as shown in Fig. 11. The
studs are then placed in the punch marks, the

stud-welding gun is held vertically, and the
weld is initiated. Although operator skill is a
factor, careful welders can achieve a perpendic-
ularity of þ�5� and a location tolerance of
approximately 1.2 mm (0.046 in.). Often, the
cover plate in a base plate/cover plate assembly
can be used as the template for marking.
A permanent template becomes more practi-

cal when an increasing number of studs are to
be welded on repetitive locations. Stud arc
welded fasteners can be welded directly

through temperature-resistant material which
should be spaced off the work by 1.65 to 6.35
mm (0.065 to 0.250 in.) to allow expelled weld
gases and weld spatter to escape without
restriction, which could adversely affect weld
quality. This type of template arrangement is
shown in Fig. 12. Note that the template holes
are drilled slightly larger than the outside
dimension of the ceramic ferrule. Before the
template is prepared, it is good practice to con-
sult the manufacturer specifications for the

Table 7 Mechanical properties of low-carbon steel stud arc welded fasteners
Fasteners have 380 MPa (55 ksi) minimum ultimate strength and 345 MPa (50 ksi) minimum yield strength.

Stud thread diameter(a)

Mean effective thread

area(b) Yield tensile load(c) Ultimate tensile load Yield torque(d) Ultimate torque Ultimate shear load(e)

mm2 in.2 kN lbf kN lbf J ft � lbf J ft � lbf kN lbf

10–24 UNC 11 0.017 3.8 850 4.2 935 3.6 32(f) 4.0 35.1(f) 3.1 701
10–32 UNF 13 0.020 4.4 1,000 4.9 1,100 4.3 38(f) 4.7 41.3(f) 3.7 825
¼–20 UNC 21 0.032 7.1 1,600 7.8 1,760 9.1 6.7 9.9 7.3 5.9 1,320
¼–28 UNF 23 0.036 8.0 1,800 8.8 1,980 10.2 7.5 11.3 8.3 6.6 1,485
5/16–18 UNC 34 0.052 11.6 2,600 12.7 2,860 18.4 13.6 20.2 14.9 9.5 2,145
5/16–24 UNF 37 0.058 12.9 2,900 14.2 3,190 20.5 15.1 22.5 16.6 10.6 2,393
⅜–16 UNC 50 0.078 17.3 3,900 19.1 4,290 33.1 24.4 36.3 26.8 14.3 3,218
⅜–24 UNF 57 0.088 19.6 4,400 21.5 4,840 37.3 27.5 41.1 30.3 16.1 3,630
7/16–14 UNC 68 0.106 23.6 5,300 25.9 5,830 52.3 38.6 57.6 42.5 19.5 4,373
7/16–20 UNF 76 0.118 26.2 5,900 28.9 6,490 58.3 43.0 64.1 47.3 21.7 4,868
½–13 UNC 92 0.142 31.6 7,100 34.7 7,810 80.3 59.2 88.3 65.1 26.0 5,856
½–20 UNF 103 0.160 35.6 8,000 39.1 8,800 90.4 66.7 99.4 73.3 29.4 6,600
⅝–11 UNC 146 0.226 50.3 11,300 55.3 12,430 159.6 117.7 175.5 129.5 41.5 9,323
⅝–18 UNF 165 0.255 56.7 12,750 62.4 14,025 180.1 132.8 198.1 146.1 46.8 10,519
3/4–10 UNC 215 0.334 74.3 16,700 81.7 18,370 283.1 208.8 311.3 229.6 61.3 13,778
3/4–16 UNF 240 0.372 82.7 18,600 91.0 20,460 315.2 232.5 346.8 255.8 68.3 15,345
7/8–9 UNC 298 0.462 102.8 23,100 112.8 25,355 456.8 336.9 501.4 369.8 84.6 19,017
7/8–14 UNF 328 0.509 113.2 25,450 124.5 27,995 503.1 371.1 553.6 408.3 93.4 20,996
1–8 UNC 391 0.606 134.8 30,300 148.0 33,275 684.7 505.0 751.9 554.6 111.0 24,956
1–14 UNF 437 0.678 150.8 33,900 165.9 37,290 766.0 565.0 842.6 621.5 124.4 27,967

(a) UNC, unified coarse thread series; UNF, unified fine thread series. (b) Mean effective thread area is based on a mean full diameter midway between minor and pitch thread diameters. (c) In practice, a stud should not be used
at or higher than yield load. A factor of safety should be applied, and 60% of yield is commonly used, although other values may be used at discretion of user. (d) Torque figures are based on the assumption that excessive
thread deformation has not affected the proportional range of torque/tension relationship. An average torque coefficient of 0.20 was used in these calculations. (c) Shear load is based upon 0.75 times ultimate load. The user
should apply an appropriate safety factor to these figures. (f) Value given ln in. � lbf

Table 8 Mechanical properties of stainless steel stud arc welded fasteners
Fasteners have 520 MPa (75 ksi) minimum ultimate strength and 205 MPa (30 ksi) minimum yield strength.

Stud thread diameter(a)

Mean effective thread

area(b) Yield tensile load(c) Ultimate tensile load Yield torque(d) Ultimate torque Ultimate shear load(e)

mm2 in.2 kN lbf kN lbf J ft � lbf J ft � lbf kN lbf

10–24 UNC 11 0.017 2.3 510 5.7 1,275 2.2 19.1(f) 5.4 47.8(f) 4.3 956
10–32 UNF 13 0.020 2.7 600 6.7 1,500 2.5 22.5(f) 6.4 56.3(f) 5.0 1,125
¼–20 UNC 21 0.032 4.3 960 10.7 2,400 5.4 4.0 13.6 10.0 8.0 1,800
¼–28 UNF 23 0.036 4.8 1,080 12.0 2,700 6.1 4.5 15.3 11.3 9.0 2,025
5/16–18 UNC 34 0.052 6.9 1,560 17.3 3,900 11.0 8.1 27.5 20.3 13.0 2,925
5/16–24 UNF 37 0.058 7.7 1,740 19.3 4,350 12.3 9.1 30.6 22.6 14.5 3,263
⅜–16 UNC 50 0.078 10.4 2,340 26.0 5,850 19.8 14.6 49.6 36.6 19.5 4,388
⅜–24 UNF 57 0.088 11.7 2,640 29.4 6,600 22.4 16.5 56.0 41.3 22.0 4,950
7/16–14 UNC 68 0.106 14.1 3,180 35.4 7,950 31.5 23.2 78.6 58.0 26.5 5,963
7/16–20 UNF 76 0.118 15.7 3,540 39.4 8,850 35.0 25.8 87.4 64.5 29.5 6,638
½–13 UNC 92 0.142 18.9 4,260 47.4 10,650 48.1 35.5 120.4 88.8 35.5 7,988
½–20 UNF 103 0.160 21.4 4,800 53.4 12,000 54.2 40.0 135.6 100.0 40.0 9,000
⅝–11 UNC 146 0.226 30.2 6,780 75.4 16,950 95.7 70.6 239.4 176.6 56.5 12,713
⅝–18 UNF 165 0.255 34.0 7,650 85.1 19,125 108.1 79.7 270.1 199.2 63.8 14,344
3/4–10 UNC 215 0.334 44.6 10,020 111.4 25,050 169.9 125.3 424.50 313.1 83.6 18,788
3/4–16 UNF 240 0.372 49.6 11,160 124.1 27,900 189.1 139.5 472.9 348.8 93.1 20,925
7/8–9 UNC 298 0.462 61.7 13,860 154.1 34,650 274.0 202.1 685.1 505.3 115.6 25,988
7/8–14 UNF 328 0.509 67.9 15,270 169.8 38,175 301.9 222.7 754.8 556.7 127.4 28,631
1–8 UNC 391 0.606 80.9 18,180 202.2 45,450 410.8 303.0 1027.0 757.5 151.6 34,088
1–14 UNF 437 0.678 90.5 20,340 226.2 50,850 459.6 339.0 1149.0 847.5 169.6 38,138

(a) UNC, unified coarse thread series; UNF, unified fine thread series. (b) Mean effective thread area is based on a mean full diameter midway between minor and pitch thread diameters. (c) In practice, a stud should not be used
at or higher than yield load. A factor of safety should be applied, and 60% of yield is commonly used, although other values may be used at the discretion of user. (d) Torque figures are based on the assumption that excessive
thread deformation has not affected the proportional range of torque/tension relationship. An average torque coefficient of 0.20 was used in these calculations. (e) Shear load is based upon 0.75 times ultimate load. The user
should apply an appropriate safety factor to these figures. (f) Value given ln in. � lbf
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ceramic ferrule dimensions to be used with the
stud being welded. Location accuracy, in this
case, can be as tight as þ�0.78 mm (þ�0.031 in.).
Even greater accuracy can be obtained, both

in the vertical and horizontal directions, by
adapting the template hole to fit a drill jig bush-
ing tightly and by inserting the template adapter
(or a ferrule tube adapter) through the bushing
to the workpiece. The ferrule tube adapter also
can be used for welding down into deeply
drilled holes or into tight-fit areas (Fig. 13).
With closely spaced studs, the foot grip is

sometimes modified so that after welding the
initial stud at a center-punched location, the
foot can be held against the reference stud to
weld the next or adjacent stud on the required
spacing.

The verticality of the weld stud can be
ensured by several methods. The most accurate
is obviously a fixed gun on a slide mechanism

Fig. 10 Typical automatic stud-feed hand-gun system for portable operation using templates or fixtures on the
workpiece

Fig. 11 Center punching base material through a
template

Fig. 12 Welding through a template using a ferrule
with stud arc welding fasteners

Table 9 Mechanical properties of aluminum stud arc welded fasteners
Fasteners have 290 MPa (42 ksi) minimum ultimate strength and 205 MPa (30 ksi) minimum yield strength.

Stud thread diameter(a)

Mean effective thread

area(b) Yield tensile load(e) Ultimate tensile load Yield torque(d) Ultimate torque Ultimate shear load(e)

mm2 in.2 kN lbf kN lbf J ft � lbf J ft � lbf kN lbf

10–24 UNC 11 0.017 2.3 510 3.2 714 2.2 19.1(f) 3.0 26.8(f) 1.9 428
10–32 UNF 13 0.020 2.7 600 3.9 840 2.5 22.5(f) 3.6 31.5(f) 2.2 504
¼–20 UNC 21 0.032 4.3 960 6.0 1344 5.4 4.0 7.6 5.6 3.6 806
¼–28 UNF 23 0.036 4.8 1080 6.7 1512 6.1 4.5 8.5 6.3 4.0 907
5/16–18 UNC 34 0.052 6.9 1560 9.7 2184 11.0 8.1 15.5 11.4 5.8 1310
5/16–24 UNF 37 0.058 7.7 1740 10.8 2436 12.3 9.1 17.2 12.7 6.5 1462
⅜–16 UNC 50 0.078 10.4 2340 14.6 3276 19.8 14.6 27.8 20.5 8.7 1966
⅜–24 UNF 57 0.088 11.7 2640 16.4 3696 22.3 16.5 31.3 23.1 9.6 2218
7/16–14 UNC 68 0.106 14.1 3180 19.8 4452 31.5 23.2 44.1 32.5 11.9 2671
7/16–20 UNF 76 0.118 15.7 3540 22.0 4956 35.0 25.8 48.9 36.1 13.2 2974
½–13 UNC 92 0.142 18.9 4260 26.5 5964 48.1 35.5 67.4 49.7 15.9 3578
½–20 UNF 103 0.160 21.4 4800 29.9 6720 54.2 40.0 75.9 56.0 17.9 4032

(a) UNC, unified coarse thread series; UNF, unified fine thread series. (b) Mean effective thread area is based on a mean full diameter midway between minor and pitch thread diameters. (c) In practice, a stud should not be used
at or higher than yield load. A factor of safety should be applied, and 60% of yield is commonly used, although other values may be used at discretion of user. (d) Torque figures are based on the assumption that excessive
thread deformation has not affected the proportional range of torque/tension relationship. An average torque coefficient of 0.20 was used in these calculations. (e) Shear load is based on 0.60 times ultimate load. The user should
apply an appropriate safety factor to these figures. (f) Value given in in. � lbf

Fig. 13 Portable stud arc welding gun equipped with
accessories for welding studs through or into

a drilled or formed hole
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of the type used for automatic-feed, high-pro-
duction work. This type is also the most expen-
sive. A portable gun can be mounted on a
machine slide or drill press by fabricating a
bracket (Fig. 14) in cases where production
quantities do not justify the expense of auto-
matic equipment.
Other methods of ensuring verticality are to

use a bushing-type template, a bubble level
mounted on the rear of the gun, or a bipod foot
arrangement, as shown in Fig. 15. With the stud
and ferrule acting as one fixed point, the two
bipod screws are adjusted to obtain perpendicu-
larity. Vertical variations that are less than þ�1�
can be achieved with proper accessories and
adjustments.
A wide range of accessories is available for

welding studs of different lengths or for weld-
ing studs into areas with limited access. Two
widely used special accessories are shown in
Fig. 16 and 17. For unusual situations, the man-
ufacturer should be consulted to suggest or,
possibly, design stud-welding accessories.

Stud-Welding Quality Control,
Qualification, and Inspection

Because of its broad use for many years and
the relative simplicity of its applications, stud
welding in the downhand position is considered
to be a prequalified procedure; that is, it is only
necessary to weld two studs satisfactorily in the
downhand position to qualify both the process
and the operator. The two qualification studs
can be bend tested, torque tested, or tension
tested. The physical test is satisfactory if no fail-
ure occurs in the weld or the heat-affected zone.
Stud-welding code requirements (for exam-

ple, Ref 2 and 7) define the necessary tests for
prequalified stud welding to the flat or down-
hand position, as well as other positions. The
limit on the flat position is defined as 0 to 15�
slope on the surface to ‘which the stud is
applied. Beyond 15�, a ten-stud test is required.
Again, each of the ten studs in the nonflat posi-
tion must be bend, tensile, or torque tested.
Bend testing is 90� from the original axis,
whereas torque and tension testing are con-
ducted until failure. Failure must occur in the
stud shank or in the work-piece material, not
in the weld or the heat-affected zone. All fail-
ures require retesting. Satisfactory testing quali-
fies the welder and the process.
Typical bend, torque, and tensile testing set-

ups are shown in Fig. 18 to 20. Qualification
records, including stud drawings, ceramic arc

Fig. 15 Use of an adjustable bipod foot assembly to
provide three-point contact, ensuring

perpendicularity of stud to workpiece

Fig. 16 Typical offset assembly used when stud arc
welded fasteners must be welded below an

obstruction

Fig. 14 Inexpensive method of mounting portable
hand gun to machine slide or drill press to

obtain fixed-position accuracy

Fig. 17 Typical leg-extension accessory for welding
long studs (up to 1.83 m, or 6 ft). Note the

use of a split foot and ferrule grip; the gun does not
have to be stripped the full length of the stud when the
stud is welded.

Fig. 18 Typical bend testing setup. Studs that must
undergo application qualification should be

bent 90� without weld failure (15� for aluminum studs).
Testing for preproduction or testing during production
for inspection purposes requires bend testing to 30� from
original position (15� for aluminum studs). For threaded
studs, torque testing in accordance with Fig. 19 should
be used. Source: Ref 2
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shield drawings (if used), weld settings, and
position, should be kept.
Either two-stud or ten-stud testing should be

conducted on a production piece or on a sepa-
rate piece of the same type and thickness
(þ�25%) of material that will be used in the
application, in the same position in which the
studs will actually be applied.
In addition to physical testing, the studs that

are welded for qualification also must be visu-
ally inspected, whether there are two or ten.
Visual inspection consists of verifying that a
full 360� weld flash (fillet) is formed around
the stud base. There should be no gaps or

undercuts in the flash or in the wetted area. As
mentioned previously, flash can be irregular in
both height and evenness and it can contain
shrinkage fissures or cracks. Because flash is
expelled, not deposited, metal, it should not be
subject to the usual inspection criteria for a
weld fillet.
The final visual inspection should be a mea-

surement of the after-weld length. With stud
arc welding, the after-weld length of the
stud will be shorter by the lengths shown in
Table 3. A consistent after-weld length, com-
bined with acceptable visual inspection and
physical testing, are assurances of satisfactory
welds. Figure 21 shows typical stud arc weld
appearances for both acceptable and problem-
atic welds.
Passing the two-stud preproduction or the

ten-stud application qualification test approves
the procedure and operator. Production stud
welding is then allowed to proceed. However,
at the start of each new production period, a
two-stud test is again required before produc-
tion can begin. Similarly, a change in stud
diameter, equipment, settings, or operator
requires requalification.
During production, welding inspection and

testing should be used on a continuous basis
to confirm acceptable quality. This can be done
on a reasonable number of studs, depending on
the welding conditions and stud appearance.
After the visual inspection of all stud welds,

physical testing of at least one weld per hun-
dred is usually suggested. Any weld that does
not show a full 360� flash or wetness should
be tested. Welds without a full flash can be
repair welded, but repaired welds are also
required to be physically tested.
In the case of unthreaded studs, the quality

inspection test can be to bend 15�. The studs
can be straightened after testing, if required.
Threaded studs can be subjected to a torque test
to approximately 80% of the yield torque load,
rather than a bend test. Failure in the weld or
heat-affected zone is cause to reject the weld
being tested. Failure also requires that the quan-
tity of studs welded from the previous test to
the present test be carefully inspected for weld
deficiencies. Additional tests may be necessary
to confirm weld quality.
If the quality inspection test studs must be

straightened for end use, then they should be
returned to the vertical position by using a
bending tool. Continuous slow pressure should
be applied during the straightening process.
Temperature at the time of stud welding and

during stud testing is an influential parameter.
Stud welding should not be conducted at tem-
peratures below –18 �C (0 �F). When the tem-
perature is below 0 �C (32 �F), one additional
stud per hundred welded should be tested to
verify weld quality. Below 10 �C (50 �F),
welded studs should be tested using the bending
tool, rather than by hammer testing. In colder

Fig. 20 Typical tension test fixture. For qualification of
application or preproduction testing, either

bend or torque testing can be substituted for tension
testing.

Fig. 21 Stud arc weld characteristics for satisfactory and unsatisfactory welds. (a) Satisfactory; good flash formation,
wetting entire periphery of stud base. (b) Unsatisfactory; plunge too short, not enough material allowed for

burn-off. Stud must project an adequate length beyond the ferrule. This condition can also be caused by bad
grounding practice. (c) Unsatisfactory; hang up caused by inadequate arc length lift or by misalignment of stud,
restricting free movement. (d) Unsatisfactory; misalignment of stud by poor gun position. (e) Unsatisfactory; cold
weld, resulting in nonuniform or incomplete flash around stud periphery. (f) Unsatisfactory; hot weld, where molten
material is expelled violently from weld, resulting in poor flash formation

Fig. 19 Typical torque testing arrangement. Studs that
must undergo application qualification or

preproduction testing should be torqued to destruction
without failure in the weld. Proof torque testing during
inspection of threaded studs should be applied at 60 to
66% of the yield torque load for the stud size testing.
Refer to Tables 7 to 9. Source: Ref 2
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welding temperature conditions, threaded studs
should always be tested by torque, rather than
by bending. Impact testing at low temperature
produces brittle failures. This is not a function
of weld quality but of the ambient temperature
at the time of welding and testing. Data result-
ing from extensive tests conducted on studs
welded and tested at various temperatures have
shown that it is the temperature and manner of
testing that influences the failure mode, rather
than the temperature at the time of welding
(Ref 8).
Another factor, besides temperature, that can

affect weld quality is cleanliness of the weld
area. Although stud arc welding does provide
some cleaning action during welding, it is not
sufficient to remove heavy contaminants. Coat-
ings or rust on studs also can cause poor welds.
Plating, except for a copper flash, nickel plating,
or chromium plating, should be removed from
the stud end prior to welding. This includes such
materials as paint, zinc, and cadmium. Stud arc
welded fasteners are usually capped during
plating so that the weld end is left clean.
The plating or contaminant removal methods

should be compatible with the base-material
thickness and composition. For example, a
heavy paint or rust cover on thick structural
steel can be removed by grinding, needle scal-
ing, sand blasting, or chipping, and the weld
surface will still be acceptable for stud welding.
Stainless steel, brass, aluminum; or other
polished surfaces should be cleaned with appro-
priate solvents or other cleaning methods that
will not destroy the material finish or contami-
nate the weld area. For example, a carbon-steel
wire wheel or brush should not be used to clean
stainless steel or aluminum-base material.
Studs and ferrules should be kept clean

and dry prior to welding. Although cold condi-
tions will not adversely affect either, they
should be protected from exposure to adverse
weather conditions, high humidity, marine
atmospheres, and other extremes. When ferrules
absorb water, the steam generated during the
welding process can cause very poor welds and
excessiveweld spatter. Ferrules exposed tomois-
ture should be oven dried at a temperature
between 101 and 120 �C (215 and 250 �F) for
2 h before use.
The condition of weld cables, connections,

and ground clamps can affect weld quality.
These items should be checked frequently and
either repaired or replaced, so that the cables
are not frayed, connections are tight and clean,
and ground clamps are properly functioning.
Ground clamps should be tightly connected to
the work-piece or work platen and attached to
areas that have been cleaned of all deleterious
materials that would prevent good current flow.

Stud-Welding Safety Precautions

Any welding process can be dangerous if
proper safety precautions are not followed.

Equipment should be properly installed accord-
ing to the directions of the manufacturer
and maintained in good condition. Operators
should be thoroughly trained in the use of
the stud-welding process. They also should
be familiar with the installation, operation, and
maintenance procedures for the equipment
being used.
Electrical shock is a potential cause of injury

or death. Stud-welding systems should be prop-
erly installed and grounded using electrical
connections made according to national (Ref
9) and local code guidelines.
Neither operators nor anyone else in the

welding area should ever touch live electrical
parts, or weld in wet areas, or wear wet gloves
or clothing. In addition, all workers should
ensure that they are insulated from shock.
All electric cables and connections should

be kept in good condition. They should be
inspected on a regular basis and frayed
sections, broken insulation, or broken connec-
tors should be repaired or replaced at once.
Stud welding frequently uses long cable
lengths, particularly on construction sites,
where the cables are subject to abuse by tow-
motors, trucks, material storage, or foot traffic.
It should be ensured that these conditions do
not result in cable damage.
Although weld spatter and arc flash are min-

imal with the stud-welding process, they do
occur and precautions should be taken. All
combustible or volatile materials should be
removed from the weld area so that sparks or
spatter cannot reach them. Gas cylinders should
be stored and secured properly and checked to
ensure that they do not contact any electrical
cables in the welding circuit. Proper protective
clothing should be worn, including boots,
aprons, and gloves, as necessary. Eye protec-
tion is always necessary. Eye glasses with spec-
tacle frames, side shields, and lenses with shade
number three absorption filters should be worn
by the operator at all times (Ref 10). Helpers
or workers within 1.5 m (5 ft) of the weld area
also should wear clear safety glasses with side
shields. Fire-suppression equipment should be
available in or adjacent to the weld area for
immediate use in emergencies.
Ventilation of the welding area is necessary.

Fumes from welding and cleaning materials,
such as solvents, as well as paints, epoxies,
and galvanizing or other coatings, can be
harmful. Ventilation can be either forced or
natural, depending on the job conditions.
Material suppliers should provide material
safety data sheets on any items being used
in the welding area, and proper precautions for
potentially dangerous contents should be
followed.
Pinch points where fingers or hands can be

caught should be avoided during material
handling or where moving parts are involved
in the welding process.
The instructions of the manufacturer should

be followed when maintaining and servicing

the stud-welding equipment. If possible, all
electric supplies should be disconnected and
locked out during maintenance or troubleshoot-
ing work.
Finally, certain welding operations produce

elevated noise levels during the weld cycle.
Operators and other workers near the equip-
ment should use hearing protection that can
adequately protect them, in accordance with
Ref 11.
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Capacitor Discharge Stud Welding*

CAPACITOR DISCHARGE STUD WELD-
ING is a stud arc welding process in which
the tip of the stud melts almost instantly when
energy stored in capacitors is discharged
through it. The three basic modes of capacitor
discharge (CD) stud welding are initial-gap
welding, initial-contact welding, and drawn-
arc welding. Figure 1 shows current-versus-
time curves for the three process variations.
The initial-gap mode (Fig. 2) is begun with

the stud held away from the work surface by
the welding head. At the beginning of the
weld cycle, the stud is forced against the work
surface, melting the tip, the face of the stud,
and the adjoining work surface upon contact
with the work surface. The weld is completed
using the gun forces (i.e., spring pressure or
air pressure) to plunge the stud into the molten
materials, forming a strong welded bond
between the stud and the work surface. The
weld cycle time (Fig. 1) for this process is from
4 to 6 ms, and the penetration of the weld zone
into the work surface is normally from 0.10 to
0.15 mm (0.004 to 0.006 in.).

The initial-contact mode (Fig. 3) begins
with the weld stud in contact with the work sur-
face. The weld cycle is initiated with a surge of
current that disintegrates theweld tip, thusmelting
the stud face area and the work surface that it
immediately contacts. The stud is forced into the
molten material, forming a strong homogeneous
weld. This process has a weld cycle time of
approximately 6 ms, much like the gap process.
The drawn-arc mode (Fig. 4) begins with

the stud in contact with the work surface. When
the weld cycle is initiated, a current surge is
applied to the weld tip and the stud is retracted
from the work surface, drawing an arc that
melts the face of the stud and the work surface
directly beneath it. The stud is then plunged
into the molten pool of material, forming a
welded connection. The weld cycle time for
this process is longer than for the other two pro-
cesses, and the heat-affected zone is thicker
than it is in the preceding two processes.

Advantages and Disadvantages. A major
reason for using the CD stud-welding process is
that it provides a strong welded fastener with
either a minimum or no reverse side marking
of the work material. Another reason is that it
is cost-effective, especially for small-diameter
fasteners. This process also allows fasteners
to be welded to very thin sections of work mate-
rial, as well as to thick sections (as thick as neces-
sary), with reliable results. Furthermore, the
process allows the welding of many dissimilar
material combinations, such as aluminum studs
to zinc die castings. The disadvantages of using
the CD process are the limited stud diameters
available and the fact that the work surface must
be clean of mill scale, dirt, oxidation products,
and oil.

Applications

The CD process is normally used for fastener
sizes of 4-40 through ¼-20, with lengths from
6.4 to 38.1 mm (¼ to 1.5 in.). Although there
are limited uses of 5/16-18 and ⅜-16 diameter
studs in special applications, only the more-
common stud diameters are considered in this
article. The work material thickness can typi-
cally range from 0.25 mm (0.010 in.) to as thick
as the application requires. The determining
factors for making successful welds are the stud
diameter, the materials being used, the strength
required, and the amount of allowable reverse
side marking. See Table 1 for guidance on the
expected strength parameters.
The stud and workplece materials can be

common low-carbon steel, stainless steel, or
aluminum. Also used are medium-carbon steel,
lead-free brass and copper, Inconel, titanium,
René 41, zirconium, gold, silver, and platinum.
Table 2 shows some of the more popular com-
binations of materials. Various studs and plate
materials can be combined, except when alumi-
num-base material is used.
Capacitor discharge stud welding is used in

many industries in a large variety of applica-
tions because it is one of the most versatile
and reliable processes available. The food pro-
cessing industry uses this process on stainless
steel utensils and machinery, aluminum

Fig. 1 Typical current-versus-time curves for the three
capacitor discharge stud welding methods.

Source: Ref 1

Fig. 2 Initial-gap capacitor discharge stud welding. See
text for explanation. Source: Ref 1

Fig. 3 Initial-contact capacitor discharge stud welding.
See text for explanation. Source: Ref 1

* Reprinted from R. Alley, Capacitor Discharge Stud Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 221–222

Fig. 4 Drawn-arc capacitor discharge stud welding.
See text for explanation. Source: Ref 1



cookware, and appliances. The aerospace
industry applies the process to aircraft engines,
aircraft parts and instrument areas, and compo-
nents for outer space vehicles. The appliance
industry uses CD welding for its cabinets, trims,
and other components. The building industry
uses it for doors, facia, subassemblies, and
other exposed finished areas. The insulation
industry uses it in securing insulation to heating
and air conditioning duct work, as well as on
apparatus at power plants, schools, and other
major buildings. The automotive industry uses
the process to secure trim and various compo-
nents to cars and trucks. The ship-building
industry uses it in fabricating components in

ship kitchens, in insulation applications aboard
ship, and in other areas where components and
instruments must be secured. The electrical
industry uses this process when securing com-
ponents inside various controllers and equip-
ment, as well as in trim parts for cabinets. The
sign industry uses it on both structural and com-
ponent members of large and small signs.

Equipment

The equipment used for CD stud welding can
be either portable or stationary production-type

units. The portable units consist of the basic
controller that uses standard 110 V alternating
current (ac) power input to charge the capaci-
tors and a lightweight gun-shaped tool used
for placing and welding the fasteners. The pro-
duction-type units typically require 240/480 V
ac three-phase incoming power and a com-
pressed air supply. The production units are
normally used for higher rates of productivity,
close-tolerance work (down to ±0.13 mm, or
0.005 in.), critical reverse side marking require-
ments, automatic stud feeding, automatic feed-
ing of the part to be welded, automatic
location of the stud on the part, and exotic
materials.
The production rate of portable equipment

normally ranges from 4 to 6 studs/min, depend-
ing on the application. Material handling and
other factors could cause this rate to be either
slower or faster. The production rates for the
permanent production equipment can range
from 3 to 20 studs/min, depending on the appli-
cation, special requirements, and tooling.
When the initial-gap or initial-contact modes

of stud welding are used, welds are made on all
materials without the use of shielding gases or
ceramic arc shields. When using the drawn-arc
mode while working with aluminum, a shield-
ing gas would be necessary. This mode is also
less flexible when working with exotic
materials.

Personnel Responsibilities

The CD stud-welding process is easy to oper-
ate and maintain. The operator must first ensure
that his unit is connected to the proper incom-
ing voltage. The operator then determines
whether the weld gun is connected to the nega-
tive and the ground is connected to the positive.
Straight polarity is used for welding in nearly
all applications. The operator places a given
diameter of fastener into the stud gun. The
gun is then placed on the work surface.
The operator closes the trigger of the gun and
the welding process begins. After the welding
process is completed, the operator lifts the gun
off the welded stud.
The operator needs to inspect the welds

to ensure that the settings were correct. The
controller voltage, which is set according to
the recommendations of the equipment
manufacturer, depends on the material and
diameter of the fastener to be welded, as well
as on the thickness and type of base material
being used.
There are also other parameters that should

be considered. If it is desirable to reduce spatter
and smoky conditions in the weld area, then
wetting the weld area with a wetting agent just
prior to making the weld is recommended. If a
wetting agent is used, then it is best to add a
few drops of liquid hand soap to a pint of plain
water and to spray or brush the solution into the

Table 1 Standard capacitor discharge stud fastener load strengths

Maximum fastening

torque(a)

Ultimate

tensile load

Maximum shear

load

Stud material

Stud

size N�m lbf�in. kN lbf kN lbf

Low-carbon copper-flashed steel 6–32 0.7 6 2.2 500 1.7 375
8–32 1.4 12 3.4 765 2.6 575

10–24 1.6 14 4.3 960 3.2 720
¼–20 4.9 43 7.8 1750 5.8 1300

5/16–18 8.1 72 12.9 2900 9.8 2200
⅜–16 11.9 106 19.1 4300 14.6 3250

Stainless steel (type 304) 6–32 1.1 10 3.5 790 2.6 590
8–32 2.3 20 5.6 1260 4.1 940

10–24 2.6 23 6.8 1530 5.2 1150
¼–20 8.5 75 12.8 2880 9.6 2160

5/16–18 14.2 126 16.7 3750 12.5 2800
⅜–16 20.0 186 21.6 4850 16.0 3600

Aluminum alloy (5000 series) 6–32 0.40 3.5 1.7 375 1.0 235
8–32 0.85 7.5 2.6 585 1.6 365

10–24 1.13 10 3.3 735 2.0 460
¼–20 4.5 40 6.0 1360 3.8 850

5/16–18 7.9 70 10.2 2300 6.2 1400
⅜–16 9.1 81 15.1 3400 9.3 2100
½–13 15.8 140 25.0 5500 13.4 3000

Brass (70–30 and 65–35) 6–32 0.9 8 2.7 600 1.7 390
8–32 1.8 16 3.8 860 2.5 560

10–24 2.09 18.5 4.6 1040 3.0 680
¼–20 6.9 61 8.7 1950 5.7 1275

5/16–18 11.5 102 14.6 3280 9.5 2140
⅜–16 16.9 150 21.4 4800 14.1 3160

(a) These values should develop fastener tension to slightly less than yield point and should be used only as a guide; basic specifications shown
above cover typical mechanical property values.

Table 2 Welding capabilities of capacitor discharge stud fasteners

Stud material

Base material

Mild steel

(types

1008,

1010)

Stainless

steel

(types

304, 305)

Aluminum

(5356,

6061) Brass (70–30, 65–35)

Mild steel (1006 through 1030) Excellent Excellent . . . Excellent
Medium-carbon steel (1030 through 1050) Good(a) Good(a) . . . Good(a)
Galvanized sheet duct or decking Good(a) Good(a) . . . . . .
Structural steel Good(a) Good(a) . . . Excellent
Stainless steel (types 405, 410, 430, and 300 series, except 303) Excellent Excellent . . . Excellent
Lead-free brass, electrolytic copper, lead-free rolled copper Excellent Excellent . . . Excellent
Most aluminum alloys of the 1000, 3000, 5000, and 6000 series(b) . . . . . . Excellent . . .
Die-cast zinc alloys Good(a) Good(a) Excellent Good(a)

(a) Generally full-strength results, depending on the combination of stud size and base metal. (b) Other materials, such as 7000-series aluminum,
titanium alloys, Inconel, and so on, can be welded under specified conditions.
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weld area. This will produce a clean weld with
reduced, if not eliminated, spatter in the weld
area. However, the noise of welding increases
when a wet weld is made.
Weld inspection is normally done by bending

the fastener by applying either a torque or ten-
sile force to it. If a tensile force is applied, then
care should be given to the diameter of the
hole used to secure the plate material. A hole
that is as small as possible should be used
to accommodate the flange of the stud. If a
large hole is used, the tensile factors may be
reduced, because the plate material could
yield prematurely. Prior to production welding,

it is recommended that sample welds be
made on similar materials and tested to destruc-
tion. During production, operators should
visually inspect the welds periodically. If weld
inconsistency occurs, the process should cease,
and the cause should be determined and
eliminated.
A common occurrence that contributes to

inconsistency is movement of the plate material
during the short weld cycle. This can occur
when working with materials that are less than
3.2 mm (0.125 in.) thick. There should not be
a gap between the workpiece and the backup
material of the fixture or table being used.

Proper fixtures and attention to their clamping
system can alleviate this problem.
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Introduction to Resistance Welding

RESISTANCE WELDING (RW), invented
in 1886 by Professor Elihu Thomson, is con-
ceptually one of the simplest and most com-
monplace of welding processes. When an
electric current flows through a conductive
material, such as a pure metal or alloy, there
is some inherent resistance to the free flow of
electrons through the conductor. Mathemati-
cally stated, the thermal power (dQ/dt) pro-
duced when current (I) flows through a
conductor of resistance R is given by dQ/dt =
I2R, where the unit of power is watts (or
Joules/second). This production of thermal
energy is formally known as Joule heating, or
informally as I2R heating. The process is most
commonly used to weld two overlapping sheets
or plates.
In a resistance weld, the local rate of

Joule heating exceeds the rate at which heat
can be dissipated by or from the workpieces
being joined. The resulting increase in tempera-
ture may cause melting or merely heat the
parts sufficiently to allow forging them together
into a solid-state weld. In practice, a pair
of electrodes clamps the workpieces together
under controlled pressure. The electrodes
conduct electrical current to the workpieces
from the power supply, promote good local
contact between the workpieces (both mechani-
cal and electrical), and precisely constrict the
flow of current to the joint location. The elec-
trode pressure also acts to contain any molten
metal produced at the joint location, impeding
it from being expulsed from the joint, which
would result in gross porosity. Finally, the elec-
trodes (which may be water cooled) extract
the welding heat, promoting rapid cooling of
the joint.
Resistance welding encompasses many

variations on the basic theme of local Joule
heating while an external pressure is applied.
This article introduces some aspects of the
most generally applied RW processes,
followed by separate articles on specific RW
processes, power supplies, procedure develop-
ment, and quality control. In addition, while
the dominant heating mechanism in all RW
processes is Joule heating, there are also some
secondary thermoelectric effects that may apply
in specific instances (see the section “Over-
looked Fundamentals of Resistance Welding”
in this article).

Resistance Welding
Processes

William Mohr, Edison Welding Institute

As noted previously, the rate of heat production
(dQ/dt) during Joule heating is proportional to I2R.
The resistance depends on the material and is also
a functionof temperature.The electrical resistivity
of metals and alloys usually increases greatly
when they are heated. For instance, the resistivity
of steel can increase by a factor of 10 ormore from
room temperature to800 �C(1470 �F). So, passing
current through a locally hot material tends to fur-
ther heat the hottest regions. Because current flow
is necessary to the process, highly resistivemateri-
als, such as ceramics, are not good candidates for
RW (as explained by Ohm’s law in the form I =
E/R). Such materials require lethal voltages to
generate sufficient current. Low-resistivity mate-
rials, such as copper, where excessive current is
required for sufficient heating, are also not good
candidates for RW.
Pressure is applied even before the current is

activated to ensure good electrical contact
between the workpieces. Accurate control and
timing of the electric current and application
of pressure is an essential feature of RW. The
actual temperature rise at the joint depends
on the interrelationship of the three variables:
current (squared), resistance (as a function of
temperature and position), and the time duration
of current flow. These variables are further
affected by:

� Cooling effect of the electrodes
� Effect of electrode follow-up behavior on

resistance (at the various interfaces)
� Effect of current shunting, where the current

flow takes another path rather than through
the desired weld area

An example of current shunting can occur
when a thick section is being welded to a thinner
section by indirect spot welding (see the article
“Resistance SpotWelding” in this Volume). Cur-
rent shunting also can occur through nearby pre-
vious welds when welds are close together. As
the second weld heats up with an increase of

resistance, more of the current preferentially
can go through the previous weld, which has a
lower resistance through the section.
During RW, initial electrical heating typically

occurs due to the higher resistance of the inter-
face between the parts to be joined, rather than
the base metals or the electrodes or the connec-
tions of the electrodes to the base metal. This
resistance can come from surface roughness
between the parts or from surface coatings. In
some processes, the resistance can be provided
by the shape of the parts to be joined or, rarely,
by the resistance of one of the base metals.
Resistance-welded joints require cooler

metal around the heated area to restrain the
expansion of the hot area, whether or not it
becomes molten. The strength of the bond
also depends on the cleanliness of the mating
surfaces, although the process is more tolerant
of the presence of oxide layers and contam-
inants than other welding processes. Resistance
welding processes require specialized machin-
ery, but they have the major advantages
of not requiring filler metals, shielding gases,
or flux.
The three major RW processes are resistance

spot welding, resistance seam welding, and
projection welding. Other methods of RW
include:

� Upset welding is a solid-state variation of
RW. Rather than fusion (melting followed
by coalescence), the primary method of cre-
ating a joint during upset welding is on
forging (“upsetting”) with some resistance
heating to improve plastic deformation dur-
ing upsetting.

� Flash welding creates the heat for welding at
the faying surfaces of the joint not only by
resistance to the flow of electric current but
also by arcing (“flashing”) across the inter-
face (see the article “Flash and Upset Weld-
ing” in this Volume).

� Capacitor discharge stud welding, where a
stud serves as a weld member, is a process
similar to flash welding.

� High-frequency RW concentrates the surface
current of the part to heat the base metal and
cause the coalescence of metal.

These processes are described in more detail in
separate articles in this Volume.
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Types of Resistance Welds

Resistance welds must allow for the passage
of electrical current to provide heating of the
interface to be joined and for force to constrain
the heated material and form the bond as it
cools. This section briefly reviews some of the
general design aspects of resistance-welded
joints. Most of the processes discussed as fol-
lows are used for lap joints, where the weld
joins faces of the material rather than edges.
Spot welds are most easily made between

identical materials of the same thickness,
employing identical electrodes on both sides,
because this allows the heating to be symmetri-
cally generated in each workpiece. Symmetrical
heat balance such as this is advantageous
because it locates the center of the molten zone
on the interface between the sheets.
Spotwelds canbemade in serieswithmore than

two sheets joined in a single event. This requires
attention to the surface condition of the faying sur-
faces to get the resistance at each of the multiple
interfaces to be broadly similar. Welding of more
than two sheet layers is most easily performed
with thinner outside sheets and a thicker center
sheet, because the heating profile at the two inter-
faces between thin-thick sections would be more
uniform (see the article “Resistance Spot Weld-
ing” in this Volume for a schematic of the temper-
ature profile across a spot weld).
WhenRWofworkpieces that are not inherently

heat balanced, the electrode combination can be
changed to localize the heat more toward one side
of the stack. Effects can be obtained from using a
larger-diameter electrode on one side or a higher-
conductivity material on that side. Another pro-
cess change that can also improve the situation
includesheating the jointmore rapidly (to increase
the heating effect of the interfacial resistance over
that of the bulk resistance of the workpieces).
It is often desirable to minimize the visible

effect of the spot weld on one of the surfaces.
The use of a larger electrode for that side or
dividing the job of providing mechanical force
and electrical current contact between two loca-
tions can be used for this (see the article “Resis-
tance Spot Welding” in this Volume).
Seam welds provide fluid-tight lap welds

that are often used for pressurized vessels with
mild internal pressure, such as exhaust system
catalytic converters for vehicles. They are cre-
ated as a series of overlapping spot weld nug-
gets, with each nugget cooling before the
following nugget is initiated.
Parameters that affect weld quality and integ-

rity of resistance seam welds are the materials
to be joined, their thicknesses, the overlap dis-
tance, the electrode width, and the access avail-
able for the electrodes. The electrodes are
usually copper alloy disks or wheels, which roll
along the intended seam, although a variation
with conventional cylindrical spot welding
electrodes has also been used (stitch welding).
The required workpiece clamping force is
provided by the electrodes rather than through

separate fixtures. The axis of rotation of one
wheel may be slightly nonparallel to allow
clearance of adjacent members, but the differ-
ence should not be more than 6�, and the con-
tact surface will still need to be parallel to the
surface of the workpiece it contacts.
The presence of adjacent spot weld nuggets

allows much of the current to be shunted
through the previous spots, so the welding para-
meters for seam welding tend to have much
higher current pulses than spot welding, with
other parameters such as electrode force
changed to compensate for this.
Projection welds localize the heating for

RW at the contact between the workpieces by
employing a small raised bump or projection
on one of the members being joined. This has
an advantage compared to conventional spot
welding for welding materials with low contact
resistance, such as galvanized sheets and cop-
per alloys, or in cases where the heat balance
is severely skewed away from the faying sur-
face, such as when one of the materials is much
thicker than the other. Projections are usually
placed in the thicker of two dissimilar pieces,
on the basis that the thicker piece will be more
difficult to melt at the faying surface.
The projection must be designed to remain

raised during the initial heating phase of weld-
ing but soften and compress or collapse by the
end of the welding cycle. Projection design is
thus connected with the design of the heating
cycle. The low elevated-temperature strength
of aluminum alloys tends to make them unsuit-
able for projection welding.
For sheets, the spherical dome projection

punched into the sheet is most common. Thicker
parts will usually have machined projections,
although they can be punched in moderate thick-
nesses. For some applications, such as crossed
wires, the configuration of the mating parts
already provides a sufficient projection.
Designs with extended or multiple projec-

tions can be used, even providing a continuous
length of weld for pressure-retaining compo-
nents. In circularly symmetric geometries, an
annular projection may be used for its ability
to provide a single-shot, fully circumferential
joint, such as hermetic cans for transistors.
When using extended or multiple projections,

the fit-up tolerance must be tightened so that all
of the projection areas can participate equally.
Butt Welds. Resistance welding can be used

to create butt joints rather than lap joints, using
processes such as flash welding, upset welding,
and high-frequency induction (HFI) welding, as
is widely used for the production of welded
tube. All of these processes require electrical
heating and displacing the two sides of the joint
toward one another.
Material will often be extruded at and near

the bond line during resistance butt welding.
Many applications require the removal of this
flash, for instance, by a cutting operation just
after completion of welding.
Design of the preweld geometry in these pro-

cesses requires a determination of the shortening

between the current-carrying clamps to achieve
the desired final dimensions of the welded com-
ponent. The components of this shortening are
the loss of material directly at the bond line (the
material extruded into the flash) and the upsetting
and thickening of the adjacent base metal. Flash
welding, in particular, has a significant fraction
of shortening occurring by loss of material at
the bond line. An estimate of flash weld
shortening for steels, both in tubular and bar
form, is provided in Ref 1.
Some welding processes add plastic deforma-

tion processes after butt welding to provide an
accurate size and shape to the final component.
For instance, HFI tube will commonly be sized
to an accurate outer diameter after welding.

Overlooked
Fundamentals of
Resistance Welding*

G.A. Knorovsky, Sandia National Labor-
atories

Much knowledge has been accumulated
concerning many aspects of RW since its
invention by Elihu Thomson in 1886. This
work discusses two factors that have not been
well documented in the standard reference
texts. As noted earlier, the principal heat
source in RW is Joule (I2R) heating. However,
there are other heating effects that may also
occur during RW. The second factor discussed
in this section is the effect of the current pulse
on the subsequent motion of the welding head
(the so-called electrode “follow” behavior).
While both of these effects are often unimportant,
they may become critical when the RW process
is being applied at its limits. Examples taken
from sheet metal and microwelding applications
are given.

Thermoelectric Effects

Although Joule (I2R) heating is the predomi-
nant heating mechanism acting in RW, two
types of thermoelectric effects may also be
operative: the Peltier effect and the Thomson
effect. To combine all three effects, two differ-
ent situations are examined: one typical of an
industrial sheet-metal-type weld and one typical
of an electrical interconnection.
Peltier Effect. The Peltier effect occurs when

the flow of current through a bimetallic junction
causes energy to be absorbed or released at that
junction. The Peltier effect is the inverse of the
more widely known thermocouple (Seebeck)
effect, where temperature difference between
the ends of a bimetallic pair of conductors

* Adapted from Overlooked Fundamentals of Resistance
Welding, The Metals Science of Joining, 1992
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causes an electric potential difference to occur.
The Peltier effect is associated with changes in
potential energy due to the different energy
levels of conduction electrons within the two
materials. When a conduction electron changes
energy levels, it gains or loses potential energy.
Kinetic energy of the electrons is essentially

constant, because it is governed by the (current)
flow. The potential energy, gained or lost from
the different energy levels of two materials, is
converted into a thermal effect. Mathemati-
cally, the thermal effect from the Peltier-effect
heat is expressed as:

dQp=dt ¼ ��abJ

where dQp/dt is the rate of heat released (i.e.,
the thermal power) per unit area due to current
flow from material “a” to material “b.” The
symbol Pab is the Peltier coefficient for current
flow from material “a” to material “b.” J is the
current density (in units of amperes/unit area, as
opposed to I, given in amperes).
In the Peltier effect, note that the heat effect

can be either positive (release) or negative
(absorption), depending on the direction of cur-
rent flow. This is distinct from the Joule heating
effect (dQj/dt), which is based on the square of
current density (J2), such that thermal energy is
only positive (dQj/dt = J2r) and therefore
released. The release or absorption of some ther-
mal energy, depending on current flow direction
in the Peltier effect, is the explanation why direct
current resistance welds are sometimes polarity
sensitive (Ref 2). It also offers an explanation as
to why one electrode usually wears faster than
its nominally identical counterelectrode.
The Peltier coefficient is related to the Seebeck

coefficient (the proportionality constant Sab = dV/
dT), which relates output voltage (V) to hot versus
cold junction temperature difference (in degrees
Kelvin) for a thermocouple of materials “a” and
“b” by:

�ab ¼ TSab

Hence, the Peltier effect tends to bemore impor-
tant at higher temperatures. Finally, while the Pel-
tier coefficient for a bimetal pair is governed by
both members of the junction, data are compiled
for individual materials. The pairedmaterial coef-
ficient is obtained by subtracting values of the
individual material coefficients:

Sab ¼ Sb � Sa

Data are available (Ref 3) for pure materials,
thermocouple materials, and other materials
where the thermoelectric coefficients have been
used to measure solid-state phenomena (dilute
magnetic alloys). Unfortunately, thermoelectric
data are not available for many commonly resis-
tance-weldedmaterials, such as aluminum alloys
and stainless steels.
The Thomson effect (named after William

Thomson, Lord Kelvin, not Elihu Thomson) is
similar to the Peltier effect but instead acts in a
single conductor and refers to heat absorbed or

released when electric current flows through a
conductor that contains a temperature gradient.
The explanation of these effects lies in the con-
servation of energy and how the energy levels
of conduction electrons vary with location (such
as when crossing a bimetallic interface, in the
case of the Peltier effect) and temperature.
The Thomson effect is governed by:

dQt=dt ¼ �m JrT

where dQt/dt is the rate of heat release per unit
volume, m is the Thomson coefficient, J is the
current density (a vector), and rT is the tem-
perature gradient (also a vector). Absorption
of heat (dQt/dt negative) occurs if the current
flow and thermal gradient vectors are parallel
and m is positive.
Of the three thermoelectric-effect coefficients,

the Thomson coefficient is the only one that can
be measured directly for a single material. The
three thermoelectric coefficients can be shown
to be interrelated by:

m ¼ T dS=dT

� ¼ TS

where T is the absolute temperature. Note that
these relationships of the Thomson coefficient
to the other thermoelectric coefficients (which
really are only measureable in pairs), allow
values of S and P for single materials to be
tabulated without arbitrarily defining one mate-
rial to be of zero potential.
Relative Contributions of Joule, Peltier,

and Thomson Effects. Given these three effects,
what are their relative contributions for typical
RW scenarios? Because the Peltier effect is two
dimensional and the Joule and Thomson effects
are three dimensional, it is difficult to compare
all three directly. It is possible to compare the
Joule and Thomson effects, because they can be
combined into a single equation relating rate of
heat production per unit volume to current:

dQ=dt ¼ rJ2 � mJ � rT

or alternatively:

dQ=dt ¼ JðrJ � mrTÞ

Typical values of r range from �1 to �100
mOcm for metals (Ref 4), with copper at room
temperature having a value of 1.6 and iron at
1000 �C (1830 �F) having a value of 110 (data
beyond 1000 �C are hard to obtain). With typi-
cal welding currents, J has values in the range
of 10 to 100 kA/cm2 (Ref 5), and the product
rJ would then tend to range between 0.01 and
10 V/cm. Likewise, the absolute value of m typ-
ically ranges from approximately 1.5 to 35 mV/
K, while the temperature gradient (rT) ranges
from 0 to approximately 50,000 K/cm, and the
product can vary from zero to �1.5 V/cm.
Comparing the relative sizes of these two pro-

ducts, it is seen that under certain circumstances

the Joule heating can overwhelm the Thomson
heating (or cooling), while in others the two
can be comparable in magnitude. Because the
Thomson coefficient (m) and resistivity (r) are
both of approximately the same magnitudes for
common metals, whichever of the two is
larger—current density or thermal gradient—
will determine which effect predominates.
Another important consideration is that both
effects cause voltage drops, which must be
isolated when trying to measure apparent resis-
tance across a weld. In symmetrical geometries
with differential measurements, the Thomson
effect voltage should cancel; however, the Pel-
tier effect may cause asymmetrical thermal gra-
dients in apparently symmetrical geometries.
To compare the Joule and Peltier effects, it is

necessary to realize that the Peltier heat is not a
function of the volume of the material that the
current is flowing through. That is, if a given cur-
rent density flows through two sheets of steel, one
of which is 10 cm (4 in.) thick and the other 1 cm
(0.4 in.), the Joule heat released will be 10 times
as great in the former. On the other hand, if the
two sheets are different materials and a Peltier
effect occurs, it will be the same no matter how
thick the materials are. Thus, a good comparison
between Joule and Peltier heating is to find the
thickness of materials needed to release the same
amount of energy via either mechanism. This is
expressed by the equality:

dQp=dt ðin J=cm2�s
	

�

�

�

� ¼ dQj=dt in J=cm3�s
� 	

�z

where Dz is the overall couple thickness in cen-
timeters, or alternatively:

�abJj j ¼ J2ðra�za þ rb�zbÞ ¼ J2ðra þ rbÞ�z=2

where the subscripts refer to the two materials
in the couple (each of equal thickness), and
thus:

�ab ¼ J ra þ rbð Þ�z=2

and finally:

�z ¼ 2 �ab=½J ra þ rbð Þ�

Picking a couple made of iron-copper, at 0 and
1000 �C (32 and 1830 �F) the appropriate con-
stants and calculated Dz values are compiled in
Table 1.
It is seen that while the thicknesses calculated

are small, they are nonnegligible. Also, the thick-
ness is inversely proportional to current density.
For the example chosen, it appears that the effect
decreases at elevated temperatures; this is not nec-
essarily always the case. As a counterexample,
choose a nickel-molybdenum couple, both of
which have relatively large (and opposite sign)
Peltier coefficients. The appropriate constants
and calculated Dz values are compiled in Table 2.
At 1000 �C (1830 �F), the Peltier heat for this cou-
ple is approximately twice as important as at 0 �C
(32 �F). Again, note that the Peltier effect coeffi-
cient has units of a voltage, and it too can lead to
measurement errors in nonsymmetrical situations.
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Example 1 (Automotive). As an example
illustrating all three effects, consider the case
where two sheets of 1 mm (0.04 in.) thick
low-carbon steel are to be joined. This is typical
of an industrial sheet-metal-type weld (although
a direct current power supply is assumed, rather
than the more typical alternating current).
The Resistance Welder Manufacturers’ Asso-

ciation’s (RWMA) recommended practice (Ref
6) suggests an electrode contact spot of 0.635
cm (0.25 in.) diameter, 10 cycles of weld cur-
rent of 9500 A, use of RWMA class 2 electro-
des, and 2200 N (500 lbf) electrode force.
This corresponds to a current density of
30,000 A/cm2. There are no data for the ther-
moelectric coefficients of class 2 electrode
material, so the data for pure copper are used.
Similarly, the data for pure iron instead
of low-carbon steel are used. In Fig. 1 and
Table 3, values of heat generation are calcu-
lated for volumes of 1 cm2 (0.16 in.2) cross sec-
tion of the appropriate thickness. Only the left
half of the weld geometry is pictured. The right
half should be symmetric for the Joule effect
and antisymmetric for the Peltier and Thomson
effects. Temperature distributions are assumed,
and calculations of heat effects are made at
three points in time during the weld.
At the beginning of the weld (Fig. 1), the ini-

tial temperature is uniform at 0 �C (32 �F). At
the start of melting, a linear temperature distri-
bution exists between the central temperature at
1500 �C (2730 �F) and the electrode/material
interface at 200 �C (390 �F). This then reduces
linearly to 0 �C (32 �F) in the electrode material
over a distance of 6.35 mm (0.25 in.). At the
end of current flow, the melting isotherm is
located 3/4 of the part thickness from the center-
line (the fusion zone is considered to be isother-
mal at 1500 �C, or 2730 �F), the electrode/
material interface is at 400 �C (750 �F), and a
linear temperature gradient exists between these
points. The electrode material is again assumed

to cool linearly with a distance to 0 �C (32 �F)
over 6.35 mm (0.25 in.).
The temperatures chosen at the electrode/part

interface correspond to available data (Ref 7).
Positive current is assumed to flow from left
to right. A negative sign in Table 3 implies that
heat is absorbed; positive indicates that heat is
generated. The actual values used for the
Thomson and Joule coefficients are averages
over the temperature ranges applicable. If the
coefficient was not well behaved (i.e., not con-
tinuous), an interval over which an average
value was computed is noted. Wherever a cal-
culation temperature exceeds 1000 �C (1830
�F), it has been extrapolated by curve fitting
(except for the resistivity of iron).
Note that the signs of all Peltier and Thom-

son terms are reversed on the other side of the
center line (CL) and that there is no Peltier
effect at the iron/iron interface. Also note that
because of the nonmonotonic temperature
dependencies of the Peltier and Thomson coef-
ficients of iron, the Peltier and Thomson heat
effect behave in a complex manner with tem-
perature. Observing the results in Table 3, it is
clear that the Joule effect is quite dominant
under all conditions, with the thermoelectric
effects never constituting more than a relatively
small fraction of the overall heat production.
From the viewpoint of efficiency, it is interest-
ing to note that at the beginning of the weld,
more heat is generated in the electrodes than
in the weldment. (This is why RW electrodes
are often water cooled.)
Example 2 (Battery Terminal). Another

example, typical of an electrical interconnec-
tion, is a 0.1 mm (0.004 in.) nickel ribbon being
joined to a 3 mm (0.12 in.) diameter by 4 mm
(0.16 in.) high molybdenum terminal pin (typi-
cal of a long-life, lithium-containing, D-sized
battery). Experiments designed to develop a
weld schedule for this connection suggest that
a current of 1800 A through an electrode

contact spot 2 mm (0.08 in.) in diameter
(�60,000 A/cm2) for a time period of 20 ms
will yield successful welds. A molybdenum
electrode (negative polarity) contacts the nickel
ribbon, and a copper alloy electrode contacts
the molybdenum pin. An electrode force of 50
N (11 lbf) is used.
Because the weld geometry is not symmetri-

cal, the entire geometrical sequence is shown in
Table 4. Again, the values of power are calcu-
lated per cm2 cross section of appropriate
length, with temperatures assumed as follows.
Initially, a uniform temperature of 0 �C (32
�F) exists; at the start of melting, the nickel/
molybdenum weld interface is at 1450 �C
(2640 �F), while the molybdenum/nickel elec-
trode interface is at 1000 �C (1830 �F), and
the molybdenum/copper weld interface is at
425 �C (795 �F) (the electrodes linearly cool
to 0 �C over a distance of 5 mm, or 0.2 in.).
At the end of current flow, melting has propa-
gated from the nickel/molybdenum interface
into the nickel ribbon to a distance of 0.075
mm (0.003 in.), the molybdenum/nickel elec-
trode interface is at 1300 �C (2370 �F), and
the molybdenum/copper electrode remains at
425 �C (795 �F). Interpolations between the
points given are linear (Fig. 2), and the values
calculated refer to averaged coefficients over
the temperature ranges where gradients exist.
Wherever a calculation temperature exceeds
1000 �C (1830 �F), it has been extrapolated
by curve fitting (except for the resistivity of
molybdenum). These simplified assumptions
are based on some finite-difference calculations

Fig. 1 Example 1 geometry and thermal profiles

Table 2 Resistivities, Peltier coefficients, and calculated equivalent Joule heat thickness for
nickel-molybdenum couple

Metal

Coefficient

At 0 �C (32 �F) At 1000 �C (1830 �F)

r, mVcm P, mV Dz, cm r, mVcm P, mV Dz, cm

Ni 6.4 �4,870 . . . 48.1 �48,100 . . .
Mo 4.6 1,256 . . . 16.1 20,500 . . .
10,000 J, A/cm2 . . . . . . 0.11 . . . . . . 0.21
100,000 J, A/cm2 . . . . . . 0.01 . . . . . . 0.02

Table 1 Resistivities, Peltier coefficients, and calculated equivalent Joule heat thickness for
iron-copper couple

Metal

Coefficient

At 0 �C (32 �F) At 1000 �C (1830 �F)

r, mVcm P, mV Dz, cm r, mVcm P, mV Dz, cm

Fe 8.59 3,986 . . . 112 �8,020 . . .
Cu 1.56 467 . . . 9.3 8,990 . . .
10,000 J, A/cm2 . . . . . . 0.07 . . . . . . 0.028
100,000 J, A/cm2 . . . . . . 0.007 . . . . . . 0.0028
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(Ref 8), which were qualitatively verified by
metallography.
In comparison with example 1, these calcula-

tions are quite different. First, in contrast to the
automotive sheet steel, where the electrodes
were generally much better conductors than
the weldment, here one of the electrodes dissi-
pates nearly as much heat as the molybdenum
terminal. This is not surprising, because it is the
samematerial, sees approximately the same tem-
perature range, and is about the same length. The
data in Table 4 are not normalized for the electro-
des and terminal pin versus the nickel ribbon (5,
4, and 0.1 mm, or 0.20, 0.16, and 0.004 in.,
respectively), which makes it hard to see that
the Peltier and Thomson effects are really quite
significant in this case. Dividing the electrode
entries by 50 and the terminal pin entries by 40
does this, allowing the heating contributions to
be compared on an equivolume basis. Such a
comparison is fair only at the beginning, because
otherwise the resistivity change with tempera-
ture is not correctly factored in.
The resistivity values used to calculate the

electrode and terminal entries in Table 4 were
averaged over the temperature intervals shown
in Fig. 2, while the temperatures at the nickel/
molybdenum and molybdenum/nickel inter-
faces are much higher, and hence, the resistivity

used to calculate the Joule effect heating should
be higher. For the case of molybdenum, the
resistivity changes by approximately an order
of magnitude between 0 and 1450 �C (32 and
2640 �F). A reasonable comparison for the first
melt and end values can then be made by multi-
plying the “begin” value by the resistivity
change, with temperature divided by the thick-
ness disparity, 10�/50� (or 10�/40� for the
terminal) to see the Joule heating effect of
molybdenum at temperatures near the melting
point of nickel. For example, at the end of the
weld, it is calculated that approximately 1850
J/s of heat are being supplied by Joule heating
in a 0.1 mm (0.004 in.) thickness of the molyb-
denum electrode and terminal on either side of
the nickel ribbon. The nickel ribbon itself is
providing 6400 J/s of heat at the ribbon/termi-
nal interface and 5600 J/s of cooling at the elec-
trode/ribbon interface. It is clear that this will
have a substantial effect on the thermal balance.
The Thomson effect is also significant com-
pared to Joule heating before the thermal gradi-
ents in the nickel ribbon begin to diminish.
Effect of the Interfacial Resistance. The

interfacial resistance must also be considered
to complete the analysis. Data from Ref 5 sug-
gest that the surface contact resistivity for cop-
per alloy versus mild steel at room temperature

is on the order of 7.7 � 10�4 O/cm2 (1.25 �
10�4 O/in.2). This suggests that the initial heat-
ing rate at the surface (per cm2) for example 1 is
on the order of 700,000 J/s! This resistance
would correspond to that of an iron bar of 1
cm2 (0.16 in.2) area nearly 90 cm (35 in.) long.
Clearly, this rate cannot be sustained for long,
because the surface asperities that constrict the
current and are themain cause of surface resistiv-
ity will rapidly heat and collapse, causing the
surface resistivity to drop to a small value.
Nevertheless, it is clear that the early stages

of heating are overwhelmingly controlled by
surface resistance. The nickel-to-molybdenum
weld finite-difference calculations mentioned
earlier that incorporated the Joule and Peltier
effects also incorporated a surface resistivity
term. These results, plotted in Fig. 3, clearly
demonstrate the importance of both the surface
resistance and the Peltier effect. Temperature-
dependent physical properties were used,
except that the Seebeck coefficient (which con-
trols the Peltier coefficient) was held constant at
an average value. Additionally, the surface
resistivity (chosen as 100 mO/cm2) was set to
zero when the interface warmed to half the
homologous melting point.
The calculated interfacial temperatures (both

weld and electrode) show clearly that the initial
temperature rise is independent of the polarity
chosen, but that subsequent to reaching the
melting temperature, the Peltier effect becomes
evident. It was found that after the initial tran-
sient, the weld interface temperature for the
wrong choice of polarity was less than the elec-
trode interface temperature.

Electrode “Follow” Behavior

The second neglected fundamental discussed
here deals with the requirements for assuring
good electrode “follow” behavior. Normally,
the recommended design to achieve good fol-
low behavior involves the use of low-inertia
welding heads. In reality, because an RW head
acts like a sprung mass, much like an automo-
bile suspension system, a more complicated
specification involving damping is necessary.

Table 4 Calculated relative powers of thermoelectric and Joule effects for example 2

Phenomenon Time

Location

Mo electrode Interface

Ni
Weld

interface Mo Interface

Cu

electrodeSolid Liquid

Joule effect Begin 9300 J/s . . . 230 . . . . . . 7,400 . . . 2,800
1st
melt

33,000 . . . 2,000 . . . . . . 43,000 . . . 5,600

End 41,000 . . . 530 1,650 . . . 43,000 . . . 5,600
Peltier effect Begin . . . �370 . . . . . . 370 . . . �47 . . .

1st
melt

. . . �4100 . . . . . . 6,400 . . . �450 . . .

End . . . �5600 . . . . . . 6,400 . . . �450 . . .
Thomson
effect

Begin 0 . . . 0 . . . . . . 0 . . . 0
1st
melt

400 (0<T<760)
�90

(760<T<1000)

. . . �780 . . . . . . �370 (425<T<760)
1360

(760<T<1450)

. . . �70

End 400 (0<T<760)
�520

(760<T<1300)

. . . �220 . . . . . . �370 (425<T<760)
1360

(760<T<1450)

. . . �70

Fig. 2 Example 2 geometry and thermal profiles

Table 3 Calculated relative powers of thermoelectric and Joule effects for example 1

Effect Time

Location: CL

Cu electrode Interface

Fe

Solid Liquid

Joule Begin 890 J/s . . . 770 . . .
1st melt 960 . . . 3800 0
End 1670 . . . 1710 7500

Peltier Begin . . . �105 . . . . . .
1st melt . . . �34 . . . . . .
End . . . 157 . . . . . .

Thomson Begin 0 . . . 0 . . .
1st melt �12 . . . 176 (200�577 �C)

�195 (577�910 �C)
�157 (910�1500 �C)

0
. . .
. . .

End �30 . . . 31 (400�577 �C)
�195 (577�910 �C)
�157 (910�1500 �C)

0
. . .
. . .
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An appropriate analogy would be driving a
high-performance sports car on a bumpy road
with its shock absorbers (dampers) removed.
With this automotive analogy in mind, it is
clear that a low inertia is an insufficient design
requirement for acceptable follow in resistance
weld head design.
The dynamic model of a resistance weld

head is illustrated in the simplified schematic
of Fig. 4, showing the various masses, springs,
and bearings. For complex real systems, analyt-
ical calculation of the motion of a given point
or points is a complex and time-consuming pro-
cedure, even using available powerful finite-
element analysis programs. Indeed, sometimes
the best procedure is to perform an experimen-
tal modal analysis, and use the results to under-
stand the various motions possible, their
resonant frequencies, and their relative impor-
tance. This procedure, while involved, is
greatly facilitated by the computerized analysis
and modeling procedures now available to
vibration specialists.
Modal analyses on small welding heads were

far less common, certainly when the resistance
welders commonly used in industry were devel-
oped. However, by examining the dynamic
behavior of a simple linear single-degree-of-
freedom spring-mass-damper system, consider-
able insight can be gained into the behavior of
more complex systems. The mathematical anal-
ysis of such a system is well developed and
tractable yet exhibits much of the character of
the behavior of more complex systems. It is
often observed that in multiple-degree-of-free-
dom systems, the lowest-order modes are
dominant.
There are two important regimes in vibration

analysis: forced and free. Forced vibration
refers to a regime where the system is driven
by a periodic external force. If the periodic
force is sinusoidal, this is referred to as har-
monic motion. An alternating-current-type
welder, where current pulses occur at periodic
intervals, would exemplify this regime. Free

vibration refers to a situation where the system
is given some initial stimulus to which it
responds. A capacitive discharge or direct cur-
rent welder is more characteristic of this type.
Referring to the simple single-degree-of-free-

dom system, the simplest type of free vibration
to analyze is one where the system is removed
from equilibrium (by stretching or compressing
the spring) and then released. The solution of
Newton’s second law of motion in the form:

m � d2x=dt2
� 	þ b � dx=dtð Þ þ k � x ¼ 0

where m is mass, b is the damping coefficient, k
is the spring constant, and subject to the appro-
priate boundary conditions, will describe how
the system evolves with time. Many elementary
texts on differential equations, for example Ref
9, use this as an introductory example of
Laplace transformation solution methods.
The behavior of the system under conditions

of underdamping, critical damping, and over-
damping is shown in Fig. 5. While the rate of
return to the equilibrium condition is fastest
for the underdamped case, in many cases the
oscillation is undesirable. For an undamped
system, sinusoidal oscillation takes place at
the so-called natural frequency of the system,
which is given by:

fa ¼ 1=2pð Þ � k=mð Þ0:5

For cases where less than a critical amount of
damping takes place, oscillatory behavior still
takes place, but the system eventually returns to
equilibrium, and the damped natural frequency
is slightly modified by the damping term:

fd ¼ fnð1� 	2Þ0:5

where z = b/(2[k/m]0.5). It can be shown that
the logarithm of the ratio of successive ampli-
tudes (the so-called logarithmic decrement;
d = ln(Dx1/Dx2), where Dxi is the peak displace-
ment from equilibrium for swing “i” in a given
direction) can be used to conveniently measure
the damping in a system via the equation:

d ¼ ln �xi=�xiþ1ð Þ ¼ 2pz=½ð1� 	2Þ0:5�

which simplifies to d = 2pz for z � 0.3 or less.
When the critical amount of damping is pres-

ent (z = 1), oscillatory motion ceases, the sys-
tem returns to equilibrium in the shortest
period of time, and the natural frequency con-
cept becomes irrelevant. Higher values of
damping merely slow the return to equilibrium.
Measurement of a typical small RW head in the
author’s laboratory gave a value of z � 0.09.
The nextmost complex step involves shocking

a system initially at equilibrium. If the shock
involves applying a step function force (Fo), it
may be shown (Ref 10) that the system responds
as shown in Fig. 6. This situation is very close
to what happens in a resistance welder, except
that the force applied by the thermal expansion
of the sample is not a square wave, and it decays
to zero after some period of time. The ordinate
of Fig. 6 is expressed in multiples of the equilib-
rium static displacement that the step forcewould
produce. For insufficient damping, the dynamic
response is nearly twice the static displacement
that should result.

Fig. 4 Schematic of typical small resistance weld head
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Fig. 5 Free response of system with variable damping.
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Another important method of displaying the
resulting displacement of a system that has
been shocked is the response spectrum curve.
This shows the maximum displacement that will
occur sometime during the response of an
undamped single-degree-of-freedom system
(although it does not show actual displacement
versus time) as the time of application of the shock
varies with respect to the natural period (inverse
of the natural frequency) of the system. The
response spectrum diagram of a half-cycle sinu-
soid is shown in Fig. 7. It is clear that in order to
respond in an accurate manner (i.e., near the static
response value or ordinate = 1), onemust choose a
value of t/tn > 2.3. The value where t/tn = ⅓
apparently gives the correct response magnitude,
but it is delayed in time, with the response being
achieved long after the shock is over.
The implication of these diagrams (an excel-

lent compilation is given in Ref 11 along with
actual time response curves) is that the time of
application of the shock must be long with com-
parison to the natural period of response of the
system. Furthermore, gentler shocks are more
accurately followed, and the effect of damping
is generally positive in controlling the overshoot
of the system (as long as it is not excessive).
It has been know for many years in the field

of camshaft design that the third derivative of dis-
placement (sometimes called the “jerk”) must
be controlled (Ref 12) in order to have a position-
ally accurate motion control not prone to exces-
sive vibration. (By making the assumptions
of uniform I2R heating and R linearly increasing
with temperature, it is possible to relate expansion
versus time to current versus time, from which
it can be shown that the initial third derivative of
the displacement is proportional to the square
of the slope of current versus time.)
Also important is a cam ramp time that is

long in comparison to the natural period of the
cam follower mechanism, and a cam that is stiff
enough to resist the force applied to it by the
follower. Poor dynamic design of a cam and
follower can lead to follower “jumping” or loss
of control, even when the spring-loaded fol-
lower should be able to accelerate fast enough
to follow the nominal acceleration profile of

the cam. One other desirable feature is that
enough damping must be present to damp out
any vibrations generated before the system has
to actuate again (i.e., during the dwell time
when the cam is not actively controlling the
motion of the follower).
Returning to RW, capacitive-discharge-type

power supplies provide a very difficult shock
load for a mechanical system to follow. From
measurements made on a typical small welding
head, the compliance and mass of the upper
arm and its mounting slide result in a calculated
natural frequency of only 25 Hz. However, this
assumes that the slide carrying the upper elec-
trode can actually move during the period of
the weld. If one assumes a cantilever mount
(i.e., the slide mount essentially remains
motionless during the force application period)
and relies on the elastic deflection of the elec-
trode arm to follow the part expansion, then
the natural frequency calculated from beam the-
ory (Ref 10) is approximately 2.5 kHz. For a
load application period of a few (1 to 5) millise-
conds, this gives a ratio of t/tn of (0.001
to 0.005)/(1/2500) = 2.5 to 12.5, which is
excellent—excellent, that is, for a gentle half-
sinusoid load profile (or the even gentler classi-
cal cycloidal motion typical of camshafts).
However, the deflection that must be ac-
commodated by elastic bending of the electrode
holder will cause the opposed electrodes to lose
parallelism (similar to a rocker-type head,
which the slide-type head was supposed to
improve upon) and hence promote spatter
because of nonuniform loading of the pressur-
ized molten zone.
Even though forced vibrations have not been

discussed, it is clear that for alternating-current-
type power supplies, the natural mechanical
response frequency of the system must not be
too near twice the power frequency or any of
its harmonics if a resonance situation is to be
avoided. It is unfortunate that silicon-controlled
rectifiers do not chop the tails off of sinusoidal
current pulses rather than the beginnings,
because chopped alternating current pulses are
clearly not a gentle load to follow. Fortunately,
each one is a relatively small contribution to the
overall heat input.
To summarize, it is recommended that RW

power supply and head designers should take a
page from the book of camshaft designers. They
should attempt to better tailor the electrical pulse
(and the expansion resulting) to the capabilities
of the mechanical system that must control it.
Additionally, the effect of damping on the
mechanical response of a resistance weld head
needs to be further investigated if the initial mea-
surements of it are indicative of general practice.

ACKNOWLEDGMENTS

In this work on certain important but often
overlooked aspects of RW, the author of this

section would like to acknowledge, in particu-
lar, the assistance of A.J. Russo, for performing
finite-difference calculations incorporating the
Peltier and Thomson effects, and Arlo R. Nord,
for conducting experimental modal vibration
testing and analysis of small resistance weld
heads. Sandia National Laboratories is a multi-
program laboratory managed and operated by
Sandia Corporation, a wholly-owned subsidiary
of Lockheed Martin Corporation, for the U.S.
Department of Energy’s National Nuclear
Security Administration under contract DE-
AC04-94AL85000.

REFERENCES

1. “Recommended Practices for Resistance
Welding,” AWS C1.1, American Welding
Society, 2000

2. S. Scholz, An Investigation of the Influence
of the Peltier Effect on Resistance Welds,
Z. Angewand. Phys., Vol 12 (No. 3),
1960, p 111–117

3. F.J. Blatt, P.A. Schroeder, C.L. Foiles, and
D. Greig, Thermoelectric Power of Metals,
Plenum Press, New York, NY, 1976

4. K.-H. Hellwege and O. Madelung, Ed.,
Numerical Data and Functional Relation-
ships in Science and Technology, Landolt-
Bornstein, New Series, Group III; Crystal
and Solid State Physics, Vol 15, Metals:
Electronic Transport Phenomena,
Springer-Verlag, Berlin, 1982

5. H. Udin, E.R. Funk, and J. Wulff, Welding
for Engineers, John Wiley and Sons, Inc.,
New York, NY, 1954

6. D. Giroux et al., Ed., Resistance Welding
Manual, 4th ed., ResistanceWelderManufac-
turers’ Association, Philadelphia, PA, 1989

7. E.W. Kim and T.J. Eager, Measurement of
Transient Temperature Response during
Resistance Spot Welding, Weld. J. Res.
Suppl.,Vol 86 (No. 8), 1989, p 303-s to 312-s

8. A.J. Russo, Sandia National Laboratories,
Albuquerque, NM, private communica-
tions, July–Dec 1988

9. E.D. Rainville, Elementary Differential
Equations, 3rd ed., The Macmillan Co.,
New York, NY, 1964, p 212–224

10. W.T. Thomson, Theory of Vibration with
Applications, 3rd ed., Prentice Hall, Engle-
wood Cliffs, NJ, 1988, p 92

11. C.M. Harris and C.E. Crede, Chap. 8,
Shock and Vibration Handbook, 2nd ed.,
McGraw-Hill Book Co., New York, NY,
1976

12. M.P. Koster,Vibrations of CamMechanisms,
The Macmillan Press, Ltd., London, 1974

SELECTED REFERENCES

� L.P. Connor, Ed., Welding Handbook, Vol 2,
8th ed., American Welding Society, Miami,
FL, 1991

2.0

1.0

0 1 2 3

t1 / τ
4

t1

5 6

xk
F0

F0

( )max

Fig. 7 Response spectrum diagram to haversine force
input (shown inset). t is the natural period of

the system.

Introduction to Resistance Welding / 403



Resistance Welding Power Supplies
and Controls
Donald F. Maatz, Jr. and Tom Morrissett, RoMan Engineering Services

HEAT DURING RESISTANCE WELDING
is generated by the flow of electrical current
through the parts being joined. The main pro-
cess variables are welding current, welding
time, electrode force, and electrode material
and design. High welding currents are required
to resistance heat and melt the base metal in a
very short time. The time to make a single
resistance weld is usually less than 1 s. For
example, a typical practice for welding two
pieces of 1.6 mm (1/16 in.) mild steel sheet
requires a current of approximately 12,000 A
and a time of ¼ s, while 3.2 mm (1/8 in.) sheet
requires approximately 19,000 A and ½ s.
The function of the direct current (dc) power

source or alternating current (ac) transformer
for resistance welding is to deliver a predeter-
mined amplitude of current to the welding elec-
trodes that are clamping the workpiece. Current
flows from the power source to one electrode,
through the workpiece to the opposing elec-
trode, and returns to the power source. The
electrodes concentrate current into a small, usu-
ally circular area. The flow of this constricted
current generates heat, concentrated largely at
the interface(s) of the workpiece details to be
joined.

Heat Input

The rate of heating must be sufficiently
intense to cause local electrode/workpiece
interface melting. The opposed electrodes apply
a pressure and, when sufficient melting has
been achieved, the current is interrupted. Elec-
trode force is maintained while the molten
metal solidifies, producing a sound, strong
weld.
If both the local resistance of the workpiece

and the welding current magnitude were con-
stant, then the total quantity of heat, Q, devel-
oped in the workpiece would be given (in
joules) by:

Q ¼ I2Rt (Eq 1)

where I is the effective value of current in
amperes, R is the resistance of the workpiece
in ohms, and t is the duration of flow of current
in seconds.
However, the resistance is not constant. Con-

tact resistances decrease in magnitude, and the
bulk resistance of the work column increases
as its temperature rises. Furthermore, resistance
variations of the workpiece may cause varia-
tions in the current amplitude, depending on
the nature of the power source. Under these cir-
cumstances, the total quantity of heat, Q, is
given by:

Q ¼
X

t

0

i2r � dt (Eq 2)

where i is the instantaneous value of current
expressed as a function of time, and r is the
instantaneous resistance that is changing with
time, t.

Equipment

Equipment Selection. The design of resis-
tance welding machines resembles that of a
“C” frame press (Fig. 1). The power source

Fig. 1 Schematic showing primary components of a resistance welding machine



transformer secondary winding is connected to
the electrodes on cantilevered arms, one of which
provides for adjustable electrode force. Throat
depth is the distance from the frame to the
electrodes. Throat gap is the vertical distance
between the two parallel secondary conductors.
The total area of the secondary circuit (throat
depth times throat gap, also known as the loop
area) exerts a profound influence on output per-
formance of an ac-operated welder. Any increase
in inductance, whether due to geometry or mag-
netic materials within the secondary, will
degrade performance and lower the power factor.
Direct-current-operated welders are less suscep-
tible to the loop area circuit inductance but never-
theless exhibit limited inductance effects.
The input to resistance welding power sources

is usually 230 or 460 V utility power delivering
single-phase or three-phase ac at 60 Hz. All sys-
tems require transformers to step down the
line voltage to a relatively low value, with a pro-
portional increase in current. The simplest sys-
tems consist of a transformer connected to
single-phase power. More advanced sources pro-
duce a dc welding current through secondary
rectification.
Single-Phase Systems. A single-phase system

is shown in Fig. 2. The expected waveforms
and current paths are also shown in this figure.
Early single-phase systems employed ignitron
tubes rather than silicon-controlled rectifiers
(SCRs). The SCR began replacing ignitrons in
the automotive industry as early as the late
1960s. By the 1970s, feedback systems for sin-
gle-phase ac welders were available. A block

diagram for a single-phase ac welder with a
feedback system is shown in Fig. 3. The earliest
systems only employed local manual adjust-
ment and were not available with remote
adjustability, because this capability came
about only after plantwide networks came into
widespread usage. These early controls featured
feedback systems that were based on an elec-
tronic signal feedback, such as the so-called
dynamic resistance of the workpiece during
welding, or simply systems that maintained a
constant current or voltage at the workpiece.
Later systems included the ability to “close
the loop” around electrode displacement and
other mechanical signals as well as the previ-
ously available electronic signals.
Older Rectification Systems. Single-phase dc

systems have long been available. Figure 4
shows such a system and its expected wave-
forms for current and voltage at several places
within the circuitry. These systems are based
on ac weld controls, with the direct current
brought about by rectification at the secondary
of the welding transformer. The output current
from this approach provided a direct current
with a large “ac ripple,” as also shown in
Fig. 4. Welders with high secondary inductance
provide lower ac ripple.
In primary rectification systems, a special

three-phase transformer is designed with a very
large iron core. Each dc pulse is limited in dura-
tion, and each is reversed in polarity to prevent
saturation of the core. In the majority of applica-
tions, a weld is produced by a single impulse of
direct current. For heavy gages, a pulsation

welding strategy consisting of a series of dc
impulses of alternating polarity is separated by
“cool time.” The result is a very low-frequency
alternating current. Hence, the term frequency
converter is commonly applied to this type of
power source. Figure 5 shows a three-phase
half-wave primary rectified power source.
Secondary rectification systems are available

in single-phase full-wave, three-phase half-
wave, and three-phase full-wave forms; the lat-
ter is most commonly used. Three-phase full-
wave systems consist of three single-phase
transformers (or one three-phase transformer),
with rectifiers connected to the secondary wind-
ings (Fig. 6). With this system, current pulse
time is limited only by thermal considerations,
and polarity is fixed.
The energy efficiency of a resistance welder

depends on the efficiency of delivered energy
at the electrodes. Energy is dissipated in the
form of heat, because of resistance in the con-
ductors. The current, I, which produces the heat
of welding, is simply the secondary voltage
divided by the total machine impedance, Z, plus
that of the weld:

I ¼ E

Z
(Eq 3)

where Z is the vector sum of the resistance and
the reactance:

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 þ X2
p

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 þ ð!LÞ2
q

(Eq 4)

where R is the total resistance of the circuit, and
X = oL is the total reactance of the circuit
(where o equals 2pf, where f is frequency,
and L is the inductance).
Resistance welders designed for single-phase

utility power are lowest in investment cost but
highest in energy cost. The high-magnitude
alternating current results in large inductive
losses and a low power factor. Three-phase pri-
mary rectification and three-phase full-wave
secondary rectification power sources reduce
the power demand to approximately one-half
and operate at a higher power factor.
The rapidly pulsing weld zone temperature

inherent with a single-phase source is least
desirable from a welding standpoint. In addi-
tion, copper electrodes deform from clamping
impact, force, and heat, causing the occurrence
of “mushrooming” (an increase in electrode
contact area), which lowers current density.
Mushrooming also reduces resistance in the
current path. The welding current will increase
because current is controlled indirectly in resis-
tance welding machines by adjusting secondary
voltage (that is, increasing or decreasing con-
duction time). See Fig. 7 for an example of
changing conduction time. From Eq 3, a
decrease in impedance causes an increase in
the current. Therefore, all resistance in the work
path influences the current magnitude produced
by a given secondary voltage. This influence
is small if total system impedance is high but
significant if the system impedance is low.

Fig. 2 Schematic for a single-phase alternating current (ac) resistance welding control without feedback. CPU,
central processing unit; SCR, silicon-controlled rectifier
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A three-phase primary rectification system
exhibits the greatest degree of this self-compen-
sating effect, followed to a somewhat lesser
degree by the three-phase secondary rectifica-
tion category.
Finally, a thermoelectric effect is associated

with passing current from a copper alloy elec-
trode to a workpiece of a given material. This
phenomenon is important when welding alumi-
num or magnesium alloys with a single
impulse. Reversing the current polarity for each
successive weld, an inherent characteristic of
the three-phase primary rectification system,
provides the maximum electrode life between
dressings.

Fig. 3 Schematic for a single-phase alternating current (ac) resistance welding control with feedback. CPU, central
processing unit; SCR, silicon-controlled rectifier

Fig. 4 Schematic for a single-phase direct current (dc) resistance welding control with feedback. ac, alternating
current; CPU, central processing unit; SCR, silicon-controlled rectifier

Fig. 5 Circuit diagram of three-phase half-wave
resistance welding power source with

primary rectification

Fig. 6 Circuit diagram of three-phase full-wave
resistance welding power source with

secondary rectification
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Newer Systems. Since the early-to-mid-
1980s, newer technology has appeared that
has transformed resistance welding control.
Automatic voltage compensation (AVC, but
known by many names) was one of the earliest
feedback-type systems to be applied to large
numbers of welding controls. Voltage compen-
sation enables the welding control to take
action when the input line voltage to the welder
varies during the period welding is to be per-
formed. Waveform 1 of Fig. 7 portrays the
expected welding situation, where line voltage
is shown as being 480 Vac, and the weld cur-
rent driven in the welding transformer second-
ary is assumed to be “X” amperes. Waveform
2 shows an assumed instantaneous line voltage
drop of 10%, resulting in weld current also
dropping 10%. The AVC capability of a weld
control monitors the input voltage and, in the

event of a short- or long-term voltage change,
compensates for a loss (or rise) in anticipated
welding current magnitude by changing the
time period during which primary current is
conducted through the welding transformer. In
waveforms 1 and 2, the assumed conduction
time is “A,” meaning that for each half-cycle
of weld time, the device that conducts current
into the primary of the welding transformer will
be on for a period equal to time “A.” In wave-
form 3, the weld control, sensing the drop in
input voltage, has increased this time to a level
greater than “A,” resulting in a longer half-
cycle current duration but with a peak current
level less than had been observed in waveform
1. The purpose of increasing the conduction
time is to provide a root mean square (rms) cur-
rent in waveform 3 that is equal to the rms cur-
rent in waveform 1. In practice, this means that

the area under the current waveforms in wave-
form 1 and waveform 3 have equal areas.
By the mid-1980s, medium-frequency direct

current (MFDC) controls were available. These
controls provide direct current rather than the
heretofore typical alternating welding current
(Fig. 8). The MFDC name refers to the fact that
a medium frequency (400 to 1200 Hz) is
derived from the rectified three-phase power
lines by using an inverter to generate an ac
waveform. The medium-frequency waveform
is then supplied to a specially wound welding
transformer, which itself has a rectified second-
ary output, thus providing a dc welding current.
Figure 8 shows the waveforms associated with
each section of an MFDC welder.
Typically, MFDC welding controls also

incorporate a feedback mechanism called con-
stant current (CC) control. The CC responds
to the actual current measurement in either the
welding transformer primary or secondary cir-
cuit and can respond to dynamic changes in
welding loop ac impedance (resistance to cur-
rent flow in an ac circuit) or resistance in a dc
welding loop. The AVC can monitor and
respond only to the welding controls input volt-
age and is more limited in scope than the CC
feedback system.
The CC level is usually entered into the weld

control by the user as a setpoint. The setpoint
can be manually entered but may be remotely
entered by supervisory equipment, such as a
programmable controller, robots, or other digi-
tal control systems/networks. The CC feedback
system functions by comparing either the pri-
mary or secondary welding transformer current
with the desired current setpoint (Fig. 9). If the
measured weld current is below the control set-
point current level, the control automatically
increases the output to force the measured cur-
rent to match the setpoint current. Various weld
control manufacturers use different software
algorithms to achieve this result, and algorithms
vary from relatively simple to rather complex.
The advantage of CC lies in the fact that

power developed in the weld varies at the
square of the welding current level. Therefore,
a 10% drop from the required welding current
level, if not corrected, will result in a 19% drop
in weld power.
Constant current may also be used on ac

weld controls, but the method suffers somewhat
due to the limitations imposed by 60 Hz weld
current adjustment. Typically, several weld
cycles (16.67 ms per cycle at 60 Hz) must be
measured prior to taking current modification
action, and if the weld time is short (say 6 to
7 cycles), there is little time over which the
control can compensate the measured current
to match the setpoint current. Aggressive con-
trol action, such as attempting to achieve the
desired current in a limited number of cycles,
may cause overshoot (i.e., weld current in
excess of the setpoint level) and hunting, where
the weld current oscillates above and below the
setpoint level. A nonaggressive algorithm may
result in not achieving parity between current

Fig. 7 Automatic voltage compensation example. Vac, volts alternating current; rms, root mean square
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measurement and setpoint within the weld time
used to perform the weld. Because each weld
control supplier typically has a proprietary
method for adjusting their CC algorithm, minor
differences in response may be expected.
Duty Cycle. Resistance welding is inherently

an intermittent process with a series of very
short current periods followed by “off” or
“cool” periods. Therefore, this type of power
source is rated on a 50% duty cycle and a 1
min integrating period. The relationship
between kVA rating at 50% duty cycle and
kVA demand at actual duty cycle is as follows:

kVA50% ¼ kVADemand

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 � ðD:C:Þ
p

(Eq 5)

where D.C. is the duty cycle in percent, entered
in the form of a decimal. Duty cycle is defined
by:

D:C: ¼ N � T
60 � f (Eq 6)

where N is the number of welds per minute, T is
the weld time in cycles, and f is the frequency
in hertz.

Fig. 8 Medium-frequency direct current (MFDC) resistance welding control block diagram and waveforms without
feedback. CPU, central processing unit; ac, alternating current

Fig. 9 Medium-frequency direct current (MFDC) resistance welding control with feedback. CPU, central processing
unit
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Resistance Spot Welding
Murali D. Tumuluru, United States Steel Corporation

RESISTANCE SPOT WELDING (RSW) is
a process in which faying surfaces are joined
in one or more spots by the heat generated by
resistance to the flow of electric current through
workpieces that are held together under force
by electrodes. The contacting surfaces in the
region of current concentration are heated by a
short-time pulse of low-voltage, high-amperage
current to form a fused nugget of weld metal
(Fig. 1). When the flow of current ceases, the
electrode force is maintained while the weld
metal rapidly cools and solidifies. The electro-
des are retracted after each weld, which usually
is completed in a fraction of a second.
In RSW, the weld nugget (melted and resoli-

difed region) forms at the faying surfaces
(Fig. 1) but does not extend completely to the
outer surfaces. The weld should be at a sufficient
distance from the edge of the workpiece (edge
distance) so that there is enough base metal to
withstand the electrode force and to ensure that
the local distortion duringwelding does not allow
expulsion of metal from the weld.
Resistance spot welding is a common form

of resistance welding. Most ferrous alloys can
be resistance spot welded if the appropriate
equipment is used with suitable welding condi-
tions. This is particularly true for thin sheet or
strip steel products, whether uncoated or
coated. Weldability and the thickness of the
metals joined are key factors in determining
whether two materials can be resistance spot

welded. Many nonferrous alloys can be resis-
tance spot welded also, as indicated in Table 1.
Spot welding is the most widely used joining

technique for the assembly of sheet metal pro-
ducts, such as automotive body-in-white assem-
blies, domestic appliances, furniture, building
products, enclosures, and, to a limited extent,
aircraft components. Many assemblies of two
or more sheet metal stampings that do not
require gastight or liquidtight joints can be
more economically joined by high-speed RSW
than by mechanical methods. Containers fre-
quently are spot welded. The attachment of
braces, brackets, pads, or clips to formed sheet
metal parts such as cases, covers, bases, or trays
is another common application of RSW.
Major advantages of spot welding include

high operating speeds and suitability for auto-
mation and inclusion in high-production assem-
bly lines as well as other manufacturing
operations. Repetitive spot welding can be car-
ried out by the use of robots, as is commonly
done in automotive assembly plants. With auto-
matic control of current, timing, and electrode
force, sound spot welds can be produced con-
sistently at high production rates and low unit
labor costs using semiskilled operators. How-
ever, RSW is primarily used for sheet products
generally ranging in thickness from 0.7 to 3
mm (0.03 to 0.12 in.). For RSW, accessibility
from both sides of the joint is essential to be
able to hold the workpieces and pass current

for welding. On-line nondestructive testing of
resistance spot welds is still unreliable, and
methods for nondestructive testing of joints
are still evolving.

Process Description

The four basic resistance welding processes
(spot, projection, seam, and flash welding) are

Fig. 1 Cross-sectional sketch of resistance spot
welding of two sheets

Table 1 Relative weldability ratings of selected metal and alloy combinations used for resistance spot welding operations
A, excellent; B, good; C, fair; D, poor; E, very poor; F, impractical

Metals Aluminum Stainless steel Brass Copper Galvanized iron Steel Lead Monel Nickel Nichrome Tinplate Zinc Phosphor bronze Nickel silver Terneplate

Aluminum B E D E C . . . E D D D C C C F C
Stainless steel F A E E B A F C C C B F D D B
Brass D E C D D D F C C C D E C C D
Copper E E D F E E E D D D E E C C E
Galvanized iron C B D E B B D C C C B C D E B
Steel D A D E B A E C C C B F C D A
Lead E F F E D E C E E E . . . C E E D
Monel D C C D C C E A B B C F C B C
Nickel D C C D C C E B A B C F C B C
Nichrome D C C D C C E B B A C F D B C
Tinplate C B D E B B . . . C C C C C D D C
Zinc C E E E C F C F F F C C D F C
Phosphor bronze C D C C D C E C C D D D B B D
Nickel silver F D C C E D E B B B D F B A D
Terneplate C B D E B A D C C C C C D D B



based on electrical resistance to build up the
heat necessary to produce a weld. For a given
current, the amount of heating is proportional
to the electrical resistance (R) of the conductor,
as shown in Fig. 2. Heating is greatest at the
interface of the two surfaces being joined,
because the resistance at the interface (Ri) is
larger than the resistance of the metal (Rm) or
at the surface contact resistance (Rc) between
the metal and electrode. Heating of metals also
typically increases resistivity and thus promotes
more rapid heating.
In spot welding, the size and shape of the

electrodes determine the size, shape, and

position of the weld nugget. For example, if
the two electrodes have identical face diameter
between two workpieces of equal thickness, the
weld nugget forms exactly at the interface
between the workpieces, and electrode indenta-
tion is equal on both sides (Fig. 3a). In contrast,
if the upper electrode face has a large, flat area
compared to the lower electrode face, current
density on the top surface is reduced. This
reduces the heating effect of the top electrode
and concentrates the center of heating and the
resultant weld nugget toward the smaller elec-
trode face (Fig. 3b). Such a weld nugget may
be appropriate if the top surface were an

appearance piece requiring minimum electrode
indentation.
In another situation, heat imbalance is used

to improve welds on workpieces of unequal
thickness (Fig. 4). The lower electrode face is
smaller than the upper, which ensures that the
weld nugget will grow into the thinner work-
piece. Without such imbalance, the nugget
may grow entirely in the thicker of the two
workpieces. Thus, various methods of spot
welding are available to ensure solid welds
despite the configuration of the workpieces.
The simplest type of spot weld is a direct,

single-spot weld (Fig. 5). In a direct weld, the

Fig. 2 Resistance and heating profiles in spot welding. (a) The larger resistance at the interface (Ri) results in (b) greater heating and melting for a fusion weld at the interface
between the two workpieces. Rc, surface contact resistance; Rm, resistance of the metal

Fig. 3 Effect of electrode diameter on locations of heating zone. (a) Heating zone at midway between electrodes of equal diameter. (b) Heating zone concentrated toward the
smaller-diameter electrode
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welding current flows from the transformer to
the electrode, through the weld to the second
electrode, then back to the transformer. If the
electrode cannot reach the bottom side of a
workpiece, the one side of the transformer or
an electrode may be connected to a mandrel
or shunt bar, as shown in Fig. 5(b) and (c).
A series of direct spot welds also can be done

when the two electrodes are connected to oppo-
site ends of the transformer secondary but both
contact the same workpiece (Fig. 6). Two welds
are formed simultaneously with the same weld
current. The current flows from one weld to
the other through a copper shunt bar located
below the lower workpiece. Series spot welds
are done if the welding guns cannot reach the
bottom side of a workpiece.
The disadvantage of a series weld occurs

when the thicker section acts as the shunt
(Fig. 6b) in dissimilar gage joining. Sixteen-
gage steel sheet (1.52 mm, or 0.0598 in.) or
heavier metal conducts too much of the second-
ary current through the top sheet, never allow-
ing it to reach the weld interface to form a
weld. This shunt current creates undesirable
surface heating at the electrodes. Series welding
is appropriate only for steel sheet metal of 18
gage (1.2 mm, or 0.0473 in.) or less. Therefore,
when the top sheet is sixteen gage or heavier,
indirect welding is used (Fig. 7). The heat bal-
ance during indirect welding is not as good as
that in direct welding, but the method avoids
the critical imbalance of series welding.

Equipment

The equipment needed for RSW can be sim-
ple and inexpensive or complex and costly,
depending on the degree of automation. Spot
welding machines are composed of three princi-
pal elements:

� Electrical circuit: Consists of a welding
transformer, tap switch, and a secondary
circuit

� Control circuit: Initiates and times the dura-
tion of current flow and regulates the weld-
ing current

� Mechanical system: Consists of the frame,
fixtures, and other devices that hold and
clamp the workpiece and apply the welding
force

Specifications for resistance welding equipment
have been standardized by the Resistance
Welding Manufacturers Alliance (RWMA),
which is a subcommittee of the American
Welding Society. The RWMA also issues spe-
cifications for resistance welding equipment.
The transformer used in direct energy resis-

tance delivers the power to the workpiece by
changing the input high-voltage, low-amperage,
alternating current (ac) in the primary winding
to a low-voltage, high-amperage current in the
secondary winding (Fig. 8a). This system forms
the basis of pedestal, or gun-type, welding
machines, where the output of the secondary
transformer is applied directly to the welding
electrodes.
More complex secondary circuits and elec-

trode configurations are for making single or
multiple welds with multiwelder machines
(see subsequent information). Multiwelder
machines are used in various high-production
industries, such as automotive or appliance
and sheet metal assembly (Fig. 9). To minimize
the size and cost of multiwelders, transformers
can be designed with two or more secondary
circuits supplied from the same primary circuit.
This design is achieved by using transformers
in which the primary current is supplied to
two or more separate secondary windings.
Split or multiple secondary transformers are

generally used to produce four or more welds
at the same time. One controller is used for con-
trol of the timing and current supplied to the
electrode, which means that it is not possible,
under these circumstances, to achieve individ-
ual control or setting of the welding conditions
for each pair of welding electrodes. Difficulties
can arise in optimizing the necessary welding
conditions to maximize the electrode life for
each welding station under these conditions. In
addition, the possibility exists for developing
shunt currents, or an out-of-balance welding
current, between each secondary circuit.
Power Supplies. Midfrequency direct cur-

rent (MFDC) is the newest type of power
source being used in the resistance welding
industry. The frequency used in an MFDC
power source is normally 1000 to 1200 Hz.
The transformer secondary has diodes thatFig. 4 Smaller electrode diameter to concentrate

welding zone closer to a thinner section

Fig. 5 Direct spot welding of single welds. (a) Electrodes directly above and below the weld zone. (b, c) Direct weld
with conduction through a platen

Fig. 6 Series direct spot weld. (a) Good conduction
through the shunt and formation of two

welds. (b) Current shunting in heavier-gage top section,
which prevents weld formation and causes overheating
at the contact points of the two electrodes

Fig. 7 Indirect spot weld. Current flows along the
length of the bottom section (rather than

through it, as in the case of direct spot welds).
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convert current to 1000 to 1200 Hz direct cur-
rent (dc) for welding. This type of power source
was developed to reduce the size of the welding
transformer, so that it could be incorporated
into a welding gun that would go on the end
of a robot. The reduction in the transformer size
allows smaller robots to be used and improves
the electrical efficiency over a standard 60 Hz
ac power source. The improved electrical effi-
ciency accounts for the popularity of MFDC
power sources, especially in countries where

power is expensive. The higher frequency
makes better use of the transformer core, result-
ing in smaller-sized (therefore lighter)
transformers.
An advantage of MFDC power sources is

that the welding control cuts the waveform at
a higher frequency. This allows for adjustment
in the firing angle 20 times more often than in
a 60 Hz system. The disadvantages of MFDC
power sources are high cost and power limita-
tions, both of which are improving every year.
Seam welding is now becoming possible where
spot welding had been the capability from a
duty-cycle standpoint.
Secondary Impedance. The electrical char-

acteristics of a spot welding machine are best
defined in terms of their effect on the imped-
ance of the secondary circuit. The latter is com-
posed of two components:

� Reactance: Determined primarily by the
depth and height of the throat of the machine
and the amount of steel in the throat.
Another critical factor is the frequency of
the applied current.

� Resistance: Depends on the length and cross
section of the conductors. Conductor mate-
rial and operating temperature must also be
considered.

Cables can be classified into three types: air-
cooled jumper cables, water-cooled jumper
cables, and kickless cables. In any application,
it is necessary to ensure that the type and
dimensions of cables are chosen to achieve the
best balance between the total circuit resistance
and the electrode life to be obtained with a mul-
tiple spot welder.

Single-Weld Configurations

Most pedestal and portable gun-welding
machines employ direct welding, where the cur-
rent flows directly through the welding electro-
des and the workpiece to produce a single weld.
In areas of difficult access, indirect welding
may be necessary. Indirect welding is generally
used when welding is carried out using either sta-
tionary or indexing welding guns and when
access to the sheets being welded is limited to
one side. In this case, the backing electrode gen-
erally consists of a large bar or platen, and the
welding current flows from one side of the trans-
former secondary to the active electrode, through
the welded area, and then along the platen/bar
electrode or connecting jumper cable to the
dummyelectrode,which is connected to the other
leg of the transformer secondary.
Higher welding currents are generally neces-

sary when using dummy welding guns, which
can lead to a shorter electrode life. The extent to
which larger currents are required depends
largely on the distance between the welding elec-
trode and the dummy return electrode. In a multi-
welder, this distance can be either fixed or
variable, depending on whether a stationary or
indexing head is used. Both types of welding
heads can lead to losses due to stray current paths
and extensive shunting of the current through jigs
and fixtures. These factors must be considered in
any design concept for a multiwelder station.

Two-Weld Configurations

Because of the need to minimize the number
of transformers and the overall size and cost of

Fig. 8 Pedestal spot welder. (a) Schematic of primary
and secondary transformer coils. (b) General-

purpose welder (Resistance Welding Manufacturers
Alliance size 0) with welding current up to
approximately 35,000 A and step switch to provide
various secondary voltages. Courtesy of R. Matteson,
Taylor Winfield Technologies

Fig. 9 Multigun welder with small double- and triple-piston air-operated guns and compact package transformers.
Courtesy of R. Matteson, Taylor Winfield Technologies
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a multiwelder, it is necessary to use configura-
tions whereby two welds are made in one stroke
of an electrode. Parallel, series, or push-pull
welding configurations are used for this
purpose.
In parallel welding, two or more direct

welds, usually closely spaced, are made simul-
taneously with all upper electrodes connected
to one side of the transformer and all bottom
electrodes connected to the other side of the
transformer (Fig. 10). Parallel welding has the
advantage of lower shunt currents, thereby
allowing shorter interweld spacings to be used.
However, if two or more circuits are fed from
a common transformer secondary winding, the
current in each circuit will not be equal unless
the impedances of each circuit are identical.
This is often difficult to achieve in practice,
and the electrode life obtained can therefore
be different for each of the electrode pairs
connected to the same transformer.
Series and Push-Pull Welding. As noted,

two simultaneous welds can also be produced
by means of series welding in which the sec-
ondary circuit is connected to two contoured
electrodes that contact the workpiece from the
same side, and a current backup bar/platen is
used on the reverse side (Fig. 6a). Series spot
welding circuitry ordinarily requires a large
secondary loop because of the need for con-
ducting the welding current around the large
working area.
When direct welds are needed in the

center of a deep workpiece, a set of transfor-
mers is used in a push-pull configuration
(Fig. 11). The upper set of transformers
matches the lower set, and it eliminates the
need for long cable loops to the electrodes,
resulting in lower secondary impedance. A lon-
ger electrode life can be obtained in push-pull
welding compared to series welding.
It should also be noted that current shunting

(Fig. 6b) between the electrodes occurs in both
series and push-pull welding configurations, but
to a lower extent in the latter. The magnitude of
the shunt currents depends on interelectrode

distance and the type of material being welded.
In all cases, current shunting will lead to a
lower electrode life when welding zinc-coated
steels, due to the need to use higher welding
currents to compensate for the shunt currents
(this can also lead to additional electrode stick-
ing problems) and to the rapid falloff in weld
size that occurs under conditions where current
compensation is insufficient or nonexistent.
To some extent, the effects of both high sec-

ondary circuit impedance and current shunting
can be overcome by using a constant-current
facility fitted into the welding machine control
circuit, but there is a limit to the effectiveness
of these controls in a production situation. In
addition, dc welding systems can be used in
which secondary inductance/reactance effects
are minimized. However, the effectiveness of
using dc depends on the method used to
develop the dc waveform and on the extent of
the superimposed ac ripple on the dc waveform.

Machine Construction

Welding operations in highly automated pro-
duction lines are based primarily on multiple
spot welders and robotic cells. In addition,
manual welding operations can be used to man-
ufacture either subassemblies, which are fed
into the main production/assembly lines, or, in
many instances, finished products. These differ-
ing end uses require welding machines of vary-
ing designs and characteristics. The RSW
machines can be divided into three basic types:

� Pedestal-type welding machines
� Portable welding guns
� Multiple spot welding machines incorporat-

ing lightweight gun welding units

Pedestal-type welding machines form the
basis of most resistance spot or projection
welding operations. Standard machines are
either of the rocker arm type, as determined
by the rocker action of the moving upper

electrode arm, or stationary, direct-acting
machines. The latter outnumber the former
because rocker arm machines are difficult to
align due to the movement of the electrode in
an arc motion. As the electrode wears, various
skidding actions can be created between the
upper and lower welding electrodes, depending
on the extent of the electrode wear. This can
change the point at which the electrodes meet
relative to the fulcrum point of the moving
arm. If the electrodes meet at a point above
the fulcrum point, they have a tendency to slide
outward from the machine. On the other hand,
if the electrodes meet on a line below the ful-
crum of the moving arm, the electrodes show
a tendency to slide inward toward the machine.
These relative movements can be different
between the top and bottom electrodes, a conse-
quence of which is a reduction in electrode life,
particularly if welding coated steels. Other
advantages of direct-acting machines include a
lower electrode assembly mass, faster “fol-
lowup” during welding, and a degree of rigidity
that is impossible to obtain with an ordinary
rocker arm machine. Press-type direct-acting
machines have an upper electrode and welding
head that move vertically in a straight line.
The welding head is guided in bearings or
guideways of sufficient proportion to withstand
the offset loads imposed upon them. All of
these factors tend to increase the electrode life
obtained in a particular welding cell.
Portable welding guns are used in RSW

when it is impractical or inconvenient to trans-
port the work to the machine. The portable
welding gun consists of water-cooled electrode
holders, an air or hydraulic actuating cylinder,
hand grips, and an initiating switch. The gun
usually is suspended from an adjustable balanc-
ing unit, and the welding force is supplied by an
air cylinder. Because of the high secondary
losses of portable machines, transformers used
in these machines have a secondary voltage
two to four times as great as the voltage of
transformers used in stationary machines of
equal rating.

Fig. 10 Parallel welding for multiple spot welds with one transformer connected to multiple electrodes
Fig. 11 Two sets of push-pull transformer

arrangements for direct spot welding
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Welding current is transmitted between the
transformer terminals and gun terminals
through a secondary cable, usually of the low-
impedance or kickless type. The reactance of
this type of cable is near zero, which results in
a high power factor and reduced kilovolt-
ampere demand. For safety reasons, the current
initiating switch is usually operated at low volt-
age. Recent developments in encapsulated
transformers and high-speed fail-safe devices
enable the transformer to be integral with the
welding gun. This results in lower secondary
losses and is particularly preferred in robotic
applications.
Gun welders typical of portable manually

operated and robotic welding cells can be
classified into two basic types:

� S-type (scissors)
� J-type (direct action or C/J type)

Two important features that influence the
performance of these types of welding guns
are the rate of force buildup and the extent to
which the arms of the gun deflect under load.
These features characterize the welding gun in
terms of rigidity and the mechanics involved
in their operation. An S-type gun uses a lever
action to transmit the force applied by the cyl-
inder head to the welding electrodes. However,
due to an unbalanced pivot point, the force
measured at the electrodes is less than that
applied at the cylinder. With J-type welding
guns, the force applied by the pneumatic cylin-
der is transmitted directly to the welding elec-
trode. The rigidity of the framework of the
welding gun is characterized by the extent to
which the electrode arms deflect on application
of the electrode force. This is an important fac-
tor in determining weld quality and the amount
of skidding that can occur between the two
welding electrodes. It should be noted that
extensive skidding can lead to elliptical welds
and/or decreased electrode life.
Welding guns are typically actuated by pneu-

matic cylinders. The electrodes move the entire
range of the cylinder when the gun opens and
closes. Clamping force is normally controlled
by a pressure regulator, and the electrode force
is measured using load cells. Pneumatic guns
typically have two cylinders; one is used for
short opening and the other creates a full open-
ing between the top and the bottom electrodes.
The new trend in welding guns is the use of

motor-controlled servo guns. The servo gun
can provide a predetermined electrode opening
anywhere in the full range of gun travel. Elec-
trode force can be programmed to any desired
value during a welding cycle or can be
varied from weld to weld and different mate-
rial-thickness stackups. Pneumatic guns close
at full clamping force, which creates a high
impact force on the electrode tips. The servo
gun controls the rate at which the electrodes
come together. The servo gun can also ramp
up to the clamping force at a predetermined rate

that can be programmed. This controlled move-
ment of the electrode lessens the impact
between the electrode and parts to be welded,
thereby extending the electrode life. This is per-
haps one big reason that automotive manufac-
turers have started using servo guns. Another
advantage of servo guns is that they make it
possible to use a combination of multicurrent
and electrode force control. This makes it possi-
ble to control the heat input into the base mate-
rials, thereby achieving fusion between the
sheets and, at the same time, preventing weld-
metal expulsion. The use of multistep force
control has made it possible to weld advanced
high-strength steels (minimum tensile strength
>590 MPa, or 85 ksi) and combinations of
high- and low-strength steels as well as sheets
of dissimilar thickness (Ref 1).

Welding Electrodes

Electrodes in RSW perform the following
major functions:

� Conduct the welding current to the
workpieces

� Transmit the amount of force needed to the
workpieces in the weld area to produce a sat-
isfactory weld

� Rapidly dissipate the heat from the weld
zone

During the welding operation, the electrodes
are subject to great compressive stresses at ele-
vated temperature and must be frequently
dressed and periodically replaced. Because the
current conducted to the workpieces must
remain localized within a fixed area, the
electrodes must resist these stresses without
excessive deformation or mushrooming. The
electrode force, in addition to forging the
heated workpieces together, influences the pas-
sage of current to the localized area.
Maintenance. The shape, dimensions, and

surface condition of the electrode tips or con-
tact surfaces are important for consistent weld
quality in RSW. The shape and dimensions of
electrode tips are affected by mechanical wear
and deformation, or mushrooming, at a rate
depending on tip material and design, operating
temperatures, rates of heating and cooling (ther-
mal shock), and welding force.
Alloying between the electrode tip and the

work metal can greatly increase the rate of
deterioration of the electrode tip. Deterioration
is especially rapid when copper alloy electrodes
are used in welding work metal coated with tin,
zinc, or aluminum, which alloy readily with the
electrode metal.
Careful attention to electrode tip condition is

needed to avoid such defects as weak or missed
welds, irregularly shaped welds, erratic indenta-
tion, burning or discoloration of the work sur-
face, surface melting, and electrode deposits
on the work surface. Electrode tips should be

dressed and replaced at scheduled intervals.
Preventive maintenance is particularly impor-
tant when multiple electrode holders are used
to ensure uniformity of resistance of each spot.
Materials for RSW electrodes should have

sufficiently high thermal and electrical conduc-
tivities and sufficiently low contact resistance
to prevent burning of the workpiece surface or
alloying at the electrode face. In addition, the
electrode should have adequate strength to
resist deformation at operating pressures and
temperatures. Because the part of the electrode
that contacts the workpiece becomes heated to
high temperatures during welding, hardness
and annealing temperatures must also be con-
sidered. Electrode materials for RSW have been
classified by the RWMA (Ref 2) and in Interna-
tional Standards Organization (ISO) standard
ISO 5821 (Ref 3).
When welding two sheets of thickness up to

3 mm (⅛ in.) using truncated cone-type electro-
des, the electrode tip diameter should be deter-
mined from:

d2 ¼
ffiffi

t
p

(Eq 1)

where d2 is the initial tip diameter (in milli-
meters), and t is the thickness (in millimeters)
of the sheet in contact with the electrode. When
using truncated cone electrodes, the initial or
set-up weld diameter should be equal to the
diameter of the electrode tip:

d ¼ d2 ¼ 5
ffiffi

t
p

(Eq 2)

where d is the weld diameter (in millimeters).
When welding two sheets of dissimilar thick-
nesses, the electrode dimensions and the
required weld size should be specified appropri-
ate to the thinner sheet thickness. In the case of
three thicknesses, the second-thinnest sheet
should be used.
When using domed or pointed electrodes,

Eq 1 may not apply, and the electrode dimen-
sions will depend on accessibility and flange
width. In this case, the electrode tip dimensions
and welding conditions should be chosen to
give an initial weld diameter as specified in
Eq 2. Where a pad or mandrel is used as the
second electrode, its surface must be main-
tained to match the profile of the work.
During normal production, electrodes tend to

mushroom, leading to an increase in electrode
tip size. According to trends in automotive
industry practice and international standards,
the diameter of at least one of the electrode tips
should not normally be allowed to increase
above a value that results in a reduction greater
than 30% from the starting weld diameter dur-
ing a production run. This is equivalent to an
increase in the electrode diameter to 1.3d.
When this diameter has been reached, the elec-
trode should be replaced or redressed to its
original size and contour. To maintain weld
integrity, it is important to maintain weld shape
and size and to prevent electrode mushrooming
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(widening of the electrode face). A direct rela-
tionship exists between the weld size and the
weld strength, with the strength increasing as
the weld size is increased. Electrode mush-
rooming happens with use and is accelerated
by the use of higher electrode forces required
to successfully weld high-strength steels. To
maintain weld size above the minimum
required value (typically taken as four times
the square root of the thickness of the sheets
being welded), electrodes should be frequently
dressed. It has become a common practice with
many automotive companies to dress the elec-
trodes after every 30 welds. Another practice
for maintaining weld size is to use current step-
pers. The current steppers allow for a gradual
increase in welding current, typically after
every 200 welds, to maintain constant current
density at the electrode-sheet interface. The
drawback of the use of steppers is that this
practice assumes a certain electrode tip life
and preprograms current increase at regular
intervals. The use of frequent electrode tip
dressing is a more efficient way to maintain
consistent weld size than the use of current
steppers. Many fabricators, especially in auto-
motive body fabrication, have resorted to the
practice of frequent electrode tip dressing to
improve weld quality and reliability of
manufacturing practice.
Electrode shapes have been standardized by

the RWMA. Figure 12 shows the six standard
face or nose shapes, identified by letters “A”
through “F” (Ref 2). Electrodes with type A
(pointed) tips are used in applications for which
full-diameter tips are too wide. Type D (eccen-
tric, formerly called offset) face is used in cor-
ners or close to upturned flanges. Special tools
are available for dressing the electrode faces,
either in or out of the welding machine. It
should be noted that electrode shape classifica-
tion in accordance with ISO 5821 (Ref 3) is
totally different from that in the RWMA classi-
fication. Due to the increased globalization of
procurement by various companies, the use of
the ISO standard for specifying electrode
shapes is becoming popular.

The dome-shaped electrode (type B) and the
truncated cone (type E) are commonly used in
the automotive industry. The present trend is
to use the dome-shaped electrodes. The reason
for the popularity of dome-shaped electrodes
is that they tend to stabilize quickly when weld-
ing coated steels and thus produce a consistent
weld size soon after stabilization. To compen-
sate for changes in weld size when making
welds with new electrodes, especially when
welding coated steels, a weld-size stabilization
procedure is typically employed during labora-
tory evaluation of weldability of steels. The sta-
bilization procedure conditions the electrode
faces, thus stabilizing the weld size and promot-
ing reproducible test results. The electrode sta-
bilization procedure consists of adjusting the
welding current as needed to maintain a speci-
fied or desired weld size.
Electrode Coolant Parameters. Generally,

it is recommended that the water flow to the elec-
trodes be a minimum of 4 L/min (1.1 gal/min) for
welding two uncoated steel sheets of thickness up
to and including 3.0mm(⅛ in.).Higher flow rates
are recommended when welding coated steels.
The internal water cooling feed tube should
be arranged to ensure that the water impinges
onto the back working face of the electrode.
The distance between the back and the working
face of the electrode should not exceed the
values given in the appropriate ISO or RWMA
standard. The inlet water temperature should
not exceed 20 �C (70 �F), and the outlet tempera-
ture should not exceed 30 �C (85 �F). Tomaintain
these temperature levels, the electrode cooling
water supply should be independent of trans-
former and thyristor water cooling circuits. Sepa-
rate water circuits should be used for both top and
bottom electrodes. Insufficient water cooling can
cause degradation of the electrode, and copper
from the electrode can melt and enter the steel
substrate. The presence of molten copper in con-
tact with the steel substrate can cause what is
known as liquid metal embrittlement cracking.
This type of cracking occurs along prior-austen-
ite grain boundaries in steel and lowers the weld
integrity.

Effect of Surface Condition on
Welding

The workpieces to be welded or, at a mini-
mum, the faying surfaces should be cleaned to
ensure that the welds are free of inclusions. Dirt,
scale, rust, and oxide film that may come in con-
tact with the electrodes should be removed or
reduced to ensure good surface appearance of
the welds. Also, removal of foreign substances
from workpiece surfaces reduces electrode
pickup and consequently increases electrode life.
Effect of Oil Coatings. Thin coatings of oil

on cold rolled or hot rolled pickled and oiled
steel have little effect on the quality of spot
welds. Excessive amounts of oil should be
wiped off or removed in a degreasing operation.
The oil itself may not be detrimental to the
weld, but the dirt and other contaminants adher-
ing to the oil may cause poor welds.
Effect of Rust, Scale, or Oxide. Steel coated

with rust, scale, or thermally produced black or
blue oxide finishes can be resistance spot
welded in production, but the quality and con-
sistency of welds is lower than on steel from
which these coatings have been removed. Thin
films that have low and uniform electrical resis-
tance have the smallest effect on welding. Steel
that is coated with extremely thick and nonuni-
form mill scale may not be weldable on a prac-
tical production basis without first removing the
scale (Ref 4).
Steel on which uniform but heavy mill scale

or oxide coatings are present can be welded in
production by applying low-to-medium current
in a series of pulsations at fairly high electrode
pressure. The electrical conductivity of mill
scale or oxide increases with temperature, and
these coatings become fairly good conductors
when red hot. Because of the variable time
needed to break through the coating and estab-
lish current flow, manual timing gives more sat-
isfactory results than automatic timing.
When metal having heavy scale or oxide

coatings is welded, much or all of the scale or
coating on the faying surfaces remains in the
welds, regardless of current, surface resistance,
or electrode pressure. These inclusions in the
weld metal can cause voids, blowholes, and
other internal defects that may sometimes be
difficult to detect.
Surface Preparation. A film of dirt or oil

can be removed from the surfaces of the work-
pieces by vapor degreasers and chemical baths;
however, careful hand wiping of the surfaces to
be spot welded may be sufficient. Oxide films
can be removed by mechanical methods; the
action must be severe enough to cut through
the film but must not be so severe as to cause
the formation of a rough or scratched surface.
Where it is impractical to use pickled or cold

rolled steel, the surfaces to be welded can be
machined, ground, or wire brushed far enough
back from the edge of the workpiece to clear
the electrodes, or for a distance equal to the
overlap. Heating to elevated temperatures in a

Face or nose

Shank or
body

Attachment
(taper/ft,
0.600 in.)

Coolant hole

Type A
pointed

Type B
dome

Type C
flot

Type D
eccentric

Type E
truncated

Type F
radius

Fig. 12 Standard electrode face and nose shapes. Type D was formerly called offset.
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reducing atmosphere is also an acceptable
cleaning method for some metals.
Abrasive blast cleaning methods using sand,

coarse grit, or shot usually are not satisfactory
because particles of sand or scale are left
embedded in the surface. Fine, sharp steel grit
is satisfactory in some applications.

Evaluation Methods

Several tests are generally used to character-
ize the RSW behavior of steels and the integrity
of spot welds. These include the welding cur-
rent range determination, metallographic char-
acterization of the weld and heat-affected zone
microstructures, and microhardness and weld
tensile tests (Ref 5, 6). Metallographic charac-
terization and tensile tests are destructive tests
intended to evaluate weld integrity as well.
Visual examination and ultrasonic examination
are nondestructive methods to evaluate weld
integrity.
This section is a brief review of test methods

as they pertain to the RSW method. A more
detailed description of weld integrity criteria
and test methods is provided in the article
[5C] in this Volume on weld quality and evalu-
ation methods.

Welding Behavior Evaluation

Welding current range is a useful parameter
to assess theweldability ofmaterials, particularly
of steels. The current range is useful because it
provides a range of welding currents over which
welds with buttons of acceptable size can be pro-
duced.Welding current is the difference between
the welding current required to produce a mini-
mum weld size (I min) and the current that causes
expulsion of weld metal (Imax). Typically, the
minimum weld size is defined as:

4
ffiffi

t
p

where t is the nominal sheet thickness. This
parameter for minimum weld size is generally
used in the automotive and steel industries.
The procedure to determine current range is

described in detail in Ref 7. Test coupons mea-
suring 140 by 50 mm (5.5 by 2.0 in.) are used
in the current range determination. The coupons
are overlapped by 25 mm (1.0 in.), and a shunt
or anchor weld is made on one side of each
coupon pair. On the other side, 35 mm (1.4
in.) from the edge, test welds are made. The test
welds are peeled open, and the weld sizes are
determined using calipers.
Current ranges are obtained by first determin-

ing the lowest welding current that produced
the minimum acceptable weld size. Then, the
current is gradually increased at typically 100
A increments, until weld-metal expulsion
results. The difference between the current at
the minimum weld size and the current at the
expulsion weld size gives the current range.

The broader the current range exhibited by a
material, the more robust the useful welding
current range for the material. Note that the
occurrence of weld-metal expulsion results in
a loss of weld metal and reduces the weld size.
This, in turn, lowers the load-bearing capability
of the weld. Therefore, weld-metal expulsion
should be avoided to maintain weld integrity.
Figure 13 shows a plot between welding cur-

rent and the weld sizes for three grades of dual-
phase steels. Dual-phase steels are a class of
new advanced high-strength steel (AHSS) grades
that have been developed for automotive applica-
tions to help automakers improve occupant pro-
tection and fuel economy. Dual-phase steels are
considered AHSS to distinguish them from the
conventional high-strength steels (HSS) or
high-strength, low-alloy (HSLA) steels. The
HSS types includeHSLA steels and carbon-man-
ganese steels of tensile strength up to 440 MPa
(65 ksi). While the use of AHSS was nonexistent
until 2001, it is anticipated thatAHSSuse in auto-
motive bodies will climb to 50% by 2015 (Ref 8).
A welding force of 4.2 kN (944 lbf) was used

for 590 MPa (86 ksi) steel (refers to the mini-
mum tensile strength of the steel), while 5.3
kN (1192 lbf) was used for the 780 and 980
MPa (113 and 142 ksi) steels. Figure 13 shows
that a current range of 2.2 kA was obtained for
the 590 and 780 MPa grades and 2.5 kA for the
980 MPa grade. These current ranges are con-
sidered broad and show that there is a wide cur-
rent range to successfully weld these dual-phase
steels.
Metallographic characterization of weld

and heat-affected zone (HAZ) microstructures
is performed to examine the microstructural
constituents as well as to look for the presence
of any imperfections, such as voids or cracks.

Voids can be caused by entrapped gases from
the coatings or by shrinkage cavities from rapid
solidification. Shrinkage voids generally tend to
be small and innocuous. They are typically seen
near the center area of the weld nugget, which
is the last area to solidify. They are generally
not believed to affect the service performance
of welds as determined by tensile strength.
Microhardness traverses are done on weld

cross sections to look for uniformity of proper-
ties and the type of microstructural constituents.
For example, the presence of martensite in
steels shows higher hardness in HSS compared
to regions in the HAZ that may show softer fer-
rite and bainitic constituents. Microhardness
traverses are generally intended for informa-
tional purposes and not for weld acceptance or
rejection. A typical weld microhardness tra-
verse is done across the weld to cover as many
indentations in the weld and HAZ as possible
(Fig. 14). Depending on the hardness of the
weld and HAZ, indentations can be placed as
close as 0.4 mm (0.016 in.) apart.

Weld Integrity

Two types of weld tension tests are typically
done to assess the weld tensile strength (Ref 7).
One is called the cross-tension test. In cross-
tension tests, two test strips are positioned nor-
mal to each other, and a spot weld is made at
the center of the overlapped region. In the
cross-tension test, a tensile load is applied on
the weld in a direction normal to the weld.
The other weld tensile test is the shear-tension
test (sometimes referred to as the lap-shear
test). In this test, two sheet samples, typically
measuring 140 mm (5.5 in.) long by 60 mm
(2.4 in.) wide, are overlapped by 45 mm

Fig. 13 Welding current range plot for three hot dipped galvannealed dual-phase steels. Source: Ref 6
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(1.8 in.) and joined with a single spot weld
located at the center of the overlapped region.
Schematics showing the test coupon dimen-
sions and layout are presented in Fig. 15. The
sample is then pulled in tension.
The parameters monitored in weld shear- and

cross-tension tests are the peak load to failure
(termed the weld strength), energy absorbed at
peak load, total energy absorbed, and failure
mode. Spot weld strength (or the peak force
required for the weld to fail) is influenced by
the weld size, as can be seen in Fig. 16.
Figure 16 shows the relationship betweenweld

size and weld strength for 780 MPa (113 ksi)
dual-phase steel. It can be seen that as the weld
size is increased, both the shear-tension strength
(STS) and cross-tension strength (CTS) also
increased. Thus, it is important to maintain as
large a weld size as possible without achieving
weld expulsion. Other factors that influence the
STS are the sheet thickness and the base material
strength. Generally, as the sheet thickness and
base material strength increase, both the STS
and CTS also increase. However, CTS is not

conclusively found to be influenced by the base
material strength (Ref 9). From Fig. 16 it is also
apparent that the STS is much higher than the
CTS at any given weld size. This suggests that
the method of loading the weld influences the
load required to fail the weld.
Energy absorbed in failure can also be moni-

tored during the weld tensile tests. The energy
absorbed for failure is strongly influenced by
the type of test. The total deformation of the
sample prior to failure in the cross-tension test,
for instance, is much greater than that in the
shear-tension test. As a result, in samples hav-
ing the same sheet thickness, weld diameter,
and material properties, the energy absorbed
is greater for the cross-tension than the shear-
tension test. When welds fail by pullout mode,
the energy absorbed is much higher than when
the welds fail interfacially. This is because the
total deformation that occurs in the sample is
always greater when a pullout failure occurs
compared to when an interfacial failure occurs.
However, caution should be exercised in evaluat-
ing energy-absorbed data in STS tests because

tensile samples during the test undergo signifi-
cant rotation when failure occurs by button pull-
out, and they transfer part of the applied load
onto the base material. Therefore, it is important
to understand the limitation in interpreting the
energy-absorbed-to-failure data in STS.
There are two different failure modes that are

generally observed in weld tension and peel
tests, namely, interfacial fractures and full but-
ton pullout (Fig. 17). In the interfacial fracture,
the weld fails at the interface of the two sheets,
leaving half of the weld nugget in one sheet and
half in the other. In the full button pullout, frac-
ture occurs in the base metal or in the weld
HAZ at the perimeter of the weld. In this failure
mode, the weld nugget is completely torn from
one of the sheets, with the weld remaining
intact. It is also possible to obtain a combina-
tion of the two failure modes in which a portion
of the nugget is pulled out of one of the sheets
and the rest of the weld nugget shears at the
interface. All of the various fracture morpholo-
gies that can be seen in resistance spot welds
are provided in Ref 9. Notice from Fig.16 that
the welds failed interfacially up to 6 mm (0.24
in.). Above 6 mm weld size, the failure mode
in the shear-tension test was by button pullout.
In the case of the cross-tension test, all weld
sizes yielded button pullout fractures.
Visual examination can detect the accept-

ability of weld shape, electrode indentation into
the base material surrounding the weld, weld
location, weld appearance, expulsion of weld
metal, and surface cracking. A resistance spot
weld may be circular or oval in shape. In the
case of oval-shaped welds, the aspect ratio
(the ratio of major dimension to minor dimen-
sion) should be 2.0 or less. Note that surface
appearance is not always a reliable indicator
of spot weld quality, because shunting and
other causes of insufficient heating or inade-
quate penetration usually leave no visible
effects on the workpiece. Therefore, other
methods of weld evaluation must be pursued.
Welds should be placed at proper

locations in accordance with the applicable
drawings. Overlapping or closely spaced
welds are not acceptable. It is recommended
that welds should have an electrode
indentation depth of less than 30%. Indentation
is measured as a ratio of the electrode indenta-
tion depth to the thickness of the base material
(Fig. 18).
Criteria for Acceptable Weld Integrity.

Acceptable weld integrity criteria generally
vary significantly among manufacturers and
industries. Therefore, each fabricator should
establish its own weld acceptance criteria, fre-
quency of testing, and methods to test spot
welds in consultation with the end users of
fabricated parts. Attributes such as minimum
acceptable weld size, weld strength, and
indentation should be discussed. Methods of
weld testing should be agreed upon between
fabricators and end users. It should be noted

Fig. 14 Microhardness traverse across the weld, heat-affected zone, and unaffected base materials. (a) Schematic of
a weld cross section. (b) Typical cross section
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that not all methods of weld testing need to
be performed to judge weld integrity for ac-
ceptance. It is suggested that, at a minimum,
visual inspection be performed to ensure
that welds are of acceptable quality.
However, as noted previously, visual inspection

has limitations in checking weld integrity
and is not always a reliable indicator of
weld quality. Generally, destructive tests such
as metallographic testing and tensile testing
are performed prior to establishing welding
parameters that provide acceptable welds.

These tests can be repeated at some intervals
for verification of weld integrity.
For RSW purposes, steel grades can be clas-

sified into four groups depending on their
strength (Table 2). Groups 3 and 4 are consid-
ered AHSS.
Spot weld strength is higher for groups 3 and

4 HSS and AHSS than that of the low- and
plain carbon steels (group 1) for a given weld
size. In the evaluation of weld tension test
results in spot welds, it is generally believed,
especially in the automotive industry, that an
interfacial shear failure is indicative of poor
weld integrity. This has generally been true
for low-strength steels (tensile strength equal
to or less than 350 MPa, or 51 ksi—”group 1
in Table 2) in which interfacial failure is nor-
mally associated with insufficient fusion or
some sort of weld imperfection, such as gross
porosity. However, recent work on interfacial
fractures in shear-tension tests of AHSS indi-
cated there is a critical sheet thickness above
which the expected failure mode could transi-
tion from pullout fracture to interfacial fracture.
In an analysis by Radakovic and Tumuluru (Ref
11), it was shown that as the strength of the
steel increases, the fracture toughness of the
weld required to avoid interfacial failure must
also increase. Therefore, despite higher load-
carrying capacity, due to their high hardness,
the welds in HSS may exhibit interfacial frac-
tures. Tensile testing showed that the load-car-
rying capacity of the samples that failed via
interfacial fracture was found to be more than
90% of the load associated with a full button
pullout. This indicated that the load-bearing
capacity of the welds is not affected by the frac-
ture mode. Therefore, the mode of failure
should not be the only criterion used to judge
the quality of spot welds. The load-bearing
capacity of the weld should be the primary
focus in the evaluation of the shear-tension test
results in AHSS. With the increased use of
these steels in automotive bodies, it is impor-
tant to understand their fracture behavior in
shear-tension tests so that welds, otherwise
sound, are not rejected solely based on fracture
appearance. It is important to note that partial
buttons (plugs) or interfacial fractures do not
necessarily characterize a failed spot weld in
AHSS. Interfacial fractures may be typical of
smaller weld sizes in low-strength (tensile
strength less than 300 MPa, or 44 ksi) steels
or in all weld sizes in AHSS.
In-Line Destructive Weld Testing. The use

of pneumatic chisels to peel welded panels is
generally practiced for checking the weld integ-
rity of resistance spot welds during product
testing. This is often done on production lines.
However, in HSS, especially AHSS, this type
of on-line product testing may produce fracture
through the weld during destructive chisel test-
ing. Fracture through the weld becomes more
common as the sheet thickness and base mate-
rial strength increase and can mislead inspect-
ing personnel to classify the welds as
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Fig. 15 Schematics showing the dimensions and layout of (a) shear-tension and (b) cross-tension test samples.
Source: Ref 7
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defective. Weld-metal fracture may accompany
significant distortion of the metal immediately
adjacent to the weld during destructive peel
testing. Under these conditions, resultant weld
fracture may not accurately predict service life
of the joint. Therefore, proper judgment should
be exercised when evaluating the results of in-
line chisel tests.
Ultrasonic testing of spot welds has recently

gained acceptance with some manufacturers.
However, because the method relies heavily
on operator judgment, proper interpretation of
the results is essential for obtaining a reliable
evaluation. This method still needs further
development before it can replace destructive
weld testing completely. Several on-line real-
time systems to monitor resistance welds are

currently available and are being used in some
weld fabrication shops.

Applications

The workpiece thickness and the weldability
of the metals are key factors in determining
whether two materials can be resistance spot
welded. As noted in the article “Introduction
to Resistance Welding” in this Volume, the
thickness of mating parts in spot welding is cru-
cial to the heat balance. Thicknesses differing
by more than a factor of 4 to 1 become difficult
to weld even in favorable material combina-
tions. Spot welds are most easily made between
matching materials of the same thickness,

because this matching allows the heating to be
directed uniformly to both base materials.
Spot welding of specific alloys is described

in the article “Procedure Development for
Resistance Spot and Seam Welding” in this
Volume. Many combinations of ductile
metals and alloys can be spot welded. Table 1
lists some combinations that have been suc-
cessfully welded. Many other combinations
may also be satisfactorily welded. Copper and
silver are difficult to weld, but they may
be welded by the use of a low-conductivity
electrode. Copper alloys are more commonly
resistance brazed. In many applications, the
weldability of copper is increased if it has a
tinned surface.
Spot Welding of Uncoated Steels. Plain,

low-carbon steels, which include interstitial-
free steels with tensile strengths typically less
than 300 MPa (44 ksi), can be satisfactorily
welded using the RSW method over a wide
range of time, current, and electrode force para-
meters. Practices recommended for spot weld-
ing SAW 1010 steel have been issued by the
RWMA (Ref 2). These data can serve as start-
ing points to establish suitable weld schedules.
However, these data may require modification,
depending on the type of welding machine, its
dynamic properties, the pneumatic characteris-
tics, the characteristics of the secondary circuit,
the electrode shape, and the specific grade of
steel being welded. Sufficient squeeze time
should be chosen to enable the electrode force
to build up to its preset value. This is particu-
larly true for pneumatic guns that require time
to build up the required electrode force. For
lightweight gun welders with limited force

Indentation depth

Fig. 18 Photograph of a weld cross section showing
the method of measuring electrode

indentation

Fig. 17 Photograph showing the two types of weld
fracture commonly observed in weld shear-

tension tests. Source: Ref 10 with permission

Table 2 Steel classification for resistance spot weld purposes

Group

Minimum tensile strength

Typical products(a)MPa ksi

1 <350 <51 Mild 140/270
BH 180/300
BH 210/320
BH 240/340

2 350–500 51–73 BH 260/370
HSLA 280/350
HSLA 350/450
DP 300/500

3 >500–800 >73–116 DP 350/600
TRIP 350/600
DP 500/800
TRIP 500/800
CP 700/800

4 >800 >116 DP 700/1000
Mart 950/1200
Mart 1150/1400
Mart 1250/1520

(a) Mild: mild steel; BH: bake-hardenable steel; HSLA: high-strength, low-alloy steel; DP: dual-phase steel; TRIP: transformation-induced plasticity
steel; CP: complex-phase steel; Mart: martensitic steel. Source: Ref 12

Fig. 16 Plot of weld shear- and cross-tension strengths as a function of weld size. TSS, tensile shear strength; CTS,
cross-tension strength
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capability, the electrode force values are
reduced up to 30% for sheet thicknesses greater
than 1.6 mm (1/8 in.). The welding current
must be adjusted accordingly. For welding
sheets of dissimilar thickness, welding condi-
tions may be based on the thinner sheet, or on
the second-thinnest sheet when welding three
sheets of different thicknesses.
Groups 1 and 2 are readily weldable using

the RSW process, groups 3 and 4 require cer-
tain precautions to achieve acceptable welds.
For welding of HSLA or AHSS grades (listed
under groups 3 and 4 in Table 2), the following
general guidelines are suggested as a starting
point to develop specific weld schedules (Ref
12). Due to differences in steelmaking practices
between various steel manufacturers, users
should develop their own welding schedules
(combinations of parameters) based on the spe-
cific composition of the steel grades being
welded:

� Increase the electrode force by 20% or more
than that used for similar-thickness low-
strength steel.

� Increase the weld time, as appropriate.
� Try a multipulse welding schedule (several

pulses of welding current and/or electrode
pressure).

� Use a larger-diameter electrode tip than sug-
gested for welding a similar-thickness low-
strength, low-carbon steel.

The AHSS generally require less welding
current and higher electrode force compared to
low-strength plain carbon steels (group 1),
because AHSS grades have higher electrical
resistivity. This is due to the fact that these
grades of steel contain higher amounts of alloy-
ing elements, such as manganese, chromium,
and molybdenum, to develop the required
strength. All of these elements increase the
resistivity of steels. Therefore, welding current
levels for AHSS are not increased and may
even need to be reduced, depending on material
chemical composition. The AHSS grades
require higher electrode forces for equivalent
thickness of low-carbon steels so as to decrease
the resistivity at the sheet interface to control
the heat generation.
An important precaution that should be fol-

lowed when welding AHSS is that weld-metal
expulsion should be avoided. Weld-metal
expulsion is highly undesirable because it
causes loss of weld metal, which, in turn, can
lower the weld size, thereby reducing the weld
strength. Expulsion is typically caused by the
use of excessively high current or a misfit
between parts to be welded, the latter being
more common in industrial applications. There-
fore, expulsion can be avoided by using weld-
ing current below the expulsion limit for the
thickness and grade of steel being welded and
ensuring that part fit-up is tight, without any
gaps at the sheet interface.
Plain low-carbon steels with tensile strength

up to 300 MPa (44 ksi) are readily weldable

using the RSW process. These steels can be
obtained from a number of suppliers, with rea-
sonable certainty of only minor variations in
welding behavior. This is because these grades
of steel contain only small amounts of
carbon (generally less than 0.03%) and no other
alloying elements as intentional additions.
On the other hand, HSLA and AHSS grades
of steels can have significant differences
in composition between various steel
suppliers, because these grades are typically
specified by strength levels and total elonga-
tion, not composition. This is done to enable
steelmakers to choose suitable compositions to
produce the required strength and ductility
levels based on their mill capabilities. There-
fore, compositional variations between various
steelmakers may require users to modify weld
schedules to suit the specific composition being
welded.
Spot Welding of Zinc-Coated Steels. The

present trend in the automotive industry toward
the use of larger amounts of zinc-coated steels
in automotive assemblies required the users to
know how these coatings affect the welding
requirements. Coated steels offer additional
resistance to the flow of current, on top of that
offered by the substrates being welded, and
therefore generally require lower welding cur-
rent than uncoated steels. Caution should be
exercised when welding coated steels because
fumes containing zinc vapor are emitted. Provi-
sion should be made to extract the fumes safely.
Welding of zinc-coated steels should be done in
well-ventilated areas.
Two types of coatings are generally applied

to steel sheets used in the automotive industry,
namely, galvanized and galvannealed coatings
(Ref 13). Galvanized coatings contain essen-
tially pure zinc with approximately 0.3 to 0.6
wt% Al. The term galvanized comes from the
galvanic protection that zinc provides to steel
substrate when exposed to a corroding medium.
Two methods by which zinc coatings are
applied to steel substrate are the hot dipping
method and the electrodepositing method. The
pure zinc coating is called the galvanized coat-
ing, and the zinc-iron alloy coating is called the
galvannealed coating. In the case of the hot dip-
ping process of coating steels, a hot dipped gal-
vannealed (HDGA) coating is obtained by
additional heating of the zinc-coated steel at
450 to 590 �C (840 to 1100 �F) immediately
after the steel exits the molten zinc bath. This
additional heating allows iron from the sub-
strate to diffuse into the coating. Due to the dif-
fusion of iron and the alloying with zinc, the
final coating contains approximately 90% Zn
and 10% Fe. Due to the alloying of zinc in the
coating with diffused iron, there is no free zinc
present in the galvannealed coating. Galvan-
nealed coatings contain less aluminum, approx-
imately 0.15 to 0.4 wt%, than the hot dipped
galvanized (HDGI) coatings. These coatings
can be applied by either a hot dipping process
or electrodeposition. The coating thickness
ranges from approximately 6 to 8 mm (0.24 to

0.32 mils) for galvannealed coatings to approx-
imately 12 to 14 mm (0.47 to 0.55 mils) for gal-
vanized coatings.
Examination of the welding behavior of an

AHSS grade of steel coated with 70/70 g/m2

HDGI and 42/42 g/m2 HDGA (steels coated
on both sides)—”coating weights that are cur-
rently used in the automotive industry—”showed
that the welding behavior was similar
between the two coatings (Ref 13). One differ-
ence noted between the two coatings was
that HDGA required lower welding current to
form the minimum weld size. This may
not be an advantage in the industry, given the
current practice of frequent electrode tip dress-
ing. Further, the type of coating had no effect
on the weld shear-tension or cross-tension
strength. The weld strength is controlled by the
steel substrate.
Welding conditions can be easily optimized

when using pedestal-type welding machines;
however, this may not be the case in body-in-
white assembly, where a combination of multi-
ple spot welders and robotic cells are more
commonly used. Such operations are suscepti-
ble to poor fit-up of parts, access problems,
and electrode configurations that give rise to
electrode skidding and expulsion. Conse-
quently, the welding parameters may need to
be adjusted to compensate for such situations.
In many instances, one welding gun is used to
weld a range of sheet thickness combinations
or even a variety of material combinations in
a particular part.
In these circumstances, the electrode life

obtained may be lower than that derived using
optimized welding conditions. For example,
the electrode life obtained can depend greatly
on the type of welding gun used (Fig. 19) or
the angle of approach of the electrode. When
multiple spot welding machines are used, it is
essential that all welding machines are balanced
electrically and that the same air pressure is
supplied to each station. Electrode shape and
configuration, water cooling arrangements, and
electrode dressing schedules must be optimized.
The last item is most important, because satis-
factory weld quality can only be provided when
the necessary electrode condition and shape are
maintained over a production run. It is again
stressed that frequent electrode tip dressing is
highly recommended to maintain acceptable
weld quality (hence integrity), especially when
welding coated AHSS grades.
Water cooling is also a critical element

of welding machine maintenance, because
insufficient water cooling during welding can
degrade the copper from the electrode and
cause copper to melt and deposit onto the part
surface. When this happens, molten copper
can penetrate the steel substrate and cause liq-
uid metal embrittlement cracking.
Weldability of Steels in Spot Welding. In

HSS, several alloying elements are added to
achieve the required strength levels. These
alloying elements not only strengthen steels
but affect other properties as well. Weldability
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is one important property of steels that is influ-
enced by the addition of alloying elements.
Weldability of a given grade of steel is gener-
ally described using the term carbon equivalent
(Ceq). This term expresses the cumulative effect
of various alloying elements on weldability.
Most Ceq formulae contain such alloying ele-
ments as carbon, manganese, silicon, sulfur,
and phosphorus that have significant influence
on weldability (Ref 14). Most equations devel-
oped to predict the weldability behavior of
steels in spot-welded applications are designed
to provide an estimate of the weld zone hard-
ness and shear- and cross-tension strengths of
spot welds.
While there are several formulae for expres-

sing Ceq of steels, there is no universally
accepted, one single formula for expressing the
weldability of steels in RSW applications. As a
result, users must find a formula that best suits
their application. It should be noted that Ceq

should be used only as a general guide to assess
weldability of steels. Assigning specific maxi-
mum values for accepting steels is not advisable.
Among all the elements used for alloying

steels, carbon has the most effect on weldability
of steels. Increases in base material carbon con-
tent increase the resultant weld hardness and
weld shear-tension strength. However, increas-
ing carbon content may reduce the useful weld-
ing current ranges of steels. A concern existed
about the occurrence of weld interfacial frac-
tures as the carbon content in steel is increased.
This caused users to impose limits on maxi-
mum allowable carbon and Ceq. However,
recent research has shown (Ref 11) that interfa-
cial fractures are the expected mode of failure
in AHSS, and that welds failing interfacially
require more than 90% of the load necessary

to cause failure by button pullout. This means
that occurrence of interfacial fractures should
not cause concern about the load-bearing capa-
bility of spot welds in AHSS, and that fracture
mode is not a good indicator of weld integrity,
especially in AHSS grades.
Other alloying elements, such as manganese

and silicon, do not have a significant effect on
the welding behavior or welding current range
in steels. However, increases in these two ele-
ments cause the resultant weld and HAZ hard-
ness to increase. As mentioned earlier, an
increase in weld and HAZ hardness causes the
peak load in STS to also increase.
Weldability of Aluminum Alloys in Spot

Welding. Most of the commercial aluminum
alloys produced in sheet form can be spot
welded, provided that suitable welding equip-
ment is used. Because of the low electrical
resistance of aluminum alloys, considerably
higher welding currents are required relative
to welding mild steel. In addition, the narrow
plastic range between softening and melting
means that welding forces, time, and current
must be closely controlled. For consistent weld
quality, it is essential that the tenacious surface
oxide films are removed by mechanical or
chemical techniques prior to welding.
To minimize the likelihood of cracking or

porosity in the weld, careful control of the elec-
trode force is necessary. If the force is applied
too soon, the welding current may be insuffi-
cient due to a premature loss of contact resis-
tance. Thus, correct initiation of the force
relative to the current is essential. Dual force
schedules are frequently used; therefore, a
low-inertia welding head can be beneficial
because it allows a more effective buildup of
force to its final level.

Because of the higher secondary currents
required when welding aluminum alloys, direct
current secondary rectified or frequency con-
verter welding machines are favored, particu-
larly if high-quality welds are required (such
as in aircraft applications).

Safety

As with any welding process, all necessary
safety precautions should be followed to avoid
injury to personnel and property and to prevent
fires. Please consult Ref 15 and 16 for safety
considerations required for welding operators.
Safety considerations specific to RSW have
been summarized in Ref 17. Some of the
hazards in RSW are provided here for informa-
tion purposes and include the following. Opera-
tors should be made aware of these and
provided with adequate personal protective
equipment to guard against injury and damage
to equipment, building, and parts:

� Flying sparks from expulsion during welding
can cause fire and explosion.

� Flying sparks can cause burn or injury to
eyes and skin if operators are not protected
properly.

� Because RSW is done primarily on sheet
metal products that tend to have sharp edges,
operators should be aware of cutting
hazards. Cut-resistant gloves should be used
when handling sheet metal.

� Electric shock can result from damaged
cables and wiring.

� Equipment maintenance should only be done
by authorized personnel after disconnecting
all sources of energy, including electricity,
compressed air, and water. Operators should
be cognizant of potential energy in the
system.

� Handling hot metal or welded parts can
cause burns.

� Moving electrodes in RSW create
pinch points. Extreme caution should be
used when inserting or removing parts after
welding.

� Fumes from spot welding on parts coated with
paints or corrosion-resistant coatings can cre-
ate fumes that cause inhalation hazards.

To avoid some of these hazards, operators
should wear safety goggles or a face shield
and not weld near flammable liquids or gases.
Operators should wear dry insulating gloves
(cut resistant when handling sharp objects) to
prevent burns and cuts. Most important of all is
to keep hands and fingers away from moving
parts. Keep all protective guards in place. It is
also important to ensure that there is adequate
ventilation. Operators should familiarize them-
selves with the Material Safety Data Sheets for
all materials, coatings, gases, and cleaners they
handle.

Fig. 19 Effect of resistance spot welding electrode gun type on electrode life for selected steels and alloys
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DISCLAIMER

The material in this paper is intended for
general information only. Any use of this mate-
rial in relation to any specific application
should be based on independent examination
and verification of its unrestricted availability
for such use and a determination of suitability
for the application by professionally qualified
personnel. No license under any patents or
other proprietary interest is implied by the pub-
lication of this article. Those making use of or
relying upon the material assume all risks and
liabilities arising from such use or reliance.
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Projection Welding
Warren Peterson, Edison Welding Institute

PROJECTION WELDING is a variation of
resistance welding in which current flow is con-
centrated at the point of contact with a local
geometric extension of one (or both) of the
parts being welded. These extensions, or pro-
jections, are used to concentrate heat genera-
tion. The process typically uses lower forces
and shorter welding times than similar applica-
tions without projections. Typically, large, flat-
faced electrodes (Fig. 1) are used against the
projection.

Introduction

Projection welding is often used in the
most difficult resistance welding applications;
for instance, applications with significant thick-
ness mismatches or those involving several
close-spaced simultaneous welds can be projec-
tion welded. Compared to standard resistance
welding applications, modification of the weld

schedule or welding equipment for projection
welding may be needed to achieve optimal
results.

Types of Projections

Projection welding applications are generally
categorized as either embossed-projection
welding or solid-projection welding. Variations
of these are shown in Fig. 2 and 3. Joint config-
urations for embossed- and solid-projection
types range from sheet-to-sheet joints, to
cross-wire welds, to annular attachments, to
nut welds, to weld screws, to ball-sheet joints,
and so on.
Embossed-projection welding is generally

a sheet-to-sheet joining process in which a pro-
jection is stamped onto one of the sheets to be
joined. Then, resistance welding is conducted
on a stack of sheets. Initially, weld current is

concentrated at the contact point and within
the walls of the projection. Due to rapid joule
heating of the projection, the projection col-
lapses into the original sheet early in the pro-
cess. However, during projection collapse,
the contacting area breaks up the oxides on
the surface, promoting continued current flow
through the joint area. The increase in bulk
resistivity promotes continued resistance heat-
ing at this location. In the traditional usage of
the process, weld development proceeds as a
conventional resistance weld, forming a fused
weld nugget. In an alternate usage, the strain
and heat developed during the preceding pro-
jection collapse develops a solid-state metallur-
gical bond at the faying interface, without
producing a molten nugget between the sheets.
These two approaches may require different
projection geometries, welding parameters, or
equipment. The advantages of each variant are
addressed later.
The projection geometry for most em-

bossed-projection welding applications typi-
cally involves discrete dimples stamped in
the sheets. An annular-projection geometry
is also common, forming a continuous
circular dimple in the one of the sheets. This
geometry increases the load required to
mechanically collapse the projection. Conse-
quently, annular projections are typically used
for projection welding very thin-gage sheet.
Solid-projection welding requires that the

projection be forged or machined onto one of
the two components. Then, during resistance
welding, the contact point and the projection
itself experience preferential heating. In this
case, the projection does not simply collapse,
as in embossed-projection welding. Rather, the
projection collapses by penetrating into the sur-
face of the opposing material and by extrusion
of metal to the periphery of the joint. Compared
with embossed-projection welding, the tradi-
tional approach produces solid-state joints,
rather than forming a fusion zone at the weld
interface. The actual joints are caused by a
combination of material forging and diffusion
bonding, similar to resistance butt and flash butt
welding.
Compared to embossed-projection welding,

solid-projection welding involves a considerably

FlatDie

Die

Parallel

Fig. 1 Typical example of equipment and schematic
for resistance projection welding. Tooling is

platen mounted and consists of water-cooled copper
blocks, welding die inserts, and locators. Courtesy of
Taylor-Winfield Technologies, Inc.

After welding

Initial configuration

Fig. 2 Typical stacked configuration for embossed-
projection welding of sheet

Initial configuration

After welding

Fig. 3 Typical configuration for solid-projection
welding



wider range of process variants used in produc-
tion applications. Some of the common geomet-
ric variations of solid-projection welding are
described as follows.
Annular-Projection Welds. One of the most

common applications of solid-projection weld-
ing is to attach either tubular components or
members with circular bases to flat substrates.
This is commonly accomplished by annular-
projection welding, in which a projection is
machined onto the circular base or the end of
the tubular section. Then, resistance welding is
conducted to set the projection into the sub-
strate. A typical weld geometry is shown in
Fig. 4(g). Annular-projection welding generally
provides high-integrity joints and can be used
for leak-tight applications.
Cross-wire welding is a variation of solid-

projection welding in which the projection is
formed at the contact point of two crossing
wires. The geometry for cross-wire welding is
shown in Fig. 4(n). Upon resistance welding,
heat is maximized at the location of the wire-
wire contact, and the parts are subsequently
forged together. Depending on the application,
either highly localized joints (minimal forging)
or heavily forged joints can be made in wire
diameters commonly between 1.5 to 13.0 mm
(0.06 to 0.51 in.). In some applications, cross-
wire welding is conducted at rates up to 30
welds/second.
Projection Weld Nuts/Studs/Screws. Weld

nuts represent an application of solid-projection
welding in which the projections occur as exten-
sions of material from the face of the nut, stud,
or screw head. Typically, the weld faces contain
three, four, or six projections, or feet, spaced
around the nut, stud, or screw periphery. During
welding, all of the projections are attached simul-
taneously. Examples of weld nut geometries are
shown in Fig. 4(k and m).
Edge-to-sheet welds are typically a

cross between embossed- and solid-projection
welding. They are used to attach the end
of a sheet to the flat face of an opposing com-
ponent (Fig. 4f). The projections for welding
are generally stamped into the face of the
attaching sheet. During welding, full local pro-
jection collapse occurs; however, bonding
is strictly solid state (see the article “Funda-
mentals of Solid-State Resistance Welding” in
this Volume).
Resistance mash welds (Fig. 5) create a

narrow forge-type joint formed between
two overlapping sheets. The sheet overlap dis-
tance is normally equal to between 0.5 to 2
times the thickness of the thinner sheet.
Typically, flat bar-shaped electrodes cover
the length of the overlapped joint. This is simi-
lar to mash seam welding which involves elec-
trode wheels with flat or radiused profiles (see
the article “Resistance Seam Welding” in this
Volume). Substantial clamping force (at least
twice the electrode force) is required to fixture
the sheets against separation during welding.
High clamping forces are required due to resis-
tance to the wedgelike action created during the

forging process. Weld current is conducted
through the narrow overlap, which causes the
metal to heat and forge in the production of a
solid-state bond.

Pin-and-Tenon Welds. Pin-and-tenon pro-
jection geometry (Fig. 4j) is a type of annular
projection that produces a solid-state weld
between a machined face (typically at 45�)

Fig. 4 Examples of embossed- and solid-projection welds

WeldSlightly lapped sheets
Flat-faced bar

electrodes

Before welding After welding

Fig. 5 Example of resistance mash weld. This application used flat-faced bar electrodes. Courtesy of Edison Welding
Institutel
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and the square corner of the opposing part. This
is a common joint involving thick components
where the wall of the pin does not deform
inward during welding (approximately a 3.2
mm, or 0.125 in., minimum wall thickness is
required).
Ball-to-Sheet Welds. The ball-to-sheet weld

joint (Fig. 6) creates an annular solid-state weld
between a hole placed in the sheet and the con-
tacting circumference of a ball bearing. The
diameters of the hole and the ball bearing
should be selected to produce an approximate
90� included angle relative to the center of the
ball bearing. Similar to the other forms of

annular-projection welding, the joint is gener-
ally air- and liquid-tight.

History

Embossed-Projection Welding. Projection
welding was used prior to World War II; how-
ever, most of the systematic development
work performed on embossed-projection weld-
ing occurred in the 1940s and 1950s on
uncoated sheet. While there were many
approaches to forming embossed projections
described in the literature, eventually two
basic types of projections were commonly
investigated in the 1950s and 1960s: coined
(American Welding Society, or AWS, and
International Institute of Welding recom-
mended practices) and formed (Harris and
Riley, and Humpage) projection designs.
Examples are shown in Fig. 7 and 8. The
coined-projection styles were produced by
coining between matching die sets, while the
formed-type projections were made by limited
pushing of the sheet into an open die cavity
using a punch. The formed type is subject to
thinning and splitting during forming. The
coined projection is thicker and stiffer. While
the crush resistance of the two projection types
differed, good welds could be produced with
either, using optimized conditions.
Today (2011), the coined-projection designs

are the most common in the United States.
Originally, the primary use for projection

welding was a means of enhancing the forma-
tion of conventional resistance weld nuggets
between the sheets. Used in this way, the pro-
jection acted as a means of locating the molten
weld nugget. As such, the weld times and
electrode forces were somewhat similar to con-
ventional spot welding parameters. Initial
expulsion of metal during projection welding,
caused by excessively rapid heating and col-
lapse of the projection during welding, was
commonly controlled through the use of weld
current upslope and adjustments of electrode
force.
Solid-Projection Welding. Many forms of

solid-projection welding were also used prior
to World War II. Due to the varied forms of
solid-projection welding, there were fewer
examples of systematic work defining standard
projection geometries and welding parameters.
Many of the solid-projection welding applica-
tions in the literature indicate the need for
rapid electrode followup. This is necessary to
maintain weld metal integrity and to reduce
accelerated electrode wear caused by a transient
loss or reduction in electrode contact during
welding.
Modern Projection Welding. With

continued advancements in technology and
usage, the application of projection welding
has widened over the years to recognize
both fused weld nuggets and solid-state bond
formation as legitimate modes of projection
welding. A mix of fusion and solid-state
welds is used in embossed-projection weld
applications. However, most solid-projection
weld applications are produced as solid state
bonds, with a few exceptions. Some of the dri-
vers toward the conversion from the fusion
weld mode to the solid-state weld mode
may be the reduced cycle time required for
solid-state weld formation. Unfortunately, there
is little distinction between weld schedules
developed around fusion weld formation and
those promoting solid-state bonding. Without
clear delineations between these modes, wide
variations regarding projection geometries,
weld equipment requirements, and welding
parameters for embossed- and solid-projection
welding applications are observed in the
literature.

Application Advantages and
Limitations

The primary advantages of all resistance
welding processes are the relatively low unit
costs and the applicability to high-volume mass
production environments. Typical production
costs for projection welding include the addi-
tional expense of producing the projections
and ensuring that the electrodes are properly
located over the projections. These costs are
offset by the relatively low capital and consum-
able costs and low maintenance requirements
typical of most projection welding applications.

Fig. 6 Example of ball-to-sheet weld. The ball bearing
is larger than the hole it is being welded into.

Courtesy of Edison Welding Institute
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Fig. 7 Examples of coined embossed-projection
designs. Source: American Welding Society

and International Institute of Welding recommended
projection designs, circa 1950s
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Fig. 8 Examples of formed embossed-projection
designs. Source: Ref 1
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The advantages of projection welding are
related to the ability of the process to create
highly localized weld joints. This is manifested
in a number of ways.
Projection welding allows multiple welds to

be made simultaneously in the same station.
For instance, in one application, 12 simulta-
neous welds are produced on a large automo-
tive exhaust clamp. These are made in less
time than required for the production of a single
conventional spot weld. Similarly, embossed-
projection welding is highly adaptable to the
joining of multiple-sheet stacks.
Projection welding can be used in a wide

range of hard-to-weld metal applications.
For example, pure copper can be resistance
mash welded with a narrow material overlap
(1T) using a weld-and-forge technique.
Other examples include welding of attachments
to resulfurized free-machining components.
If welded very quickly, solidification cracking
can be avoided through the formation of a
solid-state bond at the interface. Because
no melting occurs and the forged joint
generates little heat outside the contacting
interface, sulfur generally does not form exten-
sive compositionally-driven melting within
the heat-affected zone (HAZ) of the welded
component.
Projection welding can be used over a wide

range of allowable thickness mismatches. Gen-
erally, traditional resistance welding is consid-
ered adaptable to sheet thickness variations of
less than 3 to 1. However, with projection weld-
ing, there is no limit to the difference in compo-
nent thicknesses.
Embossed-projection welding can be used to

avoid external marking of sheet surfaces. For
example, because flat electrodes are used and
short weld times are used, the process is very
effective at localizing heat at the faying inter-
face and minimizing the residual heat produced
on the outside surfaces.
Solid-projection welding can also be used to

produce hermetic seals. Annular-projection
welds are often used to seal the housing of
glass-filled electrical connectors against an
enclosure. Due to the very short heating cycle
and moderately low electrode forces required,
a projection welding can be successfully pro-
duced without significant thermal expansion of
the housing and cracking of the glass.
Limitations. The limitations of the projec-

tion-welding process are largely related to the
need for proper projection design and any mod-
ifications to existing resistance spot welding
(RSW) equipment that may be required for
optimal performance. Other limitations of pro-
jection welding include:

� Forming of one or more projections on one
of the workpieces may require extra opera-
tions, unless the parts are press formed to
design shape.

� When several welds are made at once with
the same electrode, alignment of the work
and dimensions (particularly height) of the

projections must be held to close tolerances
to obtain consistent weld quality.

� When making simultaneous projection
welds, the projection layout will be dictated
by the shunt current paths, which may not
coincide with the desired location.

� Because two parts are moving relative to
each other during the welding process,
proper gaging is difficult.

Material Property Effects

Solid-projection welds are essentially strain-
assisted diffusion bonds (Ref 2). Because the
projections typically collapse at very high tem-
peratures (generally, within several hundred �C
of the melting point), bonding can occur within
the very limited available time (usually, less
than 1 s).
Not surprisingly, some of the material-

related factors that affect diffusion bonding
also affect solid-projection welding. The most
notable of these is the ability of the metal to
dissolve its own oxide, such as titanium and
copper. As a result, materials that do not ener-
getically favor solid solubility of oxygen within
the metal at forging temperatures, rather than
the formation of the oxide at temperature, such
as aluminum, will be relatively difficult to pro-
jection weld.
The strength-temperature relationship also

affects projection weldability. Materials that
maintain their strengths at relatively high tem-
peratures permit substantial heating before
projection collapse and a loss of strain localiza-
tion. This heat then becomes available to pro-
mote diffusion after collapse of the projection.
Conversely, metals exhibiting a rapid deteriora-
tion of strength at elevated temperatures cause
premature projection collapse. This results in a
rapid reduction in the current density, lowering
welding temperatures, which slows diffusion
and prohibits bonding.
Bulk resistivity also plays a role in

projection welding, but to a lesser degree.
Increased bulk resistivity can reduce the effec-
tiveness of the projection as a current concen-
trator. Because the yield strength of most
metals decreases with temperature, metals with
high bulk resistivity develop heat within the
projection quickly, which promotes premature
collapse. This is seen as a tendency toward
delocalized heating and general, rather than
local, collapse of the projection. As a result,
high-resistivity materials are more difficult to
projection weld without appropriately altering
the projection geometry.
Projection Welding of Steels. Uncoated

and scale-free mild steels are usually easily pro-
jection welded. Uncoated mild steels have mod-
erate levels of contact resistance and a
moderate capacity to adsorb oxides, making
them relatively easy to bond. However, metal-
lic-coated mild steels (galvanized, aluminized,
etc.) are more difficult to weld because the

coatings act as a barrier to bond formation and
must be dispersed from the weld location dur-
ing welding. Additionally, typical coatings have
low resistivity that increases the current
required to weld and promotes general yielding
of the projection. Typical embossed-projection
designs applied to coated sheet steels result in
the direct shunting of current to the opposing
sheet once the projection is nearly fully col-
lapsed and contact between the respective coat-
ing interfaces occurs. Consequently, projection
welds in galvanized steels generally require a
customized projection, generally taller and nar-
rower than standard projection designs. Some-
times, reduced electrode face diameters are
also used to further concentrate current during
resistance welding.
There are different concerns in projection

welding high-strength steels. Projection weld-
ing, like other resistance welding processes,
produces high cooling rates. Depending on
the carbon content of the base metal, the hard-
ness of the weld and the near HAZ can be very
high. Additionally, these joints are often under
high constraint. These conditions can lead to a
loss of weld ductility and strength perpendicu-
lar to the sheet surface if postweld heat treat-
ment is not used. Commonly, this is done by
using an in situ tempering current pulse. The
second current impulse is applied only after
the weld and HAZ have cooled below the mar-
tensite finish temperature and without releasing
the electrodes. Only proper adjustment of the
magnitude of the temper current level will pro-
duce the desired improvement in weld tough-
ness properties. Insufficient or excessive
temper currents will not result in improved
performance.
High-strength steels can also have

relatively high electrical resistivities. This may
lead to accelerated projection collapse and
may require a customized projection design
for best performance. Generally, a slight
increase in projection height and a reduction
in the base diameter are sufficient to accommo-
date the accelerated projection collapse com-
pared to similar projections produced on mild
steel.
Projection Welding of Aluminum and Alu-

minum Alloys. Aluminum and aluminum-base
alloys can be very difficult to projection weld.
The aluminum oxide is so tenacious that solid-
projection welding, in particular, is nearly
impossible by using traditional projection
designs. The high initial electrical resistance
of the aluminum oxide promotes surface expul-
sion at the projection tip. This expulsion may
help remove the oxide at the initial contact
location, but more extensive expulsion will
harm weld quality.
In addition, it is very difficult to localize heat

during the projection welding of aluminum
alloys, because they soften at low temperatures.
This is especially true for embossed projec-
tions. The characteristic rapid softening of the
projection mandates the use of very short weld
times, high currents, and low electrode force.
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Rapid electrode followup head designs must
be incorporated into the welding equipment.
Special embossed-projection designs, with
accompanying fast followup equipment, have
been developed to accommodate the rapid soft-
ening and collapse characteristics of aluminum
projections. Because the aluminum oxide is
very stable, extensive deformation of the pro-
jection and the part surface is required to frac-
ture and locally disperse the oxides prior to
bond formation. However, weld consistency
should be carefully evaluated.
Projection Welding of Copper and Copper

Alloys. Projection welding is commonly
applied to copper and copper-base alloys. In
many applications, projections are virtually
required for resistance welding, because of the
generally high conductivity of these materials.
In any case, projection welding must be per-
formed very rapidly to localize heat at the fay-
ing interface. The projection should be
designed to resist rapid collapse, similar to
those made in aluminum.
Because electrical resistivity and strength at

elevated temperatures are generally propor-
tional, the ease of projection welding copper
alloys can usually be ranked by their electrical
conductivity. For alloys with relatively low
electrical conductivity, heating of the contact-
ing surfaces can be accomplished relatively
easily while those of high conductivity may be
very difficult. Similar to projection welding alu-
minum, the rapid softening of projections made
in copper alloys requires very short weld times,
high currents, low electrode force, and rapid
electrode followup head designs incorporated
into the welding equipment. However, different
from welding aluminum, copper easily adsorbs
its own oxide and therefore does not require
the same extensive deformation to achieve
bonding.
Electrodes for projection welding copper are

often made of copper alloys. Some electrode
sticking may occur, mandating frequent dress-
ing. Water cooling is necessary to reduce stick-
ing and maintain the electrode surface. In some
cases, either pure or sintered refractory metals
are used to avoid sticking issues. However,
the refractory metal electrodes generate heat,
which may promote rapid projection collapse
and deterioration of weldability. Refractory
electrodes are preferred in other cases, such as
joining or consolidating the ends of stranded
wires.
Copper alloys containing significant amounts

of zinc can produce violent expulsion of metal
due to the vaporization of zinc during welding.
These alloys require weld schedules with short
weld times and higher electrode forces. Custom
projection designs may be required.
Other Metals. Low-alloy nickel-base alloys

are ideal materials for projection welding,
because they readily dissolve their own
oxides and have adequate strength-temperature
and resistivity properties. Stainless steels and
higher-alloy nickel-base materials become
slightly more difficult to weld because of the

formation of more-stable chromium oxide,
increased high-temperature properties, and
higher resistivities.
Conventional titanium alloys are

relatively difficult to projection weld. Although
titanium readily dissolves its own oxide, its
high resistivity and low forging temperature
generally cause premature collapse of the
projection.

Specifications and Recommended
Practices

Several recommended weld schedules and
practices for the projection welding of various
materials are given in the AWS publication
C1.1M/C1.1:2000, “Recommended Practices
for Resistance Welding.” These schedules may
be used as starting conditions for development
of specific welding applications. This recom-
mended practice also covers the shear and cross
tension testing method for resistance welds.
Other information sources include the current

edition of the Resistance Welding Manual, pub-
lished by the Resistance Welder Manufacturers
Association, with recommended practices for
projection welding and electrode materials.
Several European specifications and recom-
mended practices also can be used to define
resistance projection welding applications (see
the list at the end of this article along with other
AWS specifications).
Automotive manufacturers have proprietary

specifications and welding requirements for
projection welding. These often follow other
published guidelines. While not specifically
called out, test methods and procedures for
determining resistance spot weldability for
automotive applications are defined in AWS
D8.9:2002. Weld quality characteristics of indi-
vidual welds may be defined by the applicable
measures detailed in specification AWS
D8.1M:2007. In 2007, AMS-W-6858A (2000)

and MIL-W-6858D (1992) were replaced by
AWS D17.2.

Process Fundamentals

As previously mentioned, two modes
(embossed and solid) of projection welding
are often possible. When embossed-projection
welding is used as a spot weld initiator, rela-
tively long weld times are used to generate the
bulk resistive heat at the joint interface neces-
sary for melting to occur. Figure 9 shows the
stages of projection collapse and weld nugget
development in embossed projections. Early in
the weld cycle, the projection serves to enhance
the initial contact resistance and locate the weld
at the faying interface (Fig. 9a). Unless con-
veyed away by thermal conduction, the initial
heat generated through collapse of the projec-
tion is retained within the weld area (Fig. 9b).
Further resistive heating of the bulk metal
occurs with continued current flow (Fig. 9c).
With sufficient energy input, a molten weld
nugget will form (Fig. 9d). Generally, the weld
nugget diameter will not exceed the base diam-
eter of the projection. Used in this way, the pro-
jection acts as a heat balance technique to
localize the molten weld nugget with respect
to the faying interface location. Because of its
similarity to the method of heating used in stan-
dard resistance welding applications, projection
weld schedules that result in a molten weld
nugget will often use somewhat similar values
for weld time, electrode force, and so on com-
pared to similar RSW applications. This mode
is generally used only for embossed-projection
welding.
Alternately, the projection can produce a

solid-state bond at the faying interface, similar
to the flash butt welding processes. In this case,
little or no melting occurs throughout the weld
cycle. The objective of this mode of welding
is to produce a metallurgical bond through

Fig. 9 Stages of projection weld collapse and nugget formation. (a) Initial condition. (b) Solid-state weld formed after
20% of total weld time. (c) Region of incipient melting after 70% of weld time. (d) Complete weld nugget at

100% of weld time
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heating and collapse of the projection. The
weld is formed by the appropriate combination
of strain, heat, pressure, and time developed at
the faying interface (Fig. 9b). During heating
of the projection, the surfaces of both the con-
tacting portions of the projection and the work-
piece soften and strain, resulting in a breakup of
oxides at the faying interface. For some materi-
als, the elevated temperatures allow adsorption
of some of these metal oxide fragments,
depending on the solubility of the oxides within
the solid metal at elevated temperatures. Defor-
mation of the metals at the faying interface
exposes metallurgically clean surfaces under
intimate contact at elevated temperature and
pressure. In appropriate combinations, these
conditions promote bonding, provided they
exist for a sufficient length of time. In some
cases, a very thin transient liquid film may form
early in the heating cycle. If formed, this liquid
is quickly expelled or squeezed from the joint,
taking with it the metal oxides that act as bar-
riers to bond formation. This mode of projec-
tion welding uses very short weld times and
high weld currents and requires equipment with
good mechanical followup of the electrode.
The extent of projection collapse is limited by

the establishment of mechanical equilibrium at
elevated temperature and is determined by the
projection design and applied electrode force.
The solid-state welding mode is used primarily
for solid-projection and some embossed-projec-
tion welding applications. This is especially true
of metals with good electrical conductivity or
when producing a molten nugget would result in
an adverse metallurgical condition or when the
required weld cycle time is relatively short.

Equipment

Resistance projection welding equipment
may require specific modifications compared
to common RSW equipment, such as the use
of low-mass (inertia) weld heads. The approach
rate of the head should not cause damage to the
projection tip beyond that provided by the
applied electrode force. A “soft” approach rate
can improve weld consistency. Because the
nature of projection welding is to direct current
flow to the desired weld locations, there is con-
siderably more flexibility in tooling. Conven-
tional spot welding practice requires electrodes
of specific sizes and shapes in order to localize
current for welding. Projection welding uses
large, flat-faced electrodes.
Additionally, projection welding equipment

uses straight-acting force systems on pedestal
welders, weld guns, or similar weldingmachines.
A typical pedestal welder suitable for general-
purpose projection and spot welding is illustrated
in Fig. 10. Rocker-arm-type welders are gener-
ally not used. The type of force system signifi-
cantly affects the mechanical electrode
followup characteristics of the machine, depend-
ing on the masses of the moving components.
Examples of the force systems used on projection

welding machines include pneumatic, hydraulic,
“air-over-oil,” and other forms of mechanical-
driven systems, such as cam operations. Pneu-
matic systems can provide fast response to pro-
jection moment, depending on the size of the
orifices, the masses involved, and an ample sup-
ply of air. An air accumulator may be necessary
to stabilize the supply pressure. Generally,
hydraulic and air-over-oil systems provide slow
electrode followup response. However, these
may be adequate for the fusion mode of projec-
tion welding. Alternately, a separate fast fol-
lowup head can be placed in line with the
electrodes. Mechanical systems can provide very
fast electrode followup characteristics, depend-
ing on the cam design. Servo guns may not be
appropriate for projectionwelding. The displace-
ment or force feedback systems that are usedmay
not respond fast enough to match the rapid col-
lapse of the projection during welding.
Electrode Followup. Projection welding

requires high compliance or the rapid response
of the loading system. This is necessary
because projection welding requires the col-
lapse of a projection, which, in turn, requires
some motion of the welding head. If the fol-
lowup of the welding head is insufficient, then
a local loss of force will occur, potentially caus-
ing catastrophic overheating of the contacting
surfaces and expulsion of metal from the joint.
This causes porosity, cracking, or accelerated
electrode wear. Therefore, projection welding
systems typically use “fast followup” heads
(Fig. 11), which consist of relatively low-inertia
(mass) head components and mechanisms to
maintain a nominally constant force. The head
shown in Fig. 12 uses a relatively low-volume
diaphragm assembly and a spring to maintain

this force on the components. Most systems,
however, use either these low-volume dia-
phragm assemblies or springs to accomplish
fast followup.
Calculating the dynamic response of the weld-

ing machine depends on the sum of the masses of
the electrode, holder, and other moving compo-
nents of the welder, as well as the applied elec-
trode force and friction in the moving
components. Figure 13 can be used as a guide to
determine themaximummovingmass for a given
level of electrode force. Generally, the sum of the
moving masses should be less than 1% of the
applied electrode force.
Welder Stiffness and Electrode Parallel-

ism. The welding machine should have suffi-
cient stiffness so that the upper electrode can
remain parallel to the welding surface through-
out the weld cycle. A loss of parallelism will
result in expulsion during welding or poor weld
quality when multiple projections are welded
simultaneously. The upper and lower portions
of the welder frame are sometimes tied together
to improve mechanical stiffness and maintain
parallelism of the electrodes. Similarly, the
welded component should have sufficient stiff-
ness, and the weld surface should be suffi-
ciently backed up to avoid flexure of the part
during welding.
Power Supply Types. Several types of weld

power supplies can be used for projection weld-
ing. Standard alternating current (ac) weld
power supplies are often used. These can be
used in full-cycle and half-cycle operation. Tra-
ditional resistance welding equipment controls
on full cycles (both positive and negative
“half-cycles”) of the ac current waveform. This
type of current is best used for the fusion

Fig. 10 Typical general-purpose projection and spot
welder

Fig. 11 Typical fast followup head for resistance
welding. The spring is located in the body

of the assembly. Note the shunts providing a current
flow path around the spring. Courtesy of Edison
Welding Institute

428 / Resistance Welding Processes



projection weld mode. The weld controller
should be operated in constant voltage current
mode rather than in constant secondary current
mode. Constant current mode increases varia-
bility in weld quality for projection welding.
This is because the dynamic resistance con-
stantly changes during projection collapse, and
adjustments to the weld current made

from feedback from the controller cannot be
performed rapidly enough to maintain weld
consistency, especially for the solid-state weld-
ing mode. Half-cycle ac weld power supplies
are used in conjunction with high secondary
voltage transformers to produce a very short-
duration, single-impulse weld current. This
effectively makes these welders a direct current

(dc)-type power supply. A stacked core trans-
former is recommended for these applications.
These are usually used with the solid-state
welding mode.
There are several types of dc power supplies.

These include primary rectified dc, secondary
rectified dc, midfrequency dc (MFDC), capaci-
tive discharge, and other types of dc power
sources. The dc-type power supplies do not
usually exhibit the high peak currents asso-
ciated with ac waveforms and therefore reduce
the levels of expulsion observed during weld-
ing. As they have become more powerful,
MFDC-type power supplies have rapidly
replaced many types of traditional dc-type
power supplies. The time to peak current is an
important characteristic of dc-type power
supplies. The solid-state mode of welding gen-
erally operates best with fast welding times,
dictating a fast current rise time to peak current.
The capacitive discharge type of dc power
supplies produces a very fast rising current
pulse. In some applications involving dissimilar
metals, the polarity of the power should be
checked to ensure that appropriate heat balance
is maintained in the joint. The size and resis-
tance of the secondary loop also influences cur-
rent rise time.
Electrodes. Projection welding is typically

done with large, flat electrodes. In most appli-
cations, tooling is simply shaped to match the
contour of the part in the contacting location.
The electrodes should be machined to produce
flat parallel faces. Electrode parallelism should
be checked when installed and prepared in the
welding machine and when refractory-faced
electrodes are used on only one side of the
joint.

Fig. 12 Typical fast followup (low-inertia) head for projection welding. (a) In open position. (b) In position for squeezing and heating the projection. (c) At instant of projection
collapse and start of nugget formation

Fig. 13 Relationship between projection collapse distance, projection collapse time, and the head weight-to-weld
force ratio. Courtesy of Edison Welding Institute
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Personnel

Like all resistance welding processes, projec-
tion welding processes often use automated
equipment, since the expertise level required
to operate the equipment is relatively low. Gen-
erally, the skill levels and the health and safety
issues are identical to those of conventional
RSW. An area in which expertise is beneficial
is the attention to detail by the operator. Resis-
tance welding is subject to variations in setup
conditions, and projection welding may be
extraordinarily sensitive to setup variations in
situations where the placement of projections
is critical.
With limited expertise, operators or supervi-

sory staff can visually inspect the characteris-
tics of the process and the welds themselves
to identify improper setups, as well as mainte-
nance needs. These quality-assurance efforts,
which fall under the auspices of total quality
management or total quality joining, can be
established with a minimum of on-line training
and experience.

Process Requirements

The geometry of the projection is critical for
many applications. The projection shape, base
diameter, and height should be defined for opti-
mal performance. A poorly designed projection
may not be weldable in some applications. The
projection should have appropriate symmetry
and not be placed on the edge of the component
face.
The projection shape should be selected to

produce a controlled dynamic mechanical col-
lapse, under the applied electrode force, such
that the current density at the faying interface
can be managed during heating and forging of
the projection. Tall and slender projections tend
to buckle during deformation, explode during
welding, or are too stiff to promote the strain
needed for bond formation. Short and wide pro-
jections tend to flatten rapidly at the contacting
face and therefore provide insufficient current
concentration during welding to heat or strain
the faying interface for bonding.
Selecting a projection with the proper rela-

tionship between the projection height and base
diameter will produce heat and strain at the fay-
ing interface, which encourages bond forma-
tion. Sometimes, an initial flat is placed on the
top of the projection to avoid premature flash-
ing during the initial surge of weld current.
However, the width or diameter of this flat
should be minimized because it reduces the
strain developed at the projection tip.
The slope of the projection sides will govern

the increase in contact area during projection
collapse. The increase in conduction area
should be proportional to the rate of the rising
slope of the current impulse (dynamic current
density), and the projection height should be
sufficiently tall to develop the strain needed to

bond within the heating time allotted for the
process. Similarly, if multiple projections are
made simultaneously, then the projection
heights should be tightly controlled. The pro-
jection geometry can be optimized for specific
metals, coatings, or the mechanical perfor-
mance of specific welding machines.
Tables of parameters for embossed-welding

projection can be found for joining many types
of metals. These should be examined in refer-
ence to the projection welding mode. This is
most often indicated by weld time and electrode
force specified. Weld times similar to those
of RSW are used for the fusion weld mode of
projection welding, but much shorter weld
times are used for the solid-state mode. Weld
current upslopes are usually not used for the
solid-state mode of projection welding. Tabu-
lated weld parameters for various materials are
discussed as follows. Most of these are consis-
tent with the fusion weld mode for the
embossed projection designs.

Steel Embossed-Projection Welding

The embossed-projection welding of heavy-,
intermediate-, and thin-gage sheet mild steel,
as well as welds between dissimilar thickness
joints, is described as follows.
Heavy-Gage Sheet Steels. The projection

welding of heavy-gage steels, which involves
an embossed-projection welding process, has
many of the characteristics of solid-projection
welding, particularly in its early stages, because
of the thickness of the sheet.
In addition to defining the geometry of the

projection, projection designs should provide
an annular relief for projection material that is
forged to the side during welding. Projection
and die geometries for steels that range from
3.12 to 6.22 mm (0.123 to 0.245 in.) are shown
in Table 1. The process requirements for form-
ing these welds are given in Table 2. All weld-
ing schedules described in this article are
single-pulse welding schedules.
Slope control is sometimes recommended

to prevent preflashing of the projection upon
initiation of the welding current or when the
inertia of the welder is excessive. The applica-
tion of a forge force is also recommended
to alleviate weld porosity. Electrode or die wear
may also be a concern, as it is in the spot weld-
ing of heavy-section steels. In such applica-
tions, pulsation welding schedules may be
recommended.
Intermediate-Gage Sheet Steels. The pro-

jection welding of steels ranging in gage from
0.56 to 3.43 mm (0.022 to 0.135 in.), using sin-
gle-point projections with single-impulse weld-
ing schedules, is well established. Projection-
stamping die designs are given in Table 3,
whereas process requirements are given in
Table 4. Lower forces and shorter welding
times are required, when compared with the
conventional spot welding of these gages.

Thin-Gage Sheet. The projection welding of
thin-gage steel sheet (<0.50 mm, or 0.020 in.)
differs significantly from the projection
welding of intermediate-gage sheet in that sin-
gle-point projections become mechanically
unstable. It also becomes increasingly difficult
to use single-point projections to make ade-
quate-sized welds. Therefore, annular projec-
tions are typically recommended for thin-gage
steel. Table 5 provides the annular-projection
weld geometry, as well as the required process
conditions.
Dissimilar-Thickness Joints. As previously

noted, the projection welding process is ideally
suited for the joining of sheets of widely dispa-
rate thickness. When fabricating such joints, the
best practice is to place the projection on the
thicker sheet, where possible, using the projec-
tion design that is appropriate for the thinner
sheet. This is done because the projection has
the effect of concentrating the heat at the con-
tact surface, regardless of the thicknesses of
the sheets being joined. As a result, selecting
conditions based on the thinner sheet has the
effect of sizing the weld for that (attached)
material.

Steel Solid-Projection Welding

Solid-projection welding of steels that are
described as follows includes annular, nut, and
cross-wire projection configurations.
Annular-Projection Welding. Neither spe-

cific projection designs nor process conditions
for annular-projection welding are well estab-
lished. There is a general consensus on the use
of 90� included angle triangular cross section
projections in sizes that are scaled to the thick-
ness of the opposing sheet. Typical practice
includes approximately 4.5 to 8.9 kN (1000 to
2000 lbf) of force per linear inch (or 25 mm)
of projection, as shown in Table 6. Weld times
for annular projections for diameters ranging
from 6.4 to 25 mm (0.25 to 1.0 in.) usually
range from a single cycle to approximately 10
cycles. Typically, shorter welding times result
in more-robust processing conditions. Maxi-
mum welding times are often limited by con-
cerns over thermal damage to the base metal.
The best annular-projection design will

recess the base diameter of the projection from
the outside diameter of the part. Reasons for
this are shown in Fig. 14. Projection designs
that extend to the outside diameter of the part
have the potential for unstable projection col-
lapse, which can result in the formation of an
incipient notch at the outside diameter of the
part and an increase in the incidence of weld-
related failures.
Larger-diameter annular-projection welds

cause a problem in attaining the proper heat
balance around the periphery of the projection.
Typically, the side of the projection that is
toward the throat of the machine will heat pref-
erentially for two reasons. First, the shortest
conductive (and highest current flow) path is
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along the inside of the throat, including the
inboard side of the projection. Second, there is
an inductive “skin” effect associated with alter-
nating-current machines, which tends to con-
centrate current along the inside of the welder
throat. Intermediate-diameter projections have

been successfully welded using direct current,
because it minimizes the skin effect and
appears to allow better heat balance.
Larger-diameter projections may require

dual-throat machines, which have dual trans-
formers located on opposite sides of the

workpiece. Each has its own “throat.” The
effect is to balance the resistive/inductive
effects, allowing the welding of very large-
diameter projections.
Nut Welding. Specific criteria for the design

of weld nut projections, as well as appropriate

Table 1 Projection and die geometries for welding a range of heavy-gage steels
Data are for tool steel hardened to 50–52 HRC.

USS gage No.

Material

thickness (T)

Projection Punch Die

Height (H), þ�2% Diameter (D), þ�5% Radius (S)
Radius (R), þ�0.1

mm (þ�0.005 in.) Height (P), þ�2%

Hole diameter (d),
þ�0.1 mm (þ�0.005 in.)

Recess radius (r),
r = S/3

Recess height (h),
h = H/3

mm in. mm in. mm in. mm in. mm in. mm in. mm in. mm in. mm in.

11 3.12 0.123 1.47 0.058 6.86 0.270 4.98 0.196 2.39 0.094 1.91 0.075 5.61 0.221 1.65 0.065 0.483 0.019
10 3.42 0.135 1.57 0.062 7.62 0.300 5.46 0.215 2.77 0.109 2.06 0.081 6.35 0.250 1.83 0.072 0.508 0.020
9 3.88 0.153 1.63 0.064 8.38 0.330 5.97 0.235 3.18 0.125 2.16 0.085 6.86 0.270 1.98 0.078 0.533 0.021
8 4.17 0.164 1.73 0.068 9.14 0.360 6.30 0.248 3.58 0.141 2.31 0.091 7.54 0.297 2.11 0.083 0.584 0.023
7 4.54 0.179 2.03 0.080 9.90 0.390 6.96 0.274 3.96 0.156 2.64 0.104 8.33 0.328 2.31 0.091 0.686 0.027
6 4.95 0.195 2.13 0.084 10.4 0.410 7.26 0.286 3.96 0.156 2.82 0.111 8.59 0.338 2.41 0.095 0.711 0.028
5 5.33 0.210 2.28 0.090 11.2 0.440 7.75 0.305 4.75 0.187 3.05 0.120 9.09 0.358 2.57 0.101 0.762 0.030
4 5.72 0.225 2.54 0.100 11.9 0.470 8.26 0.325 4.75 0.187 3.35 0.132 9.35 0.368 2.74 0.108 0.838 0.033
3 6.22 0.245 2.84 0.112 13.5 0.530 9.27 0.365 4.75 0.187 3.76 0.146 10.3 0.406 3.07 0.121 0.940 0.037

Source: Ref 3

Table 2 Process requirements for projection welding of a range of heavy-gage low-carbon steels

USS

gage No.

Thickness(a)(b)

Projection size Minimum

Electrode

force weld(c)

Electrode

force forge
Upslope

time(d),

cycles

Weld

time(d),

cycles

Welding

current(e), A

Tensile-shear

strength(f)Diameter Height

Minimum spacing,

centerline to

centerline

Minimum contact

overlap

mm in. mm in. mm in. mm in. mm in. MN lbf MN lbf MPa ksi

Schedule A: Welding normal-sized welds

9 3.89 0.153 8.38 0.330 1.57 0.062 44.5 1.75 22.9 0.9 8.9 2000 17.8 4000 15 60 15,400 52 7.5
8 4.17 0.164 8.89 0.350 1.73 0.068 45.7 1.80 24.1 0.95 10.2 2300 20.5 4600 15 70 16,100 56 8.1
7 4.55 0.179 9.91 0.390 2.03 0.080 48.3 1.90 25.4 1.0 11.7 2630 23.4 5260 20 82 17,400 66 9.5
6 4.95 0.195 1.04 0.410 2.13 0.084 50.8 2.00 26.7 1.05 13.0 2930 26.1 5860 20 98 18,800 78 11.3
5 5.33 0.210 1.12 0.440 2.34 0.092 53.3 2.10 29.2 1.15 14.2 3180 28.3 6360 25 112 20,200 86 12.5
4 5.72 0.225 1.19 0.470 2.54 0.100 33.0 1.30 30.5 1.20 16.1 3610 32.1 7220 25 126 21,500 103 15.0
3 6.22 0.245 1.35 0.530 2.84 0.112 63.5 2.50 33.0 1.30 17.4 3900 34.7 7800 30 145 23,300 119 17.3

Schedule B: Welding small-sized welds

9 3.89 0.153 6.86 0.270 1.47 0.058 40.6 1.60 19.1 0.75 6.2 1400 12.5 2800 15 60 11,100 35 5.1
8 4.17 0.164 7.37 0.290 1.57 0.062 41.9 1.65 20.3 0.80 6.3 1425 12.7 2850 15 70 11,800 38 5.5
7 4.55 0.179 7.87 0.310 1.70 0.067 43.2 1.70 21.6 0.85 6.7 1500 13.4 3000 20 82 12,800 45 6.5
6 4.95 0.195 8.38 0.330 1.83 0.072 44.5 1.75 22.9 0.90 7.1 1600 14.2 3200 20 98 13,900 53 7.7
5 5.33 0.210 8.89 0.350 1.96 0.077 45.7 1.80 24.1 0.95 7.7 1730 15.4 3460 25 112 14,900 59 8.5
4 5.72 0.225 9.40 0.370 2.08 0.082 48.3 1.90 25.4 1.00 8.3 1870 16.6 3740 25 126 16,000 72 10.4
3 6.22 0.245 9.91 0.390 2.24 0.088 53.3 2.10 27.9 1.10 9.3 2100 18.7 4200 30 145 17,300 83 12.0

(a) Low-carbon steel, SAE 1005–1010, 290–380 MPa (42–55 ksi) ultimate tensile strength. (b) Surface of steel may be oiled lightly but free from grease, scale, and dirt. (c) On single-force welds, use only weld force as elec-
trode force. Electrode force contains no factor to further form poorly made parts. (d) Based on 60 Hz. (e) Starting values shown are based on experience of Resistance Welder Manufacturers Association member companies. (f)
Tensile-shear strength per protection depends on the joint design. Source: Ref 3
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processing conditions, are not well established.
The weld current should be set to relatively
high values, with weld times set to relatively
short values. The weld current and time should
be adjusted to achieve bonding while avoiding
expulsion. Too high of an electrode force will
produce inconsistent results, while too little
force will promote expulsion.
There is a general consensus that the ideal

number of projections on a weld nut is three,
because it is assumed that all three will contact
the opposing surface when the electrode force is
applied, if the projections are of the same height
and if the electrodes are aligned properly.
The actual design of the welding projections is

not well established, although 90� included-
angle square pyramidal, truncated cone, and
hemispherical projections are common. When
changing from one projection design to another,
the height-to-base diameter ratio of the projec-
tion should roughly be maintained. Projection
dimensions are nominally scaled according to
the opposing sheet. Designs for embossed projec-
tions of the appropriate sheet size can be used as a
guideline. The projections should be symmetric
and not placed on the edges of the weld nut.
Cross-Wire Welding. The process condi-

tions for the cross-wire welding of a range of
wire thicknesses are given in Table 7. The con-
ditions are usually specified in terms of require-
ments to achieve a certain level of compression
set-down for the wires. Set-down is defined in
Fig. 15. In general, joint strength increases as

the degree of set-down increases. The defined
process conditions are for mild steels. Higher-
strength materials, such as stainless steels or
nickel-base alloys, will require higher forces
and longer welding times to promote wire col-
lapse and diffusion across the bond line.

Sources of Defects

The most common defects in projection weld-
ing include lack of bonding, cracking, holes,
porosity, and cratering from metal expelled from
the projection base. Lack of bonding (Fig. 16) is
the result of insufficient heat to produce a fusion
weld nugget or insufficient heat generated during
projection collapse to produce bonding. Most
often this is due to improper projection designs
or imbalances in weld current levels, weld times,
and electrode forces. Cracking, holes, and poros-
ity (Fig. 17) can occur in projectionwelding from
causes similar to RSW. This includes high hard-
ness of the weld or HAZ, low-melting constitu-
ents in the weld metal, expulsion, and so on.
Expulsion (Fig. 18) is often caused by excessive
current, insufficient electrode force, inadequate
electrode force followup, improper projection
design, or excessive weld time.
Electrode wear can also deteriorate weld qual-

ity. Repeated welding operations can cause
pitting, electrode contamination, or erosion of
the electrode face. These can alter the heat gener-
ated at the electrode face or reduce the

effectiveness of projection collapse. Pitting or
contamination can alter the heat generated at the
electrode surface. For thermally conductive
materials, increases in heat generated at the elec-
trode interface can diffuse into the projection and
soften it, causing premature collapse. Alter-
nately, electrode face contamination can reduce
the heat generated at the faying interface or
change the heat balance of the joint, resulting in
a loss of weld quality. Locally deep erosion of
the electrode face can reduce the available pro-
jection collapse distance during welding and
reduce bond quality. Electrode wear can be
reduced by improving the flow of coolant (water)
through the electrodes and by electrode dressing.
Accelerated electrode wear can also be caused by
insufficient squeeze and hold times, electrode
geometry, followup characteristics, and the qual-
ity of the refractory used on the electrode face.
Excessive weld current can produce a num-

ber of undesirable effects. Expulsion can also
contaminate the threads on a weld nut applica-
tion or make a fluid-carrying device unusable.
It can cause surface marking on show surfaces.
Incidental contact between the components
(Fig. 19) during projection welding can shunt
weld current and cause expulsion away from
the intended weld location.

Quality Control and Inspection

There are many tests that can be used to val-
idate projection weld quality. These tests

Table 3 Projection and die geometries for welding a range of intermediate-gage steels to make spherical projections
Data are for tool steel hardened to 50–52 HRC.

USS gage no.

Material thickness (T)

Projection Punch Die

Height (H), þ�2% Diameter (D), þ�5% Diameter (A)

Point radius

(R), þ�0.05 mm (þ�0.002 in.)

Hole diameter

(B), þ�0.1 mm (þ�0.005 in.) Chamber diameter (D)

mm in. mm in. mm in. mm in. mm in. mm in. mm in.

25–21 0.56–0.86 0.022–0.034 0.64 0.025 2.3 0.090 9.53 0.375 0.79 0.031 1.93 0.076 2.29 0.090
20–19 0.91–1.1 0.036–0.043 0.89 0.035 2.8 0.110 9.53 0.375 1.19 0.047 2.26 0.089 2.79 0.110
18–17 1.2–1.4 0.049–0.054 0.97 0.038 3.6 0.140 9.53 0.375 1.19 0.047 2.64 0.104 3.56 0.140
16–15 1.5–1.7 0.061–0.067 1.1 0.042 3.8 0.150 9.53 0.375 1.57 0.062 3.05 0.120 3.81 0.150
14 1.9 0.077 1.2 0.048 4.6 0.180 9.53 0.375 1.57 0.062 3.66 0.144 4.57 0.180
13 2.3 0.092 1.3 0.050 5.3 0.210 12.7 0.500 1.98 0.078 4.37 0.172 5.33 0.210
12 2.72 0.107 1.4 0.055 6.1 0.240 12.7 0.500 1.98 0.078 4.98 0.196 6.10 0.240
11 3.12 0.123 1.5 0.058 6.9 0.270 12.7 0.500 2.39 0.094 5.61 0.221 6.86 0.270
10 3.43 0.135 1.6 0.062 7.6 0.300 12.7 0.500 2.77 0.109 6.35 0.250 7.62 0.300

Source: Ref 3
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measure the strength, ductility, performance, or
integrity of the bond.
Shear- or normal-type tensile tests

(Fig. 20) can be performed, typical of other
RSW applications. These tests can be applied to
coupons or actual components in orientations rep-
resentative of part performance. It provides a good
measure of weld strength, but in some cases, it
may not accurately describe weld ductility.
The peel test (Fig. 21) is frequently used on

the shop floor to assess weld quality. It provides
a qualitative assessment of weld ductility and
strength.
The pushoff test (Fig. 22) is often the best

test for definingweldquality of annular-projection
ormultiprojection welded components. It consists
of pushing or pulling the welded component from
the part in an orientation normal to the sample sur-
face. The peak load and/or displacement is
recorded. Interpretation of the fracture appearance
also provides significant clues to weld perfor-
mance or quality.Usually, the pushoff test ismuch
more discriminating than the torque test.
The torque test (Fig. 23) is widely used on

welded nut and similar configurations. Like the
shear or tensile test, the torque test also places
the weld under a shear-type load. However, the
torque values commonly applied are representa-
tive of the part usage rather than its loading
capacity. Additionally, this test does not assess
the ductility of the weld. Because of the limited
test torques often used and the orientation of the
stresses, the torque test should be used as a proof
testmethod.Other tests should be used to develop
the production weld schedules.
Metallographic inspection is a common

method to assess bond line quality. Other metal-
lurgical features (hardness distribution, grain
size, etc.) of the weld can also be assessed.While
it does not provide numerical values or assess the
whole weld, metallurgical inspections can be
invaluable for interpreting other test results.
The current range test is actually a set of

test results that measure weld quality over a
range of weld currents. When used as a quality
measure in conjunction with changes to projec-
tion geometry, an optimal projection geometry
can be defined for a specific application.
Projection set-down (Fig. 24) can be a use-

ful indicator of weld quality, when it has been
correlated with weld performance using some
other weld quality test method. It is nondestruc-
tive and often can be used in feedback control
schemes.
Feedback controller systems are available

that can monitor weld voltage and current to
compute dynamic resistance. Displacement of
the weld head can also be monitored. This
measure can often be directly related to weld
quality. To be effective, the monitored dis-
placement must measure the projection set-
down. Displacement measurements within the
fast followup head can be used to characterize
the dynamic force applied to single projections.
Displacement of the upper ram can be used to
identify stiction (dynamic friction) issues with
the welder.

Table 4 Process requirements for projection welding of a range of intermediate-gage low-
carbon steels

Configuration(a) USS gage No.

Material thickness

Projection size

Diameter Height

Minimum spacing

centerline to

centerline

Minimum

contact overlap

mm in. mm in. mm in. mm in. mm in.

A 25 0.559 0.022 2.29 0.090 0.635 0.025 9.65 0.38 6.35 0.25
B 23 0.711 0.028 2.29 0.090 0.635 0.025 9.65 0.38 6.35 0.25
C 21 0.864 0.034 2.79 0.110 0.889 0.035 12.7 0.50 9.65 0.38
D 19 1.09 0.043 2.79 0.110 0.889 0.035 12.7 0.50 9.65 0.38
E 18 1.24 0.049 3.56 0.140 0.965 0.038 19.1 0.75 12.7 0.50
F 16 1.55 0.061 3.81 0.150 1.07 0.042 19.1 0.75 12.7 0.50
G 14 1.96 0.077 4.57 0.180 1.22 0.048 22.4 0.88 12.7 0.50
H 13 2.34 0.092 5.33 0.210 1.27 0.050 26.9 1.06 15.7 0.62
I 12 2.72 0.107 6.10 0.240 1.40 0.055 31.8 1.25 19.1 0.75
J 11 3.12 0.123 6.86 0.270 1.47 0.058 38.1 1.50 20.6 0.81
K 10 3.43 0.135 7.62 0.300 1.57 0.062 41.4 1.63 22.4 0.88

Data are for SAE 1005–1010 steels with ultimate tensile strengths ranging from 290–380 MPa (42–55 ksi). Surface of steel may be oiled lightly but
must be free from grease, scale, and dirt.

Configuration(a) Weld time(b), cycles

Electrode force(c)

Welding current(d), A

Tensile-shear strength(e)

kN lbf kN KIP

Welding schedule A (for single projection)(f)

A 3 0.67 150 4,400 1.65 0.37
B 3 0.87 195 5,500 2.22 0.50
C 3 1.1 240 6,600 3.11 0.70
D 5 1.5 330 8,000 4.71 1.06
E 8 1.8 400 8,800 5.78 1.30
F 10 2.4 550 10,300 8.01 1.80
G 14 3.6 800 11,850 10.79 2.43
H 16 4.5 1020 13,150 14.46 3.25
I 19 5.6 1250 14,100 17.12 3.85
J 22 6.7 1500 14,850 21.35 4.80
K 24 7.3 1650 15,300 24.46 5.50

Welding schedule B (for 1–3 projections), each projection(g)

A 6 0.67 150 3,850 1.45 0.33
B 6 0.67 150 4,450 1.89 0.43
C 6 0.67 150 5,100 2.34 0.53
D 10 0.93 210 6,000 3.89 0.88
E 16 1.2 270 6,500 4.89 1.10
F 20 1.6 365 7,650 7.01 1.58
G 28 2.4 530 8,850 9.56 2.15
H 32 3.0 680 9,750 12.45 2.80
I 38 3.7 830 10,600 15.35 3.45
J 45 4.5 1000 11,300 18.68 4.20
K 48 4.9 1100 11,850 21.57 4.85

Welding schedule C (for �3 projections), each projection(h)

A 6 0.36 80 2900 1.29 0.29
B 8 0.45 100 3300 1.51 0.34
C 11 0.56 125 3800 1.89 0.43
D 15 0.71 160 4300 3.20 0.72
E 19 0.98 220 4600 3.89 0.88
F 25 1.5 330 5400 5.45 1.23
G 34 2.1 470 6400 7.78 1.75
H 42 2.7 610 7200 10.34 2.33
I 50 3.3 740 8300 12.90 2.90
J 60 4.0 900 9200 16.01 3.60
K 66 4.5 1000 9900 18.90 4.25

(a) Configuration designations are for the purposes of this table only. (b) Based on 60 Hz. (c) Electrode force contains no factor to further form
poorly made parts. (d) Starting values shown are based on experience of Resistance Welder Manufacturers Association member companies. (e) Ten-
sile-shear strength per projection depends on the joint design. (f) Schedule A is usable for welding more than one projection if current is decreased,
but excessive weld expulsion may result and power demand will be greater than that for schedule B or C. (g) Schedule B is usable for welding more
than three projections, but some weld expulsion may result, and power demand will be greater than that for schedule C. (h) Schedule C is usable for
welding less than three projections with weld current increased approximately 15% and possible objectionable final sheet separation. Source: Ref 3
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Safety

Safety concerns on projection welding are
similar to those for other resistance welding
processes. Concerns over pinching and crushing
hazards, sharp metal edges, hazardous fumes,
metal expulsion, hot work, electrical grounding
and shock hazards, and other issues are identi-
cal because the welding equipment and base
materials are very similar.
Personal safety equipment includes protec-

tive eyewear, gloves, wrist and arm guards,
and so on. The welding machines can be further
guarded in a number of ways. Some of these
include two hand initiation switches, light cur-
tains, barrier guards and locks, various other
proximity sensors, electrical continuity moni-
toring, ground fault current relays, and so on.
These are common to other forms of resistance
welding.

Table 6 Projection design and process requirements for 90� included-angle solid annular projections

Sheet thickness Projection height Distance of projection base from edge Projection base width Electrode force Weld current

mm in. mm in. mm in. mm in. N/mm lb/in. KA/mm KA/in.

0.76 0.03 0.51 0.02 0.13 0.005 1.02 0.040 128 731 356 14
1.02 0.04 0.61 0.02 0.15 0.006 1.22 0.048 158 900 356 14
1.27 0.05 0.71 0.03 0.18 0.007 1.42 0.056 184 1050 381 15
1.52 0.06 0.81 0.03 0.20 0.008 1.63 0.064 207 1181 381 15
1.78 0.07 1.02 0.04 0.25 0.010 2.03 0.080 263 1500 381 15
2.03 0.08 1.22 0.05 0.30 0.012 2.44 0.096 315 1800 406 16
2.29 0.09 1.42 0.06 0.36 0.014 2.84 0.112 368 2100 406 16
2.54 0.10 1.63 0.06 0.41 0.016 3.25 0.128 420 2400 432 17
3.18 0.13 1.83 0.07 0.46 0.018 3.66 0.144 473 2700 432 17
3.81 0.15 2.13 0.08 0.53 0.021 4.27 0.168 552 3150 457 18
4.45 0.18 2.44 0.10 0.61 0.024 4.88 0.192 630 3600 508 20
5.08 0.20 2.74 0.11 0.69 0.027 5.49 0.216 709 4050 559 22
5.72 0.23 3.05 0.12 0.76 0.030 6.10 0.240 788 4500 610 24
6.35 0.25 3.35 0.13 0.84 0.033 6.71 0.264 867 4950 660 26

Source: Edison Welding Institute

Table 5 Projection designs and process requirements for annular-projection welding of thin-gage low-carbon steel

USS gage No.

Thickness(a)(b)

Minimum spacing

centerline to

centerline

Minimum contact

overlap

Weld time(c), cycles

Electrode force(d)

Welding current(e), A

Tensile-shear strength each projection(f)

One Two or more

mm in. mm in. mm in. N lbf MPa ksi MPa ksi

31 0.279 0.011 7.87 0.31 6.35 0.25 6 490 110 5200 1.3 0.19 1.0 0.14
26 0.483 0.019 7.87 0.31 6.35 0.25 6 1000 225 5400 2.8 0.40 1.9 0.28

(a) SAE 1010, low-carbon steel, 290–380 MPa (42–55 ksi) ultimate tensile strength. (b) Surface of steel may be oiled lightly but must be free from grease, scale, and dirt. (c) Based on 60 Hz. (d) Electrode force contains no factor
to further form poorly made parts. (e) Starting values shown are based on experience of Resistance Welder Manufacturers Association member companies. (f) Approximate strength per projection depends on joint design.
Source: Ref 3

Fig. 14 Characteristics of projection collapse during annular-projection welding with different base projection
widths. (a) Short weld time, full-width projection. (b) Correct weld time, full-width projection. (c)

Excessive weld time, full-width projection. (d) Correct weld time, reduced-width projection
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List of specifications

� AMS-W-6858A (2000) or MIL-W-6858D
(1992), “Welding, Resistance: Spot and
Seam,” replaced by AWS D17.2

� AWS C1.1M/C1.1:2000, “Recommended
Practices for Resistance Welding”

� AWS C1.4M/C1.4:2009, “Specification for
Resistance Welding of Carbon and Low-
Alloy Steels”

� AWS C1.5:2009, “Specification for the Qual-
ification of Resistance Welding Technicians”

� AWS D8.1M:2007, “Specification for Auto-
motive Weld Quality—Resistance Spot
Welding of Steel”

� AWS D8.6:2005, “Specification for
Automotive Resistance Spot Welding
Electrodes”

� AWS D8.9:2002, “Recommended Practices
for Test Methods for Evaluating Resistance
Spot Welding Behavior of Automotive Sheet
Steel Materials”

� AWS D17.2:2007, “Specification for Resis-
tance Welding for Aerospace Applications”

� BS 7670, “Steel Nuts and Bolts for Resis-
tance Projection Welding”

� EN 28167 (ISO 8167:1989), “Projections for
Resistance Welding”

� EN ISO 14270, “Specimen Dimensions and
Procedure for Mechanized Peel Testing
Resistance Spot, Seam, and Embossed Pro-
jection Welds”

� EN ISO 14271:2001, “Vickers
Hardness Testing of Resistance Spot, Projec-
tion, and Seam Welds (Low Load and
Microhardness)”

Table 7 Process requirements for cross-wire welding of hot- and cold-drawn steel wires in a range of thicknesses

Cold-drawn wire Hot-drawn wire

Wire diameter

Weld time(a), cycles

Weld force

Welding current(b), A

Weld strength

Weld time(a), cycles

Weld force

Welding current(b), A

Weld strength

mm in. kN lbf MPa ksi kN lbf MPa ksi

15% set-down

0.63 1/16 5 0.45 100 600 3.1 0.45 5 0.45 100 600 2.4 0.35
3.18 1/8 10 0.56 125 1,800 6.8 0.98 10 0.56 125 1,850 5.2 0.75
4.76 3/16 17 1.60 360 3,300 13.8 2.0 17 1.60 360 3,500 10.3 1.5
6.35 1/4 23 2.58 580 4,500 25.5 3.7 23 2.58 580 4,900 19.3 2.8
7.94 5/16 30 3.67 825 6,200 35.2 5.1 30 3.67 825 6,600 31.7 4.6
9.53 3/8 40 4.90 1,100 7,400 46.2 6.7 40 4.90 1,100 7,700 42.7 6.2

11.1 7/16 50 6.22 1,400 9,300 66.2 9.6 50 6.22 1,400 10,000 60.7 8.8
12.7 1/2 60 7.57 1,700 10,300 84.1 12.2 60 7.57 1,700 11,000 79.3 11.5

30% set-down

0.63 1/16 5 0.67 150 800 3.4 0.500 5 0.67 150 800 2.8 0.40
3.18 1/8 10 1.16 260 2,650 7.6 1.1 10 1.16 260 2,770 5.9 0.85
4.76 3/16 17 2.67 600 5,000 16.5 2.4 17 2.67 600 5,100 11.7 1.7
6.35 1/4 23 3.78 850 6,700 29.0 4.2 23 3.78 850 7,100 20.7 3.0
7.94 5/16 30 6.45 1,450 9,300 42.1 6.1 30 6.45 1,450 9,600 34.5 5.0
9.53 3/8 40 9.17 2,060 11,300 57.9 8.4 40 9.17 2,060 11,800 46.9 6.8

11.1 7/16 50 12.9 2,900 13,800 77.9 11.3 50 12.9 2,900 14,000 66.2 9.6
12.7 1/2 60 15.1 3,400 15,800 93.8 13.6 60 15.1 3,400 16,500 85.5 12.4

50% set-down

0.63 1/16 5 0.89 200 1,000 3.8 0.55 5 0.89 200 1,000 3.1 0.45
3.18 1/8 10 1.56 350 3,400 9.0 1.3 10 1.56 350 3,500 6.2 0.90
4.76 3/16 17 3.34 750 6,000 17.2 2.5 17 3.34 750 6,300 12.4 1.8
6.35 1/4 23 5.52 1,240 8,600 30.3 4.4 23 5.52 1,240 9,000 21.4 3.1
7.94 5/16 30 8.90 2,000 11,400 44.8 6.5 30 8.90 2,000 12,000 36.5 5.3
9.53 3/8 40 13.4 3,000 14,400 60.7 8.8 40 13.4 3,000 14,900 49.6 7.2

11.1 7/16 50 19.8 4,450 17,400 82.1 11.9 50 19.8 4,450 18,000 70.3 10.2
12.7 1/2 60 23.6 5,300 21,000 100.7 14.6 60 23.6 5,300 22,000 89.6 13.0

(a) 60 Hz. (b) Starting values shown are based on experience of Resistance Welder Manufacturers Association member companies. Source: Ref 3
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Fig. 15 Illustration of cross-wire weld and set-down
measurement

Fig. 16 Weld micrographs showing (a) lack of
bonding features and (b) good bonding.

Courtesy of Edison Welding Institute

Fig. 17 Typical cracking and porosity metallographic
features. Extracted and edited from AWS

D8.1 drawing

Fig. 18 Example of expulsion during projection
welding

Fig. 19 Example of burning of adjacent components
due to incidental contact during welding.

Courtesy of Edison Welding Institute

Sheet thickness

Coupon length

(L)(a)

Coupon width

(W)(b)

Overlap (O)

(b)

Sample length

(SL)(a)

Unclamped length

(UL)(b)

Gripped length

(GL)(a)

mm in. mm in. mm in. mm in. mm in. mm in. mm in.

0.60–1.29 0.02–0.05 105 4.1 45 1.8 35 1.4 175 6.9 95 3.7 40 1.6
1.30–3.00 0.05–0.12 138 5.4 60 2.4 45 1.8 230 9.1 105 4.1 62.5 2.5

(a) May be increased to accommodate gripping fixtures. (b) Tolerance: þ�1 mm (0.04 in.)

Fig. 20 Example of tensile-shear test coupon. Source: AWS D8.9F
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� EN ISO 14272:2002, “Specimen Dimensions
and Procedure for Cross Tension Testing
Resistance Spot and Embossed Projection
Welds”

� EN ISO 14273:2001, “Specimen Dimen-
sions and Procedure for Shear Testing Resis-
tance Spot, Seam, and Embossed Projection
Welds”

� EN ISO 14327:2004, “Resistance Weld-
ing—Procedure for Determining the Weld-
ability Lobe for Resistance Spot,
Projection, and Seam Welding”

� EN ISO 14329:2003, “Resistance Weld-
ing—Destructive Testing of Welds—Failure
Types and Geometric Measurements for
Resistance Spot, Seam, and Projection
Welds”

� EN ISO 15614-12:2004, “Specification and
Qualification of Welding Procedures for
Metallic Materials—Welding Procedure
Test—Part 12: Spot, Seam, and Projection
Welding”

� EN ISO 18278-1:2004, “Resistance Weld-
ing—Weldability—Parts 1 and 2: Assess-
ment of Weldability for Spot, Seam, and
Projection Welding of Metallic Materials”

� ISO 10447:2006, “Welding—Peel and
Chisel Testing of Resistance Spot, Projec-
tion, and Seam Welds”

� ISO 16432:2006, “Resistance Welding—
Procedure for Projection Welding of
Uncoated and Coated Low Carbon Steels
Using Embossed Projection(s)”

REFERENCES

1. J.F. Harris and J.J. Riley, Projection Weld-
ing Low-Carbon Steel Using Embossed Pro-
jects, Weld. J., April 1961, p 363–375

2. Resistance Welding Manual, Resistance
Welder Manufacturers Association

3. D. Beneteau, Ed., Resistance Welding Man-
ual, 4th ed., G.H. Buchanan Co., 1989
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Fig. 21 Example of coach peel test coupon

Fig. 22 Example of pushoff test coupon on a
projection weld nut. The bottom support

has been cut away to show nut placement. The test
measures the peak load to weld failure. Courtesy of
Edison Welding Institute

Fig. 23 Example of torque test being performed. The weld is proof tested to a specific torque value. Courtesy of
Edison Welding Institute

Fig. 24 Example of projection set-down
measurement. Courtesy of Edison

Welding Institute
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Resistance Seam Welding
Robert Matteson, Taylor-Winfield Technologies

SEAM WELDING, as defined by the Ameri-
can Welding Society, is “A resistance welding
process wherein coalescence is produced by
the heat obtained from resistance to the flow
of electric current through the work parts held
together under pressure by circular electrodes.
The resulting weld is a series of overlapping
spot welds made progressively along a joint
by rotating the electrodes.”
Seam welding machines are capable of

making two types of lap joint. A continuous,
pressure-tight joint (Fig. 1a) is produced on
the overlapped materials by continuously rotat-
ing electrodes with a welding current that is
interrupted regularly to achieve the effect of
overlapping spot welds. An interrupted current
is not required on some thin materials. On
these, a continuous welding current will pro-
duce a good-quality continuously fused seam
weld.
A seam welder is also capable of producing a

row of spot welds that do not overlap (Fig. 1b).
While not actually seam welding, this roll spot
welding operation can be accomplished on stan-
dard seam welder machines and is a useful pro-
duction technique where a pressure-tight joint is
not required. These lap seam welding techni-
ques are the most simple and most readily
accomplished in production. Where justified
by final product appearance, another method is
mash seam welding (Fig. 2), sometimes called
narrow-lap welding. Mash seam welds are pro-
duced by overlapping two sheets, with work
metal compressed at the joint.

A variety of workpiece/wheel configurations
are possible (Fig. 3). In mash seam welding,
electrode shape may be flat or contoured
(radiused), depending on the thickness of
the sheet. Wide-faced wheels with flat cross-
sectional shape should not be used in mash
seam welding of materials thinner than 1.0
mm (0.04 in.), while wheels with a contoured
edge (Fig. 2c) are used on materials thinner
than 1.0 mm (0.04 in.) or on thicker sheet. The
radius of the electrode contour is about 100

times sheet thickness. Metal finish seam weld-
ing (Fig. 3c) uses a chamfered electrode
wheel, and one side of the joint is mashed
down while the other side of the joint has
a smooth, flat finish. Overlap is greater than
for mash seam welding, and higher current
amperages and electrode forces are also
required.
Two rotating circular electrode wheels are

often used to apply current, force, and cooling
to the work metal. When two electrode wheels
are used, one or both wheels are driven, either
by a direct drive of the wheel axles or by a
knurl drive that contacts the peripheral surface
of the electrode wheel (Fig. 4). For some appli-
cations, the electrode wheels idle while the
workpiece is driven. Other electrode systems
for seam welding may use one wheel and one
flat bar-type electrode (Fig. 5), or a wire-feed
system in which a copper wire is fed into a
groove on the wheel.
Electrode wire seam welding (Fig. 6) is a pat-

ented process that requires an intermediate wire
electrode between each wheel electrode and the
workpiece. The electrodewire seamwelding pro-
cess is used almost exclusively for seam welding
of tin mill products to fabricate cans. The copper
wire travels around the wheel electrodes at the
welding speed. The circular or flat cross-section
of copper wire electrode provides a continuously
renewed surface, but it is not consumed in
the welding operation. This wire-feed process
continuously provides a new copper surface
for contact with the work metal and is often
used on coated materials. In tin mill products,
the tin build-up which would occur on a copper
wheel electrode is thus avoided. The process
requires specially designed welding systems.
The seam welds may be made with two wheel
electrodes, or one wheel electrode and a mandrel
electrode.
In seam welding, a series of spot welds is

made without retracting the electrode wheels
or releasing the electrode force between spots.
The electrode wheels may rotate either continu-
ously or intermittently. Weld speed, current
magnitude, current waveform, cooling system,
and the electrode parameters of force, shape,
and diameter are all related and must be care-
fully selected to optimize the process and pro-
duce the highest-quality weld.

Fig. 1 Types of lap joints. (a) Pressure-tight joint.
(b) Nonpressure-tight joint

Fig. 2 (a) Lap seam weld, (b) mash seam weld with
flat electrodes, and (c) mash seam weld

with radiused (contoured) electrodes. Flat electrodes in
mash seam welding should not be used when sheet
thickness is less than 1mm (0.040 in.). Radiused
electrodes can be used for sheet thicker than 1mm
with the electrode radius of curvature about 100 times
the sheet thickness.



Process Applications

Lap Seam Weld. Lap seams (Fig. 1a) are pop-
ular in automotive applications, such as automo-
tive fuel tanks, catalytic converters, mufflers, and
roof joints, as well as in nonautomotive applica-
tions, such as furnace heat exchangers, water
tanks, and certain types of can making (Fig. 7c).
Lap seam welding of multiple stackups and dis-
similar thicknesses is also possible.

Mash Seam Weld. The process of mash
seam welding is a variation of lap seam weld-
ing, where the overlap of the sheet is minimized
to produce a weld that can be minimized in
overthickness both by the welding process and
by a subsequent planish (rolling) operation.
This process is used in welding drums, barrels,
and coils of steel in processing lines.
In a mash seam joint (Fig. 2b, 3b), the two

sheets overlap by approximately one to two times

the sheet thickness. The weld area is forged or
mashed down to an overthickness 5 to 25%
greater than a single sheet thickness. Depending
on the amount of overlap, much of the thickness
reduction can occur during welding, and some
occurs during planishing. With narrow overlap
(in the range of 1� thickness of one of the sheets),
it is possible to produce practically no “hump” in
the as-welded condition.
It is necessary to have some amount of over-

thickness so the current path can be controlled,
because the electrode wheels inmash seamweld-
ing can be wide and flat-edged. If flat (infinite
radius) electrodes are used, especially on thin
materials, wear grooves in the electrodes allow
the electrodes to touch parent material outside
the weld overlap, and current can flow that does
not pass through the weld. Radiused (contoured)
wheels are used to prevent current shunting
when welding thin materials (materials less than
1.0 mm, or 0.04 in., thick, as previously noted).
Surface appearance and thickness can be

improved through the use of hard steel planish-
ing wheels to cold work the joint before or after
welding. There always has been a need to min-
imize the overthickness of the welded seam in
processing lines. One of the early ways to
achieve this was to preplanish the edges of
overlapped sheets, retract the overlap somewhat
but not entirely, weld, and postplanish. The pre-
planish produced a taper on both edges of the
overlap. Retraction then did two things:

� It meant welding thinner sheet edges together.
� It provided a region for the mashed materials

to escape to.

This process was the basis of the Prep/Lap
welder (Taylor-WinfieldTechnologies) provided
in over 100 galvanizing lines from 1965 until
2000. Generally, this technique was used with
commercial- and drawing-quality sheet steels
that do not exhibit significant work hardening
with the preplanish operation.
Typical applications of mash seam welding

include drums, buckets, vacuum-jacketed bot-
tles, aerosol cans, water tanks, and steel mill
coil joining. Sheets of dissimilar thicknesses
and/or coatings have been successfully mash
seam welded. This development has created a
whole new set of applications in tailored blank
manufacturing, primarily for automotive use
(see the ASM Handbook article “Forming of
Steel Tailor-Welded Blanks” in Ref 1).

Advantages and Limitations

Advantages of seam welding, compared to
resistance spot welding, projection welding,
and laser welding, are:

� Gas-tight or liquid-tight joints can be pro-
duced (not possible with spot welding or
projection welding).

� Seam width may be less than the diameter of
spot welds, because the electrode contour

Fig. 3 Basic configuration of joints and resultant welds formed in resistance seam welding. (a) Lap seam welding.
(b) Mash seam welding. (c) Finish seam with chamfered electrode. (d) Electrode wire seam welding.
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can be continuously dressed and is therefore
of a stable shape.

� High-speed welding (especially on thin
stock) is possible.

� Coated steels are generally more weldable
using seamwelding than spotwelding, because
coating residue can be continuously removed
from the electrode wheels if special provisions
are made. Often, seam weld wheels that are
used to weld coated materials are driven with
another drive that simultaneously removes
the buildup from the electrode. Also, large-
diameter electrodes on coil-welding applications
only rotate a few timesperweld.This allows time
betweenwelds for electrode cleaning.

� Coated steels are generally more weldable
using seam welding than laser welding,
because coating volatility is minimized by
the intense pressure field in the weld zone.

� Resistance seam welding is not particularly
fitup-sensitive as compared to some other
production-line methods, such as laser
welding.

� The hardness of resistance seam welds
made with air cooling is less than that
of laser welds (120 HV versus 250 HV,
respectively, for drawing-quality bare
steel, and 170 HV versus 300 HV, respec-
tively, for organic-coated drawing-quality
steel).

Limitations of seam welding, apart from
those it shares with spot welding and projection
welding, are:

� Welds must ordinarily proceed in a single
plane or on a uniformly curved surface. For
special cases, multiplane welding has been
achieved using a tilting welding head. The

radius of curvature connecting the planes
must be sufficiently large.

� Obstructions along the path of the electrode
wheel must be avoided or compensated for
in the design of the wheel.

� Material handling must not induce extrane-
ous forces into the fragile, molten weld zone
during welding.

� Sharp corner radii or abrupt changes in
contour along the path of the electrode
wheel must be avoided (Table 1). Sharp
corner radii or abrupt changes in con-
tour will produce wheel wear and deposit
copper on the weld surface, which is
not desirable because it can lead to weld
failure.

Fig. 4 Position of electrode wheels relative to throat on resistance seam welding machines

Fig. 5 Seam welding with single wheel and lower
electrode

Fig. 6 Typical setup for an electrode wire seam welding process showing positions of wire relative to grooved wheel
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� Fatigue life of resistance seam welds is usu-
ally shorter than that of welds made by other
seam welding methods.

The length of seams made in a longitudinal
seam welding machine is limited by the throat
depth of the machine (Fig. 4b). Current shunt-
ing through the weld, or a change in electrical
impedance caused by the movement of the
product inside the throat of the machine, can
require current compensation (or constant cur-
rent) as welding proceeds. Components using
multiple crossing seam welds can be quality-
sensitive at the weld intersections.
External water cooling of the electrodes

and theweld zonemaybe required for high-speed
welding. (Under high-speed conditions, the weld
nuggets are still molten as they leave the pressure
field of the wheels.) External cooling may add
tooling cost for water containment and water
removal from the parts after welding.
Materials requiring postweld heat and

temper can be seam welded with special

considerations. Chromates and insulating
lacquer coatings are not resistance seam
weldable, because chrome-coated or lacquered
materials are not readily weldable.

Fundamentals of Lap Seam Welding

The article “Resistance Spot Welding” in this
Volume describes basic principles that are also
generally applicable to seam welding. Certain
concepts from resistance spot welding apply to
resistance seam welding, because seam welding
generally consists of a series of overlapping spot
welds. The analog is that spot welding para-
meters depend on three key variables: current,
the duration of current flow, and sheet thickness.
Likewise, there is a range of welding para-

meters for suitable seam welding—except that
welding speed is a key parameter in seam weld-
ing (as opposed to the time of current flow in
spot welding). For a given section thickness,
the range of suitable current becomes more

narrow with higher welding speeds (Fig. 8).
For example, the upper limit of current is
defined by the onset of weld splash, while the
minimum limit is the current necessary to
develop a continuous seam weld.
The optimal weld speed may be identified

experimentally as the speed with the widest
current range for making good welds. Good
welds are nominally free of typical metallurgi-
cal discontinuities (for example, surface cracks,
gross lack of fusion at the weld interface, or
surface melting eruptions). Additional discus-
sion on developing the optimal welding lobe
(such as in Fig. 8) for different thicknesses of
sheet is included in the article “Procedure
Development for Resistance Welding” in this
Volume.
It is important to note that the current range

of seam welding is widened by the judicious
use of pulsed current to form distinct nuggets.
Impulse profiles of 25 to 33% off-times are
commonly used. Impulses contain off-time for
the electrodes to draw heat away from the weld

Fig. 7 Arrangement of electrode wheels relative to workpiece for selected flange-joint lap seam welds. (a) Single and double flange. (b) Two-member outward flange. (c) Two-
member inward flange. (d) Small upper electrode wheel to avoid sidewall interference. (e) Canted large-diameter wheel to avoid sidewall interference
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surface. Therefore, the occurrence of surface
discontinuities is lessened. In addition, off-time
allows heat to redistribute itself within the
weld, away from local hot spots.
Hot spots are places within the weld where

thermal spikes may be occurring due to a rela-
tively high local resistance, a nonuniform cur-
rent density, a multiple stackup, or a stackup
of unequal sheets. Hot spots are especially com-
mon along the weld interface when welding
either thick plates or prepainted sheets. Hot
spots on the outside surface of a weld occur
naturally with unequal sheet thicknesses (on
the thin side) or when welding is faster than
permitted. On the other hand, hot spots can also
occur within the sheet bulk, if due to erratic
time distribution of current during on-time.
Bulk hot spots begin to occur when welding
near the maximum speed for a material,
because current is actually not applied uni-
formly throughout the on-time, and time is
required for the resulting nonuniform heat pat-
tern to redistribute itself (Fig. 9).
The ideal impulse shape under high-speed

conditions would seem to be a square wave
(Fig. 10a). Because typical industrial power
sources can only approximate this shape
(Fig. 10b), it is worthwhile to accurately record
the waveform of the actual secondary current in
order to monitor its shape and stability during
welding. Current range is greater in impulse
mode than in nonimpulse (continuous-current)
mode. The extra range seems to provide more
robust penetration under difficult welding con-
ditions, such as when intersecting other welds
or turning corners with the seam.

One of the disadvantages of seam welding
relative to spot welding is that solidification of
the weld nugget occurs after the weld metal
leaves the pressure field of the electrode
wheels. Thus, if there is a large separating force
on the weld before it freezes, it can come apart
as it leaves the wheels. This postweld separa-
tion has been called “unzipping” or “alligator-
ing.” Impulses effectively cure this problem
because the off-times create a modulating pene-
tration profile (Fig. 11), providing cool tack
joints between the molten spots.
It is desirable from a process control stand-

point to select an impulse schedule that will
produce nuggets of nearly equal length and
width, in conjunction with the other parameters
used (speed, wheel diameter, wheel width, and
power source).
When welding dissimilar thicknesses, on-

time must not be greater than the optimal weld
time for the thinnest outer sheet (TOS).
Mathematically:

t ¼ 4ð0:0292ÞðTOSÞ2 ðEq 1Þ

where TOS is in millimeters.
One way to satisfy the weld-time needs of

both total stackup and TOS for thick-thin weld-
ing is to raise the number of nuggets (n) in
the weld zone to 2 or 3. The goal here is
to weld for the proper total time, but to do it
with pulses of on-time no greater than dictated
by Eq 1. To increase n, one must carefully
consider the electrode wheels as well as the
impulse schedule. Even when taking advantage
of pulsation, it may become impossible to

Fig. 8 Typical weldability lobe for seam welding of
mild steel sheet (1.2 mm, or 0.05 in., thick)

with alternating current. Source: Ref 3

Fig. 9 Schematic showing lengthwise sectional view of the weld centerline of a lap seam joint with irregular nugget
shapes. The lack of uniformity in the shape of the nuggets is attributable to an irregular pulse shape that does

not provide sufficient time for heat flow to blend together the doublets.

Fig. 10 Weld current profiles for seam welding. (a) Ideal impulse shape. On-time is 75% of impulse period, while off-time is 25% of impulse period. (b) Actual impulse shape is
typically complex and nonideal. In this specific case, impulses are from an alternating current single-phase (3 on/1 off) current source.

Table 1 Recommended minimum radii of
curvature for seam-welded aluminum and
steel components

Base material

Minimum radius

Inside radius, R1 Outside radius, R2

mm in. mm in.

Aluminum 250 10 75 3
Steel 150 6 50(a) 2(a)

57(b) 2¼(b)
64(c) 2½(c)
75(d) 3(d)

(a) 0.8 mm 	 t 	 1.3 mm (0.031 in. 	 t 	 0.051 in.). (b) t 	 1.6 mm
(t 	 0.063 in.). (c) t 	 2.0 mm (t 	 0.079 in.). (d) t 	 3.0 mm (t 	 0.12
in.). Source: Ref 2
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seam weld extremely dissimilar thicknesses
without damaging the thinnest outer sheet.
This difficulty should become pronounced
for thickness ratios above approximately
3 to 1, which is the general limit for thickness
ratios.

Wheel Geometry, Weld Force,
and Wheel Maintenance

The primary role of wheel geometry and
force in seam welding is to control the dimen-
sions of the weld zone or the size of the foot-
print that the wheel makes on the workpiece
while welding. The length of the footprint, L,
is an important factor in determining weld time.
The variable L is primarily controlled by wheel
diameter, force, and current. (As either force or
current is increased, the wheel will sink deeper
into the work, and L will increase.)
It can be worthwhile to measure or estimate

L. This has been done experimentally using
special voltage probes on the electrodes and
by an optical silhouette method (Ref 4). A less
accurate (but simpler) method is to read the
heat pattern at the beginning and end of the
weld, to estimate the number of nuggets (n)
under the wheel at any one time. For bare steel,
n can be as low as 1. However, the weldability
of coated materials and dissimilar thicknesses
improves when n is as high as 2 or 3
(Fig. 11). Keep in mind that the contact length
will decrease somewhat as the wheel wears to
a smaller diameter. (Normally, this change
should not be of concern, except possibly when
welding beyond the theoretical top speed for a
material combination.)
Footprint width is best matched with impulse

length, d, to produce nearly round nuggets.
Width, however, is of secondary importance to
impulse length.
A transverse radius on the wheel generally

improves the welding range, because under
high current conditions, it automatically
reduces current density by sinking further into
the work.

Under given electrode conditions, increasing
weld force improves the welding range for
speed and helps control cracking.
It is generally true that the current range

improves with higher wheel pressure, until lon-
gitudinal splits begin to occur at seam starts or
stops. On the other hand, at low force, trans-
verse surface cracks may result at the upper
end of the current range, especially on coated
steels. A good rule of thumb is to weld at
80% of the seam-splitting force, or less. In
addition, it may be helpful to de-energize the
weld force except while welding, so as not to
cause undue wheel wear.
For the highest-quality joints, it may be nec-

essary to lightly machine the wheels as they are
used, to maintain a constant edge profile. The
types of wheel dressing tools are:

� Scrapers to remove contamination when
welding coated materials

� Width cutters to remove mushroomed cop-
per and to control wheel width

� Knurlers (Fig. 4) to maintain the transverse
profile on the wheel and drive the wheels
as needed

� Conditioners, which are essentially rollers
with a reverse mask shape to roll the elec-
trode into its correct shape. The conditioners
have the distinct advantage of hardening the
copper alloy of the electrode, which
improves the wheel life without changing
the electrical properties.

If wheel maintenance on the machine is
not feasible, the wheels can be removed
and redressed off-line. Alternatively, the wire-
electrode seam welding process provides a
constant wheel condition (Fig. 6) and thus elim-
inates the need for continuous wheel dressing.

Cooling the Weld

The weld cooling system is very important
for process control of seam welding. Its primary
role is to minimize thermal damage to the outer

surfaces of the weld while the weld interface is
being heated above the melting point. The key
elements in the success of the weld cooling sys-
tem are:

� Electrode material (thermal or electrical
conductivity)

� Electrode transverse shape (radius profile is
best)

� Electrode cleanliness (should be dressed free
from pickup of nonconducting coatings)

� Electrode cooling system
� Cooling water applied directly to the weld

(if applicable), termed flood cooling

Cooling water for seam welding wheels can
be either internal or external. Internal cooling
systems cool the wheel but not the weld. The
key advantage of internal cooling is that the
process is dry; the workpiece, the machine,
and the operator stay dry. The cost of installing
floor drains and water-containment facilities is
avoided. Neither is it necessary to remove water
from inside the workpiece (as in the case of
automotive fuel tanks). However, internally
cooled wheels may cost more due to additional
machining costs. Thus, operating costs for
internal cooling may be higher than for external
cooling. Some internal systems do not directly
cool the wheel but only the wheel shaft.
On the other hand, with external cooling,

spray nozzles are aimed with some precision
at the workpiece-wheel separation point. The
benefits of external cooling include:

� Thermal damage to the weld surface and any
coatings is reduced, so that weldability is
improved.

� Weld distortion is reduced.
� Fume emission is reduced.
� Wheel cleanliness improves, because water

is directly applied to the hottest point on
the wheel, producing a quench/cleaning
action on the wheel surface.

� Weld hardness will increase, adding
strength to the weld under certain loading
conditions, such as crush loading. (Some
quench-sensitive materials may not allow
external cooling.)

In welding bare steel, rust-preventive water
solutions are sometimes used.

Metals Welded

Most low-carbon, high-carbon, low-alloy,
and stainless steels and many coated steels
above approximately 0.15% carbon equivalent
(CE) tend to form areas of hard martensite upon
cooling. For steel sheet products, the following
CE formula is used:

CE ¼ Cþ ðMnþ Cuþ CrÞ=20þ Si=30þ Ni=60
þMo=15þ V=10þ 5B

In critical applications, the welds may require
postweld tempering to reduce the hardness and

Fig. 11 Schematic showing lengthwise sectional view of proper nugget development in the weld zone of a pulsed
lap seam weld. The length of the contact head footprint, L, is sufficient to contain three nuggets under the

wheel.
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brittleness. In some cases, this can be done in the
welding machine. Tempering can also be done in
a furnace or by induction heating.
Aluminum and aluminum alloys can be

wide-lap seam welded but not mash seam
welded, due to their narrow plastic range.
Nickel and nickel alloys can also be seam
welded, but seam welding is not recommended
for copper and high-copper alloys. Compatible
combinations of dissimilar metals and alloys
can also be seam welded. For additional infor-
mation on the seam welding of stainless steel,
aluminum alloys, and copper alloys, see the
article “Procedure Development for Resistance
Welding” in this Volume.

Types of Seam Welds

Several types of resistance seam welds can
be made:

� Lap seam welds joining overlapping flat
sheets

� Flange-joint lap seam welds with at least one
flange overlapping the mating piece (Fig. 7a)

� Foil lap seam welds, in which an alloy metal
foil is placed at the weld interface

� Mash seam welds with work metal com-
pressed at the joint to reduce joint thickness
(Fig. 2b)

In addition, both low-frequency and high-
frequency induction and resistance welding are
used for butt welding strip stock into tubes
and other shapes.

Lap Seam Welds

The most common type of seam weld is a
simple lap seam in which the pieces to be
welded are lapped sufficiently to prevent the
sheet edges from becoming part of the weld
(Fig. 2a). Applications include sealing of cans
and tanks in which liquid-tight or gas-tight
joints are needed.
Flange-joint lap seam welds are used

in joining assemblies having one straight mem-
ber and one outward-flanged member at the
joint to be welded (for example, the duct in
Fig. 7a) or assemblies with two outward-
flanged members (for example, the automotive
gasoline tanks in Fig. 7b). Common applica-
tions include containers with out-turned bot-
toms or tops, and ducts or structural parts with
out-turned sides. Unless the workpiece length
is less than the usable throat depth of a longitu-
dinal machine, seam welds of this type are
made on a circular machine.
Often, container ends are dished for added

strength, and one or both electrode wheels must
be mounted at an angle to clear the workpiece.
Wheel diameter limitations may also necessi-
tate setting a wheel at an angle (Fig. 7a, right
view).
Flange-joint seam welds can also be used for

welding assemblies in which the flanges face

inward at the joint (Fig. 7c). However, to
reduce overhang of the arm supporting the
lower electrode or to reduce the required throat
depth of the machine, the length of the work-
piece should be kept to a minimum. If the lower
electrode support is small, too much overhang
can result in excessive deflection of the support
and thus cause inconsistent weld quality
because of force variation.

Mash Seam Welds

Mash seam welds are produced by overlap-
ping two sheets by an amount ranging from
one to two times the sheet thickness and apply-
ing electrode force and current. The resulting
overthickness is 5 to 25%.
The joint itself acts as a current localizer, as

in projection welding, because the overlap is
thicker than either sheet by itself. Because the
wheels are wide, the transverse position of the
joint on the wheels can be oscillated as needed
to prevent a groove from forming on the wheels
and to increase the period between wheel
dressings.
Careful selection of an impulse weld sched-

ule will result in higher penetration and greater
joint strength, although the “bumpy” appear-
ance of a weld made with pulsating current
may not meet product requirements. Cosmetic
mash seam welds can be made with nonpulsed
(continuous) current.
Because sheet overlap is a critical parameter,

workpieces must be rigidly and accurately
clamped or tack welded to prevent lateral
motion during welding. Clamp distance is
highly important and is related to stock thick-
ness. On continuously fed, moving-part setups
and thin-metal processes (where clamp distance
would be too small), clamps may not be feasi-
ble. In these cases, a Z-bar and nosepiece tool-
ing arrangement is used to help position the
edges to be welded.
In applications in which the mashed surface

must be as flat and burr-free as possible after
welding to facilitate porcelain enameling and
to present a good appearance, a bar-type elec-
trode is used against the surface to be enam-
eled, and an electrode wheel is used against
the other surface. The bar-type electrode may
require periodic dressing to avoid excessive
grooving and subsequent loss of current den-
sity. When a premium-finish appearance is
required, the weld can be ground or roll plan-
ished to remove surface imperfections.
In steel coil joining, it is sometimes desirable

for the final thickness of the mash seam weld to
be similar to the single sheet thickness. To min-
imize the thickness gain from welding, pre-
and/or postweld planishing rolls are used.
These rolls are hard steel wheels, typically
100 mm (4 in.) in diameter and 20 mm (0.75
in.) in width. Planishing rolls are typically
loaded to 22 kN (5000 lbf) or to twice the
weld wheel force, to cold work the weld. In this
way the overthickness may be held to as little
as 5% on low-carbon steels and as much as

25% on dual-phase and transformation-induced
plasticity grades. Also, the overlap may be
retracted slightly after the preweld planish to
further limit overthickness.
The highest-quality mash seamwelds are made

in low-carbon steels and stainless steels. The pro-
cess iswidelyused in themanufactureof refrigera-
tors, stoves, laundry equipment, and other
products that receive porcelain enamel coatings.
Mash seams are gaining popularity in automotive
applications for creating tailored blanks that
reduce weight and material loss in certain large
stampings (for example, body sides and doors),
reduce manufacturing complexity, and reduce
the number of components and welds required to
make finished automotive subassemblies.
Because of their narrow plastic range, non-

ferrous metals generally cannot be mash seam
welded.

Processing Equipment

A seam welding machine is similar in con-
struction to a spot welding machine, except that
one or two electrode wheels are substituted for
the spot welding electrodes. Power sources used
for seam welding are similar to those used for
spot welding. They usually consist of a welding
transformer, with a tap switch in the primary
circuit, driven by a silicon-controlled rectifier
switching system and a secondary circuit with
electrodes for transferring the welding current
to the work metal.
Controls for seam welding are generally sim-

ilar to those for spot welding, except for differ-
ences related to the relative motion of the work
and the electrodes. Most modern weld timers
are capable of generating impulse weld sche-
dules for seam welding. (Higher impulse fre-
quencies for welding thin stock can be
obtained using special high-frequency systems,
although complete machine redesign may be
necessary due to transformer and throat area
limitations that are directed by the frequency.)
Tap switches and a phase-shift heat control
are used as in spot welding for changing the
transformer output current. In theory, direct
feedback current regulation would be a desir-
able feature in seam welding, and some work
has been done to develop and improve this.

Seam Welding Machines

In general, seam welding is done in a press-
type resistance welding machine. Most seam
welding machines are powered by alternating
current, either three phase or single phase; some
are designed for use with direct current, which
includes medium-frequency direct current.
Stored-energy seam welding machines have
been built, but this type finds little use. Direct
current frequency converter power supplies are
used to tailor custom pulsation schedules.
Equipment for seam welding must be

capable of:
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� Delivering low-voltage, high-amperage current
� Supporting the electrodes and workpiece and

applying the electrode force
� Moving the workpiece and/or driving the

electrodes
� Regulating, timing, and sequencing the

application of the welding current, force,
and cooling water (if applied)

� Careful part handling, such that extraneous
forces are not imposed during welding

� Provide cooling for forced-cooling systems
or electrode cooling for indirect-cooled seam
welding

Electrode Force and Support. The upper
electrode wheel is mounted to, and insulated
from, the operating head. The head, which is
actuated by a direct-acting air or hydraulic cyl-
inder, applies the electrode force. The lower
electrode is either a wheel, a platen, or a man-
drel and is mounted on a supporting arm, table,
or knee. This lower support can be made adjus-
table for applications in which the work metals
must be maintained at a constant level above
the floor.
Electrode or Workpiece Drives. Work-

pieces are moved by rotating the electrodes
with knurl or friction drive, by direct drive of
the wheel shaft, by a driven workpiece and
idling wheels, or by clamping the workpieces
to a bar electrode and moving the bar electrode
(Fig. 5).
Weld travel tends to be continuous on thin

steel sheets (less than 1.7 mm, or 0.067 in.),
whereas it is intermittent on thick sheets
(greater than 3.0 mm, or 0.118 in.). The need
for intermittent weld travel arises from the lon-
ger weld-time requirements of thick steel.
Knurl Drive versus Friction Drive. In a knurl

drive or friction drive, one or both of the elec-
trodes are rotated by a knurl or friction wheel
on the peripheral surface of the electrode
wheel, to provide nearly constant linear speed
regardless of the diameter of the electrode
wheel. The knurl drive, which has ridges or
beads on the drive wheel to aid in turning the
electrode, minimizes slippage and is more pos-
itive than the friction drive, in which the turn-
ing surface of the drive wheel is smooth. The
knurled wheel also removes some of the pickup
from the electrode wheels. A knurl drive is used
when welding coated metals, such as galva-
nized steel and terneplate, in any application
in which the electrodes are likely to pick up
material from the work metal, and for scaled
stock that cannot be precleaned. A knurl drive
usually is not employed if good cosmetic
appearance of the weld is important. Knurl or
friction drives can be used only with electrode
wheels large enough in diameter to allow
clearance.
Gear drive is used if small-diameter elec-

trode wheels cannot be driven by the use of
knurled or friction wheels because of interfer-
ence, or if the application cannot tolerate an
electrode wheel that has been roughened by a
knurled drive roll. With gear drive, in which

the mounting shaft of the electrode wheel is
driven, the speed of welding decreases as the
wheel wears down.
In a standard seam welding machine, inter-

ference may exist at some minimum distance
between electrode wheel centers. If one wheel
must be small to clear the workpiece, the other
must be correspondingly large. If the ratio of
the electrode wheel diameters is greater than
2 to 1, the smaller wheel should be driven, to
minimize slippage. Welding speed can be kept
constant in spite of wheel wear by a variable-
speed gear-driven mechanism.
Movable Carriages. When a mandrel or a

platen is used as the lower electrode (Fig. 5),
the operating head carrying the upper electrode
may be mounted in a carriage. The carriage is
moved by an air or hydraulic cylinder, or by a
motor-driven screw, and thus the upper elec-
trode is passed over both the workpiece and
the lower electrode. The upper electrode is
free-wheeling, but it may be equipped with an
idling knurl or conditioner wheel for dressing.
Sometimes it is necessary to use a high-slip
drive to assist on thin materials, to prevent
wrinkling. In some machines, the workpiece is
clamped to a bar-type lower electrode and
moved under an idling fixed-position upper
electrode wheel.
Types of Machines. There are four basic

types of resistance seam weld machines: circu-
lar, longitudinal, universal, and portable.
Circular. The axis of rotation of the electrode

wheels is at right angles to the front of the
machine (Fig. 4a). This type of machine is used
for circular work, such as for welding the heads
on containers and for flat work requiring long
seams. Head pivot capability for welding on
an inclined plane is optional.
Longitudinal. The axis of rotation of the elec-

trode wheels is parallel to the front of the
machine (Fig. 4b), and throat depth is typically
300 to 915 mm (12 to 36 in.). This type of
machine is used for welding short longitudinal
seams in containers, for attaching pieces to con-
tainers, for coil joining, and for similar work.
Machines with traveling heads or traveling
electrodes, in which a mandrel or a platen is
used for the lower electrode, are normally of
the longitudinal type.
Universal. A swivel-type head and inter-

changeable lower arms allow the axis of rota-
tion of the electrode wheels to be set either at
right angles or parallel to the front of the
machine.
Portable. The workpiece is clamped in a fix-

ture, and a portable welding head is moved over
the seam, either manually or by using a robot.
This type of machine is used when the work-
piece is too bulky to be handled by a regular
machine or when it is more efficient to move
the welding head rather than the workpiece.
This type of machine is sometimes used for
joining the roof and body sides on automobiles.
The portable welding head is moved by motor-
driven wheels, and an air cylinder mechanism
provides the electrode force.

Selection of Electrodes

Alloy type and wheel configuration are the
primary factors that determine electrode
selection.
Class 1 Copper. Electrode wheels made of

Resistance Welder Manufacturers Association
(RWMA) class 1 copper (RWMA No.
1.16200) have been used for seam welding of
aluminum and magnesium alloys, galvanized
steel, and tin-plated steel. The minimum electri-
cal conductivity of class 1 copper is 80% Inter-
national Annealed Copper Standard (IACS).
Recently, this material has been replaced by
hot-forged and heat treated RWMA class 2 cop-
per in the overaged condition (RWMA No.
1.18200). With adequate cooling and proper
parameters, the high electrical and thermal con-
ductivities of this material keep the electrode-
workpiece interface at a temperature below the
point where metallurgical discontinuities are
formed near the weld surface.
Class 2 Copper. Seam welding of low-car-

bon and low-alloy steel is usually done with
electrodes made of hot-forged and heat treated
RWMA class 2 copper (RWMA No. 2.18200).
Minimum conductivity is 75% IACS. Minimum
hardness is typically 65 HRB. Class 2 also
works well with all types of coated steel, but
the metallurgical optimization of weld para-
meters and provisions for wheel maintenance
are critical to the success of welding coated
steels. For longer electrode life, premium class
2 wheels are available in the 20% cold-worked
form, where a minimum hardness of 75 HRB
may be specified. Cold-worked wheels show
no appreciable loss of conductivity over the
forged class 2 material; however, because the
wheel surface is heated above annealing tem-
perature during welding, it is necessary to con-
tinuously condition the wheel to maintain the
cold-worked hardness. This is usually done
with a conditioning roll shaped to the reverse
image of the wheel shape and pressed against
the rotating electrode.
Class 20 copper (RWMA No. 20.15760) is

also used for electrode wheels, with properties
similar to those of class 2 premium wheels.
Class 20 wheels are made using a powder met-
allurgy process that produces a pure copper
product, dispersion-strengthened with alumina.
The alumina adds hot strength and tends to
reduce pickup during welding of coated steels.
Class 3 copper (RWMA No. 3.17510) is

sometimes used for seam welding materials
with lower electrical conductivities, such as
stainless steel, Nichrome, and Monel alloys.
However, class 3 is used with special ventila-
tion only because of the health hazard of atmo-
spheric beryllium when welding or machining
with class 3 material. (Beryllium-free class 3
alloy RWMA 3.18000 is also available.) Class
3 wheels have lower electrical conductivity
(45% IACS), so they tend to run hot.
Sizes and Shapes. Electrode wheels range

in diameter from 50 to 610 mm (2 to 24 in.).
Popular sizes range from 100 to 305 mm
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(4 to 12 in.), with widths from 6 to 19 mm (¼ to
3/4 in.). Edge contours may be flat, radiused,
beveled flat, or angled. In lap seam welding,
weld quality seems to be easiest to control
with a radius edge, as discussed previously.
The need for nonradius contours is usually a
matter of cosmetic appearance, or due to a tool
access limitation. Mash seam welders use a flat-
edge or radiused wheel, depending on sheet
thickness (Fig. 3b).

Weld Quality and Process Control

It is best to design the entire process around
proven weld parameters that have been metal-
lurgically validated on workpieces very similar
to actual production parts. Sensitive parts of
the weld typically are starts, stops, corners,
adjacent shunt paths, intersecting seams, and
areas of poor metal fit. On coated metal, para-
meters should be flexible enough to handle nor-
mal coating variations. General troubleshooting
information is summarized in Table 2.

To select starting weld parameters, use the
guidelines presented in the section “Fundamen-
tals of Lap Seam Welding” in this article and a
welding schedule similar to that in Table 3. See
also the article “Procedure Development for
Resistance Welding” in this Volume for addi-
tional coverage on welding parameters. Work-
ing values should be chosen that are not too
near the extreme limits of the material, the weld
tool, or the plant facilities. To make leak-tight
seams, weld spots should have approximately
equal length and width. Ideally, the same weld-
ing parameters should be used for the entire
length of the weld. Also, establish production
procedures for maintenance of electrode wheels
and cooling sprays (if applicable). Check pro-
cess parameters against required values fre-
quently, and make adjustments and repairs as
needed.
The quality of resulting welds can be verified

using chisel tests, Olsen ball tests, metallo-
graphic sections, pressure tests, or fatigue
tests, depending on product requirements.
Record target values for speed, force, pulsation,

and water cooling (if applicable). Record tap
setting and lower and upper root mean square
secondary current limits for acceptable weld
quality. Record the actual secondary current
waveform to see that it is acceptable (as in
Fig. 10) and consistent throughout the weld.
Process changes should be made only on the
basis of data.
Nondestructive testing (for example, resistiv-

ity, ultrasonic testing, dye penetrant, magnetic
particle, or eddy current) may be useful in some
low-volume testing applications. However,
such techniques should come into use only after
the optimal parameters are verified metallo-
graphically and the process is well understood.
In many instances, much can be observed from
the external appearance of a lap seam weld,
provided the weld surface is not planished or
scarfed after welding.
Coated Steels. For a process that has been

properly set up and optimized as described pre-
viously in this article, the difference in para-
meters between coated and uncoated steel lies
mainly in weld current. Steels with low-melting

Table 2 Troubleshooting in resistance seam welding

Trouble Cause Remedy

Hot metal “squirts” out between the parts being welded .......... Welding current is too high. Lower transformer tap switch one step, or decrease heat dial setting.
Welding force is too low for current used. Increase air pressure in operating cylinder.
Overlap is too small. Welded parts do not fit properly. Redesign parts with proper overlap and correct forming operations.
Sequence is incorrect, allowing welding current flow
without electrode force.

Correct sequence by adjustment of electrical controls, pressure
switch, or speed-control air valves.

Heating is uneven ........................................................................ Overlap is too small. Redesign parts with proper overlap and correct forming operations.
Welded parts do not fit properly.

Parts burned and pitted, or steel adheres to electrodes ............. Electrode face width is too small or not correctly shaped. Reshape electrode to proper face width.
Welding electrode is made of copper alloy having too
much electrical resistance.

Substitute an electrode of higher conductivity.

Surfaces of welded parts are covered with excessive
scale, dirt, or foreign matter.

Degrease parts or pickle them to remove grease, scale, and dirt.

Flow of cooling water is too weak or not directed at
weld.

Increase quantity of cooling water, and properly direct it.

Welding speed is too fast for thick-nesses of steel being
welded.

Decrease the revolutions per minute of the electrodes.

Work does not weld at all........................................................... Welder settings have not been changed from those for
welding thinner sheets.

Reset welding variables for thicker sheets.

Heat decreases as weld progresses ............................................. Magnetic material is being fed into the welder throat and
reducing the welding current.

Use additional current-regulating control, or weld one-half length
of joint, reverse, and weld other half.

Table 3 Recommended practice for seam welding of 1010 low-carbon steel
Data are for material free of scale, oxide, paint, grease, and oil. Welding conditions determined by thickness of thinnest outside piece.

Thickness (t)
of thinnest

outside

piece(a)

Electrode dimensions

Net

electrode

force

Heat time, cycles

(60 Hz)

Cool time (pressure tight), cycles

(60 Hz)

Welding speed

Welds per

mm

Welds per

in.

Approximate welding current,

A

Minimum

contacting

overlap(c)

Wheel

width

(W)(b)

Face

width (w)
(b)

mm in. mm in. mm in. kN lbf

mm/

min

in./

min mm in.

0.25 0.010 9.5 ⅜ 4.8 3/16 1.8 400 2 1 200 80 0.60 15 8,000 9.5 ⅜
0.53 0.021 9.5 ⅜ 4.8 3/16 2.5 550 2 2 190 75 0.48 12 11,000 11 7/16
0.80 0.031 13 ½ 6.4 ¼ 3.1 700 3 2 185 72 0.40 10 13,000 13 ½
1.02 0.040 13 ½ 6.4 ¼ 4.0 900 3 3 170 67 0.36 9 15,000 13 ½
1.27 0.050 13 ½ 7.9 5/16 4.7 1050 4 3 165 65 0.32 8 16,500 14 9/16
1.57 0.062 13 ½ 7.9 5/16 5.3 1200 4 4 160 63 0.28 7 17,500 16 ⅝
1.98 0.078 16 ⅝ 9.5 ⅜ 6.7 1500 6 5 140 55 0.24 6 19,000 17.5 11/16
2.39 0.094 16 ⅝ 11 7/16 7.6 1700 7 6 125 50 0.24 6 20,000 19 3/4
2.77 0.109 19 3/4 13 ½ 8.7 1950 9 6 120 48 0.20 5 21,000 20.5 13/16
3.18 0.125 19 ⅝ 13 ½ 9.8 2200 10 7 115 45 0.20 5 22,000 22 7/8

(a) Data for total thickness of pile-up not exceeding 4t. Maximum ratio between thicknesses, 3 to 1. (b) For RWMA class 2 electrode material (minimum conductivity, 75% IACS; maximum hardness, 75 HRB). Wheel width is
overall width of a flat-faced wheel or of a wheel with a 75 mm (3 in.) radius face; face width is that of the contacting surface of flat-faced wheels. (c) For larger assemblies, minimum contacting overlap indicated should be
increased 30%.
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metallic coatings require more current than
uncoated steels. Organic-coated steels require
approximately the same current as uncoated
steels (although the current range for making
good welds will be smaller for the organic-
coated steels). Some coatings (for example,
zinc and aluminum) are particularly active at
the electrode-workpiece interface. For these
surface-active coatings, speed, force, and pulsa-
tion are selected to keep the surface tempera-
ture of the weld below the point where
metallurgical discontinuities are developed.
Diligent maintenance of the wheel condition
and the cooling system cannot be overstated
for sensitive applications.
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Flash Welding and Upset Welding
R. (Bob) Matteson, Taylor-Winfield Technologies, Inc.

FLASH WELDING, also called flash butt
welding, is a resistance welding process in which
a butt joint weld is produced by a flashing action
and by the application of pressure. In basic terms,
it is amelting and a forging process. The pieces to
be joined are suitably heated by many electrical
arcs at the joining interface until the pieces are
sufficiently hot to perform an upset, thereby
forging the pieces together. The process is capa-
ble of producing welded joints with strengths
equal to those of the parentmaterials. Flashweld-
ing is used to join metallic parts that have similar
cross sections, in terms of size and shape. The
process lends itself to joining nearly all grades
of steel, aluminum, brass, and copper parts, in
addition to selected dissimilar materials.

Introduction

Figure 1 is a schematic representation of a typ-
ical flash-welding operation. Flash butt welding
has been in existence for 100 years or so, origi-
nally developed by Elihu Thompson. Generally,
one of the metal pieces to be joined is held in a
stationary clamp and the other is held in a mov-
able clamp. Voltage is applied between the
clamps during the flashing and often during the
upset period as well. Clamping ensures good
electrical contact between the current-carrying
dies and the workpiece and prevents the parts
from slipping during the upsetting action.
Flash welding is rapid and economical, and

when properly executed, welds of uniform high
quality are produced. Over the years, many
improvements have been incorporated into the
process, which have resulted in dimensional sta-
bility of the final assembly of pieces, removal of
the external upset material, soundness of the final
assembly, and other improvements. The process
is used to join rails for railroads, coils of steel
for processing in pickle and cold reduction lines,
automotive parts, rings for aircraft engines, band-
saw blades, and a wide variety of parts.
Flash welding can be used for joining many

ferrous and nonferrous alloys and combinations
of dissimilar metals. In addition to low-carbon
steels, metals that are flash welded on a produc-
tion basis include low-alloy steels, tool steels,
stainless steels, aluminum alloys, magnesium

alloys, nickel alloys, and copper alloys. The join-
ing process is fairly forgiving, which has pro-
duced a wide range of methods for the flashing
rate that manufacturers of the equipment have
argued is better than other flashing rate schemes.
Actually, on many materials, especially on

low-carbon steels, the flashing rates may differ
between different manufacturers and still pro-
duce satisfactory results. However, with the
advent of advanced high-strength steels (AHSS),
the heating rate during flashing and upsetting has
a significant effect on the characteristics of the
weld. These steels are referred to as AHSS mate-
rials and are classified into this category if
the ultimate material strength exceeds 420 MPa
(61 ksi). It is the introduction of AHSS materials
that led to the current method of flash butt weld-
ing. Especially in the cases where the final prod-
uct is repeatedly flexed, stressed, or bent, the
current method imparts superior weld character-
istics that cannot be achievedwith othermethods.
Upset welding (Fig. 1b) is a similar process

to flash welding, because it uses much the same
equipment and control features. However, in
upset welding, the process does not produce
flashing. The parts to be welded are held tightly
together in clamps while voltage is applied.
When the interface between the two parts
is sufficiently heated to the correct temperature
profile, upset occurs. Generally in upset weld-
ing, less material is lost as compared to flash
welding. Upset welding is slightly less
forgiving than flash welding because the load-
ing of the parts must be more accurate. Both
processes produce similar final results and are
described in this article.

Flash Butt Welding

The four basic steps in flash welding are
shown in Fig. 2. It is a variation of resistance
welding, where arcing (flashing) is used to sup-
ply the major portion of the initial heat for the
formation of a butt weld. The major difference
between the temperature pattern developed
in flash welding and that developed in resis-
tance welding is that flash welding produces a
much steeper thermal gradient. This steep ther-
mal gradient, combined with the resulting

Fig. 1 Flash and upset welding process features (top)
with typical profiles of resulting joints

(bottom). (a) In flash welding, heating from an arc occurs
before the upsetting operation is initiated. (b) In the upset
welding process, electric current is applied while the
pieces are pressed together.



characteristic upset pattern, enables flash weld-
ing to accommodate a much greater variety of
materials and shapes than can be welded by
resistance welding. Once the proper tempera-
ture-distribution pattern has been established,
the abutting surfaces are rapidly forced
together.
Three distinct peaks are characteristic of

flash welds (Fig. 3). The two peaks on either
side of the weld line represent the material dis-
placed by the upsetting action; the center peak
is the molten metal extruded out of the weld,
including oxides or contaminants formed dur-
ing heating. During the flashing action, craters
are formed that contain molten metal and possi-
bly oxides. If the energy input that produces the
flashing is properly controlled, these oxides
should be expelled with the flashing molten-
metal particles that give the process its name.
When the upsetting force is then applied, most
of the impurities not expelled by the flashing
are expelled with plastically deformed upset
metal. Any nonmetallics that are not expelled
usually remain at the fusion line, with little
apparent depth back into the base metal on
either side. Most static and fatigue failures that
occur in flash welds originate at such disconti-
nuities. These discontinuities normally have lit-
tle effect on static strength but can measurably
reduce fatigue life. Excessive energy input and
insufficient upsetting force or travel speed are
the most common causes of such inclusions.
Flash welding is commonly used to join sec-

tions of metals and alloys in production quanti-
ties. Materials with cross sections ranging from
65 to 13,000 mm2 (0.1 to 20 in.2) are commonly
flash welded. The process is also used to manu-
facture components of solid and tubular shape,
in addition to strips and complex configurations.
Flash welding is commonly used to weld rings
that range in diameter from a few inches (Fig. 4)

to as much as 4.6 m (15 ft) (Fig. 5). The aircraft
engine industry uses flash-welded rings made
from heat-resistant materials in accordance with
military specifications for jet aircraft.
Other flash-welding applications include:

� Chain links
� Transmission bands
� Automotive flywheel ring gears
� Strips that are joined for continuous proces-

sing lines
� Wire and bar drawing operations for contin-

uous stamping press feed lines
� Roll form lines
� Aircraft landing gear
� Tube and rod eye clevises
� Band-saw blades (Fig. 6)
� Drill extensions using two different

materials
� Miter joints for automotive and home win-

dow frames

� Crankshaft counterweights
� Aluminum-to-copper electrical transition for

power transmission
� Anodes used in aluminum smelters
� Railroad rails, especially for high-speed

trains

Fig. 3 Schematic showing cross-sectional view of
typical peaks and flow lines generated in a

flash weld

Clamp
force

Clamp
force

Movable
clamps

Stationary
clamps

(a)

(b)

(c)

(d)

Fig. 2 The basic steps of flash welding. (a) Position and clamp parts. (b) Apply flashing voltage and start platen
motion. (c) Flash. (d) Upset and terminate

Fig. 4 Flash-welding machine used to fabricate a
coiled steel strip into a small-diameter ring

with a flange

Fig. 5 Flash-welding machine with capacity to weld
rings up to 4.6 m (15 ft) in diameter

Fig. 6 Flash-welding machine installation equipped to
weld band-saw blades
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Process Steps in Flash Welding

Preweld Preparation. Parts that are flash
welded come in a variety of forms, including for-
gings; rolled or extruded bar; sheet, strip, or plate;
ring preforms; and castings. As a minimum pre-
caution, the ends of the workpiece that are
clamped on the current-conducting die must be
free from dirt, scale, surface oxidation, and
grease. The ends of the workpiece that extend
into the weld zonemust be free from any contam-
ination that could react with the base metal at the
high temperatures developed during welding.
Preweld cleaning of the workpieces at the die

contact area also is important to ensure proper
current flow and prevent local overheating of
the workpiece surface. Because of the high cur-
rent densities, hot spots can develop between
the current-conducting dies and the workpiece
if insufficient electrical contact is made. These
localized hot spots are called die burns. Surface
coatings (plated metal, conversion coating, or
anodized coating) should not be present before
welding, because they result in weld-area con-
tamination or die burns. Oxides and foreign
particles also can cause small pits in the surface
as they overheat and burn into the workpiece.
Loose scale and grease also may cause the parts
to slip during upsetting.
Common cleaning techniques include abrad-

ing the surfaces by grinding, grit blasting, or wire
brushing; pickling or chemical descaling; and
vapor degreasing. In some cases, the ends of the
workpiece must be machined or ground to fit the
dies, particularly in welding of rough forgings
or castings. Also, a chamfer may be required on
the ends of the workpiece to initiate flashing
action. Die burns, upset slippage, and inferior
welds may be caused by poor fit-up between the
current-conducting dies and the workpiece.
Burnoff. After the parts are clamped in the

welding machine and the welding power is acti-
vated, the abutting surfaces are brought
together for a brief period of violent flashing.
This phase of the welding sequence is called
burnoff. It serves the function of squaring off
the abutting surfaces and compensates for
inconsistencies in end preparation.
Preheating is a resistive heating phase of the

welding process in which the heat is generated
by the electrical resistance of the workpieces.
It is accomplished by bringing the workpieces
together under light pressure, creating a short
circuit. The pressure must be great enough to
prevent flashing but not so great that work-
pieces are prematurely welded.
In practice, preheating is performed in a

cyclic manner; workpieces are brought together
briefly, then separated for a brief period to
allow the heat generated to diffuse into them.
This sequence is repeated several times. Fully
automatic machines perform this function, thus
eliminating operator variables.
Flashing Stage. The primary purpose of

flashing is to generate enough heat to produce
a plastic zone that permits adequate upsetting.
The rate of energy input must be in proper

proportion to the travel of the platen or mov-
able die, so that constant flashing is maintained
until the appropriate amount of metal is flashed
off and the required plastic zone is obtained.
When the ends of the workpiece are brought

together under light pressure, an electrical short
circuit is established through the material.
Because the abutting surfaces are not perfectly
matched, the short-circuit current flows across
the joint only at a few small contact areas. The
large amount of current flowing through a rela-
tively small area causes very rapid heating to the
melting point. Heating is so rapid and intense that
molten metal is expelled (flashed off) from the
joint area. Following this expulsion, a brief period
of arcing occurs. Arcing is not sustained due to the
low voltages employed. Studies have shown that
stable flashing can be maintained with as low as
2½ to 3 V, but typically the flashing voltage for
alternating-current machines is from 5 to 10 V.
After the expulsion of molten metal and

subsequent arcing, small craters are formed on
the ends of the abutting surfaces. The pieces
are steadily advanced toward one another, and
other short circuits are formed and additional
molten metal is expelled. This process continues
as random melting, arcing, and expulsion occur
over the entire cross-sectional surface. During
flashing, many active areas are in various stages
of this sequence (Fig. 7). Flashing surfaces act as
heat sources, and the steep thermal profile is
established primarily from these heat sources.
Temperatures of the flashes are at or above the
melting point of the material and are progres-
sively lower as distance progresses from the
flashing surface toward the clamp.
In general, the flashing rate in flash butt

welding has been achieved by using motor-
driven cams, analog computers, or digital com-
puters to create position-versus-time profiles.
Each of these systems either advances the mov-
able platen and clamp directly or through the
use of hydraulic systems. The hydraulic sys-
tems can incorporate proportional valves, servo
valves, or indirect control of follow valves.
Regardless of the method used to advance the
movable plate during flashing, the process
achieves similar final results. The analog and
digital systems have allowed platen position to
be determined by such controls as constant
input power (kVA), constant acceleration, ellip-
tical acceleration, or natural log acceleration.
These schemes are adjusted to prevent deleteri-
ous effects such as freezing (solid interface
mating) during the flash weld interval.
Upsetting (Forging) Stage. Bonding takes

place during the upsetting action. Table 1 gives
typical upsetting pressures for numerous classes
of alloys. During upsetting, some metal must
be extruded from the weld zone to remove
slag and other inclusions not expelled during
flashing. The extruded metal should extend
beyond the cross-sectional boundaries of the
workpiece to ensure that maximum amounts
of slag and inclusions are removed when the
weld upset is removed during subsequent
trimming.

When the weld upset is removed, no evi-
dence of the weld should remain. Porosity near
the outer surface on an etched section of the
weld, or a crevice around the workpiece after
the weld upset has been removed, indicates
incomplete bonding because of either insuffi-
cient upsetting force or insufficient plasticity
during upsetting.
A large upset produced by an excessive upset-

ting force can be detrimental to weld quality, can
wastemetal, and indicates that most of the plastic
metal has been extruded, requiring bonding to
take place in metal where plasticity may not have
been sufficient to ensure a good weld.
Postweld Heat Treatment. When welding

materials with high carbon equivalents, it may
be important to heat the weld to the austenitiz-
ing temperature and slow-cool to prevent the
formation of martensite. This can be done by
unclamping the part, opening the dies to the
full-open position, reclamping with the weld
in the center between the clamps, and applying
short bursts of current to reheat the area.

Processing Equipment

Flash-welding machines are a horizontal
press-transformer combination, which consists
of a low-impedance welding transformer, a sta-
tionary platen, and a movable platen with
clamping dies to position and hold the work-
pieces. The seven major components include:

� A machine bed that has a fixed platen
attached to it, as well as a set of electrically
insulated ways that support a movable platen

Fig. 7 Growth of contact points produced by energy
input during flash welding
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� A movable platen, which is generally
mounted on the electrically insulated ways
that are attached to the machine bed

� Two clamping assemblies, one of which is
rigidly attached to each platen to both align
and hold the parts to be welded in place

� Equipment for controlling the motion of the
movable platen

� A welding transformer with adjustable taps
� Controls and monitors for machine functions

� A vent/flash catcher, which is incorporated
to collect any fumes and excess flash materi-
als to ensure operator comfort and safety and
to maintain the cleanliness of the work area

Flash-welding machines may be manual, semi-
automatic, or fully automatic.Withmanual opera-
tion, the operator controls the speed of the platen
from the time flashing is initiated until the upset
is completed. In semiautomatic operation, the

operator manually initiates flashing and then
actuates an automatic cycle that completes the
weld. In fully automatic operation, after the oper-
ator initiates the welding sequence, a fully auto-
matic cycle can be used through the use of
position-indicating devices and timers. Values
for the variouswelding parameters are preselected
by the operator. Automatic feedback control is
used in some applications. These fully adaptive
circuits vary from current to voltage feedback cir-
cuits, and data are obtained to control the welding
sequences.
Various types of electrical, air, or

hydraulic systems may be used for controls dur-
ing flashing and upsetting. An example is illu-
strated in Fig. 8. The movable platen of a flash
welder can be driven by a number of different
methods. The simplest type often uses a cam that
is motor driven through a gear box. Flashing
time is then controlled by the speed of the motor.
The cam is machined to produce the desired
flashing cam curve profile, including the:
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Fig. 8 Flow diagram showing adaptive controls used to control and monitor flash-welding process

Table 1 Recommended upsetting pressures for flash welding of selected alloys

Strength classification

Upset pressure Alloys

MPa ksi SAE designation Others

Low forging 69 10 1020, 1112, 1315 High-strength low-alloy steels
Medium forging 103 15 1045, 1065, 1335, 3135, 4130, 4140, 8620, 8630 . . .
High forging 172 25 4340, 4640, 300M Tool steels, titanium, aluminum
Extra-high forging 241 35 A-286, 19-9 DL Nickel-base alloys(a)

(a) Materials exhibiting extra-high compressive strength at elevated temperatures
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� Initial burnoff region of linear flash
� Accelerating curve for the actual flashing

profile (Fig. 9)
� Upset portion that causes the parts to be

forged together after flashing

Machines that are either larger or more com-
plex use hydraulic cylinders to drive the mov-
able platen and to incorporate hydraulic servo
systems. Although it is possible to use a servo
valve to directly control the position of the
platen via a hydraulic cylinder, this is not the
preferred method, because contamination by
the oil is extremely difficult to prevent. The bet-
ter approach is to use a hydraulic servo actua-
tor, in which the servo valve operates on its
own refined oil system and the oil that circu-
lates through the platen cylinder is derived from
another hydraulic source. This approach has
been shown to be more reliable and more accu-
rate and to vastly improve servo valve life.
Controls and Auxiliary Equipment. Electri-

cal controls on flash-welding equipment are
designed to sequence the machine, control
the weld current, and precisely control the
platen position during flashing and upsetting.
These controls often comprise programmable
controllers, welding current controllers, and
either motor or servo valve controllers. Silicon-
controlled rectifier (SCR) contactors (solid-state
switches) are used as the devices to control the
flow of welding current from the power lines to
the welding transformer. Older machines used
ignitrons for this purpose, but SCRs have fully
replaced them in recent years. Preheat and post-
heat cycles are often required procedures in

flash-welding operations; timers with phase-shift
heat control are used to accomplish these impor-
tant functions.
Power Sources. The most common source

of power for flash welders is single-phase alter-
nating current (ac) power. Flash-welding trans-
formers are kVA rated at 50% duty cycle. If
an extremely large demand current is required
and an adequate single-phase ac source is not
available, then ac to direct current conversion
is employed using a three-phase transformer/
rectifier. The most frequently used rectifier sys-
tems are the three-phase half-wave and three-
phase full-wave types, often supplied as a six-
phase star configuration. In actual practice, no
discernible differences in the weld produced
by these two rectifier systems can be detected.
State-of-the Art Welding Unit Compo-

nents. Devices that monitor and control
selected process parameters are commonly
incorporated into the latest flash-welding units.
A linear ramp preflashing approach rate is

usually built into the flashing cam and mini-
mizes any tendency of the weld to freeze at
the beginning of flashing. The term flashing
cam is used regardless of whether the cam is a
motor-driven machined cam or if the position
curve is generated electronically.
Natural Log Flashing Curves. Numerous

technical articles have been published on what
constitutes the best flashing curve. Although
engineers are divided on this issue, it has
been shown that the use of natural log curves
results in significantly better welds than are
produced using any other curve. The natural
log system conforms to the natural heat-transfer

characteristics of the metal being welded,
thereby creating a flashing progression that par-
allels the development of heat at the interface
with a natural log gradient toward the clamp.
Natural log flashing curves are shown in

Fig. 9. In this illustration, four values of natural
log curves are shown, with exponent numbers
of one to four. The curves with low exponent
numbers are typically used on low-carbon
materials because the starting travel rate is
fairly fast and the final travel rate is slightly
accelerated. The curves with high exponent
numbers, three or four, are used for welding
high-strength, low-alloy and AHSS materials
because they require a slower starting rate and
a higher final rate to develop flashing and to
achieve the correct temperature profile for
upsetting all of the material.
Ramp Turn-On of SCRs. Not to be confused

with the linear approach ramp, this control
device slowly and progressively turns on the
SCRs at the beginning of the flashing cycle.
Because the magnetic condition of a weld trans-
former may be unknown at the end of a previ-
ous weld, the ramp turn-on device is used to
restore the transformer to a known condition.
This greatly extends the life of the transformer
itself, in addition to the SCR contactor, because
it avoids the high inrush of current that would
have occurred when the next weld was initiated.
No Phase Shift during Flashing. This control

feature ensures that full voltage will be applied
to the dies whenever flashing conditions are
present, except during the ramp turn-on inter-
val. A phase shift can reduce the average volt-
age but does not reduce the peak voltage.
During the phase-delay period of the voltage
waveform, the platen continues to travel for-
ward until a peak voltage is suddenly applied,
causing violent flashing and deep cratering.
Although the pyrotechnics of a phase-shift
flashing action can be quite impressive, the
resulting weld will be a disaster. The best flash-
ing action is relatively subdued and produces
flash particles of significantly lower intensity
and size.
The oxygen-depletion system used in this pro-

cess is a patented method of combusting the
oxygen that would otherwise exist in the weld
interface region. In actual use, the oxygen-
depletion system does more than remove oxy-
gen. By heating the gases in the interface
region, the ionization voltage is reduced, and
higher flashing currents can be sustained at rel-
atively low flashing voltages.
Clamping Dies and Fixtures. The materials

commonly used for clamping dies are Resistance
Welder Manufacturers Association (RWMA)
class 3 and hardened tool steels such as H11,
L6, and O1. Bronze and other copper-base elec-
trode materials can be used in some applications.
The die half (upper or lower) that conducts the
current usually ismade of a copper-basematerial.
The other half is made of the same copper-base
material or of hardened steel.
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Generally, the shape of the clamping-die sur-
face is such that the die encompasses almost the
entire workpiece surface. The required area of
clamping-die contact depends on the current
needed for heating the workpiece and the pres-
sure needed for holding it. Semicircular dies
are used where the line contact provided by
V-shaped dies gives insufficient surface for
the current to flow without burning the work-
piece, or for holding the workpiece without
marking it. Table 2 gives the minimum lengths
of clamping dies for welding rounds, tubing,
and other sections of various diameters or min-
imum dimensions; these data are for welding
steels of low or medium forging strength.

Failure Origins in Flash Welds

Porosity. Insufficient upsetting force or travel
may leave porous areas of cast metal in the weld.
Excessive electrical energy input can also lead to
porosity by the formation of large craters by the
expulsion ofmoltenmetal.Where large-diameter
pieces are to be joined, one end face should be
slightly chamfered so as to start the flashing at
the center of the cross section. This helps to avoid
trapping of particles in the weld.
Incomplete Fusion. Inadequate heating

results in incomplete fusion, but it may also result
from an upsetting travel that is so slow that the
metal does not become sufficiently plastic to forge
properly duringupsetting.Another cause of inade-
quate heating can be the shunting of electrical cur-
rent around the closed side of a ring to be flash
welded; sufficient current may be bypassed to
make flashing difficult, even resulting in a melt-
through of the closed side of the ring.
Poor Weld Contours. Whenever heating is

not uniform over the intended joint, an unfavor-
able temperature gradient is established that
contributes to misalignment after welding. If
parts are not properly aligned by the dies, they
may slip past each other during upsetting, creat-
ing a lap instead of a proper weld. Workpieces
of different cross sections that have not been
adjusted in design to achieve a good heat bal-
ance, such as tubes of different diameters or
wall thicknesses, may slide (telescope) over
each other and create a poor-quality weld.

The internal flash and upset metal formed in
flash welding of tubes or pipe are normally not
removed (often, they cannot be), which leaves a
reinforcement with two sharp notches adjacent
to the fusion line. These notches act as stress rai-
sers that, under cyclic loading, reduce the fatigue
strength. They also restrict fluid flow and can
serve as barriers to streamline fluid movement
concentration-cell sites for corrosion.
Hot Cracks. Alloys that possess low ductility

over a temperature range below the melting point
may be susceptible to hot cracking. Such alloys
are more difficult to flash weld but can usually be
welded if the most favorable welding conditions
are selected. Tension obviously should be
avoided, and because the rim of the upset metal
is in circumferential tension as upsetting pro-
gresses, it may be necessary to keep the upsetting
force to the minimum acceptable. In such an oper-
ation, some cracks are likely to form that are shal-
low enough to allow complete removal when the
upset metal is machined away. Precise coordina-
tion of current cessation and upsetting travel are
important, and the joint should be under moderate
compression during cooling.
Cold Cracks. Insufficient heat during upset-

ting or excessive upsetting travel causes colder
metal to be forced into the weld zone. The
metal cracks transversely to the weld line in
the upset zone. This effect is also encountered
in the flash welding of hardenable steels,
because of the mass quench provided by the
remainder of the workpiece. The use of a slow
cooling rate, as well as heat treatment following
welding, alleviates transformation stresses that
could cause cracking under service loads.

Upset Welding*

Upset welding is a resistance welding pro-
cess using both heat and deformation to form
a weld. Pressure is applied before heating is
started and is maintained throughout the heat-
ing period (Fig. 1b). As noted, the equipment
used for upset welding is very similar to that
used for flash welding. Upset welding differs
from flash welding in that the parts are clamped
in the welding machine, and force is applied to

bring the parts tightly together. High-amperage
current is then passed through the joint, which
heats the abutting surfaces. When they have
been heated to a suitable forging temperature,
an upsetting force is applied and the current is
stopped.
The high temperature of the work at the

abutting surfaces, plus the high pressure, causes
coalescence to take place. After cooling, the
force is released and the weld is completed.
There is no arc or flash in upset welding. The
area at the joint is usually enlarged over its
original dimension. It can be used only if the
parts to be welded are equal in cross-sectional
area. For upset welding of large parts, the peak
power drawn from the electrical supply may be
a disadvantage.
Upset welding typically results in solid-state

welds (no melting at the joint). The deforma-
tion at the weld joint provides intimate contact
between clean adjoining surfaces, allowing for-
mation of strong metallurgical bonds. If any
melting does occur during upset welding, the
molten metal is typically extruded out of the
weld joint area.
A wide variety of shapes and materials can

be joined using upset welding in either a sin-
gle-pulse or continuous mode. Wire, bar, strip,
and tubing can be joined end to end with a sin-
gle pulse of welding current. Seams on pipe or
tubing can be joined using continuous upset
welding by feeding a coiled strip into a set of
forming rolls, resistance heating the edges with
wheel electrodes, and applying a force to upset
the edges together.
Upset welds have similar characteristics to

inertia friction welds, which are also solid-state
welds. The amount of deformation is usually
less for upset welds, and the deformation can
be more precisely controlled using upset weld-
ing. For example, a pipe butt weld made using
inertia friction welding will have a large upset
on both the inside and outside, whereas an

Table 2 Minimum lengths of clamping dies, with and without backup, for flash welding selected diameters of workpieces made from steels
of low or medium forging strength

Workpiece diameter(a)

Minimum length of clamping die

Workpiece

diameter(a)

Minimum length of clamping die

with backup Workpiece diameter(a) Minimum length of clamping die with backupWith backup

Without

backup(b)

mm in. mm in. mm in. mm in. mm in. mm in. mm in.

6.35, 7.92 0.250, 0.312 9.53 0.375 25.4 1.00 50.8 2.00 31.8 1.25 152 6.00 82.3 3.25
9.53 0.375 9.53 0.375 38.1 1.50 63.5 2.50 44.5 1.75 165 6.50 88.9 3.50

12.70 0.500 9.53 0.375 44.5 1.75 76.2 3.00 50.8 2.00 178 7.00 95.3 3.75
19.05 0.750 12.70 0.500 50.8 2.00 88.9 3.50 57.2 2.25 191 7.50 102 4.00
25.40 1.000 19.05 0.750 63.5 2.50 102 4.00 63.5 2.50 203 8.00 108 4.25
38.10 1.50 25.40 1.000 76.2 3.00 114 4.50 69.9 2.75 216 8.50 114 4.50

127 5.00 69.9 2.75 229 9.00 121 4.75
140 5.50 76.2 3.00 241 9.50 127 5.00

(a) Diameter of rounds or tubing, or minimum dimension of other sections. (b) Backup is recommended for all workpiece diameters or minimum dimensions over 38.1 mm (1.50 in.).

* Adapted from W.R. Kanne, Jr., Upset Welding, Welding,
Brazing, and Soldering, Vol 6, ASM Handbook, ASM Inter-
national, 1993, p 249–251
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upset weld can be controlled, through joint
design and welding parameters, to have essen-
tially no internal upset (Fig. 10).
The metallurgical structure of the weld area

is that of a hot-worked material with a good dif-
fusion bond across the weld interface, as can be
seen in Fig. 10. This microstructure results in
higher strength in the weld area than can be
achieved for fusion welds (Fig. 11). With
solid-state welds, there is difficulty in good
nondestructive testing techniques to determine
the quality of solid-state bonds. Normally, con-
trol of process variables is sufficient to ensure
quality. Nondestructive methods, such as ultra-
sonics, are being applied to solid-state welds
for determination of bond quality (see the arti-
cle “Nondestructive Evaluation for Solid-State
Welding” in this Volume).
Solid-state upset welding has advantages

compared to typical fusion welding processes.
These advantages are due to the simplicity of
the welding process and the resulting solid-state
weld microstructure. These advantages include:

� Speed: The upset welding process is fast
(usually less than 1 s).

� Ease of control: The process has only three
primary variables (current, force, and time).

� Fewer defects: Typical fusion welding
defects, such as porosity, missed joints,
incomplete fusion, spatter, and solidification
cracking, do not occur in upset welds.

� Enhanced weld properties: The metallurgi-
cal properties of the weld metal and heat-
affected zone in upset welds are those of
hot-worked material. In other words, the
strength of the weld zone is not reduced to
that of an annealed structure, as in fusion
welds.

� Simplicity of equipment: Upset welding
equipment is not complex, involves no

rotating parts, and requires minimal
maintenance.

� Less-strict composition requirements: Minor
alloying elements do not affect upset weld
quality, and thus, attention to alloy composi-
tion for weldability can be eliminated.

� Ability to join difficult-to-weld materials:
Alloys normally considered unweldable can
be joined by upset welding. For example, a
variety of stainless steels (including A-
286), superalloys (including thoria-dispersed
nickel), refractory metals (including

tungsten), grade 2 titanium, and aluminum
alloys (including 2024) have been success-
fully upset welded.

The effect of welding conditions, other than
the basic parameters of force, current, and time,
is generally minimal. Surface roughness usually
has little effect, because it is overshadowed by
the deformation that takes place during weld-
ing. Surface cleanliness and welding atmo-
sphere may or may not be important,
depending on the amount of deformation that

Fig. 10 Upset weld configurations in butt welds of pipe with an outside diameter of 25 mm (1 in.) and a wall of 3 mm (0.1 in.). Upset has been machined from the outside surface
(on left). The internal upset configuration was controlled by adjusting weld parameters and joint design. (a) Minimum upset. (b) Large upset. (c) Narrow upset at low force.

Courtesy of Westinghouse Savannah River Company

Fig. 11 Hardness across upset welds and in materials of various strengths compared to fusion weld hardness. Note
that the weld area hardness (and therefore strength) is greater for the upset welds than for the fusion weld.
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occurs to break up any oxide present before, or
formed during, welding.
Plug welds are a type of upset weld that

requires little fixturing. Plug welds up to 125
mm (5 in.) in diameter are used to seal the fill
holes of canisters employed in the long-term dis-
posal of high-activity nuclear waste. The canis-
ters, which are made from 304L stainless steel,
are 610 mm (24 in.) in diameter and 3 m (118
in.) in height. The plug configuration is shown
in Fig. 12 relative to the hole of the canister being
plugged. The considerable upsetting that occurs
during the welding process results in a solid-state
weld. Typically, thesewelds aremade using pres-
sure of 300 kN (75,000 lbf) with 230,000 A cur-
rent applied for 1.5 s. The resulting welds have
the high reliability required for long-term con-
tainment of radioactive material. Fig. 12 Upset plug weld for canister closure

Flash Welding and Upset Welding / 455



High-Frequency Welding*
Revised by Menachem Kimchi, Edison Welding Institute

HIGH-FREQUENCY RESISTANCE WEL-
DING (HFRW) is a resistance welding process
that uses high-frequency currents to concentrate
the welding heat at the desired location. The heat
generated by the electrical resistance of the work-
piece to high-frequency currents produces the
coalescence of metals, and an upsetting force usu-
ally is applied to produce a forged weld. High-
frequency resistance welding is an automated
process and is not adaptable to manual welding.
High-frequency resistance welding was

developed during the late 1940s and early
1950s to fill the need for high-integrity butt
joints and seam welds in pipe and tubing. The
progressive development of this technology
(Table 1) has served as the basis for the modern
high-speed pipe and tube welding systems in
current use. In this continuous process, high-
frequency current is concentrated in the formed
strip edges and generates rapid heating in a
small volume of metal at the weld interface.
Pressure rolls are then used to force the edges
together to produce a solid-state weld (Fig. 1).
The principal application of high-frequency

welding continues to be in the manufacture of
seam-welded pipe and tube. The process is also
used in the manufacture of products such as
spiral-fin boiler tubes, closed roll form shapes, and
welded structural beams. Other examples of
manufacturing applications are the welding of the
metal shielding layer that surroundshigh-frequency
coaxial cable, themanufacture of butt joints in strip
material and for solar panels, and for the butt joints
in pipe and tube production. In the production of
welded tube and pipe, HFRWmills operate at very
high speeds, generally ranging from 15 to 152 m/
min (50 to 500 ft/min), depending on material
diameter and thickness. Application sizes range
from hypodermic needles to pipelines.
The tubemaking incorporates the simplest

method of controlling high-frequency cur-
rents, that is, the generation of an edge “V.”
High-frequency currents can be supplied to
the welding process or workpiece by using either
an induction coil (known as high-frequency
induction welding) or electrical contacts (known
as high-frequency resistance welding). The edge
“V” is a series component of the circuit (Fig. 2).

Because of proximity and skin effects, current
flow is concentrated across the full face width
of the strip edges, resulting in controlled surface
heating and subsequent welding. In this process,
a coil of strip material is first formed into a longi-

tudinal hollow on a forming mill. The two
edges of the strip are then high-frequencywelded
and squeezed together to form a continuous
welded seam. As a result of squeezing or upset-
ting, some of the material from the butting faces

* Revised from W. Smith and J. Roberts, High-Frequency Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 252–253, with content adapted from
High-Frequency Welding, Chapter 5, Welding Handbook, Vol 3, Welding Processes, Part 2, American Welding Society, 2007, p 160–181 with permission

Table 1 Historical overview of high-frequency welding of pipe and tubing

1940 to 1950—Butt joints

Welds in butt joints were made with 10 kHz motor-generator power sources equipped with induction coils that could be opened
for removal from the pipe or tube after the weld was formed. A municipal utility was the first to use mobile high-frequency
welding equipment in the streets of New York City for the welding of butt joints in pipe. Pipes as large as 305 mm (12 in.) in
diameter with wall thicknesses up to 8 mm (5/16 in.) were welded. The pipe ends were fitted and pressed together, then were
induction heated to the forge-welding temperature in approximately 60s.

1949—Forge welding of continuous seams

The first high-frequency induction welding system was introduced for the continuous forge welding of the longitudinal
seam in small steel tubes. The system used a 10 kHz motor generator equipped with a split-return induction coil suspended
over the seam, similar to those used for continuously normalizing the weld seam in pipe welding. These systems were
operated for many years but had the disadvantage of heating a large portion of the pipe.

1952—Induction welding of continuous seams

Thomas Crawford tested the continuous induction welding of longitudinal seams in various metal tubes, including some
with electrical cable inside, using the induction welding process. Tests were made at an electrical frequency of 400 kHz and
used an induction coil surrounding the tube. This technique for the seam welding of pipe and tube was highly successful
and continues to be employed for pipe with outside diameters up to 406 mm (16 in.).

1952—Butt, lap, and T-joints

Wallace Rudd and Robert Stanton invented a high-frequency contact welding process for welding a large variety of
continuous joints. The Rudd and Stanton system operated at 400 kHz and introduced the high-frequency welding current
directly into the workpiece by means of sliding contacts. The sliding contacts permitted the production of butt joints, lap joints,
and T-joints in pipe, strip, and structural products.

1954—Continuous seam welding

Successful tests were made for welding the longitudinal seam in aluminum tubing, leading to the introduction of the first
commercial welding of aluminum irrigation tubing. This high-frequency welding equipment used motor-generator sets with a
maximum output frequency of approximately 10 kHz. By the early 1960s, these systems had been superseded by high-
frequency vacuum tube oscillators that typically operated at approximately 400 kHz.

1986—Solid-state induction welding

The first solid-state induction welding machine was installed and operated at the Société Meusienne in France. This equipment
operated at a welding frequency of approximately 100 kHz.

1990—Solid-state inverter power sources

Solid-state inverters replaced vacuum-tube oscillators in many new equipment installations during the 1990s. These units were
more easily configured to operate at a variety of welding frequencies between 80 and 800 kHz. Experience, supported by
mathematical theory, showed that selecting the correct welding frequency could greatly improve weld quality, improve mill
yield for difficult-to-weld metals, and adapt the properties of the weld to the specific application. Seams in pipes up to 660 mm
(26 in.) in diameter were welded using solid-state inverter power sources operating between 80 and 150 kHz with power
outputs of up to 1800 kW.

2000s—Selectable-parameter power sources

High-frequency welding power sources with selectable parameters became available that allowed the continuous
adjustment of the parameters of this process. This increased the range of pipe and tube products that could be produced
by a single tube mill.

Source: Ref 1



flows outward both at the outer and the inner dia-
meters of a pipe or tube. Thismaterial, sometimes
called flash or an upset, is usually trimmed
by skiving knives. This is a good practice, but
sometimes the flash on the inner diameter is
rolled back into thematerial, instead of trimming.

Fundamentals

High-frequency current has certain character-
istics that make it useful for welding. Unlike
direct current or low-frequency alternating cur-
rent, high-frequency current tends to flow at
high densities along surfaces (skin effect) and
seeks adjacent parallel surfaces for its return
path (proximity effect). This means that the
heating can be efficiently concentrated and
focused to the surfaces where it is needed.
As noted, nearly all high-frequency welding

processes involve surface bonding by some
mechanical force that squeezes the materials
together. This procedure helps produce a high-
quality weld by squeezing out residual oxides
and molten metal, which are detrimental to weld
integrity. The removal of any molten metal from
the weld zone is beneficial because it eliminates

the potentially harmful effects associated with
cast structures, such as lower fracture toughness
and poorer corrosion resistance.
There two basic process variations of HFRW:

contact resistance welding and inductionwelding.
Both variations use high-frequency current to pro-
duce the heat for welding. InHFRW, the electrical
contacts physically touch theworkpiecewhencur-
rent is conducted through the workpiece. During
induction welding, the current is induced in the
workpiece by magnetic coupling with an external
induction coil. There is no physical contact with
the workpiece. Both methods rely on the proper-
ties of high-frequency electricity and thermal con-
duction, which determine the distribution of heat
in the workpieces.
High-frequency contact welding and high-fre-

quency induction welding are used to weld pro-
ducts made from coil, flat, or tubular stock with a
constant joint symmetry throughout the length of
the weld. Table 2 lists typical welding parameters
for high-frequency seam welds and butt joints by
induction and contactwelding.Recommendations
are shown for various metals and product forms.
Figure 3 illustrates basic joint designs used in

high-frequency welding. Figures 3(a) and (b)
are butt seam welds; Fig. 3(c) is a mash seam
weld produced with a mandrel, or backside/
inside bar. Figure 3(d) is a butt joint design in
strip metal, and Fig. 3(e) shows a T-joint. Fig-
ures 3(f) and (g) are examples of helical pipe
and spiral-fin tube joint designs. Figure 3(h) is
an example of a seam weld in a closed roll
shape; Fig. 3(j) illustrates a butt joint in pipe,
showing the placement of the coil. Figure 3(k)
shows a butt joint in bar stock.
High-frequency current in metal conductors

tends to flow at the surface of the metal at a rela-
tively shallow depth that becomes shallower as
the electrical frequency of the power source is
increased. This commonly is called the skin
effect. The depth of electrical current penetration
into the surface of the conductor is a function of
electrical resistivity and magnetic permeability,
the values ofwhich depend on temperature. Thus,
the depth of penetration also is a function of the
temperature of the material. In most metals, the
electrical resistivity increases with temperature;
as the temperature of the weld area increases, so
does the depth of penetration.
Metals that are magnetic at room temperature

lose themagnetic properties above theCurie tem-
perature. When this happens, the depth of pene-
tration increases drastically in the portion of
metal that is above the Curie temperature while
remaining much shallower in the metal that is
below the Curie temperature. When these effects
are combined in steel heated at a frequency of 400
kHz, the depth of current penetration is 0.05 mm
(0.002 in.) at room temperature, while it is 0.8
mm (0.03 in.) at 800 �C (1470 �F). The depth of
current penetration for several metals as a func-
tion of frequency is shown in Fig. 4.
The second important physical effect govern-

ing the high-frequency welding process is ther-
mal conduction of the heat generated by the
electric currents in the workpiece. Control of

the thermal conduction and the penetration depth
provides control of the depth of heating in the
metal. Because thermal conduction is a time-
dependent process, the depth to which the heat
will conduct depends on the welding speed and
the length of the electrical current path in the
workpiece. If the current path is shortened or
thewelding speed is increased, the heat generated
by the electric current in the workpiece will be
more concentrated and intense. However, if the
current path is lengthened or the welding speed
is reduced, the heat generated by the electric cur-
rent will be dispersed and less intense. The effect
of thermal conduction is especially important
when welding metals with high thermal conduc-
tivity, such as copper or aluminum. It is not pos-
sible to weld these materials if the current path
is too long or the welding speed is too slow.
Changing the electrical frequency of the high-
frequency current can compensate for changes
in welding speed or the length of the weld path,
and the choice of frequency, welding speed, and
path length can adapt the shape of the heat-
affected zone (HAZ) to optimize the properties
of the weld metal for a particular application.
It should be noted that the high-frequency cur-

rent path at the surface of the workpiece is con-
trolled by how close it is, or its proximity to its
own return path. This phenomenon, called the
proximity effect, is illustrated in Fig. 5. The prox-
imity effect becomesmore pronounced as the fre-
quency is increased. Increased frequency reduces
the penetration depth by confining the current to a
shallower and narrower path. This property is
illustrated in Fig. 6(a) and (b), where current pat-
terns are shown for workpieces with the same
geometry when the frequency of the electric cur-
rent is 60 Hz and 10 kHz.
Referring to Fig. 6, a 60 Hz current in the

steel plate flows in the opposite direction of
the current flowing in the adjacent proximity
conductor. In this case, the size and shape of
the proximity conductor have negligible effect
on the distribution of current in the steel plate.
This example also shows that penetration at
60 Hz is deep compared to the thickness of
the plate. As a result, the current flows fairly
uniformly throughout the cross section of the
plate. When the 10 kHz current is applied to
the same system, the current flowing in the steel
plate is confined to a relatively narrow band
immediately beneath the proximity conductor.
This narrow band is the path of lowest induc-
tive reactance for the current in the plate. The
shape and magnetic surroundings of the prox-
imity conductor have a considerable effect on
the distribution of the current in the steel plate
but have no effect on the depth of penetration.
Controlling the concentration of current in a

workpiece can achieve extremely high heating
rates and high temperatures in a localized area,
thereby heating only the region of the workpiece
to be welded. By controlling the relative position
of the surfaces to be welded, the heat can be posi-
tioned at the weld interface where it is needed
without excessively heating the rest of the metal.
The effect of changing the spacing and geometry

Fig. 1 Coil and pressure rolls in high-frequency seam
welding of a tube

Fig. 2 Schematic of high-frequency induction welding
apparatus for joining a tube seam
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of the conductors is shown in Fig. 6(c). The closer
proximity conductor develops a more confined
current path. A rectangular proximity conductor
with the narrow edge at the same distance from
the steel plate as the close round conductor exhi-
bits a broader current distribution in the plate. If
a magnetic core were placed around the proximity
conductor, the current would be further concen-
trated and heatingwould take place directly below
the proximity conductor, as shown in the figure.
If the two conductors, with currents flowing in

opposite directions, are metal sheets placed edge
to edge in a plane with a small gap between them,
the proximity effect will cause the current to con-
centrate at the two adjacent edges, thus causing
them to heat. The skin effect will confine the cur-
rents to a shallow depth at those edges. This is the
situation that characterizes all high-frequency
welding applications.

Advantages and Limitations

The advantages of high-frequency welding are
that it is well suited for high-speed welding and
can weld a large range of product sizes

andmaterials.Weld quality is not particularly sen-
sitive to the presence of air, and special atmo-
spheres are usually not needed. Weld quality is
relatively (but not completely) tolerant of surface
oxides and contamination. The disadvantages of
high-frequency welding are that it is not well
suited for low welding speeds and small-scale
operations where welding is done by hand. High-
frequency welding must be done continuously;
continuous welds cannot be made in stop/start
operations because a discontinuity in theweldwill
usually occur.
Because the concentrated high-frequency cur-

rent heats only a small volume of metal at the
weld interface, the process can produce welds at
very high welding speeds and with high energy
efficiency. High-frequency resistance welding
can be accomplished with a much lower current
and less power than is required for low-frequency
or direct-current resistance welding. Welds are
produced with a very narrow and controllable
HAZ and with superfluous cast structures. This
often eliminates the need for postweld heat treat-
ment in tube production.
Oxidation and discoloration of the metal and

distortion of the workpiece are minimal.

Discoloration may be further reduced by the
choice of welding frequency.
Maximum speeds normally are limited by

mechanical considerations of material handling,
forming, and cutting. Minimum speeds are lim-
ited by material properties, excessive thermal
conduction such that the heat dissipates from
the weld area before bringing it to sufficient
temperature, and weld quality requirements.
The fit-up of the surfaces to be joined and the

manner in which they are brought together are
important if high-quality welds are to be pro-
duced. However, high-frequency welding is
far more tolerant in this regard than some other
processes.
Flux or shielding gas are almost never used

but can be introduced into the weld area for
joining highly reactive metals such as titanium
or for certain grades of stainless steel.

Applications

A wide range of commonly used metals can
be joined by high-frequency welding. Materials
that can be successfully high-frequency welded

Table 2 Typical high-frequency welding parameters

Principal workpiece dimension Thickness Welding speed

Process and application Metal mm in. mm in. m/min ft/min

Welding power source

range, kW

Welding

frequency, kHz

Induction seam
welding: pipe and
tube

Low-carbon steel
(can be aluminum
or zinc coated)

Outside diameter:
10–75

Outside diameter:
0.4–3

Wall thickness:
0.6–2

Wall thickness:
0.025–0.080

25–300 80–1000 50–500 300–400

Carbon steel less
than 0.05% C (can
be aluminum or
zinc coated)

Outside diameter:
50–200

Outside diameter:
2–8

Wall thickness:
1.5–12.7

Wall thickness:
0.060–0.5

20–150 60–500 200–1000 200–400

Carbon steel less
than 0.05% C

Outside diameter:
150–400

Outside diameter:
6–16

Wall thickness:
2–12.7

Wall thickness:
0.080–0.5

15–90 50–300 400–1200 150–300

Outside diameter:
300–600

Outside diameter:
12–24

Wall thickness:
6–25

Wall thickness:
0.25–1

10–50 30–165 800–1200 100–200

Contact seam welding:
pipe and tube

Low-carbon steel
(can be aluminum
or zinc coated)

Outside diameter:
10–75

Outside diameter:
0.4–3

Wall thickness:
0.6–2

Wall thickness:
0.025–0.080

25–300 80–1000 50–350 300–400

Carbon steel less
than 0.05% C (can
be aluminum or
zinc coated)

Outside diameter:
50–200

Outside diameter:
2–8

Wall thickness:
1.5–12.7

Wall thickness:
0.060–0.5

20–150 60–500 150–450 300–400

Carbon steel less
than 0.05% C

Outside diameter:
150–400

Outside diameter:
6–16

Wall thickness:
2–12.7

Wall thickness:
0.080–0.5

15–90 50–300 250–600 200–400

Outside diameter:
300–600

Outside diameter:
12–24

Wall thickness:
6–25

Wall thickness:
0.25–1

10–50 30–165 300–800 150–300

Induction seamwelding:
pipe and tube

Stainless steel Outside diameter:
10–75

Outside diameter:
0.4–3

Wall thickness:
0.6–2

Wall thickness:
0.025–0.080

10–90 30–300 50–300 250–300

Aluminum Outside diameter:
10–38

Outside diameter:
0.4–1.5

Wall thickness:
0.3–1

Wall thickness:
0.010–0.040

40–150 120–500 50–150 400–800

Outside diameter:
25–75

Outside diameter:
1–3

Wall thickness:
1–2

Wall thickness:
0.040–0.080

40–90 120–300 50–300 400–600

Copper Outside diameter:
10–75

Outside diameter:
0.4–3

Wall thickness:
0.3–2

Wall thickness:
0.010–0.080

40–150 120–500 50–300 400–600

Induction welding:
butt joints in pipe
and tube

Low-carbon steel Outside diameter:
Up to 300

Outside diameter:
Up to 12

Wall thickness:
2–12

Wall thickness:
0.08–0.5

10–60 s/joint 100–500 1–10

Induction welding:
butt joints in beams

Low-carbon steel Height: 75–500
Width: 50–300

Height: 3–20
Width: 2–12

Web thickness:
2–10

Flange
thickness:
3–12

Web thickness:
0.080–0.375

Flange thickness:
0.125–0.5

10–40 30–120 100–350 200–400

Induction welding:
spiral-fin boiler
tubes

Low-carbon steel,
stainless steel, or
in combination

Outside diameter:
25–75

Outside diameter:
1–3

Wall thickness:
To 10

Wall thickness: To
0.374

10–40 30–120 100–350 300–400

Source: Ref 1
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into tube and pipe include carbon steels, stain-
less steels, aluminum, copper, brass, and tita-
nium. Exceptions are materials that are
unstable at welding temperatures, have a negli-
gible hot-work capability, or experience prop-
erty deterioration that cannot be subsequently
recovered. Where necessary, a gas shield can
be provided for reactive metals. Tube or pipe
sizes fabricated by high-frequency welding
range in size from 13 to 1220 mm (½ to 48
in.) in diameter.

High-frequency welding is most suitable in
applications that involve the continuous edge,
or butt, joining of metals. The largest single
use of high-frequency welding is in the manu-
facture of tube and pipe. High-frequency weld-
ing is useful in the manufacture of certain types
of heat-exchanger tube, where the edge of a
rectangular strip is continuously welded onto
the outside diameter of a tube to form a cooling
fin. The fin can be welded around the tube in a
spiral configuration (Fig. 7), or it can be straight

and parallel to the pipe axis. The greatest
volume of heat-exchanger tube is made with
low-carbon steel for both the tube and fins.
However, other alloy combinations are growing
in use, such as low-carbon steel fins on both
stainless steel and chromium/molybdenum
alloy steel tubes, stainless steel fins on low-
carbon steel and stainless steel tubes, and alu-
minum fins on cupronickel tube.
High-frequency welding can also be used for

the production of structural shapes, such as T-
sections and I- and H-beams. The specific shape
is constructed by welding rectangular strips
together to produce the desired configuration.
A heating “V” is established as the strip materi-
als are brought together.
The end, or butt, welding of metal strip is

another application in which high-frequency
welding can be used. Single lengths of strip
are welded to form a hoop that is subsequently
formed into products such as wheel rims. High-
frequency butt welding is also used to make
long, continuous lengths of strip by butt weld-
ing together a series of shorter lengths. This is
done for certain manufacturing processes that
require strip material longer than that which is
commercially available.

Equipment

Units for producing power for high-
frequency welding include solid-state inverters
(and perhaps some vacuum-tube oscillators still
in operation). Depending on the application,
frequency requirements can vary from 100 to
700 kHz, whereas power requirements vary
from 30 to 1000 kW. Solid-state inverters pro-
duce frequencies ranging from 100 to 400
kHz. Vacuum-tube oscillators are available in
frequencies up to 700 kHz. Because of their
improved efficiency, solid-state units are repla-
cing vacuum-tube units when frequency
requirements permit.
Water-cooled copper conductors are used to

carry the power to the coil or contacts. These con-
ductors must be of minimum length and closely
spaced to minimize impedance losses. The use
of induction coils or electrical contacts to deliver
high-frequency power to the workpiece has spe-
cific advantages and disadvantages.
Induction coils are commonly used in appli-

cations where the geometry of the workpiece
can act as a closed circuit to pick up the
induced power (for example, the welding of
tube). The advantages of an induction coil are
that it is generally more convenient to use and
requires less maintenance than contacts.
Because the coils do not contact the workpiece,
they leave no marks or scratches. Induction
coils are usually made from a water-cooled
copper conductor that has one to three turns.
The delivery of high-frequency power through

electrical contacts is more efficient than that
through the use of coils because the power can
be more directly and efficiently distributed to
the weld area. The disadvantages of contacts are

Fig. 3 Basic joint designs for high-frequency welds in pipe, tube, sheet, and bar stock. Source: Ref 1
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that they wear out, require periodic replacement,
and can scratch, mar, or leave deposits on the sur-
face of a workpiece, which can be objectionable
in some cases. The presence of surface scale on
base material can affect the current transfer from
the contacts to the substrate.
In the production of tube and pipe, induction

coils are usually used to make the smaller dia-
meters (<305 mm, or 12 in.) because their
advantages outweigh the loss of efficiency.
Contacts are generally used for larger diameters
because of their greater efficiency. Contacts are
also used in structural shapes and fin heat-
exchanger tubes, as well as for end welding,
because induction coils cannot induce the cur-
rent densities necessary for welding.
Impeders are used to improve welding effi-

ciency in tube and pipe production. Impeders
that consist of one or more water-cooled cores
of ferrite material are placed inside the tube
parallel to and under the weld area. The reason
for this is the existence of a power-dissipating
circuit loop consisting of the inside surface of
the tube being welded. The impeder increases
the inductive impedance of this path, which
bypasses the weld zone. The positioning may
vary for a given application based on experi-
ence. The impeder is generally positioned so
that it extends approximately 1.5 to 3 mm
(1/16 to 1/8 in.) beyond the apex of the "V"
and the equivalent of one to two workpiece dia-
meters upstream of the induction coil or con-
tacts (Ref 2). Impeders are particularly
important when a mandrel must be run through
the workpiece in the weld area to perform an
inside weld bead treatment (such as inside bead
scarfing or bead rolling). Impeders are gener-
ally not required when welding a large-diame-
ter workpiece with a high-frequency contact
welding process (Ref 2).

Fig. 4 Effect of frequency on depth of penetration. Source: Ref 1

Fig. 5 Restriction of flow path of high-frequency
current by proximity effect of the return

conductor
Fig. 6 Depth and distribution of current adjacent to

various conductors
Fig. 7 Manufacturing a spiral-fin tube using high-

frequency welding
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During operation, impeder efficiency is
affected by temperature and degrades over
time during welding. This reduction in effi-
ciency during operation causes a drop in weld
temperature and thus may affect quality by
increasing the likelihood of producing cold
welds. Corrections include either some periodic
replacement of impeders and/or adjustment of
the input power level to maintain a sufficient
weld temperature.

Personnel

A considerable amount of on-the-job
training is required for new operators of high-fre-
quency welding equipment, as would be the case
in any other mill process. High-frequency weld-
ing is a high-speed and, usually, high-volume
process that often operates in conjunction with
precision forming and handling equipment. The
operating speed of tube mills ranges from 30 to
240 m/min (100 to 800 ft/min). A tube must be
precisely formed prior to welding. Therefore, an
operator must be familiar with both the operation
of the welding equipment and the associated
mechanical equipment for the forming or
handling of the metal. Troubleshooting and
repair of the welding equipment generally
require specially trained personnel and are often
conducted by the manufacturer. Improved and
simplified systems for speed and/or power and
weld temperature control are reducing the opera-
tor dependence of the process.

Safety

Serious consideration must be given to
the health and safety of welding operators,
maintenance personnel, and other workers
in the area of the welding operations. Good
engineering practice must be followed in
the design, construction, installation, operation,
and maintenance of equipment, controls, power

supplies, and tooling to conform to federal,
state, and local safety regulations and industry
standards.
Because high-frequency welding power

sources are electrical devices, they require all the
usual precautions in handling and repairing such
equipment. Voltages, which range from 400 to
30,000 V, can be either low or high frequency
and may be lethal. To prevent injury, proper care
and safety precautions should be taken while
working on high-frequency systems and genera-
tors. Modern units are equipped with safety inter-
locks on access doors, as well as automatic safety
grounding devices that prevent unsafe operation
of the equipment. The equipment should not be
operated when panels or high-voltage covers have
been removed or when interlocks and grounding
devices have been blocked.
High-frequency, high-voltage leads must be

encased in grounded metal ductwork to ensure
safety and to minimize electromagnetic radia-
tion. Induction coils and contact systems should
always be properly grounded for operator pro-
tection. Grounding lines should be kept short
to minimize inductive reactance. Injuries from
high-frequency power, especially at the upper
range of welding frequencies, tend to produce
severe, local, surface tissue damage. Care
should be taken that the magnetic field from
the output system, particularly the output trans-
former, does not heat adjacent metallic sections
by induction.
The high-frequency power source must

also conform to the requirements of the
Federal Communications Commission (FCC)
as stated in Title 47, Part 15 concerning the
radio-frequency emissions from industrial, sci-
entific, and medical sources. Responsibility for
complying with FCC standards is undertaken
by the power-source manufacturer and does
not pose a problem for the end user of the
equipment, if the power source is installed fol-
lowing the manufacturer’s recommendations.
Information manuals provided by the manufac-
turers of equipment must be consulted, and

recommendations for safe practices must be
strictly followed.
High-frequency currents are more difficult to

ground than low-frequency currents, and
ground lines should be as short as possible to
minimize inductive reactance. All leads
between the power source and the contacts or
induction coil should be totally enclosed in an
insulated or grounded structure and constructed
in a way that minimizes electromagnetic inter-
ference. Also, care should be taken to prevent
the high-frequency magnetic field around the
coil and leads from induction heating of the
adjacent metal mill components.
The weld area should be protected so

that operating personnel cannot come in
contact with any exposed contacts or induction
coils while these devices are energized.
Injuries to personnel from direct contact with
high-frequency voltages, especially at the upper
range of welding frequencies, may produce
severe local tissue damage. The design,
construction, installation, operation, and main-
tenance of the equipment, controls, power
sources, and tooling should conform to the
requirements of the United States Department
of Labor in Occupational Safety and Health
Standards for General Industry, (29) CFR Part
1910, Subpart Q. The American Welding Soci-
ety document “Safety in Welding, Cutting, and
Allied Processes,” ANSI Z49.1: 2005, covers
safe practices specifically for the welding
industry.

Inspection and Quality Control

Although the quality of the weld can be very
high with the HFRW process, a few weld-
related quality problems exist. Modern nonde-
structive evaluation (NDE) techniques, such as
eddy current and ultrasonic inspection, are
commonly used to detect open-seam conditions
such as cracks. However, the major problem
that remains undetected is a condition referred

Fig. 8 Cross sections from welds of type 409 stainless steel tubes after high-frequency (HF) welding at different temperatures. (a) Excessive weld temperature results in melting and
a fusion zone. (b) and (c) Good welds with sufficient heating and formation of a sound solid-state weld. (d) Insufficient heating results in a cold weld without a complete

solid-state bond.
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to as cold weld (also called paste or stuck
weld) that is the result of improper welding
parameters. Today’s inspection and NDE tech-
niques cannot always detect the cold-weld con-
dition. This condition is difficult to detect
because it visually appears to be a good
weld. It is also difficult to detect by ultrasonic
test methods if the defect is thin, filled with
oxide scale, and short in length. A cold weld
is usually welding-process-related and is typi-
cally revealed during mechanical testing or
in service as a fracture or splitting along the
weld seam.
New quality-control methodologies and

monitoring techniques are being applied to
HFRW mills, resulting in significant reduction
and elimination of weld quality problems
related to premature weld seam failures due to
a cold-weld condition. Full-scale testing is done
to generate production mill process windows
for a range of critical welding variables, such

as temperature, squeeze force, displacement,
and mill speed. Monitoring the welding para-
meters is done with traditional data-acquisition
sensors and systems.
Monitoring of the resultant weld seam

shape, size, and characteristics is also per-
formed using a noncontact (laser) optical tech-
nology to make measurements of the surface
profile of the prewelded and just-welded tube
surface. These profile images are compiled
from three-dimensional surface topography
data that can be analyzed, enabling precise
measurement of surface conditions and defects.
Optimum welding parameters for a specific
mill are correlated to laser-based profile
images of the weld bead (upset geometry).
The laser profile images can then be used to
determine the quality of the welds as they are
being made. A final step is to use the laser mon-
itoring technique for feedback to control and
maintain the optimum welding parameters

during welding, ensuring robust, high-quality
tube and pipe.
Weld cross sections in Fig. 8 are from 409

stainless steel tubing welded at different tem-
peratures. The welds shown in Fig. 8(b) and
(c) are sound solid-state welds. An excessively
high welding temperature (Fig. 8a) results
in a fusion zone, while insufficient heating
(Fig. 8d) results in a cold weld.
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Procedure Development and Practice
Considerations for Resistance Welding
Murali D. Tumuluru, United States Steel Corporation
Hongyang Zhang, University of Toledo
R. (Bob) Matteson, Taylor Winfield Technologies

A GOOD WELDING PROCEDURE is
essential to achieve acceptable-quality welds.
To develop such a procedure, users must have
a clear understanding of the effect of welding
variables on the welding process. In resistance
welding, the three key variables that affect the
weld quality are the welding current, the elec-
trode force, and the welding time (Ref 1, 2).
An understanding of their role in weld forma-
tion will help in choosing the appropriate weld-
ing parameter combination. The effect of each
of these variables is described subsequently.
Much of the discussion is applicable to both
spot and seam welding. In the first half of this
article, variables, as they relate to spot welding,
are presented. The second part of this article
covers seam welding procedure development.

Spot Welding Variables

This section describes the significance
of the three variables (welding current, elec-
trode force, and welding time) that affect
the resistance spot welding process. In
addition, the effects of weld spacing as well
as the effect of surface preparation on weld
quality are presented. The process fundamentals
of resistance spot welding are described in
the article “Resistance Spot Welding” in this
Volume.

Welding Current

Welding current is perhaps the most influen-
tial welding parameter that controls the heating
at the sheet-to-sheet interface and hence the
weld nugget (melted and solidified region)
development and formation. Both alternating
current (ac) and direct current (dc) are used in
resistance spot welding. The ac and dc currents
possess distinctive characteristics in both the
total heating and the heat input rate, and their
effects on weld formation and weld quality are
different.

The common electric current waveforms are
shown in Fig. 1. The single-phase ac current
waveform is strongly affected by the resistance
and reactance of the welding loop. As seen in
Fig. 1(a), the electric current does not reach
the designated value immediately after it is
switched on. Rather, it is delayed by the imped-
ance for approximately three cycles. Such a
delay is also observed in single-phase dc (Fig.
1b), three-phase dc (Fig. 1c), and midfrequency
direct current (MFDC) (Fig. 1d) current wave-
forms for the same reason. In addition, there
are moments of time in which the electric cur-
rent ceases flowing in Fig. 1(a), resulting in
cooling in the weld stack-up. Because of the
alternating nature of a single-phase ac current,
the heating rate fluctuates between zero and its
peak, and the heat provided may be insufficient
for welding metals with high thermal conduc-
tivities, such as aluminum alloys. In spite of
this shortcoming of ac transformers, they are
widely used in the sheet metal industry because
of their simplicity and low cost. Satisfactory
results have been achieved in steel welding
using such transformers.
To supply continuous heating, direct current

has been used in various forms. The simplest
one is a single-phase dc, as shown in Fig. 1(b).
The moments when the current ceases flowing
are significantly reduced, yet large current rip-
ples still exist, meaning a fluctuating heating
rate. An improvement to this is the three-phase
dc, which fluctuates in a very narrow range
(Fig. 1c). The MFDC transformers, which are
gaining their market share, eliminate the rip-
pling effect (Fig. 1d) and provide the necessary
continuous heating needed for welding metals
of high electrical and thermal conductivities.
Even for steel welding, the advantages of
MFDC are obvious. Shown in Fig. 2, the welds
made on an interstitial-free steel using an
MFDC and a single-phase ac have different
shape and volume (Ref 4). More fusion is
observed in the MFDC welds at both welding
stages than in the ac welds. In addition, the

annular shape of the welds made using the ac
in the figure could be the result of “skin effect,”
which is the phenomenon that an alternating
electric current tends to flow on the outer part
of a conductor. The concentration of electric
current on the outer portion of the electric con-
tact at the faying interface generates more heat
at the periphery than the center of a weld. More
discussion on the influence of skin effect on
welding can be found in Ref 3. In ac welds,
the current distribution can also be affected by
the “throat effect,” where the current tends to
travel along the inside path, or throat, of the cir-
cuit. While generally not harmful, this effect
can be observed in the weld nugget shape.
In resistance welding, the heat developed is

proportional to the resistance in the electric cir-
cuit, which, in turn, is inversely proportional to
the contact area. During welding, the contact
area between the sheets is not constant, because
it is enlarged as electrodes deteriorate through
metallurgical alloying and mechanical deforma-
tion at the electrode-sheet interfaces. Weld
quality is compromised if the electric current
density drops due to electrode enlargement (or
mushrooming) to a lower level than is origi-
nally set. Frequent electrode dressing is a very
effective method to eliminate electrode tip size
changes, thereby maintaining a constant current
density. Another practical approach to address
electrode tip face changes is the use of current
steppers, which is common in production envir-
onments. The basic idea in current stepping is
to maintain the level of current density so that
sufficient heat is generated. The stepping algo-
rithm can be derived both experimentally and
analytically. The changes needed in electric
current as a function of the increase in electrode
face area are plotted in Fig. 3 (Ref 3). Because
a larger weld is formed with a stepped-up cur-
rent, more electrode force is needed to contain
the liquid nugget. The changes in electrode
force to maintain the pressure level are exactly
the same as those for the current, as shown in
the figure. The use of frequent electrode tip



dressing is a much more efficient way to main-
tain constant current density than the use of cur-
rent steppers. More automotive manufacturers
have switched to the use of frequent electrode
tip dressing to maintain consistent weld quality.

Welding or Electrode Force

Welding force, or electrode force, is the force
applied to the workpieces by the electrodes dur-
ing the welding cycle. Electrode force, usually
measured and expressed as a static value, is a
dynamic force in operation and is affected by
the friction and inertia of the moving parts of
the welding machine.
The workpieces to be spot welded must be

held tightly together at the indented location
of the weld to allow passage of current.
Because increasing the electrode force
decreases the contact resistance of the work-
pieces and therefore decreases the total heat
generated between the faying surfaces of the
workpieces by the welding current, electrode
force should not be excessive.
The electrode force must be compatible with

a welding current that is within the capacity of

Fig. 1 Measured waveforms of welding current for resistance spot welding. (a) Single-phase alternating current. (b) Single-phase direct current. (c) Three-phase direct current.
(d) Medium-frequency direct current. Source: Ref 3

Fig. 2 Cross sections of interstitial-free steel welds made using midfrequency direct current (left) and alternating
current (right) at different welding stages. Source: Ref 4
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the equipment and must permit the use of a
welding time long enough to be reproducible.
Also, the workpieces must be in reasonably
intimate contact at the weld area without exces-
sive electrode force. If the workpieces are
deformed so that contact is not intimate in the
weld zone, an excessively high force may be
needed to overcome the deformation. Varia-
tions in weld strength and quality often result
from the variations in electrode force required
to bring the workpieces into proper contact,
especially in the spot welding of stampings,
formed workpieces, or thick sections of work
metal. This is especially true when welding
high-strength, low-alloy steels. Because of the
high strength of these materials, they have con-
siderably higher springback and thus require
higher electrode forces than plain carbon steel.
Sometimes, a squeeze time longer than that

normally used is needed to force the

workpieces together. Also, because of the pos-
sibility of springback, hold time must be suffi-
ciently long to permit solidification of the
weld metal when the workpieces are still held
together by the electrodes.
Because variations in electrode force cause

changes in interfacial resistance and therefore
heating, variations in electrode force can cause
changes in the size and location of the lobe
curves and current level, as seen in Fig. 4.
Increased electrode force shifts the curves to
higher current levels. This shift in the lobe
curve indicates that weld current and weld
time combinations which produce acceptable
weld nuggets at one electrode force may no
longer produce acceptable weld nuggets at
the new electrode force. Thus, care should be
taken when making electrode force changes,
especially in alloys that have a limited accept-
able weld current range, such as some of the

more difficult HSLA steels with yield strengths
above 690 MPa (100 ksi).
Pound-force (lbf) and kilo-Newton (kN =

103 N) are the commonly used units for elec-
trode force in resistance welding. Occasionally,
deca-Newton or deka-Newton (daN = 101N) are
also used. The electrode force is a strong func-
tion of the drive mechanism. A pneumatic-cyl-
inder-driven welding machine may produce a
fluctuating electrode force during the applica-
tion of electric current, resulting from the
expansion/contraction of the weldment stack-
up. Depending on the cylinder size, compressed
air supply, and lubrication/alignment of the
moving part of the welder, the electrodes may
or may not respond to and follow the contrac-
tion of the weld, to provide a forging force. In
addition, combined pneumatic and hydraulic
cylinders have been used to supply a forging
force to the weld. Servo-motor-driven welders
have been developed that provide the opportu-
nity of adjusting the electrode force during
welding, in coordination with electric current.
For instance, a sequential profiling of electric
current and forging force has been realized on
an electric servo welding gun (Ref 6). In the
study by Grimes (Ref 5), the effect of forging
force on weld quality was demonstrated. In
Fig. 5, the electrode force was ramped up dur-
ing welding by as much as twice the original
force level, to suppress internal void/porosity
formation. Satisfactory results were obtained.
Electrode force is also critical in controlling

expulsion, an important process affecting weld
quality. In a study on suppressing expulsion in
welding an aluminum alloy AA5754, the critical
level of electrode force was derived based on
considering the interaction among the mechani-
cal, thermal, and metallurgical processes during
welding, as shown in Fig. 6 (Ref 7). The predicted
electrode force levels were verified by experi-
ments, and good agreement was achieved.

Weld Time

Weld time (the duration of passing the weld-
ing current) is generally divided into several
parts.
Squeeze time is an interval of delay

between closing of the initiating switch and
application of the welding current. It provides
time for the solenoid-actuated head cylinder
valve to operate and for the welding head to
bring the upper electrode in contact with the
workpiece and to develop full electrode force.
This time must be sufficient to ensure that the
parts have maintained intimate contact. On a
228 mm (9 in.) diameter cylinder, operated at
276 kPa (40 psi), it can take 120 cycles to
develop full electrode force.
Weld time is the interval during which the

welding current flows through the circuit. On
many HSLA steels, a slightly longer weld time
than normally applied for plain carbon steel has
been noted to broaden the lobe curve and thus
increase acceptable weld current ranges.

Fig. 3 Changes needed in electric current and electrode force as a function of the change in electrode face diameter

Fig. 4 Weld diameter vs. electrode force in welding an aluminum alloy. Source: Ref 5
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Upslope time is a period of time when the
weld current is deliberately ramped up from
an initial value to the weld current value. This
function is used often on multiple projections
to reduce the possibility of destroying the pro-
jections that first make contact.
Hold time is the interval during which, after

the welding current is off, the electrode force is
held on the workpiece until the metal of the
spot weld has solidified. Some HSLA materials

are hold-time sensitive. With hold times as
great as 30 to 60 cycles (½ to 1 s), these mate-
rials tend to experience interfacial tearing when
peel tested.
Off time is the interval from the end of the

hold time until the beginning of the squeeze
time for the next cycle. In an automatic cycle,
off time is the time needed to retract the elec-
trodes and to index, remove, or reposition the
work. In manual operation, it is not fixed as a

maximum period by the control equipment but
depends on time taken by the operator to start
a new cycle. Upslope time permits the welding
current to be increased over several cycles from
a low value to that needed for welding, instead
of having the full welding current applied
instantly. A low initial or welding current
reduces or prevents expulsion of metal, or spit-
ting, when the current is first applied. Upslope
control is used for welding at high current
values and for welding scaly stock as well as
most kinds of plated metals.
Downslope time permits the welding current

to decay gradually to a low value instead of
ending suddenly, and it helps to produce good
welds in some types of heat treatable metals
by lengthening the cooling time gradient. It is
rarely needed in welding low-carbon steel, par-
ticularly if the carbon content does not exceed
0.15%, but is used when cooling rate must be
limited, as in welding hardenable steels. Down-
slope can also be used to reset the core flux in
the welding transformer to obtain uniform mag-
netic conditions of the transformer.

Effect of Surface Finish

In spot welding of assemblies that are to be
porcelain enameled or painted, or are to receive
other decorative surface finishes, the surface
condition and close fit of parts after welding
are as important as weld strength. Excessive
indentation, overheating of the outside surfaces,
spatter, and crevices interfere with the finishing
operations and must be avoided.
Welding schedules and conditions must be

selected that produce a weld of adequate
strength with a minimum of indentation and
minimum evidence of heating. This requires a
uniform welding procedure that is best obtained
with automatic control of current, time, and
force. Electrode faces should be dressed at reg-
ular intervals, before they have worn so much
that unsatisfactory spot welds are produced.
Workpieces should be cleaned thoroughly
before welding.

Effect of Weld Spacing on Heating

Shunting occurs when a second spot weld is
made so close to the first one that the welding
current can flow either through the metal at
the first weld or through the metal between
the electrodes at the point of the second weld.
The welding current flows in inverse proportion
to the resistance of the two paths. Division of
current depends chiefly on the ratio of resis-
tance of the base metal to interface resistance
at the point of the second weld.
When making a second and following spot

welds, the metal between the electrodes
becomes a divided circuit; part of the current
travels through the metal to the previously
made spot weld, while the remainder travels
through the metal between the electrode faces
at the point of the second weld. If the distance

Fig. 5 Electrode force profile during welding with a forging force provided by an electric-servo motor. Adapted from
Ref 5
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Fig. 6 Electrode force needed to suppress expulsion in welding AA5754. Source: Ref 7
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to the first spot weld is great enough, the resis-
tance of the path through the first spot weld,
compared to that directly through the metal, is
high, and the shunting effect can be neglected.
If the distance to the first spot weld is short, a
significant fraction of the current is shunted
through the first spot weld.
As the temperature of the metal between the

electrode tips rises, the resistance at that point
increases, thus adding to the shunting effect.
Metals having high electrical resistivity are less
influenced by the shunting effect than are low-
resistivity metals.
The minimum spacing of spot welds in low-

carbon steel workpieces depends on stock thick-
ness, diameter of the fused zone, and cleanness
of the faying surfaces. The minimum recom-
mended weld spacing for low-carbon, medium-
carbon, and low-alloy steels is given in Tables 1
to 3. Welds can be made at less-than-recom-
mended minimum spacing without significant
shunting by using higher current and electrode
force, shorter weld time, and fast follow-up.
If spotwelds aremade too close to the edge of a

sheet or flange, there is an insufficient volume of
base metal to withstand electrode pressure and
heating. This results in a reduction in the effec-
tive force along the edge and uneven heating,
causing the hot metal to be expelled from the

weld. When spot welds are made too close to an
upright flange or sidewall, arcing may occur
between the electrode and workpiece, or there
may be a poor fit at the faying surface because
of the bend radius. If large-diameter electrodes
are needed because of themetal thickness, eccen-
tric, or offset, faces may be used.
The minimum contacting overlap between

two pieces of metal depends somewhat on the
metal thickness, which, in turn, governs the
electrode diameter and diameter of the fused
zone. The minimum overlaps for low-carbon,
medium-carbon, and low-alloy steels are given
in Tables 1 to 4.

Development of Welding Schedules

A typical sequence of steps for determining the
satisfactory conditions for spot welding is
described as follows. The usual criteria for satis-
factory welds in steps 1 to 4 are penetration, nug-
get diameter and indentation suitable for the
application, and the absence of porosity, cracks,
excessive expulsion, and gross imperfections:

1. Make a preliminary selection of electrode
force: This is completed for the work to be
welded and the electrodes to be used. Tables
of recommended practices, such as Tables 4

to 7, provide starting points for this selection,
as well as guidance in choosing preliminary
values of current, weld time, and hold time
for making trial welds to verify or correct this
preliminary selection of electrode force.

2. Establish the weld time and hold time: This
is done by evaluating trial welds made at
several levels of current for each of a num-
ber of combinations of weld time and hold
time. Squeeze time is not critical in welding
trials and is usually set at a convenient value
that is long enough to allow for a wide range
of test conditions.

3. Select electrode force: Using the established
combination of weld time and hold time,
make welds at several different current
levels, using a number of values of electrode
force to cover a wide range of force.

4. Select the welding current: Using the estab-
lished weld time, hold time, and electrode
force, make test welds at current levels that
cover a wide range of amperage.

5. Verify selection of conditions: Make trial
runs under the welding conditions established
by steps 1 to 4, to verify these selections as
well as to establish reference data on weld
quality and reliability for use in process con-
trol. A more complete evaluation than for
steps 1 to 4 is performed at this stage.

Table 1 Weld spacing and edge distances for electrode endurance test samples

Sheet thickness Weld spacing Edge distance Edge distance optional sample

mm in. mm in. mm in. mm in.

0.60–0.69 0.024–0.027 14 0.55 19 0.75 14 0.55
0.70–0.89 0.028–0.035 15 0.59 20 0.79 15 0.59
0.90–1.29 0.035–0.051 18 0.71 23 0.91 18 0.71
1.30–1.69 0.051–0.067 21 0.83 26 1.02 21 0.83
1.70–2.09 0.067–0.082 24 0.95 29 1.14 24 0.95
2.10–3.00 0.083–0.118 27 1.06 32 1.26 27 1.06

Source: AWS D8.9M

Table 2 Weld spacing from standard guidance

Determining sheet thickness Standard spot weld spacing

Minimum spot spacing with weld

schedule for each spot

mm in. mm in. mm in.

0.65–1.09 0.026–0.043 19 0.75 13 0.5
1.10–1.39 0.043–0.055 25 0.99 13 0.5
1.40–1.59 0.056–0.063 36 1.42 13 0.5
1.60–1.79 0.063–0.071 38 1.50 13 0.5
1.80–2.09 0.071–0.082 45 1.77 19 0.75
2.10–2.49 0.174–0.098 51 2.01 19 0.75
2.50–2.79 0.099–0.110 53 2.09 19 0.75
2.80–3.50 0.110–0.138 64 2.52 19 0.75

Source: GM GWS-1A

Table 3 Standard flange dimensions as a function of adjacent corner configuration

Flange angle, degrees

Bend radius, mm (in.)

1.0–1.5 (0.04–0.06) 1.6–2.0 (0.06–0.08) 2.1–2.5 (0.08–0.10) 2.6–3.0 (0.10–0.12) 3.1–3.5 (0.12–0.14) 3.6–4.0 (0.14–0.16) 4.1–4.2 (0.16–0.17) �4.3 (0.17)

120 13 13 13 13 13 12 12 12
110 14 14 13 13 13 13 12 12
100 15 14 14 14 13 13 12 12
90 15 15 14 14 13 13 13 12

Source: GM GWS-1A
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Table 4 Recommended practices for single-impulse resistance spot welding of 1010 steel with class 2 electrodes(a)

Thickness of

thinnest

outside piece

(t), in.(b)

Electrode dimensions

Net electrode

force, lbf

Weld time, cycles

(60 cps)

Welding current

(approx.), A

Contacting overlap

(min), in.

Weld spacing(d)

(min), in.

Nugget diameter

(approx.), in.

Breaking load (min) in

shear, lb, for work metal

with tensile strength of:

Body

diameter, in.

Face diameter,

in.(c)

Less than

70 ksi

70 ksi or

more

0.010 ⅜ ⅛ 200 4 4,000 ⅜ ¼ 0.10 130 180
0.021 ⅜ 3/16 300 6 6,500 7/16 ⅜ 0.13 320 440
0.031 ⅜ 3/16 400 8 8,000 7/16 ½ 0.16 570 800
0.040 ½ ¼ 500 10 9,500 ½ 3/4 0.19 920 1200
0.050 ½ ¼ 650 12 10,500 9/16 7/8 0.22 1350 . . .
0.062 ½ ¼ 800 14 12,000 ⅝ 1 0.25 1850 . . .
0.078 ⅝ 5/16 1100 17 14,000 11/15 1¼ 0.29 2700 . . .
0.094 ⅝ 5/16 1300 20 15,500 3/4 1½ 0.31 3450 . . .
0.109 ⅝ ⅜ 1600 23 17,500 13/16 1⅝ 0.32 4150 . . .
0.125 7/8 ⅜ 1800 26 19,000 7/8 13/4 0.33 5000 . . .

(a) Steel should be free from scale, oxides, paint, grease, and oil. (b) Thickness of thinnest outside piece (t) determines welding conditions. Data are for total thickness of pile-up not exceeding 4t; maximum ratio between two
thickness, 3 to 1. (c) For type A, D, and E faces. Body diameters apply also to type F electrodes with 3 in. spherical-radius face. (d) Center-to-center spacing for two pieces for which no special precautions need be taken to
compensate for shunted-current effect of adjacent welds; for three pieces, increase spacings here by 30%. Source: Recommended Practices for Resistance Welding, AWS C1.1

Table 5 Recommended practices for single-impulse resistance spot welding and postheating of medium-carbon and low-alloy steels with
class 2 electrodes(a)

Steel to be welded

Dimensions of upper and

lower electrodes

Net electrode

force (weld

and temper), lbf

Time, cycles (60 cps)
Welding

current

(approx),

A

Tempering

current,

% of welding

current

Contacting

overlap

(min), in.

Weld

spacing

(min)

(d), in.

Nugget

diameter

(approx.),

in.

Breaking load

(min) of weld, lb
Ratio,

tensile to

shear

breaking

load, %

Type and

condition(b)

Thickness (t)
of each piece,

in.(c)

Body

diameter, in.

Face

diameter,

in.

Face

radius, in. Weld Quench Temper In shear

In

tension

1020 HR 0.040 ⅝ ¼ 6 1475 6 17 6 16,000 90 ½ 1 0.23 1 360 920 68
1035 HR 0.040 ⅝ ¼ 6 1475 6 20 6 14,200 91 ½ 1 0.22 1 560 520 33
1045 HR 0.040 ⅝ ¼ 6 1475 6 24 6 13,800 88 ½ 1 0.21 2 000 680 34
4130 HR 0.040 ⅝ ¼ 6 1475 6 18 6 13,000 90 ½ 1 0.22 2 120 640 30
4340 N&T 0.031 ⅝ 3/16 6 900 4 12 4 8,250 84 7/16 3/4 0.16 1 084 290 27

0.062 3/4 5/16 6 2000 10 45 10 13,900 77 ⅝ 1½ 0.27 3 840 1440 37
0.125 1 ⅝ 10 5500 45 240 90 21,800 88 7/8 2½ 0.55 13 680 4000 29

8630 N&T 0.031 ½ 3/16 6 800 4 12 4 8,650 88 7/16 3/4 0.16 1 220 524 43
0.062 ⅜ 5/16 6 1800 10 36 10 12,800 83 ⅜ 1½ 0.27 4 240 2200 52
0.125 1 ⅝ 10 4500 45 210 90 21,800 84 7/8 2½ 0.55 13 200 4500 34

8715 N&T 0.018 ½ ⅛ 6 350 3 4 3 3,900 85 7/16 ⅜ 0.10 400 200 50
0.062 ⅜ 5/16 6 1600 10 28 10 12,250 85 ⅜ 1½ 0.27 3 300 1800 55
0.125 1 ⅝ 10 4500 45 180 90 22,700 85 7/8 2½ 0.55 12 760 4500 35

(a) Steel to be welded should be pickled, or otherwise cleaned, to obtain a surface contact resistance not exceeding 200 microhms. (b) HR, hot rolled; N&T, normalized and tempered. (c) Welding conditions are for joining two
pieces of equal thickness, each of thickness t. (d) Minimum spacing for which no special precautions are needed to compensate for shunted-current effect of adjacent welds. Source: Recommended Practices for Resistance
Welding, AWS C1.1.

Table 6 Recommended practices for multiple-impulse resistance spot welding of 1010 steel with class 2 electrodes(a)

Thicknesses

of steel to be

joined, in. Electrode dimensions

Net electrode

force, lbf

Weld time, impulses(c)

Welding

current (approx.), A

Contacting

overlap (min), in.

Nugget

diameter (min), in.

Breaking load

(min) in shear(d), lb

Single

welds

Adjacent

welds with

center-to-

center

spacing of:

t.-1 t.2
Body diameter,

in.

Face diameter,

in.(b)

1–

2 in.

2–4

in.

⅛ ⅛ 1 7=16 1800 3 5 4 18,000 7/8 ⅜ 5,000
⅛ 3=16 1 7=16 1800 3 5 4 18,000 7/8 ⅜ 5,000
⅛ ¼ 1 7=16 1800 3 5 4 18,000 7/8 ⅜ 5,000
3=16 3=16 1¼ ½ 1950 6 20 14 19,500 1⅛ 9=16 10,000
3=16 ¼ 1¼ ½ 1950 6 20 14 19,500 1⅛ 9=16 10,000
3=16 5=16 1¼ ½ 1950 6 20 14 19,500 1⅛ 9=16 10,000
¼ ¼ 1¼ 9=16 2150 12 24 18 21,500 1⅜ 3/4 15,000
¼ 5=16 1¼ 9=16 2150 12 24 18 21,500 1⅜ 3/4 15,000
5=16 5=16 1½ ⅝ 2400 15 30 23 24,000 1½ 7/8 20,000

(a) Steel should be free from scale, oxides, paint, grease, and oil. (b) For type A, D, and E faces. Body diameters apply also to type F electrodes with 3 in. spherical-radius face. (c) Each impulse consists of 20 cycles on
(heating) and 5 cycles off (cooling), at 60 cycles per second. (d) For steel with a tensile strength of less than 70 ksi. Source: Recommended Practices for Resistance Welding, AWS C1.1
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These five steps not only determine optimum
values for each of the welding variables but also
establish ranges of satisfactory values for them
and the criticality of each variable. The sequence
of steps followed in setting up a resistance spot
welding schedule may vary, depending on spe-
cial aspects of the equipment or the work, the
extent of experience with similar types of work,
and requirements imposed by the purchaser or
applicable specifications. When adjustment of
welding conditions is needed at the start of or dur-
ing production runs, the adjustment is usually
made on weld time, hold time, or current, which-
ever is most convenient and effective.

Welding Machine

Many of the electrical and mechanical charac-
teristics of a welding machine have a significant
influence on the welding process and weld qual-
ity. Limited research has been conducted in this
regard, primarily because of the difficulties in
altering a welding machine mechanical and elec-
trical features, especially in a systematic manner.
The electrical characteristics of a welding

machine are determined by the transformer, the

electrical cables, and the secondary loop. The
mechanical aspects of a weldingmachine usually
refer to the machine stiffness, friction, and
moving mass. They interact with a welding pro-
cess through affecting the electrode force and
electrode follow-up characteristics (Ref 3), and
their effects can be summarized in the following.
Machine Stiffness. The direct reflection of

the effect of machine stiffness is the electrode
force characteristics. In general it was found
that high machine stiffness is beneficial to
expulsion prevention and tensile-shear strength
of the welds (Ref 8). As shown in Fig. 7, a
higher stiffness results in a higher electrode
force during welding than a lower stiffness,
given the preset values of the electrode force
being equal. A stiff welder also reduces elec-
trode misalignment, resulting in less electrode
wear and improved weld quality.
Friction primarily affects the follow-up

behavior of the electrodes of a welder during
welding. A well-lubricated and aligned guide-
way of a welding machine allows the electrodes
to move in when the weld contracts during
cooling. This is critical in suppressing solidifi-
cation cracks/voids by providing the necessary

forging force. Figure 8 clearly shows the effect
of machine friction on the microstructure of
welds. Without additional friction, the forging
force provided by the electrodes created a dense
structure (Fig. 8a), while the weld made with
additional friction shows a large solidification
void due to a lack of forging force. The welds
made without additional friction also show
slightly higher strength than those with addi-
tional friction.
Moving mass affects the touching behavior

of a welder, and a weld stack-up tends to
vibrate more if the moving mass is small than
a welder with more moving mass. This in gen-
eral does not affect the welding process or the
weld quality, if the electric current is switched
on after vibration stops. The dynamic force
imposed by a moving mass on the weldment
during welding is generally too low to make a
noticeable impact.
In addition to these factors, the responses

of the mechanical system to the welder
control should also be understood. For instance,
the actual squeeze time of electrodes can be
significantly different from the input (Ref 3),
which may have certain implications on weld
quality, especially with short welding cycle
time.

Use of Weld Lobe Diagrams

The welding parameters, that is, welding cur-
rent, time, and electrode force, all affect the
weld formation and weld quality, as discussed
previously. However, the values of these weld-
ing parameters must be decided together, not
individually. Weld lobe diagrams are an effi-
cient and most common means of dealing with
both individual and interaction effects of vari-
ous welding parameters in resistance welding.

Table 7 Conditions for resistance spot welding of 1010 steel, with and without zinc
coating(a)

Welding condition(b)

Steel 0.040 in. thick Steel 0.125 in. thick

Zinc coated(c) Uncoated Zinc coated(c) Uncoated

Weld times, cycles (60 cps) 13 10 42 26
Welding current, A 14,000 9500 20,000 19,000
Electrode force, lbf 650 500 2000 1800
Minimum welding space, in. 0.75 0.75 2 1.75
Nugget diameter, in. 0.21 0.19 0.48 0.33
Minimum contacting overlap, in. ⅝ ½ 1⅛ 7/8

(a) Data for zinc-coated steel are from AWS Cl.3, “Recommended Practices for Resistance Welding Coated Low Carbon Steels.” Data for uncoated
steel are from Table 4 in this article. All data are for welding with class 2 electrodes. (b) For joining two sheets of steel in each of the two thicknesses.
(c) Coated with 1.25 oz of zinc per square foot of sheet size

Fig. 8 Cross sections of welds made using machines
with different frictions on a 1.7 mm (0.067 in.)

steel. Source: Ref 8Fig. 7 Electrode forces under different welding machine stiffnesses. Source: Ref 3
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A typical lobe diagram demonstrates how,
together, the electric current and welding time
affect the formation of minimum-sized welds
and the occurrence of expulsion. These two
limits divide the current-time domain into three
regions, as shown in a schematic of a lobe dia-
gram in Fig. 9. When the time is too short or
the welding current too low, the heat generated
is not sufficient to form an acceptable-sized
weld. Another extreme case is when the heat
is excessive, produced either by long welding
time or high current; then expulsion or even
electrode sticking could occur. In the middle
is the region in which the current-weld time
combinations produce acceptable welds without
expulsion. The width of this region defines the

window of operation. A large or wide operation
window is obviously preferred, because small
fluctuations in welding parameters will not
affect the welding process, or create an undesir-
able weld.
There are standard procedures, such as that

recommended by the American Welding Soci-
ety (AWS/SAE D8.9M, Ref 9), which can be
followed to develop weld lobes. The weld lobes
are material (in chemistry and thickness)
dependent. Other process variables, such as
electrode force, may have a significant influ-
ence on the shape and location of a lobe. For
example, Fig. 10 is a three-dimensional lobe
diagram for low-carbon steel showing the effect
of electrode force. There are three classes of
weldability lobes: A, B, and C. The class A
lobe has a wider current-time window for suit-
able welds than class B or C lobes.
Figure 11 is the current-time plot for the

class A, B, and C weldability lobes in Fig. 10.
Note that the Resistance Welder Manufacturers
Association (RWMA) chart schedule is outside
the lobe boundaries. This is occurring more fre-
quently, because current steelmaking practices
of low-carbon steel are different than when
the original RWMA schedules were developed.
Current steelmaking practices, with electric arc
melting and ladle metallurgy treatment, offer
better composition control than in the past.
Influence of Process Variables on Weld

Lobes. A weld lobe is defined by the bound-
aries of minimum and maximum currents at

specific welding times. The shape, size, and
location of the boundaries and therefore the
lobe are affected by a number of process-
related variables.
Electrode Size and Condition. The electrode

size determines the current density and pressure
distribution at the interfaces and therefore the
weld formation and expulsion. Large-sized
electrodes require large welding current to pro-
duce sufficient heat or heating rate, which raises
the minimum limit in a lobe diagram. For a
fixed electrode force, a large electrode means
low pressure, which is favored by expulsion
and lowers the maximum current. Other elec-
trode conditions, such as electrode wear and
the face geometry of electrode caps, may also
change the mechanical and electrical aspects
of welding and the lobe diagrams.
Electrode Alignment. Aweld lobe shift caused

by electrodemisalignment was reported byKara-
goulis (Ref 10). The alignment of electrodes,
either axially or angularly, affects the contact
area for electrical current and mechanical pres-
sure at the interfaces. The current density may
be raised because of electrode misalignment,
which promotes weld nugget formation and low-
ers theminimum current limit. On the other hand,
the concentrated heating due to high electric cur-
rent density and the reduced containment on the
liquid nugget from the electrode make expulsion
easier to occur. Therefore, the maximum current
limit is reduced as well, resulting in a shift to the
left of a lobe.Fig. 9 Schematic of a lobe diagram
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Part Fit-Up. The sheet fit-up condition
affects the weld formation and expulsion in
the same way as electrodes and electrode align-
ment. A poor fit-up condition may promote
weld formation as well as expulsion and moves
the weld lobe to the left. In addition, the elec-
trode force needed to overcome the gap
between the sheets with an abnormal fit-up con-
dition is larger than in a normal situation, and
therefore, the dependence of a weld lobe on
electrode force is affected by part fit-up.
Electrical Impedance. The electrical charac-

teristics, such as resistance and reactance of a
welding setup, affect the heat input and therefore
the weld formation and expulsion. Such an influ-
ence is complicated, especially when other pro-
cess variables are involved. It was reported that
the weld lobes become narrower and the bound-
aries steeper when adhesives were used in weld
bonding (Ref 11). The changes in the shape and
size of weld lobes are a result of the changes in
the resistance of the weld stack-up because of
the use of adhesives.
Electric Current Waveform. The effect of

welding current profile on a weld lobe diagram
is obvious. Welding that uses a steady, not a
rippling, current supply is preferred, because
the heating process is easier to control. The
weld formation starts at an earlier stage when
using an MFDC than an ac, which lowers the
minimum current in a lobe diagram. In a com-
parative study of zinc-coated steels, it was
found that expulsion is delayed when switching
from a single-phase ac to an MFDC (Ref 4).
Electrode Force. It has been concluded by

many researchers that varying an electrode
force could lead to changes in the position, size,
and shape of a lobe, as reported in the work by
Kaiser et al. (Ref 12), for instance. In general,
increasing electrode force often means a wider
process window (Ref 13). More discussion is
needed on the influence of electrode force on
weld lobe diagrams.
The process abnormalities affect the weld

lobes as well as the weld quality. In a statistical
analysis by Li (Ref 14), several process variables
were altered to create abnormal welding condi-
tions. The weld lobes, characterized by the weld
window location (the center of the current win-
dow, ½(Imin + Imax)), and the windowwidth (Imax

� Imin), were found to be a strong function of
electrode size and welding time and a weak func-
tion of electrode force, fit-up, and axial and angu-
lar misalignment. In general, abnormal process
conditions significantly reduce the current range,
while the electrode force increases the window
size. The experiment was conducted on 0.8 mm
(0.03 in.) hot-dipped galvanized drawing steel,
using a single-phase ac welder. Some of the con-
clusions of this study could be different for weld-
ing with different setups.
Effect of Electrode Force. The electrode

force is usually fixed at a certain level when
developing a lobe diagram. Therefore, the role
of electrode force in a lobe diagram is often
overlooked. In fact, the electrode force directly
determines the mechanical and electricalFig. 11 Class A, B, and C weldability lobes for spot welding 16-gage (1.6 mm, or 0.062 in.) low-carbon steel (Fig.

10). See text for discussion on Resistance Welder Manufacturers Association (RWMA) chart values outside
the weldability lobes.
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contact at the faying interface, which, in turn,
affects the weld formation and expulsion pro-
cesses. The electrical contact resistance at the
faying interface is inversely proportional to
the pressure and size of the contact area created
by the electrode force. Therefore, increasing
electrode force often delays weld nugget forma-
tion as the result of less Joule heating. Because
the electrode force plays a major role in sup-
pressing expulsion, large electrode force is ben-
eficial for preventing expulsion. In general,
both the current of minimum weld and the
expulsion current are pushed up with an
increased electrode, and, in most cases, the cur-
rent range for making welds of a desired size
without expulsion, or the operation window, is
also enlarged. In welding a DP600 steel, it
was found that increasing electrode force both
widens the current range and moves the lobe
to the right, as shown in Fig. 12 (Ref 15).
In addition to the magnitude of electrode

force, the lobe diagrams are also strongly
affected by the profile of electrode force. In a
study comparing the influence of two different
electrode driving mechanisms, Grimes (Ref 5)
studied the difference in weld formation when
welding with a pneumatic cylinder-driven and
an electric servo-motor-driven pedestal welder.
The servo motor welder was able to supply a
forging force during welding, and experiments
have shown that such a forging force not only
helps reduce porosity in a weldment but also
lowers the welding current required for forming
a weld. Figure 13 shows a significant reduction
in welding current when welding aluminum
alloy sheets using a servo welder, compared to
that using a welder with a pneumatic cylinder.
The nominal electrode force is 300 daN (675
lbf) in both cases, while the servo welder
supplies a 600 daN (1350 lbf) forging force at
the end of welding. Therefore, welding with a
forging force helps lower the minimum current
in a lobe diagram. An electrode force with a
forging component is also expected to raise
the expulsion current, because electrode force
is largely responsible for containing the liquid

metal in the nugget from being ejected. The
effect of forging force on expulsion may dimin-
ish when expulsion occurs in the early stage of
welding, as often observed in aluminum weld-
ing (Ref 16). In conclusion, welding with a
forging action may lower the minimum welding
current and raise the expulsion limit, as well as
enlarge the current range or operation window.
Probabilistic Boundaries in Lobe Dia-

grams. In lobe diagrams, both the minimum
weld current and the expulsion limit are usually
expressed as lines with definite values. However,
such limits are rarely used in practical welding
directly. These boundaries, in fact, are affected
by a number of uncontrollable random variables,
and they are more of a probabilistic than deter-
ministic nature. Many process variables, such
as electrode condition, surface condition, sheet
fit-up, and so on, have effects on weld formation

and expulsion. Therefore, a lobe diagram should
be derived considering the uncertainty in obtain-
ing a weld of specific size, or the occurrence of
expulsion, through a standard statistical process.
In the work by Zhang, et al. (Ref 17), the expul-
sion boundary was presented as a current range
with limits corresponding to the chances of
expulsion, for example, 0 and 100%.
In Fig. 14, the probabilities of expulsion of

0.05 and 0.95 are presented as the maximum
current limit for a drawing steel. Such a limit,
or a range for the expulsion boundary, is a
strong function of welding time and electrode
force. It is also clear from this figure that treat-
ing the expulsion boundary as a definitive line
does not reflect the probabilistic nature of
expulsion. Ideally, both the maximum and the
minimum current boundaries should be deter-
mined, in terms of probabilities, through a
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systematic statistical procedure. However, this
may be difficult in practice because of the large
amount of experiments involved in developing
these boundaries.
Three-Dimensional (3-D) Lobe Diagrams.

The boundaries of minimum-sized weld
and expulsion of a lobe diagram are
commonly expressed in terms of the combinations
of welding time and current only, at a fixed elec-
trode force. Three-dimensional lobe diagrams,
such as the one in Fig. 10, can be used to show
the effects of electrode force on the current-time
weldability lobes. A higher force increases the
rangeofwelding current and timewindow for suit-
able welds (e.g., class A in Fig. 11).
The electrode force can be set high with low-

carbon steels, so that the welding process may
not be very sensitive to electrode force. However,
lightweightmaterials suchasaluminumormagne-
sium alloys are more sensitive to electrode force.
Aluminum and magnesium usually experience
large thermal expansion during heating and melt-
ing, and welding such materials depends strongly
on the electrode force applied.When the electrode
force is not treatedas a variable, very limited infor-
mation can be obtained on the interaction between
the electrode force and other process variables. It
is also difficult to optimize welding schedules
without knowing the role the electrode force plays
over a certain range, in weld formation and expul-
sion suppression. Therefore, it is of practical inter-
est to consider the welding current, time, and
electrode force together in developing welding
schedules, that is, to construct 3-D lobe diagrams.
Most of the lobe diagrams incorporate the

effect of electrode force by overlaying the lobes
corresponding to different levels of electrode
force in the same diagram. For instance, Fig. 12
shows the limits of minimumweld and expulsion
under two electrode forces: 2.0 and 3.34 kN
(Ref 15). Because only very limited levels of
electrode force can be used in one lobe diagram,
the electrode force is not treated in the same
way as the other two, and its effect cannot be fully
accounted for. A true 3-D lobe diagram presents
the boundaries of minimum weld and expulsion
as surfaces in a 3-D space of welding current,
time, and electrode force. Using analytical
expressions of expulsion probabilities developed
through experiments for a drawing steel and two
aluminum alloys (AA5754 and AA6111), Zhang
(Ref 16) presented the surfaces of expulsion with
the probabilities of 0.05 as the functions of all
threewelding process parameters in Fig. 15 to 17.
A probability of 0.05 represents a very

small chance of expulsion, and therefore, the sur-
faces in the figures can be used as the limits of
maximum-sized welds with a low risk of expul-
sion. As seen in the figures, different alloys have
distinctive expulsion surfaces or characteristics.
In general, low heat input, represented by low cur-
rent and short time, has a low chance of expulsion
when supplemented by a high electrode force.
Expulsion in steel welding is contained if the com-
binations of current, time, and electrode force are
located under the surface in Fig. 15. The risk of
expulsion dramatically increases if the limit is

exceeded that is, when a combination of para-
meters located on the surface moves outward.
Reducing welding current level and welding time
and raising electrode force is efficient in avoiding
expulsion in welding this steel. The difference
between welding steels and welding aluminum
alloys is evident by the drastically different expul-
sion surfaces in the 3-D lobe diagrams. The expul-
sion surface for AA6111 welding (Fig. 16) is less
curved than that for welding the steel. The elec-
trode force and welding current still affect the
chance of expulsion, although to a smaller extent.
Welding time is influential only when the elec-
trode force is low, and it is virtually irrelevant
under high electrode force. Similar observations
are made on welding AA5754 (Fig. 17). In addi-
tion to the fact that the welding time has little
effect on expulsion at both high and low electrode
force levels, the expulsion exhibits very limited
dependence on electrode force. The expulsion sur-
face is very flat, and expulsion occurs once a criti-
cal value of welding current is reached.
Three-dimensional lobe diagrams present an

opportunity for choosing all three welding para-
meters together, which is desirable in practice,
especially when welding new materials on
which not much practical experience is avail-
able. They also provide important information
on the intrinsic nature of the sheet materials.
For instance, the virtual independence of expul-
sion on welding time and electrode force exhib-
ited in Fig. 17 for welding AA5754 implies that
the liquid metal is ejected at a very early stage
of welding (so varying welding time has little
effect), and the volume of liquid metal may
grow quickly to a level where expulsion cannot
be effectively contained by electrode force. The
difficulties and high cost associated with pre-
paring the models of minimum-sized weld and
expulsion for the limits in a 3-D lobe diagram,
generated through a large experiment matrix,
prohibit the use of 3-D lobe diagrams. Taking
the probabilistic nature of the limits into con-
sideration will make them more expensive to
implement in practical welding.

Seam Welding Procedure
Development

Seam welding produces coalescence by the
heat obtained from resistance to the flow of
electric current through the work parts held
together under pressure by circular electrodes.
Seam welding machines are capable of making
two types of lap joint:

� continuous seam joint of overlapping materi-
als from a series of overlapping spot welds
made progressively along a joint by rotating
the electrodes

� row of spot welds that do not overlap

Unless otherwise specified or required, the first
method achieves a continuous, pressure-tight
seam joint on fully overlapped sheet materials.
The latter method, known as roll spot welding,

is not actually seam welding but is discussed at
the end of this section, because it can be accom-
plished on standard seam welding machines.
During seam welding (Fig. 18), the electro-

des continuously rotate while the welding cur-
rent is interrupted regularly to achieve the
effect of overlapping spot welds. On some thin
materials, interrupted current is not required

Fig. 15 Surface of expulsion with a probability of 0.5
for a drawing steel. Source: Ref 16

Fig. 16 Surface of expulsion with a probability of 0.5
for AA6111. Source: Ref 16

Fig. 17 Surface of expulsion with a probability of 0.5
for AA5754. Source: Ref 16
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to produce a good-quality continuously fused
seam. Another process variation is mash seam
welding (see the article “Resistance Seam
Welding” in this Volume). This process uses
wide-faced welding wheels and a small, accu-
rately gaged overlap of the sheet materials to
be mash seam welded.

Seam welding is a proven production
process, and its benefits are most readily
achieved when product designers are aware
of its characteristics and limitations. It is
obviously impractical to set up charts that would
cover all welding jobs and conditions, but this
section provides some data tables for making

high-quality welds consistently, at maximum
speed, and with the least maintenance of
welding electrodes. However, it may be neces-
sary to use other setups, because some ap-
plications may not require highest-quality
welds, such as in difficult-to-reach places
that need to be welded. The welding data
tables are given as a good starting point, but
other setups may be more suited for certain
applications.

Seam Welding of Low-Carbon
and Stainless Steels

Some of the general guidelines described ear-
lier for spot welding are also applicable to seam
welding and are highlighted for various typical
low-carbon steels, such as SAE 1005, SAE
1010, SAE 1015, and so on, and for a group
of chromium-nickel (austenitic) stainless steels
classified as types 301, 302, 303, 304, 308,
309, 310, 316, 317, 321, 347, and 349. Applica-
tions involving ferritic and martensitic stainless
steels must have special consideration, because
the exact chemical composition and thickness
of stock determine the practicability of seam
welding.
Examples of seam welding parameters

are summarized in Tables 8 to 10 for

Table 8 Seam welding low-carbon steel with interrupted current

Data common to all welding speeds Pressure-tight joint (note 8)

Roll spot welding

Nonpressure-tight joint

(note 10, 11)

Thickness

of each of

the two

workpieces

(note 1, 3)

Electrode width

and shape

(note 2, 9)

Electrode

force

(note b), lbf

Minimum

contacting

overlap L
(note 4, 7)

Recommended maximum

welding speeds

Recommended average

welding speeds

Recommended minimum

welding speeds

T, in.
US

gage

Min.

d, in.
Nor.

d, in.

Min

D,
in. Min. Nor.

Use

with

min.

d, in.

Use

with

d, in.

Heat

time

(note

5),

cycles

Cool

time

(note

5),

cycles

Welding

speed

in./min

Welds

per in.

Welding

current,

kA

Heat

time

(note

5),

cycles

Cool

time

(note

5),

cycles

Welding

speed,

in./min

Welds

per in.

Welding

current,

kA

Heat

time

(note

5),

cycles

Cool

time

(note

5),

cycles

Welding

speed

in./min

Welds

per in.

Welding

current

kA

Heat

time

(note

5),

cycles

Welding

speeds, in./min

Max. Av. Min.

0.010 32 ⅛ 3/16 ⅜ 400 400 ¼ ⅜ 1 1 116 15.5 11.5 2 1 80 15 8 2 3 49 14.5 7.5 2 480 200 100
0.021 25 5/32 3/16 ⅜ 460 550 5/16 7/16 2 1 107 11 12.5 2 2 75 12 11 3 3 45 13 9 2 425 185 90
0.030 22 5/32 ¼ ½ 530 700 5/16 ½ 2 1 103 11.5 15 3 2 72 10 13 2 3 42 14 12 3 370 180 85
0.036 20 3/16 ¼ ½ 600 900 ⅜ ½ 2 2 98 9 18.3 3 3 67 9 15 2 4 39 15.5 13.5 3 310 170 80
0.048 18 7/32 5/16 ½ 700 1050 7/16 9/16 2 2 95 9.5 20 4 3 65 8 16.5 4 4 37 12 14 4 250 160 75
0.060 16 7/32 5/16 ½ 750 1200 7/16 ⅝ 3 1 91 10 21 4 4 63 7 17.5 4 4 36 12.5 15.4 4 190 150 70
0.075 14 ¼ ⅜ ⅝ 980 1500 ½ 11/16 3 1 85 10.5 22 6 5 55 6 20 6 6 30 10 16 5 170 140 60
0.090 13 ¼ 7/16 ⅝ 1010 1700 ½ 3/4 4 2 80 7.5 23 7 6 50 5.5 21 6 6 27 11 17 6 160 120 55
0.105 12 9/32 ½ 3/4 1120 1950 9/16 13/16 4 2 75 6 25 9 6 48 5 22 6 6 25 12 18.5 6 150 100 50
0.120 11 5/16 ½ 3/4 1240 2200 ⅝ 7/8 4 2 70 8.5 27.5 11 7 45 4.5 23 6 6 23 13 21 6 140 90 45

Overlapping
weld

nuggels

Travel

Before
welding

After welding

Lap seam

Mash seam

Electrode

(Side view)

Contoured for thinner sheet

(a)

(b)

(c)

Fig. 18 Diagrams of seam and mash seam welding

Notes:

1. Low-carbon steel is hot rolled, pickled, and lightly oiled, with an ultimate tensile strength
similar to steel (SAE 1005–SAE 1010) (42–45 ksi).

2. Electrode material is RWMA class 2 alloy.
3. Surface of steel is lightly oiled but free from grease, scale, or dirt.
4.

L L L

5. Heat and cool times are indicated in cycles of 60-cycle frequency.
6. Electrode force does not provide for force to press ill-fitting parts together.
7. For large assemblies, minimum contacting overlap should be increased by 30% for ease of
guiding.

8. Large assemblies should be welded at the slower speeds for ease of handling and guiding.
9. Electrode face may be flat or crowned (for best weld appearance), as shown:

d d

D
20°

Flat
D
R

45° Crowned

10. Welding current is about 10% higher than shown for pressure-tight joint at same weld
speed.

11. Adjust the cool time to give desired spot spacing.

Source: Ref 18
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low-carbon steel and austenitic stainless steels.
Further discussion is given in the section “Seam
Welding Parameters” in this article. As noted,
the welding data tables represent welding setups
to make not only the highest-quality welds but
also to make them most consistently, at maxi-
mum speed, and with the least maintenance of
welding electrodes. It is these combinations of
variables that are listed in thewelding data tables.
However, all factors must be given consideration
before actual values are selected from the charts,
because other setups may be needed for specific
applications.
Surface Preparation. Low-carbon steel

should be free from rust, mill scale, paint,
heavy grease or oil to achieve high-quality
seam welds. Steels with zinc, tin, or lead-coated
surfaces are weldable. However, the electrodes
need more frequent cleaning to maintain weld
quality.
Steel grit blasting, grinding, or pickling are

preferred methods for removing heavy scale or
rust. A light film of thin oil to prevent the steel
from rusting usually has no adverse effects on
the weld, provided that dust has not been
allowed to accumulate on the sheet surfaces
during storage. If dirt has accumulated, it
should be wiped off before welding.

As with carbon steels, stainless steels should
be free from rust, scale, dirt, paint, heavy grease
or oil for seam welding. Any satisfactory
degreasing solution will remove grease and
oil and thereby minimize the possibility of sur-
face burning. Stainless steel sheet seldom has
any surface scale on it. If scale is present, it
can be removed by a 50% (by volume) solution
of muriatic (hydrochloric) acid and water,
heated to 60 to 65 �C (140 to 150 �F). Wash
thoroughly in clean running water. The result-
ing dark “smutty” surface is cleaned by
immersing in a solution of 20% (by volume)
nitric acid. After the surface is clean, wash in
hot water.
In some applications where the highest

degree of weld quality and consistency is essen-
tial, it may be necessary to “immunize” or passiv-
ate the stainless steel before welding on a freshly
machined, polished, or pickled article. A thin
oxide film can be made to form rapidly and
uniformly by dipping the stainless steel in a
cold 20% nitric acid solution for approximately
30 min or warm (approximately 65 �C, or 150
�F) 20% nitric acid solution for approximately
10 min. This passivating treatment forms a
thin protective coating of oxide. It also dissolves
small particles of foreign material that may

have become lodged in the surface as a result
of contact with forming tools or polishing
wheels. These particles of common steel will
rust and mar the stainless surface if not removed.
While the aforementioned procedure allows very
good welding results, it is not usually necessary
before welding. By sending the welded assem-
blies through a similar treatment after welding,
any discoloration will be removed and the
appearance of the finished parts will be
improved.
Part Fit-Up. Parts that are to be overlapped,

or flanged and welded, should have enough
overlap or flange width to prevent excessive
burning of the edges of the parts by the
welding heat or too much “spitting out” of
hot metal. The welding data tables indicate
the minimum width of overlap and flanges
to make the best welds. For the welding
of low-carbon steel with interrupted current
timing, two sets of overlap dimensions are
shown. With interrupted current timing,
the larger dimension is preferred and should
be used whenever the application permits. The
smaller dimension will give reasonably good
results, but it is imperative that guiding fixtures
be used to make certain that the center of the
electrode face rides over the center of the flange

Table 9 Seam welding low-carbon steel with full-wave continuous current

Data common to all welding speeds

Pressure-tight joint (note 8)

Recommended maximum welding

speeds

Recommended average welding

speeds

Recommended minimum welding

speeds

Recommended heat

control range (note 10, 11)

Thickness of

each of the

two

workpieces

(note 1, 3)

Electrode

width and

shape

(note 2, 9)

Electrode

force

(note 6), lbf
Min. contacting

overlap L
(note 4, 7), in.

Welding

speed, in./

min

Welding current

(note 5, 11), kA

Welding

speed, in./

min

Welding current

(note 5, 11), kA

Welding

speed in./

min

Welding current

(note 5, 11), kAT, in.
US

gage

Min.

d, in.
Min.

D, in. Min. Norm.

0.010 32 3/16 ⅜ 400 400 ⅜ 450 11.5 255 9 160 7 80–100
0.021 25 3/16 ⅜ 460 550 7/16 410 13 220 10.2 130 7.9 80–100
0.024 24 ¼ ½ 470 600 7/16 395 13.4 210 10.5 125 8.1 70–90
0.031 22 ¼ ½ 530 700 ½ 330 14.6 168 11.9 100 9.5 70–90
0.036 20 ¼ ½ 600 900 ½ 270 15.7 134 13 77 10.8 60–80
0.042 19 ¼ ½ 650 950 ½ 255 16.2 120 13.6 70 11.4 60–80
0.048 18 5/16 ½ 700 1050 9/16 202 16.9 100 14.4 58 12.2 50–70
0.062
0.060 16 5/16 ½ 750 1200 9/16 142 18.5 72 16 41 13.8 50–70
0.075 14 ⅜ ½ 980 1500 11/16 100 20.5 50 18 30 16 45–60

Notes:

1. Low-carbon steel is hot rolled, pickled, and lightly oiled with an ultimate tensile
strength similar to steel (SAE 1005–SAE 1010) (42–45 ksi).

2. Electrode material is RWMA class 2 alloy.
3. Surface of steel is lightly oiled but free from grease, scale, or dirt.
4. L L L

5. Frequency of welding current is 60 cyles/s.
6. Electrode force does not provide for force to press ill-fitting parts together.
7. For large assemblies, minimum contacting over-lap should be increased by 30% for ease of
guiding.

8. Large assemblies should be welded at the slower speeds for ease of handling and guiding.
9. Electrode face may be flat or crowned (for best weld appearance), as shown:

d d

D
20°

Flat
D
R

45° Crowned

10. Phase-shift heat control range is recommended to attain thebestweld quality andappearance.
11. Since welder used on thicker materials must operate at “phased-back” current output,

maximum full-wave current, output of welder must be approximately twice that of the
welding current shown.

Source: Ref 18
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or overlap at all times. Slight runouts will cause
pronounced spitting and deformation of the
overlapped metal.
The amount of overlap dimension is asso-

ciated with the electrode face width. If the
smaller dimension of overlap is used, the smal-
ler dimension of electrode face width should
also be used, but the material thickness always
determines the minimum electrode face and
therefore the minimum overlap.
The range of welding speeds used with con-

tinuous current makes it inadvisable to reduce
the overlap dimension from the indicated
values, because of difficulty in guiding the
work at such speeds. While smaller overlap
dimensions would result in equally good welds,
the design and operation of suitable guiding fix-
tures become difficult.
The overlap in seam welding is of great

importance in making a satisfactory product.

If the application is such that the shape of the
parts being welded makes it difficult for the
operator to control the overlap in the seam
welder, the overlap should be fixed by spot
tacking. In this operation, the overlap is first
established and held in some suitable manner
until several spot welds are made along the
line of the future seam weld. The spot welds
fix the overlap so it will not change in seam
welding because of warping, skidding, creep-
ing, and so on.
While spot tacking can be done on the seam

welder, with the welding electrodes preferably
not rotating, it is better done on a spot welder
assigned to the purpose. It is not unusual to
have one spot welder in operation, spot tacking
parts to be welded on several seam welding
machines.
Parts should lie flat against each other where

welds are to be made so that no force is required

from the electrodes to make the parts touch each
other. The welder is not a forging machine, and
improperly fitting parts will result in inconsistent
and inferior welding, greater power demand, as
well as excessive maintenance and replacement
of the welding electrodes.
Seam welds in circular work require ade-

quate inspection and close supervision to obtain
the required conditions of good fit. Press fits or
other types of assembly permitting intimate
metal-to-metal contact around the entire cir-
cumference at the zone to be welded should
be used if at all possible; otherwise, less than
best-quality welds will result.
In many applications, it is necessary to

weld along a continuous curve such as a
flanged bottom to a cylindrical container. It is
advisable to limit the minimum diameter to 100
mm (4 in.) to allow a suitable diameter of
electrode and adequate working life. Smaller

Table 10 Seam welding stainless steel with interrupted current

Data common to all welding speeds Pressure-tight joint (Note 9)

Roll spot welding

nonpressure-tight joint

(note 10, 11)

Thickness

of each of

the two

workpieces

(note 1, 3)

Electrode

width and

shape

(note

2, 12)

Electrode

width and

shape

(note 2, 12)

Electrode

force (note

6, 7) lbf

Min.

contacting

over-lap L
(note 4, 8)

Recommended maximum

welding speeds Recommended average welding speeds Recommended minimum welding speeds

in.

Us

gage

d,
in.

Min.

D in.

Radius,

in.

Min.

D, in. Min. Norm. in.

Heat

time

(note

5),

cycles

Cool

time

(note

5),

cycles

Welding

speed,

in./min

Welds

per in.

Welding

current,

kA

Heat

time

(note

5),

cycles

Cool

time

(note

5),

cycles

Welding

speed,

in./min

Welds

per in.

Welding

current,

kA

Heat

time

(note

5),

cycles

Cool

time

(note

5),

cycles

Welding

speed,

in./min

Welds

per in.

Welding

current,

kA

Heat

time

(note

5),

cycles

Welding speeds,

in./min

Max. Av. Min.

0.006 38 ⅛ ⅜ 1-½ 3/16 300 300 ¼ 1 1 90 20 6.3 2 1 60 20 4 2 2 44 20 3.6 2 180 120 50
0.008 35 3/16 ⅜ 1-½ 3/16 330 350 ¼ 1 1 90 20 6.4 2 1 60 18 4.6 2 3 40 18 4.15 2 180 120 80
0.010 32 3/16 ⅜ 1-½ 3/16 375 400 ¼ 1 1 90 20 6.6 2 2 60 16 5 3 2 44 16 4.5 3 180 120 80
0.012 30 3/16 ⅛ 1-½ ¼ 425 450 5/16 2 1 80 15 6.8 3 2 55 15 5.6 3 3 40 15 5.05d 3 160 110 80
0.013 29 7/32 ½ 1-½ ¼ 470 500 5/16 2 1 80 15 7.2 3 2 55 14 6.2 3 3 42 14 5.6 3 160 110 80
0.015 28 7/32 ½ 1-½ ¼ 550 600 5/16 2 1 80 15 7.6 3 2 55 14 6.7 3 3 43 14 6 3 160 110 80
0.018 26 ¼ ½ 1-½ ¼ 600 650 5/16 2 1 80 15 8.3 3 2 55 13 7.3 3 3 44 13 6.5 4 160 110 80
0.021 25 ¼ ½ 1-½ ¼ 650 700 ⅜ 2 1 80 15 9 3 2 55 13 7.9 3 3 44 13 7.1 4 160 110 80
0.024 24 ¼ ½ 3 ⅜ 775 850 7/16 2 2 75 12 12 3 2 50 12 9.2 3 5 38 12 8.3 5 150 100 78
0.031 22 ¼ ½ 3 ⅜ 900 1000 7/16 2 2 75 12 13.5 3 3 50 12 10.6 3 5 38 12 9.6 5 150 100 75
0.036 20 ¼ ½ 3 ⅜ 1050 1300 ½ 3 2 70 10 14.5 3 4 47 11 13 3 6 36 11 12.3 6 140 94 70
0.048 18 5/16 ½ 3 ½ 1200 1600 ⅝ 3 2 65 11 15.5 4 4 45 10 14.2 4 6 36 10 13.5 7 130 90 65
0.060 16 5/16 ½ 3 ½ 1400 1850 ⅝ 3 2 60 12 16 4 5 40 10 15.1 4 6 36 10 14.5 8 120 80 60
0.067 15 5/16 ½ 3 ⅝ 1600 2150 11/16 4 3 58 9 16.4 4 5 40 9 15.9 4 8 34 9 15.7 10 116 80 55
0.075 14 ⅜ ⅝ 3 ⅝ 1700 2300 11/16 4 3 56 9 16.8 4 6 40 9 16.5 4 9 31 9 16.5 10 112 80 50
0.090 13 7/16 ⅝ 3 ⅝ 1500 2550 3/4 5 3 55 8 17 5 5 40 9 16.6 5 8 31 9 16.6 12 110 80 40
0.105 12 ½ 3/4 3 3/4 1900 2950 13/16 5 3 53 8.5 17.3 5 7 38 8 16.8 5 12 27 8 16.8 14 106 76 30
0.120 11 ½ 3/4 3 3/4 2000 3300 7/8 5 4 50 8 18 5 6 38 8 17 6 13 24 8 17 15 100 76 25

Notes:

1. Types of steel—301, 302, 303, 304, 308, 309, 310, 316, 317, 321, 347, and 349.
2. Electrode material is RWMA class 3 alloy.
3. Surface of steel is free from grease, scale, or dirt.
4. L L L

5. Heat and cool times are indicated in cycles of 60-cycle frequency.
6. Electrode force does not provide for force to press ill-fitting parts together.
7. Use maximum electrode force at maximum speed and when welding cold-worked material

of 150 ksi or above ultimate tensile strength.
8. For large assemblies, minimum contacting overlap should be increased by 30% for ease of

guiding.

9. Large assemblies should be welded at the slower speeds for ease of handling and guiding.
10. Welding current is about 10% higher than shown for pressure-tight joint at same weld

speed.
11. Adjust the cool time to give desired spot spacing.
12. For best appearance, use radius-faced electrodes. Average application can be welded with

flat-faced electrodes.

d d

D
20°

Flat
D
R

45° Crowned

Source: Ref 18
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diameters can be seam welded but require
special consideration in selection of welding
equipment electrode shapes and in welding
technique.
The minimum advisable radius of seam

welds around contoured corners (such as a gas-
oline tank) are:

� 50 mm (2 in.) radius for sheet steel gages of
22 through 18

� 60 mm (2¼ in.) radius for 16-gage steel
� 75 mm (3 in.) radius for sheet steel gages of

13 through 11

Electrode Drives. The best type of circular
electrode drive for a specific application
depends on the shape of the parts to be
welded, the degree of surface marking that
can be tolerated, and the surface condition of
the steel.
Seam welding machines employ three types

of electrode drive mechanisms: Knurl or fric-
tion roll drive, gear drive, and traveling head
(or traveling fixture) drive, which uses idling
weld wheels.
The knurl (or friction)-type drive has either

the upper or lower (or both) rotating electrodes
driven by a hardened steel contact wheel at the
periphery of the electrode. The power-driven
steel wheel usually has knurling on the
engaging surfaces that cut into the face of
the wheel or the sides of the wheel adjacent to
the face. This type of drive has an advantage
in that the peripheral speed of the electrode
is independent of the electrode diameter.
Hence, the speed remains constant as the elec-
trode diameter changes. Also, both upper
and lower wheels may be driven, and they
will have the same peripheral speed, regardless
of changes in electrode diameter during their
useful life.
In the gear-driven type of machine, one elec-

trode is usually driven by means of its
gearing and the connected drive shaft. The
other welding electrode idles and is turned by
friction with the welded product between the
electrodes. This drive is desirable in cases
where the electrode face must be kept smooth
to minimize marking of the product. Also,
where space is limited in some welding pro-
ducts and small electrode diameters are
required, the gear-driven design is mechani-
cally more practical.
In the travel head type of welder, the head of

the welder (with idling electrode wheel) is
pushed or pulled over the work, which is
clamped on a stationary fixture. A traveling fix-
ture type of machine moves the work under or
between stationary, idling electrodes. Traveling
head seam welding machines are preferable
when the welded product is large or difficult
to manipulate through the welder. Traveling
fixture type of machines are useful where the
product must be accurately located or firmly
clamped during the weld.
Gear drive is preferable for any required small

electrode diameters and to minimize surface

marking on the welded product. Knurl drive
is best to drive both electrodes, to automatically
maintain the contour of the welding electrode,
or to continuously knurl the electrode face.
Knurl drive is desirable when welding coated
materials such as template, galvanized, alumi-
nized, or tin-plated steel.
Welding Machine Operation. The

sequence most generally used is as follows:

1. Rotating electrodes set down on work
2. Force (pressure) on
3. Current on (current timing pattern starts)
4. Current off (end of weld, current flow is

stopped)
5. Force (pressure) off
6. Rotating electrodes separate from work

Seam welding machines are usually built
with control circuits to assure the proper
sequence of operation, if all adjustments are
properly made. The operation should be care-
fully checked to make sure that the proper
sequence is obtained before turning on the
welding current.

Seam Welding Electrodes

The welding electrodes must be of the proper
material and shape and should be adequately
water cooled. For welding low-carbon steel
(Table 8), electrodes made of RWMA class
2 alloy usually give the best performance and
life, while RWMA class 3 is recommended for
welding of stainless steels.
The size and shape of the electrode is

usually determined by the shape of the
parts to be welded, the location of the welds,
and the needs of the driving mechanism to
keep the electrodes rotating. If welds are to
be made on flanges, one edge of the electrode
face is often made practically flush with the
side of the electrode, allowing the face to weld
the flange with the minimum degree of
clearance.
From Table 10, it can be seen that radius-

crowned electrodes are recommended when
welding stainless steel. This selection is pre-
ferred for the best surface appearance, because
the marking and indentation from the electrodes
will be minimized. If electrode indentation
is not objectionable, flat-faced electrodes
of the same shape as those used for welding
low-carbon steel are usable and will give good
results.
The contour of the electrode will change in

welding, and the contacting electrode face
becomes wider and will eventually reach a
point where the reduced unit welding current
and unit force will not cause fusion. The
faces should be redressed as often as necessary,
and the best method of redressing is to put
them in a lathe and machine them. Several sets
should be available so that the redressing time
does not reduce the production time of the
welder. If radius-crowned faces are used, a

radius gage may be used for properly checking
the contour to see that the correct radius is
maintained.
When the parts to be welded are of approxi-

mately equal thickness and it is desired to have
as little surface marking as possible on one
workpiece, the electrode in contact with the
part to have a minimum of marking should have
its face width at least 50% greater than the
widths given in the welding data tables. The
diameter of electrodes used in seam welding is
determined principally by the application. Pro-
vide an adequate mass of copper alloy to pre-
vent excessive temperature rise. Provide
sufficient clearance to prevent the arms holding
the welder bearings from interfering with the
workpieces.
If the working conditions permit, the follow-

ing sizes of electrodes are used:

� For light work (electrode forces up to 445
daN, or 1000 lbf), electrodes are usually
9.5 mm (⅜ in.) wide and 178 mm (7 in.) in
diameter.

� For medium work (electrode forces up to
890 daN, or 2000 lbf), electrodes are usually
13 mm (½ in.) wide and 203 mm (8 in.) in
diameter.

� For heavy work (electrode forces up to 1335
daN, or 3000 lbf), electrodes are usually 19
mm (3/4 in.) wide and 254 mm (10 in.) in
diameter.

Some applications will necessitate using
electrodes of different diameters. One electrode
may be a small diameter to fit into the part
being welded, and the other may be a large
diameter to provide clearance between the
horns of the welding machine carrying the bear-
ings. As an example, select the case of a flange
circular disc being welded into a cylindrical
container of small diameter (Fig. 19). The elec-
trode must pass into the bottom of the con-
tainer, and, for the interests of adequate
electrode life, it is made as large in diameter
as possible. The outside electrode must be
large in diameter to provide adequate work
clearance. When the parts are assembled for
welding, it will be noted that more metal is in
contact with the smaller-diameter electrode.
This metal will be cooled rapidly and will not
reach welding temperature at the same time as
the small area of metal in contact with the
larger-diameter electrode, if the electrode face
widths are equal. Consequently, to create a heat
balance and prevent excessive surface marking
of the metal in contact with the top electrode,
the wheel face widths are varied (Fig. 19).
The W3 on the outside wheel is greater than
the W2 on the inside.
Seam welding machine electrodes can be

internally water cooled if necessary, but this
method is much less effective than the usual
system of flooding water directly on the elec-
trode and work. The cooling water is normally
directed from four tubes to the point where
the weld is being made. Continuously moving
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cold water thus cools the hottest part of the
electrode and work on both the upper and lower
surfaces of the weld. Water cooling promotes
longer electrode life. Water cooling has other
desirable effects. It quickly quenches the weld
metal while considerable force is on the work-
piece, thus making high rates of welding speed
possible.
When welding coated materials such as gal-

vanized or terne-coated steels, it is quite neces-
sary to minimize pickup of the coating on the
electrodes. The quenching action is also desir-
able when welding stainless steel in order to

minimize possible future corrosion of the steel
due to the welding heat. In stainless steels of
the chromium-nickel type (and not stabilized),
there is a zone of temperature between 4425
and 815 �C (8000 and 1500 �F) in which car-
bide precipitation occurs. A proper application
of cooling water keeps the time in this critical
temperature range sufficiently short.
By having suitable water cooling, the warp-

age of the workpieces is minimized. It also
allows easier handling of the parts, because
the welding heat flows into the cooling water
rather than into the parts themselves.

When welding two unequal thicknesses, the
weld nugget will usually penetrate deeper into
the thicker piece. By adjusting the flow of cool-
ing water so that the thicker piece is cooled
more thoroughly, the penetration into the
thicker piece can be decreased while penetra-
tion into the thinner piece is increased. In other
words, the flow of cooling water is adjusted to
assist in compensating for the uneven heat bal-
ance condition created by the two unequal sheet
thicknesses. The recommended welding tech-
nique is shown in Table 11.
A 5% (by volume) solution of borax in the

cooling water will minimize the rusting of
low-carbon steels. This solution should not be
used as a cooling fluid in the welder trans-
former or internal cooling passages, because it
may eventually clog such passages.

Seam Welding Parameters

Like spotwelding, the formation and quality of
seam welds depends on welding current, elec-
trode force, andwelding time.One keydifference
is that welding time is expressed as the speed of
seam welding, based on the travel speed of the
rotating electrodes. Like spot welding, these
welding parameters must be decided together,
because the quality of seam welds depends on
the combined effects of welding current, elec-
trode force, and welding speed.
Electrode force should be as high as is prac-

tical and will depend on the material thickness,
the hardness of the material, the type of elec-
trode material, size, and shape, as well as the
mechanical and electrical capacity of the
machine used. The welding force is usually
applied by an air cylinder.
Table 8 gives recommended values to be used

in the listed setups. It will be noted that two
ranges are given for low-carbon steel seamweld-
ing using interrupted current timing. The lower
range should be usedwith theminimumelectrode
face width. This combination should be selected
only when the other combination cannot be used
because of geometry of the parts, machine capac-
ity, and so on. To weld under these conditions
necessitates careful guidance of the workpieces
and close control of welding variables. There
must be no electrode force required to force the
parts together before welding, and the work drag-
ging load (tending to stop rotation of the electro-
des) should be small.
The higher welding force range should

always be used when the parts have been previ-
ously cold worked. Higher force should also be
used when welding takes place at the maximum
recommended speed. The effect of electrode
force on maximum welding speed is shown in
Table 12 for mild steel. A 3-D lobe diagram is
shown in Fig. 20.
Most modern welding machines are

supplied with gages, charts, or tables to show
the different welding forces for the various
machine settings. Where such calibrations are
not available, force gages can be used to
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Fig. 19 Setup for seam welding a circular flange disc into a cylindrical container of small diameter
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measure such welding forces (under static
conditions).
Welding Speed and Time. As noted, weld-

ing time during seam welding is controlled
through the travel speed of the electrodes.
Like spot welding, lobe diagrams are a common
means of evaluating suitable parameters,
except that welding speed (instead of welding
time) is a variable in lobe diagrams for seam
welding. Examples of lobes diagrams are
shown for narrow seam weld (Fig. 21) and wide
seam weld (Fig. 22) of low-carbon steel.
Higher welding speeds narrow the processing
window for suitable welds, as indicated in
Fig. 21 and 22.

The time of heating during seam welding
depends on whether continuous current or inter-
rupted current (timed periodic impulses of cur-
rent) is used. When continuous current is used,
the welding current flows all or part of each
half-cycle. An electronic or magnetic contactor
permits the continuous current to flow during
the complete time of each half-cycle, and trans-
former taps control the amount of current. Such
current flow is designated as full-wave continu-
ous current.
With the use of electronic contactors

and phase-shifting heat control circuits, the
continuous current can be made to flow only
a portion of each half-cycle, and its magnitude

can be readily adjusted from 100 to 40% for
a 220 V welding machine or from 100 to 20%
for a 440 V welding machine. Such current
flow is designated as phased-back continuous
current.
Welding by the use of full-wave

continuous current (supplied from a 60-cycle
system) may be used if the stock thickness
is 20 gage or less and the geometry of the work
is such that welding speeds as indicated in
Table 9 can be used. If the speeds must be
much lower, phased-back continuous current is
recommended.
With thicknesses of sheet above 1 mm

(0.040 in.), welding with full-wave
continuous current becomes less satisfactory.
The surface appearance is poor, with
deep ridges and occasional burned areas.
Phased-back continuous current should be
used to a material maximum of 0.2 mm
(0.0075 in.) and is satisfactory under normal
circumstances.
Variations in sheet surface cleanliness due to

rust spots, and so on cause more trouble when
continuous current is used than when the cur-
rent is interrupted. Either full-wave continuous
current or partial-wave continuous current may
be used when making mash seam welds,
depending on the thickness of the material.
Interrupted (periodic impulse) current is

obtained by using an electronic current inter-
rupter or timer. This interrupter allows current
to flow for several cycles (heat time) and to
stop flowing for several cycles (cool time) and
thus repeats this heat-cool pattern as long as
the control circuit is actuated and force is
on the work. In commercial models of seam
welding machine timers, the timing pattern of
heat-cool is adjustable for a range of welding
conditions.
The current flow or heat time is indicated

in cycles (60 cycles per second, because this is
the frequency of most power systems). If the heat
time is 6 cycles, it means the current flows for
exactly 6/60 or 1/10 of a second. The current cool
time is indicated in a similar manner.
A pressure-tight joint will require a number of

spots per inch to continuous fusion. The range is
approximately 15 for 0.25 mm (0.010 in.) thick
steel to 5 for 3.2 mm (0.125 in.) thick steel. In
most cases, good welds result when the heat time
is nearly equal to the cool time. Excessive weld-
ing speed will require a welding current so great
that surface melting or burning of the material
will result. Also, the excessive speed will cause
the electrode to roll from the weld metal before
it cools. This action results in erratic and incon-
sistent welding.
Electrode pickup occurs because the semi-

molten material tends to adhere to the elec-
trode. Increasing the kVA capacity of the
welding transformer does not necessarily
enable higher welding speeds.
If slow welding speeds are necessary (usually

because of the shape of the work), the cool time
should be increased to achieve proper weld
spacing.

Table 11 Seam welding dissimilar thickness of low-carbon steel with interrupted current

Thickness (note 8), in.

Electrode

force, lbf

Current,

kA

Minimum

contacting

overlap, in.

Heat time,

cycles Cool time, cycles Welding speed, in./min Welds per in.Thin sheet Thick sheet

0.031 0.075 600 16 ½ 3 2 72 10
0.031 0.075 800 22 ½ 2 1 142 8.5
0.031 0.048 800 17 ½ 3 2 72 10
0.031 0.048 800 20 ½ 2 1 142 8.5
0.048 0.075 1200 22 9/16 4 3 60 8.5
0.048 0.075 1200 22 9/16 3 1 120 7.5

Table 12 Effect of electrode force on maximum welding speeds attainable

Steel thickness, mm

Maximum welding speed, m/min

Narrow seam Wide seam

Electrode force ac dc Electrode force ac dc

0.75 3.0 . . . 8 3.5 6 4
4.5 . . . 14 5.25 10 8
6.0 . . . 16 . . . . . . . . .

1.2 4.0 10 4 2.4 4 4
6.0 16 10 4.8 8 4
8.0 16 14 7.2 8 8

ac, alternating current; dc, direct current. Source: Ref 19

Notes:
1. Low-carbon steel is hot rolled, pickled, and lightly oiled with an ultimate tensile strength of similar to steel (SAE 1005 – SAE
1010) (42 – 45 ksi).

2. Electrode material is RWMA class 2 alloy.
3. Surface of steel is lightly oiled but free from grease, scale, or dirt.
4. L L L

5. Heat and cool times are indicated in cycles of 60-cycle frequency.
6. Electrode force does not provide for force to press ill-fitting parts together.
7. For large assemblies, minimum contacting overlap should be increased by 30% for ease of guiding.
8. Large assemblies should be welded at the slower speeds for ease of handling and guiding.
9. Electrode material—RWMA class 2 having shape of:

¼

½
R

45°

It is impossible to list all combinations of thicknesses—variables can be estimated as follows:
If thickness ratio is greater than 2 to 1, use variables indicated in Table 9 (for thinner sheet) except:

1. Increase electrode force by 15%.
2. Increase current by 30%.

If thickness ratio is less than 1.8 to 1, use variables indicated in Table 9 (for thinner sheet) except:

1. Use average of electrode force (normal).
2. Use average of welding current for the same approximate speed and timing pattern.

Source: Ref 18
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The number of welds per inch (or per centi-
meter) are calculated as follows:

N ¼ 60T

ðH þ CÞL ðfor 60 cps frequencyÞ

where:
N is the number of impulses or spots per inch,

L is the length of the weld in inches (or
centimeters),
T is the time in seconds (to weld L),
H is the heat time in cycles (current flow
period), and
C is the cool time in cycles between successive heat
times. This equation may be transposed to:

H þ C ¼ ð60TÞ=ðNLÞ

Seam Welding Current. The welding cur-
rent is the current that goes through the work
and is measured in amperes. It is not usually
practical to measure the welding current directly,
so the current drawn by the welding machine
from the shop power supply is measured and
then multiplied by the welder transformer
turns-ratio to obtain the welding current.
The turns-ratio for the various welder tap

switch settings, if not in the manufacturer’s
instruction book, can be calculated by measur-
ing the input (primary) voltage and dividing it
by the measured output (secondary) voltage. It
can also be obtained from the machine
manufacturer.
With continuous timing, a standard

ammeter can be used for measurement of pri-
mary current. With interrupted timing, the
heat time is so short that accurate primary
current readings cannot be measured with
standard ammeters. The use of pointer-
stop meters will accurately measure short-
time welding currents of 3 cycles duration or
longer.
As a general rule, the current is set as

high as possible at the start of the weld to
ensure, if possible, having enough current at
the end of the weld. The degree of reduction
of the welding current depends on the analysis
of the material, the material thickness and
shape of the parts, the area and shape of the
welder throat opening, and the location of
the work in the throat. Minimum current
requirements for narrow and wide seam welds
are compared in Table 13 for mild steel.
Currents for mild steel are compared with
high-strength steel in Table 14 and with coated
steels in Table 15.
Many applications of seam welding are

such that more magnetic material enters the
throat of the welder as the weld progresses.
This additional magnetic material in the
welder secondary circuit reduces the welding
current available. In longitudinal welding, this
condition always exists. If it is not possible to
obtain sufficient current at the end of the weld
without excessive burning at the start of the
weld, it is necessary to apply some form of cur-
rent compensation. Suitable compensation con-
trols can be incorporated in welding machines
for magnetic materials. These controls are
equipped with constant current, so they are not
affected by magnetic circuit changes in the
machine.

Seam Weld Testing

There are severalmethods of testing seamwelds.
The selection should depend on the final use of the
welded product. The first rough check of a weld is
easily performed by trying to tear the sheets apart
by driving a chisel through the welded area. If the
weld cannot be chiseled apart without tearing
through the sheets, further tests may be made.
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Fig. 21 Weldability lobes for narrow seam welding of a mild steel (alternating current). Source: Ref 19
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A cross-sectional etch test to show the per-
cent overlap of the fused nuggets, which should
be approximately 20%, and the penetration of
the fused zone into the sheets, which should
be between 35 and 70% of the sheet thickness,
is the normal metallurgical inspection test.
The width of the weld depends primarily on the
electrode face width and should be from 1½ to
3 times the stock thickness. If the weld width
is too narrow and penetration is inadequate,
physical strength will be sacrificed. If the
weld width is too wide and penetration is

excessive, the weld center will be overheated.
This causes excessive buckling, warpage, and
poor appearance.
One of the more reliable tests is the pillow

test, in which two sheets of convenient size,
say 150 by 150 mm (6 by 6 in.), one of which
has a pipe nipple welded to it, are seam welded
completely around the edges and then subjected
to hydrostatic pressure until failure takes place.
Failure will usually occur on an inside edge of
the seam, where the buckling due to expansion
of the test sample is greatest.

After the welding schedule has been deter-
mined by the various types of test, production
tests on containers can be satisfactorily made
by subjecting each piece to air or gas pressure
while submerged in water. A safe value of air
pressure will disclose any leaks as rapidly as a
much greater hydraulic pressure.
It is impractical to make seam welds without

some indentation on one or both sides of the
stock. Consequently, the stock thickness is
reduced by the amount of indentation, causing
some slight loss in strength. If the indentation is
properly controlled, the welded joint will have a
tensile strength of 80 to 100%of the parentmetal.

Bearing Maintenance

A resistance seam welding machine
bearing mechanism must transmit thousands of
amperes from a stationary housing to a rotating
shaft, on which is mounted the circular welding
electrode. This bearing must also withstand
heavy force and maintain proper electrode
alignment.
Although journal-type bearings are more

common, current collector types and needle
bearing designs are frequently employed to
achieve improved bearing alignment and to
decrease maintenance requirements.
To ensure proper operation and reasonable

life, adequate lubrication is necessary. Different
bearing designs will require a particular type of
lubricant and frequency of lubrication. Lubri-
cant must be of a type to permit electrical cur-
rent to flow freely. It is therefore important to
precisely follow the maintenance recommenda-
tions of the welder manufacturer. Many bearing
designs have built-in water cooling. In opera-
tion, water flow must be maintained to avoid
excessive heating.

Table 13 Comparison of minimum current requirements for alternating current (ac) and direct current (dc) power supplies with narrow,
wide, and mash seam welding

Mild steel thickness, mm

Narrow seam Wide seam Mash seam

ac, kA dc, kA ac, kA dc, kA ac, kA dc, kA

2 m/min 6 m/min 2 m/min 6 m/min 2 m/min 6 m/min 2 m/min 6 m/min 2 m/min 6 m/min 2 m/min 6 m/min

0.60 5.25 6.25 4.0 4.25 . . . . . . . . . . . . 6.75 6.75 5.0 6.0
0.75 4.75 6.5 4.5 5.25 9.5 12.75 7.0 10.25 . . . . . . . . . . . .
0.95 5.5 7.25 5.0 5.5 8.5 13.0 7.25 9.25 . . . . . . . . . . . .
1.2 6.5 9.25 4.5 6.75 10.25 14.25 8.5 12.25 11.5 12.25 . . . . . .

Source: Ref 19

Table 14 Minimum and maximum welding currents for 1.2/1.4 mm (0.05/0.06 in.) thick mild and high-strength steels

Welding speed, m/min Current parameter

Secondary current for steel type, kA

Mild steel Rephosphorized Niobium treated Dual phase

2 Minimum 6.5 (6.0) 8.1 (7.0) 9.9 (5.9) 6.5 (6.0)
Maximum 13.5 12.9 10.4 11.0
Range 7 (7.5) 4.8 (5.9) 0.5 (4.5) 4.5 (5.0)

6 Minimum 9.25 (9.0) 8.7 (8.3) 9.9 (9.4) 9.0 (8.0)
Maximum 11.75 11.0 10.3 9.6
Range 2.5 (2.75) 2.3 (2.7) 0.4 (0.9) 0.6 (1.6)

Note: Minimum current refers to current for continuous weld plug: values in parentheses refer to current for stuck weld. Maximum current refers to current giving weld splash. Source: Ref 19
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Fig. 22 Weldability lobes for wide seam welding of a mild steel (alternating current). Source: Ref 19
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Other Methods

Mash Seam Welding. When the thickness
through the finished weld must be a minimum,
mash seam welding is used. A slight overlap
of 1 to 1½ times the thickness of one workpiece
is held by rigid external clamps or by tacking
spot welds. Tacking spots should be close
enough together to prevent the seam from open-
ing up ahead of the electrodes, and the
spot spacing will vary from 40 mm (1½ in.)
on 0.5 mm (0.020 in.) material to approxi-
mately 75 mm (3 in.) on 2 mm (0.075 in.) mate-
rial. The assembly is placed between
two broad-faced flat electrodes, which forge
the sheets together while welding them. The
resulting thickness in the weld area is approxi-
mately 50% greater than one original sheet
thickness. The process variables listed in
Table 16 apply.
Mash seam welding is limited to low-carbon

and coated steels of 13 gage (2.2 mm, or 0.090
in.) or less for most applications. Its use
requires higher electrode maintenance than lap
seam welding. It should not be used if lap seam
welding is practical. Mash seam welding of
stainless steel is not recommended, because
the narrow plastic range of the material causes
excessive burning and spitting, and the high
hot-forging strength of the stainless steel causes
excessive electrode wear, making the process
impractical.
Roll Spot Welding. Seam welding machines

are used for roll spot welding—making a
series of spot welds with a gap between them.
Roll spot welding is a useful production tech-
nique where a pressure-tight joint is not
required.
Interrupted current timing must be used, and

the spot spacing is determined by selecting the
proper current cool time with relation to the
welding speed. Tables 9 and 10 indicate a range
of speeds for roll spot welding. This range is
very flexible. Normally, the geometry of the
work will allow selection of one of the three
indicated ranges.
If a slower speed is desired, the minimum

speed indicated for a pressure-tight joint can
be used. No currents are indicated because they
should be similar to the three ranges indicated

for pressure-tight joints. For example, if the
welding speed is 100 in./min and spots are
desired every 50 mm (2 in.) in 0.75 mm
(0.030 in.) thick stock, the welding data table
indicates the current heat time (H, in number
of cycles) should be 3 cycles.
Proper cool time may be calculated by the

formula:

H þ C ¼ ð60TÞ=ðNLÞ ðat 60 cpsÞ

For example, with spot spacing of 50 mm
(2 in.), N is ½. With a welding speed of 100
in./min, then L is 100 in. and T is 60 s. Heat
time is 3 cycles, so calculating for cool time
(C) to achieve proper spot spacing is as follows:

3þ C ¼ ð60� 60Þ=ð1=2 � 100Þ ¼ 3600=50 ¼ 72

C ¼ 72� 3 ¼ 69 cycles

Long cool times for intermittent seam welding
may require the modification of standard seam
weld timer ranges to obtain such times.

Nonferrous Alloys

Resistance spot, seam, projection, and upset
welding are used to weld nonferrous sheet pro-
ducts. Suitability may vary depending on the
work metal. For example, some of the coppers
and copper alloys can be spot welded but not
seam welded because of high conductivity,
and not projection welded because of low com-
pressive strength of the projections at elevated
temperature.
Resistance welding of aluminum and

copper alloys is common and discussed
further. Titanium, nickel, and magnesium alloy
sheets with thicknesses up to approximately 6
mm (¼ in.) are also welded by spot, seam,
and projection resistance processes.

Aluminum and Its Alloys

Aluminum alloys, both of the non-heat-treat-
able and heat-treatable types, either wrought or

cast, can be resistance welded. Some of
these alloys are welded more readily
than others. Gas shielding may be required to
maximize joint quality. Characteristics of
aluminum alloys include comparatively high
thermal and electrical conductivity, a relatively
narrow plastic range (approximately 95 to 205
�C, or 200 to 400 �F, temperature differential
between softening and melting), considerable
shrinkage during cooling, a troublesome surface
oxide, and an affinity for copper electrode
materials.
Although aluminum alloys can be resistance

spot and seam welded, some alloys or combina-
tions of alloys have higher as-welded properties
than others. Table 17 gives melting ranges,
electrical and thermal conductivities, and resis-
tance weldability of some wrought alloys and
casting alloys.
Resistance welding is also done on Alclad

products made by roll cladding some of the
alloys listed in Table 17 with a thin layer of
aluminum or aluminum alloy. Because this
layer is anodic to the core alloy, it provides
electrochemical protection for exposed areas
of the core. Alclad alloys 2219, 3003, 3004,
6061, and 7075 have a cladding of alloy 7072,
which contains 1% Zn; Alclad alloy 2014 has
a cladding of alloy 6003 or sometimes alloy
6053, both of which contain approximately
1.2% Mg; and Alclad alloy 2024 has a cladding
of alloy 1230, which contains a minimum of
99.3% Al.
The hardness of an alloy is one variable

influencing weldability. Any alloy in
the annealed condition (O temper) is more
difficult to weld than the same alloy in a harder
temper. In general, alloys in the softer tempers
are much more susceptible to excessive inden-
tation and sheet separation and to low or incon-
sistent weld strength. Greater deformation
under the welding force causes an increase in
the contact area and variations in the distribu-
tion of current and pressure. Therefore, welding
of aluminum alloys in the annealed condition or
in the softer tempers is not recommended with-
out special electromechanical or electronic
controls.
High-strength alloys such as 2024 and 7075

are easy to resistance weld but may require

Table 15 Comparison of minimum alternating current requirement for mild steel and coated steels

Welding speed, m/min

Minimum current for continuous weld plug(a)

0.75 mm

mild steel

0.78 mm

Al coated

0.75 mm terne

(Pb/Sn)

0.85 mm hot dipped

galvanized

0.78 mm

electroplated zinc

0.88 mm

iron-zinc

0.6 mm

Galfan

Zn-5% Al

0.7 mm

Zalutite

Zn-55% Al

2 4.75 10.75 (125) 9.75 (105) 9.25 (95) 7.75 (65) 11.0
(130)

9.0 (90) 10.75 (125)

4 6.0 10.5 (75) 10.5 (75) 10.5 (75) 8.5 (40) 11.0 (85) 10.5 (75) 10.5 (75)
6 6.5 10.5 (60) 13.0 (100) 11.75 (80) 9.5 (45) 11.25

(75)
11.0 (70) 10.75 (65)

8 7.25 11.0 (50) 13.5 (85) 12.75 (75) 11.0 (50) 12.5 (70) 11.0 (50) 10.75 (50)
10 7.75 11.5 (50) 13.75 (75) 14.5 (85) 12.5 (60) 13.5 (75) 11.5 (50) 11.5 (50)
Average increase in current compared to

mild steel
kA 4.4 5.65 5.3 3.4 5.5 4.15 4.3
% 70 90 80 50 80 65 75

(a) Values in parentheses refer to percentage increase compared to mild steel. Source: Ref 19
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applications of a forge pressure, because they
are more susceptible to cracking and porosity
than the lower-strength alloys.
Equipment. Best results in resistance weld-

ing of aluminum and its alloys are obtained by
using a machine that has these features:

� Ability to handle high welding currents for
short weld times

� Synchronous electronic controls for weld
time and welding current

� Low-inertia welding head for rapid follow-
up of electrode force

� Slope control (for single-phase welding
machines)

� Multiple-electrode-force system to permit
proper forging of the weld nugget and
redressing of electrodes

Electrodes. Selection of electrode material
and face shape, maintenance of the face,
and cooling of the electrode are important
in producing consistent spot and seam
welds in aluminum alloys. The RWMA
classes 1, 2, and 3 are used for welding alumi-
num alloys. These electrode materials
have high electrical and thermal conductivities,
which, combined with adequate cooling,
help keep the temperature of the electrode
below the temperature at which aluminum
will alloy with copper and cause electrode
pickup. Design of spot welding electrodes
suitable for spot welding of aluminum
includes both straight and offset electrodes.
Straight electrodes should be used whenever
possible, because deflection and skidding
may occur with offset electrodes under

similar welding conditions. If offset electrodes
are used, the amount of offset should be
the minimum permitted by the shape of
the assembly being welded. Electrodes should
have the cooling-water hole within 9.5 mm
(⅜ in.) of the face surface.

Copper and Its Alloys

Resistance spot welding is widely used for
joining copper and copper alloys. Principal appli-
cations include welding sections up to approxi-
mately 1.50 mm (0.060 in.) thick, particularly
those alloys with low electrical conductivities.
Many copper alloys with low conductivities

can be seam welded easily. Coppers with a
low weldability factor are difficult to seam
weld. Projection welding is not recommended
for copper or for most brasses. Bronzes can be
projection welded with satisfactory results in
many applications.
The resistance weldability of any copper

alloy is inversely proportional to its electrical
and thermal conductivities. Generally, alloys
with lower conductivities are easier to weld.
Compared with steel, most copper alloys
require shorter weld time, lower electrode
force, higher current, and different electrode
materials that are compatible with the alloy
being welded.
Welding Equipment. Single-phase and

three-phase direct-energy and electrostatic
stored-energy (capacitor-discharge) welding
machines are used for resistance welding of
copper and copper alloys. The addition of slope
control to single-phase direct-energy welding

machines is not necessary for spot welding
most copper alloys. In welding high-zinc
brasses, the use of upslope can result in an
increase of as much as 20% in weld strength.
Downslope is not recommended for welding
of any of the copper alloys.
Copper alloys are particularly sensitive to

variations in welding conditions, and therefore,
all direct-energy machines used for welding
these alloys should be equipped with synchro-
nous electronic controls, especially in applica-
tions requiring short weld times. These
devices are capable of controlling weld time
and welding current for repeated operations
with extreme accuracy.
Electrodes. The current used for

resistance welding of copper alloys is
much higher than that used for welding low-
carbon steel, and therefore, the electrode
must have high electrical conductivity to mini-
mize heat buildup. The RWMA class 1 elec-
trode materials (typically tungsten or
molybdenum alloys), containing copper
and cadmium, are sometimes used for welding
copper and high-conductivity brass and
bronze. Class 2 materials, containing copper
and chromium, are used on low-conductivity
brass and bronze and the copper-nickel alloys.
Class 3 materials are used in electrodes for
seam welding.
Electrodes must be sufficiently water cooled

to minimize sticking to the work metal and to
prolong their life. Face contours must be care-
fully prepared, and the electrodes must be prop-
erly aligned for welding.
Coppers and copper alloys having

electrical conductivity higher than ap-
proximately 30% IACS are the least well
suited for resistance spot, projection, or seam
welding, mainly because of severe electrode
pickup.
Thin copper stock can be welded using elec-

trodes faced with RWMA class 13 (tungsten) or
class 14 (molybdenum), but surface appearance
is poor and frequent electrode maintenance is
required. A tinned coating on wire or sheet is
helpful in welding copper.
Beryllium copper alloys can be resistance

welded most successfully in thin gages. Spot
welding produces satisfactory welds; seam
welding is less successful. Projection welding
is satisfactory, provided that the projections
can be formed with the work metal in the
annealed condition and without cracking the
work metal around the projection. Close control
of welding conditions is required for consistent
weld size and joint strength.
Oxide films produced by heat treating must

be removed to ensure low and consistent con-
tact resistance. Work metals that have not been
heated after rolling frequently need only
degreasing before welding.
Low electrical conductivity (22% IACS

for alloys C17000 and C17200) contributes
to the weldability of beryllium copper
alloys. However, they are more difficult to
resistance weld than low-carbon steel. Alloy

Table 16 Mash seam welding low-carbon steel with continuous current for pressure-tight
joint

Thickness of

each work

piece (note 1, 3)

Electrode force,

lbf

Initial overlap, in.

(note 4)

Welding speed,

in./min

Welding current

(note 8)

Heat control range (note

7, 8)in.

US

gage

0.021 25 600 0.031 160 10,500 70–90
0.030 22 900 0.046 130 13,000 70–90
0.036 20 1180 0.060 104 14,700 60–80
0.048 18 1500 0.075 80 16,000 50–70
0.060 16 1940 0.085 64 17,400 50–70
0.075 14 2500 0.097 55 19,000 45–60
0.090 13 3100 0.118 47 20,700 45–60

Notes:
1. Low-carbon steel is hot rolled, pickled, and lightly oiled. Ultimate strength is similar to steel (SAE 1005–1010) (42.5–45 ksi).
2. Electrode material is RWMA class III.

Electrode diameter from 8 to 12 in.

½
1 16 R (Approx)

3. Surface of steel free from grease, scale, or dirt.
4. Initial overlap must be closely controlled either by spot tacking prior to seam welding or by rigid clamping during seam

welding.
5. The final joint thickness will be about 150% of one sheet thickness.
6. Degree of mashdown is equal on both sides.
7. Phase-shift heat control range is recommended to attain the best weld quality and appearance.
8. Since welder used on thicker materials must operate at phased-back current output, maximum full-wave current output of

welder must be approximately twice that of the welding current shown.
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C17500 has an electrical conductivity of 45%
IACS and is more difficult to resistance
weld than higher-strength, lower-conductivity
beryllium copper.
Low- and High-Zinc Brasses. The low-zinc

brasses are difficult to weld, although
easier than copper, and are subject to electrode
pickup. Welds made in these brasses may
lack strength, principally because of compara-
tively high electrical conductivity (32 to 56%
IACS).
The high-zinc brasses have an electrical con-

ductivity of 27 to 28% IACS and can be both
spot and projection welded over a wide range
of conditions. Electrode pickup can be a prob-
lem unless weld time, welding current, and
electrode force are properly selected.
Excessive electrode pickup and blowthrough

of the weld may occur when long weld times,
high energy input, and low electrode forces
are used. Yellow brasses (alloys C26800 and
C27000) are less susceptible to electrode
pickup than cartridge brass, except when long
weld times and high energy input are used.
Electrode force should be sufficient to prevent

arcing or expulsion of molten metal, to which
these alloys are subject because of their 30 to
40% Zn content, which boils at approximately
905 �C (1665 �F). As shown in Table 18, the
recommended electrode force, when using elec-
trodes having a face diameter of 4.8 mm
(3/16 in.), is approximately 1.8 kN (400 lbf).
Copper Nickels. The copper-nickel alloys

have electrical conductivities of 4.5 to 11%
IACS, are readily spot and seam welded with
relatively low welding current, and generally
do not alloy with the electrode material and
cause electrode pickup.
Bronzes. The phosphor bronzes, except

alloy C50500, which is not recommended for
resistance spot and seam welding because
of its high electrical conductivity (48% IACS),
have relatively low electrical conductivity
(11 to 20% IACS) and are readily spot
and seam welded using low welding
currents. Electrode pickup can be reduced
by use of a type F (radius) electrode face and
frequent redressing to keep the face clean and
smooth. Hot shortness can be minimized
by supporting the workpieces to prevent strain

during welding and by using a greater mini-
mum overlap than recommended by the data
in Table 19.
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Table 19 Guidelines for resistance spot welding of high-zinc brasses

Thickness of thinnest sheet Minimum spot spacing Minimum contacting overlap(a) Shear load of joint

mm in. mm in. mm in. kN lbf

0.81 0.032 16 ⅝ 13 ½ 1.47 330
1.27 0.050 16 ⅝ 16 ⅝ 2.28 512
1.63 0.064 19 3/4 19 3/4 3.02 680
2.39 0,094 25 1 25 1 5.20 1168
3.18 0.125 38 ½ 32 ¼ 8.33 1872

(a) Minimum edge distance is equal to one-half the contacting overlap.

Table 18 Guidelines for resistance spot welding of selected copper alloys

UNS No. Alloy name

Welding parameter(a)

Weld time, cycles

Electrode force

Welding current, AkN lbf

C23000 Red brass 6 1.8 400 25,000
C24000 Low brass 6 1.8 400 24,000
C26000 Cartridge brass 4 1.8 400 25,000
C26800–C27000 Yellow brass 4 1.8 400 24,000
C28000 Muntz metal 4 1.8 400 21,000
C51000-C52400 Phosphor bronze 6 2.3 510 19,500
C62800 Aluminum bronze 4 2.3 510 21,000
C65100–C65500 Silicon bronze 6 1.8 400 16,500
C66700 Manganese brass 6 1.8 400 22,000
C68700 Aluminum brass 4 1.8 400 24,000
C69200 Silicon brass 6 2.3 510 22,000

(a) For spot welding 0.91 mm (0.036 in.) thick sheet using Resistance Welder Manufacturers Association (RWMA) type E electrodes with 4.8 mm
(3/16 in.) diam face and 30� chamfer and made of RWMA class 1 material
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Evaluation and Quality Control of
Resistance-Welded Joints
Hongyan Zhang, University of Toledo

EVALUATINGTHEQUALITY of resistance
welds is unique in several aspects. Unlike in
fusion welding, where the joint is exposed
and therefore can be visually inspected, a resis-
tance weld is formed between two sheets. In
the case of resistance spot welds, the geometric
characteristic annular notch makes it a natural
stress raiser in the edge of the weld nugget at
the faying interfaces. Under loading, the stress
concentration due to the geometry can promote
cracking near the nugget, either in the heat-
affected zone, which often results in a weld
pullout, or along the original faying interface
for an interfacial failure. The load-bearing
capability of a resistance weld depends on the
material, including the chemistry, strength,
and sheet thickness, and the loading mode.
In addition to the strength, other features of a
weld, such as indentation depth, surface qual-
ity, and so on, are also considered as the qual-
ity attributes of a weld. The multifaceted
nature of weld quality results in a large variety
of quality definitions of spot welds, based on
various aspects of the manufacturers’ needs
by the sheet metal industry and professional
organizations.
The commonly used quality attributes, test-

ing methods, and quality-control strategies in
resistance spot welding are discussed in this
article. First, some structural attributes of spot
welds are presented. Commonly performed
destructive and nondestructive evaluation meth-
ods also are presented in this article. Destruc-
tive evaluation is commonly conducted for
both welding schedule development and quality
assurance, where a certain percentage of the
assembled parts are destructively tested in a
manufacturing process. It has the advantages
of being reliable and simple to perform, but
the destroyed components generally cannot be
reused, which represents a manufacturing cost.
Nondestructive evaluation, on the other hand,
can overcome the shortcomings of destructive
evaluation methods, but the complexity and
high cost of the testing devices and the skills
required to perform such tests make it less
attractive than it should be.

The quality of resistance welds also can be
evaluated either during a welding process or
after a weld is made. The in-process evaluation
involves collecting process signals, and it has
certain advantages, such as being nondestruc-
tive in general. The process signals, once they
are correlated with weld quality, can be used
to monitor a welding process. The controllable
welding parameters, such as electric current,
electrode force, and welding time, can be
adjusted in a welding cycle to produce a quality
weld. The off-line approach, on the other hand,
is relatively easier to implement and therefore
is more prevalent in practice, typically by
destructive testing of the weld.

Quality Attributes of Resistance
Welds

In this section, the structural attributes of
spot welds are presented first. Some of them
are purely cosmetic, and others have implica-
tions on the weld strength and hence its perfor-
mance. The weld strength is measured through
destructive testing, and the strengths of spot
welds gathered from published works are com-
pared for selected materials and tests. It is also
attempted to correlate easily measurable weld
geometric attributes with weld strength to form

the basis of using such attributes for weld qual-
ity. The industrial requirements for weld quality
are presented at the end of this section.

Structural Attributes

A weld’s quality is often described by its
structural characteristic. Some of the structural
attributes of a weld can be measured externally,
and others can be revealed through destructive
testing only.
Spot Welds. A spot weld contains a number

of distinctive regions, as shown in Fig. 1.
Weld Nugget. In this region, the metal melts

during heating and solidifies when the electric
current is shut off. The microstructure of the
nugget is more like that of a casting than of a
rolled sheet, because it does not experience
any cold work.
Heat-Affected Zone (HAZ). This region is

adjacent to the weld nugget, in which the high-
est temperature during welding is below the
melting temperature of the metallic grains, so
they stay as a solid in the course of welding.
However, certain solid-phase reactions may
occur in this region, which may alter the struc-
ture and strength of this region. In addition, the
region of the HAZ adjacent to the fusion line
may experience grain-boundary melting, and it
is termed the partial-melting zone.

Fig. 1 Schematic of a spot weld. HAZ, heat-affected zone



Partial-Melting Zone. Although the tempera-
ture in the HAZ does not reach the melting tem-
perature of the crystals of the metal, certain
low-melting compounds at the grain boundaries
may melt during welding. This region may exist
in some metals and affect the structural integ-
rity, such as in welding many aluminum and
magnesium alloys. It may have minimal effect
in welding most steels, if it even exists.
Base metal is the portion of a weld that does

not experience metallurgical changes. The base
metal adjacent to the HAZ is also influenced by
the plastic deformation in the nugget and HAZ,
and the base metal could be distorted. Such a dis-
tortion may affect the loading mode, and it also
indicates the level of residual stresses in theweld.
Indentation Width and Depth. Because a

weld indentation is directly related to the heat-
ing process and therefore the nugget formation,
it is the most indicative index of weld quality
that can be obtained without sectioning the
weld or using nondestructive devices. As a mat-
ter of fact, many industrial companies have spe-
cific requirements for indentation in both width
and depth. The indentation width is related to
the area of heating or weld size, and its depth
is a strong function of weld penetration.
Because the indentation is a result of joule heat-
ing, its volume, approximated as a (hollow) cyl-
inder, is related to total heat input and is used to
measure the dimensions of the weld nugget. In
certain cases, indentation has been successfully
correlated with nugget size and weld strength.
However, the correlation is strongly affected
by material and processing factors, such as
electrode cap size and shape. Therefore, it is
still considered a qualitative measure of weld
quality, and experience plays an important role
in its use for quality measurement.
Typical Imperfections in Resistance

Welds. Certain weld imperfections can be
revealed directly by inspecting a weld exter-
nally. The commonly inspected imperfections
are listed as follows, based on the observations
of welding practitioners and researchers and on
many resistance-welding-related standards and
recommendations, such as AWS D8.7 (Ref 1):

1. Surface defects, including holes, cracks, and
craters

2. Surface expulsion

3. Surface colorization

4. Excessive indentation

5. Excessive sheet separation and distortion

6. Edge weld

7. Insufficient weld spacing

8. Mislocated weld

9. Overlapped welds
10. Edge tears (only in seam welds)

Note that some of the listed imperfections are
pertinent only to resistance spot welds and not
seam welds. Seam welds, in most cases, tend
to be continuous welds. For example, items 4,
7, and 9 are some of the attributes that gener-
ally pertain to spot welds.

A surface free of visible defects is always a
requirement. Surface defects include cracks,
burning holes, craters, and others abnormalities
such as excessive indentation and so on. If the
extent of these defects is limited to the surface
only, they may have negligible effect on the
strength. However, these defects very often
are associated with internal defects and inferior
weld nugget. For instance, the burning hole and
the debris or whiskers shown in Fig. 2 are the
result of localized overheating of the elec-
trode-sheet contact interface, possibly due to
the large contact resistance resulting from elec-
trode deterioration. The adverse effects of these
defects on weld quality are unquestionable.
However, the influence of some surface defects
may not be as obvious. The weld shown in Fig.
3(a) has fine surface cracks, and they appear to
be insignificant. A cross section of the same
weld, however, shows cracks extending through
the thickness of the weld (Fig. 3b). In general,
surface defects should be treated with care,
understanding the possible existence of asso-
ciated internal defects.
When the contact resistance at the electrode-

sheet interface is high, excessive heating at the
interface may melt the metal, which may be
ejected under the electrode pressure. One exam-
ple is shown in Fig. 4 (Ref 2). Similar to other
surface defects, if such expulsion is limited to
the surface, it may have little or no effect on
weld strength. However, such an expulsion
may be linked to other defects, for instance, a
burning hole, as shown in the figure. Overheat-
ing related to surface expulsion is also the pri-
mary reason for electrode deterioration.
Another sign of surface overheating is coloriza-
tion of the weld surface. The temperature at the
electrode-sheet interface is so high that the
electrode surface is melted, leaving a trace of
copper alloy on the surface of a weld. Because
this is the result of melting of the electrode sur-
face, rapid electrode wear may follow.
A weld can be severely distorted when the

workpieces are improperly stacked and/or
excessive heating or electrode force is applied.
If a large gap exists between the sheets before
welding, the sheets must be deformed by the
electrodes to create the necessary contact at
the faying interface for welding. Such a defor-
mation is often aided by softening of the sheet
material during heating. Even without poor
fit-up of the sheets, a large electrode force or
overheating may press the metal between the
electrodes and force it to flow to the edges of
the nugget around the faying interface. The dis-
tortion of spot welds is not a major concern
from a cosmetic point of view if the weld is
not located on the outer panel of a product such
as an automobile. However, it has a quality
implication in weld strength and overall dimen-
sional stability. It may alter the loading mode of
the weld and create a stress concentration that
may not be anticipated. A severely distorted
weld may significantly reduce the thickness
of the metal that links the weld and the
base metal and compromise the load-bearing Fig. 4 Surface expulsion of an AA5754 weld. Source:

Ref 2

Fig. 2 Burning hole on the surface of a steel weld.
Source: Ref 1

Fig. 3 Views of an AA6111 weld. (a) Top view of a
peeled weld button. (b) Cross section of the

same weld
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capacity of the weld. In addition, the local dis-
tortions of individual welds may be accumu-
lated and result in an out-of-specification
structural component. There are significant
efforts to reduce or control spot weld distortion
to maintain dimensional stability of welded
structures (Ref 3–5).
There are a number of quality attributes

mainly related to design, maintenance, and exe-
cution of welding. If a weld is made too close
to the edge of sheets, such as in the case of
insufficient flange width, an edge weld may
result (Fig. 5) in which the liquid metal is
squeezed out to the edge of the sheets. Figure 6
shows welds made with insufficient spacing
between the welds. The weld on the right was
made after that on the left, using the same
welding parameters, but its indentation is
clearly smaller and shallower than that of the
first weld. When making the second weld, part
of the electric current is diverted by the first
weld through a process called shunting, which
effectively reduces the heat input in the second
weld (Ref 6). Special attention is needed when
performing weld repair in which insufficient
weld spacing may be unavoidable. Higher elec-
tric current should be applied when adding a

weld close to an existing weld. Welds may also
be made at locations different from their desig-
nated places, and a malfunctioning welding
robot may put two welds on top of each other,
resulting in dislocated welds and overlapped
welds.
Internal Characteristics. The internal char-

acteristics of spot welds are usually revealed
through metallographic examination of the
weld cross section. The geometry and dimen-
sions of various zones of spot welds are sche-
matically shown in Fig. 1. The fusion zone is
characterized by the nugget width and penetra-
tion. The nugget width may be different from
the weld diameter, depending on the weld qual-
ity and testing method. The HAZ can be
divided into two parts: a zone of solid-phase
transformation near the base metal, and a par-
tial-melting zone. It is beneficial to separate
the partial-melting zone from the rest of the
HAZ, because the metallurgical reactions in
this zone are usually significantly different from
those in the rest of the HAZ, and the implica-
tion for structure as well as weld quality should
not be ignored. For instance, in welding alumi-
num alloy AA5754, it was found that liquation
cracking may initiate from the molten grain
boundaries in the HAZ next to the fusion zone,
as seen in Fig. 7 (Ref 7).
In general, the following information can be

obtained through metallographic examination
of a spot-welded joint:

� Dimensions of various zones of a spot weld.
These include the nugget width and height
(penetration), width of the HAZ, and the
extent of a possible partial-melting zone in
the HAZ.

� Microstructures and phases of the regions.
Because of the drastically different proces-
sing conditions of the base metal, the HAZ,
and the nugget, their structures as well as
properties can be significantly different.

� Discontinuities or imperfections. Solidifica-
tion cracks and voids/pores may form in
the nugget, and liquation cracking may
occur in the partial-melting zone in the
HAZ.

� Interfacial expulsion

The nugget, depicted as the fusion zone in
Fig. 1, is clearly the most important part of a
weld. Its geometry is usually described by the
nugget width and penetration. Because a spot
weld nugget is the joint that links the sheets, a
large nugget width is preferred for load bearing.
In addition, the height of the nugget, or penetra-
tion, is a direct indicator of the amount of heat-
ing, and therefore, a certain amount of
penetration is required by most manufacturers.
In most research on the strength of spot welds,
the nugget size, or weld size, is linked to the
load-bearing capability and other strength attri-
butes, such as ductility. Because the formation
of a weld nugget involves melting and solidifi-
cation, defects such as liquation cracking and
voids/pores may form in the nugget, in addition
to significantly different microstructures from
the HAZ and the base metal. In Fig. 8 (Ref 8),
metallographic examination of a 590 MPa (85
ksi) dual-phase steel weld reveals a sizeable
void as well as pores in the weld nugget. These
are the direct result of a volume deficit caused
by irreversible expansion and contraction dur-
ing melting and solidification of the weld, due
to expulsion, as evidenced by the remnants of
the ejected and solidified metal at the faying
interface near the nugget. There are also surface
cracks, and one of them extends into and is
connected with a pore in the nugget, through
the HAZ along the grain boundaries. The struc-
tures of the weld nugget and the HAZ are sig-
nificantly different from that of the base
metal, as shown in the figure, and result from
solidification and solid-phase transformations
in the weld. The two typical phases, ferrite
(body-centered cubic) and martensite (body-
centered tetragonal), are observed in all of the
regions. However, their morphologies,
amounts, and distributions are drastically differ-
ent. In the base metal, martensite is evenly
distributed in a matrix of ferrite. The HAZ has
more martensite, with its volume fraction
increasing rapidly from the base metal to the
fusion line, and the fusion zone is filled with
martensite. Finer martensite and ferrite are
observed in the HAZ, resulting from the
repeated rapid heating-cooling cycles and the
restricted grain growth in the region, as
explained by the authors of Ref 8. Retained
austenite and lower bainite are also observed
in the region. In addition to the favorable chem-
istry for martensite formation in 590 dual-phase
steel, the rapid cooling during resistance spot
welding, estimated at a few thousands of
degrees Celsius per second, plays an important
role.
In addition to the structural difference in the

HAZ from the base metal or the nugget, the
unique location of the HAZ makes it an

Fig. 5 Edge weld. Source: Ref 1

Fig. 6 Welds with insufficient spacing. Source: Ref 1
Fig. 7 Cracking in the heat-affected zone of an AA5754

weld near the fusion line. Source: Ref 7
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influential factor in determining weld strength.
Due to the characteristic geometry of a sharp
notch near the nugget at the faying interfaces,
a stress concentration may occur in the HAZ
when a weld is loaded. The different material
properties, such as yield strength and so on, in
the HAZ from those in the nugget and base
metal may enhance the stress concentration.
As analyzed by Zhang and Senkara through
finite-element modeling (Ref 6), the mechanical
properties of the HAZ determine the perfor-
mance of a weld. By varying the size, yield
strength, ultimate tensile strength, and ductility
of the nugget and HAZ of a weld, it was found
that both the peak load and elongation of a weld
increase with the nugget size, while changing
the ductility and strength of the nugget has little
effect. This can be primarily attributed to the
fact that when loaded, the interior of a nugget
is little stressed. On the other hand, the perfor-
mance of a weld is very sensitive to the changes
in the HAZ. Significant increases in peak load
and elongation of a weld result from increases
in the HAZ width, strength, and ductility.
Imperfections may also appear in the HAZ of

a spot weld. Figure 9 (Ref 9) shows liquation
cracking in the HAZ of a magnesium alloy
AZ31D weld. The intergranular characteristics
of the crack are the result of melting of interme-
tallic compounds such as Mg17Al12 at the grain
boundaries. When the volume fraction of such
low-melting compounds is sufficiently high, a
network of liquid phases may exist in the
HAZ surrounding the solid grains. Under ther-
mal stresses during heating and cooling, the
HAZ may be torn apart along such liquid grain
boundaries. This has been observed in a number

of material systems, such as AA5754, AA6111
(Ref 10), AZ31B, and AZ91D (Ref 11).
Welding with expulsion is common on many

production lines, because it is often used as an
indicator of sufficient heating during welding.
However, the loss of liquid metal during expul-
sion may create internal imperfections such as
voids and cracks. In Fig. 10, large voids
resulted from heavy expulsion in an AA5754
weld. There are several theories for the
mechanisms of expulsion, and they are dis-
cussed in the book by Zhang and Senkara
(Ref 12). The root cause of expulsion is the loss
of containment of the liquid metal in the nug-
get, which imposes a large pressure onto its
solid surrounding, that is, the HAZ. Because
the pressure results from melting and thermal
expansion of liquid metal, different materials
have different tendencies for expulsion, due to
their different thermal characteristics. Welding
of aluminum and magnesium alloys is more
prone to expulsion because of their higher vol-
ume expansion during melting than steels. As
discussed by Zhang and others (Ref 2, 12),
expulsion has an adverse effect on weld
strength and should be avoided. Increasing the
electrode force and lowering the welding cur-
rent are two methods of suppressing expulsion.

Quality Requirements

Because the quality of spot welds is evalu-
ated by their structural attributes and/or
strengths in various tests, the requirements for
weld quality are generally based on these two
aspects as well. Almost all quality require-
ments, either by industrial companies or

professional organizations, contain certain pro-
visions for weld size. An obvious advantage
of using weld size as a required quantity is the
close relationship between weld size and
strength. Other geometric characteristics, such
as penetration and so on, also appear as
required weld attributes in various standards
and recommendations. Because a weld is made
for joining sheets together, a more meaningful
weld-quality index is weld strength. However,
the complexity in testing a welded joint and
the large variance often associated with the test-
ing results prevent the frequent performance of
most types of tests, and only the peak load
measured in a tensile-shear test is required for
certain materials. In general, the measured
strength of a weld, such as the peak load, is a
function of the testing method and testing spec-
imen geometry, in addition to the type of
loading.

Destructive Testing

The quality of the weld is assessed by several
quantitative and qualitative metrics from
mechanical testing and/or by metallographic
examination. Both techniques are destructive.
In metallography, the weldment is sectioned
for examination with a microscope. In mechan-
ical testing, the weldment is loaded until the
specimen fails.
Mechanical testing may be done manually or

by mechanical loading with an instrumented
device. In a manual test, the weld features, such
as the weld shape and size, failure mode, and so
on, are recorded. An instrumented test also

Cracks

Pores
Void

Fig. 8 Cross section and microstructures of a DP600 spot weld. Source: Ref 8

Fig. 9 Cracking in the heat-affected zone of an AZ31D
spot weld. Source: Ref 9

Expulsion Trace

Fig. 10 AA5754 weld with expulsion. Source: Ref 2
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creates quantitative measures of weld strength,
in addition to the observations from a manual
test. Instrumented testing is necessary to quanti-
tatively characterize weld strength.
Instrumented mechanical tests also can be

classified into two groups: quasi-static tests
and dynamic tests. In a quasi-static test, the
load is applied slowly to minimize the influence
of the load rate. In a dynamic test, the load rate
is a process variable that is reported with the
testing results. The load and displacement sig-
nals are commonly recorded for an instrumen-
ted test.

Manual Testing

Because weld size, shape, and failure mode
revealed through a manual test are closely
related to weld strength, manual testing is prev-
alent in both the production environment and
laboratories. The commonly performed tests
are:

� Chisel test
� Peel (roller) test
� Bend test
� Temperature monitoring of a seam weld

As illustrated in Fig. 11 for a chisel test, a
chisel is forced into the gap at the faying inter-
face between two adjacent welds until the weld
fractures, which results in either a weld button
or interfacial failure. This type of test is com-
monly performed on welded components when
a peel test is impractical. Because of the con-
straint imposed by the neighboring welds, the
load exerted by a chisel favors interfacial frac-
ture rather than weld pullout. Therefore, an
interfacial fracture obtained in a chisel test does
not necessarily imply a substandard weld. An
operator must be able to distinguish a

reasonable weld from a cold weld when an
interfacial fracture mode is observed. Occasion-
ally, a mechanized rather than a manual chisel
test is performed in the production environ-
ment, especially when heavy-gage sheet weld-
ing is involved.
Another shop floor test is the peel test. It is

usually performed using a hand tool, as shown
in Fig. 12, and therefore, it is generally not
applied to testing welds made on heavy-gage
sheets. With one of the separated sheets gripped
firmly, the other is rolled up to break the joint,
either along the faying interfaces for a brittle
weld, or leaving a weld button, usually on the
gripped sheet. The fracture is recorded for the
weld size, fracture mode, and so on. Certain
experience is also required in performing a peel
test, especially for the consistency of testing.
Because the sheet must be rolled in the test,
thick-gage or hard metals cannot be tested due
to their high bending resistance.
A not-so-common manual test is the bend

test. It is used to estimate the ductility of spot
welds and to detect weld flaws, especially
cracks. In the test, a section of three welds on
a weld coupon is made by cutting from the cen-
ter of the coupon along the longitudinal direc-
tion (Fig. 13). The specimen is bent to a
certain angle and examined for cracks and other
defects. The bend test is unique because the
stress states in the weldment cannot be pro-
duced in other tests. Because the specimen is
not uniform and the preparation process may
not be consistent, a bend test is usually per-
formed for visual inspection of weld quality
only.
In the case of seam welds, an optical pyrom-

eter is used to measure the temperature of the
solidifying weld behind the welding electrode.
A relationship between weld quality and
measured temperature is established with trials.
Generally, a temperature lower than an estab-
lished optimal temperature is indicative of a
cold weld, which results in poor fusion.
Generally, in all the tests, a load exerts cer-

tain crack-promoting stresses, either shear or
tensile, on the nugget and HAZ of a spot weld-
ment. The initiation and propagation of crack-
ing depend on the stress level at a specific
location and the material strength at the same
location. The possible failure modes commonly
observed in peel testing, along with the

evaluation procedure, are summarized in a chart
in Fig. 14 (Ref 13). Although the failure modes
are obtained in peel testing of spot welds, they
are representative and contain all the typical
observations for destructive evaluations. The
quality interpretation of an interfacial fracture
is often confusing. Certain tests and materials,
such as impact testing and thick/stiff sheets,
tend to produce interfacial failure even on a
sound weld. As outlined in the figure, welds
that fail with interfacial (including partial inter-
facial) fracture should be considered acceptable
if there is fusion in the fractured weld area, with
a size meeting the minimum weld requirements.

Quasi-Static Mechanical Tests

It is often desirable to generate uniform pure
tensile or pure shear loading in material testing.
In testing a spot-welded joint, however, such
mode of loading is difficult to achieve because
of the geometric characteristics of a spot-
welded joint and the deformation/rotation of
the specimens during testing. Various tests have
been performed to measure the tensile, shear, or
combined tensile and shear load-bearing capac-
ity of spot welds. A more detailed description
of the weld tensile tests is provided in the arti-
cle “Resistance Spot Welding” in this Volume.
Cross-Tension Test. This test is intended to

exert a normal tensile load to a weld. The spec-
imen geometry and a typical mounting fixture
are shown in Fig. 15 (Ref 14). Slippage of the
specimen in the holding fixture may occur,
and it changes the loading on the joint. Caution
is also needed to minimize sheet distortion dur-
ing testing. In addition, it may be difficult to
prepare such a specimen with the weld properly

Fig. 11 Chisel test. Source: Ref 1 Fig. 12 Peel test. Source: Ref 1

Fig. 13 Bend test. Source: Ref 12
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Fig. 14 Weld-quality assessment flow chart. Source: Ref 13
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centered. The loading mode is altered if welds
are not located at their designated locations,
and the testing consistency may suffer as well.
U-Tension Test. A tensile load may be

applied using a U-shaped specimen (Fig. 16).
Such a specimen may create less deformation
or distortion than that in a cross-tension test.
Mounting a U-tension test specimen requires
alignment of the hole/bolt, and spacers are gen-
erally needed to restrain a specimen. Certain
formability is needed on the sheet material for
it to be bent to the required radius without
fracture.
In both cross-tension and U-tension tests,

the specimen experiences unavoidable
bending in the base metal during loading, which
makes an accurate measurement of the weld
tensile strength difficult. The low testing con-
sistency, difficult mounting, and tedious speci-
men preparation make these tensile tests less
popular than others, such as the tensile-shear
test.
Tensile-Shear Test. Also commonly referred

to as a tension-shear test, a tensile-shear test is
the most commonly conducted test in weldabil-
ity study. Compared with cross-tension and
U-tension, the tensile-shear test has several
advantages in specimen preparation and testing.
A simple lap joint of two metal strips by a

single spot weld (Fig. 17), or occasionally by
two or more welds, can be tested using standard
tensile testing machines and grips. Because of
the asymmetric nature of the testing specimens,
bending of the base metal at the grips and rota-
tion of the joint cannot be avoided during a ten-
sile-shear test. This significantly affects the
loading on the joint. An increasing portion of
pulling load, and therefore a smaller portion
of shear load, corresponds to the rotation of
the joint. For specimens made of thick sheets,
shimming is needed to avoid excessive bending
of the base metal and the weld. Numerous stud-
ies, such as the one by Zhou et al. (Ref 15),
have concluded that sufficiently wide speci-
mens are required to minimize the influence
from weld rotation. Their study also proved that
a weld coupon length of 150 mm (6 in.) is suf-
ficient for thin-sheet specimens.
In tensile-shear testing, the peak load is com-

monly monitored and used as the strength of the
weld. A more complete description of weld
quality needs information on the ductility of
the joint, which can be described by the maxi-
mum displacement or the energy.
Combined Tension and Shear Test.

Although the tensile and shear tests are
intended to create tensile and shear loading
modes, respectively, the actual loading is
almost always a mixture of these two types of
loads, in an uncontrollable manner. Efforts by
Lee et al. have been made to purposely create
a combined tensile and shear loading mode
(Ref 16). In their study, simultaneous tensile
and shear loadings can be applied, with control
of the ratio of the two by varying the loading
angle to the weld plane, as shown in Fig. 18
(Ref 16). There are pairs of holes on the lock
plates that can be used to adjust the loading
angles and create various mixtures of tensile
and shear loadings. Similar to other tests, the
weld should be centered with respect to the

mounting fixture to achieve the desirable load-
ing mode. The testing mechanism shown in
Fig. 18 has the flexibility of adjusting the loca-
tion of the weld in the fixture by adding shim-
ming plates of necessary thickness in the
grips. By using this testing rig, it was found that
the peak load a spot weld can withstand
decreases with increase of the tensile compo-
nent in a mixed tensile and shear loading, and
the lowest strength was obtained when cross-
tension loading was applied.
A less commonly conducted test on spot

welds is the torsion test. Two types of torsional
loading can be applied to a spot weldment. One
is twisting a standard tension test specimen in
which the angle of twist at failure is measured
for the strength, in addition to the weld diame-
ter and failure mode. Another so-called tor-
sional shear test measures both strength and
ductility through the ultimate torque required
and the angle to destruction. In both tests, the
weld diameter can be measured on separated
sheets. The main drawback of a torsion test is
the mounting of a specimen. To avoid excessive
distortion, which is highly possible in a torsion
test, a specimen must be tightly constrained.
More details can be found in Ref 12.

Dynamic Mechanical Tests

Spot-welded joints in structures such as auto-
mobiles are generally under dynamic loading in
service. Similar to that observed in testing of
uniform specimens without a welded joint, the
static strength of spot welds has certain impli-
cations for their dynamic performance, but
there is no one-to-one correspondence, and
extrapolation from static performance to
dynamic behavior of spot welds could be erro-
neous and misleading. Dynamic testing of spot
welds generally refers to fatigue tests in prac-
tice. Impact testing, which has significant
implication for the crash-worthiness of automo-
biles, is rarely conducted on spot welds because
of the complexity and low repeatability
involved in the test. It has occasionally been
conducted on welded structures (Ref 17).
Fatigue Tests. Vibration in welded struc-

tures, such as automobiles, imposes repetitive
loading to the welded joints, and the process
is called fatigue. The notchlike shape of a
spot-welded joint makes it a stress raiser, which
is undesirable for any mechanical loading,
especially fatigue. The fatigue behavior of a
spot-welded joint has several unique character-
istics compared with other tests:

� Under small loading, failure may occur only
after a large number of loading cycles.

t L

W

Fig. 15 Specimen and mounting fixture for a cross-
tension test. Source: Ref 14

Fig. 16 U-tension test specimen. Source: Ref 1 Fig. 17 Tensile-shear test
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� The failure loads are significantly lower than
the static loading limits, which should be
fully accounted for in structural design.

� A fracture surface usually has a brittle
appearance; even static testing of the same
weld renders a ductile appearance.

In practice, fatigue tests are usually conducted
under constant loading ranges for simplicity. A
number of factors must be taken into consider-
ation, and certain precautions must be made in
fatigue testing of spot welds. Standards and
recommendations, such as the ISO standard for
fatigue tests (Ref 18), which outlines the steps
for fatigue testing of spot-welded joints, can be
followed in testing. A common practice is to fol-
low the ASTM International standards for
fatigue testing of welded specimens (Ref 19).
There are several issues that may affect the inter-
pretation of fatigue testing and results, and they
are discussed in the following.
Stress Concentration. Both the notchlike

geometry around the edge of a weld nugget
and the distributed strength in a weldment con-
tribute to the stress concentration at a spot-
welded joint. When loaded, the stress level at
the notch can be several orders higher than at
locations of a certain distance from the weld.
A stress concentration, or even a singularity,
exists at the vicinity of the weld. Stress distri-
bution is also a strong function of material
strength, which varies (often drastically) from
the base metal to the nugget, as exhibited by
the microhardness profiles in a weldment.
Because a softer material would deform more
than a harder one, given all conditions being
equal, the stress level rises at the junction
between these two parts. Similar phenomena
are observed in a weldment.

Residual stresses are inevitable in a resis-
tance spot weldment because of irreversible
thermomechanical deformation during welding.
There are three important aspects of residual
stresses in characterizing stress distribution
and understanding the effect of such stresses.
The effect of residual stresses on the fatigue
behavior of a spot weldment must be under-
stood by considering the nature, amplitude,
and location of the stresses. As in other types
of loading, the nugget edge and the HAZ have
the highest stress concentration, and the tensile
residual stresses at these locations promote
crack initiation and propagation, as observed
by many researchers in fatigue testing. The
residual stresses in a spot weldment are affected
by many welding process-related factors. For
instance, excessive heating induces large distor-
tion and therefore high stresses. A properly
constrained welding process, as discussed in
Ref 10 and 12, can effectively minimize the
distortion as well as residual stresses.
Specimen Preparation. Because of its sim-

plicity, lap joint specimens are usually used in
fatigue tests. However, a lap joint specimen
can take very little compression without buck-
ling. Care must be taken in selecting fatigue
loading in accordance with the testing speci-
mens. The ASTM International standards for
fatigue testing of welded specimens (Ref 19)
should be followed in preparing the specimens.
Different-sized specimens impose different
degrees of constraint onto the spot weld and
affect deformation under loading. Therefore,
the fatigue failure mode is a function of the
specimen dimensions, similar to that observed
in quasi-static tensile testing.
Loading. In fatigue testing of spot-welded

joints, the loading can be force or moment.

There are a number of variables to be selected
for a fatigue test: amplitude and range of load-
ing, nature of loading, rate of loading, and num-
ber of cycles or repetitions. The types of
loading commonly applied in fatigue testing of
spot-welded joints include:

� Fluctuating tensile loading
� Fluctuating compressive loading
� Fluctuating loading, with maximum load

tensile and minimum load compressive
� Completely reversed loading

Data Presentation. In fatigue testing a spot
weldment, the fatigue life is usually expressed
in terms of load versus cycles, or L-N curves,
instead of stress versus cycles. Similar to the
information collected in fatigue testing a
uniform specimen, the L-N curve, range of
loading, endurance limit, load ratio, cycling fre-
quency, and criterion for termination of a test
are usually reported.
Fracture Surface. A general fatigue fracture

has a unique, characteristic appearance. Crack-
ing usually starts from discontinuities, such as
internal voids or inclusions, or locations of high
stress concentration. Most fracture surfaces
have a smooth appearance, even when the
material is ductile, and it should not be con-
fused with brittle fracture. Certain fatigue frac-
ture characteristics, such as clamshell markings,
may not be observed on spot-welded sheet
specimens.
In a study by Ma et al. (Ref 8), the fatigue

performance of spot welds of various sizes
showed that weld size does not have much
effect on fatigue life. The welds with expulsion
appear to have a slightly lower fatigue limit.
Impact Test. The importance of impact per-

formance of spot welds and spot-welded struc-
tures is obvious. However, because of the
complexity, the relatively low reliability and
repeatability, and the high cost, impact testing
of spot welds is performed in very limited
cases, and mostly on welded structures such as
beams rather than single welds.
When properly instrumented, both tension

and shear can be imposed during an impact test.
There are several kinds of impact tests based on
different mechanisms. Some of these tests,
together with the testing specimens, can be
found in AWS C1.1-66 (Ref 20), AWS D8.9-
97 (Ref 13), or Ref 12. They are briefly dis-
cussed in the following.
Shear Impact Test. A modified pendulum-

type impact testing machine is used for this
type of loading. A simple conversion from
potential energy to kinetic energy provides the
impact loading by using a modified single-pen-
dulum impact tester. It has the advantages of
being simple to instrument, easy to prepare test
specimens, and straightforward to interpret test
results. The disadvantages are associated with
the testing mechanism. For instance, the unre-
strained specimen may experience large defor-
mation, which can take a significant
proportion of the measured impact energy. In

Spacer inserts

Actuator bolt

Lock plate

Pull bar

Test coupon

Clamping frame

Fig. 18 Fixture for testing spot welds under simultaneous tension and shear loading. Source: Ref 16
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general, it has fairly low accuracy and
repeatability.
Drop Impact Test. By using test specimens as

illustrated in Fig. 19, an impact tensile loading
can be applied to a weld when the fixture is
attached to a testing machine that provides
rapid loading. Because bending of the plates
and slippage of a specimen in the mounting fix-
ture are difficult to avoid, and the energy
absorbed by these two processes cannot be fully
accounted for, the impact energy needed to
fracture the spot weld is not accurately deter-
mined. Efforts have been made to stiffen the
testing specimens to reduce bending, or mini-
mize slippage by using serrated clamps.
Shear Impact Loading Test. This test, which

is similar to the shear impact test, uses a pendu-
lum-type impact tester. The fixturing mecha-
nism and the U-shaped specimen (Fig. 20)
make the spot weld under shear loading during
impact. Although the U-shaped sections make it
difficult for the sheet metal to deform, prepar-
ing such a specimen can be tedious, and speci-
men consistency as well as testing accuracy
could be unsatisfactory.
Tension Impact Loading Test. This test uses

the same type of U-section specimens and the
same testing mechanism as a shear impact load-
ing test. The only difference is that the impact
loading is in tension. In addition to the difficul-
ties in preparing the test specimens, the inevita-
ble bending of the specimen when the spot weld
is loaded in tension is a major source of inaccu-
racy in measurement.

Double-Pendulum Impact Test. All the afore-
mentioned impact tests, except for the shear
impact test, are complicated in specimen prepa-
ration and fixturing. The shear impact test, on
the other hand, is simple in specimen and test
preparation. The disadvantages of the shear
impact test are also obvious, and efforts have
been made to improve various aspects of speci-
men preparation, specimen mounting, and test-
ing. A brief discussion of this test can be
found in Ref 21 and 22. A novel impact
testing mechanism has been developed using
two pendulums for testing the impact strength
of various joints, including resistance spot
welds, loaded in either tension or shear. The
basic working mechanism, specimens, and test-
ing of this impact test are presented in this
section.
As shown in Fig. 21, there are two pendu-

lums on this device instead of one, as in a shear
impact tester. A Z-shaped welded specimen
(Fig. 22c) is mounted on one pendulum at one
end and fixed to the machine base at the other
end. The weld is placed at the center joining
the two pieces of bent coupons. In the test, the
impact energy input is defined by the initial
position of the pendulum on the right side,
adjustable by the weight and the angle y0. The
potential energy in this pendulum is converted
into kinetic energy at the bottom when it hits
the other pendulum to which the testing speci-
men is attached. The specimen, under the
impact load, may or may not break. Its impact
strength is measured by the impact energy
absorbed by the specimen, through the maxi-
mum angles (yA and yB) of the pendulums after
impact. A welded joint may not fracture if the
predefined impact energy input is not sufficient,
resulting in only a least estimate of its impact
strength. The tester provides two types of load-
ing to a joint: peeling and tensile-shear, and the
specimens are shown in Fig. 22. In tensile-shear
testing with this device, the specimen is
restrained between the head of the pendulum
on the left and the base of the tester. Little rota-
tion is allowed in the sheets to minimize the
impact energy consumed by sheet deformation
and to maximize the proportion of the shear
component in impact loading.
Force and displacement sensors can be

installed on the tester to understand the detailed
behavior of a welded joint under impact, in
addition to the impact energy measured directly
from the dial meters. Figure 23 shows the force
and displacement profiles when a weld fails by

a weld pull-out. In general, the profiles can pro-
vide a more detailed account of weld impact
strength than the impact energy from measure-
ment of the angle read-outs. This is especially
important when base-metal tearing is involved
during testing. Good testing consistency has
been observed using the tester on mild steels,
high-strength steels under room and low tem-
peratures (down to �60 �C, or �76 �F), and
on self-piercing riveted aluminum joints.

Metallographic Examination

Some of the weld characteristics can only be
revealed through metallographic examination.
For instance, the weld size measured on a frac-
tured weld may be drastically different from the
actual size of the weld nugget, and it is influ-
enced by the loading, property of the weldment,
and others. A metallographic examination
directly exposes the internal structure of a weld,
such as the nugget size and shape, microstruc-
tures of various zones, internal defects, and
so on.
A metallographic examination is usually per-

formed on a specimen cut through a weld along
one of the three planes shown in Fig. 24. For
convenience, sectioning is usually done perpen-
dicular to the coupon length (i.e., transverse
direction), or plane A in Fig. 24. Because of
the different constraint in electrical, thermal,
and mechanical conditions in different orienta-
tions, the development of a weld nugget is not
identical along planes A, B, and C in the figure.
An example of the cross section of an AA5754

Fig. 20 One type of testing specimen for shear impact
loading test Fig. 21 Double-pendulum impact testerFig. 19 Testing specimen for drop impact tests
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weld along plane A is shown in Fig. 25(a). The
weld nugget and some pores close to the center
of the weld are clearly seen. When another
weld, made under an identical condition as that
of Fig. 25(a), is sectioned along the longitudinal
direction, or plane B in Fig. 24, a weld of dif-
ferent shape and size appears, as in Fig. 25(b).
In addition to the voids in the nugget, this cross
section also reveals several liquation cracks in
the HAZ. Such cracking is not visible in the
transverse section of the weld, except a fine
trace of crack in Fig. 25(a), which can be easily
overlooked. The difference in cracking in these
two sections is the result of different constrain-
ing conditions during welding, as discussed in
detail in Ref 10. Occasionally, sectioning is
done along the original faying interface, or
plane C in Fig. 24. One advantage of such sec-
tioning is that interfacial expulsion can be
clearly observed, for instance, in a magnesium
weld (Fig. 26). A large amount of ejected metal
is visible outside of the weld area, through the
liquid network of metals in the HAZ during
welding (Ref 11).
Another common use of metallographic sec-

tioning is for microhardness testing. The hard-
ness value is usually measured along a
diagonal direction across the base metal, the
HAZ, and the nugget, with a constant spacing.
In Fig. 27 (Ref 23), the indents, shown as dots
in the figure, are the marks left from microhard-
ness testing on a transverse cross section of a
DP780 steel weld, with a distance of 0.38 mm
(0.015 in.) between the indents (Ref 23). The
measured microhardness values on welds of
various material combinations are shown in
Fig. 28 (Ref 14).

Nondestructive Testing

The advantages of nondestructive testing of
spot welds are obvious. Such testing can be per-
formed during welding, or on-line, through
monitoring the process signals, or after a weld
is made (off-line). Ultrasonic testing is the most
common test in off-line evaluation of welds.
Both on-line and off-line nondestructive evalu-
ation methods of spot weld quality are dis-
cussed in this section.

Weld-Quality Monitoring Using Process
Signals

Electric tip voltage, current, electrode force,
and electrode displacement are commonly
measured during resistance welding, and they
generally correlate well with the welding pro-
cess and weld quality. A typical data-acquisi-
tion system is shown in Fig. 29 (Ref 24).
Process Signals. Typical profiles of voltage,

current, electrode force, and electrode displace-
ment monitored in alternating current (ac)
welding are shown in Fig. 30. When using
high-magnitude ac welding, the strong induced
magnetic field may corrupt the signals, and

Fig. 22 Schematic diagram of testing procedure and specimen configuration for the double-pendulum impact test
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certain treatment of the collected data, such as
adaptive signal processing techniques, is
needed (Ref 25).
The signals can be roughly classified as input

variables and responses. The electric voltage

and current are obviously input to a welding
process. However, they are affected, in general,
by the welding process and possess the charac-
teristics of response variables as well. For
instance, the electric voltage, monitored during
a normal welding process, as seen in Fig. 30(a),
fluctuates as the electric resistance varies dur-
ing welding and the electric current is con-
trolled to be constant. Therefore, electric
voltage is not a “pure” input. The dual charac-
teristic of both input and response is more

evident for electrode force. As an input vari-
able, its value is selected by the operator, but
it is heavily influenced by thermal expansion
and contraction, as seen in Fig. 30(c). There-
fore, these input variables are responses as well,
and clearly distinguishing inputs from
responses may not be possible or necessary dur-
ing resistance spot welding.
Electric Voltage. Depending on the welding

control mechanisms, electric voltage for resis-
tance welding can be either constant or variable.
When the electric current is kept constant, the
voltage varies with the dynamic resistance dur-
ing welding. The voltage can be easily
measured, because its level for resistance weld-
ing is fairly low. However, the collected signals
are usually corrupted by the induced alternating
magnetic field during ac welding, as shown in
Fig. 30(a). The area of the wire loop of the volt-
age sensor should be minimized to reduce such
an influence. Using a compensating loop is an
effective means to approach this issue.
Electric Current. A very high electric cur-

rent is usually needed in resistance spot weld-
ing, which demands an indirect measurement
of its value. An induced voltage by the welding
current, rather than the current itself, is
measured, and as a result, the measurement
may be polluted by process noises. For a direct
current (dc) or a low-amperage ac, a resistive
shunt method can be applied, in which the volt-
age across a known resistor is measured, and
the current passing through the welding circuit
can be derived. Because of inductance and
resistance in the secondary loop, a welding cur-
rent, either ac or mid-frequency dc, does not
reach the designated value immediately after
the current is switched on. Rather, it ramps up
during the first few cycles of welding. As a
result, the amount of heat may be less than cal-
culated. This may not have much effect on the
process or weld quality in steel welding, but it
should be accounted for in welding aluminum
or magnesium, because the welding time is usu-
ally very short for these alloys.
Dynamic resistance during resistance weld-

ing provides important information for both
welding process and weld quality. It is gener-
ally measured through the electric voltage and
current. This is a straightforward process when
dc is used. However, care must be taken during
ac welding because of the inductance in the
secondary loop.
Because dynamic resistance is a strong func-

tion of the geometric and physical characteris-
tics of a weldment, their changes during
welding are directly reflected in the signals of
the dynamic resistance measurement. As seen
in Fig. 31, the dynamic resistance in welding
a DP600 steel (Ref 24) shows initial melting
of the faying interface (zone 2 in the figure),
continued heating of the stack-up, more melt-
ing, and solidification. Expulsion, when it
occurs, reduces weld thickness and increases
the contact area in a short period of time.
Therefore, it is usually revealed by a sudden
drop in dynamic resistance.

Fig. 24 Sectioning planes through the center of a weld

Fig. 23 Displacement and force profiles of impact for failure by button pull-out. Source: Ref 21

Fig. 25 Views of (a) transverse and (b) longitudinal
sections of AA5754 welds. Source: Ref 7

Fig. 26 Sectional view of an AZ91 weld along the
original faying interface. Source: Ref 11

Fig. 27 Cross section of a DP780 steel weld with
indentations from microhardness testing.

Source: Ref 23
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Electrode displacement is the result of
expansion and contraction of a weldment along
the electrode axis. They are the result of heat-
ing, melting, solidification, and cooling. How-
ever, electrode displacement can only serve
as a qualitative, not quantitative, indicator of
the welding process or weld quality, because
the motion of an electrode is affected by more
than one type of deformation in the weldment.

For instance, heating makes the weldment
expand, yet it softens the solid material and
makes it easier for the electrode to protrude
into the weldment under the applied electrode
force. The varying and nonuniform tempera-
ture and strength distributions in the weldment,
the heating/cooling of the solid, the melting/
solidification, along with constraint from the
sides of the weld, make it difficult, if not

impossible, to quantitatively correlate the elec-
trode displacement with the processes in the
weldment.
Linear variable differential transformers

and fiber-optic sensors are commonly used for
displacement measurement in welding.
The electrode displacement profile, measured
using a fiber-optic sensor, is shown in Fig. 32.
The increased distance between the ele-
ctrodes corresponds to growth of the weldment
thickness due to solid expansion and melting
under heating. The measured electrode dis-
placement is the result of two competing pro-
cesses: an increasing electrode displacement
corresponding to thermal expansion due to
heating, and a decreasing electrode displace-
ment due to softening of the weldment. The
fluctuation in the displacement curve is the
result of alternating cycles of heating (peaks
in the displacement curve) and cooling (valleys
in the curve). Other physical changes may also
be revealed by the electrode displacement mea-
surement. In Fig. 32, a large drop in displace-
ment indicates expulsion, when a sudden loss
of liquid metal reduces the distance between
the electrodes. The magnitude of displacement
drop may be used to describe the severity of
expulsion.
Electrode Force. As an important input var-

iable, electrode force creates necessary
electric contact at the faying interface, contains
the liquid metal to suppress expulsion, and pro-
vides a forging force to prevent porosity forma-
tion and cracking. Electrode force is usually
applied in three stages in a typical welding
cycle: touching, welding, and hold. Because
it is measured by the reaction of the weldment
to the electrodes, electrode force directly
reflects the welding process and can be used
to measure weld quality in a way similar to
electrode displacement.
Figure 33 shows electrode force as a function

of time in a welding cycle. When the electrodes
touch the sheets, the electrode force may
increase steadily or fluctuate, depending on
the stiffness and damping properties of the
sheet stack-up, the stiffness of the electrodes
and welder, and so on. Such vibration may not
affect weld formation if an electric current is
applied after the electrodes are stabilized. How-
ever, an electric arc may be generated if the
current is applied while the electrodes vibrate,
and it may adversely influence weld quality.
Controlling electrode force is an efficient way
to suppress void formation and expulsion, and
a large force is needed to create a large weld
to balance the force from the liquid nugget
(Ref 2).
Pneumatic cylinders are commonly used

to drive electrodes. Therefore, electrode
force is closely associated with the pres-
sure change and follow-up characteristics
of a cylinder. Other driving mechanisms,
such as combined pneumatic and hydraulic sys-
tems, have been developed to control the elec-
trode force in resistance welding. Electric
servo-motor-based welders also provide the
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Fig. 29 Schematic of a typical data-acquisition system. A/D, analog/digital. Source: Ref 24
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opportunity to alter electrode force during a
welding cycle. Electrode force is usually
measured using a strain-gage-based force sen-
sor or a piezoelectric force sensor. It is impor-
tant to realize that, as in measuring other
signals during ac welding, the force signals
could also be heavily corrupted by the induced
voltage.

Ultrasonic Evaluation

The process signals discussed in the previous
sections are important for on-line monitoring of
the welding process and weld quality. However,
they are generally of an indirect nature, and
there is a lack of one-to-one correspondence
between a monitored signal and the welding
process. Therefore, the ability to use process
signals for weld-quality monitoring is limited.

Ultrasonic inspection, on the other hand, has
been quite mature in examining the internal
structure of components. It has been applied to
quality inspection of resistance spot welds as
well, by providing a direct measurement of
the structural characteristics of a weldment.
Various ultrasonic inspection techniques cur-
rently used in resistance welding are briefly
reviewed in this section.
The ultrasonic A-scan technique is also

known as a ring-down technique. It is
basically a plot of wave amplitude versus time
(Fig. 34). When applied to a spot weldment,
the ultrasound is reflected when it encounters
an interface, back to the transducer. As a
result, a series of echoes is formed. The loca-
tion of a reflecting interface, determined by
the echo positions on the time scale, is asso-
ciated with the characteristics of a weldment.

The typically observed waveforms in using the
ultrasonic A-scan technique for evaluating a
resistance spot weld are illustrated in Fig. 34
(Ref 26).
The quality of a weld can be assessed by

examining the features of the echo sequence
in an ultrasonic A-scan. For a large weld of suf-
ficient fusion at the faying interface, the ultra-
sonic wave passes through the faying interface
and is reflected from the back surface of the
stack-up. Figure 34(a) is the ultrasonic echo
waveform for a good weld. In addition to the
time intervals between the peaks corresponding
to the time of flight of the reflected waves, a
rapid attenuation is observed, resulting from
the coarse microstructure in the fused part of
the weld area. An acoustic beam onto a small
weld is split into two parts, and the portion that
is reflected by the unfused faying interfaces cre-
ates small, intermediate echoes, adding to those
passing through the fused area (Fig. 34b).

Fig. 30 Typical profiles of voltage, current, electrode force, and electrode displacement monitored in an alternating
current welding
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Therefore, the echoes obtained are influenced
by the nugget size, relative to the probe diame-
ter, and the position of the probe.
For a weld of insufficient fusion or a cold

weld, the acoustic wave can pass through the
faying interface if there is certain adhesion cre-
ated by melting of the metals, such as the zinc
coating in a hot-dipped galvanized steel or a
small amount of base metal. The insufficient
heating creates surface melting or a shallow
weld with a fine microstructure, and therefore,
little attenuation to the reflected beam results.
Therefore, the echoes measured on a cold weld
(Fig. 34c) have a lower attenuation than those
in Fig. 34(a). When there is no adhesion at the
faying interfaces, reflection occurs only within
the upper plate, meaning no weld. Because
there is no melting and therefore no structural
changes, very slow attenuation is observed in
such a weld (Fig. 34d).
In practice, the use of ultrasonic A-scan

depends heavily on the operator’s experience,
as analyzed in a repeatability and reproduc-
ibility study (Ref 27). The large number of pos-
sibilities of welds in shape, size, microstructure,
internal defect, surface topology of the top and
bottom surfaces, and so on may affect the cor-
rect interpretation of the ultrasonic waveforms.
Ultrasonic B-Scan Technique. Although an

A-scan image provides useful information
based on the thickness and microstructure of a
weldment through the distance between peaks,
decay in the echo magnitude, and overall pat-
tern of the acoustic waveform, the interpreta-
tion is generally operator-dependent. Many
factors, such as probe size, axial and angular
alignment of the probe with respect to the weld,
and irregularities of a weld, affect the opera-
tor’s interpretation of weld quality.
As a significant improvement to A-scan,

ultrasonic B-scan overcomes many of the short-
comings of A-scan for weld-quality inspection.
An ultrasonic B-scan image is a plot of elapsed
pulse time (from reflections) versus the position

of the transducer along a line on the surface of
the testpiece (Fig. 35). Echo intensity is not pre-
sented directly, as it is in A-scan inspection, but
is often indicated semiquantitatively by the rel-
ative brightness and/or color of echo indica-
tions. An ultrasonic B-scan display can be
likened to an imaginary cross section through
the testpiece, where both front and back sur-
faces are shown in profile.
Unlike in A-scanning, in which the signals are

collected with a stationary probe positioned on
the top of the weld, the probe is moved across
the weld surface in B-scanning. At each location,
echoes are generated, as in an A-scan, from
the interfaces between the top and back
surfaces. A sequence of such echoes created
when the probe slides along a line through the
weld center on the top surface forms a B-scan
image. A correctly constructed B-scan image is
able to reveal the location and size of various
geometric features of a weldment, including the
indentation, nugget, voids and cracks, and
degree of adhesion for distinguishing cold welds.
A schematic B-scanner is shown in Fig. 36.
Various welds were generated and examined

(Ref 28) by using a B-scan inspection system
developed by Applied Metrics. The image of a
good weld is shown in Fig. 37. On the top plate,
the surfaces of the base metal are clearly distin-
guishable from that of the indentation from the
rupture of continuous echoes of the top surface
at the indentation walls. There is an undefined
zone at the junction between the surfaces of
the base metal and the indentation, resulting
from a loss of signals at the inclined indentation
wall on which the reflected acoustic beam does
not directly reach the receiver. Such a region
widens as echoes decay.
The echoes of the top plate can be used to

accurately measure the thickness of the plate,
which can also be used to calibrate the mea-
surement of other thicknesses of the weldment,
for example, weld thickness. The top surfaces
of a weldment, that is, the surface of the base

metal and that of the indentation, are differen-
tiated by B-scan. The difference is amplified
by the different travel speeds of the ultrasonic
beam in different media. The indentation area
appears deeper than it is, relative to the top sur-
face of the base metal, because it takes a longer
time for the acoustic beam to travel through
water. The indented surface also reflects the
topology of the electrode and can be used as
an indicator of the electrode condition. The
echoes under the electrode impression (in the
range of the indentation) provide information
on the nugget width, weld thickness, and inter-
nal defects.
From an ultrasonic B-scan image, weld geo-

metric attributes can be derived, and they usu-
ally comprise of the indentation width and
depth, nugget width, weld thickness, projection
of an internal discontinuity, trace of expulsion,
degree of fusion, and the difference in grain
structures between the fused area and other
parts. Some examples of evaluating spot welds
of various characteristics are shown in the fol-
lowing. A more complete discussion can be
found in Ref 28.
Figure 38 shows the B-scan of a weld with an

internal crack created by welding with electro-
des of annular tips. The crack, which is parallel
to the faying interface, is clearly visible at the
center of the fused area in the ultrasonic image.
It is noticeable that the relative width of the
crack appears bigger than that observed in the
corresponding metallographic sectional view
(on the right). The reason for this is that when
the probe moves toward the crack in the nugget,
assumed from left to right, an echo from the
crack is registered once the crack tip is encom-
passed by the ultrasound beam diameter at the
depth of the crack, even when the crack tip is
not yet at the center of the ultrasound beam,
which is used as the location of the echoes.
As a result, the crack appears earlier in the
B-scan image than its actual physical location.
Care should be exercised when quantitatively
measuring the width of the crack.
A cold weld results when there is insufficient

fusion at the faying interface. This is illustrated
by very similar echoes from the weld area to
those from the original faying interface, accom-
panied by a slight bending of the base metal
due to thermomechanical deformation in an
ultrasonic image of a cold weld (Fig. 39).
Although all cold welds are the result of insuf-
ficient heating, the amount of fusion could be
drastically different among them. In other
words, they may have different degrees of
“coldness.” Some cold welds may have consid-
erable strength, and others may behave like a
“no-weld.” The degree of coldness can be eval-
uated by ultrasonic B-scan through the color
(strength) and thickness of the echoes of the
faying interface in the image.
As seen in Fig. 39 for a cold weld, the B-scan

image shows little difference in the weld area
from the back surface of the top plate. The sec-
tioning through plane C in Fig. 24 of the weld-
ment reveals melting of the zinc coating as well

Fig. 33 Electrode force profile during welding

Evaluation and Quality Control of Resistance-Welded Joints / 499



as some base metal at the center of the weld. In a
B-scan image, the degree of fusion is reflected by
the color, brightness, and thickness of the ech-
oes. Increasing heat input, as observed in Ref
28, results in more base-metal melting and less
degree of coldness. The corresponding changes
in a B-scan image are that the colors of the ech-
oes of the weld start to differ from those of the
back surface of the top plate, and the echoes
become thinner. For instance, the weld in Fig.
40 was made with 1000 A more current than that
in Fig. 39, with more base-metal melting. The
first echoes of the B-scan image of the weld are
darker in color and thinner in thickness com-
pared with that of less heat, because of less
reflection from the original faying interface as
more acoustic beam penetrates the interface,
resulting from more fusion. The intensity of the
echoes from the back surface of the weld, on
the other hand, increases with brighter color.
The difference between welds of different
amounts of fusion is amplified by the attenuation
of the signals, that is, the attenuated echoes. The
attenuation rate of the hotter weld is higher, due
to the coarse structure in the fused area.
In addition to ultrasonic A-scan and B-scan,

arrays of ultrasonic probes are also used to obtain
information on the in-plane attributes of a weld
along the faying interface. These probes are cur-
rently in the development stage at a number of
universities and industrial research laboratories.
In-Line Ultrasonic Test Monitoring.

Besides off-line measurement of weld quality,
attempts have also been made to use ultrasonic
waves for on-line quality control. Generally,
there are two different approaches for this pur-
pose: the pulse-echo method and the through-
transmission method. The former relies on ana-
lyzing the reflected echoes of ultrasound in a
way similar to an A-scan (Ref 29). Difficulties
may arise in interpreting the echoes, because
the amplitude of the reflection and the time of
flight are both strongly temperature dependent.
The multiple interfaces, including the elec-
trode-sheet interfaces, may complicate the inter-
pretation. In the through-transmission method,
the ultrasound signals are beamed from one side
of the welding stack-up and received on the other
side, as shown in Fig. 41 in the work by
Kocimski et al. (Ref 30). The time of flight
through a resistance spot welding setup was used
to monitor weld quality at the moment the elec-
tric current was turned off. Because the transmis-
sion of the ultrasound through the weld stack-up
is affected by the changes in the sheet metals, the
difference in time of flight between two stages of
welding, for example, before and after applying
the welding current, can be used to evaluate the
weld formed. The changes between the original
and the welded stack-up due to welding, which
are reflected in the ultrasound characteristics,
include microstructure, adhesion at the faying
interface, indentation, and temperature rise in
the various media, including the cooling water,
electrode, and weldment. Such changes are
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reflected in the transmitted ultrasonic waves, and
they are used to predict weld quality through a
correlation between the quality and the changes
in ultrasonic signals.
Because the received signals contain the con-

tributions of all components in the path of ultra-
sonic wave propagation, it is necessary to
isolate the portion resulting from fusion of the
sheets. This requires an understanding of the
temperature distribution in the setup. Finite-ele-
ment modeling was used in the work by
Kocimski et al. (Ref 30), and a good agreement
with experimental results was obtained.
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Introduction to High Energy Density
Electron and Laser Beam Welding
J.W. Elmer, P.W. Hochanadel, K. Lachenberg, and T. Webber

HIGH ENERGY DENSITY BEAM
WELDING refers to electron or laser processes
where a beam of electrons or photons, respec-
tively, can be focused to power densities high
enough to melt and vaporize the metals being
joined. The high power densities and associated
metal vaporization can be used to produce
welds with high depth-to-width aspect ratios,
small heat-affected zones, and reduced distor-
tion. In certain applications, high energy den-
sity beam welds can offer both high quality
and cost-effectiveness when compared to other
welding methods. Although there are many
similarities between electron and laser welding
techniques, there are also many significant dif-
ferences. This article provides a brief history
of electron and laser beam welding, discusses
the properties of electrons and photons used
for welding, and contrasts electron and laser
beam welding by way of an introduction to
the sections that follow, where each process is
described separately. In addition, a section is
included on the growing field of microjoining
with electron and laser beams, which is
becoming more important as miniaturization
of components continues in the areas of micro-
electronics, implantable medical devices, sen-
sors, optoelectronics, and micromechanical
systems. Although many of the principles are
the same between macro- and microjoining,
when weld dimensions become less than a mil-
limeter, spot size, beam control, and part
manipulation become more challenging, joint
preparation and cleanliness become more
important, and not all of the material properties
scale at the same rates. These factors bring new
challenges to both the technological and metal-
lurgical aspects of microjoints made by electron
and laser beams.

History of Electron Beams
and Laser Beams

The development of electron beams used for
welding began in Europe in the mid- to late-
1950s. In Germany around 1958, scientist

Karl-Heinz Steigerwald was conducting experi-
ments on a transmission electron microscope
and observed melting of the small samples as
the beam current was increased (Ref 1, 2).
About the same time in France, Dr. Jacques-
Andre Stohr was looking to weld reactive mate-
rials with x-ray tube systems and began to
develop electron beam welding through work
carried out by the Commissariat Energie Ato-
mique (CEA) (Ref 3–5). At the time, the sci-
ence behind the production, acceleration, and
focusing of electron beams in vacuum was well
understood, so it was a relatively straightfor-
ward process to design and build systems large
enough for welding practical materials once
these initial ideas had germinated. The intro-
duction of electron beam welding to
manufacturing technology is important enough
that one of the earliest electron beam welding
machines from Steigerwald has been preserved
and is on public display at the Deutsches
Museum of Technology in Munich, Germany.
By the early 1960s, high-voltage (125 to 150
kV) electron beam welding systems were being
fabricated and sold by the Carl Zeiss Company
in cooperation with Hamilton Standard, a divi-
sion of United Technologies Corporation, and
low-voltage (15 to 60 kV) systems by Sciaky
SA through license agreement with CEA,
which extended to Sciaky Brothers in the
United States (Ref 3). These early machines
were fabricated mostly for laboratory and lim-
ited commercial use. By the 1970s, electron
beams became the welding method of choice
for high-quality precision welds. The driving
force for new developments during this time
came mainly from the nuclear and aerospace
industries, where 5 to 100 kW (7 to 130 hp)
systems were developed for deep-penetration
welding (Ref 2, 6). High-voltage systems, 150
to 200 kV, were developed to operate at less
than 100 mA of beam current, while low-volt-
age systems, 30 to 60 kV, were developed to
operate at higher beam currents of up to 1 A,
with powers exceeding 50 kW (67 hp). The
largest and most powerful electron beam welder
to date was developed in Japan, reaching 300

kW (400 hp) at 600 kV, and was able to pene-
trate up to 305 mm (12 in.) of steel (Ref 7, 8).
Both high- and low-voltage electron beam

welding systems were later integrated with
computer numerical control systems using
both fixed- and movable-head electron beam
welding guns in the 1970s and 1980s to access
greater commercial applications. Other
advances in electron beam welding technology
included out-of-vacuum welding systems, seam
tracking, and beam rastering, which spurred
new applications for heat treating, drilling, cut-
ting, and cladding. Today (2011), electron
beam welding is the method of choice for larger
components that require welds to be made in
vacuum, such as with reactive materials and
hermetic vacuum sealing, and for welds with
penetrations greater than approximately 12
mm (0.5 in.). Electron beam welding continues
to evolve through the development of new
applications, such as free-form fabrication with
wire or powder filler metals (Ref 9), and rapid
deflection optics to scan the beam in a way to
allow a part to be simultaneously heat treated
and welded with one beam, or allow multiple
welds to be made using one beam (Ref 10,
11). In addition, electron beam diagnostics are
being continually improved to provide a greater
measure of quality control for electron beams
that was not available in the past (Ref 12–14).
These diagnostics are on par with diagnostics
used for measuring power density distributions
in continuous-wave laser beams and allow the
two processes to be quantitatively compared.
The number of electron beam welders appears
to be approaching a steady-state value, where
a rough estimated number of installed electron
beam welders in the world is on the order of
2000 (Ref 3), which is approximately one-half
the number of installed kilowatt-level high-
power lasers used for welding (Ref 15).
While electron beam welding was being

developed in the late 1950s and early 1960s
for commercial applications, lasers were being
invented and discovered in research labora-
tories in the United States. Many good articles
exist on the early development of lasers, the



term first given to represent light amplification
by stimulated emission of radiation by Gould
in 1959 (Ref 16), so only a short introduction
is provided here. The invention of the laser
can be traced to the pioneering work performed
in microwave electronics by A.L. Schawlow
and C.H. Townes at Bell Laboratories for their
work on infrared masers in 1958 (Ref 17).
The first working laser, which was a solid-state
flash-lamp-pumped synthetic ruby crystal laser
that operated in a pulsed mode at 0.694 mm
(27 min.) wavelength, was developed in 1960
by Theodore Maiman at Hughes Research
Laboratories (Ref 16). Shortly afterward, gas
lasers based on helium and neon were devel-
oped at Bell Labs and were capable of being
scaled to high powers due to easier heat man-
agement of the gas lasing medium (Ref 16). In
1962, semiconducting laser diodes were also
developed at Bell Labs, further demonstrating
the wide range of media capable of generating
laser light (Ref 16).
Early lasers were not much more than labora-

tory curiosities, and it took more than a decade
for their real commercial potential to be devel-
oped in consumer products, such as barcode
scanners, compact disc players, laser pointers,
laser printers, and materials processing ap-
plications. The majority of lasers used for weld-
ing today (2011) are either yttrium-aluminum-
garnet (YAG) crystal solid-state lasers doped
with neodymium or ytterbium, or CO2 gas
lasers. However, direct-diode lasers are now
commercially available with high enough beam
quality at high powers to be used for welding
and other materials applications (Ref 18). The
Nd:YAG and CO2 lasers were both developed
at Bell Laboratories in 1964, and although both
operate in the infrared wavelength range, they
have wavelengths that are an order of magni-
tude apart: 1060 nm (42 min.) for Nd:YAG
and 10,600 nm (420 min.) for CO2. This differ-
ence in wavelength results in different interac-
tions with materials and requires different
types of optics and laser delivery systems to
be used for each. These differences, and the
ease at which gas lasers were scaled up in the
early years, led to CO2 laser dominance of
high-power laser applications, oftentimes com-
peting with electron beams, while solid-state
YAG lasers were used primarily for precision
and low-power applications. By the early
1970s, CO2 lasers had reached the 20 kW (27
hp) level, while flash-lamp-pumped Nd:YAG
lasers were limited to only 400 W (0.5 hp)
(Ref 19, 20). Today (2011), diode-pumped
Nd:YAG lasers are available with powers up
to 4 kW (5 hp), and direct-diode lasers are
available with powers up to 10 kW (13 hp).
The CO2 lasers dominate the gas laser market
and are commonly used for welding and cut-
ting, with powers as high as 45 kW (60 hp)
(Ref 21).
New-generation high-brightness lasers are

being developed with ever-increasing powers.
Disc lasers are now commercially available
with powers up to 16 kW (21 hp), and fiber

lasers are available with powers up to 50 kW
(67 hp) for military and commercial applica-
tions, with 200 kW (270 hp) powers planned
for the near future (Ref 22). Note that the term
brightness is used in this article as a descriptive
term to refer to the quality of the laser beam,
where higher brightness refers to higher-quality
beams. These new-generation lasers use lasing
media that are thin in at least one dimension
so that heat can be removed from them effi-
ciently. With less heating of the lasing media,
higher-quality, higher-brightness beams are
produced. In the case of disc lasers, the lasing
crystal is a thin disk measuring only approxi-
mately 10 mm (0.4 in.) diameter and less than
1 mm (0.04 in.) thick. In the case of fiber lasers,
the active lasing medium is a long, thin fiber
only 10 mm (0.0004 in.) diameter.
High laser powers are now available from

many suppliers, and after the overall power
level for an application is established, the qual-
ity of the beam becomes the next important
consideration. The quality of the beam affects
how well the laser can be focused and deliv-
ered, and there are different ways to measure
beam quality. One common measure of laser
beam quality is the beam parameter product
(BPP), which represents how tightly the beam
can be focused under a limited divergence con-
dition. The BPP is discussed in more detail later
but is used in Fig. 1 to compare the beam qual-
ity of different types of lasers as a function of
beam power up to their respective maximum

powers. Lower BPPs refer to more tightly
focused and less divergent beams and are
desired for precise cutting, deep keyhole weld-
ing, and long focal-length conditions. Diode
lasers have the largest BPPs, which makes them
most attractive for lower power density applica-
tions, where larger beam diameters and lower
power densities are desired. Their high powers
combined with large BPPs make them also very
useful for nonwelding applications, such as
large-area heat treating and cladding. Diode
and flash-lamp-pumped Nd:YAG rod lasers
are available from many sources with BPPs
between 10 and 20 mm-mrad at the 4 kW (5
hp) level. These lasers, along with CO2 lasers,
have lower BPPs than diode lasers and domi-
nated the laser welding and cutting market until
solid-state disc and fiber lasers became com-
mercially available. Disc lasers currently have
BPPs on the order of 8 mm-mrad at the 8 kW
(11 hp) level, while single-mode fiber lasers
are now available with powers up to 10 kW
(13 hp) and BPPs at the limit of diffraction
for 1060 nm (42 min.) beams of 0.37 mm-mrad.
The CO2 lasers below 10 kW can have similar
diffraction-limited beam quality but have BPPs
approximately 10 times as large as fiber lasers
due to their longer wavelength. At power levels
higher than 10 kW in CO2 (up to 45 kW, or 60
hp) and fiber (up to 50 kW, or 67 hp), the BPP
increases to the 6 to 8 mm-mrad range, because
less-perfect multimode beams are required to
generate these powers.

Fig. 1 Beam parameter product (BPP) plotted versus laser power up to the highest commercially available power
levels for six different types of lasers. SM and MM refer to single-mode and multimode fiber lasers,

respectively; Nd:YAG refers to neodymium: yttrium-aluminum-garnet laser. The estimated BPP range for electron
beams is shown for comparison.
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While the quality of laser beams is typically
measured using the BPP, electron beam tech-
nology has not traditionally used the same con-
vention, making it difficult to compare the two
processes directly. However, estimates of elec-
tron beam quality can be made using diagnostic
measurements of the beam power density distri-
bution (Ref 23) and approximations of the
beam divergence. Recent measurements of
electron beams have been performed to deter-
mine the BPP of kilowatt-level electron beams,
showing BPP values between 0.75 and 1.3 mm-
mrad (Ref 11, 24, 25). This range is plotted in
Fig. 1 for comparison with lasers, indicating
that an equivalent BPP for electron beams is
smaller than that of CO2 lasers but larger than
that of solid-state single-mode lasers. Addi-
tional work needs to be done to characterize
electron beam quality using advanced diagnos-
tics to determine the influence of operating
voltage, cathode size and shape, and electron
gun design on beam quality. However, it is
clear that the recent increase in the quality
and power of solid-state lasers has resulted in
a large overlap of welding capabilities between
CO2 lasers, solid-state lasers, and electron
beams, providing users with many options
when selecting high energy density beam weld-
ing processes.

Properties of Electron and Laser
Beams

Electron Beams

Electron beams are composed of electrons
that are charged particles having a rest mass
of 9.1 � 10�31 kg and can be accelerated in
electron guns to relativistic velocities, giving
them high kinetic energies. At 10 kV (13 hp),
electrons travel at approximately 20% of the
speed of light, while at 200 kV (270 hp) they
travel at approximately 70% the speed of light
(Ref 2, 26). The kinetic energy is the source
of heat used for welding as the electrons in
the beam rapidly slow down and deposit their
energy into the substrate. The depth that the
electrons penetrate into a substrate depends on
the energy of the electron and the properties
of material being welded and most importantly,
is inversely related to the atomic number, Z.
The penetration depth is often calculated using
Carlo methods to account for multiple atomic
collisions as the electrons continuously slow
down (Ref 27). These calculations indicate that
150 kV (200 hp) electrons penetrate 10 to 100
mm (400 to 4000 min.) in metals (Ref 26); thus,
the majority of the electron energy is deposited
in a rather thin surface layer. Electrons, being
charged particles, interact with all types of mat-
ter, which places restrictions on how they are
focused and delivered to the parts being
welded. Unlike lasers, electron beam focusing
is performed using magnetic lenses that do not
function to the same degree of precision as
optics for lasers. However, this magnetic lens

property does allow for dynamic adjustments
of beam deflection and focus through computer
control. Caution should also be used when
working with magnetic and ferromagnetic
materials and weld tooling so that the beam
does not inappropriately deflect from the
intended target. In addition, electron beams
interact with gas molecules to the extent that a
100 kV (134 hp) beam will lose 90% of its
energy after propagating through only 46 cm
(18 in.) of air (Ref 26). Electron beam welding
is therefore most typically performed under
medium-to-high vacuum conditions of 13 to
0.13 mPa (10�4 to 10�6 torr) in large vacuum
chambers to accommodate the welding of large
structures (Ref 2, 6, 7). This vacuum environ-
ment is advantageous for welding materials that
are reactive or refractory or require low levels
of atmospheric contaminants. On occasion,
electron beam welding is performed under non-
vacuum conditions, but the beam must be kept
very close to the surface of the part. Although
the depth of the weld is significantly reduced
compared to vacuum welding, numerous appli-
cations, particularly in the automotive industry,
are found for out-of-vacuum electron beam
welding (Ref 6, 28).
After electrons strike the substrate, they pri-

marily lose their energy through elastic and
inelastic scattering with atoms, causing the
electrons to slow down as they deposit their
energy into the material being welded (Ref 26,
27). In the process of slowing down, the elec-
trons produce a spectrum of electromagnetic
waves, particularly x-rays, which present a
health and safety hazard that requires adequate
shielding to protect the operator. Some of the
electrons are backscattered from the surface,
resulting in energy that is not deposited into
the substrate. The fraction of backscattered
electrons increases with atomic number, from
approximately 0.1 for low-Z materials such as
aluminum to nearly 0.5 for high-Z materials
such as tantalum (Ref 2). Electrons can also
be treated as waves instead of charged particles,
according to the de Broglie equation � = h/p,
where � is the wavelength of the electron, h is
Planck’s constant, and p is the electron momen-
tum (mV) (Ref 29). Using this relationship and
the relativistic velocity of the electrons to
account for their increased mass at these speeds
(Ref 29), the wavelength of electrons used for
welding is smaller than atomic dimensions,
ranging between � = 0.0123 nm (0.0005 min.)
at 10 kV and � = 0.0025 nm (0.0001 min.) at
200 kV (Ref 29). These wavelengths are signif-
icantly less than photons used for laser welding,
and this difference represents a fundamental
difference between how electron and laser
beams interact with materials.

Laser Beams

Lasers are devices that emit light (photons),
typically in a narrow wavelength range (mono-
chromatic) that is spatially coherent (in phase).

These properties allow lasers to be focused to
much higher power densities than would be
possible from incoherent multispectral light
sources, giving lasers the ability to be used for
a wide variety of materials processing applica-
tions, such as welding, cutting, drilling, and
micromachining. Laser beams can be trans-
ported through air or inert gases and thus do
not require the large vacuum chambers used
for electron beam welding, which opens up a
host of possibilities not readily accessible to
electron beams. One of the most fundamental
properties of laser beams is wavelength, which
can vary from the ultraviolet to the visible and
the near- and far-infrared regions of the electro-
magnetic spectrum. However, the majority of
lasers used for welding have wavelengths close
to either � = 1060 nm (42 min.) (solid-state
lasers) or � = 10,600 nm (420 min.) (CO2

lasers), representing a factor of 105 to 106 lon-
ger wavelengths than electron beams used for
welding.
The minimum spot size of focused laser

beams, and electron beams, operating under
ideal conditions is ultimately limited by diffrac-
tion (Ref 29, 30). The minimum or diffraction-
limited spot size for an ideal beam is given by
dmin = 2.44�(f/xc), where dmin is the smallest
spot size of the laser beam, f is the focal length
of the lens, and xc is the coherence length of the
beam taken to be the collimated beam diameter
(Ref 30). Because the smallest-diameter spot is
directly related to the wavelength of the beam,
�, smaller-wavelength electron beams can, in
principle, be focused to many orders of magni-
tude smaller spot sizes than laser beams. How-
ever, the combination of the large size of the
cathodes that emit the electrons, the compara-
tively poor quality of electron optics used for
welding, and the mutual repulsion of electrons
(space charge effect) prevents high-power elec-
tron beams used in welding from being focused
to their diffraction limit. In fact, the sharpest
focus conditions for most electron beam
welders produce spot diameters on the order
of 200 mm (0.008 in.) (Ref 12–14). On the other
hand, high-power laser beams can be focused to
diameters less than 100 mm (0.004 in.) for
solid-state lasers with small f-number (ratio of
focal length of lens to collimated beam diame-
ter) optics (Ref 30). High-power CO2 lasers,
because of their longer wavelength, are at a dis-
advantage compared to solid-state lasers. How-
ever, their ability to produce Gaussian-like
TEM00 modes with low M2 values (discussed
later) at powers approaching 10 kW (13 hp)
enables CO2 lasers to maintain low BPPs and
produce smaller spot sizes at high powers than
Nd:YAG lasers, and similar spot sizes to fiber
lasers at the 10 kW level.
Characterization and definition of laser beam

propagation is important in order to compare
different lasers and different optical configura-
tions. This subject is discussed in many refer-
ences and is detailed in ISO standard 11146
(Ref 31). A schematic drawing of the propaga-
tion of a laser beam is shown in Fig. 2, which
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illustrates several important beam characteris-
tics. As the beam is focused, the circular cross
section, defined by either the second moment
or 86% width (Ref 31), decreases in size as it
converges to the waist of the beam where the
sharpest spot occurs. The beam radius as a
function of Z-axis position, R(Z), reaches a
minimum radius, Ro, at the beam waist. The
Rayleigh length, ZRL, is the Z-axis distance
above or below the minimum beam radius,
where the radius at that point, RRL, increases
by a factor of square root of 2, and the area of
the beam is doubled. The beam diverges at a
half-angle of y in the far field, with the full
beam angle of Y = 2y. The BPP is defined
as the product of the half-width (beam
radius) at the beam cross-over location and the
beam divergence angle (BPP = yRo) and has
units of mm-mrad (Ref 31, 32). Note that the
half-divergence angle, y, is used and not
the full-divergence angle for this calculation.
The BPP is often used as a measure for compar-
ing the quality of different laser beams and is a
fundamental property of the beam and is not
affected by the configuration of the output
optics. Another common measure of the beam
quality is M2, which is a dimensionless number
defined as the ratio of the true BPP to the ideal
BPP for a perfect Gaussian beam. It indicates
how far the beam is from an ideal, diffraction-
limited beam. Alternatively, K, which is defined
as the reciprocal of M2 (K = 1/M2), is used as
yet one more measure of beam quality, as a

matter of convenience. These definitions, and
more details of beam quality, can be found in
standard laser beam texts or beam-quality refer-
ences (Ref 31).
Solid-state lasers operating at or near 1 mm

(40 min.) wavelength have rapidly evolved over
the past decade from flash-lamp-pumped and
diode-pumped rods to disk, fiber, and direct-
diode lasers used for materials processing.
These advances in technology have created
commercial products with a wide variety of
beam qualities and power levels, which are
finding applications from low-brightness appli-
cations for welding of plastics, soldering, and
brazing to high-brightness applications such as
keyhole welding. Figure 3 plots these different
regions on coordinates of BPP versus laser
power, as redrawn and modified from Ref 18
to include keyhole welding, cutting, and dril-
ling. Because the BPP is defined as the product
of the beam radius at the beam waist with the
far-field beam divergence, smaller numbers cor-
respond to brighter beams that can be focused
to higher power densities. More than 3 orders
of magnitude of BPP are plotted in this figure,
which cover a wide range of materials proces-
sing applications from large-area heat treating
of metals at high powers without melting the
substrate, to intense beams used for keyhole
welding, cutting, and drilling. Although the
regions of interest are only approximate and
may vary by application, the overall plot is a
useful starting point when considering the type

of laser and optical configurations required for
a given job. Even though high-brightness lasers
can be defocused to low-beam intensities, the
higher cost of these systems may make less-
expensive, lower-brightness lasers more cost-
effective for selected applications.
Just as electron beams can be described in

terms of either energy or wavelength using the
de Broglie equation, so can laser beams.
Because photons have no mass and travel at
the speed of light, the relationship is simplified
to E = 1.240/�, where � is in nm and E is in
keV. Thus, the energy of a 1060 nm Nd:YAG
laser beam is only 1.16 eV, and that for a
10,600 nm CO2 laser is 0.116 eV, both being
considerably smaller in energy than their elec-
tron beam counterparts. The lower energy and
longer wavelengths of laser beams compared
to electron beams results in significantly differ-
ent beam/material interactions, particularly the
fraction of energy that is absorbed by the sub-
strate, which strongly depends on both the laser
wavelength and the material properties (Ref
33). In addition, other factors, such as tempera-
ture, beam intensity, polarization, angle of inci-
dence, alloy composition, surface roughness,
oxide layers, and contamination, contribute to
the absorption of laser beams (Ref 33).
Laser absorption increases as the wavelength

decreases, and this factor is important when
selecting the type of laser to use for a given
application. The absorption for CO2 lasers
operating at 10,600 nm is 1/5 to 1/10 that of

Fig. 2 Illustration of the propagation of a focused laser
beam as the beam radius, R(z), varies along the

Z-axis. The beam parameter product (BPP) is a
fundamental property of the beam and is a useful way
to compare different laser beams.

Fig. 3 Beam parameter product (BPP) plotted versus laser power, showing typical regions used for low- and high-
brightness laser applications
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solid-state lasers operating at 1060 nm on metal
surfaces. Even for solid-state lasers with wave-
lengths of 1060 nm, the absorption is rather
low. For example, absorption at 1060 nm is less
than 0.5 for the highest-absorbing metals, such
as titanium, and less than 0.05 for highly reflec-
tive materials, such as silver and gold, at room
temperature (Ref 33). Significantly higher laser
absorption on highly reflective metals such as
gold and copper can be achieved by decreasing
the wavelength into the green at 532 nm (21
min.) (Ref 34) or even lower wavelengths.
These lasers are just now becoming commer-
cially available in small packages with 10 W
(0.01 hp)-level powers that are ideal for micro-
electronic and small-component applications.
For material/laser combinations where the

absorption is low, the fraction of energy not
absorbed by the substrate is reflected and may
or may not contribute to further heating of the
material, depending on the weld geometry.
The beam energy is absorbed in a very narrow
surface layer because the photons interact only
with electrons at these energy levels. This depth
of penetration of the photons, or attenuation
length, is inversely related to the material
absorption coefficient, a. The penetration depth
of the photons is on the order of 10�1 to 10�2

mm (4 to 0.4 min.) in metals, which is less than
the wavelength of the laser beams. This shallow
penetration is considerably smaller than that of
electrons used for welding, which allows lasers
to vaporize materials more easily, and is one
reason why lasers are preferred over electron
beams for precision cutting, drilling, scribing,
marking, and micromachining.

Comparison between Electron
and Laser Beam Welding

Beam quality measurements such as BPP are
a good way to compare the brightness and
focusing ability of different laser and electron
beams. However, the power density, which is
defined as the ratio of the absorbed power to
the area of the beam, is the important parameter
for determining how the beam will interact with
a given material. High power density beam
welding requires beams with power densities
that exceed approximately 105 W/cm2 (1.55 �
104 W/in.2), which is the level at which most
metals will begin to vaporize rapidly beneath
the beam (Ref 35). As the power density
increases above this level, the rate of vaporiza-
tion increases, producing deeper welds with lit-
tle increase in the weld width. At a power
density of 106 W/cm2 (1.55 � 105 W/in.2), the
depth-to width ratio of the weld can exceed 10
to 1. Further increases in power density above
107 W/cm2 (1.55 � 106 W/in.2) can create such
intense vaporization that metal is ejected from
the keyhole, and the beam begins to enter a cut-
ting rather than welding mode.
The power density is primarily controlled by

the focal spot diameter and the beam power.

Figure 4 plots this relationship, showing the
power required to achieve a given power den-
sity as a function of beam diameter. For exam-
ple, to achieve a power density of 106 W/cm2

(1.55 � 105 W/in.2), a 200 mm (0.008 in.) diam-
eter beam only requires approximately 300 W
(0.4 hp) of power, whereas a 1 mm (0.04 in.)
diameter beam requires approximately 8 kW
(11 hp) of power. Both laser and electron
beams easily achieve the power density
required for rapid vaporization and keyhole
welding. To reach the higher power density
limit of keyhole welding of 107 W/cm2 (1.55
� 106 W/in.2), continuous beams of 5 kW (7
hp) would need to be focused to a diameter of
approximately 250 mm (0.01 in.). This diameter
and power combination has been easily
achieved by electron beams for decades and is
now being equaled, and surpassed, by solid-
state lasers that can deliver these power levels
through 100 mm (0.004 in.) diameter fibers
with similar or smaller focused spot sizes,
depending on the optics. These tightly focused
laser beams now have the ability to produce
power densities too high for welding and may
need to be lowered in intensity by stepping up
to larger-diameter fibers, using longer focal-
length lenses, and/or defocusing the beam to
produce acceptable welds.
When a beam interacts with a surface, not all

of the beam power is absorbed by the substrate,

and one of the largest differences between laser
and electron beams is the difference in absorp-
tion characteristics for lasers of different wave-
lengths and electron beams. Absorption of the
beam is typically less for photons than electrons
under most circumstances, and the differences
can be large. Because the material must first
absorb enough energy to melt before it can
vaporize to form a keyhole, there is a power
density level below which welding will not
occur. This power level is highly dependent
on the absorption as well as the thermophysical
properties of the metal. While electrons
instantly begin to penetrate the substrate and
form a keyhole at 105 W/cm2 (1.55 � 104 W/
in.2), lasers may not if the reflectance is high
enough to prevent a substantial portion of the
beam from being absorbed. For electrons,
where absorption is high, calculations show
that materials with low thermal diffusivity,
such as stainless steel and titanium alloys,
will begin to melt at 5 to 10 times lower
power densities than high-thermal-diffusivity
metals such as copper and gold (Ref 7). For
lasers, though, this threshold value may be as
large as 2 orders of magnitude between high-
reflectivity and high-conductivity metals or
between low-conductivity and low-reflectivity
metals (Ref 7). Pulsed lasers minimize the
absorption problems at low powers by produc-
ing higher peak power densities than their

Fig. 4 Constant power density boundaries showing the relationship between the focused beam diameter and the
absorbed beam power for approximate regions of keyhole-mode welding, conduction-mode welding,

cutting, and drilling

Introduction to High Energy Density Electron and Laser Beam Welding / 511



continuous-wave counterparts, while maintain-
ing the same average power. Electron beams
can be pulse modulated for hole drilling, which
is occasionally used for keyhole stability. How-
ever, pulse modulation does not increase the
peak power density of electron beams and is
not a technique used for initiating a keyhole in
welds.
Travel speed plays the other major role in

how the beam interacts with the substrate,
because the energy density, rather than power
density, is the parameter that ultimately con-
trols the response of the material to the beam.
The faster the beam moves, the less energy is
deposited per unit length of weld, and the pene-
tration decreases. The energy deposited per unit
length of weld (J/mm) is defined by the beam
power (W) divided by the travel speed of theweld
(mm/s) and is one measure of how the travel
speed influences weld behavior. Analytical solu-
tions to heat-flow relationships in high power
density welding (Ref 20, 36, 37) can be used to
estimate the influence of welding speed on the
threshold for surface melting and vaporization
that leads to deep-penetration conditions, while
more advanced models are continually evolving
to predict the complicated relationships between
welding variables and keyholeweld shape. These
advanced numerical models use a coupled ther-
mal-fluids approach to solve the equations of
conservation of mass, momentum, and energy
in three dimensions and must calculate the tem-
perature distribution on the inside surface of the
keyhole wall. In the case of lasers, multiple
reflections of the beam off of the keyhole wall
must be considered in how the keyhole is estab-
lished and maintained (Ref 38). In the case of
electron beams, the presence of welding in vac-
uum must be considered (Ref 39). More details
about the numerical modeling of high power den-
sity beam welding can be found elsewhere in this
Handbook.
A number of articles that compare laser and

electron beam welding processes have been
written. However, many of these comparisons
are more than a decade old and have not kept
pace with the recent advances in these technol-
ogies (Ref 40–45). Nevertheless, much of the
reasoning behind the comparisons is still valid.
For example, electrons require a vacuum to
propagate the beam, and they generate large
amounts of x-rays. Lasers, on the other hand,
may require shielding gases, have higher reflec-
tance, and present hazards in other ways.
Concerning capital equipment and operating
costs listed in some of these comparisons, it is
important to note that the price per kilowatt of
power has decreased significantly for lasers
because higher average power lasers are being
produced in more compact systems with smal-
ler footprints and lower utility costs. Factoring
in all the types of lasers used for welding and
all the types of electron beam configurations
creates too many variables to compare and con-
trast in this article. However, it is safe to
say that either method will work well for
many applications, but certain applications still

tend toward one method or the other. For deep-
penetration welds over 12 mm (0.5 in.), for
highly reflective metals, for welds on highly
reactive materials that require vacuum condi-
tions, and/or for welds that require hermetic
sealing in vacuum, electron beams are most
often the preferred method. Lasers, on the other
hand, have more flexible delivery options and
superior versatility that allow them to be
directed into areas that are difficult to access
with electron beams. This versatility allows
lasers to be more easily configured and
integrated into multiple-use workstations with
associated potential cost-savings. Because
lasers do not require vacuum operation, tooling
is oftentimes simpler to fabricate and use, and
production rates are oftentimes higher. In addi-
tion, lasers can be used to heat and melt none-
lectrically conductive materials, and they are
not affected by magnetic or ferromagnetic base
materials and tooling that tend to deflect and/or
interfere with electron beams.
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ELECTRON BEAM WELDING (EBW) is a
high energy density beamwelding process that is
accomplished by bombarding the joint to be
welded with an intense beam of electrons that
have been accelerated up to velocities 0.3 to 0.7
times the speed of light at 30 to 200 kV, respec-
tively. Some of the details were given in the
article “Introduction to High-Energy Beam
Welding” in thisVolume. The instantaneous con-
version of the kinetic energy of these electrons
into thermal energy as they impact and penetrate
into the workpiece on which they are impinging
causes the workpiece surface(s) to melt and
produces the weld-joint coalescence desired.
Electron beam welding is used to weld any elec-
trically conductive material that can be arc
welded. Typically, the weld quality in most elec-
tron beamweldedmaterials is equal to or superior
to that produced by other welding processes.
Because the total kinetic energy of the elec-

trons can be concentrated onto a small area on
the workpiece, power densities as high as 108

W/cm2 (107 W/in.2) can be obtained (Ref 1,
2). The high power density plus the extremely
small intrinsic penetration of electrons in a
solid workpiece causes an almost instantaneous
local melting and vaporization of the workpiece
material. This high power density characteristic
can lead to keyhole formation. Keyhole-mode
welding distinguishes EBW (and other high
energy density processes) from other welding
methods.

Principles of Operation

To illustrate the nature of an electron beam,
Fig. 1 shows an electron beam weld being per-
formed at a weld chamber pressure of approxi-
mately 13 mPa (1 � 10�4 torr). This figure
illustrates that the electron beam has a small
diameter, and the small beam diameter is
retained over significant distances. The “beam”
produces a visible glow that results from the

residual gas molecules that are excited by the
electrons in the actual electron beam. This
effect is reduced at lower pressures, where the
glow is restricted to regions closer to the weld
seam as vaporized metal atoms become ionized
by the beam.
The electron beam is most often formed by a

triode-style electron gun under high vacuum
conditions, and a schematic of this is shown in
Fig. 2. The triode assembly consists of a cath-
ode, a heated source (emitter) of electrons that
is maintained at some high negative potential;
a grid cup, a specially shaped electrode that
can be negatively biased with respect to the
hot cathode emitter (filament); and an anode, a
ground potential electrode through which the
electron flow passes in the form of a collimated
beam. The hot cathode emitter (filament) is
made from a high-emission material, usually
tungsten or tantalum, which is usually available
in wire, ribbon, or sheet form. This emitter
material is fabricated into the desired shape
for being either directly or indirectly heated to
the required emitting temperature of approxi-
mately 2500 �C (4500 �F). Other materials,
such as lanthanum hexaboride (LaB6), have
also been used as filament material.
Diode-style electron guns have also been

employed historically. In a diode gun, the spe-
cially shaped electrode (grid cup) is maintained
at the same voltage as the emitter, thus making
the diode gun a two-element (cathode and
anode) device (Fig. 2). With this gun design,
the flow of electrons cannot be adjusted by sim-
ply varying a grid voltage, as is done with tri-
ode guns, and beam current adjustments are
usually accomplished by varying the operating
temperature of the cathode emitter instead.
Electrons emitted from the surface of the fil-

ament are accelerated to a high velocity and
shaped into a collimated beam by the electro-
static field geometry generated from the cath-
ode/grid/anode configuration employed, thus
producing a steady stream of electrons that

flows through an aperture in the ground
plane anode. By varying the negative potential
difference between the grid and cathode, this
flow of electrons can be altered easily (i.e.,
the beam current control can also include gating
“on/off” and ramping up/down to different
levels), rapidly, and in a precisely controlled
manner.
Once the electrons exit the anode, they

receive the maximum energy input allowable
from the operating voltage being applied to

* Revised and updated from Electron-Beam Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 254–261

Fig. 1 Photograph of an electron beam operating in an
enclosed chamber maintained at a pressure of

approximately 13 mPa (1 � 10�4 torr)



the gun. Electrons then pass down through the
electron beam column assembly and into the
field of an electromagnetic focusing coil (a
magnetic lens). This focusing lens reduces the
diameter of the electron beam as it continues
in its passage and focuses the stream of elec-
trons down to a much smaller beam cross sec-
tion in the plane of the workpiece. This
reduction in beam diameter increases the
energy density, producing a very small, high-
intensity beam spot. The size of the beam
spot is one of the most important variables
in EBW and is influenced by the EBW condi-
tions, as is discussed later. In addition, an
electromagnetic deflection coil (positioned
below the magnetic lens) can be employed
to “bend” the beam, thus providing the flexibil-
ity to move the focused beam spot. Figure
2 illustrates the main elements of the EBW
head. As described previously and shown in
Fig. 2, electrons are emitted from the cathode
and are accelerated to high speed by the voltage
between cathode and anode, thereafter main-
taining a constant speed until they strike the
workpiece.

The “gun” portion of an electron gun/column
assembly generally is isolated from the welding
chamber through the use of valves when
desired, or by using vacuum dividers when
employing medium or nonvacuum systems.
The gun may be maintained in a vacuum on
the order of 13 mPa (1 � 10�4 torr) when the
welding chamber is vented to atmosphere (for
access reasons). This level of vacuum in the
gun region is needed to maintain gun compo-
nent cleanliness, prevent filament oxidation,
and impede high-pressure short circuiting
between the cathode and the anode or the fila-
ment and the grid cup, known as gun arcing.
Generally, electron guns are operated with
applied voltages that vary from 30 to 200 kV,
and they employ beam currents that range from
0.5 to 1500 mA. Electron beam welding equip-
ment with power levels up to 30 kW is com-
mon. In addition, several units with power
levels of up to 200 kW are commercially avail-
able for specialized applications (Ref 3). How-
ever, Osaka University developed a 300 kW
system that used an electron gun with 600 kV
(Ref 4).

Typically, high-vacuum EBW beams can be
focused to spot sizes of approximately 0.25 mm
(0.010 in.) in diameter, with a power density of
about 107 to108 W/cm2 (106 to 107 W/in.2) (Ref
1, 2). This high level of beam spot intensity gen-
erates temperatures sufficient to vaporize almost
anymaterial, forming a vapor hole that penetrates
deep into the workpiece. When this vapor hole is
advanced along aweld joint, theweld is produced
by three effects that occur simultaneously:

� The material at the leading edge of the vapor
hole melts.

� This molten material flows around the sides
of the vapor hole to the trailing edge.

� This continuous flow of molten material fills
in the trailing edge of the advancing vapor
hole and solidifies as the vapor hole moves
forward to produce a continuous weld.

Originally, EBW was performed only under
high-vacuum (	13 mPa, or 1 � 10�4 torr, or
lower pressure/higher vacuum) conditions;
because an ambient vacuum environment was
required to generate the beam, welding the part
within the same clean atmosphere was consid-
ered beneficial. However, as the demand for
greater part production increased, it was deter-
mined that the weld chamber vacuum level
need not be as high as that needed for the gun
region; ultimately, the need for any type of vac-
uum surrounding the workpiece was completely
eliminated for some applications. Currently,
three distinct modes of EBW are employed:

� High-vacuum (EBW-HV), where the work-
piece is in an ambient pressure ranging from
0.13 to 133 mPa (10�6 to 10�3 torr)

� Medium-vacuum (EBW-MV), where the
workpiece may be in a “soft” or “partial”
vacuum ranging from 133 to 3.3 � 106

mPa (10�3 to 25 torr)
� Nonvacuum (EBW-NV), which is also

referred to as atmospheric EBW, where the
workpiece is at atmospheric pressure in air
or protective gas

In EBW-MV and EBW-NV, the electron beam
broadens more rapidly or scatters by excitation
collisions of the electrons with gas molecules. In
these applications, the electron beam gun region
is maintained at a pressure of 13 mPa (10�4 torr)
or lower through differential pumping.

Advantages

One of the prime advantages of EBW is the
ability to make welds that are deeper and nar-
rower than arc welds, with a total heat input
that is much lower than that required in arc
welding. This ability to achieve a high weld
depth-to-width ratio eliminates the need for
multiple-pass welds, as is required in arc weld-
ing. The lower heat input results in a narrow
workpiece heat-affected zone and noticeably
fewer thermal effects on the workpiece.

Fig. 2 Schematic drawing showing primary components of an electron beam welding head with a triode-style gun
assembly
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Another distinct advantage of EBW is the abil-
ity to produce very shallow penetration welds
and deep penetration welds with the same
equipment by simply manipulating the weld
parameters. By manipulating the EBW para-
meters such as beam current and focusing cur-
rent, the power density is easily changed from
very low to very high power densities, which
allows for such a wide range of weld penetra-
tions in EBW. For example, when using lower
power densities, the beam does not produce a
deep vapor cavity and can act similar to an
arc weld.
In EBW, a high-purity vacuum environment

is generally used for welding, which results
in freedom from impurities such as oxides
and nitrides resulting from the welding process.
In addition, this high-purity vacuum environ-
ment is particularly beneficial when welding
refractory metals, because these materials are
prone to embrittlement by interstitial atoms
from the atmosphere, such as nitrogen and
oxygen.
The process (or energy transfer) efficiency,

which is defined as the power into the work-
piece divided by the source power (or the pro-
portion of the beam energy that is actually
transferred to the workpiece) is well understood
and relatively high for EBW processes. In
EBW-HV, the process efficiency is expected
to be quite high, because only a small fraction
of the beam power is lost. The process effi-
ciency of EBW has been reported as being at
least 90% over a wide range of welding condi-
tions and materials for EBW-HV (Ref 5, 6). In
EBW-NV, the process efficiency has been
reported to be between 60 and 80% at various
welding conditions (Ref 6), which is explained
by beam energy losses due to atmospheric scat-
tering. For comparison, the energy transfer effi-
ciency of CO2 laser beam welding has been
shown to vary from 20% to approximately
90%, depending on welding parameters, surface
condition, plume control, and so on (Ref 7),
while the energy transfer efficiency for neo-
dymium: yttrium-aluminum-garnet laser spot
welding was shown to be 40 to 80% for key-
hole-mode spot welds and less than 50% for
conduction spot welds (Ref 8).
The characteristics of EBW allow for the

following:

� Minimizing distortion and shrinkage during
welding

� Facilitating welding of most hardened or
work-strengthened metals, frequently with-
out significant deterioration of mechanical
properties in the weld joint

� Facilitating welding in close proximity to
heat-sensitive components or attachments

� Allowing for hermetic seal welding of evac-
uated enclosures while retaining a vacuum
inside the component

� Permitting welding of refractory metals,
reactive metals, and combinations of many
dissimilar metals that are not easily joinable
by arc welding processes

� Producing very shallow to very deep penetra-
tions. Electron beam welds with penetrations
of more than 250 mm (10 in.) in high-vacuum
conditions have been reported (Ref 9, 10).

� Projecting the electron beam long distances,
which allows otherwise inaccessible welds
to be completed.

To demonstrate the flexibility of EBW in terms
of welding depths, Fig. 3 shows both a shallow-
and a deep-penetration weld cross section.

Limitations

The capital equipment costs for EBW gener-
ally are higher than those for conventional
welding processes. The cost of joint preparation
and tooling is also more than that encountered
in arc welding processes, because the relatively
small electron beam spot size that is used
requires precise joint gap and position and the
use of nonmagnetic tooling materials.

Fig. 3 Cross sections of electron beam welding using high-voltage welding equipment. (a) Shallow-penetration
weld on 304L stainless steel with weld parameters of 100 kV, 10 mA, and a travel speed of 17 mm/s

(0.7 in./s). Courtesy of T.A. Palmer, Applied Research Laboratory of Pennsylvania State University, State College, PA.
(b) Deeper-penetration weld on superalloy 718 with weld parameters of 120 kV, 83 mA, and a travel speed of
8.5 mm/s (0.3 in./s). Courtesy of G. LaFlamme, PTR-Precision Technologies, Enfield, CT
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For EBW-HV and EBW-MV, the vacuum
chamber and related evacuation is a limitation
as well. The available vacuum chamber capaci-
ties are limited; workpiece size is limited, to
some degree, by the size of the vacuum chamber
employed. Consequently, the production rate (as
well as unit cost) is affected by the need to evac-
uate the chamber for each production load.
Recent advances by EBW manufacturers have
been in the area of throughput, and, as such, index
tooling has allowed for greater throughput. In
addition, the employment of medium vacuum
and cryogenic refrigeration (Meissner coils) is
used to decrease the vacuum evacuation time
cycle and thus increase the throughput.
Although most of the aforementioned advan-

tages and disadvantages generally are applica-
ble to all modes of EBW, several do not
specifically apply to EBW-NV. Nonvacuum
EBW does not offer the advantage of a high-
purity environment (unless some form of inert
gas shielding is provided), and it is not subject
to vacuum chamber limitations. Because weld-
ing is not done within the confines of a vacuum
environment, the maximum practical “stand-
off,” the working distance between the bottom
of the electron beam column and the top of
the workpiece, currently used on EBW-NV sys-
tems is limited to approximately 35 mm
(1⅜ in.). The maximum attainable penetration
is currently limited to approximately 25 to 32
mm (1 to 1.25 in.) for 60 kW, 165 kV
machines. These limitations, however, are off-
set by higher production rates.
Finally, although covered further in the

“Safety” section later in this article, the genera-
tion of x-radiation, inherent in EBW, is also a
consideration of this process because of the
additional safety requirements required for
workers’ safety.

Process Control

Basic variables employed for controlling the
results of an electron beam weld include accel-
erating voltage, beam current, welding speed,
focusing current (or “increments” of defocus),
and standoff (cathode design, gun column
assembly-to-workpiece) distance. The final
beam spot size that is produced in the plane of
the workpiece is determined by:

� Accelerating voltage
� Beam current
� Focusing current, which controls the focal

length of the lens and resulting beam focus
location

� Gun column assembly-to-workpiece distance
� Characteristics of the electron beam gun/col-

umn assembly (gun and electron optics)
� Vacuum level
� Filament design and peaking

Each of these variables, separately and jointly,
affects final beam spot size. With the advent of
electron beam characterization/profiling, the

output of power density has provided useful
information to welding personnel who are inter-
ested in understanding the welding reproducibil-
ity and beam/material interactions (Ref 11, 12).
This subject is covered in some detail in the arti-
cle “Quality Control of Electron Beams and
Welds” in this Volume.
Increasing the accelerating voltage or beam

current increases the depth of penetration; the
product of these two variables—the beam
power—influences the amount of metal melted
for a given exposure time. Increasing the weld-
ing speed—relative travel motion between
beam spot and workpiece—without changing
any other process variable reduces depth of
penetration and correspondingly reduces weld
width. Changing any of the other basic control
variables to increase beam spot size, thereby
lowering the beam spot intensity (e.g., reducing
the power density), reduces depth of penetra-
tion and increases weld width, if welding speed
is left unchanged.
Beam deflection can be used to change the

impact angle of the beam (slightly) or to pro-
duce controlled patterns of beam oscillation to
create greater beam spot size or other special
effects. The beam may be oscillated in circular,
elliptical, and linear oscillation patterns. The
beam can also be pulsed to vary the average
amount of power input per unit of time. Work-
piece speed and, in certain instances, standoff
distance are generally preset to a desired value.
However, it is possible to vary these parameters
during welding with the use of computerized
numerical control (CNC) types of systems.
The CNC electron beam welding systems allow
for the beam current, standoff distance, and
welding speed to be varied simultaneously, as
required, throughout the welding process.
Finally, weld process modeling is an efficient

means of understanding how changes in EBW
parameters will potentially change resulting
weld morphologies. Weld process modeling is
an effective means of investigating potential
changes in weld morphologies without actually
welding several test pieces. However, this topic
is out of the scope of this introductory article.

Operation Sequence and
Preparation

Tooling and welding procedures for each
EBW application are typically developed first
on experimental workpieces. Details of the weld-
ing sequence vary somewhat, depending on
equipment differences and application require-
ments. A typical sequence of steps required to
make an electron beam weld is as follows:

1. Assemble and prepare work and fixtures for
welding. This includes cleaning and may
include demagnetizing, preheating, and tack
welding.

2. Load fixtured work onto worktable or work-
holding mechanism in welding chamber
(except for EBW-NV).

3. Start chamber evacuation (except for
EBW-NV).

4. For EBW-HV and EBW-MV, after chamber
pressure has been reduced to 13 to 1.3 � 104

mPa (10�4 to 10�1 torr), focus on a target
block and set beam parameters. It is recom-
mended that the beam diagnostics tool(s)
are used here to characterize the electron
beam. An example of beam diagnostics used
is found in the literature (Ref 11, 12). Aweld
or scanning program may be called up.

5. Align joint to the beam position, using opti-
cal or electron-optical methods or through
the use of a beam scanning program.

6. Set the travel speed.
7. Begin the welding sequence (ramp up/

down); this usually is performed automati-
cally but can be performed manually.

8. Terminate the welding cycle.
9. Allow work to cool sufficiently if made of

reactive material, then admit air to the cham-
ber and remove fixtured work.

Alignment of the joint with beam position for
nonvacuum welding is slightly less critical than
for vacuum EBW, because the beam spot size
and weld width are slightly larger in nonva-
cuum welding.
Joint Preparation. A joint for EBW ordina-

rily has close-fitted, abutting, square-groove
faces such as a butt or step joint (self-aligning
butt joint) configuration, and filler metal is not
typically used. Filler metal can be used if
desired, as in EBW of dissimilar metals and
alloys or alloys that have low weldability when
welded autogenously, such as 6061 aluminum.
Generally, the faces of the joint are machined
to a surface roughness of 3.20 mm (125 min.)
or less.
Surface finish on the weld groove faces may

not be critical, depending on part and joint
design and the requirements for weld proper-
ties. Provided the surfaces can be properly
cleaned to remove all contaminants, the rough-
ness of the faying weld joint surfaces is not
generally critical. If the surface roughness is
such that contaminants such as machining fluids
remain even after cleaning, then the resulting
weld quality will suffer.
Joint Fit-Up. Unlike arc welding, where a

gap is employed to accommodate filler mate-
rial, in autogenously welded components in
EBW, joint fit-up requires closely fitted, nearly
parallel surfaces to enable the narrow electron
beam to fuse base metal on both sides of the
joint. The members of a joint to be melt-
through welded also are closely fitted. Fit-up
tolerance depends on work-metal thickness
and joint design but is usually 0.13 mm (0.005
in.) or less. Joint gap is usually smaller for thin
work metal and unbacked joints and may be
only 0.05 mm (0.002 in.) maximum. Interfer-
ence fits may be used where shrinkage can
cause cracking, as in circular joints on harden-
able metals. In some instances, the use of beam
oscillation to increase the effective beam size
can be used to accommodate larger gap sizes
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or poorly fitting joints. More information is
given in the subsequent article, “Design of
Electron Beam Welds,” in this Volume.
Cleaning. Workpiece surfaces must be prop-

erly cleaned for EBW. Inadequate surface
cleaning of the workpiece can cause weld flaws
such as cracking, porosity, blowouts, and so on
and a deterioration of mechanical properties (as
it would in other fusion welding processes). In
EBW-HV and EBW-MV, inadequate cleaning
of weld surfaces also adversely affects evacua-
tion time and gun operational stability, as well
as contributing to the rapid degradation of the
oil used in the vacuum pumps.
Generally, workpiece material and quality

requirements define the need for cleanliness and
should be addressed during the manufacturing
quality reviews.
Wire brushing generally is not recom-

mended, because contaminants may become
embedded in the metal surface. Solvent clean-
ing is preferred for cleaning electron gun com-
ponents and workpiece parts. If workpieces
are cleaned in chlorine or other halogen-con-
taining compounds, residue from these com-
pounds must be removed by another cleaning
method (usually thorough washing in a solvent)
before welding. Cleaning methods have been
outlined in the AWS C7.1 document, “Recom-
mended Practices for Electron Beam Welding”
(Ref 13).
Fixturing Methods. Methods used for fixtur-

ing workpieces in EBW are similar to those
used for gas tungsten arc welding of precision
parts without the use of filler metal, except that
clamping force is usually lower and all fixturing
and tooling materials should be made of non-
magnetic materials.
Because total heat input to the weld is much

less in EBW than for arc welding for a given
depth, and because the heat is highly localized,
heavy fixturing, massive heat sinks, or water
cooling is generally not needed. However, if
welding near a particularly heat-sensitive mate-
rial, then some method for heat removal may be
necessary. C-clamps are sufficient for many
parts. In some applications, clamping may be
supplemented or replaced by small tack welds
or by a shallow weld pass (sealing pass) over
the joint; the penetration weld is completed
later at full power.
For EBW-NV, general-purpose welding posi-

tioners are satisfactory. Locating and aligning
mechanisms are of simpler design than for
welding in a vacuum; accessibility and beam
widths for nonvacuum welding do not require
as much accuracy in tracking of the joint. Main-
tenance of work-handling equipment for EBW-
NV is simplified because of its out-of-chamber
location.
Demagnetization. Workpieces and welding

fixtures should be made of nonmagnetic materi-
als such as austenitic stainless steel, copper,
magnesium, aluminum, and so on. If the fixtur-
ing is made of magnetic materials, then the fix-
tures should be demagnetized before welding.
Residual magnetism may result from magnetic

particle testing, magnetic chucks, or electro-
chemical machining. Even a small amount of
residual magnetism can cause beam deflection.
Workpieces are usually demagnetized by placing
them in a 60-cycle inductive field and then slowly
removing them. Before welding, workpieces
should be checked with a gaussmeter (or magne-
tometer). Acceptable gaussmeter readings vary
from 5 � 10�5 T (0.5 G) for very narrow
(highly critical) welds up to as much as 2 �
10�4 to 4� 10�4 T (2 to 4 G) for relatively wide
welds.
Evacuation. The time required to evacuate

the work chamber of an in-vacuum EBW unit
down to the desired ambient pressure depends
on the chamber size used, type of pump
employed, and level of vacuum required. In
any production application, the actual evacua-
tion time is also affected by a number of fac-
tors, including the cleanliness of the work
chamber, the amount of water vapor (humidity)
in the ambient air, and the workpiece assembly
(material and shape of both weldment and fix-
turing). Electron beam welding equipment cur-
rently employs either computer or program
logic controls, normally providing automatic
vacuum valve sequencing.
For EBW-HV, the required vacuum is gener-

ally provided by a mechanical pump operating
in conjunction with an oil-diffusion pump.
Other pumps may be used, such as cryopumps
or turbomechanical pumps, depending on
machine requirements. Evacuation times of
approximately 5 to 15 min are generally achiev-
able in EBW-HV.
For partial-vacuum EBW, diffusion pumps

are not needed for the weld chamber, and weld
chamber pumping is accomplished strictly by
mechanical pumping. For high-production
EBW of small parts in a partial vacuum, evacu-
ation times of less than a minute are achievable.
Again, the actual evacuation time is affected by
a number of factors and can vary considerably,
depending on the particular production
application.
Electron beam welding equipment manufac-

turers are able to provide details on evacuation
requirements and typical evacuation times.
Preheat and Postheat. Most commonly

welded metals can be processed with EBW
methods, even in thick sections without pre-
heating, because of the extremely narrow width
of the fusion and heat-affected zones. Harden-
able and difficult-to-weld metals may need to
be preheated, especially for thick sections and
in applications when the weld is restrained.
High-strength alloy steels and tool steels

thicker than approximately 9.5 mm (0.375 in.)
ordinarily must be preheated before EBW to
prevent cracking. Deep circular welds, espe-
cially partial-penetration welds, in thick sec-
tions of carbon steel containing more than
approximately 0.35% C usually require preheat-
ing. However, welds subject to less restraint,
such as circumferential welds on cylindrical
shapes, can be made on 13 mm (0.5 in.) thick
0.50% C steel without preheating.

Preheating, when required, can be done
before the work is placed in the work chamber,
provided the evacuation time is sufficiently
short, thus allowing the work to remain at the
sufficient preheat temperature. Selection of
heating method depends on the size and shape
of the work and the preheat temperature; a
combination of methods can be used. Torch
and furnace heating are widely used; induction
and infrared-radiation heating are also used.
On small parts or where distortion from loca-
lized heating is not a problem and where
increased cycle time can be tolerated, heating
is sometimes done with a defocused electron
beam; this method can also be used to supple-
ment other methods of heating. Preheating
can also be performed in the chamber for
crack-sensitive materials using high-intensity
heat lamps. One of the most recent develop-
ments in EBW is rapid beam manipulation
(usually in the megahertz range). The concept is
to rapidly manipulate beam movement such that
the beam is “time-shared” in multiple locations.
This allows for the beam to preheat the work-
piece, weld, and postweld heat treat the work-
piece concurrently (in the same weld pass).
These modern EBW systems, when using fast
beam manipulation (or rapid deflection), may
provide an in situ pre- or postweld heat treatment
(Ref 14). Postheating used on EBW parts is most
often accomplished by conventional means (i.e.,
stress relieving or tempering) after removing the
work from the welding chamber.
Operating Conditions. Starting and stop-

ping the weld usually require special consider-
ation to avoid discontinuities in the weld at
these points and possible melt-through and loss
of metal.
One technique that is used to avoid these dif-

ficulties is to start the weld at full beam power
on a starting tab of the work metal that is
tightly fitted against one end of the joint, and
to conclude the weld on a runoff tab at the other
end of the joint. The use of starting and runoff
tabs prevents underfill at the ends of the joint,
which is caused by the introduction or exit of
the beam. Workpieces can also be made over-
sized to provide extra material for starting and
stopping. The tabs or the extra material can be
machined off after welding. Starting and runoff
tabs are used mainly in low-production
operations.
Another technique is to start and stop the

weld on the work, raising the current gradually
(upslope) at the beginning of the weld and
reducing it gradually (downslope) at the end
of the weld. Upslope and downslope power
may be used at controlled rates and time inter-
vals, as established for a specific application,
and can be programmed into the welding proce-
dure. The use of upslope and downslope is of
special value where the weld is a closed path,
as in welding circular and circumferential
joints.
The use of CNC and computer beam control

allows the programming of the motion and
upslope/downslope, which helps in the starting
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and stopping of the welding sequence, espe-
cially in areas of the workpiece that contain
corners. This type of controller is also capable
of coordinating focus, beam current, and travel
conditions to tailor welds with changing condi-
tions such as geometry (thickness or changing
joint configuration).
In many applications of closed-path welds,

the weld can be started at full power, with
downslope at the end providing a sufficiently
gradual termination and a suitable distance of
overlap. Downslope of current after overlap-
ping the beginning of the weld on circular
welds in thick sections of high-hardenability
steels is critical to avoid porosity and cracking.
Other parameters may also be adjusted to avoid
these defects. Upslope is usually rapid; down-
slope is from a few degrees to a major portion
of a revolution.
A “cosmetic pass” is made when needed to

smooth or flatten the reinforcement of a weld
that is irregular or too high. Such a pass is used
to correct undercut or underfill. The beam is
usually defocused, reduced in power, and/or
manipulated using circle/elliptical beam deflec-
tion to reduce the intensity of the beam (or a
combination of these three). Filler metal may
also be added in making a cosmetic pass
intended to correct undercut or underfill.

Weld Geometry

The shape of the parts to be welded and the
corresponding joint designs are critical to the
successful application of EBW in vacuum or
at atmospheric pressures (nonvacuum). While
minimum heat input and low thermal distor-
tions are important advantages of EBW, the
molten metal still shrinks as it solidifies.
Shrinkage stresses may lead to microcracks if
parts, due to design restrictions, are unable to
shrink at corresponding rates and the joint vol-
ume is completely constrained. Additional
information is available in the article “Design
of Electron Beam Welds plus Codes” in this
Volume.

Joint Design

Butt, step, corner, T-, lap, and edge joints can
be made by the EBW process using square-
groove or seam welds. Fillet welds, which are
difficult to make with vacuum EBW, are read-
ily made using EBW-NV. Square-groove welds
require fixturing to maintain fit-up and align-
ment of the joint. They can, however, be self-
aligning if a rabbeted joint design is used.
Self-alignment is particularly important in
batch loading the vacuum chamber for efficient
work manipulation. The weld-metal area can be
increased using a scarf joint, but fit-up and
alignment of the joint are more difficult than
with a square-groove weld. Most joints are
designed to be welded in a single pass with full
penetration or penetration to a specified depth.

The article “Design of Electron Beam Welds
plus Codes” has further details on joint design.

Electron Beam Welding Machines

This brief review is aimed at introducing the
potential user to some of the EBW equipment
currently available. Further advances in the
control and programming of these systems can
be expected because of the likelihood of unin-
terrupted progress in the technology and intelli-
gent process control.
As discussed earlier in this article, the EBW

process is accomplished in three pressure-
dependent zones, referred to as the three modes
of EBW. The original mode is the “hard” or
high-vacuum mode, in which welding is carried
out in the pressure range of 0.13 to 130 mPa
(10�6 to 10�3 torr). In the second mode,
medium vacuum, welding is carried out in the
pressure range of 130 to 3.3 � 106 mPa (10�3

to 25 torr). This mode is also referred to as
“soft” or partial-vacuum EBW. The third mode
is called nonvacuum or atmospheric, with weld-
ing carried out at atmospheric pressure.
All three modes employ an electron beam

gun/column, a power supply with controls,
one or more vacuum pumping systems, and
work-handling equipment. In nonvacuum weld-
ing, while the workpiece is not placed in an
evacuated work chamber, the electron beam
gun/column must be in a vacuum environment.
The electron gun in all three modes is held at a
pressure of 13 mPa (10�4 torr) or less; other-
wise, the high voltage required for the accelera-
tion of the electrons could not be sustained, and
the heated filament/cathode would be subject to
high rates of oxidation.
Electron beam welding equipment comes in

two basic designs: the low-voltage system,
which uses accelerating voltages in the 30 to
60 kV range, and the high-voltage system, with
accelerating voltages in the 100 to 200 kV
range. Beam powers up to 100 kW are available
with both high- and low-voltage equipment.
The lower-voltage machines operate at a

higher current. Typically, 30 to 60 kV machines
operate at a maximum beam current of 700 mA.
The high-voltage machines of 150 kV typically
operate at a maximum of approximately 170
mA. The higher-voltage machines produce a
greater depth-to-width ratio of the weld nugget,
with values up to 50 to 1. The higher-voltage
machines can use a longer standoff distance
than the low-voltage machines; however, low-
voltage machines can employ articulated gun
movement for greater weld joint access.
High- and low-voltage equipment is suitable

for high- and medium-vacuum operations,
while nonvacuum welding is carried out at
higher voltages (150 to 200 kV) only. The non-
vacuum, high-voltage systems generally are
used for welding materials less than 25 mm
(1 in.) thick. With low-voltage systems, the
gun may be fixed in position on the chamber
or may be mobile inside the chamber. With

high-voltage equipment, the gun is generally
fixed in position on the chamber.
Figure 4 shows an available high-vacuum

internal, movable gun system configuration.
The boom arrangement is shown with a cham-
ber size of 3.8 by 3.8 by 2.8 m (150 by 150
by 110 in.). This installation has a movable
gun. Low-voltage, high-vacuum systems with
movable guns are available with power ratings
of 7.5 kW (60 kV, 125 mA) 15 kW (60 kV,
250 mA), 30 kW (60 kV, 500 mA), and 42
kW (60 kV, 700 mA).
Medium-vacuum machines are frequently

special-purpose units tooled for particular
assemblies. The medium-vacuum mode of
EBW was initially employed to increase the
production capacity of the process. This mode
of application typically involves the use of a
chamber custom-designed to provide a mini-
mum of weld-zone volume that has to be evac-
uated during each part cycle (that is, a chamber
envelope that is not much bigger in size than
the particular workpiece to be welded plus any
fixturing it may require). Recall that only a
small volume needs to be evacuated (evacua-
tion times of less than a minute). This, coupled
with the fact that EBW-MV is normally per-
formed in an ambient vacuum level of nomi-
nally 6.5 � 103 mPa (5 � 10�2 torr), allows
for much higher throughput. To capitalize on
the shorter processing times, further improve-
ments in throughput may be realized by rapidly
transporting parts into or out of the weld area
on EBW-MV systems. One of the major appli-
cations of EBW-MV and EBW-NV is for auto-
motive applications (Ref 15, 16).
With a smaller footprint becoming more of a

necessity in some plants, newer machines are
becoming “palletized.” An example of a palle-
tized machine is shown in Fig. 5. All of the
components of the equipment are available on
a movable pallet, such that the system is more
of a “plug-and-play” system that can easily be

Fig. 4 Internal, movable gun configuration in a low-
voltage, high-vacuum electron beam (EB)

welding system with a boom manipulator. The
photograph shows different motion configurations.
Courtesy of Sciaky, Inc.
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installed, leveled, and moved to new locations
in a much more rapid fashion.
Large-chamber systems are available in both

low- and high-voltage configurations. Figures 6
to 8 show large-chamber systems, and Fig. 9
shows a very large-chamber EBW system.
Computer control systems are currently

available in many modern EBW systems,
allowing for more complex configurations of
components to be processed. Control of weld-
ing operations can be expanded to include joint
locators, five-axis programmable contouring,
and several digitizing provisions that can be
actuated on the basis of information generated
by the seam locator. Many EBW systems can
also be adapted for electron beam heat treating
applications.
Finally, most of the EBW system manufac-

turers will build custom systems to meet the
needs of the customer. The equipment varia-
tions and configurations are nearly limitless,
and, as such, are not covered in detail in this
article.

Safety

Protection must be provided by equipment
design and arrangement, and by safety precau-
tions in EBW and related operations, against
the usual hazards of welding and the special
hazards of exposure to the high voltages
involved in generating the electron beam, the
beam itself (direct viewing of intense radiation
emitted by molten weld metal can be harmful
to eyesight and thus the beam operation should
be viewed only through a filtered lens com-
monly used for arc welding), and radiation of
x-rays produced by impingement of the beam
on the work or other materials. From a safety
standpoint, an accelerating voltage of less than

20 kV produces soft x-rays, while an accelerat-
ing voltage of more than 20 kV produces hard
x-rays (Ref 1). Shielding against radiation is
more demanding as the acceleration voltage
increases. Suitable precautionary measures and
safety issues are described and addressed in
several documents (Ref 13, 17–19).
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PTR Präzisionstechnik GmbH, Maintal

Fig. 6 Large-chamber, low-voltage electron beam
welding system with movable gun. Courtesy

of Sciaky, Inc.

Fig. 7 Large-chamber, high-voltage electron beam
welding system with fixed gun. Courtesy of

PTR-Precision Technologies, Inc., Enfield, CT

Fig. 8 Large-chamber, high-voltage electron beam welding system. Courtesy of pro-beam AG & Co. KGaA

520 / High Energy Electron Beam and Laser Beam Welding



5. D.T. Swift-Hook and A.E.F. Gick, Penetra-
tion with Lasers, Weld. J., Vol 52 (No. 11),
1973, p 492-s to 499-s

6. R. Peretz and H.G. Mayer, Parameter
Correlations for Deep Penetration
Welding with High Energy Focused
Beams, Opt. Lasers Eng., Vol 6, 1985,
p 225–250

7. P.W. Fuerschbach, Measurement and Pre-
diction of Energy Transfer Efficiency in
Laser Beam Welding, Weld. J., Vol 75
(No. 1), 1996, p 24-s to 34-s

8. J.T. Norris, C.V. Robino, M.J. Perricone,
and D.A. Hirschfeld, Development of a

Time-Resolved Energy Absorption Mea-
surement Technique for Laser Beam Spot
Welds, Weld. J., Vol 89 (No. 4), 2010,
p 75-s to 81-s

9. Y. Arata and M. Tomie, JWRI 2, Vol 1,
1973, p 17; JWS, Vol 9, p 78

10. Y. Arata, High Technology for Materials
Processing Based on Welding, Plasma,
Electron & Laser Beam Technology:
Development and Use in Materials Proces-
sing, American Society for Metals, 1986,
p 28–49

11. J.W. Elmer and A.T. Teruya, An Enhanced
Faraday Cup for Rapid Determination of

Power Density Distribution in Electron
Beams, Weld. J., Vol 80 (No. 12), 2001,
p 288-s to 295-s

12. T.A. Palmer, J.W. Elmer, K.D. Nicklas,
and T. Mustaleski, Transferring
Electron Beam Welding Parameters
Using the Enhanced Modified Faraday
Cup, Weld. J., Vol 86 (No. 12), 2007,
p 388-s to 398-s

13. “Recommended Practices for Electron
Beam Welding,” AWS C7.1M/
C7.1:2011, AWS C7 Committee on
High Energy Beam Welding and Cutting,
American Welding Society, Miami, FL, in
press

14. R. Zenker, Modern Thermal Electron
Beam Processes—Research Results and
Industrial Application, Metall. Ital., April
2009, p 1–8

15. D. Powers and G. Schubert, Electron Beam
Welding: A Useful Tool for the Automo-
tive Industry, Weld. J., Vol 79 (No. 2),
Feb 2000, p 35–38

16. K.R. Schulze and D.E. Powers, EBW
of Aluminum Breaks Out of the
Vacuum, Weld. J., Vol 83 (No. 2), Feb
2004, p 32–38

17. “Safety in Welding Cutting and Allied Pro-
cesses,” ANSI Z49.1:2005, American
Welding Society, Miami, FL

18. General Safety Standards for Installations
Using Non-Medical X-Ray and Sealed
Gamma Ray Sources, Energies up to 10
MeV, NSB Handbook 114, National Insti-
tute of Standards and Technology,
Gaithersburg, MD

19. “Occupational Health Standards—Ionizing
Radiation,” Occupational Safety and
Health Administration (OSHA), Title 29,
Chap. 17, Part 1910, Section 96, United
States Government Printing Office,
Washington, D.C.

Fig. 9 Very large-chamber, low-voltage electron beam welding machine (600 m
3
, 80 kV/40 kW machine). Courtesy

of pro-beam AG & Co. KGaA

Electron Beam Welding / 521



Design Considerations for
Electron Beam Welding*
Kenn Lachenberg, Sciaky, Inc.
Patrick Hochanadel, Los Alamos National Laboratory
John Elmer, Lawrence Livermore National Laboratory

ELECTRON BEAM WELDING (EBW) can
produce deep, narrow, and almost parallel-sided
welds with low total heat input and relatively nar-
row heat-affected zones in a wide variety of com-
mon and exotic metals. In many applications, a
single pass is sufficient to weld the components.
When initially used for industrial applications in
the 1950s, EBW had to be performed totally in
vacuum. In this form, EBW was primarily used
because of its ability to reliably produce very
high-quality welds in materials normally consid-
ered extremely difficult to join (for example,
refractory metals, oxidizable metals, stainless
steels, and superalloys). Thismade it ideally suited
for use in aerospace, nuclear, and other similar
(high-technology) manufacturing industries.
During the 1960s, the ability to employ the

EBW process for medium-vacuum and nonva-
cuum welding tasks was developed. This
increased production capacity helped make
EBW more attractive to other businesses, such
as the automotive and off-highway equipment
industries, desiring to take advantage of the
numerous joining benefits it provided. How-
ever, the use of EBW in these industries
required that the applications be performed in
a fairly high-volume production.
EBW is used to join not only difficult-to-

weld materials but also common materials such
as steel (	150 mm, or 6 in., thick), aluminum
(	305 mm, or 12 in., thick), and copper
(	100 mm, or 4 in., thick) (Ref 1). These and
other metals (in thicknesses ranging from foil
to plate dimensions) can be welded by EBW.
In addition, EBW can be used to join numerous
combinations of dissimilar metals. See the Sec-
tion “Electron Beam Welding” in this Hand-
book for a description of EBW systems and
equipment.

Weld Geometry

The shape of the parts to be welded and
the corresponding joint designs are critical
to the successful application of EBW in vac-
uum or at atmospheric pressures (nonvacuum).
Although minimum heat input and low thermal
distortions are important advantages of EBW,
the molten metal still shrinks as it solidifies.
Shrinkage stresses may lead to microcracks if
parts, due to design restrictions, are unable to
shrink at corresponding rates and the joint vol-
ume is completely constrained.

Part Configuration

Whether a component is welded in a vacuum or
at atmospheric pressure (nonvacuum), part config-
uration and the corresponding joint designs used
are critical parameters in the successful applica-
tion ofEBW.Acircularweld in the axial direction,
for example, that joins a disk-shaped member
(gear or cup) to a shaft (Fig. 1) may experience
severe constraint. Such joints are practical in eas-
ily welded metals—those that are soft, have low
yield points, and exhibit low shrinkage—but not
in difficult-to-weld steels that have high strength
and hardenability.
The difficulties encountered in welding

shapes such as those shown in Fig. 1 are aggra-
vated if the weld zone is broadened by defocus-
ing the electron beam. This is a frequent
problem if exact beam position cannot be con-
trolled, either because of beam instability, mag-
netism of the parts, or excessive tolerances in
tool fixtures.
Shrinkage stresses are better managed in

radial welds, as shown in Fig. 2. The volume

* Adapted from the article Procedure Development and Practice Considerations for Electron-Beam Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993,
p 851–873

Fig. 1 Cutaway view showing location and
penetration of a circular electron beam weld

joining a disk-shaped component to a shaft

Fig. 2 Shrinkage stress in a radial weld



of molten metal is less constrained by the axial
direction if the gear hub is allowed to move by
using push fit and no restraints. The weld must
also have root clearances—the weld zone must
not extend into the shaft. Stresses are lower if
the melt zone has parallel side boundaries. Tri-
angular weld zones that are caused by broad-
ened beams, uneven beam power distribution,
or incomplete penetration have more complex
stresses that may result in cracking.
The same principles of joint design discussed

previously for joints between shafts and unlike
members apply equally to T-joints and corner
joints between plates. Figure 3 shows recom-
mended and nonrecommended weld configura-
tions. It is important in all welding methods,
and essential in EBW (which is usually per-
formed in a single pass), that constraints on
the volume of the melt be avoided by self-
aligning interlocking steps in the joint. In mul-
tilayer arc welds, the individual weld bead is
less constrained in volume and shrinks from
its surface downward. Functionally, it is not
useful to make the cross section of the joint
any less thick than the plates that are being
joined. If two welds are made in succession,
the second weld may be constrained by the first
(Fig. 3), which may lead to solidification crack-
ing. It is thus advisable to direct the beam at the
joint parallel to the faying surfaces and to cause
melting over the whole contact area.

Surface Geometry

Usually, EBW does not use or need filler
wire. Therefore, V-grooves or large joint gaps
are not required; in fact, too much of a gap
could be detrimental to the process. Surface
tension pulls some of the molten metal up the
V-shaped or large gap surfaces so that it is no
longer available to fill the space created by the
keyhole that is generated by the moving beam.
Voids remain in the actual joint plane (Fig. 4).
A step in the surfaces at the joint line is also

undesirable. Any small lateral shift of the beam
from the low to the high side, or vice versa,
changes the penetration to some extent. In the
extreme case, this shift may be equal to the
height of the step, as shown in Fig. 5. On circu-
lar welds, with joint configurations similar to
Fig. 5(a), a noncircular weld profile may
develop with irregularities that can lead to
uneven applied stresses. By contrast, a mere
shift in the melt zone, as shown in Fig. 5(b),
does not affect weld quality, as long as the
entire joint line is consumed.

Configurations for Wide Welds

The high speed and autogenous nature of an
electron beam weld can be advantageous when
a wide weld (6.5 to 13 mm, or ¼ to 1/2 in.) is
needed without great depth-to-width ratio. The
electron beam can be deflected in a raster pat-
tern and/or defocused to provide a wider beam
energy distribution to facilitate a wider weld.

A wider beam may need to be employed on
some edge weld applications, as illustrated by
the edge-flange weld in Fig. 6. For edge welds,
changes in energy input per unit length and
changes in power density affect only the
amount of molten metal. Offset and gaps up to
the thickness of the sheet to be joined can often
be tolerated (Ref 2). In making an edge-flange

Fig. 3 Optimum versus least desirable weld con-
figurations. (a) Not recommended—maximum

confinement of molten metal, minimum joining cross
section (arrows); wastes beam energy for melting,
nonfunctional metal. (b) Most favorable—volume of melt
not confined; maximum joining cross section (arrows).
(c) Not recommended—maximum confinement of melt
(unless gap is provided); joining cross section less than
plate cross section. (d) Most favorable—minimum
constraint and confinement of melt; minimum internal
stresses; warpage can be offset by bending prior to
welding; tilt can be offset by location of T-arm at less
than 90� to base prior to welding. Fillet obtained by
placing wire in right corner and melting it with the
beam. (e) Not recommended—two successive welds;
second weld is fully constrained by the first weld and
shows strong tendency to crack.

Fig. 4 Gap in joint plane created by surface tension

Fig. 5 Effect of beam and melt zone position on weld
penetration. (a) Inclined electron beam. (b)

Vertical electron beam

Fig. 6 Edge-flange weld typically used to join thin
panels
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weld (Fig. 6), the same advantages exist,
provided the flange is high enough. For joining
thinner sheet that is tightly clamped, edge
welds also can be made with the electron beam
in the horizontal position.
The EBW process can tolerate and fill large

gaps if sufficient sacrificial metal or wire feed
is available to be melted by the beam (Fig. 7).
If not, surface tension may pull whatever metal
is melted to either side of the weld joint.

Melt-Zone Configuration

Welds with parallel sides are preferred over
welds that are more triangular shaped (Fig. 8a).
The parallel sided weld (Fig. 8b) shows mini-
mum warpage and only transverse shrinkage
when unconstrained. If there are constraints, the
hindered warpage and shrinkage can cause inter-
nal stresses in the weld area. As a general rule,
full penetration EB welds have a tendency to be
more parallel than partial penetration welds that
have a wider nail head and are tapered at the root.

Joint Design

Procedures which relate to the joint design,
the material and its preparation, and the weld-
ing tooling are important factors that have a
major influence on the weld quality and rate
of production obtained. Various joint designs,
including butt, corner, T-, lap, and edge joints,

can be made by the EBW process using
square-groove or seam welds. Square-groove
welds require fixturing to maintain fit-up
and alignment of the joint. They can, however,
be self-aligning if a rabbeted joint design is
used. Self-alignment is particularly important
in batch loading the vacuum chamber for effi-
cient work manipulation. Most joints are
designed to be welded in a single pass with full
penetration or penetration to a specified depth.
Figures 9 to 13 show the commonly used joint

and weld types for EBW. Different joint

preparations, joint designs, and welding posi-
tions are used to meet special requirements. For
preferred joint configurations and shrinkage
stresses encountered in various joint designs,
see the section onweld geometry for EBW in this
article.

Welds in Butt Joints

Butt joints are the most common of the five
basic joint types used in EBW. The basic square-
groove weld, which is shown in Fig. 9(a) to (c),

Fig. 7 Use of sacrificial metal to fill a large gap in a
square-groove weld

Fig. 8 Variation in beam velocity and subsequent
warpage of 0.25 mm (0.10 in.) thick type 304

stainless steel joined by a butt weld. (a) Beam traverse,
7110 mm/min (280 in./min); triangular melt zone. (b)
Beam traverse, 4190 mm/min (165 in./min); parallel-
sided melt zone. Weld parameters: 12 kW beam power;
11.4 mm (0.45 in.) standoff; helium shielding gas

Fig. 9 Types of butt joints and welds typically generated by electron beam welding

Fig. 10 Types of corner joints and welds typically obtained with electron beam welding

Fig. 11 Typical welds produced by electron beam welding of T-joints
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needs only the simplest and least expensive
joint preparation. It is suitable for either par-
tial- or full-penetration welds. Good fit-up
and external fixtures are needed. The flush
joint (Fig. 9b) is preferred to the stepped joint
(Fig. 9c) for joining unequal thicknesses,
chiefly because control of conditions for
making sound full-penetration welds is less
critical than for the stepped joint. A wider
beam is used in welding the stepped joint,
and the beam angle must be carefully con-
trolled to avoid scarfing the upper edge of
the thicker member (angle too small) or miss-
ing the bottom of the joint (angle too large),
especially if the thinner member is more than
approximately 9.5 mm (⅜ in.) thick.
In Fig. 9(d), the joint is rabbeted to make it

self-aligning, but the offset is small to avoid
leaving an unwelded seam near the root of the
weld (compare to Fig. 9e). In Fig. 9(d) to (g),
the joints are self-aligning and may be self-
fixturing in circular, circumferential, and cer-
tain other joint arrangements. In Fig. 9(e) and
(f), the joints are both self-aligning and self-
backing; each, however, leaves an unwelded
seam near the root of the weld. Ideally, a slight
gap should be incorporated at the nonwelded
step portion at the joint shown in Fig. 9(f) to
allow for weld shrinkage.
In Fig. 9(g) and (h), two ways are shown of

providing integral and filler metal. The lip of
the joint in Fig. 9(g) provides more filler metal
than the shoulder of the joint in Fig. 9(h), but
because it conceals the joint, a scribed line or
other means for beam placement and for scan-
ning must be provided before the welding oper-
ation can proceed.
The slant-groove weld (also called angular or

scarf) shown in Fig. 9(j) is used in butt joints to
facilitate fixturing. It is also used where limita-
tions on the beam location prevent fusion for

the entire groove depth if the basic square-
groove weld (Fig. 9a) were used. Greater weld
depth, as measured parallel to the beam axis,
is needed for full penetration of a given metal
thickness than with the square-groove weld.
This type of weld and variations of it are used
both in butt joints and in corner joints.
A slant-butt joint can also be welded with

beam alignment set at 90� to the surface of
the work. This beam angle permits the produc-
tion of defect-free welds where fit-up is poor
or where the joint opening is larger than can
be tolerated when the beam is aligned with the
groove. In a related type of weld, the joint has
a square-groove preparation, and the beam is
at an angle to the groove. This type of weld is
used mainly under circumstances in which
other types of welds would be hard to access.

Welds in Corner Joints

Eight types of electron beam welds fre-
quently made in corner joints are shown in
Fig. 10. Corner joints are second only to butt
joints in frequency of use with EBW. Important
differences between butt and corner joints are
notch sensitivity and suitability for nondestruc-
tive testing. To compare alignment, self-fixtur-
ing, and the occurrence of portions of
unwelded seam, see Fig. 9 and 10.

The two simplest and most economical welds
in corner joints are the melt-through (Fig. 10a)
and basic square-groove (Fig. 10b) welds. Nei-
ther is self-aligning or self-fixturing; manipula-
tion of the work for the weld in Fig. 10(b) can
be simplified by using a horizontal electron
beam and corresponding work orientation
(rotated 90� from the orientation shown). The
melt-through weld (Fig. 10a), unless made with
a fusion zone wide enough to eliminate the
unwelded seam completely, is weaker than the
square-groove weld and is notch sensitive. The
corner-flange weld (Fig. 10h), usually made
only on thin stock, requires precision forming
of the 90� bend. Welds in corner joints are sub-
ject to high stress concentrations.
A corner joint weld and heat-affected zone

(HAZ) of the electron beam process are com-
pared with those of gas tungsten arc welding
(GTAW) in Fig. 14. The joint designs differ
between the two processes. For GTAW, multi-
ple weld passes are required to fill the open-cor-
ner V-groove. For EBW, only a single weld
pass may be required. However, because of

Fig. 12 Typical welds obtained by electron beam
welding of lap joints

Fig. 13 Typical welds generated by electron beam
welding of edge joints having components

of equal and unequal section thicknesses

Fig. 14 Schematic of cross sections through corner joints and welds to show variation in the size of welds and heat-affected zone that are obtained with electron beam welding
and gas tungsten arc welding
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occasional undercutting, a second (cosmetic)
pass may be used. Even when the second pass
is used, the weld and the HAZ are much nar-
rower than those created by arc welding. The
effect of the cosmetic pass on the weld cross
section is shown in Fig. 14; the machine set-
tings for the defocused beam used to make the
cosmetic pass are in the table with Fig. 14.

Welds in T-Joints

Three types of electron beam welds made in
T-joints are shown in Fig. 11. The melt-through
or blind weld (Fig. 11a), like melt-through
welds in butt or corner joints, leaves an
unwelded seam with resulting low strength,
notch sensitivity, and corrosion susceptibility.
Figure 11(b) shows another method for T-joint
welding that may be best suited for thinner sec-
tions so that the entire joint is consumed with
the weld. A joint clearance area may be
employed, as shown in Fig. 15, to allow more
unobstructed access to the T-joint area. The
double-square-groove weld (Fig. 11c) is used
primarily on sections 25 mm (1 in.) or more
thick. For welds similar to Fig. 11(b) and (c),
filler metal can be added.

Welds in Lap and Edge Joints

Three types of electron beam lap joint welds
are shown in Fig. 12. An example of an EBW
melt-through lap joint is illustrated on the
rupture-disk assembly shown in Fig. 16. For
this assembly, leak-tightness rather than high
tensile strength is the objective. Originally, the
components were joined in one pass by GTAW,
using the design illustrated in the upper right
corner of Fig. 16. A circular groove was cut in
the nozzle wall to help localize the weld bead,
which was made without filler metal. Light
pressure was applied at both ends of the assem-
bly to hold the parts in alignment for welding.
However, the GTAW weld procedure resulted

in numerous rejects because of leaks due to
excessive heat and disk burnback. To eliminate
these difficulties, the operation was converted
to EBW. Each assembly was fitted into a cylin-
drical receptacle or pot that was equipped with
a hold-down ring that forced the periphery of
the disks and caps into close alignment, as
shown by the improved method of Fig. 16. A
melt-through or lap weld was made, rather than
an edge-flange weld at the periphery.
Three types of electron beam welds made in

edge joints are shown in Fig. 13. Thick sections
can be joined by deep, narrow square-groove
welds (Fig. 13a). Shallow welds made with a
low-power, partially defocused beam are used
to join thin sections to each other or to thick
sections, as shown in Fig. 13(b) and (c). Shal-
low edge welds can be made at high speed.
Welds of this type are particularly useful on
hermetically sealed assemblies, which may be
designed for planned salvage by removal of
the weld region and subsequent rewelding.

Butt Joints versus Corner and T-Joints

The concentration of bending stresses at the
weld in corner and T-joints is sometimes

avoided by designing the work for a butt joint
on a straight section near the corner or T (flange
neck or welding neck construction). This prin-
ciple of design is applicable also to butt joints
between members having different thicknesses,
and it can be applied to straight line, circular,
and circumferential joints.
In welding such a joint in magnetic metals, if

the beam path is too close to the corner, T, or
shoulder, the beam may be deflected away from
the metal that it passes near on its way to the
joint, causing it to enter the work at an angle
and possibly to miss the lower portion of the
joint. To avoid this problem, the beam clear-
ance should be 0.8 mm (0.030 in.) or more,
depending on the height of the magnetic projec-
tion (Fig. 15).

Special Joints and Welds

Many variations of the basic joint and weld
types described in the preceding section and
illustrated in Fig. 9 through 16 are used to meet
the needs of individual applications. Some of
these special joints and welds are discussed as
follows.

Fig. 15 Joint location and beam clearance for an
electron beam welded butt joint near a

projecting corner, T, or shoulder consisting of magnetic
work metal

Fig. 16 Comparison of electron beam and gas tungsten arc welds applied to a type 304 stainless steel rupture disk
assembly
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Plug and Puddle Welds

Plug and puddle welds are usually made
by manually (or automatically) manipulating
the work under a fixed beam at low
power. Filler metal used for plug welds is often
preplaced at the weld site. Puddle welding
is used mainly to fuse shallow defects together
locally.

Multiple-Pass Welds

Most electron beam welds produce
the desired penetration in a single pass.
Tack welds and cosmetic or smoothing
passes are not considered penetration passes.
Welds several inches deep can be made in
most metals in a single pass. Weld depth
obtainable in a single pass can be nearly dou-
bled by welding from both the face and the
back of the work.
In a variation on straight-through two-pass

welding from opposite sides, separate welds
that meet or almost meet can be made at an
angle of 90� to each other in a rabbeted
square-groove joint.

Tangent-Tube Welds

Tangent-tube welds are longitudinal welds
joining two parallel tangent tubes (or cylin-
ders). The tubes may differ in size; the beam
is perpendicular, or nearly so, to the common
axial plane of the two tubes. Added filler metal
may be used for reinforcement. Thinner-walled
tubes can be joined more easily by EBW than
by arc welding methods.

Three-Piece Welds

Welds can be made that join three or
more pieces in which there is penetration
in a single pass into all of the pieces.
Many of the difficulties encountered in
welding very thin metal or foil are
eliminated by sandwiching it between two
thicker sections.

Multiple-Tier Welds

Multiple-tier welds are welds made
simultaneously in in-line, separated joints
(usually butt joints) in a single pass of the elec-
tron beam. A more detailed discussion is given
in the section of this article on multiple-tier
welding.

Welds Using Integral Filler Metal

Welds using integral filler metal may
be of the types shown in Fig. 9(g) and (h), in
which an overhanging lip or a shoulder pro-
vides filler metal to a butt joint, or both mem-
bers may be made thicker at the joint than
elsewhere.

EBW in Vacuum

Most EBW is done in a vacuum environment
where the maximum ambient pressure is less
than 0.13 Pa (1 � 10�3 torr). Maintenance of
this degree of vacuum is important because
of the effect that ambient pressure has on
both the beam and the weld produced. High-
precision applications that require welding to
be done in a high-purity environment to
avoid contamination by oxygen or nitrogen
are ideally suited for high-vacuum EBW
(EBW-HV).
Electron beam welding in a medium vacuum

(EBW-MV) is usually performed at a welding
(work) chamber pressure of approximately
10 Pa (7.5 � 10�2 torr), or at a work chamber
pressure ranging from 0.4 to 40 Pa (3 � 10�3

to 3 � 10�1 torr)—the total partial-vacuum
region. The gun chamber, where the beam is
generated, is held at 1.3 to 13 mPa (10�5 to
10�4 torr), as in high-vacuum welding. The
chief advantage of welding in medium vacuum,
compared with welding in high vacuum, is the
short pumpdown time for the welding chamber;
however, this benefit comes at the cost of a
welding environment that is less pure.
In nonvacuum EBW (EBW-NV), where

the ambient pressure is 10 MPa (760 torr)
and above, the scattering dispersion of the
beam increases so that the working distance
and penetration are reduced significantly
below values obtained in either high- or
medium-vacuum processes. Electron beam dis-
persion characteristics and their effect on weld
penetration at various pressures are shown in
Fig. 17.

High-Vacuum Design Considerations

The high vacuum minimizes contamination
of the molten weld zone by oxygen or
other gas elements. Therefore, high-vacuum
welding is best suited for metals that are reac-
tive or refractory in nature, such as zirconium
and titanium. Typical products include nuclear
fuel elements, pressure vessels for rocket pro-
pulsion systems, special alloy jet engine com-
ponents, and hermetically sealed vacuum
devices. High depth-to-width weld ratios can
be best achieved in high-vacuum conditions,
thereby minimizing weld shrinkage and
distortion.
Effect of Pressure on Beam. Under ambient

high-vacuum conditions, the frequency of colli-
sions between beam electrons and residual gas
molecules is extremely low, and any dispersion
(i.e., beam-broadening effect) that would result
from such scattering collisions is minimal.
However, because the frequency of scattering
collisions increases with the density of gas
molecules present, this effect becomes greater
as the surrounding environment pressure is
increased. Only at ambient pressure values
below 0.13 Pa (1 � 10�3 torr) is the effect of
scattering insignificant enough that the beam

can be held in sharp focus over distances of
several feet (depending on the particular char-
acteristics of the electron gun and electron
optics being employed) to achieve maximum
effectiveness in producing relatively deep, nar-
row welds.
The presence of a high vacuum in the work

chamber protects the weld metal and the HAZ
from oxidation and contamination by harmful
gases, serving the same function as inert shield-
ing gases in arc welding, while also degassing
the weld. The nearly complete absence of gas-
eous impurities eliminates the serious contami-
nation difficulties that are usually encountered
when attempting to arc weld relative metals
such as titanium and zirconium. The contami-
nation of air (total concentration of gases pres-
ent) is proportional to pressure, as shown in
Table 1.
Width of Weld and Heat-Affected Zone.

Electron beam welds made in a high vacuum
are narrower and have a narrower HAZ than
comparable welds made in medium vacuum or
at atmospheric pressure, and they are much nar-
rower than the narrowest welds made in pro-
duction welding by GTAW. The narrow width
of the HAZ in hardenable steels and other hard-
enable alloys permits welding of these metals
after heat treatment, in many instances without
loss of strength.

Medium-Vacuum Design
Considerations

The primary advantage to welding in a
medium-vacuum environment is the reduced
time for pumping the work chamber as com-
pared to welding at high vacuum. The gun
chamber, where the beam is generated, is held
at 1.3 to 13 mPa (10�5 to 10�4 torr), as in
high-vacuum welding. A diffusion or turbomo-
lecular pump is required to provide this gun
chamber vacuum; however, only a mechani-
cal-type pump is required to evacuate the work
chamber to the final partial-vacuum welding
pressure desired, which typically ranges from
0.4 to 40 Pa (3 � 10�3 to 3 � 10�1 torr). The
work chamber evacuation time ordinarily does
not exceed 40 s for a general-purpose chamber
(of approximately 0.11 m3, or 4 ft3). Accord-
ingly, EBW-MV permits mass production of
parts, using a chamber of minimum volume.
Production rates for welding in medium vac-
uum depend on part design and other factors;
maximum production rate is typically approxi-
mately 60 pieces per hour for general-purpose,
manually operated equipment, and upwards of
600 pieces per hour for specially tooled auto-
matic machines.
Effect of Pressure on Beam. Medium-

vacuum welding is done at pressures with a
considerable amount of residual gas molecules,
as compared to high-vacuum conditions. The
greater concentration of gas (approximately
100 parts per million) increases the collisions
between the air and the beam of electrons,
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which results in a beam-broadening effect. This
increases the beam diameter and decreases the
power density, which results in welds that are
generally greater in width and less in penetration

as compared to high-vacuum welds. Beam scat-
tering from collisions with residual gas mole-
cules begins to occur at ambient pressures
above 0.13 Pa (1 � 10�3 torr). This scattering

effect reduces the maximum working distance
that can be employed at these pressures for pro-
ducing a similar electron beam weld to that
obtained under high-vacuum conditions.

Fig. 17 Effect of pressure on beam intensity and resulting weld quality. (a) Dispersion patterns of electron beam at selected pressures. (b) Weld penetration as a function of ambient
pressure level. Additional parameters, such as beam voltage, beam travel distance, and type of ambient gas used, can produce a wide range of values, thus accounting for

the spread in the penetration data.
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Width of Weld and Heat-Affected Zone.
Electron beam welds made in a medium vacuum
arewider and have awiderHAZ than comparable
welds made in high-vacuum conditions. How-
ever, the medium-vacuum welds are still nar-
rower than the narrowest welds made in
production welding by GTAW. The effect of
welding chamber pressure on penetration and
weld shape is shown in Fig. 18 for welds made
on type 304 stainless steel, using a beam length
of 405mm (16 in.) without changing focus.Max-
imum penetration, shown in Fig. 18, is approxi-
mately 13 mm (1/2 in.). Welding conditions are
150 kV, 30 mA, and 1525 mm/min (60 in./min).
Penetration drops off rapidly at pressures of 13
Pa (10�1 torr) or more at this beam length and at
somewhat lower pressures when the beam path
is longer.

General Vacuum Limitations

Amajor limitation in the use of high vacuum in
the work chamber is the effect on unit production
time, because of the need to pump the chamber
down before each load is welded. Pumpdown
time is typically approximately 3 min for a 0.85
m3 (30 ft3) chamber and 10 min for an 8.5 m3

(300 ft3) chamber. These pumpdown times are
realistic only for a very clean and well-main-
tained system. In production, pumpdown may
be nearly double the aforementioned times. The
effect of this limitation on unit production time
is reduced by welding a number of assemblies
in each load and by keeping chamber size as
small as possible. Small chambers specially
designed for use with small workpieces have typ-
ical pumpdown times of 1 min (3.69� 106 mm3,
or 225 in.3, chamber) and, in some cases, 15 s or
less (1.0� 106 mm3, or 60 in.3, chamber).
A second major limitation in the use of high

vacuum is that work size is limited by chamber
dimensions. This limitation is sometimes cir-
cumvented by the use of a chamber bolt on
threshold that facilitates special openings, and
seals that permit oversize work to extend within
a portable clamp-on extension chamber.

Vacuum Welding Conditions

Welding in high vacuum is done with low-volt-
age aswell as high-voltage equipment.Beamvolt-
age ranges from 15 to 185 kV; beam current, 2 to
1000 mA; and welding speed, 100 to 5000 mm/
min (4 to 200 in./min) formost applications.How-
ever, higher welding speeds are typically used for

special thin-section applications. The energy input
to the work needed to produce a weld of the
required depthofpenetrationandwidth is the basis
for selecting the welding conditions.
Depth of penetration is increased by increasing

the voltage or current for greater beam power, or
by decreasing the welding speed. Table 2 lists
approximate energy inputs per inch ofweld length
for making narrow single-pass electron beam
welds 6.4 to75mm(0.25 to3 in.) deep in theweld-
able alloys of copper, iron, nickel, aluminum, and
magnesium. These values are intended to serve as
guidelines for establishing conditions for welding
work for which no previous experience is avail-
able.Energy-input requirements for specific appli-
cations depend on the alloy composition and
special operating conditions, such as the use of
beam oscillation or a defocused beam.

EBW in Nonvacuum

Unlike high- and medium-vacuum welding,
EBW in nonvacuum can offer greater work-
envelope capability. Welding at atmosphere
may not include the limitations on work size
that are imposed by the need to enclose the
work in a vacuum chamber and the time needed
for the chamber to pump down.

Explanation

In EBW-NV (workpiece out-of-vacuum),
which is also referred to as atmospheric EBW,

thework to bewelded is not enclosed in a vacuum
chamber. Instead, it is welded at atmospheric
pressure. A radiation-tight enclosure or chamber,
similar to that used in high- or medium-vacuum
EBW, surrounds the weld area. A vacuum, how-
ever, is not provided in this welding enclosure.
A nonvacuum electron beam is generated at high
vacuum in the same manner as in high- and
medium-vacuum welding. It is focused down
through a series of individually pumped stages,
each connected to the other by concentrically
aligned orifices, decreasing in diameter in the
direction of increasing pressure; this differential
pumping scheme provides the high vacuum
(gun region) to atmospheric (workpiece region)
pressure gradient necessary to allow the beam to
pass down through the column and exit into the
ambient atmosphere.

Operating Conditions

Conditions for nonvacuum welding differ
substantially from those for welding in high or
medium vacuum. Because beam dispersion
increases in proportion to pressure and distance
traveled, at pressures above the high-vacuum
level, the nonvacuum beam becomes dispersed
at relatively short travel distances.
To provide an electron beam of sufficient

energy to minimize the scattering effect of colli-
sionswith residual gasmolecules within the elec-
tron beam transfer column (i.e., the differentially

Fig. 18 Effect of welding-chamber pressure on penetration and weld shape for type 304 austenitic stainless steel

Table 2 Energy input at the weld for single-pass EBW in high vacuum for various depths of
penetration

Depth of

penetration

Energy input per weld length for indicated metal(a)

Cu Fe Ni Al Mg

mm in. kJ/mm kJ/in. kJ/mm kJ/in. kJ/mm kJ/in. kJ/m kJ/in. kJ/mm kJ/in.

6.35 0.25 0.3 0.7 0.2 5 0.2 4 0.1 2 0.04 1
12.7 0.50 0.6 0.15 0.4 10 0.3 8 0.2 5 0.1 3
19.1 0.75 1.0 0.25 0.7 18 0.6 15 0.3 8 0.2 5
25.4 1.00 1.5 0.37 1.1 27 0.9 22 0.5 13 0.3 8
38.1 1.50 2.4 0.62 1.8 46 1.5 39 0.9 23 0.6 15
50.8 2.00 3.4 0.87 2.7 68 2.4 60 1.4 35 0.9 22
63.5 2.50 4.4 112 3.5 90 3.1 80 1.9 47 1.1 29
76.2 3.00 5.4 137 4.4 112 3.9 100 2.3 59 1.4 36

(a) Values are approximate and apply to the commonly welded alloys of the metals. They are intended to serve as starting points for establishing
conditions for making narrow welds. Energy input may vary substantially from these values in specific applications, depending on the composition
of the alloy and special operating conditions. Energy input at weld = [(beam voltage) (beam current) 0.6]/welding speed, where energy input is in kJ/
in.; beam voltage is in kV; beam current is in mA; and welding speed is in in./min.

Table 1 Proportionality of weld pressure to
contamination level in a vacuum chamber

Pressure

Gases, ppmPa torr

0.0013 10�5 0.01
0.13 10�3 1.3
13 10�1 132
50 4 � 10�1 500
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pumped gun/column assembly), the applied
gun voltage is held at a constant high value (typi-
cally from 150 to 200 kV). This also helps extend
the work distance of the beam after it has
exited the column and entered the ambient atmo-
sphere. The practical working distance (standoff
distance) for nonvacuum welding, as measured
from the bottom of the final exit orifice to the
top of the workpiece, ranges from 13 to 50 mm
(1/2 to 2 in.), although some nonvacuum welding
is performed at both shorter and longer standoff
distances. With voltage held constant, beam cur-
rent, working distance, and welding speed are
selected to provide the required penetration and
weld shape for a soundweld. Because it is usually
desirable to keep working distance as short as
possible and welding speed high, beam current
is the primary control variable in nonvacuum
welding.
The small size of the exit orifice on the elec-

tron gun makes it necessary to focus the beam
at or very close to the exit orifice. Accordingly,
it is not possible to vary weld characteristics to
a significant degree by changing focus. Simi-
larly, beam deflection and oscillation are not
possible. The absence of these adjustment cap-
abilities in nonvacuum welding may be a hand-
icap, depending on material and weld-quality
requirements.
The limitation on workpiece shape imposed

by the need for a short working distance can
be overcome to some degree by the use of
electron gun nozzles specially designed to
extend into restricted spaces. Filler metal is
not ordinarily used except where necessary for
weld reinforcement to produce the desired weld
properties or to avoid cracking.
A stream of dry filtered air, or an inert shield-

ing gas such as argon or helium, is passed across
the weld region in the space between the work
and the electron gun, or may be supplied through
a special insert nozzle assembly that is part of the
exit orifice and is designed to minimize entrance
of welding vapors and other contaminants into
the gun. Auxiliary inert-gas shielding is supplied
where needed for complete protection of themol-
ten weld metal and the HAZ from gaseous con-
taminants. Welds are sometimes made on
carbon and alloy steel and other readily weldable
metals without using shielding gas. However,
shielding gas is often used, and helium is the pre-
ferred gas. Weld shape can be changed by vary-
ing the flow of helium.

Weld Shape, Penetration, and Heat
Input

Nonvacuum electron beam welds are gener-
ally wider and more tapered than high-vacuum
welds (medium-vacuum welds differ only
slightly in shape from high-vacuum welds).
EBW-NV is seldom deeper than 9.5 mm (⅜ in.).
Welds having penetrations greater than 25 mm
(1 in.) are not common and would require a sig-
nificant reduction in welding speed and use of a
helium shield to improve power density. Studies

made of nonvacuum welding of steel pipe
showed that, at speeds of 2.5 to 25 m/min (100
to 1000 in./min), full-penetration welds could
be made in metal twice as thick if helium shield-
ing gas was used instead of air. Table 3 gives the
results of this comparison in terms of welding
speed for joining steel pipe 1.3 to 3.8 mm
(0.050 to 0.150 in.) thick in air or in helium.
Welding speeds were 2.16 to 2.24 times greater
in helium as in air. Beam power used was 12
kW. Weld shrinkage across nonvacuum electron
beam welds is generally less than half that of
gas tungsten arc welds on the same work metal
and thickness and is typically approximately
twice that for high-vacuum electron beamwelds.

Tooling

Tooling in nonvacuum electron beam weld-
ing is generally designed specifically for weld-
ing a particular assembly in mass production.
Providing fixtures and equipment that permit
welding at high speeds and efficient work
handling is the key to obtaining high production
rates and low cost. The work-handling equip-
ment is at atmospheric pressure instead of in a

vacuum; hence, general-purpose welding posi-
tioners and related fixtures are usually satisfac-
tory. Hold-down clamping devices can be
simpler than those often needed for arc welding
similar parts, because angular distortion or
dihedral warpage is generally low. Locating
and alignment mechanisms are simpler than
for welding in a vacuum, because of their
accessibility and because beams are wider and
lower accuracy is required in tracking the joint.

Applications

Nonvacuum EBW is typically used in high-
volume production of industrial components
where the size or production rate precludes
the need to weld in a vacuum environment.
The applications include the production of
transmission-train components, steering column
jackets, die-cast aluminum intake manifolds,
and catalytic converters. In addition, several
appliance (and other consumer-related) items
may also be produced using the EBW-NV pro-
cess. Figure 19 shows a catalytic converter that
was nonvacuum electron beam welded with the
beam in a horizontal position.

Table 3 Speeds for nonvacuum full-penetration welding of carbon and low-alloy steel pipe
at a beam power of 12 kW

Wall thickness

Welding speeds

Relative welding speed in helium(a)

In air In helium

mm in. m/min in./min m/min in./min

1.27 0.050 10.6 417 22.9 900 2.16
2.03 0.80 6.12 241 13.4 528 2.20
2.54 0.100 4.75 187 10.5 412 2.21
3.81 0.150 3.00 118 6.68 264 2.24

(a) Based on welding speed in air being equivalent to 1.00

Fig. 19 Catalytic converter assembly consisting of seams joined by the nonvacuum electron beam welding process
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Tooling/Fixturing

Because EBW is typically used in high-
precision joining applications, special attention
should be given to the tooling fixtures
employed to grip or fasten the piece/part(s) to
the work platen or manipulator. These consid-
erations include the selection of the tooling
material, the precision of the fixturing, and the
reliability of the hardware. Furthermore, the
design of tooling fixtures must take into
account part distortion, part specifications,
welding parameters, and the vacuum environ-
ment. Because EBW tooling may be used in a
vacuum environment, tooling materials that
outgas under vacuum conditions should be
avoided. Also, when under vacuum, tight cav-
ities or blind holes in the part fixturing may
present a virtual leak condition that could add
more time than desirable to pump down the
weld chamber. Therefore, in tooling designs,
unnecessary cavities should be avoided or prop-
erly vented.

Design for Heat-Input Control

Due to the high energy input of EBW that
can serve to fuse metals with extreme melting
temperatures, the tooling may need to be
designed to withstand excessive heat buildup.
To address this, heat sinks or chill bars may
be employed as part of the tooling to better con-
trol the heat effects. Also to address the high
heat input, refractory metal tooling may be used
on the part contact surfaces. However, as a gen-
eral rule, to avoid backspatter contamination in
the welds, tooling is often made from the same
material as the workpiece. Heat buildup can
also cause excessive outgassing and distortion
in the fixturing, which may impact joint align-
ment and weld repeatability.

Design for Weld Repeatability

Materials used for electron beam tooling
should not induce magnetic fields in the weld
region. Magnetic fields near the weld can cause
the beam to deflect and not fully consume or
altogether miss the weld joint. Ferritic steels
used in electron beam tooling should be
degaussed and the residual magnetism moni-
tored. To minimize the development of electro-
static fields in the weld region (which can also
influence beam positioning), avoid electrically
insulating the tooling from the weldment to bet-
ter facilitate a common electrical ground path.
Avoid the use of nonmetallics (ceramics,

plastics, etc.) in tooling, and provide sufficient
lateral pressure to minimize gapping during
welding. When making girth welds on light-
gage material, spring loading may be
incorporated to allow for follow-up pressure.
Maximum support and clamping close to the
weld joint should be considered when welding
sheet metal or light-gage material. Assuming
that the tooling has the appropriate clamping

force and it does not present any stray move-
ment of the electron beam, control system
joint-tracking improvements over the years
have paved the way for relaxing some of the
precision requirements for part tooling.

Welding of Thin Metal

Electron beam welding can be advantageous
for joints in which at least one member is
made of thin metal. Applications include instru-
ment parts, instrument enclosures, pressure
or hermetic seals, diaphragms, encapsulations,
electrical connectors, and electronic devices,
of various metals. Even with the aid of
the heat-sink capacity, heat input by arc weld-
ing often cannot be localized sufficiently
and controlled closely enough to avoid damage
to metal foil thickness. In some applications,
using EBW instead of gas metal arc welding
can eliminate excessive melting in thin
materials.

Explanation and Ranges

Thin material (<2.4 mm, or 3/32 in., and as
thin as 0.025 mm, or 0.001 in.) can be success-
fully welded with EBW so long as proper para-
meters and part fit-up are incorporated. The
joint area must be heated to melting tempera-
tures in joining thin sections, just as in joining
thick sections, but the rate of heat transfer away
from the joint is much lower because of the
reduced cross section. Hence, local heat buildup
is greater, which increases weld width and
decreases depth-to-width ratio. In addition,
minimum beam spot size has a much greater
effect on depth-to-width ratio in joining thin
metal than in joining thick metal. The minimum
usable beam spot size obtainable generally
ranges from approximately 0.13 to 0.51 mm
(0.005 to 0.020 in.) in diameter. Because of
these conditions, depth-to-width ratio for full-
penetration welds joining two sections thinner
than approximately 2.4 mm (3/32 in.) usually
does not exceed approximately 5 to 1 and may
be less than 1 to 1.
When voltage, current, welding speed,

and other variables have been optimized for a
specific joint, use of a heat sink may still be
necessary to avoid overheating thin material,
depending on the base-metal properties (melt-
ing point, specific heat, and thermal conductiv-
ity) and metal thickness. Best results usually are
obtained by the use of copper chill blocks
machined to fit the workpiece closely at the
joint area. Fixtures made of other metals may
be effective as chill blocks if the contact area
is sufficiently large and close to the heat source.
Also, the joint gap for thinner parts becomes
critical; typically, the thinner the material,
the tighter the joint gap. As a general rule for
thin materials, the fit-up should be as tight as
possible and should never exceed 0.13 mm
(0.005 in.).

Joining Thin Sections to Thick Sections

In joining thin sections to thick sections
by EBW, the joint is usually designed so
that the thick member serves as a heat sink
for the thin member, and the point of beam
impingement is slightly removed from the
thin metal. When these precautions are taken,
welding behavior and heat dissipation are gen-
erally the same as in welding thick sections
under similar conditions. Depth of penetration
in the thicker section is usually made only
slightly greater than the thickness of the thin
section.

Partial-Penetration Welds

The precise control of heat input obtainable
in EBW permits partial-penetration welds
having uniform depth to be made in metals as
thin as or thinner than 0.25 mm (0.010 in.).
Work-metal thickness must be uniform, and
workpiece fixture arrangement and dimensions
must be selected to provide a constant rate of
heat loss adjacent to the path of the weld along
its entire length, with special provisions made
for weld starting and stopping. Beam power,
focus, and workpiece travel speed must be
closely regulated to minimize variation in
penetration.
For the closest control of penetration, both

beam power and focus can be regulated by sen-
sitive, fast-response closed-loop servomechan-
isms or feedback controllers. Also, workpiece
travel speed can be held within extremely
narrow limits by precision, mechanical workta-
ble, gun linear, or rotary-motion systems. To
compensate automatically for the effect of any
variation in voltage on focus, the control system
regulating the beam focus can be coupled to the
high- (accelerating) voltage supply to facilitate
a rapid response time (typically less than
17 ms).
Partial-penetration welds in thin metal

are not subject to root voids, root porosity, or
cold shuts, which are flaws frequently encoun-
tered in partial-penetration welds in thick metal,
because such welds in thin metal have rela-
tively low depth-to-width ratios and a wide-
angle V-shape with a gently radiused bottom.
Data on the relation of depth to width
for high-vacuum partial-penetration welds in
thin sections are given in Table 4. The ratio of
depth to width is lower for the welds in the
thinner sections. Penetration is from 50 to
85% of the work-metal thickness, and all welds
are made with chill bars in intimate contact
with the underside of the work at the weld
location.
Depth of penetration generally varies 10 to

15% from a mean value for a work thickness
of approximately 0.51 mm (0.020 in.), and the
percentage variation is greater for welds in thin-
ner metal. Accordingly, partial-penetration
welds are not ordinarily made in metal of
approximately 0.25 mm (0.010 in.) thickness.
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Beam oscillation is sometimes used to
smooth out variations in penetration, but such
oscillation must be controlled closely to be
effective.

EBW of Thick Metal

One of the major principal advantages of
EBW is the capability to weld thick metals,
including those with refractory and reactive
material properties. Typically, EBW penetra-
tions are considered thick as the weld depth
approaches 25 mm (1.0 in.) or greater. For join-
ing thick sections, EBW in a vacuum has a
number of advantages over other welding pro-
cesses. As in any welding process, the depth
of penetration for a given output power level
is dependent on the material type (melting tem-
perature, density, etc.). However, because the
majority of deep-penetration EBW is carried
out in a vacuum environment, the vacuum level
can also play a part in the obtainable weld
depth.

Advantages/Disadvantages

For joining thick sections, EBW in a vacuum
has three principal advantages over other weld-
ing processes:

� Much deeper penetration can be obtained in
a single pass. Extremely narrow, only
slightly tapered welds and a small HAZ
can be produced.

� For joints on most weldable metals, no filler
metal is needed. Where a filler metal is
required, the quantity is usually very small.

� Joints have closely fitted parallel groove
faces requiring no edge preparation, instead
of V- or U-grooves.

Deep welds made in a vacuum are
usually narrow; weld width for penetration dee-
per than 6.4 mm (¼ in.) is typically approxi-
mately 1/5 to 1/20 of the section thickness,
except for a somewhat greater width at the
crown of the weld. Welds may be either full
or partial penetration. The disadvantages of
EBW for joining thick metal may include
equipment cost, size limitations imposed by
the dimensions of the vacuum chamber in
which the work must be placed, and the time
needed for evacuating the chamber.

Effects of Pressure

Penetration capability is greatest for EBW-
HV. The effect that welding pressure has on
penetration of steel is shown in Table 5. A con-
stant weld speed of 890 mm/min (35 in./min)
and beam power of 7.5 kW from 150 kV/50
mA for high and medium vacuum, and 175
kV/43 mA for nonvacuum were used to obtain
the data in Table 5.

Full-Penetration Welds

In welding carbon steel, single-pass, full-
penetration, vacuum (high/medium) electron
beam welds are made commercially in thick-
nesses up to approximately 100 mm (4 in.);
production EBW-HV has been done on alumi-
num alloy plates 150 mm (6 in.) thick, and
230 mm (9 in.) thick aluminum alloy sections
have been welded experimentally under near-
optimum conditions.

Two-Pass Full-Penetration Welding

Penetration can be nearly doubled by making
two passes, one on each side of the work, but
cold shuts, voids, and porosity are encountered
at the root of the second weld unless conditions
are adjusted for the pass made on the second, or
back, side. A broader second-side weld with a
larger radius at the root helps to reduce the inci-
dence and severity of these flaws.

Partial-Penetration Welding

Welds that do not penetrate completely
through the work metal are satisfactory in many
applications in welding thick metal; joint
design and product requirements often rule out
full penetration.

Effects of Gun Orientation (Vertical/
Horizontal)

There are a number of EBW applications that,
based on the geometry of the component and/or
the working envelope of the vacuum chamber,

require the EBWgun to be in either the horizontal
or the vertical position. Changing the gun orien-
tation from vertical to horizontal and back can
be done either through programmed control of a
gun tilt mechanism (typically with internal
moving gun systems) or by remounting the gun
to another chamber port location (typically with
external gun systems). However, with deep-pen-
etration welding, the gun orientation may also
play a part in minimizing weld defects such as
porosity, cold shuts, or spiking.
Vapor pressure of the elements in the

materials being welded, plays an important
role in maintaining a weld-cavity keyhole
EBW. However, a very important additional
force tending to close the cavity is due to the
surface tension. During heavy-penetration
welding, the cavity is assumed to resemble a
deep and narrow depression with liquid walls,
and the force of gravity acting on the liquid
metal in the keyhole may not overcome the sur-
face tension forces when welding in the down-
hand or vertical position. This may result in
trapped gases or nonfused areas in the weld
joint. Therefore, EBW of deep penetrations
(typically welds >38 mm, or 1.5 in.) may be
best performed horizontally. However, when
welding in the near-horizontal configuration, a
drip edge may be employed just below the weld
seam to catch and prevent the molten weld
from running out of the joint and leaving voids
in the weld.

Problems and Flaws

In making vacuum electron beam welds 3.2
to 13 mm (⅛ to 1/2 in.) deep in weldable metals,
weld quality is ordinarily equal to or better than

Table 5 Typical pressure and beam travel distance specifications required to obtain
maximum weld penetration of steel(a)

Type of system

Ambient workpiece pressure Beam travel distance Maximum penetration

Pa torr mm in. mm in.

High vacuum 0.013 1 � 10�4 455 18 25 1
Medium vacuum 130 1 205 8 16 5/8
Nonvacuum 1.0 � 105 760 13 1/2 4.0 5/32

For 7.5 kW welds moving at 890 mm/min

Table 4 Relation of depth to width (D/W) for partial-penetration electron beam welds of
thin sections in a high vacuum

Work metal(a)

Thickness,

Weld dimensions(a)

D/W for weld

Depth, D Width, W(b)

mm in. mm in. mm in.

Aluminum alloys

6061-T6 0.13 0.005 0.008 0.003 0.38 0.015 0.2
5052 0.25 0.010 0.013 0.005 0.30 0.012 0.4

0.51 0.020 0.43 0.017 0.38 0.015 1.1
Stainless steels

17-4 PH 0.13 0.005 0.10 0.004 0.36 0.014 0.3
Type 301 0.25 0.010 0.15 0.006 0.28 0.011 0.5

(a) Chill tooling was in intimate contact with the underside of the work at the weld location. (b) Width of the weld at the crown, which was the
greatest width for the gently radiused, wide-angle V-shaped welds
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that of arc welds in the same metal. Special pre-
cautions are needed to avoid certain types of
discontinuities, such as porosity, gas pockets,
and cold shuts, in welds approximately 13 mm
(1/2 in.) deep or deeper. Reducing the welding
speed usually helps to reduce porosity and gas
entrapment. Extreme care in cleaning the work
metal may be necessary where the problem is
severe. When flaws are found near the root of
the weld, they can be avoided or minimized
by any adjustment of welding conditions that
broadens the weld and increases the radius of
the weld at the root. Sometimes, the joint can
be designed so that any root flaws are in a non-
critical region, or in integral or separate backup
metal that will be machined away after
welding.
As in arc welding, cold shuts (incomplete

fusion) are sometimes encountered at the root
of a deep partial-penetration weld or of a full-
penetration weld that has a poorly fitted back-
ing strip. These discontinuities are troublesome
because they are difficult to detect. Normally,
they cannot be detected by radiographic meth-
ods. Ultrasonic testing can detect the larger
cold shuts. Many cannot be observed on
roughly polished macrosections of electron
beam welds but require a metallographic polish
and examination at high magnification for
detection. Cold shuts can usually be avoided
or minimized by reducing the welding speed
or by otherwise changing conditions so as to
broaden the weld and increase the radius of
the weld at the root.
Poor fit-up or excessive joint gap can cause

excessive shrinkage, underfill, undercut, voids,
and cold shuts. Joint gap should not exceed
0.25 mm (0.010 in.) for narrow welds in most
metals, although sound welds have been
obtained using larger joint gaps by use of a pro-
cedure that increases the weld width.
Excessive mismatch can cause discontinu-

ities of the same general types as poor fit-up;
mismatch limits depend on joint design and
dimensions and on operating conditions. Weld
quality in joining thick sections is ordinarily
unaffected by changes in surface roughness of
the joint faces between approximately 1.60 to
2.50 mm (63 and 1000 min.).
A problem that is unpredictable and inconsis-

tent in making electron beam welds deeper than
approximately 13 mm (1/2 in.) is arc-outs, or
sudden failures of electron emission during
welding. However, problems of arc-out can be
decreased with routine gun cleaning and system
maintenance. Work-metal composition and
quality also influence arc-outs, which are more
frequent in the welding of materials with low
vaporization points, materials susceptible to
outgassing in a vacuum, and materials that con-
tain nonmetallic inclusions.

Use of Filler Metal

Fusion of closely fitted groove faces gener-
ally provides sufficient weld metal. If not, extra

metal can be provided by including extra stock
thickness or integral shoulders or lips in the
joint preparation. However, filler metal may
be required where product requirements or
other circumstances prevent the use of a joint
preparation and welding conditions that will
provide sufficient weld metal or chemistry.

Prevention and Cracking

Filler-metal (shim stock) additions can pre-
vent cracking in electron beam welds in a
crack-susceptible metal or combination of dis-
similar metals. It may be needed even when
joint design, fit-up, and operating conditions
are selected to achieve minimum joint restraint
and residual stress. In other applications, the
use of preplaced filler metal can provide weld
metal that is less brittle than would be obtained
by welding a base metal (or metals) alone.
Among the base metals for which added filler

metal is often required are heat treatable alumi-
num alloys 6061, 6063, and 6066, free-machin-
ing steels, and other free-machining alloys.
Many combinations of dissimilar metals that
are susceptible to cracking when welded
directly, usually because of the formation of
brittle intermetallic phases, can be electron
beam welded with the aid of filler metal that
has a composition compatible with both metals
of the combination.

Preventing Porosity

The EBW of rimmed steel without filler
metal ordinarily results in severe porosity in
the weld, even when welding speed is slow
and other conditions are selected to increase
the time during which gas can escape from the
molten weld metal. Inserting a filler metal that
contains a deoxidizer, such as aluminum, man-
ganese, or silicon, helps to minimize porosity.
Copper alloys C11000 (tough pitch copper)

and other types of copper that do not contain
residual deoxidizers also produce porous welds
when joined without filler metal, but sound
welds can be made with the aid of nickel filler
metal or a deoxidizing filler metal.

Preplacement of Filler Metal

The technique most frequently used for the
addition of filler metal in EBW, especially for
deep welds, is preplacement. A shim of filler
metal, usually of foil thickness, can be inserted
between the groove faces when the joint is
assembled for welding, or a wire or other suit-
able shape can be preplaced over the joint,
being held in position by tack welding, if
necessary.

Filler-Wire Feeding

Electrical or servo-operated filler-wire feed-
ing systems that may be similar to wire-feed
equipment used in GTAW are sometimes used

in the vacuum chamber. Usually, filler-wire
feeding does not help in joining incompatible
metals unless they are very thin.
The design of the wire-feeding nozzle and

the technique with which it is used are impor-
tant in guiding the wire so that it intercepts
the weld pool. Any filler metal inserted into
the beam path absorbs energy and affects
penetration.
A prime consideration for proper implemen-

tation or use of wire feed relates to the preci-
sion of the wire-feed system itself. The unit
must deliver the wire to a known location with
a high degree of repeatability. The design of the
wire-delivery system and welding technique
demand that the energy beam and the incoming
wire intercept at the same relative location over
time. Inconsistency in the beam-to-wire align-
ment will result in irregular penetration and
dilution of material in the fusion zone of the
weld.
Wire-feed systems can be incorporated to

provide edge buildup for repair of worn or dam-
aged piece/parts. Many such applications exist
in the jet engine and overhaul and repair indus-
try. For example, during normal operation of a
jet engine, various critical components undergo
wear, for example, knife-edge seals, Z-notches,
and vane surfaces. Because these expensive
components are vital to maintaining the proper
internal pressures required for the efficient
operation of the engine, a repair procedure is
developed to refurbish the worn component,
which can represent a substantial cost-savings
per engine.

Wire-Feeding Equipment

Several design features are desirable in a
wire feeder for EBW. These include means of
making positioning adjustments from outside
the vacuum chamber during welding, such as
changing the proximity of the nozzle to the
weld pool, changing the angle of incidence
between the workpiece and nozzle, and
controlling the movement of the wire relative
to the beam to ensure accurate interception.
Figure 20 gives a view of a wire-feed system
integrated with a moveable EBW gun.
A wire-feed system to be integrated in an

electron beam welder must be capable of con-
sistent and repeatable operation inside the weld
chamber. These conditions include vacuum
levels approaching 1 mtorr, x-ray bombardment
associated with the process, metal vapor depo-
sition, dissipation of radiant heat, and so on.
Desirable characteristics for a wire-feed system
of this type would include:

� Programmable closed-loop control of the
wire-feed rate

� An x-, y-, z-positioning system for the wire
nozzle, with jog capabilities

� Programmable automatic retraction of filler
wire

� Forward and reverse jogging of the wire
with positive drive rollers
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� Control of the nozzle angle
� A wire-straightening system
� Easily changeable details to accommodate

changing wire sizes

It is desirable to be able to control the timing
so that wire feed can be started and stopped
independently of the beam and table. A wire-
feed servo system may be employed to pre-
cisely control the feed rate and timing to con-
trol the build size and to eliminate the sticking
of the wire to the workpiece at the end of the
weld. In some control systems, wire-feed syn-
chronized pulsation with beam current may be
employed to precisely control the heat input
for fine buildup or special feature requirements.
Also, an optical viewing system can enhance
the wire-feed performance by allowing visual
confirmation of the wire location relative to
the joint or seam.

Welding Technique When Feeding
Filler Wire

The wire-feed rate is usually set at approxi-
mately the same rate as the welding speed.
Beam power must be sufficient to melt the wire
as fast as it is fed. The wire diameter is selected
so as to provide 1.25 times the volume of filler
metal needed to fill the joint cavity. Where
needed, backing strips or rings are used to pre-
vent loss of molten weld metal.
The wire-feeding nozzle is normally held as

close to the weld pool as possible without dam-
age to the nozzle, and the wire is directed into
the forward edge of the pool. The tip of the
nozzle should be made of a heat-resistant

material, coated to prevent molten weld metal
from inadvertently adhering to it. The nozzle
is usually pointed in the direction of workpiece
travel.
The filler metal can be deposited during the

weld pass, using a low welding speed to allow
time for the molten metal to fill the joint gap,
but for deep welds it is better to deposit it in a
separate pass. If cracking is a problem, another
method used on thin metal is to deposit filler
metal on the joint, and then make the welding
pass to distribute the filler metal more effec-
tively. Additional information on the wire-feed
process and related equipment can be found in
the section “Electron Beam Welding as a
Repair Method” of this article.

Direct Manufacturing

A heavy-duty version of the wire-feed
assembly previously described may be used
with an EBW system to facilitate direct
manufacturing (EBDM). Direct manufacturing
uses the electron beam that impinges on the
wire-fed alloy to build near-net shape metallic
parts using a layer-by-layer additive process.
Generally, part-path planning is executed
through a software processing method, whereas
a three-dimensional computer-aided design
model is used to command the path of the beam
and wire melt formations on a substrate plate
until the desired near-net shape or geometry is
formed (Ref 3). The substrate plate may be an
integral part of the assembly, or it may later
be machined away. This EBDM process using
wire feed is also known as electron beam addi-
tive manufacturing and electron beam free-form

fabrication. For additional information with
regard to these processes, refer to the section
“Electron Beam Near-Net Shape Processing”
in the article “Nontraditional Applications of
Electron Beams” in this Volume.

EBW for Poorly Accessible Joints

There are attributes of EBW that facilitate
welding of joint designs that are not easily acces-
sible. This is primarily due to the beam diameter,
directionality, and the broad capability to manip-
ulate the beam in various orientations by both
electromagnetic and mechanical means. How-
ever, as with other welding processes, there are
weld component clearance requirements that
must be taken into consideration.

Advantages

One of the advantages of EBW is the ability to
reach into areas lying deep within narrow open-
ings. This is possible because the electron beam
has a small diameter, a long working distance,
and, frequently, the ability to be projected at an
angle. Many joints that are inaccessible for weld-
ing by other processes can be electron beam
welded. This capability is used both in fabrica-
tion and in repair work and is especially useful
in salvaging intricate castings.

Workpiece Requirements

For limited-access welding, the workpiece
must satisfy three general requirements:

� The weld area must be on a line-of-sight
path from the beam source.

� There must be sufficient sidewall clearance
to avoid beam-fringe interference.

� The beam path must be free of magnetic
fields.

Beam Characteristics

Beam characteristics that determine applica-
bility of EBW to poorly accessible joints are
beam diameter and the working distance, or
effective beam length, available between the
exit end of the beam transfer column and the
work. These characteristics in turn depend on
the beam power used, which is selected to pro-
duce the desired penetration, and on beam
focus, which is influenced by the design of the
gun, the chamber, and the focusing coil.

Sidewall Clearance

Parts intended for fabrication by EBW can
often be designed with sufficient sidewall clear-
ance for the beam power required. Where insuf-
ficient sidewall clearance exists in repair
welding, lowering the beam power or slightly
changing the angle of incidence of the beam

Fig. 20 Moveable electron beam welding gun assembly with wire-feed system. Courtesy of Sciaky, Inc.
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often avoids interference. In repair welding,
tests should be made on simulated joints, using
the same type of work metal and the required
beam power, rather than risking damage to dif-
ficult-to-replace parts.
Where close sidewall clearances are

involved, it is especially important to avoid
magnetic fields, which can cause damage to
the part by deflecting the beam. A test run on
low power is commonly used to detect beam
deflection; however, allowance must be made
for the increase in deflection at full welding
power. Magnetically soft materials with
induced magnetism can usually be demagne-
tized with magnetic-particle inspection equip-
ment or with degaussing coils.
Minimum beam clearance for making

welds close to magnetic metal that projects
above the work surface at the joint is given in
Fig. 15.

Design for Scanning/Joint Tracking

The development of feedback servomechan-
isms for controlling variations in beam power
and beam spot size, as well as in work
travel and speed, permits EBW to be accurately
controlled within tolerances of a few thou-
sandths of an inch. Depending on machine
characteristics, beam spots effective for most
welding purposes can be set up in the range of
0.25 to 0.76 mm (0.010 to 0.030 in.) in diame-
ter without difficulty. Assuming a very small
beam variation, an application requiring a beam
spot of only 0.25 mm (0.010 in.) diameter
would require a means of holding the joint-to-
beam coincidence with a runout of less than
þ�0.13 mm (þ�0.005 in.).
For welding with a 0.25 mm (0.010 in.)

diameter beam, a pileup of manufacturing toler-
ances could easily cause the beam to miss
the joint. Therefore, for most production pur-
poses, scanning and joint location systems are
necessary to better ensure the beam-to-weld joint
alignment.

Accuracy of Beam Alignment

For external EBW gun systems, beam align-
ment is generally a matter of workpiece align-
ment, as even guns of the adjustable type are
usually fixed during welding. For these sys-
tems, most joints are designed for simple path
shapes—straight lines and circles—that can be
adequately traced with precision-made car-
riages, cross-feeds, turntables, eccentric tables,
and spindles. With internal moving gun sys-
tems, beam alignment accuracy is also depen-
dent on the rigidity and performance of the
motion mechanics that support, drive, and
manipulate the gun. In either case, precision
motion mechanics are required to hold the
joint-to-beam alignment with an accuracy of
þ�0.05 mm (þ�0.002 in.) or better.

Scanning/Joint-Tracking Procedure

The workpiece is fixtured, and the joint is
aligned for travel direction and is moved to its
approximate location under the gun. The cham-
ber is closed and pumped down to a vacuum
sufficient for safe operation of the gun. A low-
power beam is turned on and focused sharply
on the workpiece surface. The specific power
settings will vary with the working distance
selected and the power ratings of the machine;
however, they should be sufficient only to cre-
ate a detectable spot without overheating the
workpiece. All of this may be done through
the selection of a scanning program.
The low-power beam is typically rastered at

the same voltage as that used for welding and is
made to sweep back and forth on the part surface
at a right angle to the welding path; these settings
are typically controlled automatically by the
scanning program. The secondary emission feed-
back through the control system, which may be
displayed on an oscilloscope or monitor, pro-
vides the operator with a beam-to-seam position
displacement. The operator can then position
the gun or the part to correct the alignment, or
use the autocorrection feature if there is one.
With autocorrection, servo drive direction and
speed data can be defined or programmed to per-
mit precise placement of the beam on the seam. If
tooling is within acceptable tolerances, produc-
tion parts ordinarily need only periodic scanning
as a quality-control measure.
Joints that have a path that deviates from a

straight line or circle usually require an auto-
matic tracking device for EBW of production
quantities. For small production lots, manual
tracking, using a coordinate drive having sepa-
rate controls, can sometimes be used. Whether
the method is controlled manually or automati-
cally, the motion required to generate the curve
is usually imparted to the workpiece, although
with precise moving gun motion mechanics,
motion can be imparted to some guns.

Scanning Techniques

Scanning techniques vary in detail, depend-
ing on the type of equipment used as well as
on joint design. It is not always necessary to
position the beam spot precisely on the joint
line. When welding dissimilar metals, dissimi-
lar thicknesses of the same metal, or certain
self-locating joints, it is often necessary to posi-
tion the beam a short distance from the visible
joint line. A corner edge or a scribed line can
often serve as a reference, or measurement
can be made with an optical grid.
Beam-to-seam alignment using secondary

emission scanning systemsmay be more difficult
for an operator to interpret when the joints are at
an angle, near a projected corner, or stepped.
However, with continued use with the special
joint configuration, an operator can obtain

sufficient experience to use the scan signal to
align the beam with the seam. Also, depending
on the control system architecture, some later
EBW systems may incorporate wave shaping or
other signal conditioning that can filter scanned
signals received from the gun antenna plate to
increase scan performance. This type of scan-fil-
tering system generally works in conjunction
with the computer control system to autocorrect
angular or unique joint configurations.

Scanning Problems

Some of the causes of excessive runout and
other difficulties encountered during scanning
are as follows:

� Poor joint design, inaccurate joint preparation
� Improper fit-up, inadequate fixturing
� Lack of precision in workpiece traversing

mechanism
� Obstructions in the beam path
� Indistinct or undetectable joint line
� Beam deflection by electric or magnetic fields

The corrections required for mechanical discre-
pancies are self-evident; the effects of electric
and magnetic fields may be less obvious.
The negatively charged electrons that com-

prise the electron beam constitute a negative
space charge. When the electrons strike an insu-
lated metal part, negative charges are built up,
causing mutual repulsion between the part and
the beam. By grounding the part, excess elec-
trons are conducted away. To avoid uninten-
tional deflection of the beam by nearby
magnetic fields, workpieces, fixtures, and tool-
ing components made of magnetic materials
should be demagnetized before welding.

Optical Joint Locating

On newer machines, an optical system typi-
cally consists of a video camera that is directed
toward the work and a monitor on which the
image is displayed. On older EBW systems, such
a system may consist of a horizontally mounted
monocular or binocular telescope. For either
case, internal illumination and reflecting mirrors
are used to provide a line of sight coaxial with
the beam path. Magnifying power may be 10 to
40 times, depending partly on working distance.
High-precision alignment can be obtained.
There are two common methods of using this

equipment. One method makes use of a low-
power beam that is sighted on the workpiece
surface. Using a calibrated grid, measurements
to 0.025 mm (0.001 in.) can be made. In the
other method, the beam is centered on a cross-
hair reticle embodied in the viewing system.
The beam is then turned off and the workpiece
joint is moved into coincidence with the cross-
hair, under internal illumination. The advantage
of the latter method is that, after the beam is
turned off, the chamber need no longer remain
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under vacuum, and further alignment work can
be done with the chamber opened, if necessary.
Before joint locating, the mirror surfaces

(which are generally protected with glass shields
within the internal optics system) should be
cleaned, because vapor deposition takes place dur-
ing welding. The frequency of cleaning may vary,
depending on the amount of vapor created and the
proximity of the weld. Typically, the glass shields
can be removed for cleaning or replacement.

Electronic Scanning

The previous descriptions primarily refer to
an electronic scanning system. For this device,
the system displays the relationship on an oscil-
loscope or monitor. As previously mentioned,
the equipment makes use of a low-power elec-
tron beam that is made to oscillate across the
joint. The amplitude of the oscillation is suffi-
cient to display the workpiece surface for a
short distance on either side of the joint, as well
as the joint line itself. At the point where the
beam crosses the seam, a loss of reflected elec-
trons at the antenna feedback signal enables the
control to determine the seam location relative
to the scan sweep (gun beam sweep) (Ref 4).
Joint correction can be incorporated to provide
accurate beam placement on the seam. Figure
21(a) shows a simplified view of an electronic
scanning system; current systems incorporate
more complex signal arrangements, but the
overall concept is the same. Figure 21(a) shows
the display condition for a beam centered
exactly on the joint. The “V” represents the
joint line, with the beam spot centered accu-
rately; the two horizontal arms (of equal length
with a centered beam) at the top of the “V” rep-
resent the adjacent workpiece surface. The bro-
ken lines above the work (at left in Fig. 21a)
show the plane of oscillation; the wavy line
along the joint in the same view shows the
approximate amplitude of oscillation. If the
beam location were displaced to the right of
the joint, the display would look like Fig. 21
(b); an opposite-handed display would indicate
displacement to the left. By the relative depth
of the “V,” the display also indicates the
amount of joint separation from apparent zero
to approximately 0.15 mm (0.006 in.). A joint
mismatch of a few thousandths of an inch is
indicated by the relative height of the horizontal
arms. In setting up for electronic scanning
(under vacuum), the work is provisionally
aligned as for optical scanning, making sure
that the joint line is parallel to the direction of
travel.

Manual and Automated Joint Tracking

In manual tracking, the welding operator
must closely observe the joint at the point
where the weld is being made to anticipate
any change in direction. The conditions best
suited to this type of operation are as follows:

� A joint path consisting of a smooth curve
� Slow travel speed
� A low-power beam with oscillation, to form

a weld as wide as possible.

The welding operator is capable of regulating
two motions of the workpiece (or gun) by man-
ually adjusting the remote controls of the travel
mechanism. For a low heat input, to permit the
use of the low welding speeds needed when
manual tracking is used, beam pulsation can
be combined with beam oscillation.
In automated joint tracking, mechanical,

electromechanical, numerically controlled, and
computerized systems are sometimes used for
welding joints that deviate from straight lines
or circles. The use of computerized numerical
control has become highly prevalent in EBW
equipment over the past decades. The capability
of CNC for allowing the weld seam path of a
part to be quickly “digitized” and “edited”
makes it an ideal tool for programming and
tracking the actual weld seam path (Ref 5).
Axes position tables and autocorrection features
may be implemented within the control system
program to automatically scan, correct, collect,
and store weld points along a joint path, to be
subsequently run in a weld program.

Electron Beam Welding as a Repair
Method

Restoration of worn or damaged components
has traditionally been an important application
for welding technology. Some repairs are
approached by welding a new detail in the area
requiring restoration. However, it is frequently
more suitable and cost-effective to use a weld
buildup process to restore the dimensions and
structural integrity of the affected area.

Welding processes such as manual or automatic
GTAW or gas metal arc welding (GMAW)
have traditionally been used for this type of
repair; these processes facilitate the addition
of filler wire to accomplish a weld buildup.
Although these processes enable efficient and
relatively fast buildup of filler metal, they have
the potential drawback of relatively high heat
input, which may cause distortion when section
thicknesses are small.

Explanation

The EBW process has been employed exten-
sively for original equipment manufacturers
mainly because of its ability to minimize or
eliminate distortion on welded components
through high weld speed, small HAZ, and small
bead size. In the past, application of EBW for
repair has been relatively limited, confined pri-
marily to butt welding of repair insert details,
penetration of parent metal (e.g., to eliminate
a crack), or melting of preplaced filler wire.
The matching of automatic wire-feed equip-
ment to EBW equipment, however, has led to
the development of a system that incorporates
the inherent advantages of EBW systems and
offers the additional capability of achieving a
precise, multiple-pass weld buildup with mini-
mum heat input. The addition of this capability
has greatly increased the utilization of EBW as
a repair mechanism.

Electron Beam Wire-Feed Process and
Equipment for Repairs

Electron beam welding units used for weld
buildup repairs are generally high-vacuum
machines (13mPa, or 10�4 torr). The availability
of a highly controlled welding atmosphere is a

Fig. 21 Electronic scanning apparatus with cathode ray tube display to show alignment of electron beam relative to
weld before welding operation is carried out. (a) Electron beam centered along length of joint. (b) Electron

beam displaced from centerline of joint
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distinct advantage for the electron beam process,
particularly when welding reactive materials
such as titanium. The EBW machines are typi-
cally equipped with signal generators or deflec-
tion control systems that oscillate and deflect
the beam in the x-y directions. They are also capa-
ble ofmaking circles and other geometric figures.
Beam deflection frequency can be varied, and the
beam can be focused above or below the point of
impingement. Beam pulsing and modulation of
the pulse are also possible. All these tools can
be used in weld buildup repairs. Current electron
beam vacuum chambers can accommodate parts
exceeding 1525 mm (60 in.) in diameter. On the
floor of the chamber is an x-y table; a rotary table
is generally fixed to this table. The component to
be repaired, typically a cylindrical ring or case, is
fixtured to this rotary table. An automatic wire
feeder delivers wire to the beam impingement
point, enabling a continuous multiple-pass weld
buildup when the component is rotated under
the beam.
The wire-feed equipment is an adaptation of

standard GTAW wire-feed equipment, and the
technique is similar to that employed in cold wire
circumferential automatic GTAW. The precision
wire feeder delivers wire through a nozzle, which
can be positioned in the x-, y-, and z-directions
andwhich is visible in the coaxial optical or cam-
era system of the EBW machine. Wire entry
angle, nozzle position, wire speed, weld speed,
accelerating voltage, focal position, deflection,
and amperage are critical factors in EBW
buildup. Both inside and outside surfaces can be
restored, depending on the position of the wire
feeder within the chamber.
A relatively small filler-wire diameter (	0.89

mm, or 0.035 in.) typically is employed to
attain a precise low-heat input and a weld
buildup typically 1.0 to 1.3 mm (0.040 to
0.050 in.) wide and 2.54 to 7.62 mm (0.100 to
0.300 in.) high, although much larger buildups
could possibly be attained by multiple applica-
tions of the process or larger wire (>2.30 mm,
or 0.090 in.), as used in EBDM. Electron beam
weld buildup lends itself readily to automation,
thereby opening the process to use by less
skilled operators. On some machines, all para-
meters are preset. The operator merely lines
the machine up on the surface to be welded
and pushes the start button. The wire feeder
automatically activates and adjusts itself to pro-
duce a smooth, precise buildup.

Application of Electron Beam Wire-
Feed Process for Repairs

The electron beam wire-feed process
has been applied primarily for restoration
of worn or damaged gas turbine aircraft
engine components, which are typically cylin-
drical in shape with diameters ranging from
100 to 1525 mm (4 to 60 in.), lengths from 25
to 915 mm (1 to 36 in.), and section sizes
from 1.3 to 12.7 mm (0.050 to 0.500 in.).
Repair of gas turbine engine components

has become increasingly attractive to commer-
cial and military operators because of the cost
and lead time involved in the procurement
of spare parts. Repairs are typically conducted
at 50 to 70% of the cost of a new component,
with three to six times improvement in replace-
ment time.
One of the key gas turbine engine component

repairs is the restoration of the rotating laby-
rinth-type air seals used tomaximize engine pres-
sure gradients. As seals wear or are damaged,
engine efficiency drops and fuel consumption
rises. Hence, restoring minimal seal clearances
has become increasingly attractive. Seal design
is typically of the straight knife-edge or tapered
knife-edge type (Fig. 22). Materials vary from
iron-base alloys (AMS 6508 and A-286) to
high-nickel alloys (Incoloy 901 and Waspaloy)
to titanium alloys (Ti-6Al-4V, Ti-8Al-1Mo-1V,
and Ti-6Al-2Sn-4Zr-2Mo).
Currently (2011), virtually all air seal resto-

ration is done by welding. Gas tungsten arc
welding, gas metal arc welding, and electron
beam welding have all been successfully
applied, depending on requirements of engine
manufacturers, component design, material,
and experience and equipment of repair sta-
tions. Prior to the establishment of the electron
beam wire-feed process, utilization of the stan-
dard electron beam weld process for this type of
repair was limited to competitive weld buildup
processes (GTAW and GMAW) and was pri-
marily applied where distortion and HAZ size
were a primary concern.
Initial application of the standard electron

beam process involved welding a machining
ring onto a premachined pedestal on which the
worn air seal was removed, as shown in
Fig. 23a. The knife-edge configuration was then
machined into the welded ring. Later, a split-
ring concept was introduced. In this procedure,
an edge-rolled ring was assembled into a

shallow groove premachined into the pedestal
top (Fig. 23b). Circumferential spike welds
from each side welded the ring in place, and
the ends of the split ring were radiused to blend
the discontinuity in the ring. The wall thickness
of the as-rolled ring was the finished thickness
of the knife edge, typically approximately 0.25
mm (0.010 in.), and the outside diameter was
finish machined after welding. Disadvantages
of this weld buildup system include ring detail
cost and the amount of postrepair machining
required.
The application of the precision wire-feed

electron beam process (Fig. 23c) to gas turbine
seal repairs provides both the material applica-
tion efficiency and cost advantages of weld
buildup systems and the inherent low heat input
and controlled atmosphere advantages of the
EBW process. A typical automatic wire-feed
electron beam air seal repair, applied to a com-
pressor rotor spacer for a gas turbine engine, is
shown in Fig. 24. This part is made from a tita-
nium (Ti-6Al-4V) forging. The outside dia-
meters of the knife edges wear in service, and
the knife edges must be restored to maintain
the proper tip clearance. The knife-edge mate-
rial is machined close to the diameter of the
pedestal; a weld buildup is made using Ti-
6Al-4V titanium filler wire, and a new knife
edge is machined. The multiple-pass technique
typically deposits 0.25 to 0.38 mm (0.010 to
0.015 in.) of radial buildup per pass. Penetra-
tion of the HAZ below the pedestal top typi-
cally does not exceed 0.38 mm (0.015 in.).
Because the entire weld buildup operation is
performed in a vacuum, there is no weld metal
or HAZ oxidation. Cost is minimized by the
high speed of the EBW process, which substan-
tially exceeds that of the standard GTAW
buildup process.
Air seal repairs also are routinely performed

on steel and nickel alloy parts. Experience with

Fig. 22 Schematic comparing cross sections of straight and tapered air seals
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nickel-base superalloys containing relatively
high percentages of gamma prime that form
hardening elements has shown these alloys to
be crack-sensitive during welding or postweld
heat treatment. Crack-free precision wire-feed
EBW buildup repairs, however, are achieved
when appropriate process parameters are used.

Quality-Assurance Testing

Quality-assurance testing is an integral part of
all gas turbine engine repairs. The high degree of
control inherent in the precision wire-feed elec-
tron beam repair process facilitates in-process
control and quality assurance. Because of the
high degree of control the electron beam process
offers, process variables can be kept to a mini-
mum. This built-up consistency tends to ensure
a long-term high level of quality assurance.
Weld parameters are developed by the analy-

sis of microsections of sample welds and by
nondestructive testing. Once an acceptable pro-
cess has been established for a component, a
weld schedule is initiated and weld parameters
are maintained. Any changes in equipment or
process must be qualified by the analysis of
new microsections. Quality of finished air seals
is ensured by one or more of the following
tests, depending on customer requirements:

� Visual
� Liquid penetrant
� Fluorescent magnetic particle
� X-ray
� Etch inspection

Future Applications for Repair

Although the most common application of the
precision wire-feed electron beam buildup pro-
cess has been in the repair of gas turbine engine
air seals, the process is not limited to this type
of application. Various other wear-restoration
applications have been developed, including
spline and groove buildups. Although the process
is most efficiently used as a continuous multiple-
pass process on cylindrical components, planar
buildup can be achieved by using sequential weld
pass patterns or oscillation. The process is also
potentially applicable for new part manufacture

to enable a component to be machined from
a smaller, less costly forging with selective
electron beam buildup to provide material for
specific structural features (for example, out-
side-diameter bosses on cylindrical cases).
With the advent ofEBDM, there aremany other

potential applications for the repair of assemblies
using this high-deposition wire-feed process.
Applications for near-net shape repair of damaged
or worn metal parts can consist of common or
high-value metal alloy components on items such
as airframes, landinggear, jet engines, guidedmis-
siles, and military vehicle parts. For additional
information with regard to this process, refer to
the section “Electron Beam Near-Net Shape Pro-
cessing” in the article “Nontraditional Applica-
tions of Electron Beams” in this Volume.

EBW Process Control Plans, Codes,
and Specifications

The applications that use EBW often
include high-quality, high-precision compo-
nents and specialty materials. Therefore, weld
requirements are generally critical in nature,
and process control plans, weld codes, and spe-
cifications may be required to achieve the ulti-
mate goal of part performance.

Explanation

Control plans provide a written summary
description of the systems used in minimizing
process and product variation and how this infor-
mation can be documented. The EBW process
control plan (PCP) typically outlines all the prod-
uct and procedural control operations implemen-
ted in the weld production process. A single PCP
may apply to a group or family of welded pro-
ducts that are produced by the same process at
the same source. Sketches, as necessary, may be
attached to the PCP for illustration purposes.
In effect, the PCP describes the actions that

are required at each phase of the EBW process,
including receiving, in-process, outgoing, and
periodic requirements to assure that all process
outputs will be in a state of control. The PCP
is maintained and used throughout the weld
product life cycle. Early in the product life

cycle, its primary purpose is to document and
communicate the initial plan for process con-
trol. Subsequently, it guides manufacturing in
how to control the process and ensure product
quality. Ultimately, the PCP remains a living
document, reflecting the current methods of con-
trol and the measurement systems used, and is
updated as systems and control methods are eval-
uated and improved. The PCP should be a central
part of the supplier’s overall process to meet

Fig. 23 Sequence of operations required for electron beam welding repair of an air seal. See text for details.

Fig. 24 Micrograph of a typical automatic wire-feed
electron beam repair of an air seal. Original

magnification: 15�
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quality, cost, and delivery goals. The EBW pro-
cess control plan may include the following:

� Verification of weld parameter settings on
test samples

� Weld part cleaning requirements
� Part preparation for assembly
� Weld fixture details and loading requirements
� Weld vacuum requirements
� Preweld scanningand joint alignmentprocedures
� Weld program selection and identification of

process characteristics
� Vacuum venting requirements
� Weld inspection and quality-control procedures
� Document certification and/or applicable

procedure qualification record

The PCP may include a process flow chart, the
applicable prequalifiedwelding procedure specifi-
cation, andweld rework, repair, and storageopera-
tions, if applicable. Almost all design, welding,
fabrication, material, repair, testing, and inspec-
tion requirements are covered under governing
organizations. For EBW, these include the Amer-
icanWeldingSociety (AWS), theSociety ofAuto-
motive Engineers (SAE) International with the
associated aerospace standards (AS), the Ameri-
can Society of Mechanical Engineers (ASME),
and the Aerospace Material Standards (AMS).
Even the Department of Defense has either
adopted many of these codes or used them as a
basis to develop their own codes, known as Mil-
Specs. The codes are recognized by the American
National Standards Institute (ANSI).

Weld Procedure Specifications

A welding procedure specification (WPS) is
a formal document describing welding details
to guide welders in the accepted procedures so
that repeatable and trusted welding techniques
and process parameters are used. A WPS
should be developed for each material alloy
and for each welding configuration used (Ref
6). Specific codes and/or engineering/welding
societies are often the driving force behind the
development of a company’s WPS. The WPS
may be supported by a welding procedure qual-
ification record (WPQR), whereas the WPQR
can provide a record of test welds performed
to ensure that the procedure can produce
acceptable welds. For EBW, typical items that
should be recorded on a WPS include:

� Machine type (model/serial number)
� Electron beam gun type with gun component

details (filament type/size, anode type/size,
etc.)

� Process parameters and tolerances (acceler-
ating voltage, beam current, beam focus,
welding speed, gun-to-work-distances, beam
deflection/oscillation values, etc.)

� Material details, such as base-metal type,
filler type (if applicable), backing material
(if applicable)

� Weld component characteristics (joint type,
joint depth, fit-up gap, fixture type, etc.)

� Pre- and postheat treatment (if required)
� Other related welding requirements and

techniques (part-cleaning method, gun
angle, tack and cosmetic pass requirements,
run-on/run-off tabs, vacuum level, etc.)

The WPS should contain sufficient details to
enable any competent person to apply the infor-
mation and produce a weld of acceptable qual-
ity for production. The amount of detail and
level of controls specified on a WPS is depen-
dent on the application and criticality of the
joint to be welded.

Boiler and Pressure Vessel Codes

As with other welding codes, the Boiler and
Pressure Vessel Code contains documents estab-
lishing legal obligations spelled out through laws
and rules to be complied with whenever engaging
in themanufacture of boilers and pressure vessels.
The code covers requirements essential to guaran-
tee public safety and reliability.
The ASME Boiler and Pressure Vessel Code

(BPVC), which is issued once every three
years, comprises a number of volumes that
establish rules of safety governing the design,
fabrication, and inspection of boilers and pres-
sure vessels, including nuclear power systems.
Section IX of the ASME BPVC relates to the
qualification of welders, welding operators,
and the procedures employed in welding in
accordance with the code and the ASME B31
code for pressure piping. Section IX of the
ASME BPVC establishes the basic criteria for
welding (including EBW) and brazing in the
preparation of requirements that affect proce-
dure and performance for component manufac-
ture when the maximum allowable working
pressure exceeds 15 psi (1.03 bar). Also, weld-
ing variables are covered that are used in the
preparation and qualification of the WPS.

Various Customer Quality
Specifications

In most cases, quality standards are driven by
a variety of customer-specific or general stan-
dards. These standards and specifications are
used to provide consistent output quality to
meet industrial and/or aerospace welding prod-
uct requirements. For EBW, these quality speci-
fications have been published by a number of
committees and organizations, including the
Aerospace Material Standards, the American
Welding Society, General Electric, Pratt &
Whitney, and Boeing.
The specifications serve to define the proce-

dures for joining metals and alloys using the
EBW process and to determine engineering
and quality requirements for the production of
these welds. The specifications may cover the
requirements for weld joint design; written
instructions for all preweld, weld, and postweld
operations; inspection methods; and allowable
limits. Also, process monitoring and control

plans may be implemented to assure fusion,
process completion, and provisions for the cer-
tification and use of welding schedules, as well
as the qualification of operators and equipment.
The general EBW specifications and the asso-

ciated issuing groups are outlined as follows:

� AMS 2680, “Electron Beam Welding for
Fatigue-Critical Applications,” SAE Interna-
tional—Aerospace Material Specification

� AMS 2681, “Electron Beam Welding,” SAE
International—AerospaceMaterial Specification

� AWS C7-3, “Electron Beam Weld Process
Specification,” American Welding Society

� AWS D17.1, “Fusion Welding for Aero-
space Applications,” American Welding
Society

� P8TF10, “Electron Beam Welding,” GE Air-
craft Engines

� PWA 16, “Arc, Gas, Electron Beam, Laser
Beam and Inertia-Friction Welding,” Pratt
& Whitney

� RA1607-077, “Electron Beam Welding for
ELV Requirements,” Boeing North Ameri-
can, Inc.

At the time of this writing (2011), the afore-
mentioned specifications are some of the most
common relative to the EBW process; addi-
tional specifications may also apply on EBW
or equipment contracts. Some older specifica-
tions may be superseded by later documents.
For instance, the Aerospace Material Specifica-
tion AMS-STD-1595, “The Qualification of
Aircraft, Missile and Aerospace Fusion
Welders,” has been replaced by AWS D17.1.
When conformance to one or more EBW speci-
fications is stipulated in a contract, all provi-
sions within the document may be required
unless specifically listed or outlined as exempt
by the contract authority.
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SEVERAL SOLID FREEFORMFABRICATION
TECHNIQUES developed over the past decade
have the ability to produce structural metal
parts directly from computer-generated designs
(Ref 1, 2). These techniques also lend themselves
to fabrication of unitized structures that reduce
part count, decrease weight, reduce assembly
time and cost, and improve structural efficiency,
as compared to conventional fabrication and
assembly methods.

Electron Beam Near-Net Shape
Processing

This section covers the details for near-net
shape processing using an electron beam (EB)
generated from a fixed or moveable gun in a
vacuum environment. The gun may be the same
or similarly configured as that used for electron
beam welding (EBW). As with EBW, the pro-
cess environment is ideally suited to a wide
range of aerospace materials, including many
reactive and refractory alloys. The EB process
offers unique advantages over other current
available near-net shape processing methods in
terms of power efficiency and deposition rate.

Process Description and Definitions

There are two main classes of EB deposition
processes currently in use for near-net shape
fabrication of three-dimensional (3-D) parts.
These classes are based on the type of feedstock
used and how it is delivered to the molten pool.
One class uses a wire-feed-based feedstock
method, and the other uses a powder-bed feed-
stock approach. Myriad other EB deposition
processes also exist for depositing thin films,
coatings, or performing surface modification
and etching. These processes are typically used
in the electronics and semiconductor industries
and are generally focused on coverage of
precise layers on a microscale (such as EB sput-
tering, physical vapor deposition, lithography,

EB-induced deposition, etc.). The focus of this
article is restricted to the former, concentrating
on the buildup of 3-D metallic components
using an EB as the heat source and wire or
powder feed as the material-delivery method.
Electron beam additive manufacturing

(EBAM), electron beam free-form fabrication
(EBFFF or EBF3), electron beam melting
(EBM), and electron beam direct manufacturing
(EBDM) are several of the acronyms used to
describe various processes that correlate to the
use of an EB power source for near-net shape pro-
cessing. The majority of the EBAM, EBF3, and
EBDMwork performed has usedwire as the feed-
stock, whereas powder primarily serves as the
feedstock for EBM. In each case, 3-D EB deposi-
tion processing takes place by introducing metal
feedstock into a molten pool that is created and
sustained using a focus-controlled EB in a high-
vacuum environment (1� 10�4 torr or lower).
Electron beam additive manufacturing

typically refers to a process where new material
is added to a substrate to fabricate components.
The term additive manufacturing has been used
in the context of deposition of metallic and
polymeric materials. In this article, additive
manufacturing is used in the context of using
metallic substrate and feedstock materials for
the purpose of building up near-net-shaped
components. For this process, the wire is
directed toward the molten pool and melted by
a focused EB. Parts are built up layer by layer
by moving the EB and wire source across the
surface of the underlying material, which is
commonly referred to as the substrate, as shown
in Fig. 1. The substrate material can become an
integral part of the finished product. In this
manner, free-standing shapes, or preforms, are
generated without molds or dies. Conventional
techniques then machine the component to the
final part geometry (Ref 3). Depending on the
wire size and the work envelope of the vacuum
chamber, this process is well suited to building
large assemblies or structures with high deposi-
tion rates (Ref 4). Bulk metal deposition at rates

in excess of 2500 cm3/h (150 in.3/h) as well as
finer detailed deposition at lower deposition
rates can be provided with the same piece of
equipment, limited only by the positioning pre-
cision and wire-feed capabilities (Ref 5, 6).
Electron beam melting operates in a powder

bed, tracing the part in a layer of powder with a
high-energy EB and repeating for subsequent
layers. In this case, the beam is steered magneti-
cally and can be split intomultiple beams running
in a pattern tomelt the layer of powder.While the
layer is hot, the surrounding area is heated and a
subsequent layer of powder is added. The heating
of the surrounding area sinters the powder partic-
ulate, preventing material repulsion and improv-
ing the material quality of the down-facing
surface. This specific process is typically used
for small part fabrication (to fit within the powder
bed), similar to standard industry practices in
stereolithography (Ref 7).
Electron beam direct manufacturing can

be considered a more generic term (no trade-
mark) for the previously described EBAM,
EBFFF/EBF3, and EBM processes. Although
the majority of EBDM work performed has
been with wire-additive processing using a sub-
strate plate, the process term can be considered
to include powder-based feedstock with or
without substrate requirements. Therefore, the
EBDM acronym is used in this article for gen-
eral references to EB near-net shape processing.

Modeling/Tool-Path and Computer-
Aided Design/Computer-Aided
Manufacturing Tools

Regardless of the specific machine being
used, the majority of components fabricated
using EB deposition processes start with a 3-D
model designed in a computer-aided design
(CAD) environment. In this operation, the
deposition path and process parameters are gen-
erated from the virtual 3-D model, which is typ-
ically executed by a real-time computer control.
Any CAD package may be used to develop



the solid model, as long as the data can be
exported into a format that can be interpreted
by the software that develops machine codes
to build the components. Software may
slice the solid model into layers and then gener-
ate a tool path to control the beam and motion
system (depending on the EB deposition
arrangement). Some systems can also take
the computer-aided manufacturing outputs
from standard CAD packages to develop the
tool paths and output the results into standard
G-code.
Thermal residual stresses are generated

within parts built using EB deposition because
of the thermal gradients induced between the
baseplate at ambient temperature and the mol-
ten region below the EB. Thermal modeling
can calculate the distribution of residual stres-
ses, predict the distortion expected as a result
of the EB deposition processes, and guide the
processing parameters and tool paths to miti-
gate or minimize the generation of thermal
residual stresses. Process modeling has also
been performed to help guide the closed-loop
control development and to help with under-
stand the effects of processing parameters on
the resulting geometry, microstructure, chemis-
try, and mechanical properties of the deposited
material (Ref 8).

Process Quality and Control of Essential
Variables

The EBDM process has numerous variables
that control the resulting microstructures,
chemistry, and shape of the deposit. These
variables have been refined in the control sys-
tem to make reproducible parts. There are much
greater variances possible with the EB deposi-
tion systems where feedstock material is fed
directly to the molten pool. Due to the chal-
lenges of feeding powder to the beam in a vac-
uum, only powder-bed systems have been

deployed with powder feedstock using EB;
powder actively fed directly to the molten EB
pool has not yet been demonstrated in
production.

Wire-Feed Systems. For wire-feed systems,
four of the most significant process variables
that are easily controlled are the translation
speed, wire-feed rate, beam power, and beam
focus. The diameter of the wire feedstock is
the controlling factor that determines the smal-
lest detail attainable using this process. Fine-
diameter wires may be used to add fine details,
and larger-diameter wires can be used to
increase deposition rate for bulk deposition
(Ref 6). Due to spreading of the molten pool,
a good rule of thumb for the smallest-width fea-
ture possible is on the order of 1½ to 2 times
the diameter of the wire. This general rule does
not apply to the widest width possible; that is
determined by the volume of wire being fed
into the molten pool and sufficient power being
delivered to melt large amounts of wire.

Multiple wire feeders have also been demon-
strated to operate simultaneously, enabling
either an increase in the volume of wire deliv-
ered to the molten pool or a functionally graded
alloying where the alloy chemistry is changed
over time. In this case, the width and depth of
the layer being deposited is limited more by
the ability to fully capture and melt wire being
fed at a high wire-feed rate. For higher transla-
tion speed, the lower heat input and lower vol-
ume of wire being fed into the molten pool
results in a smaller-diameter, shallower molten
pool. This combined effect produces a decreas-
ing taper in both the width and height of the
deposit as the translation speed increases. The
higher translation speed produces more rapid
cooling and results in a homogeneous micro-
structure with smaller equiaxed grains (Ref 9).
Deposition rate in wire-feed systems is

directly controlled by the wire-feed rate, but
beam power and translation speed are also

important factors in defining the final dimen-
sions of the deposited layer. Increasing the
beam power and decreasing the translation
speed increases the heat input into the part,
resulting in a deeper and wider molten pool.
The increased wire-feed rate adds more mate-
rial to the molten pool, resulting in the greater
deposition rate (Ref 9).
Powder-Bed Systems. In powder-bed pro-

cesses, the diameter of the feedstock powder
defines the minimum size of the layer and fea-
ture that can be produced using EB deposition.
The layer thickness is controlled by the powder
spreader when a new layer of powder is
distributed after each previous layer of melting
has been accomplished (Ref 7). The typical
deposition rate for EB powder-bed processes
is 60 cm3/h (3.66 in.3/h). The deposition rate
is not readily changed in powder-bed processes,
because the scan time with the EB is very short
compared to the time consumed with spreading
and leveling the powder layer.
Material Quality. Because the EBDM pro-

cess is typically operated within a high-vacuum
environment, this provides for an oxygen-free
atmosphere, and secondary inert gases are not
required to ensure the chemical integrity of
the material. Furthermore, the quality of sub-
strate and feedstock material may be traced
for critical applications, and the degree of trace-
ability would be specific to an end user’s indus-
try. At this writing (2011), a majority of the
EBDM development work has been performed
on aluminum and titanium alloys. However, a
variety of weldable alloys can be processed
using the EBDM processes, and new research
on nonequilibrium processing is also being pur-
sued on nonweldable alloys, functionally
graded alloys, and selectively reinforced mate-
rials (Ref 10).
The EBDM process offers the potential for

improved performance through control of
microstructures and compositions at a much
finer scale than parts machined from thick pro-
ducts. Typical thick sections have high degrees
of microstructural inhomogeneity, leading to
anisotropic mechanical properties. This is a
direct result of differences in cooling rates and
an inability to impart work evenly through a
thick section. Working with smaller billets in
conjunction with layer-additive processes can
result in more optimal microstructural features,
potentially improving the mechanical properties
of the resultant part as compared to a similar
part machined from a thick-section billet.
Finally, compositional gradients offer improved
performance and reduced cost by allowing
grading from an inexpensive material for the
bulk of the product to an expensive material at
the surface for enhanced wear resistance, corro-
sion resistance, and so on (Ref 5).
Over the range of parameters tested for 2219

aluminum, resultant microstructures varied
from a fine-grained, equiaxed grain structure
to a solidification microstructure with larger
grain sizes and dendritic growth. Representative
microstructures for high and moderate heat

Fig. 1 Schematic diagram of the electron beam (EB) direct manufacturing process. Courtesy of Sciaky, Inc.
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input (as influenced by the combination of
translation speed, wire-feed rate, and beam
power) are shown in Fig. 2 for as-deposited
2219 aluminum in the short-transverse plane
of the deposit. The light-colored bands are den-
drites that formed in the interpass region, where
portions of a previous layer are remelted during
deposition of a subsequent layer. Although den-
drites can be seen contained within the grains,
pervasive dendritic formation is minimal in
the interpass regions of the deposit produced
with the moderate heat input conditions (Ref 5).
Over the entire range of beam powers, trans-

lation speeds, and wire-feed rates tested, the
deposits exhibited very little porosity, no crack-
ing, and complete fusion between deposited
layers. The chemical composition of the depos-
its compared with the starting 2219 aluminum
wire feedstock confirmed that the alloy compo-
sitions were unaffected by the EBDM process.
The tensile properties were also very consistent
over a wide range of processing conditions. The
results indicated that the EBDM process

provides a wide processing envelope from
which 100% dense deposits can be made with
useful mechanical properties. Refer to Fig. 3
to note the tensile properties of the EBDM-
deposited 2219 aluminum as compared to typi-
cal handbook values for this material.
Experiments performed onTi-6Al-4V resulted

in the formation of large columnar grains grow-
ing epitaxially from the substrate, as shown in
Fig. 4(a). At higher magnification, as shown in
Fig. 4(b), a-b laths typical of the microstructures
of a + b titanium alloys can be seen. Through rig-
orous process control, it has been demonstrated
that the size of these columnar grains can be con-
trolled by limiting the heat input during the depo-
sition process (Ref 5).
As previously stated, following deposition,

components are built near-net shape. Subsequent
postdeposition processing steps may be required,
depending on the requirements for the compo-
nent. Final machining to provide surface finishes
and precise geometry is required, as well as
inspection for any internal flaws. Heat treatments

may also be performed, because the as-deposited
materials tend to be in an annealed condition.
Traditional heat treatment schedules used for
forged materials, for stress relief, as well as for
solutionized and aged conditions may be per-
formed following deposition to achieve mechan-
ical properties within approximately 5% of those
of forged materials.
Process qualification may be required to

adoptEBDMmethods for select applications.This
qualification requirement would be more evident
for critical applications, such as those implemen-
ted in the aerospace industry. Aerospace Material
Specification draft number 4999 was originally
created for titanium alloy direct-deposited pro-
ducts using laser-additive manufacturing and has
now been modified to allow alternate processes,
including EBDM using wire (Ref 4). However,
process qualification requirements may be the
challenge preventing swift adaptation of the
EBDM processes into numerous applications.
At thiswriting (2011), several efforts are under-

way to collect a database of material properties
and to identify an appropriate process specifica-
tion. Because the EB deposition processes tend
to operate continuously in transient rather than
steady-state thermodynamic conditions,maintain-
ing consistent output parameters (such as molten
pool width and depth and base temperatures)
requires real-time monitoring and adjustments to
one or more of the input parameters (beam power,
scan speed, translation speed,wire-feed rate, etc.).
This presents challenges in defining an applicable
process specification, because the starting input
parameters are actively modified throughout the
deposition process.
Closed-loop control is being introduced into

the market to provide the process with consis-
tency to enable reproducibility from part
to part, machine to machine, and day to day
(Ref 8). After the process control has been
translated into a process specification that can
truly be representative of the conditions
required to achieve a given end product, and
the material database has proven that these

Fig. 2 Typical microstructures of 2219 aluminum deposit. (a) Dendrite growth in a deposit with high heat input and
higher deposition-layer height. (b) Less dendrite growth and formation of equiaxed grain structure in the bulk

deposit with more moderate heat input and a smaller deposition-layer height. Source: Ref 10. Courtesy of NASA Langley
Research Center

Fig. 3 Tensile properties at room temperature of
electron beam free-form fabrication-deposited

2219 aluminum as compared to typical handbook
values for 2219 aluminum sheet and plate. Source: Ref
6. Courtesy of NASA Langley Research Center

Fig. 4 Microstructures of electron beam free-form fabricated Ti-6Al-4V deposits. (a) Low magnification shows
columnar grain structure in the longitudinal-short transverse plane. (b) High magnification shows a-b lath

structure in the short-transverse plane.
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conditions are reproducible, process qualifica-
tion can be realized.
Certification efforts are currently underway

to enable application of EB deposition parts to
enter into service trials for the aerospace indus-
try as structural aircraft components and in the
medical industry as custom-designed medical
implants (Ref 7). Within a short period of time
after certification has been achieved, applica-
tions and uses may accelerate for components
fabricated using the EB deposition processes.

General Applications (Target Parts and
Applications)

Large-scale EB deposition processes such as
EBDM are capable of producing large compo-
nents directly on plate, rather than hogging-out
large volumes of chips from a forging.Direct cost
savings can also be realized through repair
and salvage of parts, reduced machining time,

and reduced waste. Electron beam direct
manufacturing can repair broken or out-of-toler-
ance parts at a fraction of the cost of remanufac-
turing. This can be particularly significant when
there is a large investment, either in capital
expenditures, high-value materials, or large
amounts of time already invested in a part. The
EBDM processes can build an entire structure
or add detailed features to a simplified casting
or forging.However, the replacement technology
must be cost-competitive. Thus, issues such as
high deposition rates, process efficiencies, pro-
cess quality, and material compatibility are para-
mount to insertion of a new technology into a
competitive metals-forming market. Implement-
ing these processes can thereby reduce the mate-
rial wasted during machining operations, reduce
lead time and raw material costs by reducing bil-
let sizes, and enable production of a generic, sim-
plified part by conventional methods with the
addition of specific details at a later time. Besides
the raw material cost-savings, there is an ease in
handling smaller billets of raw feedstock and
the by-products or scrap produced from a less-
extensively machined part (Ref 5).
Case Study. The following case study repre-

senting an aerospace component (structural
chord) was explored to develop process techni-
ques, feasibility, and proof of concept when com-
pared to conventionalmanufacturingmethods. In
this example, the part integrity and economic
models were analyzed to determine the viability
of the process. This part was selected because of
the high cost and lead times associated with
obtaining Ti-6Al-4V, as well as the large mass
of material that must be removed to produce the
finished part. The CADmodel was used to gener-
ate a computer numerical control (CNC) weld
path offline, as shown in Fig. 5.
It was determined that a minimum of 5 mm

(0.2 in.) excess material would be deposited such
that a final net shape part could bemachined from

the preform. A 150 mm � 1520 mm � 13 mm
(6 in. � 60 in. � 0.5 in.) Ti-6Al-4V substrate
platewas clamped to awork platen and processed
using a moving-gun EBDM system. The preform
was deposited at a rate of approximately 700 cm3/
h (43 in.3/h). The parameters selected resulted in
a single-pass buildup with approximate dimen-
sions of 16 mm wide by 3 mm high (0.6 in. wide
by 0.12 in. high). The preform shape was built
to a height of 90 mm (3.5 in.). After thermal pro-
cessing of the preform, it was machined to net
size. Figure 6 depicts the chord in process and
its final finished form.
A comparison of material volume is shown

in Fig. 7, which depicts the material required
for fabricating the chord with the EBDM
approach as well as the “hog-out” method. It
is easy to extrapolate that with nearly 80%
more raw material required to fabricate the
chord from the hog-out method, the EBDM
method for fabrication would be proportionally
less in costs for material and machining.
The actual cost of using the EBDM process

depends on a few interrelated variables. These
cost elements are associated with market pric-
ing of raw materials, deposition rate, finish
machining costs, and any required auxiliary ser-
vices that may be necessary, such as thermal
processing. Table 1 shows some relative cost
percentages for each specific approach, with a
net savings of over 40% that can be realized
with the EBDM process.
The estimates assume the use of typical

machining parameters for Ti-6Al-4V material.
It should be noted that this estimate has been gen-
erated for comparison purposes and should not
necessarily be construed as the only way to gen-
erate the subject part. The cost of raw materials
is independent of the process and is driven by
industry demand and availability. Deposition
rates for titanium have been demonstrated up to
3996 cm3/h (244 in.3/h). It should be noted that

Fig. 5 Computer-aided design model of a target
preform

Fig. 6 Deposited chord preform and final part. Courtesy of Sciaky, Inc.
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techniques to allow for higher deposition rates for
EBDM are continually being refined.

Dynamic Beam Deflection
Processing

General Description

Accelerated electrons travel through a vacuum
in straight lines, as long as they are not affected
by electric or magnetic fields. Magnetic or elec-
tromagnetic fields are used to intentionally
deflect electrons from the straight flight path for
various reasons, such as to focus the stream of
electrons into a small beam spot with the help of
a static field or to deflect the electron beam with
a low-frequency (<1 kHz), low-amplitude
dynamic field to influence the keyhole of the
welding process. Lower-frequency and higher-
amplitude deflection can be used for creating
the weld without gun or part motion for making
plug welds, for instance. High-frequency,
dynamic fields (>100 kHz) are used to enhance
traditional welding processes, typically consist-
ing of one weld, by temporarily deflecting the
EB out of the keyhole to perform another task,
such as a second weld. In addition, the high fre-
quency enables the creation of raster fields that
can be used for heat treatment purposes as well.

Controlling Essential Variables

Dwell Time, Deflection, Accelerating
Voltage, Beam Current, and Beam Focus.
For fully CNC electron beam welders, all weld-
ing parameters are controlled by the welding

machine CNC and can be stored in the part pro-
gram. The length of dwell time for the EB at
each particular spot can be programmed and
allows maximum process flexibility in terms
of heat input into components.
A method for distributing the power of the

EB over a surface to be pre- or post-heat treated
or hardened consists of dividing the area into a
number of points adequately spaced so that no
hot spots exist when using a defocused beam.
These locations may be spaced as required to
obtain the necessary power density distribution,
which is defined by the values of the accelerat-
ing voltage, beam current, and beam focus. The
EB is successively positioned at each specific
location, dwelled for a programmable time
interval, and then translated at very high speed
to the next coordinate point, producing a pat-
tern that conforms to the contour requirements
of the surface to be hardened or heat treated.
The beam deflection angles are determined

by the working distance as a setup function
and the distances of dwell points. As with tradi-
tional processes, the high (accelerating) voltage
is typically held constant between 40 and 60 kV
for low-voltage guns and 90 and 150 kV for
high-voltage guns. The beam current can be
changed in the part program if necessary. Fast
beam deflections in combination with fast focus
changes between dwell points enable the pro-
cessing at different working distances.
Effective Power Density. The EB is capable

of impingement power densities on the order of
3 MW/cm2 (20 MW/ in.2) when sharply focused
for welding. However, this powerful energy con-
centration is easily controlled in power magni-
tude (accelerating voltage and beam current),
power density (defocused beam), and beam posi-
tion (computer-controlled deflection).

The extremely high power density in the
EB focal spot combined with the constant
transformation of beam energy into thermal
energy in the high-90% range makes the pro-
cess very flexible and robust at the same time.
With an increasing spot size, achieved either
through a defocused beam or the use of an
increased deflection pattern, the beam power
density can be continuously scaled down, to
the point where a keyhole process turns into a
conduction-mode welding process.
It is characteristic in dynamic beam deflection

processes that the beam is moved or “shared”
between different locations, in contrast to tradi-
tional processes where the beam impinges on
one spot only. The extremely high-speed beam
movement between points may be referred to as
beam splitting or multibeam processing, because
the speed of deflection makes the single beam
appear to be more than one. In addition to the
standard EBWparameters, the ratio of dwell time
at each location influences weld penetration (or
heat input) in such away that the smaller the ratio
in one spot, the shallower the resulting weld. The
reduced power input per time at each dwell point
can be compensatedwith an increased EB power.
Also, depending on the speed of deflection, the
beam power and focus can be dynamically
changed to match the beam location to better tai-
lor the power density of each spot.
For selective surface treatment, application

of beam energy is such that the surface of the
part is heated rapidly to a temperature just
below the melting point (approximately 1480
�C, or 2696 �F, for steel) of the metal being
hardened (Ref 11). Refer to Fig. 8 to note the
graph of EB energy input as it applies to heat
treating. As the thermal gradient becomes
steeper, the surface temperature will tend to

Table 1 Total relative percentage cost
comparison case study for a chord

Cost summary in dollars

Electron beam direct manufacturing

(EBDM) Hog-out/machining

Raw material (substrate plate): 8% Raw material: 63%
EBDM deposition (includes cost of
wire): 26%

. . .

Auxiliary processes (thermal
processing): 14%

Finish machining:
37%

Finish machining: 8% . . .
Total: 56% Total: 100%

Melting         point

Temperature

Time, S
0

20

30

40

50

60

70

80

90

100

(1112)

(1300)

(1480)

(1650)

(1830)

(2010)

(2100)

(2370)

(2500)

600

700

800

900

1000

1100

1200

0

0.5
(0.02)

1.0
(0.04) S

ur
fa

ce
 te

m
pe

ra
tu

re
, °

C
(°

F
)

1.5
(0.06)

C
as

e 
de

pt
h,

 m
m

(in
.) 2.0

(0.08)

2.5
(0.1)

1300

1400

0.5 1.0 1.5 2.0 2.5 3.0

Power

Case     
   d

epth

Fig. 8 Electron beam energy input for heat treating. Courtesy of Sciaky, Inc.

Fig. 7 Comparison of material volume for electron
beam direct manufacturing (EBDM) buildup

vs. hog-out
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rise. This is countered to keep the surface tem-
perature just under the melting point by
decreasing the surface power density with
respect to time. This is done to achieve the
desired case depth by using the ability of the
controls to rapidly adjust EB power for a spe-
cific duration. When the desired depth of aus-
tenite is prepared, the EB power is turned off.
Extremely rapid heat flow to the interior of
the part (self-quench) continues until the tem-
perature is equalized throughout the workpiece.
The cooling rate is rapid enough (in excess of
2200 �C/s, or 3960 �F/s) to exceed the critical
cooling rate and convert the austenite to hard
martensite. Transformation to martensite to
achieve maximum surface hardness and case
depth depends on several factors, such as the
mass of the part, the percentage of carbon,
and the initial condition of the base metal (nor-
malized or quenched and tempered) (Ref 12).

General Pattern Designs

Split or Multibeam Processing. There are
many EBW applications that involve two or
more process steps, for example, a weld and a
cosmetic pass to smooth the surface. Typically,
they are carried out in series, one discrete pro-
cess step after another, which requires long
floor-to-floor cycle times. With the beam-
splitting feature, it is possible to change from
series to parallel processing, where two or more
processes are executed at the same time with
one EB (Fig. 9). Technically seen, one EB is
switched between different locations with
defined, multimillisecond-long dwell times.
The length of dwell time influences weld

penetration in such a way that the longer the
hold time in one location, the deeper the result-
ing weld. This means that weld penetrations are
no longer influenced only by traditional para-
meters such as focus, beam power, and deflec-
tion pattern but also by the ratio of dwell time
to nonimpinging time.
To provide maximum process flexibility, the

dwell time can be programmed in the CNC
for each individual beam position (Fig. 10).
Process improvements with multipool welding
depend on the particular application and often
go beyond the shorter floor-to-floor production
times. For example, multipool axial welding
with four “simultaneous” weld pools on the
same diameter balances the heat input much
better than traditional processes with only one
weld pool. The improved, balanced heat input
results in a more balanced part distortion and,
in addition, shortens cycle times.
High-Speed Raster Generation. The split

or multibeam process requires only one dwell
point for each individual melt puddle, such as
welding and a cosmetic pass. If large numbers
of dwell points are needed to form a grid for
the purpose of heat treating selective surface
areas, one or more predefined heat field with
many dwell points must be preprogrammed as
a raster. The individual dwell points of the ras-
ter (grid pattern) are programmed indepen-
dently from each other in terms of location
and dwell time. It allows precise control of tem-
perature increases, temperature dwell times,
and cooling rates. The high self-quenching
rates, which are determined by material, mass,
and geometry of the individual part, can be fur-
ther influenced through timed thermal inputs
after heating to accomplish nonlinear cooling
rates with one or more heating cycles during
quenching (Fig. 11).

The energy raster can be applied to the work
surface using two distinct methods: static pat-
tern (for fixed localized areas) or traveling pat-
tern (for linear or circular stripping of larger
surface areas). Surfaces can be flat, domed, or
irregular, as in the case of gear teeth or splines.
Line of sight between the workpiece and the EB
gun is necessary, and demagnetization of parts
is recommended (2.0 gauss or less) to ensure
beam placement.

Applications of High-Frequency,
Multibeam Processes

Selective Surface Treatment. The advan-
tages of this selective heat treatment process
are being used in mass production of camshafts.
The EB equipment is used in automated, single-
piece flow manufacturing lines to harden cam-
shaft surfaces by deflecting an EB on a rotating
part (Fig. 12). The self-quenching properties of
the material are maintained through an
extremely fast and localized temperature
increase in the surface layer while maintaining
the original room temperature underneath this
heated layer. The extremely efficient self-
quenching effect of the material is further influ-
enced by the beam through a second heating
pattern that is applied with a split beam shortly
after the first heating pattern. This nonlinear
cooling rate results in improved material char-
acteristics and reduced wear of the camshaft
surfaces compared to other heat treatment
processes.
A cross section of a camshaft lobe made of

pearlitic gray cast iron after heat treating and
supercooling is shown in Fig. 13. For this cam-
shaft, a beam pattern deflection technique was
developed to optimize the heat treat pattern

Fig. 9 Weld and cosmetic pass. Courtesy of PTR-
Precision Technologies, Inc. Fig. 10 Multipool welding with different focus and penetration. Courtesy of PTR-Precision Technologies, Inc.
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density, which allowed four separate patterns to
be independently varied on each of four cam-
shaft lobes as the beam moved between the flat
areas of the camshafts to the apex areas to pro-
vide a uniform heat profile around each cam-
shaft lobe. Due to the pearlitic gray cast iron
material, after heat treating, the camshafts were
supercooled in liquid nitrogen (LN2) to reduce
the amount of retained austenite and to increase
the hardness values from nominally RC 55 to
approximately RC 60.
Other applications for selective surface heat

treatment include camshaft followers, one-way
clutch assemblies, rocker arms, and so on.
Figure 14 shows a sketch of an EB gun with a
heat treat pattern directed on the contact area
of a rocker arm component to be hardened. This
application is referred to as a static heat treat
application because the beam pattern is rastered
on the piece-part without moving the EB gun or
the part. With the pattern raster applied for 1 s,
a case depth of nominally 1 mm (0.04 in.) can
be obtained on a cast iron contact area that
would have a Rockwell hardness of approxi-
mately RC 60. Also, unlike conventional heat
treat methods such as induction or flame hard-
ening, additional postoperative steps for

external quenching and finish grinding would
be eliminated by processing this component
using the EB surface treatment method. Figure
15 shows a cross section of a similar nodular
cast iron rocker arm melt pad that produced a
0.6 mm (0.025 in.) deep white iron layer
backed up by a 0.4 mm (0.016 in.) deep hard-
ened zone. The white iron layer had a hardness
value of RC 64.
Multiple-Pool Welding with a Split Beam.

Two-pool welding is applied in mass produc-
tion on radial welds. The disk-shaped damper
assemblies are rotated underneath the EB,
which switches back and forth from the outer
to the inner joint, thereby welding both joints

“quasi” at the same time (Fig. 16). The parallel
processing of both joints shortens the floor-to-
floor time compared to the traditional process,
which performs in series, one weld after
another.
Automotive transmission gear assemblies are

conventionally welded with either the EB or
laser process using a single-beam weld pool.
This procedure typically requires the gear
assembly to be tack welded first to maintain a
balanced joint/stress configuration, and then
the tack passes are overlapped with a single
continuous weld pass. By contrast, in multipool
welding, the components are welded at several
points simultaneously along one and the same
welding seam (Fig. 17), up to an overlapping
portion in the area that already has been
welded. With this approach, the welding time
is reduced and the distortion is minimized
because of the lower heat applied to the parts.
The number of welding pools depends on the
size and geometry of the part and on the deflec-
tion width of the EB.
It is important to note that the welding seam

is not typically perpendicular to the surface
with multipool EB welding. Therefore, the inci-
dence angle of the EB and consequently the
seam depend on the welding diameter of the
welding circle and the distance between beam
source and component (Ref 13). The weld seam
may need to be configured to be directly in line
with the beam trajectory, so that the weld con-
sumes the joint (Fig. 18).
Pre- and Post-Heat Treating. Electron

beam welding may employ leading or trailing
deflected beams serving as additional heat
regions around the weld. This may be done
more frequently on materials that tend to

Fig. 13 Cross section of camshaft lobe. Material is
pearlitic gray cast iron. Courtesy of Sciaky,

Inc.

Fig. 14 Sketch of gun/coil and heat treat pattern on
rocker arm assembly. Courtesy of Sciaky, Inc.

Fig. 15 Cross section of rocker arm contact area after
heat treatment. Courtesy of Sciaky, Inc.

Fig. 16 Two-pool welding with one electron beam.
Courtesy of PTR-Precision Technologies, Inc.

Fig. 11 Heat treatment for selective surface areas.
Courtesy of PTR-Precision Technologies, Inc.

Fig. 12 Camshaft hardening. Material is 51CrV.
Courtesy of PTR-Precision Technologies, Inc.
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produce hot cracking with conventional weld-
ing methods. These additional pre- or post-heat
treating beams would typically be defocused so
as not to melt the piece-part, and they would
serve to heat the surrounding areas of the weld
to compensate for the large temperature gradi-
ent between the solidifying weld pool and the
surrounding material. This compensation
reduces the thermal stresses to better minimize
crack formations in the weld.
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Quality Control of
Electron Beams and Welds
T.A. Palmer, Pennsylvania State University
P.W. Hochanadel, Los Alamos National Laboratory
K. Lachenberg, Sciaky, Inc.

THE ISSUE OF QUALITY CONTROL in
electron beam (EB) welding is similar to that in
other welding processes, where the primary goal
is to consistently produce defect-free and struc-
turally sound welds. Existing process controls in
EB welding typically are directed at controlling
the essential machine settings, which include
the accelerating voltage, beam current, focus coil
current, vacuum level, travel speed, and work
distance (Ref 1). Additional quality-control
checks are performed after the completion of
the weld, with nondestructive evaluation (NDE)
techniques, such as eddy current, radiography,
or ultrasonic evaluation, to detect any potential
defects in the components. An overview of the
relevant NDE techniques is provided in Nonde-
structive Evaluation and Quality Control, Vol-
ume 17 of ASM Handbook, 1989.
A primary assumption in these existing

process-control techniques is that themachine set-
tings are highly accurate and reproducible and
have a direct correlation with the resulting beam
characteristics (Ref 2). Each of these machine set-
tings is quantifiable and tightly controlled before
and during the welding process, except for the
focus coil current. This machine setting is used
to define the focus condition of the beam, usually
with respect to an operator-determined “sharp
focus” setting. However, the actual beam charac-
teristics, defined in terms of specific quantifiable
parameters, such as the beam diameter and power
density distribution, at this sharp focus setting can
vary significantly with different operators,
machines, and operating conditions.
The use of diagnostic tools for probing the

beam characteristics has been growing over
the last two decades with the development of
several diagnostic tools (Ref 3–15). These
beam probing techniques are based primarily
on modifications to a traditional Faraday cup
and use direct measurements of the EB current
to obtain a profile of the beam energy distribu-
tion as the beam passes over an edge, slit, or
pinhole. The resulting signal obtained as the
beam passes over the edge or slit can provide

information about both the beam shape and size
and the power density distribution. Several
commercially available systems for measuring
the EB characteristics over a range of powers
have been developed and are in use (Ref 6–14).
In the following sections, common procedures

for controlling the EB welding process are dis-
cussed. In addition to the control of the essential
machine parameters, the introduction of closed-
loop controls and diagnostic feedback systems in
EBwelding systems are also addressed. One qual-
ity-control tool fairly unique to EB systems inter-
rogates the beam to produce a reconstruction of
the power density distribution and provide addi-
tional information on the size and shape of the
EB. Knowledge of these beam parameters can be
used to improve process understanding and con-
trol. Based on existing practices, future directions
for EB quality control are also discussed.

Process Control of Essential
Variables

Like other common welding processes, the
control of specific processing parameters is
essential to controlling the process. In EB weld-
ing, the primary variables that are controlled
include the accelerating voltage, beam current,
focus coil current, vacuum level, travel speed,
and work distance (Ref 1). These essential para-
meters are then verified prior to welding, in
accordance with the requirements of the weld
process specification and other relevant proce-
dures with which the welder is required to com-
ply. This documentation then becomes the basis
for the quality-control paperwork that follows
the welded component.
The majority of essential parameters are con-

trolled primarily by using calibrated machine
gage settings. In selected cases, the beam cur-
rent can be measured through the use of a Far-
aday cup. A Faraday cup is an electrically
conductive beam trap designed to contain and
measure the beam current. In most cases

though, a Faraday cup is used only to confirm
machine performance after maintenance and is
not commonly used as a process-control tool.
To maintain control over these machine set-
tings, the calibration of the gages controlling
these settings is performed at selected intervals
to ensure that the machine output is consistent.
Calibration of the primary variables used in

EB welding may be performed as follows:

1. The accelerating voltage may be verified using
a calibrated voltage divider as the standard.
The voltage divider reduces the high voltage
(such as 150 kV) to a workable voltage (such
as 1.5 or 15 V). This equipment is quite
specialized and typically is used at the equip-
ment manufacturing facility during the manu-
facture of new equipment or refurbishment of
older equipment. Unless a serious anomaly
occurs with the high-voltage system, this volt-
age is assumed tobe fairly constant over the life
of the equipment. Further details on calibration
of the high voltage in EBwelding can be found
in the latest revision of ISO 14744-2 (Ref 16).

2. The beam current may be verified using a
Faraday cup arrangement that contains a
calibrated ground path resistor. Additional
details can be found in the latest revision
of ISO 14744-3 (Ref 17).

3. The focus position may be verified with a
diagnostic tool such as the enhanced modi-
fied Faraday cup tool, provided the ground
path resistor is calibrated. Details are given
throughout this article.

4. The vacuum level is calibrated using a cali-
brated vacuum gage that is either calibrated
or replaced at selected intervals based on
the recommended schedule provided by the
machine manufacturer.

5. The travel speed should be verified with a
calibrated standard, such as a stopwatch.
Typically, times are sufficiently long that
this standard is sufficient. Some additional
details can also be found in the latest revi-
sion of ISO 14733-4 (Ref 18).



6. The working distance is measured from a set
location on each machine, typically the top
of the welding chamber, and is easily veri-
fied with a calibrated standard-length mea-
suring device, such as a calibrated tape
measure or meterstick.

Modern control systems are commonly
employed in EBwelding systems to control these
essential variables and to perform other desired
quality-control functions. These modern systems
employ a range of computerized controls to pro-
vide much-improved control of the essential
parameters over that possible with older, open-
loop, analog-based controls. Computer real-time
processing, using feedback mechanisms, facili-
tates rigid command of critical process para-
meters. For EB welding, control circuitry that
interfaces with the computer and the associated
discrete supplies allows the gun power level
(beam current, accelerating voltage, etc.) and
effective energy density (beam focus, deflection,
etc.) to be accurately maintained to specified
requirements. Figure 1 shows a block diagram
of a typical modern closed-loop gun control sys-
tem. Additional feedback systems may be
incorporated to control the part and/or gun
motion mechanics to facilitate fully synchro-
nized process and motion control.

Additional closed-loop systems allow for
these improved controls to be further improved
by both monitoring and altering the desired
parameters. With these closed-loop systems,
any observed changes in the weld shape or heat
input can be mitigated by corresponding
changes in the welding parameters to bring the
desired properties back into target. Although
this technology is in the early stages as of this
writing (2011), these closed-loop systems will
become an increasingly important tool in EB
welding and other associated processes. For
example, this type of closed-loop control is well
suited for EB deposition processes. Because
these processes tend to operate continuously in
transient rather than steady-state conditions,
the ability to maintain consistent output para-
meters requires real-time monitoring and
adjustments to one or more input parameters.
In addition to monitoring the essential weld-

ing parameter settings, other in-process moni-
toring controls, based on phenomena resulting
from the EB-material interaction, have been
explored. Backscattered electrons, x-rays, and
visible emitted light emanating from the weld
region have been explored with varying
amounts of success (Ref 2). These in-process
observations can be used in a number of capaci-
ties, including employing it as an in situ seam

tracker, and allow a near-real-time diagnosis
to be made as to whether the weld is proceeding
as expected. Much like the closed-loop systems
described earlier, these systems are currently
not in widespread use, but as the supporting
technologies mature further, they will become
much more common.

Beam Diagnostic Tools for
Determining Beam Focus

Process control of EB welding is based on
control of machine settings, such as accelerat-
ing voltage, beam current, travel speed, and
vacuum level. A variety of control systems are
used to ensure that these machine settings are
accurate and meet the process requirements.
On the other hand, the focus coil current
setting, which allows the operator to adjust the
beam focus position in the weld chamber, is
difficult to replicate, due to the manual nature
in which the beam focus setting is controlled.
During focusing, the strength of the magnetic

lens in the focus coils is manually adjusted by
the operator to change the focal length of the
magnetic focusing lens and to move the beam
cross-over location in the work chamber. The
focus coil current setting at which the cross-over

Fig. 1 Block diagram showing a typical modern closed-loop gun control system. EB, electron beam
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point is located at the surface of the workpiece is
referred to as the sharp focus setting. To deter-
mine the sharp focus setting, the operator directs
the beam onto a high-melting-point target mate-
rial, such as tungsten, and adjusts the focus coil
current setting while observing the intensity of
the light emitted from the target. When the emit-
ted light reaches a maximum intensity, the beam
is considered to be at sharp focus (Ref 1).
It is typical for the operator-determined

sharp focus setting to be the only means for defin-
ing the beam properties. However, it is difficult
to define and reproduce the sharp focus condition,
and the reproducibility of a sharply focused beam
at a given focus setting on even a singlemachine is
not guaranteed. Various operators may interpret
the brightest emission from the targetmaterial dif-
ferently, resulting indifferent, operator-dependent
definitions of sharp focus. In addition, changes in
the sharp focus setting are commonly observed
between evacuations of the work chamber. As a
result, beams with different properties may be
mistakenly used in the welding of potentially
high-value components.
The inability to consistently control the

beam properties and to define the focus condition
in an easily quantifiable manner can be addressed
through the use of beam diagnostic tools. This
issue has been recognized for a number of years,
resulting in the development of several rudimen-
tary tools for characterizing the sharp focus con-
dition of EBs. An early attempt at determining
the sharp focus location for a given beam is
embodied in the Arata beam (AB) test (Ref 4).
In this test, an EB is run over a comb-shaped
angled plate at a given travel speed. As the beam
passes over the material, which is typically stain-
less steel, it either cuts or melts the thin vertical
plates making up the comb-shaped angled plate,
shown in a transverse orientation in Fig. 2 (Ref
4). The sharp focus location for the EB corre-
sponds to the location where the width of the
melted material is a minimum.
The AB test is designed to find the cross-over

location of the EB for a given set of voltage,
current, and focus coil current settings. This
cross-over location corresponds to the sharp
focus condition of the EB, where the minimum
beam width is expected. After measuring the
widths of the EB spots produced at each loca-
tion on the AB test stand, the sharp focus posi-
tion is correlated with the location where the
narrowest weld is produced. Overall, the test
is very similar in construction to the angled
plate tests used in laser welding to determine
the cross-over location for laser optics.
Even though the use of this test provides pre-

viously unavailable empirical data concerning
the performance of the EB welder, it displays
a number of drawbacks that limit its usefulness
and applicability to production environments.
For example, the test setup must be removed
from the chamber to be analyzed, thus changing
the conditions in the chamber and requiring an
additional pump-down before welding. Also,
the results of the AB test are only applicable
for the welding conditions and materials with

which the test was conducted. Changes in the
weld settings or materials will have an impact
on the physical location of the beam cross-over.
Therefore, any change in welding parameters or
material will require additional testing, which
can result in the need for a rather significant
number of tests to be performed if multiple
materials and welding conditions are needed.
Finally, the results of the test reveal only the
physical location of the beam sharp focus and
nothing about the characteristics of the beam.
More modern techniques have begun to

focus on the characterization of the beam pro-
duced by an EB welder rather than just identify-
ing the beam cross-over location. To better
understand the beam characteristics, techniques
designed to directly probe the beam and
provide quantitative information have been
developed (Ref 5–14). These beam probing
techniques include a rotating wire device and
modifications to a traditional Faraday cup using
either an edge, slit, or pinhole detection system
(Ref 13). Each of these techniques uses a direct
measurement of a portion of the EB current.
In the wire probing system, a small-diameter

wire is passed or rotated through the beam, and
the resulting beam current is measured. This
system provides a means for measuring the
beam current but is limited by the poor heat dis-
sipation of the wire. Those systems that rely on
the modification of a traditional Faraday cup
are based on the capture of a selected portion
of the beam intensity, from which a power den-
sity distribution can be computed. In the edge
detection probing system, the beam is passed
over the edge of a piece of electrically isolated
refractory metal. As the beam passes over the
edge, a portion of the beam current is obtained
as a function of time, based on the speed that
the beam is traversed. The current varies as
the beam passes over the edge, resulting in a

beam profile from which energy density and
beam width measurements can be made.
In the slit probing system, the beam is

passed over a refractory metal containing a thin
slit with a width typically in the range of 0.02
to 0.1 mm (0.0008 to 0.004 in.). Because
the width of the slit is smaller than the width
of the beam, a small portion of the beam
current is captured in a Faraday cup as the
beam is swept over the slit. The resulting signal
obtained as the beam passes over the slit is sim-
ilar to that obtained in the edge detection sys-
tem and can provide information about the
beam shape and size along the scan direction
of the beam. In addition, the power density
can be estimated from this measurement.
A pinhole detection system is based on prin-

ciples similar to the slit probing system, but it
uses a small hole instead of a slit to obtain pro-
files of the beam. In this system, the beam
is rastered in both the x- and y-directions
over a pinhole, usually less than 0.10 mm
(0.004 in.) in diameter, producing a map of
the power density distribution of the beam.
Because the beam is continuously rastered over
the pinhole to obtain a complete beam profile,
precise beam control is required. Power density
distribution can be measured with this tech-
nique, but it is limited because the technique
has an inherently low signal-to-noise ratio.
Using the data obtained with these different

systems, estimations of the sharp focus setting,
the beam diameter, and the general beam pro-
file can be made. However, because the edge
and slit beam probing systems take only a sin-
gle profile of the beam, it must be assumed
that the beam is radially symmetrical and has
a circular cross section for the results to be gen-
erally useful. While this assumption may be
valid for typical sharp-focused beams, it is also
known that beams can take on elliptical and

Fig. 2 Schematic diagrams showing the basics of the Arata beam test for measuring the electron beam (EB) focus
position. Source: Ref 3, 4
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noncircular shapes or power density distribu-
tions, especially when out of focus.
The use of diagnostic tools for probing these

beam characteristics has been growing over the
last two decades with the development of sev-
eral diagnostic tools (Ref 4–14). These beam
probing techniques are primarily based on mod-
ifications to a traditional Faraday cup and use
direct measurements of the EB current to obtain
a profile of the beam energy. Several diagnostic
systems are commercially available and have
been applied to the control of EB welding sys-
tems. These systems include the DIABEAM
system from ISF-Aachen (Ref 5–8), the TWI
slit probing system (Ref 13), and the enhanced
modified Faraday cup tool developed at Lawr-
ence Livermore National Laboratory (LLNL)
(Ref 9–12). Even though each system uses a
different method for obtaining data on the EBs
that they are interrogating, they all rely on these
same basic modifications to the traditional Far-
aday cup. All of the systems also rely on the
rapid deflection of the beam, which allows the
systems to be permanently placed in the EB
chamber and used for a range of different char-
acterization activities.
The DIABEAM system uses both a slit and a

pinhole diaphragm to characterize beams up
to powers of 100 kW. By employing both a slit
and a pinhole, a rapid evaluation of the beam
and a more in-depth analysis of the beam can
be obtained. The TWI slit probing system uses
multiple slits to probe the beam to estimate
the focus, beam profile, beam asymmetry, beam
current, and beam diameter. This system can be
permanently attached to the EB welder and
used to either characterize the machine or
serve as a quality-control tool (Ref 13). Finally,
the LLNL enhanced modified Faraday cup uses
a series of 17 radial slits that interrogate the
beam at a number of different angles, so that
the resulting power density distribution can be
reconstructed.
In addition to the diagnostic hardware described

previously, specialized data-acquisition, signal-
processing, and data-analysis software have been
developed. The signal obtained by the diagnostic
hardware is converted into a voltage drop across
a known resistor and captured by a fast-sampling
analog-to-digital converter before being trans-
ferred to the data-acquisition software. The result-
ing signal obtained as the beam passes over the
edge or slit can provide information about both
the beam shape and size and the power density
distribution.
Computer tomography (CT) methods can be

applied to multiple sets of data obtained
through slit systems to produce a complete
reconstruction of the beam profile. One method
for producing a reconstruction of the beam
is to take data from multiple slits positioned
at various angles to obtain multiple slices of
the beam. These multiple sets of data are recon-
structed using CT algorithms (Ref 10–12) by
first separating the individual beam profiles,

normalizing the areas under the peaks, filtering
the data, creating a sinogram of the profiles, and
reconstructing the power density distribution
(Ref 10).
Once reconstructed, a number of measure-

ments are made to characterize the size, shape,
and power density distribution of the beam.
The peak power density and two distribution
parameters are the most used of these measure-
ments. Figure 3 provides an illustration of how
these parameters are determined. The first dis-
tribution parameter is the full width of the beam
at one-half its peak power density (FWHM).
This parameter represents the width at 50% of
the beam peak power density. The second
parameter is the full width of the beam
measured at 1/e2 of its peak power density
(FWe2). This parameter represents the width
of the beam at 86.5% of the beam peak power
density. Because the cross section of the
measured beam is not always circular, the area
of the beam at these two points is measured,
and the diameter of a circle having the same
area is used to represent both values. These
approximations are good representations for
most beams with generally circular cross-sec-
tional shapes, such as the Gaussian-like distri-
butions typically found near the sharp focus
setting. The FWHM value is used to represent
the beam width, while the FWe2 value is used
to represent the beam diameter.

Application of Beam Diagnostics

The development of these various beam
probing systems has led to the use of these tools
in a number of different applications. Using the
basic concepts described, several application
areas, primarily involving machine characteri-
zation, weld parameter transfer, and weld qual-
ity control, can be pursued using diagnostic
tools. It is shown in the following discussions
that the use of beam diagnostics to monitor
the beam characteristics provides a valuable
quality-control tool and does much to improve
the understanding of machine performance and
beam characteristics.
Machine Characterization. The primary use

of these EB diagnostic tools has been directed at
characterizing individual machines and compar-
ing the performance of different machines under
similar operating conditions. A good example of
the differences in beam characteristics for differ-
ent machines has been obtained using the
enhanced modified Faraday cup (EMFC) (Ref
14). In this study, the differences in the beams pro-
duced by two EB welders were characterized.
Sharply focused beamswere shown to display dif-
ferent shapes and peak power densities that vary
by nearly 20% for the same welding parameters
on two welders. Reconstructed beam profiles are
shown in Fig. 4. The beams produced by each
welder at the respective sharp focus settings vary
both in shape and power density distribution. The

first welder (Fig. 4a) displays a slightly oblong
shape and has the highest power densities located
in the center of the beam. The power densities
then decrease rather rapidly as the edges of
the beam are approached. On the other hand,
the second welder (Fig. 4b) produces a fairly
round beam with a much more uniform peak
power density distribution across the beamdiame-
ter and a less clearly defined hot spot in the center.
With knowledge of the respective beam char-

acteristics for each welder, the correlation
between the beam properties and the resulting
weld pool size and shape can be examined.
Autogenous welds are first made at the sharp
focus setting of each welder on a 304L stainless
steel sample at an accelerating voltage of 100
kV, a beam current of 10 mA, and a travel
speed of 17 mm/s�1 (0.7 in./s). Figures 5(a)
and (b) show the resulting weld cross sections
produced by each welder.
Each welder produces similarly-shaped weld

cross sections, showing keyhole-type behavior
at the respective sharp focus settings. However,
differences in the characteristics of sharply
focused beams also result in differences in the
measured depth and width of each weld. The
measured weld depths produced at the respec-
tive sharp focus settings show a difference of
7%, with the second welder producing the dee-
per weld. Based on these observations, the
higher peak power density weld shows the
lower penetration. However, spiking, which is
defined as a sudden increase in penetration
above the average line of penetration at the root
of the weld, is apparent on the weldment pro-
duced on the second welder. Unlike the cross
section shown in Fig. 5(a), a rather large pore
appears at the root of the weld shown in
Fig. 5(b). The presence of root porosity such
as this is indicative of spiking (Ref 19–23). In
this case, the depth of the weld at both the top

Fig. 3 A slice through the center of the reconstructed
beam with the peak power density, full width

at half maximum (FWHM), and full width at 1/e
2
(FWe2)

measurements indicated. Source: Ref 14
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(3.42 mm) and bottom (4.26 mm) of the pore is
measured, resulting in a 20% difference in the
measured weld depth.
When the depth measurement is made

at the top of the pore, the weld shown in
Fig. 5(b) is 14% shallower than the weld shown

in Fig. 5(a). Other studies have indicated that
beams with higher peak power densities pro-
duce deeper welds (Ref 24), especially when
produced on the same equipment. When the
depth at the top of the pore is taken into
account, a shallower weld with a lower peak

power density beam is produced. A comparison
of the peak power densities of the beams pro-
duced by the two machines shows a difference
of 22%, while the depths of the two welds dif-
fer by 14% when taking into account the spik-
ing. This difference is in agreement with prior
observations of the peak power density weld-
depth relationship.
The size and shape of the welds produced by

each machine can also be affected by the differ-
ent beam orientations and power density distri-
butions, both of which are not detectable
without the use of this diagnostic tool. First,
the orientations of the beams vary, with the
beam shown in Fig. 4(a) being more elongated
along its x-axis, which corresponds to the direc-
tion of welding. The beam shown in Fig. 4(b),
while not entirely circular, lacks the well-
defined orientation of that shown in Fig. 4(a).
Differences in the power density distribution
and beam orientation lead to variations in how
the EB energy interacts with the workpiece.
As a result, differences in the weld dimensions
are observed, even though the total power input
is the same.
Weld Parameter Transfer. Based on

the previous characterization of EB welding
systems performed using these diagnostic tools,
the ability to more efficiently transfer para-
meters between different machines can be
accomplished. Until the development of these
diagnostic tools, the inability to characterize
and control the focus of EBs used for welding
was a limiting factor in transferring welding
parameters between different machines and dif-
ferent facilities. The process for transferring a
set of EB welding parameters from one
machine to another can be broken down
into three consecutive steps: weld development,
weld transfer, and production. Each of these
categories includes a number of independent
operations performed on a dedicated

Fig. 4 Plots comparing reconstructed beams produced at sharp focus settings for 100 kV, 10 mA beams at a work distance of 229 mm (9 in.) on two different electron beam
welders. Source: Ref 14

Fig. 5 Weld cross sections produced in 304L stainless steel samples at sharp focus setting for 100 kV, 10 mA beams
at a work distance of 229 mm (9 in.) and travel speed of 17 mm/s�1 (0.7 in./s) on (a) welder 1 (peak power

density = 520.0 kW/mm�2) and (b) welder 2 (peak power density = 515.7 kW/mm�2). Source: Ref 14
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development welder and one or more dedicated
production welder(s). Significant redundancy is
introduced into the development and transfer of
these welding parameters. As a result, a series
of costly and time-consuming weld develop-
ment cycles are typically required before the
transfer of a set of welding parameters is
complete.
Using the data obtained with a given diag-

nostic system, estimations of the sharp focus
setting, the beam diameter, the general beam
profile, and the power density distribution can
be made, assuming that the machine has been
properly calibrated (Ref 25). Unlike existing
qualitative methods based on the transfer of
machine settings, a diagnostic tool-based proce-
dure uses quantitative measurements of specific
beam parameters, which can be correlated to
the size and shape of the welds produced by
the different welders.
To replicate the beam produced by a produc-

tion welder on the development EB welding
system, the beam is defocused. Reconstructions
of the power density distribution for the defo-
cused beam on the development welder and
the sharp focused beam on the production
welder are shown in Fig. 6 (a) and (b), respec-
tively (Ref 25). With a +11 increment change
in the focus coil current setting, the peak power
density for the development welder decreases
by 40%, and the FWHM and FWe2 values
increase by approximately 22 and 28%, respec-
tively. After the defocus correction is made to
the beam produced by the development welding
system, the resulting peak power density values
vary by only approximately 2%, while the dif-
ference in the beam distribution parameters is
7% for the FWHM values and 4% for the
FWe2 values. Even though the orientations of
the beams differ, the power density distribution
and general size of the beams produced by the
two welding systems are very similar.
Cross sections of the welds made on the

development and production welding systems
using the beams described previously are
shown in Fig. 7(a) and (b), respectively (Ref
25). In general, the two welds display similar
depths, differing by only 0.30 mm (0.01 in.),
or approximately 8%, with the weld produced
by the development welding system being the
deeper of the two. Even though the width of
the beam produced by the production welding
system is larger, the width of the weld produced
by the development welding system, as
measured at the top surface of the weld, is
approximately 0.5 mm (0.02 in.) wider than that
produced by the production welding system,
corresponding to a difference of nearly 25%.
This difference in width can be attributed, in
part, to the orientation of the beam produced
by the development welding system, which is
elongated along the axis lying parallel to the
direction of welding. On the other hand,
the widths of the welds, as measured at the
half-depth level, are fairly similar, varying by
only approximately 10%.

Fig. 6 Plots showing the reconstructed beams made at a constant voltage of 100 kV and current of 10 mA on (a) the
development welding system at a defocus setting of +11 and a work distance of 210 mm (8.3 in.) (peak power

density = 11.9 kW/mm2) and (b) the production welding system at the sharp focus setting and a work distance of 457
mm (18 in.) (peak power density = 11.6 kW/mm2). Source: Ref 25
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The previous experiments show that it
is possible to produce welds that are similar
in shape and size by considering the differ-
ences in the performance of two machines
determined through the use of the EMFC
diagnostic tool. With this tool, the characteris-
tics of the EB are quantified to a level
that allows similar beams to be reproduced
with ease on different welding systems. Using
these results as a baseline, a procedure for
the transfer of EB welding parameters between
two machines can be adapted to specific
needs. In any modified procedure, the EMFC
diagnostic tool is integrated into each step
of this procedure. Beginning with the weld
development stage, the EMFC diagnostic
tool provides a means for quantitatively char-
acterizing the beam and ensuring that it exhi-
bits the same characteristics each time it
is used. During the transfer of weld para-
meters, the use of the EMFC diagnostic
tool significantly streamlines the process by
removing redundant test welds on each
machine and minimizes the time and cost
required to move a part from development
to production. Therefore, traditional metho-
dologies that rely on multiple test welds
to transfer welding parameters from develop-
ment to production can be replaced by a much
more streamlined methodology that is based
on a thorough knowledge of machine
performance.

Quality Control

Process control with EB welding typically
relies on the control of the machine settings
during welding. These settings must fall within
a set tolerance range for a weld to be consid-
ered acceptable. This tolerance range, as
defined in the American Society of Mechanical
Engineers (ASME) Boiler and Pressure Vessel
code (Ref 26), can be rather wide, with beam
current being allowed to vary by up to þ�5%,
which allows for a rather significant amount
of variability in the process parameters and
the resulting beam characteristics. Even though
this quality-control philosophy, termed the
“goalpost” philosophy (Ref 27), can produce
acceptable parts, there are no guarantees that
the resulting components meet the nominal cus-
tomer specifications.
More modern quality philosophies, such as the

Taguchi loss function, recognize that customers
desire the products to fall more consistently
around the nominal specifications (Ref 27). From
a process-control standpoint, the ultimate goal is
to minimize these variations in the beam charac-
teristics, particularly at the extremes of the toler-
ance band over the course of a production run,
and for all of the parts to be near the nominal spe-
cifications. Enhanced process control is one
means formeeting the ultimate goal of producing
a product that meets customer expectations. In

EBwelding, the integration ofmodern diagnostic
tools provides a means for achieving this goal.
With beam diagnostic tools, these beam

characteristics, including the peak power den-
sity and FWHM and FWe2 values, can be quan-
tified on a regular basis. Previous work (Ref 28)
has shown that machine performance, in terms
of the measured beam characteristics, varies
over time. Testing has shown that the variabil-
ity of the beam characteristics can be measur-
ably decreased with the use of a diagnostic
tool. With the implementation of this diagnostic
tool in the process-control procedures, varia-
tions in each of the measured beam parameters
can be controlled at levels below þ�2.2%, which
is smaller than the 5% tolerance band suggested
by ASME for other welding parameters. Such
an enhanced level of control allows product
throughput to be increased by decreasing the
number of rejected parts through the elimina-
tion of unexpected variations in beam charac-
teristics (Ref 28).
The variation of the measured beam para-

meters for a single production run can be mini-
mized with the integration of EB diagnostics
into the process-control methodology. Such a
powerful tool can have a significant impact on
conventional process-control techniques for
EB welding by incorporating previously
unavailable quantitative information concerning
the beam characteristics. With this new infor-
mation, several areas should be explored fur-
ther, and general improvement of available
quality-control methods in EB welding will be
realized. Three of these areas, primarily involv-
ing the enhanced process control afforded by
this diagnostic tool, are addressed in the follow-
ing discussion.
With the aid of beam diagnostic tools, allow-

able tolerance levels for the various beam para-
meters can be decreased in size. Currently,
there is no standard accepted tolerance level
for the beam characteristics measured by this
diagnostic tool. In addition, maintaining tight
control on the machine settings is not a suffi-
cient guarantee of sufficient process control.
By more tightly controlling the beam para-
meters, variations in the resulting weld proper-
ties can be diminished, and parts more closely
meeting customer expectations can be produced
more reliably and to increasingly stringent
quality standards.
Secondly, by quantitatively characterizing

the beam, the tighter beam requirements can
lead to more imaginative joint designs. It is cur-
rently accepted in production environments that
some level of postweld machining and rework
is required for EB-welded components. Much
of this rework is the result of the inability to
provide adequate beam control in the absence
of a beam diagnostic tool. As a result, joint geo-
metries are designed to compensate for the lack
of precision in beam control. With the

Fig. 7 Micrographs showing the weld cross sections in 304L stainless steel produced by (a) the development welding
system at a work distance of 210 mm (8.3 in.) and a focus condition of +11 and (b) the production welding

system at a work distance of 457 mm (18 in.) and at the sharp focus setting for 100 kV, 10 mA beams at a travel
speed of 17 mm/s (0.67 in./s). Source Ref 25
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integration of beam diagnostic tools, joint geo-
metries can be minimized and the need for fol-
low-on machining reduced or even eliminated
by guaranteeing consistent beam properties.
Finally, enhanced process knowledge gained

through the use of this diagnostic tool can
lead to higher levels of machine up-time and
increased awareness of potential maintenance
issues. Changes in the peak power density of the
operator and diagnostic-determined sharp focus
settings are good indications of the overall
machine performance. For example, previous
work has identified decreases in the peak power
density measurements to correspond to a change
in machine performance, which required unex-
pected maintenance. This degradation in perfor-
mance would not be observed without the use of
a diagnostic tool, which allowed the machine to
be repaired before its degraded performance
resulted in the fabrication of any unacceptable
welds (Ref 28).
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Laser Beam Welding*
Tim Webber, IPG Photonics
Thomas Lieb, L�A�I International
J. Mazumder, University of Michigan

LASER BEAM WELDING (LBW) uses a
moving high-density coherent optical energy
source called a laser as the source of heat. Laser
is an acronym for light amplification by stimu-
lated emission of radiation. The coherent nature
of the laser beam allows it to be focused to a
small spot, leading to high energy densities
of 105 to 107 W/cm2 (6 � 105 to 6 � 107

W/in.2). (See the article “Introduction to High
Energy Density Electron and Laser Beam
Welding” in this Volume for an introduction
to the nature of laser beam radiation.)
Lasers have been promoted as potentially

useful welding tools for a variety of applica-
tions. By 1965, a variety of laser systems had
been developed for making microwelds in elec-
tronic circuit boards, inside vacuum tubes, and
in other specialized applications where conven-
tional technology was unable to provide reli-
able joining. Until the 1970s, however, laser
welding had been restricted to relatively thin
materials and low speeds, because of the lim-
ited continuous power available. Since then,
the availability of high-power continuous-wave
lasers has expanded the interest and use of
lasers in welding applications (Fig. 1). High-
power continuous-wave lasers include:

� Carbon dioxide (CO2) lasers with wave-
length of 10.6 mm

� Neodymium-doped yttrium-aluminum-gar-
net (Nd:YAG) lasers with wavelength of
1.064 mm (including both lamp-pumped
and diode-pumped rod)

� Ytterbium-doped yttrium-aluminum-garnet
(Yb:YAG) disc lasers with wavelength of
1.030 mm

� Yb:fiber lasers with wavelength of 1.070 mm

The ability of the laser to generate a power den-
sity greater than 106 W/cm2 (6 � 106 W/in.2) is
a primary factor for its potential in welding.
Table 1 compares the energy consumptions
and efficiencies of LBW with other major

welding processes. Numerous experiments have
shown that the laser permits precision (that is,
high-quality) weld joints rivaled only by those
made with an electron beam (Ref 2).
Laser beams also are used for a number of

industrial processes other than welding, includ-
ing shock hardening, ablation, drilling and cut-
ting, cladding, and transformation hardening.
Figure 2 shows how the laser processing para-
meters interact for various industrial laser beam
processes. Many of the other nonwelding appli-
cations of lasers are discussed in separate
articles.

Laser Beam Welding Advantages
and Limitations

Industrial applications of lasers have found
that laser welding offers many advantages to
conventional welding methods (Ref 3–5). These
advantages include:

� Light is inertia-less (hence, high processing
speeds with very rapid stopping and starting
become possible).

� Focused laser light provides high energy
density.

* Adapted from J. Mazumder, Laser-Beam Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 262–269, and J. Mazumder, Procedure Development
and Practice Considerations for Laser-Beam Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 874–880

Fig. 1 Laser welding of automotive body assembly. Courtesy of PSA Peugeot Citroën



� Laser welding can be used under ambient
atmospheric conditions or controlled gas-
mix environments.

� Difficult-to-weld materials (for example,
titanium, quartz, etc.) can be joined.

� Workpieces do not need to be rigidly held.
� No electrode or filler materials are required.
� range of weld geometry aspect ratios can be

produced.
� Precise welds (relative to position, diameter,

and penetration) can be obtained.

� Welds with little or no contamination can be
produced.

� The heat-affected zone (HAZ) adjacent to
the weld is very narrow.

� The laser beam can be directed
a considerable distance from the laser
source.

� Intricate shapes can be cut or welded at
high speed using automatically controlled
light-deflection techniques (remote welding,
cutting).

� The laser beam can also be time-shared and/
or energy-shared through the use of multiple
optical paths.

Limitations of LBW include:

� Precise part fit-up and alignment are much
more critical in laser welding than in ordi-
nary arc welding, because the typical focal
spot diameter for a laser beam range is small
(ranging in size from 0.1 to 1 mm, or 0.004
to 0.04 in.).

� Laser welding equipment is almost 10 times
more expensive than comparable power arc
welding systems, although laser welding
can provide much higher throughput relative
to conventional arc welding, with economic
advantage when a considerable amount of
welding is to be done.

� The penetration depth obtained in laser
welding is less than that observed in electron
beam welding.

The penetration depth obtained in laser
welding is less than that observed in electron
beam welding, because the kinetic energy of
electrons with rest mass (inertia) is greater than
that of the photons (with zero rest mass) in
the laser beam. For example, the maximum
thickness of type 304 stainless steel plate that
can be welded using a 77 kW CO2 laser is 50
mm (2 in.) (Ref 6), whereas electron beam
welding (EBW) can produce welds in type
304 stainless steel up to several inches in thick-
ness. However, the penetration depth of EBW
extends only a relatively short distance under
atmospheric pressure. Welding under a vacuum
is required to obtain optimum efficiency in
EBW.
When the capital cost of LBW is compared to

EBW, laser beamwelding can be a cost-effective
option, because no vacuum enclosure is neces-
sary for LBW. A laser beam can propagate an
appreciable distance through the atmosphere
without serious attenuation or optical degrada-
tion, because of its coherent nature. Laser beam
welding thus offers an easily maneuverable,
chemically clean, high-intensity, atmospheric
welding process with narrow HAZ and
subsequent low distortion. Laser welding also
can be conducted in controlled gas-mix environ-
ments (glove boxes) with locally applied inert
gas shielding or no shielding, although the use
of pressure-controlled environments increases the
capital costs.
Peak penetration, Amax, is the maximum pen-

etration in millimeters, where P is the incident
laser power in watts and is defined by:

AmaxðmmÞ ffi 2:5� 10�2P0:7 (Eq 1)

Peak penetration (Amax) occurs at very slow
speeds, and the weld is wide with respect to
the depth. In terms of weld width (w) and depth
(d), both conduction-mode welding (w/d � 1)
and deep-penetration welding (w/d < 1) can
be obtained with lasers.

Table 1 Energy consumption and efficiency of laser beam welding relative to other
selected welding processes

Welding process

Intensity of energy source
Joining efficiency,

mm2/kJ Fusion-zone profileW/cm2 W/in.3

Oxyacetylene 102 to 103 6 � 102 to 6 � 103 0.2–0.5 Shallow for single pass
Arc welding 5 � 102 to 104 3 � 103 to 6 � 104 0.8–2(a) 2–3(b) 4–10(c) Shallow for single pass
Plasma arc 103 to 106 6 � 103 to 6 � 106 5–10 Shallow at low-energy end. Deep

penetration at high-energy end
Laser beam 105 to 107 6 � 105 to 6 � 107 15–25 Shallow at low-energy density range. Deep

penetration at high-energy density range
Electron beam 105 to 108 6 � 105 to 6 � 108 20–30 Deep penetration

(a) Gas tungsten arc welding. (b) Gas metal arc welding. (c) Submerged arc welding. Source: Ref 1
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Laser Beam Welding Fundamentals
and Process Physics

Welding with laser beams is a process that
takes place in a series of steps as the concen-
trated laser energy, in the form of electromag-
netic energy, interacts with a material. The
steps involved are inherently multidisciplinary,
requiring knowledge from several branches of
physics. A brief summary of the nature of laser
beam interactions with materials and how heat
is delivered from the beam into the part being
welded is presented here. More detailed infor-
mation on laser/material interactions can be
found in the literature, such as by von Allmen
(Ref 7) and those in the Selected References
at the end of this article.
Laser interactions with metals are dominated

by the effects of conduction (free) electrons at
the metal surface. Absorption of the laser
energy by these electrons occurs very rapidly,
on the order of 10�13 s, and in a very shallow
region of the metal surface, 10 to 100 nm,
which is shorter than the wavelength of the
laser. The photon energy is �1.2 eV for Nd:
YAG and 0.12 eV for CO2 lasers, which is suf-
ficient to excite the free electrons and give them
excess kinetic energy. The excess kinetic
energy is then transferred to the metal atoms
through large numbers of elementary collisions
and various energy-transfer mechanisms, creat-
ing heat as the excited electrons deposit their
excess energy into the atomic lattice (Ref 7).
This process of converting the laser energy into
heat is called thermalization, and it produces a
highly localized heat pulse on the surface of
the metal where irradiation occurred. The ther-
malized heat can then macroscopically flow
from this region into the remaining portion of
the substrate, as described by classical heat-
flow methods (conduction, convection, and
radiation heat-transfer mechanisms).
During laser welding, the temperature rise

must be sufficient to melt the surface, and during
keyhole welding, the temperature rise must be
sufficient to vaporize the substrate. Under the
conditions where vapors are being created, the
laser interaction becomes more complicated,
because it must pass through this vaporized col-
umn to reach the metal surface. The hot vapor
column becomes partially ionized and can absorb
photons through interactions with the thermally
excited atoms and through the ions or free elec-
trons in the ionized plasma via a process known
as bremsstrahlung absorption.
Bremsstrahlung absorption is defined as the

process by which an inner-shell electron
absorbs a photon and consequently realizes a
higher energy state. Inverse bremsstrahlung
(IB) absorption is the opposite effect, in which
an electron emits a photon and descends to a
lower energy state. These processes produce
continuous absorption or emission spectra. The
level of the free energy states at initiation and
conclusion can take on any value. These spectra
are quite similar to metallic spectra in that the

plasma can be either highly absorbing or highly
reflecting, depending on its frequency.
The IB absorption is the means by which most

of the power absorption within the plasma occurs.
The degree to which IB occurs depends on the
laser wavelength, the laser irradiation, and the
molecular species in the plasma. It is an undesired
effect because it partially blocks the laser beam
and reduces the amount of energy that reaches
the metal surface. Methods to minimize IB
through plasma-suppression methods are dis-
cussed later in this article. It is important to note
that free electrons must be present for the IB
absorptionmechanism to operate. These electrons
can be created by thermionic emission through the
vaporization of small flakes or protrusions on the
metal surface. The prevalence of these flakes and
other surface defects will significantly affect the
threshold of plasma initiation.Once either of these
mechanisms causes an electron cascade to begin, a
plasma will form. The plasma will then be main-
tained by the IB absorption mechanism.

Modes of Laser Welding

Lasers are capable of both conduction-mode
welding and deep-penetration welding.
Conduction-Mode Welding. Momentum

transfer or convection dominates conduction-
mode welding. High power density (105 to 107

W/cm2, or 6 � 105 to 6 � 107 W/in.2) in laser
welding produces a temperature gradient of the
order of 106 K/cm (5� 106 �F/in.), which in turn
leads to surface-tension-driven thermocapillary
flow (Marangoni convection) with surface velo-
cities of the order of 1 m/s (Ref 8, 9).
Convection is the single most important fac-

tor affecting the geometry of the laser melt pool
(that is, pool shape, aspect ratio, and surface
ripples) and can result in defects such as vari-
able penetration, porosity, and lack of fusion.
Convection is also responsible for mixing, and
it therefore affects the composition of the melt
pool during laser welding. The pool configura-
tion in conduction-mode laser welding is a
function of the Prandtl number of the materials
(Prm)—defined as the ratio of kinematic viscos-
ity to molecular diffusivity (Ref 9). In materials
with low Prandtl numbers (for example, alumi-
num with Prm = 0.02), the pool shape is more
spherical and is dominated by conduction heat
transfer. In contrast, a material with a high
Prandtl number (for example, steel with Prm =
0.1) results in a pool shape that is shallow and
wide, because it is dominated by the surface-
tension-driven flow (Ref 9). Free surface defor-
mation leading to defects such as undercuts is
also influenced by convection. A small amount
of surface reactant elements (for example, sul-
fur or oxygen) can change the convection direc-
tion. For most metals, thermocapillary flow
drives the hot metal to the cold side (Fig. 3),
but the addition of sulfur changes the sign of
the temperature-dependence function of the sur-
face tension and drives the liquid metal to the
center of the pool.

Deep-Penetration-Mode Welding. The
mechanism of deep-penetration welding by a
laser beam is very similar to that encountered with
an electron beam (that is, energy transfer is via
“keyhole” formation) (Ref 10–12). This keyhole
may be produced when a beam of sufficiently high
power density causes vaporization of the substrate
and the pressure produced by the vapor in the crater
causes displacement of the molten metal upward
along the walls of the hole (Fig. 4). This hole acts
as a blackbody, aiding the absorption of the laser
beam as well as distributing the heat deep in the
material. The energy inmost conventional welding
processes is deposited at the surface of the work-
piece and brought into the interior by conduction.
The conditions of energy and material flow

during beam welding were investigated theoret-
ically by Klemens (Ref 13). According to Kle-
mens, the keyhole or cavity is formed only if
the beam has sufficient power density. The key-
hole is filled with gas or vapor created by con-
tinuous vaporization of wall material by the
beam. This cavity is surrounded by liquid that,
in turn, is surrounded by solid.
The flow of the liquid and the surface tension

tend to obliterate the cavity, while the vapor,
which is continuously generated, tends to main-
tain the cavity. There is a continuous flow of
material out of the cavity at the point where the
beam enters. For a moving beam, this keyhole
achieves a steady state (that is, the cavity and
the beam associated with the molten zone move
forward at the speed set by the advance of the
beam). The material lost by vaporization shows
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Fig. 3 Schematic showing effect of convection on laser
beam welding melt pool configuration. (a)

Spherical shape with flat surface typical of low-Prm
materials. (b) Shallow and undercut free surface
characteristic of high-Prm materials. Numbers in the
figure identify specific regions: 1, stagnation flow region;
2, free surface boundary-layer region; 3, cooled corner
region; 4, solid-liquid interface boundary-layer region; 5,
isothermal inviscid core. Source: Ref 8

558 / High Energy Electron Beam and Laser Beam Welding



up as a depression in the solidified melt as poros-
ity, as an inward deformation of theworkpiece, or
possibly as a combination of these effects. The
requirement that sufficient vapor be produced to
maintain a steady state leads to a minimum
advance speed for a steady state.While the cavity
moves through the solid and liquid material at a
speed determined by the motion of the beam,
materials must be moved continuously from the
region ahead of the cavity to the region behind
it. This is confirmed by the experimental work
of Sickman and Morijn (Ref 14) and Arata et al.
(Ref 15). Figure 5 shows how the laser beam
interaction with the workpiece produces a key-
hole plasma in the workpiece and a surface
plasma above the workpiece. The relative posi-
tions of the HAZ, weld pool, and convection pat-
tern within the weld are also shown.
An interesting experiment on the mechanism

of deep-penetration welding with a continuous-
wave CO2 laser has been reported by Sickman
and Marijn (Ref 14). It was conducted on trans-
parent fused quartz so that the formation of the
weld as a function of time could be photographed.
The tip of the hole appears to bend toward the
direction in which the workpiece is moving. This
process is caused by the reflection of laser light
from the leading edge of the hole. Material eva-
porated at this surface is effectively trapped by
the cooler trailing edge. Thus, material is trans-
ported across the laser beam from the hot leading
edge to the cooler trailing edge without signifi-
cant ejection of material back out toward the
beam. For welding speeds in the range of 10 to
45 mm/min (0.4 to 1.8 in./min), the depth of pen-
etration was linearly related to welding speed. As
expected, theminimumpenetrationwas obtained
at maximum welding speed.
Fluid flowduring penetrationweldingwas also

studied by Arata et al. (Ref 15), using laser beam
irradiation of low-viscosity glass at high temper-
ature. High-speed photography of the phenome-
non, taken at 8000 frames per second, clearly
shows melt flow and the motion of the cavity.
Molten fluid, which forms at the front wall of

the cavity, accelerates at an angle along the wall
as it is driven by the forces of the turbulence gen-
erated by laser vaporization. In this process, a
large vortex is formed behind the cavity near
the weld surface. This vortex is considered to be
the cause of the so-called “wine-glass” beads that
are produced by the process.
The transport of material is mainly due to

flow in the liquid. However, part of the material
is transported in the vapor phase, and this vapor
transport generates the excess pressure that
drives the liquid flow.

Transport Phenomena (Heat,
Momentum, and Mass)

Transport phenomena modeling is needed to
estimate the weld pool size and cooling rate. The
literature is abundant with sources describing
one- to three-dimensional models for LBW and
other laser processing. Steen and Mazumder (Ref
5) provide a detailed description of modeling of
laser processing, although many practitioners still
use the Rosenthal equation published in the early
1940s (Ref 16). It, of course, has a known error
resulting from the point-source assumption used
to derive the analytical solution, but it can be cali-
brated for a set of experiments using absorption
coefficients to smooth out the errors created by
the simplifying assumptions. To account for
detailed process physics, numerical solution is
needed. (See, for example, the article “Numerical
Aspects of Modeling Welds” in this Volume.)

Process Parameters

The major independent process variables for
laser welding include:

� Incident laser beam power
� Incident laser beam diameter
� Material-dependent absorptivity
� Traverse speed of the laser beam across the

substrate surface

Parameters such as weld design, shielding gas,
gap size for butt welds, and depth of focus with
respect to the substrate also play important roles.
These parameters are discussed in the section
“Procedure Development” in this article.
The dependent variables are considered to be:

� Depth of penetration
� Microstructure and metallurgical properties

of the laser-welded joints

The effects of some of the important vari-
ables are briefly discussed as follows.
Laser Beam Power. The depth of penetration

with laser welding is directly related to the power
density of the laser beam and is a function of inci-
dent beam power and beam diameter. For a con-
stant beam diameter, penetration typically
increases as the beam power is increased. Locke
et al. (Ref 17) and Baardsen et al. (Ref 18) report
that penetration increases almost linearly with
incident laser power. It is generally observed that
for LBW of a particular thickness, a minimum
threshold power is required to initiate melting
and form a weld pool.
Laser Beam Diameter. This parameter is

one of the most important because it determines
the power density. However, it is a challenge to
measure for high-power laser beams. This diffi-
culty is due partly to the nature of the beam
diameter and partly to the definition of what is
to be measured. A Gaussian beam diameter,
dG, can be defined as the diameter where the
power has dropped to 1/e2 or 1/e of the central

Fig. 5 Schematic of keyhole plasma and surface
plasma. HAZ, heat-affected zone. Courtesy of

Air Liquide

Heating and melting

• Surface absorption of laser
  energy
• Superficial melt pool

Evaporation

• Metal evaporation
• Vapor expansion
• Back pressure, Pr

• Surface deformation

Keyhole formation

• Maintenance of the evaporation
  of metal

Fig. 4 Forming of a narrow and deep capillary of vapor, or a keyhole
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value. The beam diameter defined on the basis
of 1/e2 of the central value contains more than
80% of the total power, whereas the power
contained for 1/e beam definition is slightly
over 60% (Ref 19). Therefore, the 1/e2 beam
diameter is recommended.
Many techniques have been used to measure

the beam diameter, but most are unsatisfactory
in some respect. Single isotherm contouring
techniques (for example, charring paper and
drilling acrylic or metal plates) suffer because
the particular isotherm they plot depends both
on power and on exposure time. These techni-
ques are also highly unlikely to coincide with
either the 1/e or 1/e2 diameters. Multiple iso-
therm contouring techniques overcome these
difficulties but are tedious to interpret. How-
ever, several commercial systems are now
available that allow the direct measurement of
the focused spot size and are discussed in the
section “Procedure Development” in this
article.
Absorptivity. The efficiency of LBW

depends on the absorption of light energy by
the workpiece. Any heat-transfer calculation
for laser processing is based on the energy
absorbed by the workpiece.
The infrared absorption of metal largely

depends on the conductive absorption by free
electrons. Therefore, absorptivity is a function
of the electrical resistivity of the substrate
material. Arata and Miyamoto (Ref 20) and
McCay et al. (Ref 21) measured the absorptiv-
ity of polished surfaces of various materials
and concluded that absorptivity is proportional
to the square root of the electrical resistivity.
This agrees closely with:

A ¼ 112:2
ffiffiffiffiffi

rr
p

(Eq 2)

where A is the absorptivity, and rr is the electri-
cal resistivity (O � cm). A temperature-depen-
dent relationship between the electrical
resistivity and emissivity of the metal was
derived by Bramson (Ref 22). Bramson’s for-
mula can be used for theoretical calculation of
the absorptivity from the electrical resistivity
because absorptivity is related to the emissivity.
However, Bramson’s formulas (Eq 3) will be
valid only for metals without surface oxide
layers (when heating occurs in a vacuum).
The presence of an oxide layer will increase
the absorptivity. The relationship between
the emissivity and the electrical resistivity of
a substrate for the perpendicular incidence
of radiation of long wavelength derived by
Bramson is:

2� ¼ 0:365

�

r; ðTÞ
�

�1=2

� 0:0667

�

r; ðTÞ
�

�

þ 0:006

�

r; ðTÞ
�

�3=2

(Eq 3)

where rr(T) is the electrical resistivity at
absolute temperature, T, expressed in Ohm-
centimeter (O � cm), and el(T) is the emissivity

of the substrate at temperature T (in �C) for
radiation having a wavelength l (cm).
The estimated absorptivity for Ti-6Al-4V at

300 �C (572 �F) using Bramson’s formula is
approximately 15%. Experimental data pub-
lished by Arata and Miyamoto (Ref 20) and
Bramson (Ref 22) indicate that the absorptiv-
ities of aluminum, silver, and copper are
between 2 and 3% and those of stainless steel
(type 304), iron, and zirconium are below
15% even in the molten state. Reflection losses
of this magnitude are significant. Therefore,
when a sheet metal product form is welded,
measures must be taken to avoid reflection
losses. Applying an absorbent powder to the
surface or forming an anodized film on the sur-
face are two techniques that are considered to
be very effective (Ref 21).
Absorptivity can also be increased by the use

of reactive gases. Jorgensen (Ref 23) reported
that the addition of 10% O2 to an argon shield-
ing gas gives an increase of up to 100% in
welding depth. Jorgensen also found that gas
flow had no significant effect on weld depth.
However, an increase in depth was associated
with a decrease in reflectivity, which was
obtained by the addition of a small amount of
oxygen.
Although metals are poor absorbers of infra-

red energy at room temperature, above a certain
threshold, approximately 106 to 107 W/cm2 (6
� 106 to 6 � 107 W/in.2), energy transfer via
the keyhole leads to much higher effective
absorptivity. This occurs by multiple reflections
within the keyhole, once a keyhole has formed.
Because of this, the effective absorptivity
increases rapidly and enables deep-penetration
welding by the laser, despite the large conver-
gence angles for laser beams relative to electron
beams (Ref 21). However, the threshold energy
required for keyhole formation in laser welding
is higher than that required for an electron
beam (1.5 � 105 W/cm2, or 9.5 � 105 W/in.2)
because of the poor absorptivity. Nevertheless,
energy transfer by this keyhole mechanism per-
mits the laser to provide efficient welding of
even highly reflective materials (for example,
aluminum) (Ref 24).
Traverse Speed. The correlation of penetra-

tion depth relative to welding speed with both
LBW and EBW processes was studied by
Duley (Ref 10) and Locke and Hella (Ref 17).
The penetration in the laser weld is consistently
less than that obtained with an electron beam,
but the relative difference between the two pen-
etration depths diminishes as the welding speed
is increased. However, Duley (Ref 10) found
this somewhat surprising because, as pointed
out by Baardsen et al. (Ref 18), the time to form
a void or keyhole depends on the illumination
time for a particular area on the surface of the
workpiece as the welding speed is increased.
When this occurs, the average power dissipated
in the sheet is expected to drop because the
keyhole is no longer a completely effective trap
for the incident laser radiation. For an electron

beam, absorptivity of the material is indepen-
dent of the shape and extent of the keyhole.
Hence, the total power dissipated in the work-
piece is less dependent on the welding speed.
However, Crafer (Ref 25) reports that the key-
hole penetration threshold for laser beams or
electron beams of radius 0.1 mm (0.004 in.)
incident on a steel surface of thermal diffusivity
10 mm2/s (0.4 ft2/h) is achieved in 1 ms. This
could be regarded as instantaneous. Again, for
very low welding speeds, the penetration depth
of laser welds becomes significantly less than
that attainable with the electron beam. Accord-
ing to Locke et al. (Ref 17), this can be attribu-
ted to the formation of a plasma cloud, which
attenuates the incident beam.

Process Selection

Laser beamwelding is characterized by its low
distortion and low specific energy input. It is an
accurate, inertia-less method capable of high
welding speeds for most materials, including
many difficult-to-join materials. The process is
often selected for high-volume, high-speed appli-
cations for joining materials/components that
pose problems during arc welding, such as tita-
nium alloys used for pacemakers. Often the
selection criteria depend on economics, which
is related to joining rate, welding speed, distor-
tion, and postwelding treatment needs, among
many other considerations. Another important
consideration is whether the higher speeds can
offset the higher initial capital costs within a rea-
sonable time period. Low specific energy input is
responsible for applications such as pacemakers,
because it reduces the possibility of thermal dam-
age of the sophisticated electronics contained in
such devices. Some manufacturers of cigarette
lighters are now using LBW as an alternative to
resistance welding because of the lower porosity
in laser welds.
Economics combined with the smaller HAZ

and higher overall weld toughness associated
with LBW makes it a popular joining method
for high-volume automotive applications. For
example, multiple pieces of different composi-
tions are joined by LBW to form blanks for
automobile body components such as side-
frame panels. These blanks need considerable
weld toughness to withstand the stresses
induced during subsequent press forming opera-
tions. Weld geometry is another consideration
for the selection of the process. Because a smal-
ler volume of material is melted due to the low
specific energy input, weld defects such as
undercuts are also minimized. This is especially
important for applications involving dissimilar
workpiece thicknesses, which have a higher
probability of undercuts.
Another example where the narrow HAZ

combined with high welding speed makes
LBW a preferred method is the welding of
planetary gears used in automobile powertrains.
Planetary gear teeth are so closely spaced that it
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is difficult to access the weld joint without
melting the neighboring gear teeth using con-
ventional (arc) welding. This is one of the old-
est LBW applications, and it is routinely
carried out worldwide.
Metallurgical considerations are sometimes

responsible for the selection of the LBW pro-
cess. The characteristic low specific energy
input for this process results in a higher cooling
rate. Higher cooling rates are often needed to
suppress precipitation of harmful intermetallic
compounds (which may promote brittle frac-
ture) during the solidification of the weld pool.
This is an important criterion for welding of
many nickel-base superalloys. For titanium
alloys, a high cooling rate limits grain growth
and oxidation during solidification, making it
possible to weld titanium alloys outside a vac-
uum chamber with modest inert gas shielding.
High cooling rates also help to avoid sensitiza-
tion during welding of stainless steels. On the
other hand, high cooling rates may cause pro-
blems in many ferrous alloys by promoting
martensitic transformation and higher residual
stresses; however, this is often balanced by the
smaller size of the HAZ.
In many applications where resistance spot

welding has been traditionally used, laser weld-
ing can offer many advantages, including sin-
gle-side access and reductions in weight and
costs by removing the tab needed in resistance
welding. Tabs consist of extra material
provided during the fabrication of the square
frame in resistance welding that enable the
electrodes to push the excess material together
to complete the welding process. Adapting joint
designs such as butt welding to the laser weld-
ing process eliminates the need for tabs.
For example, up to 60 kg (130 lb) of steel can
be saved from an automobile by replacing resis-
tance spot welding with laser welding and tak-
ing advantage of the design flexibility (Ref 26).
Another key factor in the successful imple-

mentation of laser welding is the selection
of the appropriate laser for a given application.
An excellent source of laser beam device
vendors is Laser Focus World buyer’s guide,
which is published annually (Ref 27) and is
available online. Characteristics and parameters
of commercial lasers available for welding are
listed in Table 2. Carbon dioxide (CO2) lasers
with up to 25 kW power capacities and pulsed
Nd:YAG lasers with up to 500 W peak power
have been the workhorses for the industry until
recently. The majority of the CO2 laser applica-
tions involve lasers up to 6 kW. Recently, disc
and fiber lasers have, in general, exceeded the
power level of CO2 lasers used in the welding
industry.
In addition to welding speed and depth of

penetration, which are the most important
LBW attributes, the flexibility and precision of
beam delivery are also important criteria for
selecting LBW. Multiaxis workstations and
robotics are already available in the market for

CO2 laser applications. However, one of the
major advantages of the 1 mm laser family
(disc, fiber, and Nd:YAG laser) is its capability
to deliver the energy through an optical fiber
cable. Unfortunately, no fibers are yet available
for CO2 lasers with a 10.6 mm wavelength that
are of a power level for welding metals. Much
of the high-speed and deep-penetration welding
is carried out with lasers with power in excess
of 1 kW.
Continuous-wave 1 mm lasers can outperform

CO2 lasers with the same power capacity
(Fig. 6). For materials with relatively high
reflectivity, such as aluminum and copper, Nd:
YAG, disc, and fiber lasers have better cou-
pling, especially for conduction-mode welding,
because of their shorter wavelength (1.06 mm).
When conduction-mode welding of all materi-
als, and even in keyhole welding of reflective
material, care should be taken to prevent
reflected energy from entering the beam-deliv-
ery system and/or impinging on beam-delivery
hardware. Considerable damage can be done
because a substantial percentage of the laser
power can be reflected. A good guideline is to
employ a beam angle 1.5 times the cone angle
of the focused laser beam normal to the work-
piece (Fig. 7).

Procedure Development

The key factor for procedure development is
the selection of optimum independent and
dependent process variables. The independent
process variables for laser welding include inci-
dent laser beam power, incident laser beam
diameter, traverse speed, absorptivity, shielding
gas, depth of focus and focal position, and weld
design and gap size. The important dependent
variables are depth of penetration, microstruc-
ture and mechanical properties of laser-welded
joints, and weld pool geometry. Detailed dis-
cussions of most of these variables are provided
in Ref 1. They are discussed subsequently in
view of their role in procedure development.

Power density is defined as the incident
power per unit area. In any welding process, it is
the power density that determines the depth of
penetration and joining rate of the process, as
much as the total power of the source. Therefore,
beam diameter and spatial distribution of the
laser beam energy play an extremely important
role because they determine the area of inci-
dence. Two other variables affecting the ultimate
power density driving the welding process
are absorptivity and plasma beam interaction,
such as refraction. Position of focus with respect
to the substrate and depth of focus of the beam
also affect the power density and penetration
depth.
Spatial distribution of the energy is generally

constant for a given laser, whereas absorptivity
is a function of the substrate, its surface condi-
tion, and the laser beam wavelength. Therefore,
the most common practice for process develop-
ment with a given laser and material is the
selection of focusing optics for optimum power
density and working distance by controlling the
beam diameter. Thus, a working knowledge of
the focusing optics is important for an engineer
developing the laser welding process. Important
formulas related to the laser as a welding tool
are summarized in following subsections deal-
ing with process variables.
Interaction time is defined as the time a

particular point on the substrate spends under
the laser beam. In simple terms, it is the
ratio of the beam diameter to the traverse
speed. Strictly on the basis of heat transfer,
one should account for the total time of heating
and cooling at the point above the ambient tem-
perature. This is, however, a much more diffi-
cult quantity to keep track of compared to the
ratio of the traverse speed and beam diameter.
Again, it is the interaction time that controls
the weld pool profile, not the traverse speed
alone. Laser welding procedure development
involves the selection of optimum power den-
sity and interaction time after the selection of
the laser.

Table 2 Parameters for selected pulsed and continuous-wave lasers used for laser beam
welding applications

Laser Pulse length, ms Pulse energy, J Peak power, kW

Maximum weld thickness(a) Welding speed

mm in. mm/s in./min

Pulsed

Ruby 3–10 20–50 1–5 0.13–0.50 0.005–0.020 1.2 3.0
Nd:glass 3–10 20–50 1–5 0.13–0.50 0.005–0.020 0.63 1.5
Nd:YAG(b) 3–10 10–100 1–10 0.13–0.60 0.005–0.025 2.1 5.0
CO2 5–20 0.1–10 1–5 0.13 0.005 1.2 3.0

Continuous wave

Nd:YAG(b) . . . . . . 1.8 5.56 0.022 5.8 14.0
CO2 (direct current excited) . . . . . . 1 0.60 0.025 12.7 30.0
CO2 gas dynamic . . . . . . 20 19.0 0.750 21.2 50.0
CO2 gas dynamic . . . . . . 77 50.8 2.00 26.7 63.0
CO2 (radio-frequency excited) . . . . . . 5 10.0 0.4 10.8 25.6

(a) Data are for type 304 stainless steel. (b) Nd:YAG, neodymium: yttrium-aluminum-garnet
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Laser beam power is one of the primary
variables in determining the penetration depth
in laser welding. For process development, the
first action one should take is to calibrate the
laser output power with the power delivered at
the substrate. There is often a measurable loss
due to the reflective and transmissive optics
used to deliver the beam from the laser to the
workpiece. Almost all commercial lasers are
equipped with some kind of power-measuring
device based either on a flowing-water

calorimeter where the full beam is dumped, or
a solid-state detector where a fraction of the
laser energy is continuously deposited. Addi-
tional calorimetric devices should be main-
tained to measure power at the workpiece for
periodic calibration of output power with the
power delivered at the weld pool.
For lasers with power in excess of a few hun-

dred watts, water-cooled calorimeters are the
most popular. For on-line monitoring, many
multikilowatt systems also use precalibrated

solid-state detectors, usually behind one of the
cavity mirrors that has a small leak of approxi-
mately 1% or less. Several vendors offer both
types of power meters. In addition to the abso-
lute power measurement, power density is also
strongly influenced by beam diameter and beam
mode (that is, the spatial distribution of energy,
as described in the section “Laser Beam Spatial
Distribution” in this article). Thus, beam diam-
eter and beam mode also should be monitored
to control power density.
Laser beam diameter is one of the most

important variables because it determines
the power density for a given total power.
The focused beam diameter will also influence
weld width, which is often an important
weld requirement (Ref 29, 30). The spatial dis-
tribution of energy in the beam affects the
focusing characteristics of the beam. For a
Gaussian beam, the diameter is defined as 1/e2

of the central value (Fig. 8), and it contains
almost 86% of the total power. The diffrac-
tion-limited focal spot size (dmin in mm) for
such a Gaussian beam is given by the following
relationship:

dmin ¼
1:27f�

D
(Eq 4)
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Fig. 6 Comparison of welding performance of (a) disc and fiber and (b) CO
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lasers compared with 4 kw fiber laser.

BPP, beam parameter product. Adapted from Ref 28

Fig. 7 Beam angle for welding reflective materials.
Angle B is equal to 1.5 times angle A to

minimize the risk of damaging the optics through back
reflections.
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where D is the unfocused beam diameter (in
mm), f is the focal length (in mm) of the focus-
ing optics, and l is the wavelength (in mm) of
the laser beam. Note that 1.27 is 4/p. This is
an ideal situation, and often the focused beam
diameter will be larger due to aberrations and
other imperfections in the focusing optics.
Light can be considered to take the form of a

wave that can interfere constructively or
destructively, depending on the phase angle
between intersecting waves. Diffraction is one
way that interference occurs with light, and it
will occur when a beam is interrupted by an
edge or aperture. A diffraction pattern will form
of maximum and minimum light intensity.
When a lens is introduced into the diffracted
beam, the angle between each minimum can
be approximated and thus the focused spot size.
Diffraction-limited spot sizes for various types
of laser beams can be estimated using the rela-
tionships given in Eq 5 to 7. For a rectangular
beam with a plane wave front:

dmin ¼
2f�

D
(Eq 5)

For a circular beam with a plane wave front:

dmin ¼
2:44f�

D
(Eq 6)

For a multimode beam with a plane wave
front—where the transverse electromagnetic
mode (TEM) is described in indexing conven-
tion, TEMmn (as described in the following sub-
section on laser beam spatial distribution)—the
diffraction-limited spot size is:

dmin ¼
2:44f�

D
ð2mþ nþ 1Þ (Eq 7)

For example, if a 25 mm (1 in.) TEM01CO2

laser beam is focused by a 100 mm (4 in.)
focal-length lens, the diffraction-limited spot
diameter is:

dmin =
2.44 � 100 � 10.6 � 10�3

25
(2.0 + 1 + 1)

= 0.21 mm

However, as indicated earlier, these are esti-
mates for the theoretically possible minimum
spot size. One of the more useful means for
evaluation of beam quality is the M2 concept
(Ref 5, 31). M2 is the ratio of the divergence
(y) of the actual beam to that of a theoretical
(ideal Gaussian) diffraction-limited beam:

M ¼ yActual
yGaussian

The correlated beam diameter based on the
M2 concept is:

dminðmmÞ ¼ 4M2f �

�D
(Eq 8)

In this case, M must be measured at two
known locations in the beam propagation path.
This reinforces the point that a proper measure-
ment technique for beam diameter is imperative
for estimating the actual beam diameter and the
power density.
There are several commercial systems now

available for beamdiametermeasurement. Sasnett
et al. (Ref 31) describe one system that is specifi-
cally designed for beam evaluation based on the
M2 concept. This instrument is capable ofmeasur-
ing the beamwidthwithin 0.5 mm accuracy in two
mutually perpendicular transverse directions.
Knife edges are used to scan the beam, and a set
of lenses are traversed in the direction of the beam
propagation to change the positions of the beam
width. The measurement procedure and data
acquisition and display are computer controlled.
Another commercial system is based on a hol-

low rotating needle,which samples the beam.This
is basedon the researchcarried outbyLoosenet al.
(Ref 32) and Lim and Steen (Ref 33), which
resulted in the development of a laser beam analy-
sis system based on a rotating needle that reflects
part of the beam to a set of detectors.
Although beam quality related to the ideal

Gaussian beam is a good starting point, there
is evidence that for high-power laser proces-
sing, this characterization may not be sufficient
(Ref 34). Spatial coherence and temporal and
local fluctuations are generally ignored, but
they do affect the processing behavior. Many
European research groups are working on
characterizing the beam in terms of the mode
coherence coefficient, which is based on a set
of suitable modes and averaged intensity distri-
bution and which takes into account the partial
coherence properties of the beam.
Another complication of high-power laser

welding is interaction with the plasma column.
Rockstroh et al. (Ref 35) found that free electrons
in the plasma column cause absorption and
refractions. For welding of aluminum with a
CO2 laser, as much as 30% of the energy is lost
in the plasma, and the refracted beam diameter
is 8% larger. This measurement is based on the

electron density measurement using the emission
spectroscopy technique. This observation is sub-
sequently supported by similar measurements by
Lober et al. (Ref 36, 37). Complete characteriza-
tion of beam diameter will require both measure-
ment at the focal spot before processing and
monitoring of the beam refraction during the pro-
cess using spectroscopic techniques.
Laser Beam Spatial Distribution. Every

laser resonator cavity, defined by the mirrors
of the laser, has certain stable configurations
of the electromagnetic field called modes. A
well-defined mode has a definite spatial distri-
bution for the laser beam. As evident from Eq
7, the mode affects the focused beam diameter
and leads to higher spot size for a given fl
focusing optics. The general convention for
indexing a mode is TEMmn (transverse electro-
magnetic mode with m number of radial zero
fields and n number of angular zero fields).
TEM00 is the ideal Gaussian beam and will pro-
vide the smallest focused spot and highest
power density. Most of the fast axial-flow lasers
offer a TEM00 or TEM01 beam. Most of the
transverse-flow lasers offer TEM01 (doughnut-
shaped spatial distribution).
Intensity distribution for different modes can

be calculated using the Hermite polynomial for
rectangular coordinates and the LaGuerre poly-
nomial for polar coordinates using the expres-
sions for a TEMmn mode beam given in Eq 9
to 11. For a rectangular coordinate:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Imnðx; yÞ
p

¼ fHmð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2gx=Rb

p

ÞHnð
ffiffiffiffiffiffiffiffiffiffiffiffi

2y=Rb

p

Þg

exp ½�2r2=R2
b�2g (Eq 9)

For a polar coordinate:

Imnðr; yÞ ¼ ½Lnmð2r2=R2
pÞ�2ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2gr=R0

p

Þ2ng

exp½�22=R2
b�cos2ny (Eq 10)

For a Gaussian beam with TEM00 mode:

1ðlÞ ¼ expð�2r2=R2
bÞ (Eq 11)

In Eq 9 to 11, x is a variable, r is the radial
position, y is the angular position of the beam,
Rb is the beam radius at the 1/e2 point, Hm is
the Hermite polynomial of order m, and Lnm is
the generalized LaGuerre polynomial.
A schematic of intensity distributions for dif-

ferent beam modes is shown in Fig. 9. For pro-
cess development, the lowest-order mode
available is the best choice for achieving the
highest power density from a given power.
The position of focus with respect to the sub-

strate surface influences the weld pool profile
and penetration during laser welding. The opti-
mum position for the focal point of the laser
beam with respect to the substrate was investi-
gated by Wilgoss (Ref 39). Figure 10 shows
the transverse profiles generated by moving
the focus point in 2.5 mm (0.1 in.) steps
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perpendicular to the plane of the workpiece.
The reported plate thickness for this study was
6 mm (0.25 in.). When the focal point was posi-
tioned deep inside the workpiece, a V-shaped
weld resulted, necessitating more precise align-
ment than that for a parallel-side weld of the
same cross section. When the beam was
focused well above the level of the workpiece
surface, a large “nail head” with a consequent
loss of penetration was observed.
Wilgoss et al. (Ref 39) concluded that the

optimum focus is approximately 1 mm (0.04
in.) below the level of the workpiece surface.
This produced welds with little or no “nail
head” and nearly parallel sides.
Engel (Ref 40) reported that for several

metals, the optimum position of the focus is
1.25 to 2.5 mm (0.05 to 0.1 in.) below the sur-
face. Research by Alexander (Ref 41) using a
10 kW laser and 1.9 mm (3/4 in.) thick AISI
1020 steel revealed that the optimum position
of focus was 2 mm (0.08 in.) below the surface.
When the beam was focused 4 mm (0.16 in.)
below the surface, the depth of penetration
was almost the same as that for the 2 mm
(0.08 in.) focus depth. The general consensus
is that the optimum position for the focal point
is below the surface, but the exact distance is

dependent on the thickness of the workpiece
and the laser power used.
Depth of focus is extremely important for

welding thin-section materials because for a
shallow depth of focus, the substrate comes in
and out of the focal position due to thermal dis-
tortion. Depth of focus is defined as the dis-
tance over which the focus beam has the same
approximate intensity. According to the Laser
Institute of America, depth of focus is defined
as the range over which the focus spot radius
is increased by 5%. Based on this definition,
the depth of focus (Z) is given by:

Z ¼ 
 0:32pR2
b

�
¼ 
R2

b

�
¼ 2:33ðF�Þ2

�
¼ 1:488F2l (Eq 12)

where F equals f l of the optics.
One can see from the previous

expression that as the F number of the
focusing optics increases, depth of focus
also increases. However, this is also accompa-
nied by an increased beam diameter and
decreased power density. As a result, these
variables must be optimized for each particular
application.
Focus position can be taken from optics

specification and/or instrumentation. Various
empirical strategies can be employed to deter-
mine focus. A common practice in determining
the focal position and depth of focus is to carry
out a trial bead-on-plate weld on an inclined
plate and use the position where the plasma
seems to be the visually strongest. This is a
quick, but not necessarily the most accurate,
approach for establishing the focal position.
Ultimately, the desired fusion-zone shape is
obtained by adjusting focus position with
respect to the initial focus determination and
surface location.
There is some wisdom in developing a weld-

ing process where the work is being done at or
approximately the depth of focus of the optics.
It allows the maximum accommodation of

errors or variation in the Z-position. It is tempt-
ing to work outside the depth of focus when a
larger image size is desired than an optics set
can provide. Realize that sensitivity in spot size
to Z-position change will be twice what it
would be if the work is done within the depth
of focus.
Absorptivity. The importance of absorptivity

and its role in laser welding was discussed ear-
lier. For deep-penetration welding with power
densities exceeding 106 W/cm2, keyhole forma-
tion leads to high absorption by trapping the
beam inside the hole by total internal reflection.
However, the absorption during the initial tran-
sient period is dependent on wavelength and
surface conditions. There are several techniques
to enhance the initial absorption (Ref 42). They
include:

� Nonmetallic absorbent coatings
� Preheating
� Surface roughening
� Application of an electric field of the correct

sign
� Periodic surface structure or induced grating

structure

Surface periodic structure can be used to
enhance absorption of the wavelength of inter-
est, much like the use of optical gratings with
spacing for preferential absorption of a certain
wavelength of laser light.
Traverse Speed. Thewelding speed increases

with increasing laser power to produce a constant
penetration depth, as shown in Fig. 11. For a
given thickness and power, a range of speed can
be used to make successful welds. However, the
fusion-zone size will increase with the decreased
speed within that range. For process develop-
ment, the nugget size or fusion-zone size and
shape is often prescribed by the design engineer
for strength considerations. The laser welding
engineer needs to select an optimumcombination
of speed, power, and focus spot size to deliver the
required nugget size.
Welding charts of speed versus power and the

resulting weld penetration are useful to investi-
gate and plan a welding solution. With CO2

lasers, the task of generating a chart was a reason-
able task for the equipment supplier, because
there are usually a limited number of optical com-
binations available. With a given beam diameter
and M2 value, there exist only a few practical
focal length lenses and resulting spot sizes to
work with. Charts of weld performance can be
produced for a few engineering alloys for a given
lasermake andmodel by the lasermanufacturer’s
applications engineering staff. These kinds of
charts do have a number of shortcomings, how-
ever. They are most often done for a bead-on-
plate rather than a real weld joint. They are, at
best, an estimate of the effect of process para-
meters on a resulting joint. The 1mm laser family,
in contrast, has available many combinations of
optical components and configurations,
providing a wide range of focus spot sizes and

Position of focal point

–6 mm
–5 mm

–0.5 mm

–2.5 mm

0

+2.5

+4.5

Fig. 10 Transverse profiles as a function of focus
position for a laser-beam-welded type 310

stainless steel. Negative and positive numbers indicate
position of the focal point below and above, respectively,
the surface of the plate. Beam power, 5 kW; traverse
welding speed, 16 mm/s (38 in./min). Source: Ref 39
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F-numbers. Chartingweld performance for every
useful optical combination is simply too large an
undertaking for the equipment manufacturer.
Laser welding efficiency has been found to

be relatively consistent over a reasonable range
of weld parameters (Ref 44, 45). It is also interest-
ing to note that significant changes in alloy con-
tent, for example, between low-carbon steel and
stainless steel, do not significantly impact laser
welding efficiency. These facts, in the absence of
a chart, allow a simple calculation to obtain an
approximation of weld performance for a given
set of weld parameters, provided a laser welding
efficiency for the material is known.
Welding efficiency can be defined as the

fraction of the amount of energy required to
take a volume of metal from a base temperature
to its melt temperature plus the heat of fusion
energy required to melt the metal divided by
the amount of energy actually used. This con-
cept of welding efficiency must be differen-
tiated from the concept of transfer efficiency.
Arc welding processes have energy-transfer
efficiencies of 70 to 90%; however, they only
have welding efficiencies of 5 to 10%
(Ref 12). Note that some authors use the term
melting efficiency interchangeably with welding
efficiency. This means the workpiece is heated
by the transferred energy that did not produce
a fusion zone. It is this excess heat that contri-
butes to distortion and unwanted material trans-
formation. The advantage of the laser is that
energy-transfer efficiencies of 70 to 90% are
found by the keyhole mechanism, but welding
efficiency can be 30 to 60% (Ref 46–49). Sub-
stantially more of the laser energy transferred
to the material generates fusion than occurs
with arc welding processes.
Ream (Ref 44) defines laser welding effi-

ciency, E, as “melt volume per unit of laser
energy” in mm3/kJ:

AfV=P ¼ E (Eq 13)

where Af is the fusion-zone area in mm2, V is
the traverse speed in mm/s, and P is the laser
power on the workpiece in kW. Ream found
that for both mild steel and stainless steel the
value of E was 50 to 60 mm3/kJ for a range

of parameters and laser types. The work of Ber-
manns and Faerber (Ref 30) supported Ream’s
finding and also discovered that weld width is
consistently inversely proportional to traverse
speed. For example, at 3 kW and 50 mm/s (2
in./s) with a 100 mm focus spot, the weld width
calculated from the 5.8 mm (0.2 in.) penetration
and a fusion-zone area of 2.5 mm2 (0.004 in.2)
is 0.43 mm (0.02 in.). At a welding speed of
167 mm/s (6.6 in./s), the weld width was 0.19
mm (0.007 in.). If it was desired to increase
weld width, a question would be: What would
the resulting weld look like if a 200 mm focused
spot size was used with 3 kW? The assumption
is that the weld width will increase by the spot
size increase and the area of the welds will
remain the same. A simple calculation reveals
that the new weld width with a 200 mm focus
spot will be 0.29 and 0.53 mm (0.01 and 0.02
in.) at 50 and 167 mm/s (2.0 and 6.6 in./s),
respectively. The weld penetration will be 4.7
and 2.5 mm (0.2 and 0.1 in.), respectively. This
calculated result is not an exact match, but it
does agree with the chart in Fig. 12 that was
generated from weld trials.
Plasma Suppression and Shielding Gas.

The plasma produced during laser welding
absorbs and scatters the laser beam. It is therefore
necessary to remove or suppress plasma. The
higher the power, the more clearly the phenome-
non can be observed. This negative effect of
plasma can be reduced by diluting itwith injection
of high-ionization-potential gas, such as helium,
argon, nitrogen, and mixtures of these gases.
Shielding gas may also be required to protect the
hot resolidifying weld surfaces from oxidation.
Both the composition and flow rate of the plasma
suppression gas and shielding gas influence the
depth of penetration (Ref 50, 51). In most litera-
ture, plasma suppression gas and shielding gas
are referred to as shielding gas altogether.
Seaman (Ref 50) studied the role of shielding

gas in high-power continuous-wave CO2 laser
welding. Weld cross sections made with vari-
ous shielding gases and gas mixtures show a
60% difference in penetration. However, gases
that permit the greatest penetration do not nec-
essarily blanket (displace air from above the
weld rapidly) the weld effectively at character-
istically high laser welding speeds. This means
that compromises are necessary to permit
sound, deep-penetration laser welds (Ref 50).
The effect of the composition of the shield-

ing gas on depth of penetration was studied by
Seaman (Ref 50) and Rein et al. (Ref 51). Gen-
erally, helium is used as the shielding gas for
high-power CO2 laser welding. As shown in
Fig. 13, helium seems to improve beam trans-
mission, whereas argon can cause severe beam
blockage (Ref 50). This is probably caused by
the lower ionization potential of argon (15 eV)
compared to that of helium (25 eV). The effects
of air and CO2 on beam transmission lie
between the extremes represented by argon
and helium (Fig. 14). Rein et al. (Ref 51) have
shown that the addition of small quantities of

hydrogen, sulfur hexafluoride, and CO2 to the
helium enhances penetration at welding speeds
below 40 mm/s (95 in./min).
The ionization potential of the shielding gas

is not the only consideration for laser welding,
especially at higher speeds. This is because
gases with higher ionization potentials
have lower atomic numbers and lower masses.
These lighter gases are less effective in displa-
cing air from the laser/material interaction
area in the short time available in high-speed
welding. Heavier gases are better able to dis-
place air in a short time. Therefore, a mixture
of heavier and lighter gases will result in
optimum penetration. Figure 15 shows that as
speed increases, the improvement resulting
from the addition of a small amount of argon
to helium (10% Ar and 90% He) becomes more
noticeable. Newer studies found that it is even
possible to replace helium with argon alto-
gether by using appropriate new nozzle design
technology that displaces the plasma away
(Ref 52).
For mass-scale production, the cost of shield-

ing gas is also an important consideration.
Recently, Chrysler Corporation replaced helium
with CO2 for plasma suppression during laser
welding (Ref 53). The shielding gas is delivered
from the side at an angle to suppress the plasma
and remove metal vapor from the interaction
point. For 14 kW laser power, a welding speed
of 20 m/min (65 ft/min), and a shielding gas flow
rate of 40L/min (85 ft3/h), CO2 shielding resulted
in a wider weld nugget size, but the mechanical
properties were acceptable. The cost of helium
gas is much higher (e.g., approximately 5 times
in 2011) than for CO2 gas, and helium prices tend
to be much more volatile. Therefore, for process
development, there is room for optimization of
gas selection. However, one should remember
that the use of CO2 gas for a CO2 laser may cause
problems for the concentric gas shield due to
preferential absorption.
Proper implementation of a shielding gas

for plasma suppression can also be applied
for joining difficult-to-weld materials with vola-
tile alloying elements such as aluminum
alloy 5083. Blake and Mazumder (Ref 24)
demonstrated that with a properly designed
helium suppression jet, magnesium losses and
porosity formation could be minimized during
laser welding of 5083 aluminum alloy. The
resulting weld had a tensile strength equal to
its parent material. This demonstrates that for
process development, shielding gas can also be
used to control the chemistry and weld defects.
Plasma suppression/shield gas selection and

implementation for the 1 mm laser family is less
complex than for the 10.6 mm laser. The metal
vapor above the weld does not absorb the
shorter wavelength light to the degree it does
the longer wavelength. The result is that less
plasma is formed in the metal vapor to interrupt
and disperse the focused beam. In general,
industry uses argon for shielding welds made
with 1 mm lasers (Ref 30).
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Health and Safety

Laser beam welding hazards differ substan-
tially from hazards encountered in other weld-
ing techniques. The primary wavelengths for
lasers used in welding are invisible to the
human eye. The hazards are not readily appar-
ent, and inexperienced or unaware personnel
may suffer permanent injury before the exis-
tence of hazardous conditions is recognized.
For this reason, the United States Federal

Occupational Safety and Health Administration
(OSHA), through its “Alliance” program, has
fostered the adoption of the American National
Standards Institute (ANSI) specification ANSI
Z136 series as its enforcement text for laser
workplace safety. ANSI Z136.1, “Safe Use of
Lasers” (2007 or later edition), requires that
each facility using lasers designates an individ-
ual as laser safety officer. This individual
should be familiar with laser safety and ANSI
Z136.1. The officer should implement a laser

safety management program, and, among other
things, monitor the procurement, care, use,
and disposal of lasers in the organization to
ensure adherence to safe laser practice and the
ANSI requirements. Because of the complexity
of laser safety, this approach is virtually manda-
tory. The following brief review of laser safety
is an introduction but, by itself, is not sufficient
to ensure personnel safety.

Injury Hazards

Eye Hazards. Any laser beam capable of
welding metals is also capable of causing seri-
ous damage to human tissue. Personnel expo-
sure to the beam and any specularly reflected
beam must therefore be prevented at all times.
Certain lasers, however, are also capable of
producing diffuse reflections that can cause per-
manent eye damage. Hence, viewing of the
impact area of the laser beam or reflected
beams also must be prevented. While wearing
tested and marked laser protective eyewear is
the minimum protection from this hazard, the
preferred method for safeguarding is complete
enclosure.
Enclosures can range from a simple sleeve

between the laser optic and the part to be
welded to fully automatic operations in
enclosed rooms. The following are general
guidelines:

� Laser enclosures (called protective housings
in the pertinent safety and standards regula-
tions) must be class I anywhere and every-
where the radiation is not needed for the
function of the product. The enclosure must
be opaque to the laser wavelength. When
purchasing a complete system, including
the enclosure, the manufacturer (usually the
machine integrator) of that equipment must
provide a certified laser product that incor-
porates all the necessary performance fea-
tures. Any assembly which incorporates, or
is intended to incorporate, a laser is itself a
laser product. Therefore, automation and
other machine integrators become laser
product manufacturers when they marry the
laser with other equipment and/or protective
housings. Laser product manufacturers must
certify and report their products to the Food
and Drug Administration (FDA) prior to
entry into commerce. The purchaser of com-
plete certified products should see the certi-
fication label (nameplate) on the product
and ask the supplier for the accession num-
ber, which is the FDA’s tracking number
for reports filed.

� Protective enclosures built on site (not pur-
chased as part of the system) must follow
the performance requirements in 21 CFR
1040.10 and .11 and ANSI Z136.1 clause
4, “Control Measures.” The enclosure must
be interlocked to prevent firing of the laser
beam when personnel could be exposed.
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When the piece to be welded is a part of the
enclosure, the interlocks should also prevent
firing, unless the piece is in place. In the
case of pulsed lasers, breaking of the inter-
locks should also discharge the stored
energy into a dummy load.

� If the enclosure is large enough to walk in,
the walk-in area is called the laser controlled
area (LCA). Signs are required at access
points to the enclosures in accordance with
ANSI Z136.1. (If a complete system with a
walk-in enclosure was purchased, it is called
a walk-in workstation, and it must meet
FDA Laser Policy 37 and ANSI Z136.1
clause 4.3.1.2.)

� Viewing of the weld area can be accom-
plished in several ways. Most common
are viewing ports with filters and
television monitors. For microwelding,
microscopes should have filtered viewing
optics or flip mirrors that permit either weld-
ing or viewing. (If a filtered port is
installed separately from the certified prod-
uct purchase, it must be labeled in accor-
dance with ANSI Z136. If it is purchased
as part of a certified product, the label is
not required.)

� Alignment of laser welding systems should
be accomplished using low-power lasers.

Laser welding can also be performed with
personnel in attendance. When done in this
manner, the hazard must be evaluated for each
welding process using the ANSI standard. Gen-
eral requirements include:

� The laser welding area must be completely
enclosed, and access must be restricted (see
LCA requirements in ANSI Z136.1).

� In most cases, laser eye protection is
required for all personnel in the area. The
optical density of the eye protection must

be calculated to reduce the potential eye
exposure to less than the maximum permis-
sible exposure (MPE) level. In addition,
much of the eyewear designed for laser pro-
tection will not afford protection from weld
(plasma) radiation, so welding faceshields
with AWS 3-5 may also be required. (Both
protections are necessary together; some
dual-purpose eyewear may be commercially
available.)

� The welding beam must be carefully con-
trolled and should still be enclosed to the
greatest extent possible. There is no eyewear
available that will withstand a direct viewing
of the main multikilowatt beam. Even at
powers below 1000W, eye protection is likely
to fail on exposure to the primary beam.
Always avoid viewing angles that are at risk
of line-of-sight viewing down the axis of the
beam or its specular reflection.

� Compliance with personnel training require-
ments is exceedingly important.

Skin exposure to the primary beam obvi-
ously can result in thermal burns and
must be prevented by complete enclosure
and operator training. Even in attended opera-
tions where the operator is permitted to
view the welding process, provision of partial
enclosures to prevent personnel from placing
any part of the body into the beam path is
desirable.
The ANSI standard also prescribes MPE

values for skin exposure. In the visible and
near-infrared regions, these are much greater
than the MPE values for the eyes; hence, a
problem from excessive exposure due to diffuse
reflections at these wavelengths rarely occurs.
Excessive skin exposures in the ultraviolet and
far-infrared regions are possible, however. Typ-
ically, ultraviolet exposures can be controlled
with clothing of tightly woven material and

barrier creams applied to exposed skin. Harm-
ful levels of ultraviolet light can also be gener-
ated by flash lamps; hence, covers should be
kept in place. Harmful levels of ultraviolet are
also generated by the weld process. Prolonged
or repeated exposure to ultraviolet is a known
carcinogen (causes cancer). The MPE limits
for ultraviolet include limits in a single day
and repeat exposures with any 24 hour period.
Always protect eyes and skin from the laser
and the weld radiation.

Associated Hazards

Electrical Hazards. All lasers used for weld-
ing employ high voltages capable of inflicting
lethal electric shocks. Therefore, maintenance
shall be performed only by personnel familiar
with high-voltage safety procedures. (Accidents
resulting in fatalities around lasers have all
been by electrocution.)
Power supplies for high-power lasers contain

capacitors capable of lethal shock even after
initial discharge due to a phenomenon known
as charge buildup. To facilitate safe mainte-
nance access, the following provisions should
be included:

� An automatic discharge and grounding cir-
cuit that is actuated when the laser is turned
off

� Discharge and grounding interlocks on all
access panels

� Grounding rods for manual verification of
complete discharge. Safety glasses should
be used, because explosion-like discharges
are possible on partly charged capacitors.

� Grounding straps to short out capacitors to
prevent charge buildup

In addition, all capacitors should be discharged
and grounded before any work is performed on
or near high-voltage components.
Control of laser performance usually requires

switching of capacitors. Insulated switches that
do not expose personnel to electric conductors
are preferred. If switching requires work on
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bus bars, the previously listed procedure should
be followed, and the use of insulated tools
should be considered. Cooling-water leaks are
not acceptable, especially when electrical and
cooling lines share the same umbilical.
Chemical Hazards. Laser welding generates

metal fumes similar to other welding processes,
and the hazard is largely dependent on the com-
position of the welded metals. Ventilation is
required to meet OSHA standards and Ameri-
can Conference of Governmental and Industrial
Hygienists threshold limit values. In high-
power welding applications, fumes can be gen-
erated in sufficient quantities to make local
exhaust ventilation, in addition to general room
ventilation, both necessary and economical.
Harmful fumes of vapors can also be gener-

ated when laser energy is deposited in
unwanted materials, such as breakdown of plas-
tic enclosure materials due to laser exposure
and failure of exotic lens materials due to ther-
mal runaway. These conditions are best con-
trolled by careful materials selection and
monitoring of welder performance. Finally,
laser optics cleaning agents may be toxic and
flammable and should be handled accordingly.
Training, Medical Examinations, and Doc-

umentation. ANSI Z136.1 requires that train-
ing in the potential hazards and control
measures be provided to operators, engineers,
technicians, and maintenance and service per-
sonnel. Special training on subjects such as
potential hazards (including biological effects),
control measures, and applicable standards is
required for the laser safety officer. A model
safety and training program is outlined in
Appendix A of the standard.
Routine medical surveillance of laser users is

no longer mandated by the standard. However,
an employer may wish to provide such for med-
ical/legal reasons (that is, to document what eye
damage existed prior to commencement of laser
work and that no additional damage has
occurred). Therefore, initial hiring or assign-
ment exams and departure exams may still be
a reasonable consideration.
Documentation may include:

� Listing of lasers, duration of use
� Results of hazard surveys and calculations of

accessible laser radiation
� Interlock tests
� Laser use procedures
� Employees working in laser area
� Date and extent of employee training
� Dates and results of medical examinations

(if any)
� Training and qualifications of laser safety

officer
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MOST WELD JOINT GEOMETRIES used
in conventional fusion welding processes (for
example, autogenous automatic gas tungsten
arc welding or electron beam welding) are suit-
able for laser beam welding (LBW). However,
it must be remembered that the laser beam is
focused to a spot of a few hundred micrometers
in diameter, and thus, fit-up tolerances and
alignment requirements are also of that order
of magnitude.
As with fusion welding processes, joints are

designed to meet the design requirements of
the weldment for structure, function (e.g., seal-
ing), assembly, and so on. The high power den-
sity and the ability to achieve high-aspect-ratio
(depth-to-width) welds offers distinct capabil-
ities and advantages for joint design but
imposes more stringent requirements on how
the weld seam is presented to the laser beam.
Some of the important joint geometries are illu-
strated in Fig. 1 and 2, and Table 1 summarizes
joint selection criteria for a few categories of
joint design. Different types of joint design
reported for LBW were reviewed by Shewell
(Ref 1).

Design of Laser Beam Weld Joints

Joint Preparation, Fit-Up, and Design

Butt Joint—Full-Penetration Type. Mate-
rial to be laser welded does not need beveled
edges. Sheared edges are acceptable if square
and straight (Ref 2, 3). The fit-up tolerance
should be within 15% of the workpiece thick-
ness. Misalignment and out-of-flatness should
be less than 25% of material thickness, as
shown in Fig. 3(a), to keep the laser beam from

wandering. The transverse alignment should be
kept within half of the focused beam diameter
(Ref 4, 5). Clamping is recommended, and
bucking is not troublesome except when weld-
ing material thinner than 0.25 mm (0.01 in.)
(Ref 2).
Lap Joints. Air gaps severely limit penetra-

tion and welding speeds (Ref 2). Compressive
clamping, as shown in Fig. 3(b), should be used
to maintain a separation of less than 25% of the
material thickness (Ref 3). For welding of dis-
similar thicknesses, the thinner material should
be placed on top to be welded to the thicker
one (Ref 3). Lap joints require fusion width to
generate weld strength. Laser type, optics, and
weld parameter selections are made to generate
weld width efficiently to meet design strength
requirements (Ref 6). Caristan (Ref 7) also
shows an unpeelable lap joint in which the fay-
ing surfaces are completely fused. (See the arti-
cle “Laser Beam Welding” in this Volume for
information regarding welding parameters and
optics.)
Pulsed laser spot lap joints demand tighter

tolerances than joints produced with continuous
power laser welding. The maximum gap for fer-
rous and nickel alloys is 15% of the material
thickness, and the gap must be less for higher-
conductivity materials (Ref 1). Baranov et al.
(Ref 8) studied the influence of gap size on
the formation and strength of spot lap joints in
laser welding. They reported that for laser spot
lap joints of 0.4 mm (0.016 in.) thick steel and
0.33 mm (0.013 in.) thick nickel, a gap of up
to 0.1 mm (0.004 in.) has little influence on
joint strength, because there is almost no
change in the diameter of the fusion zone. On
the other hand, the shape of the weld pool
changes with the gap size. It has also been
observed that the presence of air in the gap

may lead to the formation of porosity and non-
fusion (Ref 8). Micropores sometimes form in
the fusion zone, and the number of pores and
their size increase with increasing gap size.
Flange joints, as with butt joints, require

straight, square edges, good fit-up, clamping,
and precise transverse alignment. Flange joints
are suitable for welding high-shrinking metals
such as aluminum (Ref 2).
Kissing Welds. This type of joint is called a

kissing weld because the weld pool forms
where two pieces just “kiss.” This offers a
small angle between the two parts that traps
most of the energy of the laser beam. Very little
(if any) pressure is required during welding, but
the facing surfaces must fit well (Ref 1). A gap
between the sheets will allow radiation to
escape. This joint successfully joins thin foils
in situations where spot welding would produce
melt-through.
Polarization Effect on Kissing Weld. One of

the unique advantages of a kissing weld
is the ability to take advantage of the polariza-
tion behavior of the laser light. If the laser
light is polarized perpendicular to the wall
of the metal, the beam is preferentially
reflected, and it delivers all the energy at
the joint. This increases the joint efficiency
considerably. This idea was originally proposed
by Sepold in 1987 (Ref 9). Subsequently, this
concept is used for laser welding of tube and
pipe.
Wire Joints. The joint configurations for

wires shown in Fig. 2 were developed by the
electronics industry. For wire-to-wire joints,
the two wires must share the incident laser
energy. In a cross joint, for example, the laser
beam should be directed at the intersection of
the wires so that both wires are exposed directly
to the beam.

* Adapted from J. Mazumder, Laser-Beam Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 262–269, and J. Mazumder, Procedure Development
and Practice Considerations for Laser-Beam Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 874–880



Use of Consumables and Special
Welding Practices

Laser welding is ideal for autogenous weld-
ing. The main consumable for laser welding is
the shielding gas. For thick-section welding, a
filler wire can be used to make multipass welds.
Sometimes filler metals (or injected powders)
are used during laser welding to control the
weld bead geometry. The most common use
of filler metals, however, is to prevent under-
cutting. The use of filler materials to control
the weld chemistry is also common. For exam-
ple, insertion of aluminum foil during butt
welding of semikilled steel results in a poros-
ity-free sound weld. Vaporization losses during

laser welding of some alloys can be compen-
sated for by the addition of filler materials or
powder of desired composition. Energy con-
sumption during LBW is lower with powder
injection than with wire-fed filler metals. The
wire surface reflects considerable amounts of
energy and reduces the energy efficiency of
the process.
As with arc welding processes, metallurgical

considerations such as preweld and postweld
heat treatments are also applicable to laser
welding. Under special circumstances, it is pos-
sible to use the welding laser for pre- and post-
heat treatments (Ref 10). The primary
differences between LBW and other welding
processes are the narrower heat-affected zone

associated with laser welds as well as the high
cooling rates that result in higher localized
residual stresses. These high cooling rates can
be used beneficially for materials with brittle
intermetallic phases. High cooling rate leads
to extension of solid solubility and avoids brit-
tle precipitates for many alloys.

Laser Welding of Engineering Alloys

Penetration Welding. The scope of techni-
cally and commercially feasible LBW applica-
tions has increased greatly since the
demonstration of penetration welding using a
multikilowatt continuous-wave CO2 laser by
Brown and Banas (Ref 11). Numerous experi-
ments have shown that the laser produces preci-
sion weld joints of high quality in ferrous
alloys, nickel alloys, and titanium alloys that
are rivaled only by those made by electron
beam welding. (See the articles in this Volume
on electron beam welding.) Data describing the
plate thickness of different laser-welded materi-
als are given in Table 2.
Aluminum and its alloys have recently gen-

erated much interest in the laser welding com-
munity because of their potential application
in the auto industry for their weight-reduction
properties (Ref 13–18). During the 1970s and
1980s, aluminum alloys were reported to be
rather difficult to weld due to the high initial
surface reflections of 10.6 mm (417 min.) radia-
tion emitted by CO2 lasers (Ref 3, 19–25). Sur-
face coating often reduces this problem. Low
melting point and relevant fluidity sometimes
lead to “drop-through” problems, and thus,
energy input is a critical parameter for laser
welding. Another critical factor involving laser
welding is the vaporization of alloying ele-
ments such as magnesium. Suppression of the
plasma with a properly designed shielded gas
nozzle can be used to avoid the loss of alloying
elements (Ref 23). The other alternative is to
use filler metal (Ref 16).
Although the welding of aluminum is diffi-

cult with LBW, it has already been demon-
strated that, with proper precautions, welds
having tensile strength equivalent to the parent
materials can be obtained.
Steels. A great deal of laser welding research

has been conducted on ferrous alloys. Most of
the initial parametric studies were carried out
on stainless steel (Ref 11, 25, 26). Stainless
steel was investigated (Ref 26, 27) because of
its importance in the power plant and chemical
industries. Laser welding of rimmed steel sheet
was evaluated for automotive applications by
Baardsen et al. (Ref 28). High-speed LBW of
tin plate and tin-free steel for container indus-
tries was reported by Mazumder and Steen
(Ref 29). Results in HY-alloy steels were eval-
uated and reported by Banas (Ref 30) and by
Metzbower and Moon (Ref 20). Laser beam
welding of modified 4340 alloy was reported
by Seaman and Hella (Ref 31). Several other

Fig. 1 Joint designs for laser beam welds on sheet metal. Arrows show direction of laser beam. Source: Ref 1
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ferrous alloys that have been studied for the
applicability of laser welding include X-80 Arc-
tic pipeline steel (Ref 32), tanker construction
steels (Ref 33), D-6ac low-alloy, ultrahigh-
strength steel (Ref 34), and high-strength, low-
alloy grade steels (Ref 34).
One of the earliest applications of LBW was

for the welding of planetary gear assemblies for
the automotive industry. Welding was carried
out at 10 m/min (400 in./min) using a 5 kW
laser. Subsequently, LBW was applied to pro-
duce automobile powertrain components.
A most recent mass production application is
in the production of the “body-in-white” tai-
lored blank shown in Fig. 4. An LBW process
developed by Fraunhofer Institute at Aachen
that uses a polarized beam was applied by
Krupps Steel to produce steel pipe (Ref 35).
Titanium and Titanium Alloys. Until

recently, the electron beamwelding (EBW) tech-
nique has been the most popular method used to
weld Ti-6Al-4V, which is the most widely used
titanium material in the aerospace industry due
to its remarkable strength-to-weight ratio. How-
ever, the deep penetration of EBW can be
obtained only up to a short distance under nonva-
cuum conditions. For optimum efficiency, EBW
must be carried out in an evacuated chamber
(Ref 3). In contrast, CO2 laser beams can be trans-
mitted for appreciable distances through the
atmospherewithout serious attenuation or optical
degradation. Even pulsed neodymium: yttrium-
aluminum-garnet lasers (Fig. 5) can provide con-
siderable penetration (Ref 37).
The application of the laser technique to a

metal such as a titanium alloy, which is nor-
mally difficult to weld, is not only of direct
interest to the aerospace and chemical

industries but also is of interest to those who need
to weld chemically sensitive metals with com-
plex temperature-dependent structures. The need
for better joining methods for titanium and its
alloys resulted in several investigations of LBW
techniques over various power ranges (maximum
16 kW). A detailed review is available in Ref 12
and 38. Welding speeds in excess of 15 m/min
(49 ft/min) were used to weld 1 mm (0.04 in.)
thick Ti-6Al-4V with a 4.7 kW CO2 laser, and
materials up to 12.5 mm (0.492 in.) thick were
joined using an 11 kW CO2 laser.

Laser Beam Weld Quality

The American Welding Society has identi-
fied six weld process classes, which are defined
according to their mechanisms (pressure, tem-
perature, thermal energy delivery method) of
achieving materials fusion/joining. These are:

� Gas welding
� Arc welding
� Resistance welding
� Solid-state welding
� Thermochemical welding
� Radiant energy welding (EBW, LBW)

In the radiant energy class, the continued
increase of capabilities from such new laser
technologies as the ytterbium:disc and ytter-
bium:fiber have made new welding process
regimes possible due to the increase in:

� Output power
� Beam quality
� Electrical-optical conversion efficiency

Reduced cost of ownership, increased life-
span of the power supply, and corresponding
reduced consumable and maintenance needs of
these and other solid-state lasing technologies
are bringing these new industrial laser power
sources into more facilities and enabling greater
production capacity and capabilities. Industrial
lasers are opening new opportunities in
manufacturing and are competing with and, in
certain cases, replacing some established high-
radiant welding power sources, such as the
electron beam.
Given the high-energy beam delivery of

both the electron beam and the laser to
achieve the weld process, some weld quality
specifications address both processes. Note that
the actual equipment setup and associated
health and safety concerns (regulations, codes,
and consensus standards) will be different
between these two processes, although the char-
acteristics of the weld achieved can be very
similar by virtue of the high-radiant-energy
beam delivery to achieve the fusion joining
process.
This section provides a definition of

laser weld quality, surveys prominent laser
weld quality specifications available to various
industries, and discusses how quality is an
important metric by which a company under-
stands how its operations contribute to
providing repeatable and reliable laser welds
that meet the target value in performance and
profitability.

Weld Quality Defined

In a broad sense, weld quality is defined
as those measureable characteristics and fea-
tures of the weld that allow the weldment to
have the inherent integrity, functional perfor-
mance, and, where necessary, appearance over
the lifespan of the weldment.
With regard to the quality characteristics of the

laser and electron beam weld, terms and defini-
tions are important for determining process-tol-
erant parameters, for example, relating weld
testing performance to weld parameters and pro-
cedures development.
For quality control of the weld process, in

general, there are weld procedure specifications
and weld quality specifications. These are
derived by either referencing industry standard
specifications or through an internal weld pro-
cess and quality specification program, such as
through proof-of-process work and design of
experiments.
Weld quality characteristics can be categor-

ized as geometrical, mechanical, or metallurgi-
cal. Quality characteristics include but are not
necessarily limited to:

� Geometrical: Size and shape of the weld
cross-sectional area, undercut, mismatch,
concavity, convexity, continuity

Fig. 2 Joint designs for laser beam welds on wire. Arrows show direction of laser beam. (a) Butt weld. (b) Round-to-
round lap weld. (c) Cross-joint weld. (d) Spot weld for T-joint. (e) Terminal or lug weld
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� Metallurgical: Porosity, pinholes, cracks/
cracking, heat-affected zone, penetration,
slag

� Mechanical: Ultimate tensile and yield
strengths, fatigue limits, elongation, cupping
test (e.g., ball punch deformation); ASTM E
643

For process control, consideration should be
given to documenting and establishing respec-
tive nominal values and bound values for the
controllable aspects of the process, some of
which are:

� Laser: Total power, focus optic arrangement
(determining power density, spot size and
caustic waist profile, depth of focus, angle
of beam divergence), beam mode and qual-
ity, polarization, focal position with respect
to workpiece

� Process parameters: Weld speed, sequenc-
ing of power for start and close of weld
bead, shield gas selection and delivery
(style, flow rate, volume)

� Workpiece/tooling: Weld joint presentation
allowables (material mismatch, gap toler-
ances, focal position alignment tolerance
with respect to weld seam)

� Material properties: Material thickness,
material specifications (type), material
surface conditions (e.g., oily, dry, scale,
etc.)

� Tooling: Repeatability and reliability for
presentation of the workpiece and the weld
seam to the laser focus optics

When documenting and defining the weld
procedures and qualification requirements
within a facility or for a specific program/proj-
ect, it is important to reference and define those
terms employed.

Additional information can be found in Ref
39 to 42.

Weld Quality Assessment

The profile for the laser weld seam (cross-
sectional geometry) can vary depending on the
process parameters, optical configuration, and
whether it is autogenous or augmented with
metal inert gas, metal active gas, tungsten inert
gas, plasma, other thermal power supplies, or
filler wire.
Two elemental modes of LBW are

conduction-limited and penetration (keyhole)
welding. In the application of conduction-
limited welding, as the name implies, the
irradiance of the laser beam is sufficient
to achieve melting of the base metal via
absorption, but conduction of the thermal

Table 1 Joint design and considerations for use

Joint type Applicability Considerations for use Design

Bull Very commonly used in ferrous, other
alloys having medium to high viscosity
when molten

� Maximum allowable gap = 0.05 � thickness

� Beam/seam alignment requirement approx. 0.5 � focus spot
diameter

� Joint strength dependent on degree of penetration and weld-
metal strength

Bolt with backing Commonly used with aluminum-bronze
alloys and others with low viscosity
when molten

� Consumable backings of same composition as base material
most common

� Root porosity found in partial-penetration laser welds may be
removed by machining backing strip in some applications

� Ceramic and nonconsumable (e.g., copper backings not usually
applicable

Lap welding Commonly used in all materials � Maximum allowable gap – 0.05 � thickness of thinner member

� Tolerant of beam/seam misalignment

� Thin-on-top/thick-on-bottom joints easily accommodated

� Thick-on-top/thin-on-bottom joints less desirable

� Joint strength determined by weld-metal strength, weld width
(multiple passes can increase joint strength)

Stake weld Can produce ‘blind welds’ that are
difficult or expensive to accomplish
using arc processes

� Laser beam/web plate alignment tolerance dependent on web
thickness, beam diameter

� Maximum gap = 0.05 � flange thickness

� Joint strength determined by weld-metal strength and weld width
(multiple passes can increase join strength)

Edge weld Usually applied in thinner gages where
the laser weld bead consumes all or
most of the thickness of both members

� Wide range of included angles possible with appropriate forming
of edges (as illustrated)

� Maximum gap = 0.05 � thickness of thinner member

� Joint strength dependent on degree of penetration and weld-
metal strength

� Determination of metal an important design strength
consideration

“Skid” fillet weld Full penetration possible with sufficient
power

� Small beam centerline/flange angle (approx. 10� or less)

� Maximum gap = 0.05 � thickness of web plate

� Beam/seam alignment approx. 0.5 � focus spot diameter

� Joint strength dependent on degree of penetration and weld-
metal strength

Corner weld Full penetration possible with sufficient
power

� Beam/seam alignment (approx. 0.5 � focus spot diameter)

� Joint strength dependent on degree of penetration and weld-
metal strength

� Maximum gap = 0.05 � thickness of web plate
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energy determines the melt pool shape
(weld bead). As the laser beam irradiance
increases and exceeds the capacity of
the base metal to dissipate (conduct) the ther-
mal energy, the temperature of the impingent
material is elevated to its boiling point, where
the material is vaporized. This process is
dynamic, and the absorption level of the laser
beam irradiance on the material increases as
well as the metal vapor depth (Fig. 6a). The
weld bead geometry of laser keyhole (penetra-
tion) welding is readily identified by the high
aspect (depth/width) ratio of the weld seam
(Fig. 6b).
Figure 7 illustrates changes of an autogenous

laser weld profile, progressing from conduc-
tion-limited (left side of graph) to penetration
(keyhole) welding (right side of graph). The
transition from conduction to keyhole will
occur at significantly different power densities,
depending on materials and somewhat on shield
gas type.

The dimensions of the laser weld bead (cross
section) are important components of weld
quality specification. Dimensional features can
include but are not necessarily limited to:

� Cross-sectional area
� Penetration depth
� Upper seam weld width
� Lower seam weld width

It is important that the weld quality specifica-
tions of an application identify appropriate
nominal dimensional information of the laser
weld profile. Figure 8 shows the difference in
cross section between a conduction-limited
laser weld and a penetration (keyhole) weld.
Figure 9 shows how the dimensional shape of
laser weld geometry can be quantified.
Because laser welding is a fusion process, the

evaluation of weld quality is similar to other
allied processes. Table 3 and Fig. 10 and 11
illustrate the common types of discontinuities

that are assessed for weld quality of an
application.
Table 4 (Ref 45) identifies and compares dis-

continuities commonly (but not always) asso-
ciated with various welding processes. The
relative high power density applied for the
fusion process of both electron beam and laser
beam welding leads to them have similar weld
defects, namely:

� Porosity
� Incomplete fusion
� Incomplete joint penetration
� Cracks

Standards and Specifications

There are a number of domestic and interna-
tional organizations that develop codes, stan-
dards, and specifications for welding and
allied processes as well as provide laser weld-
ing quality specifications and procedure

Fig. 3 Clamping and tolerances for (a) butt joint and (b)
lap joint. Dimensions are in units of percent of

material thickness, t. Source: Ref 3

Fig. 4 Sequence of operations required to produce
“body-in-white” tailored blank automotive

bodies using laser beam welding. (a) Arrangement and
welding of divided-type body panels before forming. (b)
Tailored blank obtained after structural components
have been formed in a press. Source: Ref 36

Table 2 Parameters for high-power laser beam welding relative to alloy type for bead-on-
plate joints

Material Type of joint

Thickness

Laser power, kWmm in.

Ship steel, grades A, B, C Butt 28.6 1.125 12.8
Butt 25.4 1.0 12.0
Butt 19.0 0.75 12.0
Butt 15.9 0.625 12.0
Butt 12.7 0.50 12.0
Butt 9.5 0.375 10.8
Tee 9.5–12.7 0.375–0.5 11.9

Low-alloy carbon steel Tee 9.5–12.7 0.375–0.5 7.5
AISI 1010 Beam plate 4 0.157 1.8(a)
AISI 4130 Butt 15.2 0.60 14

Low-alloy high-strength steel, 300M Butt 19.0 0.75 14
Arctic pipeline steel, X-80 Butt 13.2 0.52 12
D-6ac steel Butt 6.4 0.25 15
HY-80 . . . 12.5 0.49 10.6
HY-130 steel Butt 6.4 0.25 5.5
HY-180 steel (HP9-4-20) Butt 1.6 0.062 5.5

. . . 1.6 0.062 10.5

. . . 16.3 0.64 5.5
Nickel-base alloy, Inconel 718 Butt 14.5 0.57 14
Stainless steel

AISI type 304 . . . 6 0.24 17
. . . 12.5 0.49 17
. . . 17 0.67 17
. . . 16.5 0.65 17
. . . 3.8 0.15 11.5
. . . 5.6 0.22 11.5(b) 1.8(c)
. . . 8.9 0.35 8
. . . 20.3 0.8 20
. . . 12.7 0.5 20
. . . 50.8 2.0 77

AISI type 321 Butt 14.5 0.57 14
Aluminum alloy:

2219 Butt 12.7 0.50 13
2219 Butt 6.4 0.25 5
2219 Butt 6.4 0.25 16
5083 Butt 6.4 0.25 7
5456 Butt 3.2 0.125 5.5
5456 Butt 12.5 0.187 8
5456 Butt 12.5 0.49 . . .
Titanium alloy, Ti-6Al-4V Butt 15.2 0.60 13.5

. . . 3.2, 6.4 0.125, 0.25 5.5

. . . 3 0.12 4.7

. . . 12.5 0.49 11

(a) Neodymium: yttrium-aluminum-garnet (Nd:YAG) laser. (b) CO2 laser. (c) Continuous-wave Nd:YAG laser. Source: Ref 3, 12
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documents. Several of the most active organiza-
tions and the standard or specification docu-
ments they have established are listed in Table
5. The organizations include:

� American Welding Society (AWS), www.
aws.org

� American National Standards Institute
(ANSI), www.ansi.org

� International Organization for Standardiza-
tion (ISO), www.iso.org

� European Committee for Standardization
(CEN), www.cen.eu

� SAE International (SAE), www.sae.org
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Fig. 5 Plot of weld penetration versus welding speed of
operation and average output for neodymium:

yttrium-aluminum-garnet lasers at a wavelength of 1.06
mm. Source: Ref 37

Fig. 6 Schematic diagrams of (a) conduction-limited
and (b) penetration (keyhole) laser weld

processes. HAZ, heat-affected zone. Source: Ref 43

Fig. 8 Typical shapes of (a) conduction-limited and (b)
penetration (keyhole) laser weld beads. HAZ,

heat-affected zone. Source: Ref 43

Fig. 9 (a) Actual cross section of a penetration (keyhole) laser weld. (b) Corresponding simplified geometry for
calculating various weld dimensions. Source: Ref 44
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Table 3 Common types of discontinuities

Type of discontinuity

Location

(a) Remarks

1 Porosity WM Porosity could also be found in the base metal and heat-affected
zone (HAZ) if the base metal is a casting.

(a) Uniformly scattered . . . . . .
(b) Cluster . . . . . .
(c) Piping . . . . . .
(d) Aligned . . . . . .
(e) Elongated . . . . . .

2 Inclusion WM, WI . . .
(a) Slag . . . . . .
(b) Tungsten . . . . . .

3 Incomplete fusion WM, WI Weld metal between passes
4 Incomplete joint penetration BM Weld root
5 Undercut WI Adjacent to weld toe or weld root in base metal
6 Underfill WM Weld face or root surface of a groove weld
7 Overlap WI Weld toe or root surface
8 Lamination BM Base metal, generally near midthickness of section
9 Delamination BM Base metal, generally near midthickness of section

10 Seam and lap . . . Base-metal surface, generally aligned with rolling direction
11 Lamellar tear BM Base metal, near HAZ
12 Crack (includes hot cracks and cold

cracks described in text)
. . . . . .

(a) Longitudinal WM,
HAZ,
BM

Weld metal or base metal adjacent to weld interface

(b) Transverse WM,
HAZ,
BM

Weld metal (may propagate into HAZ and base metal)

(c) Crater WM Weld metal at point where arc is terminated
(d) Throat WM Parallel to weld axis. Through the throat of the fillet weld
(e) Toe WI, HAZ . . .
(f) Root WI, HAZ Root surface or weld root
(g) Underbead and HAZ HAZ . . .

13 Concavity WM Weld face or fillet weld
14 Convexity WM Weld face of a fillet weld
15 Weld reinforcement WM Weld face of a groove weld

(a) WM, weld-metal zone; BM, base-metal zone; HAZ, heat-affected zone; WI, weld interface. Source: Ref 45

Fig. 10 Double V-groove weld in butt joint illustrating weld discontinuities. Numbers in circles refer to Table 3.
Source: Ref 45
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Fig. 11 Single-pass double-fillet weld in T-joint illustrating weld discontinuities. Numbers in circles refer to Table 3.
Source: Ref 45

Table 4 Discontinuities commonly encountered with welding processes

Welding process Porosity Slag Incomplete fusion Incomplete joint penetration Undercut Overlap Cracks

Arc

Stud welding (SW) X . . . X . . . X . . . X
Plasma arc welding (PAW) X . . . X X X . . . X
Submerged arc welding (SAW) X X X X X X X
Gas arc tungsten welding (GTAW) X . . . X X X . . . X
Electrogas welding (EGW) X . . . X X X X X
Gas metal arc welding (GMAW) X . . . X X X X X
Flux cored arc welding (FCAW) X X X X X X X
Shielded metal arc welding (SMAW) X X X X X X X
Carbon arc welding (CAW) X X X X X X X

Resistance

Resistance spot welding (RSW) X(a) . . . X X . . . . . . X
Resistance seam welding (RSEW) X(a) . . . X X . . . . . . X
Projection welding (PW) . . . . . . X X . . . . . . X
Flash welding (FW) . . . . . . X X . . . . . . X
Upset welding (UW) . . . . . . X X . . . . . . X

Oxyfuel gas

Oxyacetylene welding (OAW) X . . . X X X X X
Oxyhydrogen welding (OHW) X . . . X X . . . . . . X
Pressure gas welding (PGW) X . . . X . . . . . . . . . X

Solid state(b)

Cold welding (CW) . . . . . . X . . . . . . . . . X
Diffusion welding (DFW) . . . . . . X . . . . . . . . . X
Explosion welding (EXW) . . . . . . X . . . . . . . . . . . .
Forge welding (FOW) . . . . . . X . . . . . . . . . . . .
Friction welding (FRW) . . . . . . X . . . . . . . . . . . .
Ultrasonic welding (USW) . . . . . . X . . . . . . . . . . . .

Other

Electron beam welding (EBW) X . . . X X . . . . . . X
Electroslag welding (ESW) X X X X X X X
Induction welding (IW) . . . . . . X . . . . . . . . . X
Laser beam welding (LBW) X . . . X X . . . . . . X
Percussion welding (PEW) . . . . . . X . . . . . . . . . X
Thermite welding (TW) X X X . . . . . . . . . X

(a) Porosity in resistance welds is more properly called voids. (b) Solid state is not a fusion process, so incomplete joining is incomplete welding rather than incomplete fusion. Source: Ref 45
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Table 5 Standards and specifications

Standard or specification Remarks

American Welding Society (AWS), www.aws.org

AWS A3.0M/A3.0:2010 Standard Welding Terms and Definitions; Including Terms for
Adhesive Bonding, Brazing, Soldering, Thermal Cutting, and Thermal Spraying

This AWS standard is a glossary of the technical terms used in the welding industry. It
establishes standard terms to aid in the communication of welding information. Because it is
intended to be a comprehensive compilation of welding terminology, nonstandard terms used
in the welding industry are also included. Alphabetical sequence

AWS C7.2:2010 Recommended Practices for Laser Beam Welding, Cutting, and Drilling This document presents recommended practices for laser beam welding, cutting, and drilling.
Its scope is limited to common applications of the subject processes. Process definitions, safe
practices, general process requirements, and inspection criteria are provided.

AWS C7.4/C7.4M:2008 Process Specification and Operator Qualification for Laser Beam
Welding

This specification on laser beam welding discusses applicable specifications, safety,
requirements, fabrication, quality examination, equipment calibration and maintenance,
approval of work, and delivery of work.

AWS B2.1/B2.1M: 2009 Specification for Welding Procedure and Performance Qualification This specification provides the requirements for qualification of welding procedure
specifications, welders, and welding operators for manual, semiautomatic, mechanized, and
automatic welding. The welding processes included are electrogas welding, electron beam
welding, electroslag welding, flux cored arc welding, gas metal arc welding, gas tungsten arc
welding, laser beam welding, oxyfuel gas welding, plasma arc welding, shielded metal arc
welding, stud arc welding, and submerged arc welding. Base metals, filler metals,
qualification variables, welding designs, and testing requirements are also included.

AWS WHC3.14 Laser Beam Welding, Cutting and Associated Processes Chapter 14 from Welding Processes, Part 2, Vol 3, Welding Handbook, 9th ed. has been
selected by the AWS Product Development Committee. This chapter covers fundamentals of
laser beam welding and cutting processes, modes of operation, and equipment. Other topics
include laser beam welding operating systems, applications, joint design and preparation,
weld quality, and the economics of using these processes. Similar information is presented
for laser beam cutting, drilling, and related processes. The chapter concludes with a
discussion on safety issues specific to laser beam operations and the safety codes that must
be followed to provide the best working environment where lasers are in use.

Note: Subcommittee D8E Automotive Laser Welding The D8 AWS/SAE Joint Committee on Automotive Welding is responsible for the
development of AWS standards on all aspects of welding in the automotive industry. Laser
weld quality specifications are currently in development by subcommittee D8E.

American National Standards Institute (ANSI), www.ansi.org

ANSI Z136.1-2007 American National Standard for Safe Use of Lasers The parent document and cornerstone of the Z136 series of laser safety documents, this
standard provides recommendations for the safe use of lasers and laser systems that operate
at wavelengths between 180 nm and 1 mm.

ANSI B11.21-2006 American National Standard for Machine Tools. Machine Tools Using
Lasers for Processing Materials. Safety Requirements for Design, Construction, Care, and
Use

This standard is part of the ANSI B11 series and pertains to the safety requirements for lasers
used in machine tool applications as described in this document. It is limited to the
requirements of safeguarding of personnel, installation, verification, operation, maintenance,
training, and documentation for individual machines.

International Organization for Standardization (ISO), www.iso.org

ISO 6520-1:2007 Welding and Allied Processes. Classification of Geometric Imperfections in
Metallic Materials, Part 1: Fusion Welding

Serves as the basis for a precise classification and description of weld imperfections

ISO/TS 17845:2004 Welding and Allied Processes. Designation System for Imperfections Gives a system for the designation of imperfections in welding and allied processes. It applies
to metallic and nonmetallic materials (e.g., thermoplastics).

ISO 13919-1:1996 Welding. Electron and Laser Beam Welded Joints. Guidance on Quality
Levels for Imperfections, Part 1: Steel

Gives guidance on quality levels of imperfections in electron and laser beam welded joints in
steel. Three levels are given that refer to production quality.

ISO 13919-2:2001 Welding. Electron and Laser Beam Welded Joints. Guidance on Quality
Levels for Imperfections, Part 2: Aluminum and Its Weldable Alloys

Gives guidance on quality levels of imperfections in electron and laser beam welded joints in
aluminum and its weldable alloys. Three levels are given that refer to production quality.

ISO/TR 17671-6:2005 Welding. Recommendations for Welding of Metallic Materials, Part 6:
Laser Beam Welding

Gives general guidance for laser beam welding of metallic materials in all forms (e.g., cast,
wrought, extruded, forged) and associated processes

ISO 9956-11:1996 Specification and Approval of Welding Procedures for Metallic Materials,
Part 11: Welding Procedure Specification for Laser Beam Welding

Revised by ISO 15609-4:2004

ISO 15609-4:2004 Specification and Qualification of Welding Procedures for Metallic
Materials. Welding Procedure Specification, Part 4: Laser Beam Welding

Specifies requirements for the content of the welding procedure specification for laser beam
welding processes, including overlay welding. It is not applicable to other processes for
cladding (e.g., thermal spraying).

ISO 15614-11:2002 Specification and Qualification of Welding Procedures for Metallic
Materials. Welding Procedure Test, Part 11: Electron and Laser Beam Welding

Specifies how a welding procedure specification for electron or laser beam welding is qualified
by a welding procedure test

ISO 15616-1:2003 Acceptance Tests for CO2 Laser Beam Machines for High-Quality Welding
and Cutting, Part 1: General Principles, Acceptance Conditions

. . .

ISO 15616-2:2003 Acceptance Tests for CO2 Laser Beam Machines for High-Quality Welding
and Cutting, Part 2: Measurement of Static and Dynamic Accuracy

. . .

ISO 15616-3:2003 Acceptance Tests for CO2 Laser Beam Machines for High-Quality Welding
and Cutting, Part 3: Calibration of Instruments for Measurement of Gas Flow and Pressure

. . .

ISO 22827-1:2005 Acceptance Tests for Nd:YAG Laser Beam Welding Machines. Machines
with Optical Fiber Delivery, Part 1: Laser Assembly

Editor’s note: This should also be applicable for other near-infrared laser power sources, such
as the ytterbium:fiber and ytterbium:disc.

ISO 22827-2:2005 Acceptance Tests for Nd:YAG Laser Beam Welding Machines. Machines
with Optical Fiber Delivery, Part 2: Moving Mechanism

Editor’s note: This should also be applicable for other near-infrared laser power sources, such
as the ytterbium:fiber and ytterbium:disc.

European Committee for Standardization (CEN), www.cen.eu

EN 1011-6:2005 Welding. Recommendations for Welding of Metallic Materials. Laser Beam
Welding

This European Standard gives general guidance for laser beam welding and associated
processes of metallic materials in all forms of product (e.g., cast, wrought, extruded, forged).

EN 1011-6:2004 Welding. Recommendations for Welding of Metallic Materials. Electron
Beam Welding

This document may be used for the electron beam welding of weldable metallic materials
according to PD CR ISO 15608. It does not contain data on permissible stresses on weld
seams or on the testing and evaluation of weld seams. Such data can either be seen from the
relevant application standards or should be separately agreed between the contracting parties.
A requirement for the application of this document is that the recommendations should be
used by appropriately trained and experienced personnel.

SAE International (SAE), www.sae.org

SAE AS7110/6D:2007 Nadcap Requirements for Laser Welding. This Aerospace Standard
(AS) is to be used to supplement AS7110. In addition to the requirements contained in
AS7110, the requirements contained herein shall apply to suppliers seeking Nadcap
accreditation for laser welding.

SAE AS7110/6D:2007 revision work has been cancelled as of March 2010. The prior version,
SAE AS7110/6C:2003, is available. Reference the SAE website for additional information.
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Laser Beam Delivery Optics and
Manufacturing Economics
Tim Webber, IPG Photonics

LASER ENERGY is transmitted from the laser
to the workpiece via a system of beam-delivery
optics. The optical system can be an open system
ofmirrors or afiberoptic system.Properly designed
beam-delivery optics are essential to the quality of
the beam acting on the workpiece and to the eco-
nomics of the manufacturing process.

Optics for Beam Delivery

The beams of the 1 mm wavelength family of
industrial lasers can be directed to the workpiece
by means of mirrors, the same way CO2 laser
beams are directed. Their advantage is to use a
fiber optic beam delivery. Just a few ionic salts
(ZnSe,ZnS,GaAs) have useful transmission prop-
erties in the 10.6 mmwavelength of the CO2 laser
for welding. The 1 mm wavelength, however, is
transmissive to most materials that appear trans-
parent to the eye, most importantly silica-base
glass, SiO2. This glass can be drawn into a fiber
that can flexibly transport considerable laser
power over useful distances. Optical fibers have
achieved intrinsic attenuation limits of 0.2 dB/
km (Ref 1), which equates to 99.5% transmission
over a kilometer. The damage threshold for fused
silica has been found to be approximately 400
GW/cm2 (Ref 2). This would suggest that up to
30MW can be transmitted by a 100 mm core opti-
cal fiberwithout internal damage. The challenge is
to be able to launchauseful amount of laser energy
into an optical fiber, because the air-to-glass inter-
face has a significantly lower damage threshold
than the bulk material (Ref 3). Minute pits,
scratches, and contamination on the fiber face
(cross section) can act as sites for absorption of
moisture and lead to material failure.
One method to circumvent this surface dam-

age is to bond a fused silica cylinder to the fiber
end (Ref 4). The laser light will diverge to a
dramatically lower power density as it is emit-
ted from the cylinder compared to the fiber.
By applying an antireflection coating to the
emisison end of the cylinder, reflected losses
can be reduced from approximately 4% to less
than 1% at each end of the fiber cable. The pho-
tograph in Fig. 1 depicts a fiber optic cable
connector using this technology.

Anoptical fiber propagates light down its length
through the principle of total internal reflection.
The numerical aperture (NA) is the solid angle
over which the fiber optic can accept light. A fiber
optic input NA will be the same as its output NA,
provided that the fiber optic core/clad relationship
remains constant. The NA is described by:

NA ¼ ððn1Þ2 � ðn2Þ2Þ1=2 (Eq 1)

or

NA ¼ sin y ¼ n1sin y
0 (Eq 2)

where n1 is the refractive index of the core, n2
is the refractive index of the clad, n1>> n2, y0
= yc, and yc = cos�1n2/n1 is the critical angle
for total internal reflection to occur.
The fused silica clad is doped to alter

its refractive index, and the core is pure fused
silica. The fiber optic types used by the 1 mm

wavelength family of industrial lasers for weld-
ing are shown in Fig. 2. The NA and core diam-
eter of a stepped-index fiber optic cable
are engineered to match the optical

Fig. 1 Fiber optic cable connector. Courtesy of IPG
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characteristics of the laser to which it is
connected. There will be a practical lower limit
of core diameter into which a laser of a given
brightess can be launched successfully and reli-
ably. The single-mode fiber optic is exclusive to
the fiber laser.
Each laser provider will supply a family of

compatible fiber cables with their product, or rec-
ommend a qualified accessory supplier. Fiber
cables are specified primarily by their core diam-
eter and length. Lengths of 10, 20, and 30 m (33,
66, and 98 ft) are typical. Stepped-index core dia-
meters of 100, 200, 400, and up to 800 mm are
used for welding. Fiber cables outside of these
figures are available also but tend to be made to

order for custom specifications. The single-mode
fiber and a 50 mm core stepped-index fiber optic
are outputs of fiber lasers.
The cable will have a minimum bend radius

specification provided by the supplier. This
specification protects not only the fiber optic
but also the cable protective coatings and armor
jacket and prevents overstraining of the fiber
cable connector.
The output of a fiber optic cable is imaged onto

the work by careful selection of optical elements.
These are shown schematically in Table 1 as sin-
gle-lens elements, although multielement
designs are often used. These lens elements can
be reflective or transmissive. Collimator focal

lengths of 60, 75, 100, 120, 150, and 200 mm
are common. Focus lenses range from 100, 125,
150, 200, 250, to 300 mm. Even longer focal
lengths are used in remote welding (Ref 6). The
economic availability of these optics provides
considerable flexibility to the laser welding engi-
neer to configure an optical solution specific to
the task at hand. In contrast, CO2 laser optics
are limited in availability and impose contraints
on the welding engineer.
A single-mode fiber laser uses a single-mode

fiber to deliver its energy. The core diameter is
approximately 10 mm and the NA is typically
0.065. These specifications are taken from the
laser under consideration for the job. Using the
relationships from Table 1, a fully corrected 60
mm collimator will produce a slightly less than
8 mm diameter beam. If a 120 mm focus lens is
used, a 20 mm focus spot will be produced.

Design Considerations

The focal length of the collimator is con-
strained by the clear aperture of the optics used.
For welding optics 25, 30, and 50 mm diameters
are common specifications seen in product litera-
ture. Also, the designer must allow a safety fac-
tor. For a single-mode fiber optic, the beam has
a Gaussian power density distribution profile.
Measurements of the beamdiameter to determine
the NA are based on the outline that contains
approximately 86.5% of the total beam power.
See Fig. 3(a) and 4 for the case where r/w = 1.0
(r is the displacement off axis, and w is the laser
spot size; units must be the same). This is also
known as the 1/e2 profile. The designer must
allow sufficient clear aperture for the power that
resides outside the 1/e2 diameter of the calculated
collimated beam diameter.
The stepped-index fiber optic output profile

is sharply delineated (Fig. 3b). Significantly
less safety factor is required compared to the
single-mode case.
A very compact optical package can be

designedwhere the collimator and focus lens sets
are in close proximity. The only consideration
regarding placement of the focus lens in relation
to the collimator lens is the accuracy of collima-
tion. The focus lens can be a considerable dis-
tance from the collimator, in a glove box
perhaps, with a window between the respective
lens elements to separate the atmospheres. In this
case, a well-collimated beam is necessary.

Transmissive versus Reflective Lens
Elements

Transmissive lenses absorb a percentage of the
laser energy. The edges will be cooled, and some
amount of thermal energy will be lost to convec-
tive heat transfer out of the surfaces. In a short
amount of beam-on time, the center area of the
lens will be at a higher temperature. A combina-
tion of thermal expansion and change in index
of refraction caused by elevated temperature will
change the focal length (Ref 7). Figure 5 schema-
tically shows how thermal shift occurs.

Table 1 Selection and configuration of optical elements for delivering laser beam from
fiber optic cable to workpiece

Description Optics configuration

� Half-angle numerical aperture (NA) of the
emergent laser beam (depending on construction)
is 0.084–0.090.

� For working example, the emergent laser
beam shall be taken as 0.085.

� NA = sin(y) = 0.085

� y = 4.88�

Working example used in this document is based on:

� 200 mm process fiber

� 150 mm collimation lens

� 300 mm focus lens

� Beam parameter product (BPP) = 8 mm�mrad

Spot size reproduction on the collimation
lens can be determined as:

� �spot.coll = 2 � fcol � tan(4.88) + �fiber

� For a 200 mm process fiber:
�spot.coll = 2 � 150 � 0.085 + 0.200
= 25.70 mm

� Optical determination of focus
spot size:
�focus = �fiber � ffocus/fcollimation

= 0.200 � (300/150)
= 0.400 mm
= 400 mm

� Beam quality determination of
focus spot size:
�focus = 4 � ffocus � BPP/�spot.coll

= 4(300) � (8/1000)/(25.7)
= 0.374 mm
= 374 mm

(This compares well with the optical calculation.)
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The amount of focus shift may be small and
inconsequential to the process, or it can be sig-
nificant and troublesome. The amount of focus
shift can be mitigated by careful selection of
optical substrate materials and configuration
(Ref 8). In some automated systems, the focus
axis can be programmed to move to accommo-
date the focus shift. The use of reflective
lens elements virtually eliminates focus shift.
Figure 6 depicts focus assemblies for a fiber-
delivered laser that uses 90� parabolic mirrors
for both the collimator and the focus lens.
A valuable accessory to the 1 mm laser family

is the beam switch (Fig. 7). In an energy-sharing
situation, 100%of the laser power can be directed
to one of several fiber optic cables. Two-, four-,
and six-way switches are commonly offered by
manufacturers. Fiber core sizes, lengths, and pro-
cesses can be different from each port. Switch
time is typically less than 0.1 s.
Energy sharing is where some percentage of

the laser is directed down multiple ports at the
same time. A hypothetical example of a situa-
tion where energy sharing may be used is on a
part where three tack welds need to be placed
on the circumference of a part and are equally
spaced. Once these tack welds are made, the
complete circumference weld is made with
100% power. The first three ports each deliver
33% of the laser power, and the fourth port
delivers 100% of the laser power.

Optics for CO2 Beam Delivery

The CO2 beam is directed to the final focus
optics by a combination of 90� turning mirrors
(Fig. 8). The beam path is enclosed, sealed, and
purged. A simple systemmay have only one turn-
ing mirror, or a complex system can have multi-
ple mirrors with telecoping sections and rotating
mirror sets that allow two- or three-dimensional
processing envelopes to be addressed. A turning

mirror has precision adjustments that allow very
accurate alignment of the beam to be made to
the beam-delivery path. The mechanical struc-
ture that suports the beam delivery must be quite
stable and vibration free.
A telescope can be used provide more con-

sistant optical results at the final focus optics
as the beam path changes length. The beam
properties from the laser mm�mrad product
remain constant. A telescope expands the beam
diameter a given factor; this then reduces beam
divergance by the same factor.

The cleanliness of the beam path is critical to
the propagation of the laser beam and to the life
of the optical surfaces. The beam-delivery sys-
tem and component supplier will specify the
quality and volume of the purge gas. With a tel-
escoping beam path, the purge supply volume
must be such that it anticipates a telescoping
section extension. The beam path pressure must
not be allowed to go negative during this exten-
sion or ambient contamination may enter the
beam delivery. The gas in the beam tube must
not be stagnant. Turbulence must be maintained

Fig. 3 Output profiles for (a) single-mode fiber optic and (b) stepped-index fiber optic. Courtesy of IPG Photonics and
Primes
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by the purge gas. Heating of the beam tube
atmosphere by the passing laser beam will
allow thermal gradients and local index of
refraction changes. This effect will disrupt
the beam propagation and beam properties
(Ref 9, 10).

Manufacturing Economics

Engineers should expect to be asked two
questions during a project or investigation:
“Does it work?” followed quickly by “How
much does it cost?” An engineer can turn to
many resources for technical information.
There are numerous technical conferences to
attend and published proceedings to review.
The most esoteric metallurgical effect often
can be found fully documented. Reliable cost
information, however, is much more difficult
to determine, because this is the part of a study
that does not get published. Having manage-
ment shoot down a project with the argument
“too expensive” is an unpleasant reality.
Project costs can be broken into two compo-

nents: fixed costs and variable costs.
Fixed costs comprise items such as the initial
cost of the equipment, shipment, installation,
and other such details. Variable costs are
incurred with the operation and ongoing use
of the equipment, such as electricity consump-
tion, maintenance, consumables, and repair.
The equipment provider will recommend a
periodic maintenance schedule and the costs
associated with it. Application-specific variable
cost items will need to be identified by studies
conducted prior to purchase. Repair costs are
difficult to project because the source of a
repair requirement can be well outside of the
normal operation of the equipment.
The following two case studies review typi-

cal economic environments found in laser weld-
ing applications.

Case Study—1/M CO2 versus Disc
Laser Welding

A manufacturer has a product that is used
in the aerospace and defense industries. This
product requires a number of welding opera-
tions in its manufacture. The company relies
on several job shops to provide electron beam,
laser beam, and manual tungsten inert gas weld-
ing. All but one of the weld joints occur at sub-
assembly stages so that the scheduling and
transportation of the components is critical to
the manufacturing process.
The company’s engineering department

planned an evolution of this product that would
be challenging to manufacture but would offer
enhanced performance and features that the
market was demanding. The change that
impacts the welding operations is the use of
electronics and rare-earth magnets in the prod-
uct, which eliminates electron beam welding
as an option for the final closing seam.

Fig. 6 (a) Reflective and (b) transmissive fiber optic focus assemblies with charge-coupled device camera. Courtesy of
Laser Mechanisms
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The sales group forecast that the new product
would sell at a volume of 10,000 units the first
production year and projected that the volume
would grow at a rate of 20% per year for at
least the first three years.
Historically, production schedule predictabil-

ity has been unreliable. After reviewing opera-
tions, company management decided to target
improving relationships with vendors, espe-
cially welding job shops, to better control
production.
A sister division had a similar product in pro-

duction but for a different market and applica-
tion. This division’s manufacturing strategy
was also different, because they had consider-
able internal welding capability. The two divi-
sions were combined, and the sister division’s
obsolete laser welding equipment was auc-
tioned off. A considerable amount of
manufacturing know-how and documentation
were retained by the engineering staff. Records
showed that their 2 kW CO2 laser cost $11.25/
h average over the first five years of operation.
This amount included maintenance parts, ser-
vice parts, labor, laser resonator gas mix, and
electricity. Service interventions increased
operating costs 10% over the operating cost
estimate provided by the equipment manufac-
turer. The beam delivery was all reflective
except for a final focus lens of ZnSe, which
was replaced approximately twice a month.
Lens costs and other beam-delivery mainte-
nance details, such as purge air filters, resulted
in an operation cost of $6.50/h. A significant
service intervention occurred when a damaged
air hose in the beam delivery was replaced with
one that was not cleaned. The hose contami-
nated several optics that then needed to be
replaced. It was estimated that an average of
$13.68/h of helium shield gas was used. The
actual welding time was considered to be 24
min out of every hour.
A project was undertaken to determine the

economics of bringing welding in-house and
to develop a five-year plan. Of the weld joints
that are used, two were identified as difficult
and critical: the spider support weld and the
closing seam weld. The economics will be
established by the equipment selection to suc-
cessfully weld these two joints. A volume of
sample joints of each type were prepared for
weld development. Part fixturing was designed
and fabricated. Equipment vendors were identi-
fied and selected to do weld samples. It took
several iterations of development to fully
explore the capability of the equipment and to
develop welds that met requirements.
The spider support weld joins four compo-

nents with a circumferential weld, two of which
are 304 stainless steel and the other two are 17-
4 PH. The weld must have a minimum width of
1.5 mm (0.06 in.), and the fusion zone depth
should be no more than 0.8 mm (0.03 in.).
The closing seam requires 4mm (0.16 in.) weld

penetration on a 125 mm (5 in.) diameter. The
weld must be completed in less than 12 s to avoid
thermal damage to internal components.

Mounting flanges, fixturing, and other external
features restrict weld joint access. To produce this
weld, the laser beam must have a minimum F-
number of 12. Thematerial inmost configurations
is 17-4 PH (focal length/beam diameter); how-
ever, Ti-6Al-4V also is used for special applica-
tions. Most of the weld studies were conducted
on titanium to develop a safe shielding strategy.
CO2 Laser Welding. The CO2 laser vendor

advocated using a controlled-atmosphere glove
box for the closing seam weld. This solution
seemed expensive, so instead, a simple welding
chamber was designed and fabricated. The
chamber closely contained the rotating part dur-
ing welding and could be purged with helium.
The laser beam entered the chamber through a
port on top of the chamber, which was also
used to vent the helium.
After a number of weld trials, it was found that

the vendor’s 3000 W laser could complete the
closing seam at a rate of 2.5 m/min (8.2 ft/min)
and exceed the required minimum with 5 mm
(0.2 in.) weld penetration. The part was rotated
at 6.36 rpm. The laser power was ramped up to
3000 W in 0.2 s to provide a smooth weld initia-
tion. The dwell at 3000 W was 10.4 s to ensure
weld overlap. The laser power was ramped down
in 1.4 s tominimize the risk of generating a crater
crack at the weld termination. The weld zone
temperature did not exceed 100 �C (212 �F).
The beam delivery used all reflective elements,
and the final focus was F12. A purge of 30 s at a
rate of 150 L/min (317.83 ft3/hr) ensured that
the weld area was fully inert prior to welding.
Helium use cost $1.82/part.
The spider support weld proved to be a con-

siderable challenge. The required weld aspect
ratio was not obtainable. The solution was to
join the four parts with three separate circum-
ferential welds. Local shielding was quite

satisfactory at a rate of 25 L/min (53 ft3/hr) of
helium, which amounted to a cost of $0.36/part.
Because this solution did not conform to the
weld geometry that had a considerable history
of reliable service, a full fatigue study would
be required.
Disc Laser Welding. The closing seam was

accomplished with a local shield gas lens and
25 L/min (53 ft3/hr) of argon. A 2000 W disc
laser with welding optics having an F-number
of 14 completed the weld to the required weld
penetration, with a schedule that was identical
to the CO2 laser. This allowed for a close com-
parison between the two lasers. The argon cost
$0.04/part. After reviewing the shielding strat-
egy required for helium, it was decided to try
the purged chamber with argon. A flow rate of
25 L/min (53 ft3/hr) for 30 s worked well. This
additional gas cost $0.14/part, but it put the
component at much less risk for oxygen con-
tamination than the local shielding strategy.
The spider support weld was accomplished

by positioning the weld optics out of focus so
that a weld width of 1.5 mm (0.06 in.) was pro-
duced. Numerous combinations of laser power
and weld speed were found that produced the
required results. Argon at 25 L/min (7 gal/
min) was again used.
Cost Comparison. Each laser vendor was

requested to provide a five-year itemized
operating cost estimate, shown in Table 2.
Based on prior production experience, it is
expected that one-third of every production
minute will be welding time. During the
remaining two-thirds of every production min-
ute, the laser is in stand-by mode while parts
are loaded and unloaded.
Also, facility management charges each

department for floor utilization at a rate of
$15.75/m2 per month. The beam delivery of

Table 2 Comparison of five-year estimate of operating costs for CO2 and disc laser

Itemized operating Estimated five-year operating cost

CO2, 3 kW Disc, 2 kW
On time 20 20
Off time 40 40
Duty cycle 33% 33%
$/kW/h $0.09 $0.09
Hours/year 2000 2000

Laser on, kW 50 12.5
Chiller, kW 25 3.25
Total power on, $/h 6.75 1.42

Laser standby, kW 2.5 0.5
Chiller standby, kW 25 1.5
Total standby, $/h 2.48 0.18

$/h production 3.9 0.6525 Electricity consumption

Laser gas mix, $/h 1.27 He, N2, CO2

PM parts, $/h 1.63 0.15 Resonator optics, filters
Service parts, $/h 3.45 1.36 Mechanical, electrical parts
Chiller, $/h 0.75 0.22 Filters, additives, clean water
Beam delivery, $/h 0.25 Filters, dryer, and air compresser maintenance
Labor, $/h 3.25 0.62

Total $14.50 $3.00

Area, m2 8.25 4.5 Laser, chiller, and beam delivery
Floor rate/month $15.75 $15.75 $/m2 per month
Per hour $0.78 $0.42

Total, $/h $15.28 $3.78
Total, $/min $0.25 $0.06
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the CO2 laser was given an area, while the fiber
optic cable of the disc laser was not because it
was routed overhead with the other power
cables, control cables, and water cooling lines.
The workstation design remained almost identi-
cal for each laser, except for accommodating
minor differences in beam delivery.
Break-Even Analysis. The purchasing

department provided a total cost from each
laser vendor for the laser, chiller, and beam
delivery. The calculated CO2 laser total costs
were $185,000. The calculated disc laser total
costs were $215,000. Because the operating
costs for the CO2 laser were more than the disc
laser, it is necessary to consider how part vol-
ume, X in Eq 3, impacts the economic decision.
The closing seam weld costs were used to sim-
plify the economic analysis according to Eq 3:

ðCO2 fixed costÞ þ ðVariable costÞX
¼ ðDisc fixed costÞ þ ðVariable costÞX (Eq 3)

Solving Eq 3 with values taken from Table
2 gives:

ð$185; 000Þ þ ð$1:82þ $0:25ÞX
¼ ð$215; 000Þ þ ð$0:14þ $0:06ÞX

X ¼ 16; 046

Thus, at part volumes greater than 16,043, the
disc laser will cost less than the CO2 laser.
However, this part volume is not expected until
well into the third production year (Ref 10).

Case Study—1/M Robotic Metal Inert
Gas versus Robotic Laser Welding

An automotive parts manufacturer had a con-
tract to supply in excess of 375,000 completed
fabrications per year to a major auto company.
The component is a resistance spot welded steel
stamping design. The contract is up for renewal
but has target cost reductions. The company
considers this an opportunity for a new design
that can improve performance, reduce weight,
and enhance their profit margins as well as meet
the target costs. Their customer will consider
these design improvements as well as meet the
cost targets in their vendor selection process.
The new design can be accomplished with

robotic metal inert gas (MIG) or robotic laser
welding. The resistance spot welded design was
eliminated because of weight and limited corro-
sion resistance compared to other designs. The
electrical costs of resistance spot welding were
also substantially higher than the alternatives.
Prototype parts were sent to various vendors of
robotic MIG and robotic laser equipment for a
review of the design and budgetary proposals

for systems with the required productivity. The
company’s manufacturing engineering team
selected several vendors to engage in a more in-
depth study, the purpose of which was to weld
prototypes that would be used for structural,
fatigue, and corrosion evaluation. The studies
would also test weld joint design, fixturing
requirements, and welding economics.
The selected laser system was configured with

a two-way beam switch and two robots. The
beam switch directs 100% of the laser power to
the selected robot. Switch time is 0.10 s. This
configuration allowed the full weld path to be
reached by the two robots without part reposi-
tioning. The robots and fixtures were located
such that load and unload occurred on one fixture
while a part was beingwelded in the other fixture.
The robotic MIG system was configured such

that load and unload occurred without incurring
robot idle time. The fixtures were arranged so
that multiple robots could address a set of
loaded fixtures.
When the two studies were compared (Tables

3, 4), the laser-welded part had a weight advan-
tage because of the absence of filler material,
and thinner section components could be used
because of less process-induced distortion and
no risk of burn-through. Both processes pro-
duced favorable results in the evaluation of cor-
rosion resistance and mechanical properties.
The laser system had clear advantages for ini-
tial cost, operating cost, floor space require-
ments, and manpower requirements. However,
the laser welding fixtures were heavier and
more expensive than the MIG fixtures because
they needed to hold the components more accu-
rately and the mating surfaces needed to be
forced into intimate contact prior to welding
(Ref 11).
As the two case studies illustrate, there are

subtle trade-offs between process parameters,
component design, manufacturing efficiency,
technological capability, and economics. Time
spent conducting a rigorous evaluation of the
trade-offs will pay dividends throughout the
product manufacturing run.
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Table 3 Comparison of cost-effectiveness
of metal inert gas (MIG) and laser welding
systems

MIG system Laser system

Units per hour 90 90
Net units per year 375,840 422,820
Shifts per day 3 3
Hours per shift 7.25 7.25
Days per year 240 240
Uptime efficiency 80% 80%
Cycle time per
unit

40 40

Equipment area,
m2

116 74.3

Operators 5 4

Robots 8 2

Tooling fixtures 10 2
Material added to
laser weld, kg

None 0.24

Net part weight
reduction/
addition

Increase of
1.4 kg

Reduction of
1.1 kg

Equipment price
excluding off-
line, $

3,012,000.00 2,600,000.00

Laser system
equipment cost
savings, $

412,000.00
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Table 4 Cost comparison between robotic fiber laser and metal inert gas (MIG) welding systems

Laser welding sample: 4000 W fiber laser

Noncoated metal at 70% usage

Cost per hour

Laser electrical power, 70% usage (14.4 kW/h) � ($0.081/kW/h)= $0.816
Chiller electrical power, 70% usage (13.2 kW/h) � ($0.081/kW/h) $0.748
Chiller additive (deionized water) (32 L)(12.5 L)(8000 h) $0.002
Assist gas Not required $0.000
Cover slide Not required $0.000
Exhaust system power (0.4 kW/h) � ($0.085/kW/h) $0.034
Chiller and exhaust system filters $25/2000 h $0.013
Laser cell maintenance labor 4 h/1000 h operation) ($55.00) $0.220
System spare parts $18,000/30,000 h operation $0.600

Total approximate operating cost per hour this
application

$2.43 per hour

Note: Chilller holds 168 L of tap water and
approximately 32 L of deionized water.

Laser warranty: 2 years all parts and service 90 units per hour
Laser consumption cost per unit $0.02704
Total parts per year 422,820
Total consumption cost per year $11,434.12

MIG welding sample: Based on 8 robotic MIG weld systems

Cost per hour

MIG welding power, 60% usage (4.0 kW/h � 8 units) � ($0.081/kW/
h) X 60%

$1.56

MIG wire (450 kg drum), 8 required 1 kg/h � 8 � ($2.40/kg) � (60%
usage)

$6.93 (1 kg/h) � ($2.4/kg of MIG wire) � (8 MIG
welders) � (60% usage/h)

Shielding gas bulk 1 h/1.72 � 8 � 0.6 $5.16 Cost per hour � (8 MIG cells) at 60% usage
Exhaust ventilation power (0.4 kW/h) � ($0.085/kW/h

� 5 cells)=
$0.17

Exhaust system filters $45/2000 h $0.02
MIG maintenance labor 100 h/1000 h operation) ($55.00) $5.50
Spare parts (tips and cleaner) $50/10 h operation $5.00

Total approximate operating cost per hour (at
60% continuous operation)

$24.34 per hour

90 units per hour
MIG consumption cost per unit: $0.27042
Total parts per year: 375,840
Total consumption cost per year: $101,634.24
Estimated consumption savings using
fiber laser welding system per year:

$90,200.12
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Laser Deposition Processes
J.O. Milewski, Los Alamos National Laboratory
T. Palmer, Pennsylvania State University

LASER BEAMS provide a well-controlled
heat source, both in terms of the power deliv-
ered and the spatial precision of the directed
energy. The interaction of the laser beam with
the material being processed is substantially
different than that of other thermal processing
methods, such as plasma spray, arc, or flame
processing, offering distinct advantages over
competing thermal processing methods used
for material deposition. Numerous variants of
the process are being developed that use a wide
range of lasers, material delivery, motion, and
control systems optimized for specific applica-
tions. The disadvantages of laser deposition
processes include process cost and complexity,
which must be considered during process selec-
tion and development.
The deposition of weld material on metallic

substrates, commonly known as cladding, is an
industrial process used to improve the corrosion
resistance and wear resistance of common struc-
tural materials. This deposited material forms a
coating on the substrate material that alters its
surface properties and supplies a combination of
desired properties not found in any one metal.
When a cladding process is adopted, a base metal
can be selected for cost or structural properties,
and another metal added for surface protection
or some other desired property, such as electrical
conductivity. Common welding processes, such
as gas metal arc, gas tungsten arc, or plasma
transfer arc, have been adapted to deposit a range
of corrosion- and wear-resistant materials in
industrial applications. By using these welding-
based processes, the thickness of the cladding
can bemademuch heavier andmore durable than
that obtainable by electroplating. Other compara-
ble coating technologies include thermal spray
and plasma spray processes, which deposit thin-
ner coatings than those possible with these arc-
based processes. Unlike these coating technolo-
gies, welding-based deposition processes pro-
duce a metallurgical bond between the clad and
substrate materials, because fusion of the clad
material to the substrate occurs.
Laser deposition involves the articulation of

a laser beam and the introduction of material
into the beam path to fuse the material onto a
substrate or into a functional shape. It can be

divided into two broad categories: cladding
and near-net shape processing. Laser cladding
has evolved from weld-metal deposition pro-
cesses relying on the modification of an exist-
ing substrate surface or base component. Laser
near-net shape processing has evolved from
laser cladding or rapid prototyping technology
of nonmetals to create complex parts or features
without the reliance on a function substrate that
remains integral to the part (Ref 1). A wide
range of laser power sources with wavelengths
between 1 and 10 mm are used. Articulation of
the laser beam relative to the part ranges from
simple linear or rotational movement to sophis-
ticated computerized numerical control (CNC),
computer-aided design and manufacturing
(CAD/CAM) modeling, and programming.
The materials being delivered are typically in
powder or wire form and can range from metals
to plastics, composites, and ceramics. The most
common materials used are plastics for three-
dimensional (3-D) models and those metals
commonly processed by melting.
The primary advantages of using lasers is that

of reduced heat input, providing metallurgical
and geometric advantages, precision of the
deposit, and economic advantages (speed, mate-
rial savings, reduced product development time,
etc.). These advantages must be assessed on a
case-by-case basis with the understanding that a
greater degree of process development and con-
trol may be required in comparison with more
mature, better understood, and more widely
applied conventional alternatives.
The application of lasers for deposition is a

rapidly evolving field primarily driven by the
rapid evolution of laser power sources. As the
cost and complexity of lasers decrease, success-
ful applications will continue to overtake exist-
ing well-established processing methods as well
as develop new and unique applications. As
with other competing processes, advances in
process sensing, control, and modeling are
being integrated to optimize process perfor-
mance. In addition, research, development,
and new applications continue to expand our
understanding of the properties and perfor-
mance of the deposited materials. A growing
list of successful applications has demonstrated

substantial economic return and continues to
justify further development of the technology.

Laser Cladding

Process Description

Laser cladding uses a high energy density
laser heat source to deposit selected corrosion-
or wear-resistant materials on structural mate-
rial substrates. Historically, the development
of high-power gas lasers led to the initial devel-
opment of laser cladding processes in the late
1970s (Ref 2). In the 1980s, the process became
more refined with improved system develop-
ment and process understanding (Ref 3–9).
Through this development work, laser cladding
processes are now widely used in a range of
industries, including the automotive, aerospace,
energy exploration and production, medical,
and marine industries.
The characteristics of the laser heat source

give the laser cladding process several advan-
tages over other arc-based cladding processes.
For example, lasers are typically characterized
as being highly monochromic and coherent with
a high degree of directionality, allowing the laser
to be sharply focused to extremely high power
densities, on the order of 1017 W/cm2. These
energy density levels far exceed those of other
arc-based deposition processes but are similar to
the electron-beam-based deposition process
parameters. Because the laser is a high energy
density heat source, the energy provided by the
laser can be directed at a specific location on the
substrate, resulting in a much lower overall heat
input into the substrate than what is produced by
an arc source. This low heat input level mini-
mizes the impact of the process on the substrate
material, thus allowing the process to be used in
both thin- and thick-section parts.
In addition to the CO2 systems with which

the laser cladding process was developed and
still are in common use, a number of other
solid-state laser systems are becoming more
widely used. The more common types of laser
systems used in industry have been expanded
to include not only CO2 lasers but also solid-



state laser systems, such as neodymium:
yttrium-aluminum-garnet (Nd:YAG) lasers,
ytterbium: fiber lasers, and direct-diode lasers.
With the increasing power available and
decreasing costs of Nd:YAG, direct-diode, and
fiber laser systems, these solid-state laser sys-
tems have become much more prominent in
the development of new applications. These
solid-state lasers also offer the benefit of
increasing process flexibility and automation
because of the ability of the laser energy to be
directed through the use of fiber optic cables.
Several examples of the industrial application
of laser cladding include the repair of commer-
cial aircraft gas turbines and the application of
corrosion-, wear-, and oxidation-resistant coat-
ings on shafts of drilling tools, engine valve
seats, tool hardfacing, hydraulic pump compo-
nents, and molds (Ref 10–17).
The laser cladding process produces a macro-

structure similar to what is observed in arc-
based cladding processes, albeit with smaller
sizes for selected zones. Figure 1(a) shows a
schematic diagram defining the structure of a
laser clad and includes the clad metal, a mixed
zone between the clad and substrate materials, a
heat-affected zone in the substrate material, and
the unaffected substrate base metal. These dis-
tinct regions display variations in properties,
with the clad material imparting the desired sur-
face properties on the material, and the mixed
and heat-affected zones resulting from the
interaction of the heat source and the clad mate-
rial with the substrate. The small sizes of these

two zones result in minimal impact of the clad-
ding process on the substrate material. These
different regions of a laser clad are shown in
Fig. 1(b) for a 304L stainless steel deposit.
The resulting microstructures in each region

of the clad macrostructure can be significantly
different. Figures 2(a) and (b) show the micro-
structures present in the clad material and the
mixed and heat-affected zones of an Inconel
625 laser clad made on a structural steel sub-
strate. Figure 2(a) shows the dendritic structure
formed in an Inconel 625 clad layer. Because
the clad material has been melted and deposited
on the substrate, it is primarily dendritic. The
size and distribution of the dendrites will
depend on the heating and cooling rates experi-
enced during the laser cladding process. These
thermal cycles will be dependent on the proces-
sing parameters, to include laser power and
travel speed.
The thermal cycles produced by the laser

cladding process will also have an impact on
the underlying substrate material. Figure 2(b)
shows the mixed and heat-affected zones
formed in the structural steel substrate material
during the laser cladding of Inconel 625. A gra-
dient of microstructures appears as the distance
from the clad metal interface is increased. The

common features of the heat-affected zone in
a steel weld, to include the large and fine-
grained regions caused by the heating and rapid
cooling of the steel during the laser cladding
process, are also present. Probably the most
important consideration in examining this fig-
ure is the small size of the mixed and heat-
affected zone. In Fig. 2(b), the heat-affected
zone extends only approximately 2 mm (0.08
in.) from the clad metal interface. This small
heat-affected zone is the result of the high
energy density and low heat input characteristic
of the laser cladding process.
Because a metallurgical bond is formed

between the clad and substrate materials, some
level of dilution between the clad material and
the substrate material is expected. When view-
ing a laser-clad cross section, a region where
the clad layer consumes some amount of the
substrate material can be observed. This level
of dilution can be defined geometrically across
the cross section of the clad layer, with the
amount of base metal consumed by the clad
metal defining the level of dilution. In laser
cladding, the extent of geometric dilution is
typically rather small, usually not exceeding
several millimeters in depth. Dilution levels in
clads produced by arc-based processes are typi-
cally much larger, because these processes melt
a much larger amount of substrate material.
Another means for measuring dilution levels

involves the direct measurement of the chemi-
cal composition of the clad layer. Figure 3
shows a characteristic chemical composition
profile of selected alloying elements measured
across the depth of the clad material starting
at the substrate interface for an Inconel 625
clad on a high-strength steel substrate. In this
figure, the change in chemistry, primarily of
the iron level, can be observed up to 2 mm
(0.08 in.) into the clad layer. The presence of
iron from the substrate material in the clad
metal shows how the base metal is diluted into
the clad material, resulting from the convection
and transport of material caused by the laser
cladding process. A measure of the level of
dilution of the iron is the distance into the clad
material needed for the iron level to reach the
iron level present in the original clad material
(just under 2 mm in Fig. 3). In laser cladding,
this distance is significantly lower than what is
observed in arc-based cladding processes,
where additional clad layers are typically
required to obtain the desired clad-metal
chemistry.

Material Combinations

Laser cladding has been used to deposit a
wide range of corrosion- and wear-resistant
materials on compatible substrate materials.
There are three main categories of materials
and material combinations that are commonly
deposited using laser cladding processes. These
different material combinations include the
deposition of a single corrosion- or wear-

Fig. 1 (a) Schematic diagram of a laser cladding cross
section with the primary structural regions

identified. Adapted from Ref 10. (b) Underwater laser
deposition. Base plate, type 304L stainless steel; layer 1,
ER309L stainless steel. Courtesy of Westinghouse Electric
Company, WEC Welding & Machining, LLC

Fig. 2 Common microstructures observed in (a) the
Inconel 625 laser-clad layer on high-strength

steel and (b) the mixed and heat-affected zones.
Courtesy of Applied Research Laboratory, Pennsylvania
State University
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resistant material on a structural material sub-
strate, the formation of functionally graded or
composite material structures (Ref 17, 18),
and the fabrication of particulate composites
containing high-melting-temperature particles
(Ref 12, 13).
The deposition of corrosion- and wear-

resistant materials on structural steel compo-
nents is probably the most common use of laser
cladding processes in industrial applications
(Ref 12, 13). These materials are typically
cobalt-base alloys, such as the Stellite family,
for wear-resistant coatings (Ref 16); nickel-base
alloys, such as the Inconel family, for corrosion-
resistant applications; and iron-base alloys, such
as austenitic and martensitic stainless steels, for
both wear and corrosion applications. The laser
deposition of coatings on magnesium (Ref 14),
titanium (Ref 15), and aluminum components is
also industrially relevant.
The selection of suitable material combina-

tions is driven bymaterial compatibility and sim-
ilar thermal expansion coefficients between the
clad and substrate materials. Metallurgical com-
patibility is one of the primary considerations.
Because the clad and substrate materials will be
fused together, alloy combinations thatwill result
in the formation of undesirable intermetallic
phases cannot be clad. For example, the deposi-
tion of cobalt-base alloys on titanium substrates
is not recommended, because of the formation
of these undesired intermetallic phases. It
is worth noting, however, that the low levels
of base-metal dilution prevalent in laser clad-
ding, particularly at low heat inputs, can limit
the formation of these undesired phases. This
characteristic of the laser cladding process has
led to the development of other additive
manufacturing processes, which are discussed
in later sections.
In addition to the deposition of these materi-

als, laser cladding, particularly when using a
powder precursor, allows for the production of
composite microstructures. Two types of com-
posite microstructures can be formed: graded
microstructures and uniformly dispersed partic-
ulate microstructures. The low dilution levels
prevalent in laser cladding processes allow for
the formation of graded structures, such as
those produced in aluminum-base and other
compositionally graded materials (Ref 18, 19).
This ability to functionally grade materials can
lead to the development of materials with
unique properties unobtainable through conven-
tional processing routes. In wear-resistant ap-
plications, the addition of high-melting-
temperature particles, such as WC, TiC, and
other hard carbide materials, imparts the
desired wear resistance to the surfaces of com-
mon structural materials, thus extending the
usefulness of these materials in high-wear
applications.

Process Characteristics

Laser cladding is a flexible process in which
a range of process parameters can be varied to

produce a wide array of different coating thick-
nesses and process efficiencies. Several of the
important process parameters used in laser clad-
ding include laser power, beam diameter, travel
speed, clad material-introduction mode, and
beam manipulation methods. The combination
of these various process parameters can impact
the types of materials deposited by the laser
cladding process, the process efficiency as
defined by the deposition rate of the clad mate-
rial, the thickness of the coating, and the impact
of the cladding process on the underlying sub-
strate material.
Of these various processing parameters, the

impact of different clad material-introduction
modes, which are defined primarily by powder
and wire feeding, and the impact of beam scan-
ning are described subsequently. Depending
on the laser power used and the mode of
material introduction into the laser, the range
of material deposition rates can span from
very low rates of less than 0.5 kg/h (1 lb/h) to very
high depositions that can reach levels approach-
ing 15 kg/h (30 lb/h). The width of a clad pass
can also be altered by the width and the
scanning of the laser beams. In cases where the
beam is scanned, clad pass widths can reach
sizes of 25 mm (1 in.) or more, depending on
the capabilities of the scanning optics. When
a nonscanned beam is used, clad pass widths are
the same size as the defocused laser beam, which
is typically on the order of up to 5 mm (0.2 in.) or
less.
Powder and Wire Feeding. In laser clad-

ding processes, clad material can be deposited
using either powder or wire feeding. Figures 4
(a) and (b) show schematic diagrams
of powder-based and wire-based cladding,
respectively. In both cases, the laser beam is
directed at the powder or wire, which is then
melted on the substrate surface. Each material-

Fig. 3 Electron microprobe measurements made across the laser-clad/substrate interface in the laser cladding of
Inconel 625 on a high-strength steel. Courtesy of Applied Research Laboratory, Pennsylvania State University
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Fig. 4 Schematic diagrams showing (a) powder-fed
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introduction mode, however, has unique prop-
erties, along with its characteristic advantages
and disadvantages. This range of characteristics
and different material-introduction modes
increases the flexibility of the laser cladding
process and makes it applicable to a range of
applications, where different deposition rates
are required or varying geometries must be
processed.
When cladding with powder, the deposition of

unique material combinations becomes possible,
allowing for the fabrication of composite and
graded structures. In addition, the use of powder
allows for a range of deposition rates, with both
low and high deposition rates being possible.
For example, low-deposition-rate laser-clad
layers can be produced with low heat inputs,
resulting in minimal distortion and allowing for
the deposition of thin clad layers. On the other
hand, high-deposition-rate cladding is also possi-
ble, resulting in the deposition of thick clad layers
on applications such as shafts or other compo-
nents where thick corrosion- and wear-resistant
coatings are needed. However, the use of powder
feeding limits the cladding of components to spe-
cific geometries and welding positions, because
some substrate configurations make it impossible
to place the powder. Powder cladding is most
often performed in the downhand or 1G position,
so that the powder canbe laid easilyon the surface.
The use ofwire-fed cladding is a technique that

is finding wider use in the deposition of clads in
repair and other unique applications. In many
repair applications, the geometry and placement
of the component may preclude the performance
of the clad in a downhand position. Wire feeding

provides ameans to easily introducematerial into
the laser beam without the issue of powder flow-
ing out of the beam in a horizontal geometry. It is
also possible to use commercially available filler-
metal wire rather than powder, whichmay reduce
issues with process qualification or the qualifica-
tion of a newmaterial for an existing application.
Deposition rates, however, are limited with wire-
fed cladding by the speed that the wire can be fed
into a molten metal pool of limited size.
During powder-fed laser cladding, the powder

can be introduced into the laser by either prepla-
cing the powder in front of the advancing laser
beam or by coaxially feeding the powder directly
into the laser. Schematic diagrams of preplaced
powder cladding and coaxial-fed powder clad-
ding are shown in Fig. 4(a) and 5, respectively.
These two different means of feeding the powder
can be used to alter the deposition rates needed
for specific applications. For example, when
higher deposition rates or thicker coatings are
desired, preplaced powder can be used instead
of wire or coaxially-fed powder. By preplacing
the powder in front of the advancing laser beam,
more powder can be melted, thus maximizing
the deposition rate.
Many of the advantages of the laser cladding

process can be traced to the absorption of the
laser energy by the preplaced powder bed (Ref
20). An analysis of the absorptivity of powder
beds has shown that these powder beds are highly
efficient absorbers of laser energy. As a result,
only a small amount of laser energy reaches the
substrate, thus minimizing the size of the mixed
and heat-affected zones in the substrate material.
This increased absorptivity is particularly preva-
lent in preplaced powder beds and is responsible
for the low levels of dilution and minimal impact
on the substrate material, even during high-
power and high-deposition-rate laser cladding.
Coaxially-fed powder cladding, however, has

limited capability for high deposition rates,
because the amount of material to be deposited
is limited by how much powder can be fed into
the laser beam. As a result, this process typi-
cally produces much thinner coatings than those
obtained using preplaced powder. This limited
deposition rate also allows for the coaxially-
fed powder process to produce more easily
functionally graded structures and particulate
material composites. The heat input into the
part is also lower, thus minimizing the clad-
metal dilution of the laser cladding process on

the substrate material to even lower levels.
Along with these decreased dilution levels, the
size of the heat-affected zone in the substrate
material is also minimized.
Scanned versus Defocused Beams. During

laser cladding, a defocused beam is typically
used, because the goal of the process is to avoid
excessive melting of the underlying substrate
material. The beam diameter can vary from 1
to 5 mm (0.04 to 0.2 in.), depending on the
laser power and the desired thickness and width
of the clad layer. For coaxially-fed powder and
wire-fed systems, the beam is defocused to pro-
vide a larger interaction area for the laser and
the wire or streaming powder.
It is also possible to shape the laser beam

into a desired shape. Beam-shaping optics are
available to convert a circular beam into other
shapes. For cladding, a linear heat source is
used because it allows for a wider clad pass.
Direct-diode lasers, which are becoming more
widely available, can produce a linear heat
source that will allow a wide clad pass to be
deposited. The beam can also be scanned over
a predetermined path to increase the size of
the heat source. With the increased size of the
heat source, a wider clad pass can be deposited.

Comparison with Arc Cladding Processes

Laser cladding is characterized by lower heat-
input levels and lower base-metal dilution than
widely used arc-based cladding processes.
High-power laser systems also provide the ability
to deposit large quantities of material at much
higher travel speeds. A comparison between
high-deposition laser cladding and several other
common high-deposition-rate arc-based clad-
ding processes is provided in Table 1. In this
table, process parameters, such as deposition
rate, travel speed, heat input, and base-metal dilu-
tion, and manufacturing considerations are com-
pared for high-deposition-rate laser, pulsed gas
metal arc, gas tungsten arc, submerged arc weld-
ing, and electroslag strip cladding processes.
A comparison of the processing parameters in

Table 1 shows that the laser cladding process
has a number of favorable characteristics when
compared to other high-deposition-rate pro-
cesses. In addition to the high deposition rate,
the laser cladding process has high travel speeds
and lower heat inputs than the other processes.
These two characteristicsmake the laser cladding

Fig. 5 Schematic diagram showing coaxially-fed
powder laser cladding. Source: Ref 18

Table 1 Comparison of characteristics of laser and arc-based cladding processes

Laser Pulsed gas metal arc Gas tungsten arc, hot wire and cold wire Submerged arc welding Electroslag strip cladding

Process parameter

Deposition rate, kg/h (lb/h) 13–15 (25–30) 6 (12) 6–7 (12–13) 6–13 (12–25) 22 (44)
Travel speed, mm/min (in./min) 0.7–0.8 (18–20) 0.2–0.3 (6–8) 0.3–0.4 (7–9) 0.2–0.3 (6–8) 0.2 (6)
Heat input, kJ/mm (kJ/in.) 1.3 (33) 2.0 (51) 1.4–1.7 (36–42) 2.2 (56) 12 (300)
Base-metal dilution levels Low High (30%) Moderate High (30%) Moderate
Size of heat-affected zone Small Large Moderate Large Large

Manufacturing considerations

Capital investment High Low Low Low Moderate
Training and implementation Moderate/high High/low High/low High/low High/low
Productivity/automation High Moderate Moderate Moderate Moderate
Labor and material Low High High High High
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process attractive, particularly when considering
the enhanced process efficiency afforded by the
increased travel speed. The lower heat-input
levels also minimize the impact on the substrate
material, thus minimizing distortion and follow-
on operations that may be required to bring the
part back into specification.
When compared with manufacturing consid-

erations of arc-based cladding processes, the
laser cladding process has a number of advan-
tages in terms of process control and improved
product quality. For example, laser cladding
produces lower levels of distortion in the prod-
uct being clad than what is typically obtained in
higher-heat-input arc cladding processes, which
results in less postprocessing rework. The accu-
racy in the placement of the laser heat source
also results in greater precision in the place-
ment of the deposited material, which reduces
postprocess machining. Laser cladding is also
well suited to greater automation or mechaniza-
tion, which improves process control. The
reduced base-metal dilution leads to greater
compositional control.

Future Directions for Laser Cladding

Because laser cladding is an additive process,
it can be applied to a wide range of components
as an advanced manufacturing process to over-
come many of the shortcomings of other fabri-
cation technologies and materials. Several
benefits include the enhancement of corrosion
and wear properties and improved thermal con-
trol. In addition, a reduction in production time,
the production of functionally graded parts, and
increased application to part repair and remanu-
facturing can be realized.

The application of corrosion- and wear-resis-
tant coatings on structural materials using the
laser cladding process is becoming more com-
mon with the introduction of new and more
powerful laser systems. Laser cladding is com-
monly used in the manufacture of new compo-
nents and the refurbishment of existing
components. In addition, it is used increasingly
for the repair of in-service components. An
example of a laser-cladding-based repair pro-
cess of aluminum components is shown in
Fig. 6.
As described, the laser cladding process has

great potential for a range of industrial applica-
tions. However, the utilization of laser cladding
processes is limited because of its high cost,
particularly of the laser power supply, and the
limited process efficiency. With the increasing
capabilities of the new-generation direct-diode,
disc, and fiber lasers, process efficiencies can
be improved, particularly as available laser
powers continue to increase and costs decrease
concurrently.

Near-Net Shape Processing

Process Characteristics

Near-net shape laser deposition processing
features many attributes common to laser clad-
ding when considering applications to metals
or cermets. The range of metals processed and
metallurgical properties of the deposited metals
are often similar but may be affected by cooling
rate or dilution by the substrate materials. As
with laser cladding, materials commonly depos-
ited range from aluminum-, iron-, nickel-, and

cobalt-base alloys to more exotic and difficult-
to-process materials such as titanium alloys;
refractory, reactive, or reflective metals; cera-
mics; and composites. Metals can be deposited
up to 100% density, with properties ranging
from those found in cast materials and, in some
cases, even exceeding those of wrought mate-
rial. In all cases, adequate and consistent mate-
rial properties require the appropriate levels of
verification during process development and
prove-in. Near-net shape processing is differen-
tiated easily from cladding when considering
applications to plastics and ceramics. Another
primary difference is the decreased reliance on
a substrate component and the increased degree
of process control and planning required to cre-
ate a complex shape and to ensure that the
desired properties of the deposit are met. Justi-
fication of the costs associated with the
increased process complexity and development
are being found in applications for low-volume,
high-value-added components or with materials
that are difficult to fabricate using conventional
means. Early development of the technology is
described in Ref 21 to 24. A comparison of the
technology with other competing powder depo-
sition processes and near-net shape processes is
provided in Ref 25. A comprehensive review of
the technology, including its historical evolu-
tion, is provided in Ref 26.

Process Applications

Three-dimensional prototype part models,
offering form and fit testing, often are produced
by using plastics and sintering layer by layer
within a powder bed. Applications using plas-
tics are well established and widely supported
by vendors of equipment and commercial ser-
vices. Functional material properties in metals
may be obtained by either a powder bed method
of deposition or direct injection of material into
a molten pool and deposition along a traversed
laser path to produce the desired shape. Each
of these two methods has distinct advantages
depending on the application.

Powder Bed Methods

Powder bed methods raster or direct the laser
beam across a bed of powder material to selec-
tively melt and fuse the material by turning the
laser beam on and off. The powder bed is indexed
downward, and a new layer of powder is applied
and selectively fused layer by layer into a 3-D
component; the process is shown schematically
in Fig. 7. Process variants and trade names as of
this writing (2011) include additive layer
manufacturing, LaserCusing, selective laser sin-
tering, and direct metal laser manufacturing.
Advantages of this method, when compared

to direct powder injection, include relative pro-
cess simplicity because the traversal paths are
generally linear, and the x- and y-motion can
be accomplished using laser beam rastering
and an incremental z-axis motion. Powder

Fig. 6 Laser cladding repair of aluminum components. Courtesy of Naval Undersea Warfare Center Division,
Keyport
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delivery is accomplished using a layer-by-layer
rolling technique to preplace new powder
for successive laser paths. Planar slicing of the
3-D solid model uses software technology pre-
viously developed and refined for laser sinter-
ing of plastic models and offers a simplified
programming and control interface. Dimen-
sional accuracies of up to 0.1 mm (0.004 in.)
and deposition rates of 2 to 20 cm3/h (0.12 to
1.2 in.3/h) may be achieved but are material-
dependent. Support structures may or may not
be required, depending on the geometry of the
components being fabricated. Primary process
parameters include laser power, laser spot size,
raster speed, path overlap, planar z-step size,
and powder type and size.
Disadvantages of this method include limita-

tions of the processing chamber size and the
inability toaddnear-net shape features to the exist-
ing base component for repair, refurbishment, or
part modification. Full density of the deposited
materialmaybemoredifficult to achieve thanpro-
cesses that maintain a larger molten pool.
Variants of the process include powder heat-

ing to increase deposition rates and powder
recycling to reduce process waste. Full enclo-
sure of the process within an inert chamber
can offer class I isolation of the laser beam
and containment of environmental and health
hazards associated with powder processing.
Multiple instances of the same part may be fab-
ricated at the same time within the working
envelope of the chamber. Complex internal
structures are easily fabricated using this
method. Applications include functional proto-
types for use in the medical, defense, and space
industry as well as applications for the tool and
die industry, where complex cooling channels

may be easily formed within the deposited part.
An example of direct metal laser sintering of a
titanium structure for a competition bicycle is
shown in Fig. 8.

Directed Powder Methods

Direct powder methods inject powder into the
molten pool formed by the laser beam and pro-
duce a relative motion between the part or fea-
tures being formed and the laser. Fusion of the
deposit into adjacent and underlying material
forms the near-net-shaped feature (Fig. 9). This
method is an evolution of multipass 3-D laser
cladding, with the primary differences related to
the sophistication of powder delivery, process
planning, and control. The process may be per-
formed within a class I laser enclosure, an inert
chamber, or in the open, with due consideration
paid to hazards associated with the laser, pow-
ders, and associated motion system. The CNC
motion or robotic motion and control are typical
to the complex deposition paths required. Typi-
cally, the powder is delivered to the molten pool
by inert gas through multiple jets within the laser
head. Near-net shape cladding using wire feed is
less suitable for laser net shape deposition
because the articulation ofwire feed into themol-
ten pool limits the use of omnidirectional move-
ment and out-of-position deposition. Process
variants and trade names include DMD (direct
metal deposition), LENS (laser-engineered net
shape), solid freeformmanufacturing, laser pow-
der additivemanufacturing, laser powder deposi-
tion, and LAM (laser additive manufacturing).
In comparison with conventional cladding

methods, a near-net-shaped feature or part is

designed and the control sequence for deposi-
tion of the feature is planned using CAD/
CAM or direct programming techniques. Depo-
sition of the feature is begun on a substrate
material that is either integral to the final part
or is removed after deposition is complete. A
high degree of sophistication may be
incorporated within the deposited feature at
the cost of more complicated process planning,
refinement, and control. Trial and error is some-
times required to arrive at an acceptable deposit
in terms of geometric shape, metallurgical con-
siderations, and overall deposit morphology.
To reduce the complexity and speed to fabrica-

tion, a relatively simple substrate component
may be fabricated by conventional means, with
high-value-added features being added later
using near-net shape laser deposition. Other
high-value-added features may include the addi-
tion of intellectual property or specialtymaterials
inappropriate for outsourcing. In other applica-
tions, entire parts may be fabricated or partially
fabricated as modification to an existing CAD
design and may be performed as in the case of
complex shape repair or modification. Examples
of a rebuilt turbocharger blade and a feed screw
are shown in Fig. 10. Remanufacturing of com-
ponents into a higher-value product is possible.
In the case of repair or modification of existing
components, the process has the potential of
being applied in situ or on site, thus eliminating
the need to transport large parts.
When compared to laser cladding of large

objects, such as shafts and valve seats, small,
precise features are formed at the expense of

Fig. 7 Selective laser sintering. Courtesy of Castle Island Co.

Fig. 8 Direct metal laser sintering of a titanium
structure for a competition bicycle. Courtesy

of EOS

592 / High Energy Electron Beam and Laser Beam Welding



deposition rate but may result in materials sav-
ings. By the previous definition, the deposition
of large titanium alloy backbone structures for
aircraft that require extensive machining may
be considered 3-D cladding, while repair or
modification of turbine components, molds, or
dies requiring less finishing may be considered
near-net shape additions. Direct powder meth-
ods for near-net shape deposition use sophisti-
cated powder-delivery systems and laser heads
to allow the precise delivery of powder to the
pool and laser focal region, allowing rapid
omnidirectional movement and out-of-position
deposits. The process is not limited to vertical
deposition or gravity-assisted powder feed.
The inert delivery gas is typically argon,
although nitrogen or other gas mixes are
possible.
In comparison with powder bed methods,

directed powder methods are not limited by
chamber size constraints. Switching powders
or mixing powders to obtain functionally
graded deposits is more easily facilitated with
the use of multiple powder feeders, although
precise control of powder mixing remains a
technical challenge. Active control of a wider
range of process control parameters is possible
to optimize the quality, uniformity, and repeat-
ability of the deposit and deposition rate at the
cost of process complexity. As with welding
or cladding, the resultant microstructure and
properties of the deposit are highly dependent
on the process parameters and fabrication envi-
ronment. Qualification, standardization, and
acceptance of the materials remain a challenge

when proposed for critical components such as
those for aircraft, aerospace, or nuclear applica-
tions. To meet these standards, material proper-
ties must be duplicated across laser deposition
platforms and vendor machines from one fabri-
cation event to the next. Given the process sen-
sitivity and the large number of variables to
control, the need for real-time process control
and sophisticated process planning is needed.
A 3-D solid model is often used as a starting

point for both processes. The powder bed
method will often create a tessellated shell
structure and two-dimensional planar slices to
produce profile and raster paths for the fusing
of the powder bed. In addition, the directed
powder method may use conventional CNC
path-planning algorithms, such as those used
for CNC milling. This technique can be used
to create multiaxis deposition paths, increasing
process flexibility at the cost of programming
complexity. Adaptive sensing and control has
been demonstrated for directed powder meth-
ods. To fully realize the optimization of all pro-
cess parameters and the part itself, future
systems may require rule-based or intelligent
system integration of CAD, computer-aided
engineering, finite-engineering analysis, CAM,
and real-time control.
Variants of the process include multiple pow-

der feeders and mixing to create functionally
graded deposits and powder recycling to reduce
process waste. Full enclosure of the process
within an inert chamber can offer class I isola-
tion of the laser beam and containment of envi-
ronmental and health hazards associated with

powder processing, but is not required. Multi-
axis movement of the laser head out of a verti-
cal orientation, such as typical with robotic or
CNC articulation, creates the additional hazards
of protecting personnel from class IV laser
hazards. Multiple instances of the same part
may be fabricated at the same time within the
working envelope of the chamber. As with the
powder bed method, complex internal struc-
tures are easily fabricated using this method.
As with powder bed methods, dimensional
accuracies of up to 0.1 mm (0.004 in.) are
achievable, while deposition rates of 10 to 100
cm3/h (0.6 to 6 in.3/h) may be achieved but
are material- and laser-dependent.
Process parameters include laser power, laser

focal spot size, speed, path overlap, path step-
up distance, and powder type and size. In

Fig. 9 Laser-engineered net shape process. Courtesy of Castle Island Co.

Fig. 10 Examples of complex shapes fabricated by
powder deposition. (a) Rebuild of the tip of

a turbocharger blade. (b) Feed screw with welded-on
Stellite layer. Stellite alloys are hard cobalt-chromium-
base alloys. Reprinted with the permission of Sulzer
Innotec, Winterthur, Switzerland
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addition, other key parameters include powder
feed rate, delivery gas type and flow rate, and
nozzle configuration and orientation. Powder
feed material considerations affecting precise
and consistent delivery include powder mor-
phology (spherical, angular, or agglomerated)
and powder size, density, and purity. Substrate
material considerations include degree of dilu-
tion, metallurgical compatibility, cleanliness,
and other heat-sinking (thermal) or mechanical
constraints that could lead to undesirable char-
acteristics of the deposited material.

Future Directions for Near-Net Shape
Processing

The future of near-net shape processing using
laser powder fusing will benefit greatly by
advances in laser cladding technology develop-
ment, since those applications are likely to
achieve greater near-term acceptance because
of process simplicity and as direct replacement
of existing cladding applications. Standardiza-
tion and qualification of deposited materials
will be driven by applications in the aerospace
and nuclear industries, while the ability to cre-
ate materials with uniquely designed properties
will be driven by innovation. To fully realize
the potential of near-net shape laser deposition,
an entirely new set of tools will be required to
fully integrate design through manufacturing.
A new methodology is needed, from concept
through computer-aided design, engineering,
fabrication, and control, to fully optimize and
use the many process parameters and to break
free from conventional processing constraints.
Challenges identified a decade ago, such as sur-
face finish, accuracy, deposition rate, and con-
trol of residual stress and distortion, are being
met through evolutionary changes to the pro-
cesses, diagnostics, modeling, and control. Sig-
nificant advances in the past decade have
moved the technology out of universities and
national laboratories and into industrial applica-
tion. Future technology development (Ref 27)
promises a greater pace of technology adoption
and many new applications.
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Laser Weld Quality Monitoring
Randolph Paura, Dynamic Laser Solutions

WELD QUALITY MONITORING is an
integral part of manufacturing operations. In the
early years of accelerated deployment of laser
welding (pre-mid-1980s) in fully automated
environments, it occurred tomanufacturing engi-
neers that there was no indication or display that
told them that the laser beam had reached the
part, let alone a quality weld had been produced.
From investigations into the strategies and tech-
nologies to supply this information, it was found
that emissions from the laser welding process
could be detected and analyzed in such away that
weld quality could be ascertained to a useful
degree (Ref 1–4). The integration of laser weld
quality monitoring into the automated welding
systems was found to be a useful and necessary
addition to the existing quality program.
Laser weld inspection entails various monitor-

ing options. This article reviewsweld qualitymon-
itoring considerations for automotive materials
(steel and aluminum), with a focus on photosensor
technology. Radiative emission monitoring has
seen considerable progress over the past years
and can reliably determine weld quality. To estab-
lish a weld quality monitoring system with confi-
dence and reliability, an appropriate selection of
equipment, procedures, and people is required.
Weld qualitymonitoring is part of amanufacturing
strategy to ensure that weld defects are held to a
very low number (for example, less than 5 parts
per million). Working toward 0% product defects
requires 100% laser weld inspection.
Numerous works are available regarding laser

weld quality monitoring, and improvements in
the process are continually beingmade. By under-
standing the elements of a quality weld, the weld
process indicators and inspection optionswill pro-
vide the means for a company to select and imple-
ment the appropriate equipment. The goal is to
maximize productivity, achieve andmaintain con-
fidence with the quality monitoring system, and
reducedowntime forwelddestruction inspections.
As much as weld quality monitoring has been
viewed as imprecise in the past, there are robust
and reliable considerations available.

Overview of Laser Welding

Although other articles provide extensive
details on laser welding, this section is a brief

review to establish the foundation for understand-
ing the application of weld quality monitoring.
Some basic process parameters are introduced
first, followed by some application aspects related
to automotive manufacturing. Laser welding of
automotive frames and components has a demon-
strated track record for operations efficiency and
product optimization in Europe, with increasing
levels of acceptance in North America.
Although laser welding is not a direct substi-

tute for gas metal arc welding (GMAW) or resis-
tance welding methods, laser welding does have
benefits to offer for an automotive assembly.
Most applications in the automotive industry
center on the deep-penetration laser welding pro-
cess, because it provides the speed necessary for
economic justification. Benefits include:

� Contact-free processing
� High process speed (higher production rate

or reduced floor space)
� Controlled heat input (smaller heat-affected zone)
� Joint geometry flexibility (single-sided

accessibility, small flanges)
� Material process flexibility (metals, plastics)
� Process flexibility from one power source

(heat treatment, cutting, welding)
� Process integration (potential to eliminate

production steps)

� Process substitution (potential to alter pro-
duction process steps)

The cost of a laser welding system is consider-
ably higher than other traditional welding sys-
tems, but there has been a steady growth in
applications for laser welding. This is due in
part to the continuing improvements in power
source reliability, laser power and beam qual-
ity, and power source diagnostics.

Laser Welding Process Description

Lasers produce coherent electromagnetic
radiation that can be focused to a small spot
size, resulting in a high power density. If the
power input is greater than the heat dissipation
capabilities of the material, melting occurs. At
even greater power densities (above the critical
or threshold limit), the material is vaporized,
resulting in keyhole (or penetration) laser weld-
ing. (See the article “Laser Beam Welding” in
this Volume for more details.)
Penetration (keyhole-mode) laser welding

occurs when laser power density is above the
vaporization threshold for the parent material
(Fig. 1). Penetration (keyhole) welding is accom-
plished when the focused beam achieves a power
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density greater than the critical value (�106 W/
cm2 for steels in atmosphere). With power levels
above this threshold, vaporization of material is
achieved, which allows for deeper and faster
welding than can be accomplished with conduc-
tion-limited welding (Fig. 2). In laser welding
for automotive components, welding speed is
advantageous, and so most automotive applica-
tions concentrate on penetration laser welding.
Once a keyhole is produced, if the material

and laser beam remain stationary, then a hole
will be generated with no further results.
Moving the focused laser beam relative to the
workpiece to be welded produces the following
actions:

� The material is partially vaporized and
melted by the laser beam.

� The plasma plume generated is greater than
the viscosity of the melt pool, forcing it
away from the laser beam.

� As the beam proceeds through the material,
the keyhole will collapse and a new one is
generated.

� The collapsed keyhole (weld) solidifies as it
cools.

The high energy density nature of the laser
process then presents the following challenges:

� Ensuring the thermal gradient between the
weld and the parent material is not excessive
(which leads to cracking upon solidification)

� Excessive alloying elements are not lost in
the weld through vaporization

� Controlling the size of the melt pool for the
joint; too large or small results in poor weld
quality (excess or insufficient heat input)

Understanding the material characteristics with
appropriate laser weld equipment, configured
for process tolerance, will result in welds that
are able to meet specifications and, in turn, are
dependable.
Penetration (Keyhole) Welding Process

(Ref 5). Figure 3 is a schematic of the weld
region from penetration laser welding. The
laser beam is focused to provide sufficient
power density above the critical threshold (106

to 107 W/cm2). For a 2 kW ytterbium (Yb):
fiber, Yb:disc, or neodymium: yttrium-alumi-
num-garnet (Nd:YAG) (near-infrared) power
supply, this equates to a focused beam diameter
that is less than 0.5 mm (0.02 in.).
At this power density, the laser beam heats,

melts, and vaporizes the steel in its path in a
rapid manner. If no motion is introduced, all
the metal is vaporized and a hole is “pierced”
through the steel with no further action taking
place. The laser beam is simply passing through
the steel. By moving the laser beam along the
weld joint, material is melted in the front half
of the beam, with material solidifying along
the trailing portion of the beam path.
To protect the molten metal from the atmo-

sphere, a shielding gas is necessary, akin to
the GMAW process, which is also referred to
metal inert gas (MIG) welding. Common
shielding gases for near-infrared laser welding
are argon and/or helium. Helium is a common
shield gas for CO2 lasers, although argon may
be successfully used for lower power levels
(approximately <3 kW).
Various parameters influence the productiv-

ity and quality of the laser weld (Ref 6). Each
must be assessed and addressed carefully:

� Laser parameters: Power (for pulsed laser
beam welding, this should be either peak or
average, pulse width, pulse repetition rate),
beam mode, angle of divergence, focusing
(includes spot size and caustic waist profile),
polarization, focal position with respect to
the workpiece surface

� Process parameters: Weld travel speed,
shielding gas, weld joint gap

� Workpiece/tooling: Material(s), material
thickness, workpiece surface (roughness,
oxidation, cleanliness), workpiece proper-
ties, fixturing and tooling

Because laser welding is a high energy density
process, the system requirements for quality
and consistency are greater than with GMAW
(also known as MIG welding).
In general, the high energy density allows for

a rapid weld speed. Consequent to this, there is
a small or narrow heat-affected zone. These
features can be used to a great benefit
when dealing with low-carbon steels. With
high-carbon (or equivalent) steels, the rapid cool-
ing of the weld zone can/will result in a
hard/brittle weld. This can be overcome by reduc-
ing the weld speed or power density or by using
other process parameter changes, such as dual-
pass welding (one to preheat and one to weld).
The result is that each weld application is unique
and should be prototyped to verify the system
requirements and the productivity capabilities.

Laser Weld Characteristics

Key Weld Quality Elements (Ref 7). The
key weld quality elements include:

� Weld penetration: Readily verified with
weld cross sections or visual inspection of
the backside of full-penetration welded parts.
Penetration depends on the cross-sectional
size/shape of the weld.

� Weld strength: May be assessed by uniaxial
tensile testing. The ultimate tensile and yield
strength levels depend on the material, weld
metallurgy, joint geometry, application of
load, and weld-parent material interface.

� Hardness and ductility: Depends on material
(s) welded, thermal experience during weld-
ing, and any postweld heat treatment/
tempering
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Fig. 2 Laser welding processes. (a) Conduction-limited laser welding. (b) Penetration (keyhole) laser welding
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Fig. 3 Schematic of weld region from penetration laser
welding
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� Cracking: Although cracking is not desired,
it may be allowed in certain cases, depend-
ing on the application of the weld (within
limitations). If not allowed (as in welds sub-
ject to forming operations), relevant inspec-
tion methods are metallographic sectioning
or nondestructive methods, such as visual,
ultrasonic, dye penetrant, or radiographic
inspection.

� Undercutting: Localized reduction in the
weld cross section caused by metal flow into
the weld joint

� Porosity: Voids can vary considerably
within a weld. Like cracking, these are not
desired (especially in stamping operations).
The specifications should list the acceptable
pore number/sizes allowed.

� Hermeticity: A weld providing a seal that
encloses a volume will be subject to specifi-
cations such as a maximum leak rate and/or
minimum burst pressure.

� Cosmetics/appearance: Can be quite subjec-
tive. Where welds are exposed and subject to
postprocess operations (such as e-coating
and/or painting), the visual appearance may
be crucial from a customer-perception
viewpoint.

� Augmented laser weld process considera-
tions: Can enhance process tolerance and
address metallurgical challenges (such as
when welding certain aluminum alloys,
high-carbon-content steels, or other alloys).
Examples, which may include the use of
cold or hot filler wire as appropriate to
replace lost alloying elements, include
hybrid welding, such as laser + MIG or
laser + plasma, to extend the weld process
tolerance window.

Figure 4 tables a schematic illustration of the
different types of defects encountered when
laser welding metallic materials (Ref 8).
Joint Configurations (Ref 9, 10). For

laser-welded joints, gap tolerances are
stricter than GMAW (MIG welding) joints,
because the parent material is used for joint
fusion with no filler wire added (except as
may be required when welding aluminum).
Gap limitations vary according to the joint con-
figuration, as illustrated in Fig. 5.

Process Variables

The high beam energy and material interac-
tion of the laser welding process gives rise
to various parameters that affect the ability
to achieve a quality weld. Grouping and
understanding the various parameters that affect
the quality of laser welds is necessary to config-
ure a system that provides quality welds on
a consistent basis. If parameters are fixed
(with the equipment settings), then it is impera-
tive that the quality of materials is
maintained and there is process tolerance to
allow for variations (within limits) that

will occur (with materials to be welded).
Conversely, if adaptive controls are implemen-
ted, methods are needed to sense, interpret,
calculate, and implement appropriate responses
at a cycle rate that is greater than the process
itself.
Defining the process parameters is essential in

evaluating weld defects and monitoring weld
quality. Details of the laser weld process have
been the subject of various studies and discus-
sions (Ref 11–13), but the depiction of a keyhole
laser weld (Fig. 6) helps illustrate some basic
elements of the process and the resulting
weld. A more detailed description of the
laser beam welding process is also found in the
article “Laser BeamWelding” in this Volume.
By moving the laser beam along the weld

joint, material is melted in the front half of
the beam, with material solidifying along the
trailing portion of the beam path. Surface ten-
sion of the molten metal helps to stop the melt
flow, forming the weld pool behind the laser
(Fig. 7).

To protect the molten metal from the atmo-
sphere, a shielding gas is necessary, akin to
the MIG welding process. Helium is a common
or the first choice of shield gas for CO2 lasers
(10.6 mm). Argon and/or helium shielding gases
are common for Yb:fiber lasers (1.07 mm), Yb:
disc lasers (1.03 mm), or Nd-YAG lasers
(1.064 mm).
Thermophysical properties (parent material)

include:

� Absorptivity (an influencing factor to initiate
keyhole welding)

� Melting point (influences required power
level and weld speed for a given focused
spot size)

� Surface tension (ability to form a weld joint;
influences undercut and the molten material
dynamics affecting penetration)

� Thermal conductivity (affects weld speed)
� Thermal diffusivity (affects weld size)
� Vapor pressure (affects stability of keyhole)
� Viscosity (affects stability of keyhole)

Fig. 4 Various types of defects that occur during laser welding. Source: Ref 8
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� Loss of alloying elements (affects weld
integrity and properties)

Process parameters (equipment configura-
tion) include:

� Beam alignment (position relative to weld
joint)

� Beam diameter (ability to bridge joint gaps)
� Beam focus position (influences weld

profile)
� Beam irradiance (power density influences

weld speed and depth of penetration)
� Joint geometry (affects allowable gap

tolerances)
� Weld travel speed

� Shielding gap (influences plasma plume)
� Degree of process monitoring

Characteristic Laser Weld “Signals”

The product of the aforementioned para-
meters determines the behavior of the actual
laser weld process, which, of itself, generates
distinct signals (Fig. 8) that may be monitored.
Knowing these characteristic signals and how
they pertain to weld quality provides the means
to achieve reliable weld quality monitoring.
During the weld process, a portion of the laser
light is reflected. Monitoring this energy level

can reveal if there is an excessive gap (little
or no reflected energy) or poor coupling (excess
reflection).
The creation and collapse of the keyhole

when laser welding creates an acoustic signal
(time dependence, frequency, and intensity)
that has been used for weld quality monitoring.
Acoustic signals generated from the laser weld
process range from the audible (20 Hz to 20
kHz) and can extend to megahertz frequencies.
Most useful information can be gathered over
a smaller frequency range (20 to 100 kHz).
The formation of metal vapor and plasma
can be related to the actions of the melt pool
and are characterized by acoustic frequencies
generally less than 10 kHz. Hence, the core of
acoustic emission (100 Hz to 20 kHz) relating
to vaporization, plasma formation, instability,
and mass motion of the melt pool in the key-
hole is typically analyzed with quality monitor-
ing (Ref 9).
The action of the molten pool and formation

and collapse of the keyhole all generate struc-
ture-borne acoustic emissions that can be mon-
itored as well. Structure-borne acoustic signals
are generated by (Ref 12):

� Phase transformation of the parent material
(solid-liquid) via the focused laser beam
and conversely with the solidification of the
weld pool

� Micromechanisms such as crack growth dur-
ing phase transformation and subsequent
cooling of the weld bead

The generation of metal vapor and
subsequent plasma is another process indicator
that can be monitored. Plasma conductivity
(electron density) has been investigated as a
diagnostic technique for weld quality monitor-
ing (Ref 15, 16). An area that has received
greater investigation is the spectral range of
the electromagnetic radiation emission from
the metal vapor/plasma plume. Monitoring this
spectral range provides means to infer the qual-
ity of the laser weld process (immediately prior
to keyhole collapse and molten pool solidifica-
tion). Selective grouping of the spectral range
monitoring provides more accurate means to
analyze and infer weld quality. The metal
vapor/plasma plume contains both ultraviolet
and visible light electromagnetic radiation
(1 to 700 nm).
The weld bead temperature can be measured

with a near-infrared sensor, which can help
assess weld quality. Spatter generated from the
laser weld process also can be monitored for
process consistency and stability with a near-
infrared sensor.
Grouping the various radiative emissions

from the keyhole and workpiece during laser
welding helps to understand the greatest oppor-
tunity for data acquisition to analyze and infer
weld quality. The chart in Table 1 (Ref 11)
indicates radiative emission power (W) during
laser welding of 1 mm (0.04 in.) steel with a
2.5 kW CO2 laser (with 0.4 mm, or 0.016 in.,

40°–50°

50°–80°

Fig. 5 Gap limitations vary according to the joint configuration for penetration (keyhole) laser welding.

598 / High Energy Electron Beam and Laser Beam Welding



spot size) at 60 mm/s (2.4 in./s). The infrared
and ultraviolet spectra have the largest fraction
of the radiated energy as possible signals for
monitoring, supplemented by the visible spec-
trum, generated within the keyhole itself.

Real-Time or In-Process Monitoring

The quality of a welded component is deter-
mined by various means of weld inspection,
process monitoring, and production control,
depending on the required level of confidence
determined by the functionality of the product
and/or customer requirements. In the automo-
tive sector, which typically requires a statistical
probability of failure of components no greater
than 5 parts per million, it is necessary to
ensure that laser-welded components meet
stringent quality requirements.
Monitoring methods include destructive test-

ing and various nondestructive inspection meth-
ods common to other fusion welding processes.
Real-time or in-process monitoring is also done
with optical, acoustic, and/or charged-particle
sensors. Real-time monitoring provides online
validation and a database for monitoring pro-
cess drift and deviations. Provided it does not
interfere with production processes, real-time
monitoring is becoming increasingly in demand
as part of quality-assurance documentation. To
be beneficial to production, a high degree of
confidence must be statistically established to
minimize the occurrence of both false positives
and false negatives.

Sensors

The reliability of various signals generated
by the laser weld process requires statistical
process control methods to demonstrate their
consistency and dependability to accurately
qualify the various aspects/feature of the weld
quality being monitored. Nondestructive, real-
time monitoring of the laser weld has been
explored in the following areas:

� Acoustic signals from the creation and col-
lapse of the keyhole

� Electromagnetic signals from the laser weld
process

� Imaging the weld after the keyhole (x-ray or
other means)

An excellent review of sensor technology
for weld quality monitoring can be found in
Ref 17.
Acoustic Monitoring. Acoustic diagnostics

is based on the premise that the behavior of
good and bad welds generates a respective

Fig. 6 Depiction of a keyhole laser weld structure.
Courtesy of Precitec-Jurca
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acoustic signal that can be translated (via fast
Fourier transformations) to discern between
acceptable and unacceptable welds. New meth-
ods for analyzing acoustic emissions (AE) have
demonstrated great promise (Ref 18).
Acoustic emission can provide significant

process data, because it has a high signal-to-
noise ratio, is noncontact, and can be accom-
plished in real-time. When the frequency data
are broken down into discrete bands, it is possi-
ble to determine the weld quality with a reason-
able degree of reliability. Acoustic emission
analysis can also be used to complement other
weld quality monitoring systems. As with any
process-monitoring system, AE-based analysis
must demonstrate reliability and confidence to
be solely relied upon for critical components.
Numerous articles and resources are avail-

able regarding acoustic monitoring of laser
weld quality (Ref 19–27).
Electromagnetic Monitoring. Thermal

emission monitoring is proving to be quite reli-
able, as shown by its implementation for laser
welding of air bag deployment canisters. Using
single to multiple sensors, with recorded data of
acceptable welds and some “fuzzy logic,” these
units provide a reliable means for real-time
weld quality monitoring. Electromagnetic sen-
sors measure discrete ranges of energy/intensity
from the laser weld process. The most common
sensors are:

� Ultraviolet for detection of the plasma
plume intensity

� Infrared detection of keyhole molten metal
� Temperature detection of the weld bead

behind the weld pool at the solid-liquid
interphase

� Reflected laser power detection

These signals will vary over the course of a sin-
gle weld length; hence, it is necessary to cap-
ture a “signature” of an acceptable weld and
set boundaries, which identify acceptable upper
and lower limits to these signals.
The relationship between the detected signals

and the occurrence of welding faults at the sur-
face of the weld has been proven in extended
tests. Sensors such as these do not directly mon-
itor the welding depth but process emissions,
which are closely correlated to the welding
depth.

A variety of material is available regarding
various spectra of sensor analysis and their rela-
tionship to weld quality (Ref 28).
Electromagnetic acoustic transducers

(EMATs) are rising quickly in the field of non-
destructive testing/evaluation of welds. The
principle of operation for this technology is
based on establishing a magnetic field in a con-
ductive material and subsequently imparting a
high-frequency (radio-frequency, or RF) pulse
by way of a coil above the same material. The
RF pulse interacts with the magnetic field to
produce a mechanical force in the elastic mate-
rial, resulting in an acoustic pulse at the same
frequency as the RF pulse (usually ultrasonic).
All of this can be accomplished without any
physical contact or coupling fluid with the test
material. The height of the EMAT is approxi-
mately 1 mm (0.04 in.) above the test material,
which then allows for ultrasonic inspection of
materials (Ref 29). This technology shows
promise for postweld process quality-control
monitoring.

Weld Process Signals

Different materials generate different signals
when being laser welded. Figure 9 (Ref 30)
depicts the stability of the keyhole for three
different metals, from a single sensor. Single-
sensor monitoring of the complex laser weld
process does not ensure absolute quality assur-
ance. A combination of sensors provides the
best means for confidence.
Process Monitoring and Weld Defects.

Different process monitoring means have
demonstrated the ability to determine specific
laser weld defects as they occur. Table 2 illus-
trates what can be expected of the various sen-
sors available (Ref 28, 31). The best means of
ensuring real-time weld quality monitoring are
those systems that use multiple sensors (more
than one) in a relational basis, which then leads
to how the benchmark data are first acquired for
an acceptable weld and how the data are used.
Data-Acquisition Rate. The required data-

acquisition rate is generally a function of the
weld speed and desired “resolution” of signal
information. Consider a weld speed of 100
mm/s (6.0 m/min, or 234 in./min), with a
requirement that a failure size be no greater

than 0.5 mm (0.02 in.). This equates to a signal
rate of 200 Hz. Analog photodiode detectors
can reach upward of 1 kHz for a signal
rate. It is important to ensure that the data-
acquisition unit (computer) can receive and
process multiple signal sources while maintain-
ing the individual signal rate without a loss of
information.

Selection of Weld Monitoring System

For a description of selection factors, the fol-
lowing describes considerations with regard to
radiative emission monitoring of welding with
an Nd:YAG laser. The working example
assumes a photodiode-based system, with three
sensors at the workpiece and an additional
fourth sensor for monitoring the laser power
delivered. A computer stores signal data and
provides software for analysis.
Selection of Weld Monitoring Sensors.

Figure 10 illustrates the arrangement of a single
sensor for monitoring the weld process quality
within a defined spectrum (as determined by
the sensor selection and additional filters). The
adjustable aperture determines the location of
the field of view for the sensor, providing the
ability to inspect the weld bead temperature
behind the keyhole. The adjustable lens deter-
mines the field of view for the sensor. The
arrangement shown is for a 90� Nd:YAG weld
head (other configurations are possible).
Appropriate selection of sensors depends

on the makeup of the emission spectrum
for monitoring (Fig. 11). The example shown
in Fig. 12 has three sensors that are used at
the welding head. The temperature sensor (T)
ranges from 1000 to 1800 nm and is located
a few millimeters behind the weld pool,
which avoids any influence that the Nd:
YAG laser may have at 1064 nm, rather than
examining the actual temperature of the key-
hole itself.
The reflected radiation sensor (RR) has a nar-

row spectral response, �1064 nm, because it is
detecting the amount of back reflection during
the weld process, which is aligned with the key-
hole. The plasma sensor (P) has a limited spec-
tral range of 440 to 500 nm to provide a signal
“signature” that is specific to the behavior of
the plasma plume during the keyhole welding
process.
A working example of such is provided

with the laser keyhole spot weld of titanium
(Ref 32). Data collected by two sensors—
reflected laser power and temperature—are plot-
ted in Fig. 13 for a peak laser power of 1200 W
over 10 ms. From the data plot, the stages are:

� The initial laser beam is reflected by the
material, until enough energy has been
absorbed to initiate a keyhole.

� Within 0.8 ms, the reflected laser power
has reached its maximum, whereupon the
heating phase of the material has translated
into melting and vaporization.

Table 1 Emitted radiation power from keyhole region and workpiece during laser welding

Spectrum Spectrum wavelength, nm

Emitted radiation

From workpiece, W From keyhole, W Total radiation, W Keyhole proportion, %

Infrared 700–2000 0.152 4.787 4.940 96
Visible 400–700 0.006 1.739 1.745 99
Ultraviolet 1–400 0.003 8.120 8.124 99
Soft x-ray 1–10 0.000 0.000 0.000 . . .
All 1–2000 0.161 14.646 14.808 99

Source: Ref 11
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� Beyond 0.8 ms, the reflected laser beam
decreases as it becomes increasingly
absorbed in the keyhole. Note the rise in
the material temperature.

An energy balance between heat transfer and
energy deposition is achieved at 6.8 ms, charac-
terized by the nearly constant back reflection
signal and temperature signal. At 10 ms, the
laser beam is turned off, with a simultaneous
drop in the temperature signal (but at a slower
rate).
Data Acquisition. The weld process is mon-

itored with three sensors at the weld head and
an additional power sensor at the laser power
source. Online process monitoring also is
connected to a computer for the selection of
weld-monitoring programs, reception of bad
part signal(s), and weld-start and weld-end
signals.
Software is needed to identify acceptable

weld signatures and to discern unacceptable
welds during operation. A statistically signifi-
cant number of good welds can be input to the
system when in “learn” mode, with each com-
ponent identified for subsequent testing and
evaluation against the signatures collected.
With “fuzzy logic” applied by the software
and a relatively stable laser weld process, the
reference data can be acquired with as little as
6 samples, although 12 to 20 samples per signa-
ture would provide a greater degree of
confidence.
When establishing the reference weld data, it

is important to review and monitor the data col-
lected against the test specimens. Accordingly,
a matrix could be established and maintained
between signature data and periodic destructive
test specimens to ensure that an appropriate
correlation is maintained and achieved. General
Motors has a specification for laser weld quality
assessment (GM 4485M) that provides an
excellent benchmark for such tests in terms of:

� Weld inspection: Cracks, concavity, continu-
ity, convexity, mismatch, undercut

� Sectioning: Microhardness, macrostructure
and microstructure, pinholes, inclusions,
cracks, porosity

� Mechanical tests: Cupping tests (Olsen),
strength, ultimate tensile, yield strength,
fatigue limits, elongation

Achieving confidence is necessary if weld pro-
cess monitoring is to be implemented and relied
upon. A program of destructive weld tests is
necessary to ensure that what is monitored dur-
ing the weld process actually results in a quality
weld. The frequency of such tests can be
reduced as any corrective actions/adjustments
are made and confidence is gained in the
system.
After completion of the “learning” function,

upper and lower tolerance limits are established
by the software for each signal. Where the weld
process may be volatile (as with magnesium

welding), additional considerations are the
amount total and clusters of signal spikes that
may be allowed to exceed the tolerance bands,
and/or “signal areas” that are allowed to exceed
the nominal tolerance bands without affecting
weld quality.
When in production mode, each signal then

is evaluated to determine the probability of a
characteristic failure. The group of signals
(using a weighting function) is evaluated as a
whole for the probability of an unacceptable
weld.

Examples of Laser Weld
Monitoring

The characteristic signal signatures from
laser welding are useful in monitoring the weld-
ing process. Reference signals (with upper and
lower boundaries) are established for key

variables such as keyhole temperature, applied
laser power, and reflected laser power. A gen-
eral example is illustrated in Fig. 14 (Ref 31),
which depicts the temperature signal for Nd:
YAG overlap welding of steel at 2000 W. The
reference temperature signal was accomplished
with laser power at 2000 W. Poor weld quality,
indicated by the temperature signal outside of
the bounded “good” range, is shown. Gap varia-
tions produced the out-of-range temperature
signals.
Another example is monitoring of laser weld-

ing in the production of tailor-welded blanks
(Ref 33). Tailor-weld blanks are a major appli-
cation in automotive stamping operations. Pro-
duction volumes are usually high, resulting in
the need for 100% real-time quality-assurance
monitoring. Because the laser weld bead is usu-
ally subject to drawing/formation in the
subsequent stamping operation, quality must
be assured.
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Table 2 Sensor capabilities in indicating weld features

Sensor Feature

Weld characteristic/assessment(a)

Full/partial

penetration

Penetration

depth

Seam

position

Lack

of

fusion

Focal

position

Seam

surface Pores Spatters Cracks

Electro-optical Melt pool O √ √ √ √ √ O √ X

with image Keyhole O √ √ √ √ √ O √ X

processing Weld spatter O √ √ √ √ √ O √ X

Photodiodes for Plasma plume √ √ O √ √ √ √ √ X

spectral density Reflected laser power √ √ O √ √ √ √ √ X

fluctuations Melt pool √ √ O √ √ O X √ X

Microphones Airborne √ O O √ √ √ O O X

(acoustic) Structure-borne √ O O √ O O X X √
Capacitance diode Vapor conductivity (dc) X X X X √ X X X X

Vapor conductivity (ac) √ √ O √ √ √ O X X

Note: dc, direct current; ac, alternating current. (a) √, possible; O, depends; X, not possible
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The process problems that impact weld qual-
ity (to be detected by a weld quality monitoring
system) include:

� Weld speeds on the order of 12 m/min (200
mm/s, or 472 in./min) and discontinuity
sizes no greater than 0.5 mm (0.02 in.)
equate to a detection rate of 400 Hz.

� Edge repeatability is critical. Weld edge
mismatch, poorly trimmed edges, and
improper clamping can lead to weld
gaps that are too excessive to yield a quality
weld.

� Hot dipped or galvanized zinc coatings
and their variations may affect the
baseline weld signature. In addition,
they may introduce signal fluctuations that
may or may not indicate an unacceptable
weld.

� Variations of oil thickness on the steel to be
welded may affect weld quality.

� Partial fusion must be detected, because this
will affect the formability of the welded
sheet for stamping operations.

Example: Real-Time Monitoring of Laser
Welding in the Production of Tailor-Welded
Blanks (Ref 28). This example illustrates vari-
ous monitoring signatures for laser welding of
0.7 to 1.6 mm (0.03 to 0.06 in.) galvanized steel
at 10 m/min (166 mm/s, or 393 in./min) with an
Nd:YAG (3.4 kW) laser. Four sensors are used:

� Temp: Standard temperature sensor
� Plasma: Modified plasma sensor with 4 mm

(0.16 in.) aperture
� Tempmod: Modified temperature sensor

with 0.5 mm (0.02 in.) aperture
� HPTempmo: High-band-pass filtered sensor,

as derived by the software from the Temp-
mod sensor data

Fig. 10 Arrangement of a single sensor for monitoring the weld process quality within a defined spectrum. Courtesy
of Precitec-Jurca

Fig. 11 Emitted spectrum from laser weld

Fig. 12 Arrangement of sensors for monitoring
temperature (T), reflected radiation (RR),

and plasma (P)
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The baseline or reference set of signatures
for a good weld is shown in Fig. 15. Figure 16
depicts the signatures recorded (less the high-
band-pass filter) for a weld that had two notches
filed in the thicker sheet. This should have pro-
duced a weld fail condition, but the evaluation
was not significant enough to do so.
Using the high-band-pass filtered sensor

enables the software to determine a weld failure,
as shown in Fig. 17. Two weld failures are noted
over the length of the weld. The high-band-pass
filter improves the ratio between noise and failure
signature by approximately fivefold over the

unfiltered signal. In this example, other types of
process variations that can be detected by moni-
toring with sensors include:

� Misalignment of the relative position of the
focal point by 0.15 mm (0.006 in.) to the thin-
ner sheet. This shift in relative location of the
laser beam and weld seam was detected by
the plasma and modified temperature sensors.

� Misalignment of the relative position of the
focal point by0.15mm(0.006 in.) to the thicker
sheet. Weld failure was detected only by the
modified temperature sensor in this case.
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Fig. 17 Indications with high-band-pass filtered sensor
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Laser Cutting, Drilling, and
Shock Peening
Charles Caristan, Air Liquide Industrial U.S. LP

IT IS WELL KNOWN that laser is an acro-
nym for light amplification by stimulated emis-
sion of radiation. In this 21st century era
of manufacturing, it also has proven to stand
for lean, agile, safe, efficient, and rapid.
These attributes help the transition from
manufacturing into a new era of “laserfactu-
ring,” the art of manufacturing with industrial
lasers, in which laser-cutting applications repre-
sent the overwhelmingly dominant share.
This article brings to light fundamentals

about the field of laser cutting from an indus-
trial manufacturing perspective. For more in-
depth information, the book Laser Cutting
Guide for Manufacturing (Ref 1) is an exhaus-
tive review on the subject and should be useful
to anyone in this field.

Principles of Laser-Cutting Thermal
Processes

Laser cutting can be performed either by
thermal processes or nonthermal ablation pro-
cesses or sometimes by a weighted combination
of both. The overwhelming majority of laser-
cutting applications are for cutting of metals
by thermal processes. Nonthermal vaporization
processes for laser cutting are used mostly in
microfabrication of nonmetallic materials with
high peak power pulses of duration of the order
of nanoseconds going into the femtoseconds
pulse duration (Ref 2) and are still in develop-
ment in macrofabrication of metals (Ref 3).
For the purpose of this article, microfabrication
describes a combination of subkilowatt laser
power and small-sized workpieces or small-
sized processed features, whereas macrofabri-
cation describes multikilowatt laser processing,
such as for metal cutting.
Thermal laser-cutting processes are high-

spatial-definition derivatives from traditional
thermal-cutting processes, such as plasma
torches and flame torch cutting; all of these
thermal-cutting processes consist of inputting
heat on a workpiece faster than it can dissipate
away through conduction, convection, and

radiative heat transfer. The resulting accumula-
tion of heat energy raises the temperature of the
workpiece material so as to melt and even
vaporize it. In the case of laser cutting, the
torch consists of a highly focused laser light
beam that reaches power densities on the work-
piece of more than 100 times that of sunlight on
Earth. This creates extremely high power densi-
ties of light radiation that are being absorbed by
the material, to the point of actually melting
and even vaporizing metals almost instanta-
neously. Pressurized assist gas flows through
the nozzle tip of the laser-cutting torch to flush
away molten and vaporized material. The dou-
ble action of this liquefaction and vaporization,
added to the flushing action of the assist gas,
enables metal removal by forming a void in
the material along the cut path, called kerf
(Fig. 1). The high spatial definition of laser cut-
ting can be achieved thanks to the relative small
size of the focused beam spot on the workpiece,

typically 0.25 to 0.50 mm (0.010 to 0.020 in.)
in diameter, such as for multikilowatt lasers
for macrofabrication. The width of the kerf is
of the same order of magnitude as the diameter
of the beam spot on the workpiece. Conse-
quently, the benefits of lasers over traditional
cutting tools include higher contour definition
and precision, superior edge quality, faster cut-
ting speeds, narrower heat-affected zone, and
more efficient melting process.
Thermal laser-cutting processes are of two

kinds: fusion cutting and oxidation cutting
(Ref 4). In fusion cutting, the laser beam is
the sole source of heat transferred to the work-
piece. Generally, a low- to nonreactive neutral
gas such as nitrogen (N2) or, more rarely, an
inert gas such as argon is used as the assist
gas. In oxidation cutting, a reactive gas such
as oxygen (O2) is used as the assist gas. At high
temperature, O2 reacts exothermically with
most metals and thus substantially adds heat

Fig. 1 Principle of laser-cutting thermal process. The laser beam is highly focused so as to input more heat per square
inch than the workpiece can dissipate away by conduction, convection, or radiative heat transfer. The

accumulation of heat causes the workpiece temperature to elevate, melting and vaporizing the metal. Pressurized
assist gas flushes the molten and vaporized material away to form a void along the cut path, called kerf. Courtesy of
BLM Group



to that brought by the laser source. With both
processes, global purity of the assist gas, con-
trol of specific impurities, and even types of
gas mixtures of the assist gas have a substantial
impact on cutting performance.
Laser processing calls for specific methods

associated with the particular nature and prop-
erties of laser lights. Figure 2 lists the key input
and output process parameters; an exhaustive
study of these key parameters and their cause-
and-effect relationships can be found in Ref 1.
The principal set-up parameters are illustrated
in Fig. 3 and are discussed in greater detail in
the following sections.

Laser Output

The laser beam is the source of light
energy, which, when absorbed by workpiece
materials, can produce changes such as raising
their temperatures. From an operator’s numeri-
cal control screen, it can be set by three
main parameters: commanded power, Pc, which
generally sets the peak power of the pulse;
commanded pulse duty; and commanded puls-
ing frequency, as illustrated in Fig. 4. The fre-
quency represents the number of pulses of
output energy emitted per second. Pulse duty
is the percent of on-time per pulse period.
For example, a pulse that is 1 ms long with
a 4 ms pulse period has a 25% duty cycle.
A 100% duty corresponds to continuous wave
output.
Most laser resonators are equipped with a

power meter sensor internal to the laser source.
This sensor measures an actual average output
power, Pa, which can be compared with the cal-
culated Pavg = Pc � Duty. Any abnormally sub-
stantial discrepancy between Pa and Pavg should
be investigated.
Even though it could be a function of the

material type and thickness being cut, Pc is,
with few exceptions, generally set at the maxi-
mum rated power capability of the laser resona-
tor in use. Notable exceptions are when cutting
mild steel with O2 assist gas; for edge-quality
reasons, it sometimes must be processed at
reduced commanded power to better control
the heat input on the material and to reduce
gouging formation on the cut edges.
Moreover, the commanded power (Pc), duty,

and frequency can be programmed to vary
around their preset values as a function of the
radius of curvature and angular profile of the
feature being cut and as a function of the actual
linear cutting speed. These variations are set by
numerically preprogramming subroutines to
adjust the linear feed rate (i.e., cutting speed)
of the motion system of the machine and thus
adjust the peak power, duty, and frequency as
a function of the cut features and linear speed.
Such adjustment enables better cut-edge quality
by controlling the heat input, particularly in
small features such as angular fins and small-
radius features. For example, a machine
designed with a motion system with a maxi-
mum mechanical acceleration rating of 1 G

(i.e., 9.8 m � s�2, the acceleration of gravity)
will not be able to move with precision along
a radius of curvature R at speed exceeding the
square root of (R �1 G). If the commanded

feed rate is above such value, the intelligent
numerical control automatically overrides the
commanded feed rate and slows down the
motion system to the maximum speed

Fig. 2 Key process parameters for laser cutting. Inputs are categorized under the “6M” categories of Man, Machine,
Method, Material, Measurement, and Mother Nature; outputs impact the environment, safety, quality,

productivity, and profitability. See Ref 1 for a detailed discussion of the cause-and-effect relationship between inputs
and outputs.

Fig. 3 Primary set-up parameters for laser cutting
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corresponding to the radius of curvature of the
feature. When such a slowing down occurs, it
becomes wise to override the commanded laser
output by adjusting it correspondingly to avoid
burning and other edge-quality defects caused
by excessive localized heat input.

Piercing

Cutting generally starts either from an outer
periphery of the part or from a hole that must
be pierced through the part. Piercing can be
achieved by using a single high-peak-power
laser pulse or by “peck-piercing” with several
pulses of energy needed to progressively drill
through the workpiece. Sophisticated machine
numerical control program functions even
enable the peak power, pulse duty, and fre-
quency to change by increments during pierc-
ing. Generally, either neutral gas such as N2

or reactive gas such as, in most cases, O2 is
used to assist piercing; in some cases, a cross-
jet of air knife between nozzle and workpiece
may be necessary to flush recoiled metal fumes
and spatters during piercing.
Piercing time can fluctuate significantly

depending on surface conditions or change in
material or piercing process. Newer machines
incorporate sensors that can detect when pierc-
ing-through is completed, thus enabling the
optimization of piercing cycle time. Example
processing parameters for peck-piercing are
given in Table 1.

Focusing Characteristics

For metal-cutting applications, focusing of
the laser beam is generally achieved through
a transmissive optic, that is, a focusing lens.
Use of focusing mirrors is reserved for very
high-power processes, because mirrors are
more efficiently and uniformly water cooled
than lenses, resulting in smaller temperature
gradients across their irradiated area and
less heat-induced distortion of their focusing
characteristics, also referred to as thermal
lensing (Fig. 5). On the other hand, at equal
focal length, an aspheric lens introduces
less aberration and less astigmatism than a mir-
ror; as a consequence, a lens generally focuses
to a smaller spot than a mirror. Finally,
the use of a focusing mirror complicates the
ability to provide back-up pressure for using
co-axial assist gas flow. Additional transmissive
window optics and/or ancillary nozzle arrange-
ments have been developed to enable pressure
buildup of assist gas flow upstream from the
nozzle exit when using a focusing mirror
arrangement.
For a CO2 laser beam at 10.6 mm wave-

length, focusing lenses are generally made of
zinc selenide (ZnSe) material that can be either
polished or diamond-turned into any free-form
shape. On the other hand, for solid-state lasers
such as yttrium-aluminum-garnet (YAG) lasers
with 1.06 mm wavelength, disk lasers at 1.03

mm wavelength, and ytterbium-fiber lasers with
1.07 mm wavelength (all part of the “1 mm”
laser family), focusing lenses are generally
made of fused silica with special antireflecting
coating. Other special coatings are being devel-
oped to compensate for thermal lensing and to
reduce focus shifts (Ref 5). Fused silica (SiO2)
is turned to spherical shape by polishing,
because it is too hard to be economically
diamond-turned to free-form shapes. The radius
of curvature of the lens shape determines its
focal length. Alternatively, other materials such

as zinc sulfide (ZnS) can be used for focusing
lenses for the aforementioned 1 mm lasers. As
with ZnSe, ZnS can be diamond-turned into
free-form shapes such as aspheric to reduce
aberrations, toroidal to generate oblong focused
beam spots, or bifocal optics (Fig. 6) to obtain a
dual-focus effect for improved cutting speeds
(Ref 6). Because of its superior thermal conduc-
tivity, a ZnS-made lens yields less thermal-len-
sing-induced focus shift. Table 2 compares
mechanical, thermal, and optical properties of
various materials for laser optics. The ZnS
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Fig. 4 (a) Example of power-time profile: commanded versus actual. Commanded power = Pc; commanded
frequency = 1/(Ton + Toff); commanded duty = Ton/(Ton + Toff); calculated average power = Pavg = Pb + (Pc

� Pb) � Duty. (b) Maximum thickness cutting capability as a function of CO2 laser power for various metal alloys

Table 1 Example of peck-piercing parameters on mild steel with a 2 kW peak power CO2

laser, 190 mm (7.5 in.) focal length lens, and oxygen assist gas

Thickness
Initial

frequency, Hz

Initial

duty, %

Frequency

increments, Hz

Duty

increments, %

Time between

increments, s

Number of

increments

Total piercing

time, smm in.

6.5 ¼ 10 20 1 1 0.1 10 3
12.5 1/2 10 10 1 1 0.1 20 10
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material yields better thermal properties than
fused silica but has a light-scattering side effect
that can require augmented cooling of the
optics mount and assembly that absorbs the
scattered light (Ref 7).
One important specification for a focusing

lens is its thickness, which must be strong
enough to sustain high-pressure assist gas.
Lens manufacturers recommend and provide
appropriate lens thicknesses based on the appli-
cations. Assuming a 90% clear-pressure aper-
ture, a 38 mm (1.5 in.) diameter ZnSe lens of
focal length between 125 and 190 mm (5 and
7.5 in.) and of 4 mm (0.160 in.) thickness can
sustain approximately 120 psi (8 bar) pressure,
whereas the same lens with a thickness of
8 mm (0.320 in.) can sustain almost 500 psi
(35 bar). Typical industrial CO2 laser-cutting
systems have ZnSe focusing lenses of 38 mm
(1.5 in.) diameter by 7.4 mm (0.29 in.) thick
or 50 mm (2 in.) diameter by 9.7 mm (0.38
in.) thick.
Table 3 shows typical focal lengths chosen

mostly as a function of workpiece thickness,
whether for CO2 laser systems or 1 mm laser
systems.
Figure 7 describes a generic beam-delivery

system having four optics of finite focal
lengths, f1, f2, f3, and f4, which could be mirrors
or lenses or any other kind of optical element,
each characterized by at least one focal length.
Folding mirrors with flat reflecting surfaces or
simple transmissive windows are optics with
infinite focal length.
Beam caustic (i.e., beam radius)

downstream from the focusing lens is character-
ized by parameters such as focus diameter,
2*wout; focus position, dout, relative to the

last downstream optic, f1; and the Rayleigh
range, ZR. These parameters are bound
by the following mathematical relationships
for a laser beam of wavelength l, of
beam cross-sectional radius win, and of
beam quality M2, knowing the optical path dis-
tances, d1, d2, d3, shown in Fig. 8, and
distance din between the incident beam waist
position and the first nonflat mirror optic, f4 (for

detailed analytical derivations, see appendix B
of Ref 1):

dout ¼
�b d� a g p2w4

in

M4l2

d2 þ g2 p2w4
in

M4 l2

w2
out ¼

w2
in

d2 þ g2 p2w4
in

M4l2

ZR ¼
pw2

in

M2l

d2 þ g2 p2w4
in

M4l2

(Eq 1)

Fig. 5 Thermal lensing results in focus shift. The laser
mode refers to the profile of power

distribution across a laser beam; a Gaussian-like profile
is depicted here. However, some industrial lasers exhibit
a “doughnut” mode, which generally results in less
focus shift.

Fig. 6 Standard lenses have spherical curvatures that can be obtained by polishing. Aspheric, bifocal, toroidal,
multifaceted, or other free-form curvatures can be achieved with diamond-turnable materials, such as zinc

selenide for CO
2
lasers and zinc sulfide for solid-state lasers. Fused silica, often used for standard lenses with

spherical curvatures for solid-state lasers, is too hard to be economically diamond-turned. Courtesy of II-VI Inc.

Table 2 Properties of transmissive optics materials
For 1 mm wavelength compared to fused silica, multispectral zinc sulfide (MS ZnS) has a superior thermal conductivity to
avert steep temperature gradient.

Properties BK7 Fused silica MS ZnS ZnSe

Mechanical Density, g/cm3 2.51 2.203 4.09 5.27
Poisson’s ratio 0.208 0.17 0.27 0.28
Hardness, Knoop 610 500 150–165 105–120
Rupture modulus, dyne/cm2 1.65 � 108 5.00 � 109 6.90 � 108 5.50 � 108

Young’s modulus, dyne/cm2 8.20 � 1011 7.30 � 1011 7.45 � 1011 6.72 � 1011

Thermal Linear expansion coefficient, �10�6/�C 7.1 0.55 6.5 7.57
Specific heat, J/g/�C 0.858 0.703 0.527 0.356
Thermal conductivity, W/cm/�C 0.0111 0.0138 0.272 0.18

Optical Scatter coefficient at 1.06 mm, /cm ND ND <3% <0.5%
Scatter coefficient at 0.6328 mm, /cm ND ND <10% <3%
Index of refraction at 1.06 mm 1.5066 1.4496 2.287 2.483
Temperature change of refractive index at 1.06 mm,
�10�6/�C

1.2 11 42 70

Bulk absorption at 1.07 mm, /cm �0.001 �0.0001 <0.0005 <0.001
K-values for lenses

Plano/convex lens 0.07112 0.08994 0.02888 0.02849
Positive meniscus lens 0.06573 0.07792 0.02051 0.01758
Equiconvex lens 0.1029 0.11542 0.05494 0.05164

ND, not determined. Courtesy of II-VI Inc.

Laser Cutting, Drilling, and Shock Peening / 609



WoutðzÞ ¼ wout

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ z� dout
ZR

� �2
s

(Eq 2)

Parameters a, b, g, and d are analytical func-
tions of din, d3, d2, d1, f1, f2, f3, and f4. In terms
of units, a and d are dimensionless, whereas b
is proportional to a distance, and g is inversely
proportional to a distance. Generally, f1 repre-
sents a focusing lens. For a CO2 laser-beam-
delivery system, f3 and f4 could represent colli-
mator optics and f2 a regular flat folding mirror.
For a fiber-delivery optics system such as for
YAG, disk, and fiber lasers, f2 could be a colli-
mating lens that receives the beam at the output
of the delivery fiber, and 2*win is approximated
to the diameter of the delivery fiber. Some opti-
cal elements have different optical properties in
one plane versus another, in which case one can
apply a different set of analytical formulas for
the different planes. For CO2 lasers, in the gen-
eral case where one can approximate the

incident laser beam to a perfectly collimated
beam, that is, with constant beam diameter
along its optical propagation path, then the
waist diameter D = 2*win is approximately
equal to the beam diameter incident on the
focusing lens. The aforementioned equations
can be used to determine the position and diam-
eter of the focus point, simply by setting din =
d3 = d2 = d1 = 0 and f2 = f3 = f4 = 1. It yields
a = 1, b = 0, d = 1, g = �1/f1, and the following
well-known approximations of Eq 1:

dout ¼ f1 wout ¼ M2 l f1
p win

ZR ¼ M2l f 21
p w2

in

(Eq 3)

The beam quality factor, M2, is also called
M-square orK or 1/k; its absoluteminimum theo-
retical value is 1. The factor M2 is a measure of
mode composition of a laser beam and also a pro-
portional measure of its divergence once it exits

the cavity. For the 1 mm lasers, the beam quality
is often evaluated in terms of the product of beam
radius win at the waist position at the resonator
exit by its beam natural divergence angle, y,
expressed in mm � mrad units rather than in
dimensionless M2. A Rayleigh range, ZR, repre-
sents a length around the beam waist, such as
around the focus point of diameter 2*wout, within
which the beam radius remains smaller than:

ffiffiffi

2
p

� wout

ZR is representative of the depth of focus or tol-
erance to focus position of the process. The
parameter win can be obtained from the laser
manufacturer or measured with a precise digital
beam analyzer or a more rudimentary-mode
burn technique. Wout (z) denotes the radius of
the beam cross section as a function of optical
distance z downstream from the last optic, f1:
Wout (dout) = wout.
For most CO2 laser machines, optical dis-

tances d1, d2, and d3 vary with the cutting
head position Z, Y, andX over the work envelope.
Some CO2 laser-cutting machine designs
include an adjustable optical path retardation
loop that maintains the total optical path length
constant while position X, Y, and Z varies. This
ensures constant focusing characteristics and, it
is hoped, constant cutting performance regard-
less of the position on the work envelope. For
solid-state 1 mm laser-cutting machines, the
beam-delivery system is composed principally
of a flexible fiber, which ensures a constant opti-
cal path length equal to the length of the beam-
delivery fiber.
Figure 8 illustrates a near-perfect agreement

between the calculated beam caustics using
the analytical formulas of Eq 1 and the
measured beam caustics using a digital
beam scanning measurement analyzer. This
near-perfect match illustrates the accuracy of
these analytical formulas, which uniquely
incorporate a dependency on the beam-quality
parameter M2, without having to resort to com-
plex integral calculation and software. Note that
for 1 mm lasers, the beam-quality parameter is
expressed as a beam parameter product (BPP)
defined as the product of beam radius w at a
waist position as the beam exits the resonator
by beam divergence angle y:

BPP ¼ w � y ¼ l M2

p
(Eq 4)

Although the M2 value, and thus the BPP, are
dictated by intracavity design and cannot be
altered once the beam exits the resonator cav-
ity, multiple reflections inside a delivery fiber
degrade the coherence property of the laser
beam and thus its focusability. This degradation
of coherence is equivalent to a multiplication of
the M2 and thus the BPP sometimes several
folds. As an example, a 2 kW fiber laser deliv-
ered through a 100 mm diameter fiber could
yield a BPP = 3 mm � mrad, whereas the same
laser coupled through a 150 mm diameter

Table 3 Typical effective focal lengths used in metal cutting

Maximum material thickness CO2 laser system effective focal length 1 mm laser system effective focal length

cm in. mm in. mm in.

0.3 ⅛ 95 3.75 70 3
0.5 3/16 130 5 130 5
2.5 1 190 7.5 190 7.5
3.2 1¼ 250 10 . . . . . .

Waist Win of raw
laser beam

Beam-vender
mirrors

Beam vender
mirrors

Laser
beam

Laser

Focus
lens

CNC: Computer Numerical Control

Y

ZX

Focusing lens f1

Focusing position 2 * ZR

d in

d out

d 2

d
1

f 4 = R 4 /2

f 3 = R 3 /2

f 2 = R 2 /2

d 3

Fig. 7 Generic laser-beam-delivery system with up to four optics, f1, f2, f3, and f4, that have finite focal lengths. The
system is representative of most industrial beam-delivery systems for CO2 as well as solid-state lasers, even

those with fiber optic delivery. A flat mirror, such as a standard beam-bender mirror, has an infinite focal length. The
optical path distances represented, such as d2 between f2 and f3 and, more moderately, d

1
between f1 and f2, can

vary during cutting.
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delivery fiber would yield an equivalent BPP of
5 mm � mrad by the fiber exit.
Equation 4 shows that for focusability evalu-

ation, the so-called f-number = f1/win ratio of
focal length to incident beam diameter is more
important than the focal length taken alone,
regardless of the laser resonator type and char-
acteristics. Table 4 shows typical values of
BPP for industrial multikilowatt lasers.
A smaller f-number yields a smaller focus

waist diameter, 2*wout, and a smaller Rayleigh
range, ZR. For best cutting capability, a maxi-
mized Rayleigh range is preferred for position-
ing tolerance, while a minimized diameter,
2*wout, is preferred for higher power density.
These two conflicting requirements must lead
to a delicate balance and choice of f-number
as well as choice of laser resonator, character-
ized by M2 (or BPP), l, and indirectly by radius
win. For applications aimed at high-speed cut-
ting of thin sheets, preference can be given to

lasers having a small M2 factor close to a dif-
fraction limitation minimum value of 1 or, for
a 1 mm laser, a BPP of approximately 0.34
mm � mrad, whereas a larger M2 factor, that
is, larger BPP, yields larger Rayleigh length
favorable to better cutting performance of thick
gages. Figures 9 and 10 represent typical com-
parison results of laser-cutting performance for
CO2 lasers versus current state-of-the-
art solid-state 1 mm lasers (disk and fiber
types). The superiority of 1 mm lasers must be
qualified within certain ranges, but it translates
roughly into a ratio of almost 2 in power; that is,
a 2 kW fiber or disk laser performance is gener-
ally compared to that of a 3 to 4 kW CO2 laser.
The following rules of thumb can be deduced
for the current state-of-the-art at equal laser
power:

� Under oxygen assist gas: The superiority
of the fiber laser performance is limited to

gages thinner than approximately 4 mm
(0.2 in.). Above 4 mm thickness, CO2

lasers still produce superior edge quality and
speed.

� Under nitrogen assist gas: The superiority of
disk and fiber lasers for nitrogen-assisted
fusion cutting of thinner gages is clear up to
approximately 8 mm (0.3 in.) in thickness
and actually grows dramatically for gages
thinner than approximately 4 mm (0.2 in.), as
is illustrated for both disk and fiber laser cut-
ting in Fig. 9. However, as the thickness
increases beyond 8 mm, the edge qualities in
terms of dross and edge roughness, as well as
the speed performance of 1mm lasers, degrade
much more rapidly than that of CO2 lasers,
leaving CO2 lasers still the superior resonator
type for cutting of such thick gages of mild
steel, aluminum, and stainless steel with nitro-
gen assist gas. On the other hand, due to their
shorter wavelength, 1 mm lasers are superior
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Fig. 8 Beam propagation caustics of diameter versus distance from the focusing lens. The top view represents the same generic beam-delivery system as in Fig. 7, with the optical
path unfolded. The calculations with the analytical Eq 1 are in near-perfect agreement with measurements performed with a digital beam scanning analyzer (samples in left

illustration) on bifocal and ordinary focusing lenses with focal length of 150 mm (6 in.), collimator lens of 120 mm (43/4 in.) focal length, and delivery fiber diameter of 150 mm (6 in.).
The 5 kW fiber laser yielded a beam parameter product = w � y = 5 mm � mrad at the end of the delivery fiber.
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to CO2 lasers for cutting materials such as
copper and brass.

Focus Position

Focus position (fp), defined in Fig. 3 and illu-
strated in Fig. 11, can be controlled by adjust-
ment of the lens standoff distance between the
focusing lens and the workpiece surface. This
lens standoff can be adjusted manually during
set-up or automatically by the power of a servo
or stepping motor integrated inside the focusing
head torch, without necessarily altering the noz-
zle standoff (Fig. 3); certain laser machines also
use adaptive mirrors upstream from the focus-
ing lens to dynamically control focus position.
Such adaptive mirrors have curvature that can
be altered by water pressure change or with pie-
zoelectric actuators, which can change the focal
length and thus change the diameter and diver-
gence of the beam incident on the focusing lens
and therefore change the characteristics dout,
Wout, and ZR of the focus (Eq 1). For thin-gage
cutting, the focus position is generally placed
on the workpiece surface. For thick gage with
O2 assist gas, focus position may be placed
above the workpiece surface for best edge qual-
ity in mild steel. For stainless steel and alumi-
num, cutting with N2 assist gas and
positioning the focus spot at least half way of
the thickness below the surface are advanta-
geous to reduce dross formation.

Assist Gas Types

There are four families of assist gas used
for cutting purposes: pure reactive gases such

as oxygen; pure inert gases such as argon
or helium; neutral gases such as nitrogen,
which is not chemically reactive with a major-
ity of metals and is a low-cost alternative
to inert, rarer gases; and any combination
of the first three kinds, such as air (20.9% O2

+ 78% N2 + 1% Ar + traces of other
elements). In some applications, additional
mist or even a water shower assists laser cutting
by cooling the workpiece. Table 5 summarizes
the most common assist gas usages in industrial
laser-cutting applications.

Gas Supply

Assist gases are supplied in three
main modes adapted to the consumption
rate of the manufacturing operation (Fig. 12):

� For low consumption rates, compressed gas
cylinders that can be brought individually
or in sets of 6 to 16 inside a plant are suffi-
cient. A typical bank of 12 cylinders with
nearly 3600 standard cubic feet (scft) total
capacity of N2 gas can supply between 3
and 4 hours of stainless steel cutting opera-
tion at 1000 standard cubic foot per hour
(SCFH) flow rate if operating at approxi-
mately 50% duty; that is, actual cutting
occurs only during 50% of the time, result-
ing in just under 1.8 h of cutting time. If a
bank of cylinders contains the same volume
of O2, for low-pressure cutting of, for exam-
ple, mild steel, it can supply approximately
32 hours of cutting operation at 100 SCFH
if operating at approximately 50% duty.

� For high consumption rates of assist gas,
bulk tanks are more suitable for high-volume
storage of N2, O2, Ar, and H2 in cryogenic
liquid form rather than compressed gas.
Table 6 gives liquid temperature and
equivalent standard volumes of gas for 1
gal cryogenic liquid of the aforementioned
molecules. Bulk tanks are generally stored
outside the facility on a special foundation
pad, with a vaporizer needed to transform
the liquid into gas at pressure up to approxi-
mately 225 psi (15 bar) with ordinary bulk
tanks and possibly up to 600 psi (40 bar)
with more expensive bulk tanks designed
for the higher-rated pressure. An optional
boost pump or, as an alternative, a pumpless
pressure booster system can help build up to
500 psi (35 bar) of supply pressure from an
ordinary bulk tank. Although adding initial
installation cost, bulk tanks enable much less
cost per scft of gas than packs of compressed
gas cylinders.

� Intermediate consumption rates can use
transportable insulated cylinders containing
cryogenic liquid gas, which can be installed
inside a facility. As an alternative, an
expanded-capacity pack of compressed gas
cylinders at higher pressure (4500 psi, or
310 bar) can be used; each such 16-cylinder
pack allows almost 9000 scft total capacity
of N2 gas.

Lasing gases are required only for gas lasers
such as CO2 lasers. Industrial CO2 lasers can
have either of two kinds of high-global-purity
lasing gas supply requirements:

� The first kind requires individual cylinders
of helium, nitrogen, and CO2. These three
gases are subsequently mixed in a proprie-
tary mixture composition by a mixer internal
to the laser machine. A turboblower internal
to the laser machine circulates the lasing gas
inside the cavity. To maintain high perfor-
mance of the laser, the lasing gas that has
degraded inside the cavity due to various
chemical reactions is evacuated by a vacuum

Table 4 Typical values for equivalent beam parameter product w � u at the workpiece for
industrial multikilowatt laser-cutting systems used in job shops and production environments
Diameters of delivery fiber are generally in the range of 100 mm for disk and fiber lasers and 600 mm for yttrium-
aluminum-garnet (YAG) lasers.

CO2 laser, mm �
mrad
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Fig. 9 Comparative scale between CO2 laser and 1 mm laser-cutting systems. (a) Comparing 3 kW disk laser cutting with the 100% baseline of a 5 kW CO2 laser for N2-assisted
fusion cutting of stainless steel. The disk laser yields superior speed performance up to approximately 4 mm (0.160 in.) thickness. Beyond 4 mm, CO2 lasers are superior, in

part because the edge quality of solid-state laser cutting degrades much more quickly than that of CO2 laser cutting when thickness increases. Data courtesy of Trumpf Inc. (b) and (c)
Comparing 2 kW fiber laser cutting with 3 and 4 kW CO2 laser cutting. “Q” indicates dross-free cutting mode, whereas “HS” indicates high-speed cutting mode with the presence of
plasma at the zone around the point of incidence of the beam on the workpiece, which may result in slight dross. (b) is with O2 assist gas; (c) is with N2 assist gas. Data courtesy of
Bystronic Inc.
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pump, and fresh, clean lasing gas is rein-
jected to compensate. This lasing gas
refreshing can occur either continuously or
by batched sequences.

� The second kind requires cylinders or car-
tridges filled with a specified premix of these
same three gases, sometimes with added
traces of CO and/or xenon and/or O2,
depending on the laser manufacturer. In
some laser designs, the cartridge can last
almost a year before needing a refill.

Gas Purity

Assist Gas Purity. Industrial-grade global
purity of liquid oxygen assist gas is at least
99.5% at the tank or cylinder supply. The main
impurities present in gaseous oxygen vaporized
from liquid oxygen are nitrogen, water, and
argon. Due to the closeness of the boiling tem-
peratures of argon and oxygen (Table 6), argon
is the most abundant impurity in industrial-
grade liquid oxygen. Liquid oxygen can be fur-
ther purified to reach the global-purity grade of
99.95% and above, by which one can expect
substantial performance improvement to
achieve a 10 to 40% increase in cutting speed,
as reported in Ref 9 and 10 and represented in
the experimental data of Fig.13.
Such significant range of performance

improvement makes room available to share
some of it between increasing cutting speed,
increasing tolerance to focus position, and even
improving the resulting cut-edge roughness
quality.
The higher-purity oxygen at the supply

source must be matched by an upgrade of the
assist gas delivery system such that it preserves
the higher purity all the way from the supply
tank to the workpiece.
Industrial-grade global purity of liquid

nitrogen exceeds 99.997%, which is largely suf-
ficient for optimal laser-cutting performance.
Lasing Gas Purity. For industrial laser cut-

ting of metals, CO2 lasers are the only ones
that consume lasing gases. The global purity
of lasing gases is usually specified higher
than industrial-grade gases. They yield a more
efficient lasing mechanism and an appreciably
longer life of consumables and nonconsumable
components in the laser cavity. Higher-global-
purity gas also yields higher peak power,
better beam stability, and mode structure.
Research aimed at ranking the relative impact
of specific impurities on the laser performance
found, for example, that addition of small quan-
tities of carbon monoxide (CO) enhances the
life of optics consumables by reducing the
decomposition of CO2 into CO and O2.
Some laser manufacturers specify a small, con-
trollable quantity of CO in their CO2 lasing
mix. However, moisture and certain specific
hydrocarbon molecules have unwelcome
consequences and are also part of typical lasing
gas specifications. For example, 10 ppm of

acetylene (C2H2) has as much negative effect
on the laser efficiency as 10,000 ppm of meth-
ane (CH4) (Ref 11). Water moisture (H2O) is
known to destabilize direct current and radio fre-
quency discharges and accelerate degradation of
the optical properties of cavity mirrors and
lenses. Controlling specific impurities is more
critical than controlling global purity. Laser
gases are stored in specially segregated and dedi-

cated cylinders that should not be used even for
the same molecules with lesser purity specifica-
tions, let alone othermolecules. This is to prevent
even residual ppm quantities of certain hydrocar-
bons from contaminating the high-global-purity
lasing gas when the cylinder is filled. With some
gas suppliers, the cylinders undergo special sur-
face treatment aimed at limiting adsorption of
any gas in the inside walls.

Fig. 11 Focus position comparison between multispectral with O2 assist gas and stainless steel (SS) or aluminum (AL)
with N2 assist gas. Focus position when cutting with N2 assist gas is preferably about halfway or more below

the workpiece surface to yield a dross-free, fine-cut quality edge. With oxygen-assisted cutting, best cut-edge quality is
obtained with the focus position at approximately 0.5 to 2 mm (0.02 to 0.08 in.) above the workpiece top surface.
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Assist Gas Flow Rates

Flow dynamic through an orifice can be
either in subsonic regime or supersonic regime.
The transition from subsonic regime to super-
sonic regime occurs as soon as the following
condition is realized:

P0

Pa

� gþ 1

2

� �

g
g�1

(Eq 5)

where P0/Pa represents the ratio of stagnation
absolute pressure, P0, in the cutting torch over
the ambient atmospheric pressure, Pa, and g is
the ratio of specific heat coefficients for the
flowing gas. At sea level, atmospheric pressure,
Pa, is generally approximately 1 bar = 14.7 psi
= 105 Pa. For O2 and N2, g = 1.4, and this con-
dition means P0 > 0.89 bar (13 psi, or 9 � 104

Pa) above atmospheric pressure.
The following “standard” volume flow rates

of gas flowing through a nozzle circular orifice
are derived analytically in appendix C of Ref 1.
Here “standard” signifies that the volumes of
gas are as if at atmospheric pressure and 273
K temperature, where one mole of any gas
always occupies the same universal volume of
22.4 L:

Subsonic volume

flow rate
¼ a

P0 D
2

ffiffiffiffiffi

T0
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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� �2
g
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gþ1
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s

where a ¼ p
4
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� CF (Eq 6)

Supersonic volume flow rate ¼ b
P0 D2

ffiffiffiffiffi

T0
p

where b ¼ p
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g
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2

gþ 1

� �

gþ1
g�1

s

� CF (Eq 7)

where the molar mass, m, is in kilograms of
the assist gas; R = 8.314 J/K � mol is the
ideal gas constant; T0 represents the tempera-
ture in Kelvin of the assist gas inside the
cutting torch; D is the nozzle throat diameter
in meters; and pressures Pa and P0 are
expressed in Pascals. With all variables and
parameters expressed in International System
(SI) units, CF is a unit conversion factor for
the resulting volume flow rate; if the volume
flow rate is expressed in SI units m3/s, then
CF = 0.0224; if in L/min, then CF = 1344;
and if in standard cubic feet per hour (SCFH),
then CF = 2849.47.
For a mixture of gas, such as air composed of

approximately 21% O2 + 78% N2 + 1% Ar, g
and m are given theoretically by the following
formulas inwhich xi represents themolar fraction
of gas i, and gi and mi are the specific heat ratio
and the molar mass, respectively, of gas i. Table
7 lists values for m and g for various gases:

1

g� 1
¼
X xi

gi � 1
and m ¼ Sxi � mi (Eq 8)

Example 1: Cutting Mild Steel. A 4 kW
CO2 laser cutting of 6.4 mm (¼ in.) mild steel
uses a 190 mm (7.5 in.) focal length lens and
O2 assist gas at a cutting speed of 100 inches
per minute (ipm) (255 cm/min), with a nozzle
diameter of 2 mm (0.08 in.) and oxygen pres-
sure of 0.7 bar (70 kPa) above atmospheric

pressure. The absolute pressure of 1.7 bar (170
kPa) is in the subsonic regime. The resultant
consumption flow rate of oxygen is 116 SCFH.
If the operator switches to a 3 mm (0.12 in.)
nozzle at the same pressure, the flow rate would
jump to 260 SCFH.
Example 2: Cutting Stainless Steel. A 4 kW

CO2 laser cutting of 1.5 mm (0.060 in.) stainless
steel uses N2 assist gas at a cutting speed of 400
ipm (10 m/min), with a nozzle diameter of 1.5

Fig. 12 Assist gases can be supplied in a bulk tank containing liquid cryogenic molecules or in transportable
cylinders containing either compressed gases or liquid cryogenic molecules. Courtesy of Air Liquide

Table 5 Typical assist gas types used in industrial laser cutting of metals

Material Assist gas Applications

Mild steel Low-pressure O2 Most common for 2.67 mm (0.105 in.) and thicker
Mild steel High-pressure N2, 5 to 20 bar Mostly for high-speed cutting of thin sheets and to avoid oxide scales on steel cut

edges
Stainless
steel

High-pressure N2, 5 to 20 bar Most common for stainless steel

Aluminum
alloys

High-pressure N2, 5 to 20 bar For special nonoxidized cut edge and/or thick plate requirement

Aluminum
alloys

High-pressure air, 5 to 20 bar Lower cost than pure N2 but increases dross

Copper
alloys

Low- to high-pressure O2, 1.5
to 12 bar

More efficient than air

Brass Low- to high-pressure O2 or
N2, up to 20 bar

High-speed cutting of thin workpieces

Titanium
alloys

High-pressure Ar, 3 to 10 bar For aerospace applications, reactive O2 and N2 are avoided.

Nickel
alloys

High-pressure N2, 3 to 10 bar For aerospace and energy industries applications: slower cutting speed than with
O2 assist, but less dross and no edge oxidation

Table 6 Conversion data from 1 gal of cryogenic liquid molecules
A full, ordinary 1500 gal bulk tank can contain 5 U.S. tons (4590 kg) of liquid nitrogen, which is the equivalent of
139,000 scft of the same when vaporized in gas form at standard atmospheric pressure and temperature.

Molecules (1 gal of liquid = 3.785 L)

Boiling point at atmospheric

pressure Gas volume equivalent Weight

oC oF nm3(a) scft(a) kg lb

N2 �196 �320 2.447 93.11 3.06 6.745
O2 �183 �297 3.025 115.1 4.322 9.527
Ar �185 �302 2.957 112.5 5.276 11.63
H2 �252 �423 2.981 113.41 0.2679 0.5906
CO2 �78 �109 1.9431 74.04 3.842 8.470
He �269 �452 2.649 100.8 0.4728 1.042

(a) nm3 represents a normal cubic meter volume, and scft represents a standard cubic foot volume. In this context, the terms standard and normal are
interchangeable because they equally refer to temperature condition of approximately 300 K and pressure of 1 bar for the gas volume considered.
Source: Ref 8
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mm (0.060 in.) and nitrogen pressure of 13 bar
(130 kPa) above atmospheric pressure. The abso-
lute pressure of 14 bar (140 kPa) is in the super-
sonic regime. The resultant consumption flow
rate of nitrogen is 577 SCFH. If the operator
switches to a 3 mm (0.12 in.) nozzle at the same
pressure, the flow rate would jump to 2308 SCFH.
Table 8 gives volume flow rates as a function

of nozzle diameter and pressure for O2 and N2

assist gases. Yet another powerful piece of
information that can be derived from these ana-
lytical formulas is the flow rate sensitivity to
variations in pressure, temperature, and nozzle
diameter by mathematically calculating the dif-
ferentials. It allows for better understanding of
repeatability and reproducibility challenges
and can save some troubleshooting time:
For the supersonic regime:

DðFlow rateÞ
Flow rate

¼ DP0

P0

� 1

2

DT0
T0

þ 2
DD

D
(Eq 9)

For the subsonic regime:

DðFlow rateÞ
Flow rate

¼ F0 � DP0

P0

� 1

2

D T0
T0

þ 2
DD

D
þ Fa

� DPa

Pa
(Eq 10)

where F0 + Fa = 1 and F0 varies from 1 at the
limit of transition to the supersonic regime (Eq
5) to + 1 at the no-flow limit when P0 = Pa

(Ref 1). For most O2-assisted laser cutting of
mild steel, F0 is typically of the order of 1.15.
Generally, one assumes that Pa remains fairly
constant, so Fa * DPa � 0.
Consequently, Eq 9 and 10 reveal that a 10%

variation in nozzle diameter results in a 20%

variation in flow rate that will be noticed in the
cutting performance. A typical nozzle size is 1
mm (0.040 in.); thus, aþ�0.1 mm (0.004 in.) vari-
ation in diameter, which is common and may
appear negligible, has a substantialþ�20% impact
in flow rate equivalent to a 20% change in pres-
sure. The way these nozzles are manufactured,
whether their throat orifice is maintained clean
and free of debris or residues, the dewpoint or
the viscosity of the gas are factors that can impact
the effective diameter, D, value and thus greatly
influence the repeatability and reproducibility
(R&R), particularly for smaller nozzle diameters.
Similarly, a temperature variation from �1

�C (30 �F, or 272 K) on a January morning to
38 �C (100 �F, or 311 K) on an August after-
noon yields a 14% temperature difference and
thus a 7% difference in flow rate. The key is
to set up the system such that the process is tol-
erant enough so that a 7% variation will not
affect R&R. It is also interesting to note that
for O2-assisted cutting occurring in the sub-
sonic regime, the temperature of the kerf can
be transferred to the gas inside the nozzle by
radiation but also by conduction and convection
when given the time. This may substantially
increase the temperature of the gas in the noz-
zle after some duration of uninterrupted
cutting time with subsonic assist gas flow;
the impact on the cutting performance may
be much more troublesome. However, when
operating in the supersonic regime, conduction
and convection heat cannot be transferred
upstream in a supersonic flow; the only
upstream heat-transfer mechanism in that case
is limited to radiative heat transfer from the
kerf to the nozzle.
Finally a 10% change in pressure could result

in a 10% flow rate change in the supersonic

regime and slightly more than 10% in the sub-
sonic regime.

Material Considerations

The majority of laser-cutting applications
involve cutting of metals, which are mainly
uncoated and coated mild steels, stainless
steels, and aluminum alloys. Many steel
makers, such as ArcelorMittal and US Steel in
North America and Chubu Steel in Japan, have
studied the effect of different alloying grades of
steels on laser cut-edge quality (Ref 13). Penn
et al. (Ref 14) compare in great detail the abil-
ity of various aluminum alloys, namely 6111-,
5754-, and 5182-series alloys, to be laser cut.
The study recommends laser cutting of these
automotive-grade aluminum alloy sheet metals
instead of die blanking them for volume pro-
duction of aluminum sheet blanking.
The following sections describe metallurgies

and other keymaterial considerations that impact
laser-cutting performances and introduce exam-
ples of laser cutting of nonmetal materials.
Mild steels consist predominantly of iron

with some small quantities of alloying ele-
ments, primarily carbon, manganese, silicon,
phosphorus, sulfur, aluminum, and copper.
From appliance panels and automobile body
parts made with deep-drawable-quality mild
steels to structural members made from high-
strength steels, most steels used in consumer
goods are low-carbon steels of commercial
grade, drawing quality, or structural quality.
Their compositions are between 0.05 and
0.40% C; manganese content is maintained
between 0.25 and 0.50%, while phosphorus is
kept under 0.035%, sulfur under 0.04%, and sil-
icon under approximately 0.25%.
Generally speaking, steels on the low end of

carbon content enable cutting at speeds up to
20% higher and of maximum thickness up
to 20% thicker than steels on the high-end
range of carbon content. Structural-quality steel
with carbon content close to or higher than
0.40% is prone to microcracking along the cut
edge. Under fatigue, those cracks can develop
into full-fledged part failure in service. Heat
treatment after cutting could be one way of fix-
ing microcracking. It is interesting to note that
such microcracking problems are actually more
acute when using traditional mechanical cutting

Table 7 Specific heat ratio of various
potential elements of assist gases

Assist gas elements g m, g

O2 1.40 32
N2 1.40 28
He 1.66 4
Ar 1.66 40
CO2 1.40 44
H2 1.40 2
H2O 1.33 10
Air 1.40 29

Experimental data for g can be found in Ref 12.
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means such as die blanking; for that reason,
cutting of some advanced-strength steel hydro-
formed, closed-section products is preferably
done with robotic laser cutting rather than with
die trimming.
Electrical steels with higher levels of approxi-

mately 0.4% Si can be found in components such
as transformer frames because of their increased
electrical resistivity and higher thermal oxidation
threshold. Such high levels of silicon result in
approximately 20% reduction in cutting speed
and the generation of more severe dross.
Manganese content as high as 0.5% and sul-

fur content as high as 0.04% also disrupt a
laser-cutting process sufficiently to reduce cut-
ting speed and worsen dross growth; such con-
tents can be found in tool steels.
In the case of oxygen-assisted laser cutting of

mild steel, an exothermic reaction between iron
and oxygen occurs at approximately 1500 K
(1225 �C, or 2240 �F) before metal melting starts:

Feþ 1/2 O2 ! FeOþ 260 kJ=mol (Eq 11)

This exothermic reaction can be equivalent in
heat input to a CO2 laser power of approximately

500 W added to a laser-material interaction
zone the size of a typical focused laser beam
spot, that is, approximately 250 mm in diameter
for laser cutting. This heat input advantage
enables a tremendous boost in cutting speed
compared to cutting the same material with
N2 assist gas (Fig. 14). This advantage with
O2 gas is more prevalent with low laser power
or with thicker gage. At high power and with
thinner gages, faster speeds are achieved
with N2 assist gas than with O2. Figures 15 and
16 illustrate the gas dynamic associated with
O2 and N2 assist gases and their impact on the
cutting process. When cutting with a 1 mm
laser such as YAG, fiber, and disk lasers, the
absorptivity of the 1 mm wavelength by a metal
is several fold larger than that of a 10.6 mm
wavelength of the CO2 laser (Fig. 17). Conse-
quently, with 1 mm laser cutting, the advan-
tage of using oxygen assist becomes more
modest than with oxygen-assisted CO2 laser
cutting.
One disadvantage of O2-assisted laser

cutting is that it generates iron oxide flakes
that stick along the cut edge (Fig. 18). These
flakes are composed of FeO in the core

and harder Fe2O3 on the outer layer. They
are unwelcome contaminants for subsequent
welding operations. These iron oxide flakes
are also brittle and very easily crumble away
from the cut edge into sand-sized particles and
wear against tools and dies. The flaking-away
action is obviously detrimental to most
painting and stamping processes. One way to
prevent formation of oxide flakes is to laser
cut mild steel with N2 assist gas. In particular,
galvanized steels coated with either zinc-
or aluminum-base coating are predominantly
laser cut with N2 assist gas. Because of
the low-melting-temperature coating, dross
forms when cutting coated steels; this dross
can be minimized by slowing down the
cutting speed. Typically, there is approximately
a 20% difference in “production” cutting
speed between bare steel less than 2 mm
(0.08 in.) thickness and the same with a
coating weight greater than approximately 80
g/m2. Generally, no substantial difference
is observed between the different gal-
vanizing coating processes, that is, electro-
galvanizing, hot dipped galvanizing, and
galvannealing.

Table 8 Flow rates in units of standard cubic feet per hour (SCFH) as a function of pressure and nozzle diameter for N2 and O2 assist gases
(1 SCFH � 0.47 L/min)

Gage reading

Pressure, psi

Flow rates, SCFH

Nozzle diameter, mm (in.)

psi bar 1 (0.040) 1.25 (0.050) 1.5 (0.060) 1.75 (0.070) 2 (0.080) 2.25 (0.090) 2.5 (0.100) 2.75 (0.110)

Nitrogen

. . . . . . . . . 18.3 28.6 41.2 56.1 73.3 92.8 114.5 138.6
14.7 1 29.4 37 57 82 112 147 186 229 277
29.4 2 44.1 55 86 124 168 220 278 344 416
44.1 3 58.8 73 115 165 224 293 371 458 554
58.8 4 73.5 92 143 206 281 367 464 573 693
73.5 5 88.2 110 172 247 337 440 557 687 832
88.2 6 102.9 128 200 289 393 513 649 802 970
102.9 7 117.6 147 229 330 449 586 742 916 1109
117.6 8 132.3 165 258 371 505 660 835 1031 1247
132.3 9 147 183 286 412 561 733 928 1145 1386
147 10 161.7 202 315 454 617 806 1021 1260 1525
161.7 11 176.4 220 344 495 673 880 1113 1374 1663
176.4 12 191.1 238 372 536 730 953 1206 1489 1802
191.1 13 205.8 257 401 577 786 1026 1299 1604 1940
205.8 14 220.5 275 430 619 842 1100 1392 1718 2079
220.5 15 235.2 293 458 660 898 1173 1484 1833 2217
235.2 16 249.9 312 487 701 954 1246 1577 1947 2356
249.9 17 264.6 330 515 742 1010 1319 1670 2062 2495
264.6 18 279.3 348 544 783 1066 1393 1763 2176 2633
279.3 19 294 367 573 825 1122 1466 1856 2291 2772
294 20 308.7 385 601 866 1179 1539 1948 2405 2910

Oxygen

6 0.41 20.7 23 36 52 71 92 117 144 175
7 0.48 21.7 24 38 54 74 97 123 151 183
8 0.54 22.7 25 40 57 78 101 128 158 192
9 0.61 23.7 26 41 59 81 106 134 165 200
10 0.68 24.7 28 43 62 84 110 139 172 208
11 0.75 25.7 29 45 65 88 115 145 179 217
12 0.82 26.7 30 47 67 91 119 151 186 225
13.083 0.89 27.783 32 51 73 99 130 164 202 245
29.4 2 44.1 51 80 116 157 206 260 321 389
44.1 3 58.8 69 107 154 210 274 347 429 519
58.8 4 73.5 86 134 193 262 343 434 536 648
73.5 5 88.2 103 161 231 315 411 521 643 778
88.2 6 102.9 120 187 270 367 480 607 750 907
102.9 7 117.6 137 214 309 420 549 694 857 1037
117.6 8 132.3 154 241 347 472 617 781 964 1167
132.3 9 147 171 268 386 525 686 868 1071 1296

616 / High Energy Electron Beam and Laser Beam Welding



Stainless steels can contain up to approxi-
mately 18% Cr and 8% Ni by weight. They
are highly resistant to corrosion due to a protec-
tive Cr2O3 film that naturally forms on its sur-
face when exposed to free atmosphere. This
Cr2O3 oxidation film also reduces the exother-
mic oxidation of iron with O2, thus lowering
the benefit of using O2 assist gas compared to
N2. The Cr2O3 has a much higher melting tem-
perature than iron, and during cutting, the same
protective film of Cr2O3 solidifies around dro-
plets of molten metal and sticks to the bottom
edge of the kerf, thus creating stalactites called
dross. Oxidation of nickel creates a black film
coated on the dross ends (Fig. 19). To reduce
dross, stainless steel is often laser cut with N2

assist gas. The high pressure of N2 assist gas
requires large consumption of nitrogen and
therefore increases processing costs. At equal
laser power and equivalent cut-edge quality,
the maximum thickness that can be cut dross-
free for stainless steel is a little under half of
that for mild steel. This has an impact on the
cost of operation, as illustrated in Fig. 20.
Aluminum Alloys. After steels, aluminum

and aluminum alloys are most significant in
terms of industrial laser-cutting applications.
Just as with stainless steel, aluminum is quickly
oxidized when exposed to free atmosphere and
forms an Al2O3 autoprotective surface film that
prevents further corrosion penetration. This thin
Al2O3 film oxidation also limits the benefit of
oxidation with O2-assisted laser cutting. Simi-
larly, the same film is also responsible
for dross formation because of the much
higher melting temperature of 2300 K (2025
�C, or 3680 �F) for Al2O3 compared to
only 950 K (675 �C, or 1250 �F) for
aluminum. For these reasons, aluminum
is mostly laser cut with compressed air or,
most often, with N2 assist gas for optimal
quality.
Titanium and Nickel Alloys. The aerospace

and energy industries represent some of the
largest users of titanium alloys and nickel
alloys, because these metals exhibit high tough-
ness and high strength-to-weight ratio advan-
tages over more common metals, including
aluminum and steel. Nickel alloys such as
Monel (66% Ni, 30% Cu), Inconel 600 (76%
Ni, 15% Cr, 8% Fe), and Hastelloy (57% Ni,
16% Cr, 15% Mo, 6% Fe) are known for their
high corrosion resistance under acid chemical
environments and high temperature.
During oxygen-assisted thermal cutting, tita-

nium reacts with O2 in a highly exothermic
reaction, and even with neutral gases such as
N2 in an environment at elevated temperatures
above approximately 480 �C (895 �F). This
highly reactive reaction of titanium can gener-
ate vigorous-to-explosive flame plumes detri-
mental to fine, intricate feature cutting.
Cutting titanium alloys with an inert assist gas
such as argon yields cutting speeds several fold
slower than cutting with O2 assist gas. Nickel
alloys can be cut with N2 assist gas for dross-
free cut quality.

Copper Alloys. Lasers can cut copper in
pure form or in alloy form, such as brass with
zinc as the main alloying element of approxi-
mately 33%, or bronze with tin as the main
alloying element of approximately 10% con-
tent. Copper alloys are difficult to laser cut
because of a combination of high thermal con-
ductivity (Table 9) and a high reflectivity
to laser beams, particularly the higher wave-
length (Fig. 17). Even though oxidation of
copper by oxygen is moderately exothermic
compared to steel oxidation, O2 is still
preferred over N2 assist gas when laser cutting
copper alloys because it yields significantly
higher cutting speed. Figure 21 illustrates laser
cutting of various metals, including copper

tubes with solid-state laser sources, thanks
to better absorptivity of copper to the 1 mm
wavelength.
Table 10 compares the heat energies

needed to melt and vaporize a reference
volume element of three materials: steel, alumi-
num, and stainless steel. These energies
represent only a fraction of the laser beam
energy needed, because most of it is wasted
by reflection, transmission, conduction, con-
vection, and radiation. In addition, other
quality restrictions, such as edge smoothness
and dross, or material properties, such as
optical reflectivity, elevate the requirements
for quality cutting beyond the plain heat ener-
gies input.

Fig. 14 Typical cutting speeds for N2 versus O2 at CO2 laser powers of 4 kW versus 2 kW. The lower the power, the
more O2 contributes to speed. At high power, the higher the thickness, the larger the relative contribution of

O2 to speed; at thin gages, faster speeds are achieved with N2 than with O2.

Fig. 15 Oxygen-assisted laser cutting showing the influence of cutting speed on cut quality. Courtesy of Air Liquide-
CTAS Cutting and Welding R&D Laboratory
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Wood, Plastics, and Synthetic Materials.
Lasers can cut wood very effectively with O2

assist gas. The die board industry is very
vibrant, with over 5000 members in North
America alone. Die boards are thick wood tools
with narrow kerf cuts through which metal
blades are inserted. These tools are used to cut
cartons and papers, such as for the packaging
used for pizza delivery and beer pack boxes
(Fig. 22). Most die board cutting is still being
done with routers. However, to enable
more sophisticated three-dimensional blade
inserts, laser cutting has become the
manufacturing tool of choice, gaining market
share versus all other wood-cutting technolo-
gies at a phenomenal growth rate. With a
2200 W CO2 laser, 12.7 mm (1/2 in.) thick ply-
wood material can be cut at a feed rate of 62
ipm (158 cm/min) using bifocal technology
(Ref 19).
Lasers cut plastics, acrylic plastic sheets,

synthetic materials, and even clothing fabrics
in industrial applications. Just as for wood, ade-
quate air filter systems are recommended to
keep the atmosphere safe for operators.
Because polyvinyl chloride can produce toxic
chlorine vapors when cut with a thermal pro-
cess, it is highly recommended that no thermal
process be used to cut it.

Surface Conditions

Some metals coming out of hot rolled mills
exhibit oxidation in the form of corrosion or,
even worse, have oxide scale inclusions on their
surfaces. These oxide inclusions have hardness
and melting temperatures much higher than
the base material; such differences in properties
yield cutting defects, and set-up parameters
must be readjusted. For these reasons, mill
scales and corrosion are generally undesirable
for laser cutting. Some steel materials are speci-
fied to be pickled and oiled to remove these and
other surface contaminants; they yield a higher

Fig. 17 Dependence of metal surface reflectivity on
laser light wavelength. YAG, yttrium-

aluminum-garnet. Data extracted from Ref 15

Fig. 19 (a) Features of edge quality for laser cutting. The striations observed on the cut-edge surface are indicative of
a cut front line with three zones: a smoother cut area at the top, a rougher break area at the bottom, and a

hanging dross area. For a high-quality cut, the break and the dross should be minimized or eliminated. (b) Dross-free,
smooth cut edges for aluminum (cut with N2 assist gas), stainless steel (cut with N2 assist gas), and mild steel (cut
with O2 assist gas)

Fig. 18 Oxide scales cut withO2 assist gas have a shiny, dark-blue appearance and flake off from the cut edge. They are
detrimental to downstream painting and welding operations. Gouging leaves deep crevices that flare in the

direction of the assist gas flow; they usually indicate excess heat from too much laser power or too much O2 flow rate.

Fig. 16 Influence of gas pressure set-up on laser-cutting performance. (a) O2 assist gas with mild steel. (b) N
2
assist

gas with stainless steel. Courtesy of Air Liquide-CTAS Cutting and Welding R&D Laboratory
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feed rate, more stable and repeatable cutting
process, and better edge quality. Mill scales
can also be shot blasted away with ceramic dust
particles. However, the hard ceramic particles
must be brushed away from the surface after
shot blasting is completed.

Comparison between Laser and
Traditional Cutting Processes

The various cutting technologies differ by
their range of applications, process tolerances,

as well as variable and fixed costs (Ref 20).
Table 11 summarizes the differences between
three material-removal cutting technologies:
laser cutting, water-jet cutting, and plasma
cutting.

Principles of Laser-Drilling
Processes

Laser drilling has been used in production for
decades in the aerospace industry to drill

cooling-channel holes in aircraft engine turbine
blades (Ref 18) (Fig. 23). In a typical nickel
alloy aircraft engine turbine blade, laser-drilled
cooling channels have diameters approximately
0.5 mm (0.02 in.) wide and can run as deep as 5
to 25 mm (0.2 to 1 in.). The cooling air from
these holes is used to create a cold air-film layer
across the surface of the turbine and to prevent
combustion gases that are hotter than the melt-
ing temperature of the turbine material from
directly contacting the turbine (Ref 21). Laser
drilling also has applications in micromanufac-
turing, such as for drilling microholes of 0.1
mm (0.004 in.) diameter to depths exceeding
0.5 mm (0.02 in.) in surgical needles in the
medical industry, and also in the semiconductor
industry, such as for photovoltaic cells. The
production of photovoltaic silicon film with
thickness under 200 mm requires lasers to drill
holes of diameter as small as 30 mm (Ref 22) at
a rate of 20,000 holes per second. Galvano-scan-
ner mirrors enable the synchronization of high-
speed, high-acceleration positioning of the laser
beam with high-frequency beam pulsing.
Drilling holes with lasers is done with two

main techniques: percussion drilling and tre-
panning. Figure 24 illustrates examples of four
drilling practices that derive from these two
main techniques: single- and multiple-pulse
percussion drilling, trepanning, and helical
trepanning.
Percussion drilling is similar to the piercing

process described to initiate laser cutting in that
laser pulses of high energy create enough
power density to almost instantaneously vapor-
ize a certain volume of material. The amount of
energy per volume of material to be vaporized
can be written as:

E ¼ r Cp�solid Tf � Tð Þ þ Lf
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

Melt

þ
2

4

Cp�molten Tv � Tfð Þ þ Lv
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

Vaporize

� (Eq 12)

where r is the density of the material; Cp repre-
sents the specific heat for the solid and molten
materials, respectively; L represents the latent
heat for fusion and vaporization in accordance
with the subscript; Tf and Tv are the fusion
and vaporization temperatures, respectively;
and T is the starting room temperature of the
workpiece. It is known that Cp varies with tem-
perature; for approximation purposes, Eq 12
includes the first-order approximation that Cp-

solid is constant from room temperature, T, to
Tf, and that Cp-molten remains constant from
melting point, Tf, to vaporization point, Tv.
Table 10 lists comparative values of these para-
meters for steel, aluminum, titanium, and
Inconel alloys; some variations are to be
expected, depending on the nature and relative
quantity of alloying elements and heat history.

Fig. 20 Cost comparison for cutting of stainless steel and mild steel. Because high-pressure N2 assist gas is required
for cutting stainless steel, the cutting costs are approximately double those for cutting mild steel. Adapted

from data courtesy of BLM Group

Table 9 Physical properties of common metals

Material Thermal conductivity, W/(m � K) Viscosity at melting temperature, 10�2 poise

Melting temperature

K �F

Mild steel 30 6.1 1810 2798
Stainless steel 17 . . . 1864 2896
Aluminum 6101, 7075 T6 218 4.5 873 2912
Aluminum 5456, 5083 117 4.5 873 2912
Copper 370 3.36 1356 1981
Brass 121 3.42 1193 1688
Inconel 17 . . . 1778 2741
Titanium 110 . . . 1943 3038
Chromium 26 0.684 2148 3407
Nickel 94 . . . 1726 2647

Source: Ref 16, 17
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For the single-pulse mode, a single pulse suf-
fices to achieve the drilling depth required. In
the multiple-pulse mode, each pulse digs pro-
gressively deeper into the material until the
desired drilling depth is produced. If the work-
piece is not drilled all the way through, the hole
is called a “blind hole.” At each pulse, vapor-
ized material is ejected out of the hole by recoil
pressure (Fig. 25). The vapor ejection occurs at
high speed under the recoil pressure from the

bottom of the hole in formation. Thanks to a
Venturi effect, the vapor plume drains with it
some molten metal droplets along the walls of
the hole. These droplets resolidify into slag
deposited on the workpiece surface and could
potentially damage it.
With the percussion technique, the laser beam

is kept in a stationary position relative to the
workpiece. For the trepanning techniques, the
laser beam is maneuvered by a numerically

controlled mechanism into a motion relative to
the workpiece during the drilling process. The
shape of this motion determines the shape of the
drilled hole. Generally, the trepanning technique
is used to drill holes that are larger than the laser
beam spot diameter (Eq 1–3).
Typical lasers used for drilling are transverse

excited atmospheric CO2 lasers and Q-switched
CO2 lasers (10.6 mm wavelength) (Ref 23),
YAG lasers (1.064 mm), fiber lasers (1.07
mm), copper vapor lasers (0.511 and 0.578
mm), and even excimer lasers (0.193 to 0.308
mm) that can achieve drilling by ablation, used
predominantly in nonmetals due to their short
ultraviolet wavelength.
Table 12 illustrates examples of set-up para-

meters representative of drilling of various
metals with a solid-state 1 mm laser such as a
YAG laser.

Hole Quality

When piercing to initiate laser cutting, the
quality of the pierced hole is not very impor-
tant. For most drilling applications, however,
specific quality factors are generally imposed.
For example, in applications where the drilled
holes are channels for fluid dynamics, such as
for turbine blades, or when they determine elec-
trical efficiency, such as for solar cells, the fol-
lowing quality criteria may have to be kept
under control for the laser-drilling process to
be validated for production:

� Parallelism or taper of the walls of the
drilled holes

� Variations in inside diameter or inside
dimensions when not cylindrical along the
depth of the hole

� Surface roughness inside the hole
� Presence of slag inside the walls of the hole
� Depth of a recast layer; the presence of

microcracks developing from the recast
layer

� Presence of resolidified metal droplets or
other slag particles on the workpiece surface

� Degree of oxidation that can potentially be
promoted at high temperature

In general, imposing quality factors negatively
affects the throughput capability and quality pro-
cess capability, Cpk, of a laser-drilling operation.

Ultrashort High-Energy Pulses for Laser
Drilling

One method to increase the hole quality in
terms of reducing or eliminating recast layers
and slag projections is to use ultrashort pulsed
laser beam output with high energy per pulse.
Some of these lasers reach several Joules of
energy per pulse, with pulse duration as low as a
few femtoseconds. Consequently, under each
pulse of several terawatt/cm2 of power density,
a volume of material instantaneously evaporates
without giving time for conduction to heat the

Fig. 21 (a) High-volume, three-dimensional (3-D) production CO
2
laser cutting of automobile steel components.

Courtesy of Trumpf Inc. (b) Cutting of copper tubes with fiber laser. Courtesy of BLM Group. (c) B-pillar
component illustrating guidelines for reducing speed and consequently adjusting power, required at small-radius
features when performing 3-D cutting. Arrows show regions where cutting speed is reduced. Courtesy of Trumpf Inc.

Table 10 Estimated heat energy that must be absorbed by a metal workpiece to heat, melt,
and vaporize a control kerf volume of 1 mm3 is tenfold larger than the heat energy to heat
and melt the same control volume. Results can vary significantly from alloy to alloy but
remain within the same order of magnitude.

Control kerf volume is 1 mm3 Steel Aluminum Titanium Inconel

Density (r), kg/m3 7858 2700 4510 7900
Fusion temperature (Tf), K (�F) 1803 (2786) 933 (1220) 1941 (3034) 1673 (2552)
Vaporization temperature (Tv), K (�F) 3273 (5432) 2600 (4220) 3533 (5900) 3180 (5264)
Latent heat of fusion (Lf), J/kg 2.67 � 105 3.97 � 105 4.40 � 105 1.45 � 105

Latent heat of vaporization (Lv), J/kg 6.30 � 106 1.08 � 107 9.83 � 106 6.40 � 106

Specific heat for solid metal at room temperature (Cp), J/kg/K 460 963 658 462
Specific heat for molten metal at melting temperature (Cp), J/kg/K 627 1087 650 658
Heat energy to melt a control kerf volume, J 7.5 2.7 6.9 6.2
Heat energy to vaporize a control kerf volume, J 64.3 36.8 55.9 64.6

Source: Ref 16–18
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surrounding material. It generally results in the
elimination of slag projections when laser dril-
ling most materials and, in the case of drilling
metals, the elimination of recast layers
(Fig. 23). Such high irradiance could neverthe-
less damage the optical elements used in the
beam-delivery system; indeed, the fused silica
material used, for example, for lenses for solid-
state lasers has a reported damage threshold of
approximately the terawatt/cm2 level.

Principles of Laser Shock-Peening
Processes

Laser shock peening is a mechanical process
intended to increase the fatigue and fretting
resistance of a workpiece by producing a com-
pressive residual stress within the material. A
pulsed laser beam capable of being focused into
high energy density per pulse creates a high-
amplitude shock wave that propagates from
the surface into the workpiece, to the point of
plastically deforming layers of material and
thereby inducing a residual compressive stress
(Ref 25). In the laser shock process, the work-
piece is generally coated or covered with a
compound such as tape or paint; this compound

Fig. 22 (a) Cylindrical die board being laser-cut. (b) Ready-to-ship die board with steel rule blades inserted, and gray
rubber pads with pressure-sensitive adhesives to prevent cardboard from sticking to the die after the cut.

(c) Examples of corrugated boxes for pizza delivery cut with die board steel rule dies. (d) Acrylic plastic sheets can
also be cut with lasers.

Table 11 Comparison between laser cutting, water-jet cutting, and plasma cutting
All values are approximate.

Parameter Laser cutting Water-jet cutting Plasma/fine plasma cutting

Cutting process High-power density light absorption heats up the material
beyond its melting and vaporization points. Pressurized
assist gas flushes molten and vaporized material through
the kerf.

High-pressure water beam, with or
without abrasive, “files” the material
away. No or negligible heat is
generated.

An electrical arc between electrode and workpiece ionizes a
beam of pressurized gas to extreme temperatures (>15,000 K),
which heats up the material beyond its melting point and
flushes molten metal through the kerf.

Three-dimensional
processing

No problems Difficult and not recommended No problems

Processed materials All materials All materials Electrically conductive metals
Practical range of
application
metal thickness
in the field

Metal thickness up to approximately 32 mm (1.25 in.). Cutting of stone, ceramics, and up to
25 mm (1 in.) thick metals.

Preferable for metal thickness between 32 and 50 mm (0.125
and 2 in.)

High-pressure assist gas can cut as thin as 0.8 mm (0.030 in.).
Cutting of any nonmetal

Gages thinner than approximately 32
mm (0.125 in.) are difficult to
process.

Hardware
consumables

Focusing lens, intra- and extracavity mirrors, nozzle tips Nozzle and all high-pressure
components, such as valves, hoses,
and seals

All torch components (nozzles, electrodes)

Specialty
consumables

Lasing gases: 10 L/h (for CO2 lasers only) Abrasive: 36 kg/h (79 lb/h) None

Fluid consumables Assist gases: 15 bar N2: 1000 SCFH(a) Water: 60 L/h Assist gases: 80 psi N2 = 500 SCFH(a)
1.5 bar O2: 100 SCFH 80 psi O2 = 500 SCFH

Kerf width relative
to laser-cut kerf
width

1:1 3:1 4:1

Cut-edge quality Cut surface will show a striated structure. Sand-blasting appearance Cut surface will show a striated structure; bevel-cut edges.
Metallurgical
change in heat-
affected zone
(HAZ)

Deformation, tempering, and significant hardness changes
may occur in the HAZ.

None Deformation, tempering, and significant hardness changes may
occur in the HAZ. Large-width HAZ

Eye safety CO2 laser: laser safety glasses; 1 mm laser: total enclosure
preferred

Standard safety glasses and protection
against contact with high-pressure
water jet are needed.

Safety glasses for electric arc processes

Noise safety Low-decibel (dB) noise level Above 85 dB, hearing protection
required

Above 85 dB, hearing protection required

Waste Cutting waste is mainly in the form of dust, requiring vacuum
extraction and filtering.

Large quantities of cutting waste occur
due to mixing water with cut
material and abrasives.

Cutting waste is mainly in the form of dust, requiring vacuum
extraction and filtering.

(a) SCFH, standard cubic feet per hour
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becomes vaporized instantaneously by each
laser pulse, resulting in high-temperature
plasma and a shock wave (Fig. 26). A film of
water flowing over the surface reflects the
shock wave back into the workpiece to produce
the compressive residual stress (Ref 26).
Figure 27 compares typical results of laser

shock peening with traditional shot peening.
Although the magnitude of the residual com-
pressive stress is of the same order, the com-
pressive stress generated by laser shock
peening extends much deeper below the surface
of the material, thus yielding greater fatigue
resistance and even local strain hardening.
Typical lasers used are solid-state lasers,

such as 1.05 mm wavelength neodymium-glass
lasers with pulses as short as 15 to 30 ns and
50 J/pulse energy. Generally, the beam-delivery
system of choice consists of mirrors and lenses
rather than a fiber optic, so as to yield the max-
imum focusability possible.
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Fig. 26 Shock-peening principle. Step 1: Laser pulse creates a blast wave on the part surface. Step 2: Water across
the surface forces blast energy into part. Step 3: Blast/acoustic wave imparts compressive residual stress.

Step 4: Part surface is covered in sacrificial material or postprocessed. Courtesy of GE
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Fig. 27 Laser shock peening reduces residual stress much more efficiently than traditional shot-peening techniques.
A titanium fan blade damaged by a foreign object (right) has 15 to 20 ksia high-cycle fatigue strength. A

typical aircraft turbine engine runs at approximately 35 ksia. The blade treated with laser shock peening has 90 ksia
strength, making it impervious to flying object damage. Courtesy of GE
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Microjoining with Laser and
Electron Beams
Gerald A. Knorovsky, Sandia National Laboratories

MICROJOINING with high energy density
beams is both an old and a new subject. It is old,
because some of the original work in both laser
and electron beam welding was done with rela-
tively low-power systems, and hence, the welds
made were small. It is new in that the progress
ofminiaturization in industry hasmade the desire
tomakemicrojoints rapidly and reliably a current
and exciting topic. In this article, the current state
of microjoining with both electron and laser
beams is summarized. Both techniques are still
immature, so this article is somewhat forward-
looking. Because bothmacroscale laser and elec-
tron beam welding are treated elsewhere in this
Volume, differences are emphasized tominimize
repetition. The reader is directed to those articles
to obtain a basic understanding of each process at
the macroscale.

Definition—What Is a Microweld?

For the purposes of this Volume, a microweld
is defined as any weld that has at least one
measured dimension (usually the thickness or
diameter) less than 1 mm (0.04 in). Even though
this value is a generous upper limit on weld size,
it starts to distinguish between what has been
known as microwelding for the past several dec-
ades, and which may more properly be called
“milliwelding.” A stricter definition would
reduce this upper limit by an order of magnitude
to approximately 100 mm.Where possible in this
article, examples are provided that adhere to the
stricter definition. This definition goes a long
way toward explaining the compelling attraction
of the laser and electron beam processes for
microscale welding. Simply put, it is their unique
ability to precisely and controllably provide
highly focused, high-power heat sources.

Microscale Physical Phenomena

To introduce the reader to phenomena that
affect the melting, coalescence, and solidifica-
tion needed for a successful microweld, this

section considers elementary physical processes
such as heat and fluid flow. (The reader is
directed to the lecture by Nobel Laureate E.M.
Purcell, “Life at Low Reynolds Number,” for
another, and unique, perspective of fluid
dynamics and its consequences for microscopic
life, Ref 1).

Transport

Energetics. To melt material either in a spot
weld or along the path of a seamweld, a sufficient
amount of energy must be deposited during the
time that the beam dwells at each location.
Assuming a fusion-zone volume approximated
by a cube of 100 mm on a side for simplicity (1
� 10�3 mm3) and noting that on the order of 10
J/mm3 are required to melt typical metals (Ref
2), the input energy required (at 100% melting
efficiency) is approximately 10 mJ. The local
beam dwell period for a continuous or modulated
beam seam weld can be approximated by the
impinging beam diameter divided by the travel
speed. At a dwell time of �1 ms, equivalent to a
typical small laser spotweld or one pulse of an
overlapping spot laser seamweld at a travel speed
of 50 mm/1ms (�50mm/s) (successive spots typ-
ically overlap by at least 50% in such welds),
the beam power required would be 10 mJ/1 ms
(�10 W).
Because highly focusable beam power sources

(single-mode fiber lasers and small electron
beam welders) of up to �1 kW are presently
available, quite fast travel speeds should be ener-
getically possible. At 1 kW, still assuming a cubic
fusion zone 100 mm on a side and its energy
requirement of 10 mJ, the dwell time necessary
is reduced to 10 mJ/1 kW = 10 ms, corresponding
to a travel speed of 100 mm/10 ms = 10 m/s (32.8
ft/s). Such speeds are not compatible with com-
puter numerical control (CNC) table translation
speeds, suggesting that laser scanner heads or
magnetic lens electron beam rastering will be
necessary to take advantage of the available
power.
Diffusion Distances. The thermal diffusion

distance (dt) corresponding to the beam dwell

time can be used to estimate the heat-affected
zone (HAZ) size. The thermal diffusivity (a)
of metals varies between 0.1 and 11 � 10�5

m2/s (Ref 3), which gives the range of thermal
diffusion distance in 10 ms, dt � (4 � a � t)1/2
as 6 to 70 mm (Ref 4). In contrast, at the 5 ms
dwell time typical for a small macroweld, the
thermal diffusion range is 140 to 1500 mm.
These time and size scales are important to con-
sider when fixturing geometry and material
choices are being made, and when HAZ ther-
mal effects in microparts are being evaluated.
Thermal diffusion in the fusion zone is often

overwhelmed by convective heat transfer. In
simplified conduction-only models, the large
effect of convection is often simulated by an
“enhanced” thermal diffusivity, typically taken
as 2 to 5 times greater than that of the solid
state. This enhancement may be different in dif-
ferent directions (e.g., greater in the depth
direction than the in-plane direction), to better
simulate actual fusion-zone geometry depth-to-
width ratios.
The mass diffusion coefficient for metals in

the liquid state (Ref 5) is often approximated
as �10�9 m2/s, which is approximately 4 orders
of magnitude less than the thermal diffusivity.
Applying the same equation (using DL rather
than a and dwell times as given previously,
the mass diffusion distance (dm) is calculated as
�200 nm for a 10 ms dwell time and �4 mm for
5 ms. This distance is useful when considering
the expected distances over which compositional
microsegregation may exist. Another factor
influencing compositional homogenization in
a dissimilar-metal fusion zone is convection, dis-
cussed in the following section.

Forces Acting on Microwelds

In the previous section, fluid convection
was noted as providing enhanced thermal trans-
port and affecting segregation in weld fusion
zones. Because of these major effects, the
various forces driving (and resisting) fluid
flow are analyzed in more detail. After discuss-
ing each force, a summary tabulation is given,



highlighting which forces have enhanced
importance in microwelds.
Driving Forces. Fluid flow in welds is driven

by the force of gravity, viscous aerodynamic
drag, the magnetohydrodynamic (Lorentz) force,
surface-tension-driven forces (Marangoni flow),
and the reaction force from rapid evaporation
(Newton’s second law).
Clearly, shielding-gas-driven viscous aerody-

namic surface drag does not apply in the vacuum
of an electron beam chamber, and because laser
shielding gas flow is not driven by an arc plasma
jet, nor does it apply for the laser beam case.
(A more quantitative discussion of viscous shear
forces in liquids, that is, a condensed fluid, is
given in a later section, “Resisting Forces,” in this
article).
Current-driven magnetohydrodynamics (MHD)

clearly does not apply in laser welding, because
no electric current is present. Because the current
density of an electron beam microwelder is low
(even though its power density can be quite high,
due to the few tens of kiloelectron volts, or keV
accelerating voltage), MHD effects do not apply
to electron beam microwelds either. (In gas tung-
sten arc welding,MHDeffects start to predominate
at currents beyond approximately 150 A, Ref 6,
with an arc diameter of �1 mm, corresponding to
an order of magnitude estimate current density of
�150 A/mm2. In the case of an electron beam
microweld, the beam current is �100 mA, and the
beam diameter is �50 mm, resulting in a current
density of �100 � 10�6A/(50 � 10�3)2 mm2 =
0.04 A/mm2, more than 3 orders of magnitude
lower. For a more quantitative discussion of MHD
effects, see Ref 7.)
Gravity generates two types of force in the

fusion zone. The first is the buoyancy force on
a submerged object (e.g., an inclusion, or bub-
ble). Archimedes’ principle states that this force
is equal to the weight of the fluid displaced. The
net force on the object must take into account
that it may have weight also. Thus, the net force
is given by Fnet = gDr V, where g is the gravi-
tational acceleration, Dr is the difference in
density between the object of interest and the
fluid it is immersed in, and V is the volume of
the object. The buoyancy force is usually
minor; however, it factors in when materials
of significantly different densities are being
welded, or when porosity is generated. Changes
in fluid density are also created by either tem-
perature gradients or by compositional gradi-
ents in an otherwise homogeneous fluid (i.e.,
local inhomogeneity, rather than a discrete
object). The buoyancy force generated is pro-
portional to volume. However, so is the mass
of the volume of interest; thus, the acceleration
is volume-independent.
The second gravity-induced force is the

metallostatic head pressure, given by pm =
grh, where h is the height and r is the density
of the fluid column above the location of inter-
est. This force scales with the vertical extent of
the fusion zone. Given a concurrent relative
increase in the effect of surface tension (see
the next section), gravity-induced out-of-

position effects on the weld pool shape are
expected to be minimal in beam microwelds.
Marangoni flow originates from the change

in surface tension with temperature. It is a shear
force and only acts at surfaces, although its
consequences can dramatically influence fluid
flow in a weld fusion zone (Ref 8). This driving
force is calculated as:

tM ¼ ds=dr ¼ ðds=dTÞðdT=drÞ

where s is the liquid/vapor surface tension, T is
the temperature, and r is the distance. Typical
values for ds/dT range from approximately
�0.3 � 10�3 N/m-K for a pure metal or 0.36
� 10�3 N/m-K (note the sign change) when a
surface-active element is adsorbed on the sur-
face (Ref 9). The flow is driven from the area
of low surface tension toward that of high sur-
face tension regardless of the sign of ds/dT.
Estimating the magnitude of dT/dr in a

macroweld as dT/dr � 1200�/0.005 m (dT is
approximated as the difference in boiling and
melting temperatures, Ref 10), then ds/dr �
þ�70 Pa (0.01 psi). Again, this is a shear stress
and not a pressure, as in the normal case of cap-
illarity. The magnitude of the shear stress,
although small when the temperature gradient
extends over centimeters, increases by 4 orders
of magnitude and becomes quite appreciable
when it extends over micrometers. Finally,
because the surface tension temperature coeffi-
cient can be either positive or negative, the flow
can be up or down the temperature gradient,
causing significant changes in metal flow.
The last driving force to be considered is

evaporative recoil-driven flow (Ref 11). Intense
surface heating causes a high local evaporation
rate, and the momentum of the evaporated
metal atoms creates a reaction force that
depresses the surface of the melt and may be
sufficient to cause the formation of a cavity,
or keyhole. With the formation of this cavity,
the displaced liquid must flow elsewhere, often
resulting in a raised crown around the molten-
zone periphery and, in extreme cases, ejection
of molten metal from the pool. This force is
important for both laser and electron beam pro-
cesses. For a given recoil pressure (evaporative
force/unit area), the net overall effect with
respect to size will depend on the resisting
forces (the topic of the next section). Because
the major resisting force will be surface tension,
which increases at small size scales, the ten-
dency to keyhole should be reduced or, alterna-
tively, will need higher-intensity beams to
achieve an equivalent (geometrically similar)
behavior.
Resisting Forces. The previous section dis-

cussed driving forces; in this section, resisting
forces are examined, of which the two most
important are viscosity and capillary surface
tension. They are also known as restoring,
retarding, or dissipative forces.
The force due to viscosity is due to the inher-

ent tendency of a fluid to resist being sheared
and is given by:

tyx ¼ �m dux=dy (Eq 1)

where tyx is the shear stress due to viscosity, ux
is the velocity in the x-direction (assumed to be
the direction in which the shearing motion is
occurring), and y is the other direction in the
shear plane, normal to the shearing direction.
(This same equation applies for the case of the
aerodynamic viscous drag force mentioned in
the previous section, “Driving Forces,” except
the viscosity coefficient scales with density
and is thus several orders of magnitude smaller
when viscous force due to a gaseous fluid is cal-
culated, all other factors being constant.) This
simple linear equation describes so-called New-
tonian flow; other types of flow will raise
the differential term to a power other than 1.
Typical values of m (the absolute viscosity) for
molten metals are �5 to 7 � 10�3 Ns/m2 for
molten iron and �1 � 10�3 Ns/m2 for molten
aluminum (Ref 12). As an example, for fluid
flow in the unmixed layer next to the solid
HAZ of a steel macroscale weld, dux � 0.1
m/s (0.3 ft/s) and dy � 0.1 mm (0.004 in.),
resulting in tyx � 6 Pa (0.0009 psi). In a micro-
weld, the entire fusion zone may be smaller
than the boundary-layer thickness noted previ-
ously. This implies that any flow in such a pool
is close enough to a boundary to be strongly
affected by it, implying that viscosity has an
increased importance. Indeed, for microscale
fusion zones, calculation of the Reynolds
number (ruxD/m), which gives the ratio of
inertial to viscous force terms, shows it to be
quite small, because it is proportional to
the characteristic size D. For the aforemen-
tioned macroweld example, using data for steel,
the Reynolds number is �1000; by simply
changing D to 0.1 mm, it drops to 10. With
a decrease in velocity, it will decrease
even more. Among other implications, low
Reynolds number flows tend to exhibit little
turbulence and do not mix very well (Ref 12);
thus, dissimilar-material microwelds may be
more inhomogeneous than a similar geometry
but larger macroweld.
Surface tension (more correctly, the liquid/

vapor surface energy) acts as a restraining force
by attempting to minimize the surface area of a
liquid/vapor interface. For a fluid with mean
surface curvature k, the surface tension gener-
ates an internal hydrostatic pressure p (also
called the capillary pressure), given by:

p ¼ sk (Eq 2)

Values of s � 0.5 to 2 N/m (or N-m/m2 = J/m2)
are typical for liquid metals (Ref 13). The cur-
vature, k, of a surface is given by:

k ¼ ð1=r1 þ 1=r2Þ (Eq 3)

The two terms in the right side of the equa-
tion are the principal curvatures, that is, the cur-
vatures of lines in the surface at the point of
interest with the largest and smallest values.
The curvature of a line is given by the inverse
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of the radius of the circle that best approxi-
mates the line at the point of interest. (For a
cylinder of radius r, the principal curvatures
are 1/r and 1/1; thus, the mean curvature is
1/r. For a sphere of radius r, both principal cur-
vatures are the same, 1/r; thus, the mean curva-
ture is 2/r.) In a macroweld with a mean surface
curvature equivalent to a surface radius of �5
mm, the pressure created is �400 Pa (�0.06
psi). Surface tension forces are increasingly
important for microwelds because their magni-
tude increases linearly with surface curvature.
Assuming that the applicable radii of liquid
shapes on the fusion-zone surface scale with
the overall size (i.e., geometrical similarity),
surface tension effects will increase as the
fusion-zone size decreases. If, instead of a
5 mm surface radius as mentioned previously,
the surface radius is 5 mm, the capillary pres-
sure will be 400 kPa (�4 atm). Because of the
increased effect of surface tension relative to
other forces in microwelds, one may expect that
the surfaces of microwelds will be (relatively)
smoother than macrowelds.
Other Forces. Thermal expansion and con-

traction act on the solid material surrounding
the fusion zone and can produce sufficient force
to create buckling or tearing, depending on
whether the force is in compression or tension.
Because the beam processes generally have a
free liquid surface, the molten zone by itself
can support relatively little stress. However, if
contact between the parts being welded exists,
and certainly after solidification, thermal
stress/strain can be generated. The thermal
expansion-induced stresses and strains created
by melting are calculated in two steps (the con-
stants used subsequently are for steel). First the
linear expansion strain (per unit length of mate-
rial) from ambient to the melting temperature is
calculated from:

em ¼ a�Tm

(This neglects the additional expansion upon
melting.) Then, the stress needed to recompress
back to the original length is calculated from:

sm ¼ Eem

where a is the average linear coefficient of ther-
mal expansion, �10�5; DT is the temperature
difference from ambient to melting, �1500 �C
(2730 �F); and E is Young’s modulus, �210
GPa (Ref 3). Substituting, Em � 0.015 and sm

� 3 GPa. Clearly, the linear elastic assumptions
made are violated by this enormous stress, and
plasticity and/or fracture will intervene. Fur-
ther, none of the aforementioned factors are
dependent on the size scale.
Even if the parts are not fully restrained and

large forces are not generated, just the motion
of parts expanding and contracting becomes of
interest. Let a micropart be held a distance of
1 mm (0.04 in.) from the beam aim point,
assumed to be at its edge. For simplicity,
assume a linear temperature gradient from

ambient to the melting temperature is estab-
lished from the clamping point to the edge
where the beam impinges. The edge of the
workpiece will move �Em/2 = 7.5 mm, which
is comparable to the beam diameter and which
must be allowed for when programming the
beam aim point.
Momentum effects can be due to pool slosh-

ing, workpiece acceleration/deceleration, and
impingement of material into the pool. In most
instances, microbeam welds will be autoge-
nous, so one can neglect this last source. The
force due to pool sloshing can be estimated
from:

f = dP/dt = d(mv)/dt
� 2 (Pool mass � Pool velocity)

/ (Slosh period/2)

where P is the momentum vector, m is the mass
of the pool, v is the pool maximum velocity,
and t is time. The factor of 2 comes from the
reversal of motion, and the pool velocity is esti-
mated from:

v � Surface displacement (Peak-to-valley)

/ (Slosh period/2)

A hemispherical volume of steel of radius
1 mm (0.04 in.) has a pool mass of 0.3 g
(0.01 oz.). With a surface displacement of
�0.2 mm (0.008 in.) and a period of 5 ms
(Ref 14), the magnitude of f is calculated
as �20 mN. It has been found that the natural
period of molten pools varies as the square
root of the pool mass (Ref 14), and because
the pool mass varies with the cube of the radius,
the period should vary with the size to the 3/2
power. It is assumed that the surface displace-
ment exhibits geometric similitude with size.
Combining, the aforementioned force
equation is expressed in terms of size depen-
dencies as:

f � Mass (/ Size3)

� [Displacement (/Size1)/Period (/Size3/2)]

/Period (/Size3/2)� Size

While geometrical similitude predicts a linear
size dependence for the surface displacement,
elsewhere it is argued that surface tension
will have a larger retarding effect at small size
scales. Thus, a less-than-linear surface displace-
ment dependence on size may be expected, in
which case the size to the first power dependence
predicted for sloshing force may be an over-
prediction. Data comparing surface velocities of
millimeter-sized laser welds versus centimeter-
sized gas tungsten arc welds seem to confirm a
weak dependence on size, at least in macrowelds
(Ref 15–17).
Forces due to external motion (i.e., a CNC

stage accelerating the part through a sharp cor-
ner) are again given by F = dP/dt. For the case
of a part accelerating around a corner, this
transforms to:

f ¼ mv2=r

Assuming a 1 mm (0.04 in.) hemisphere fusion
zone, a velocity of 25 mm/s (0.08 ft/s), and a
radius of 0.1mm (0.004 in.), the force on the pool
calculates to be �2 mN. For a 100 mm hemi-
sphere microweld (keeping the same velocity
and radius), the value decreases to 2 mN.
A compilation (Ref 18) of representative

values for the forces/stresses described previ-
ously, contrasting macro and micro situations, is
given in Table 1. Equivalency between stress/
pressure and force assumes a 1 mm� 1 mm area
or 1 mm� 1 mm� 1 mm cube for macro forces
and 10 mm� 10 mm square or 10 mm� 10 mm�
10 mm cube for micro forces. The last column
highlights the fact that surface-related stresses
are extremely important in the microworld, and
mass- or momentum-related stresses are more
important in the macroworld.

Beam-Material Interactions

Typical welding laser photons and
electron beam welder electrons interact differ-
ently with materials, losing their energy
by way of differing physical mechanisms.
Photons produced by a welding laser are �1
eV energy (Ref 19) and react with the valence
electrons of the workpiece, which are of com-
parable energy (Ref 20). This energy transfer
is quantized (massless photons travel at only
the speed of light, unlike electrons that can
have variable velocity); hence, the photon loses
all or none of its energy to a prospective target
valence electron. The excited electrons in turn
can give a part of their energy to other electrons
or can emit a lower-energy photon. The net
effect of these interactions results in a high
metallic reflectivity for typical laser wavelength
photons. Because the valence electrons are
delocalized in metals and form a continuous
layer at the surface, this interaction happens at
the surface in the first atom layer or two; thus,
the energy deposition is highly localized to the
surface.
In contrast, the multi-keV electron beam

welder electrons interact with the fields of
the atom inner electrons (Ref 20). These scat-
tering locations are more widely spaced;
hence, the electrons can penetrate much
deeper than photons into the lattice before inter-
acting (micrometers of penetration instead
of nanometers). Thus, the heating effect is
more volumetric, although the surface
heating is still quite appreciable. X-rays, back-
scattered electrons, and secondary electrons
that are also produced reduce the net energy
input (especially for higher-atomic-number
elements), but the energy-transfer efficiency
for the electron beam is considerably
higher than for a laser beam of comparable
intensity.
With a sufficiently energetic beam (laser or

electron), a keyhole may develop in the weld
fusion zone; in macrowelds, the laser beam
may reflect within the keyhole several times,
multiplying the single-event absorption
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efficiency by the number of reflections (Ref
21). This situation is not likely to occur in
microjoining, where the limited part thickness
will generally imply that if a keyhole is
achieved, it will go all the way through the
thickness, reducing the opportunity for multiple
reflections. Thus, laser microwelds will proba-
bly exhibit lower energy-transfer efficiency
than macrowelds.
Stability of the Keyhole. Because micro-

welds usually take place in parts that are
thin, the typical microfusion zone is full pene-
tration, and a simple surface energy analysis
(Ref 22) of such a keyhole will yield some
interesting conclusions relative to its stability.
Assume that a cylindrical keyhole of radius r
exists in a cylindrical spot weld fusion zone of
radius R and depth h. The negative pressure
created by surface tension on the cylindrical
keyhole surface is given by s/r, where s is
the liquid/vapor surface tension of the liquid.
The evaporative recoil pressure generated by
beam heating of the keyhole surface balances
the surface tension force and keeps the
keyhole open. The liquid/vapor surface area
S of the fusion zone with keyhole is ap-
proximated by S = 2p(R2 � r2 + rh). The
change in surface area versus the keyhole
radius is dS/dr = 2p (h � 2r). The rate of
change of dS/dr shifts from positive to negative
when h = 2r. If h > 2r, equivalent to a rela-
tively deep, small-diameter cavity, dS/dr > 0,
which implies that a decrease in keyhole radius
will result in a decrease in surface and hence
surface energy. To preserve this keyhole, the
evaporative recoil pressure must be present, or
it will close up. On the other hand, if h < 2r,
corresponding to a wider keyhole, dS/dr is neg-
ative, and the keyhole will decrease
its energy by expanding, even without an

increase in recoil pressure, suggesting that it
will not close up when the beam is shut
off. This latter condition suggests that a lack
of coalescence will occur, or that a drilling con-
dition rather than a welding condition exists.
Because only the depth-to-width ratio is criti-
cal, this stability analysis is independent of
size scale.
In a previous paragraph, it was noted

qualitatively that surface tension effects
tend to decrease the tendency to keyhole as
the size scale decreases. The aforementioned
stability analysis shows in a more
quantitative manner that the evaporative pres-
sure needed to keep a keyhole open will
increase inversely as the keyhole radius shrinks.
The energy input/unit area of the keyhole sur-
face will similarly need to increase to obtain a
higher evaporation rate and hence recoil
pressure.
Humping. When taking advantage of the

high travel speeds afforded by the intense
beams available from both laser and electron
beam welders, the problem of weld bead sur-
face morphology instability known as humping
is likely to take place, as pictured in Fig. 1(b)
(Ref 23). This is a result of rapid convective
fluid flow created by the beam, together with
convergent flow channels imposed by the
solid/liquid (edge of fusion zone) and solid/
vapor (keyhole interior surface) interfaces in
the weld pool. For a given-sized weld pool, a
smaller beam diameter creates a smaller key-
hole, which in turn affords larger fluid chan-
nels, reducing the maximum flow velocity
attained in the pool (V � vd/(D � d), where V
is the fluid flow velocity, v is the pool travel
speed, and D and d are as pictured) and reduc-
ing the humping tendency, as shown in Fig. 1
(a) and (c).

Process Description

Suitable Equipment

As of this writing (2011), microjoining elec-
tron beam welders are just becoming commer-
cially available. Most work to date has been
done with converted scanning electron micro-
scopes (SEMs), with the modifications ranging
from simple substitution of the filament to a
higher-current-capacity one (e.g., thoriated tung-
sten versus pure tungsten) and removal of the
objective aperture, to actual modifications of the
column, where beam-shaping apertures are mod-
ified to allow more current down the column.
Small electron beam welders are commercially
available, but they tend to be most useful at the
less strict submillimeter definition of microscale
rather than the strict sub-100 mm definition.
Minimally modified SEMs can produce�1W

of beam power at beam diameters of �10 mm,
moderately modified SEMs can produce �5 W
at �20 mm beam diameter, and small electron
beam welders are capable of several hundred
watts at �100 mm beam diameter. The moder-
ately modified SEMs and small electron beam
welders also have much better beam and/or part
motion controls, which are capable of producing
actual seam welds, rather than being restricted to
spot welds.
The situation with respect to laser micro-

welding is much better, because the ability to
produce diffraction-limited beams with suffi-
ciently excellent optical elements and apertured
beams has always been available, if expensive
and inefficient. With the advent of kilowatt-
power single-mode fiber lasers, obtaining dif-
fraction-limited Gaussian beams has become
almost routine, even employing conventional
optics.

Table 1 Macro versus micro comparison of forces acting on the weld pool

Force origin Macro example magnitude: pressure/stress force Micro example magnitude: pressure/stress force
Ratio of pressure/stress magnitudes:

micro/macro

Driving forces

Gravity metallostatic head 0.8 kPa (0.12 psi) 0.8 mN (0.0002 lb) 20 Pa (0.003 psi) 0.002 mN (5 � 10�10 lb) 0.025
Gravity buoyancy force (Drg): �1

Autogenous(a) 2 kN/m3, 20 mN (0.005 lb) 2 kN/m3, 2 mN (5 � 10�7 lb)
Dissimilar(b) 50 kN/m3, 50 mN (0.01 lb) 50 kN/m3, 5 mN (1 � 10�6 lb)

Aerodynamic shear stress 70–400 Pa (0.01–0.06 psi) 70–400 mN (0.00002–
0.00009 lb)

70–400 Pa (0.01– 0.06 psi) 7–40 pN (2 � 10�12 to 9
� 10�12 lb)

�1

Marangoni shear stress 70 Pa (0.01 psi) 70 mN (0.00002 lb) 0.7 MPa (101 psi) 70 mN (0.00002 lb) 10,000
Laser or electron beam driven
evaporation

1.5–7 kPa (0.2–1.0 psi) 1.5–7 mN (0.0003–0.002 lb) 1.5–7 kPa (0.2–1.0 psi) 0.15–0.7 mN (3 � 10�8 to
2 � 10�7 lb)

�1

Resisting forces

Liquid viscosity shear stress 6 Pa (0.0009 psi) 6 mN (1 � 10�6 lb) 6 Pa (0.0009 psi) 0.6 pN (1 � 10�13 lb) �1
Surface tension pressure 2 kPa (0.3 psi) 2 mN (0.0004 lb) 200 kPa (30 psi) 20 mN (4 � 10�6 lb) 100

Other forces

Thermal expansion (linear) 3 GPa (435 ksi) (ambient-to-molten) 3 kN (670 lb) 3 GPa (435 ksi) (ambient-to-molten) 0.3 N (0.07 lb) �1
Pool sloshing 200 mN (0.04 lb) 20 mN (4 � 10�7 lb) 0.0001
Stage motion, centrifugal 40 mN (0.009 lb) 40 nN (9 � 10�9 lb) 0.000001

(a) Due to temperature gradient only in steel. (b) Due to compositional gradient only, aluminum vs. copper dissimilar-density combination. Source: Ref 19
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Spot Sizes. The optical diffraction limit and
various lens aberrations set the smallest easily
achievable beam diameter for visible and near-
infrared wavelength lasers at �10 mm (Ref
24). In the case of electron beams, high-quality
SEM or electron probe microanalysis instru-
ments routinely focus their probe beams to a
diameter < 1 nm. The several-watt electron
beams needed for microwelding cannot be
focused as sharply as those used in electron
microscopes (Ref 25); however, even for
extremely sharply focused beams, electron
absorption effects increase the beam/material
interaction volume to a few-micrometer radius,
which limits their effective minimum size,
rather than the free-space focused beam diame-
ter. Figure 2 shows a Monte Carlo calculation
(Ref 26, 27) that simulates the path of electrons
impinging on a solid. Thus, an effective mini-
mum diameter of �10 mm is appropriate for
electron microwelder beams as well as lasers,
although this can be decreased if low accelerat-
ing voltages are used. (For comparison pur-
poses, high-power electron beam or

multimode laser macrowelders typically
employ beam diameters of �0.5 to 1 mm, or
0.02 to 0.04 in., although they are capable of
much smaller diameters, <0.1 mm, or 0.004 in.)
Beam Monitoring. Measurement of the

beam size and current for microjoining electron
beam systems is done with a Faraday cup, in
the same manner as for large electron beam
welders. (The Faraday cup is a standard piece
of equipment for every SEM and transmission
electron microscope, or TEM, as well.) The
beam current is measured by directing the
entire beam into the cup, and the size is
measured by rastering it across either the
edge of the Faraday cup aperture or across an
electron-opaque element held above the cup,
which may be a straight edge such as a razor
blade. The time dependence of the energy
reaching the cup may be used to imply the dis-
tribution of energy in the beam versus the posi-
tion, although the assumption of radial
symmetry is made. More sophisticated techni-
ques involve traversing the beam in a circular
path across a series of slits arranged in a radial

array. Computed tomography (CT) techniques
can then be applied to reconstitute the beam-
intensity distribution, without making any sym-
metry assumptions (Ref 28). The major differ-
ence between the micro-CT technique and the
macro is that the slits used in the macrobeam
technique are small with respect to the beam
diameter, and this is not practical when the
beam size is only 10 to 50 mm in diameter.
An added differentiation of the beam energy
versus time is thus required, which adds some
experimental uncertainty, as does the decreased
signal-to-noise levels when dealing with very
small current beams.
For microlaser beams, as for the electron

beam case, the techniques employed for macro-
laser beams are still applicable, with some
adaptation. Again, more care will be required
to deal with ambient electrical noise, and more
sensitive photon detectors may be required.
Laser beam analysis systems with photodiode
arrays of sufficient dimensional resolution are
not yet available for focused beam use, so
a defocused condition must be measured;
however, with the advent of commercial high-
resolution digital photography, higher-
resolution arrays will undoubtedly become
available in the near future, should demand
arise. The simplest technique for macrolaser
beam spot size determination—drilling a hole
in a thin polymer film (typically 0.05 mm, or
0.002 in., thick Kapton polyimide, E.I. du Pont
de Nemours and Company)—can be emulated
at the microscale by using a thin graphite layer
physically deposited onto a glass microscope
slide. Fused silica may be necessary to avoid
cracking of the glass if the laser beam is suffi-
ciently energetic.
Both fiber laser and electron microbeams

have excellent depth of focus. This capability
will broaden the tolerance of both processes
with respect to beam focus position.

Metallurgical Consequences

Effect on Cooling/Solidification Rates. The
combination of fixturing needed to align and
clamp microparts into intimate contact, plus
the fact that melting temperatures do not scale
with size, will tend to increase the temperature
gradients seen by microparts during welding.
This in turn will result in increased cooling
rates compared to macrowelds. It is well known
that rapid solidification can change the micro-
structures obtained when compared with those
resulting from more sedate cooling rates.
Examples include the changeover from ferritic
to austenitic primary solidification in stainless
steels (Ref 29), to more extreme cases where
amorphous solids are formed rather than crys-
talline (Ref 30). In the case of stainless steels,
the change to austenitic solidification can have
negative weldability consequences relative to
hot crack formation (Ref 31).
When cooling rates are increased, so are

solidification rates. The ratio of gradient to
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liquid/solid interface velocity, G/v, must be
determined to predict whether plane front, cel-
lular, or dendritic solidification will be favored
in alloys being microwelded. Calculations
(Ref 32) indicate that for both spot and seam
laser microwelds, the G/v ratio decreases with
size. The breakdown from a planar to a den-
dritic solidification interface occurs by the
mechanism of constitutional undercooling,
which involves solute partitioning at the inter-
face, atomic diffusion of the solute, and con-
vection in the molten pool. The condition
for plane-front breakdown is given as G/v <
DT0/D, where DT0 is the temperature difference
between the liquidus and solidus at the nominal
composition of the material solidifying, and D
is the diffusion rate of the alloy element in the
liquid phase. For 304 stainless steel, calcula-
tions indicate that plane-front instability should
be expected to occur in microwelds (Ref 33).
Because of solute partitioning between the

liquid and solid, in alloy solidification a
steady-state composition profile develops after
an initial solidification transient, and a final
transient often results in multiphase (eutectic
or eutectic-like) terminal solidification. The ini-
tial transient length is given by dtr � 4D/vk,
where k is the partition coefficient (characteris-
tic ratio of solidus to liquidus compositions
over the solidification temperature interval).
Using physical parameters appropriate to 304

stainless steel, the initial transient distance cal-
culated is small, <1 mm. The terminal transient
can be approximated by twice the excess com-
position buildup boundary layer (�4D/v) (Ref
34) in front of a solidifying interface, �4(7.5
� 10�9 m2/s/0.1 m/s ) = 3 � 10�7 m, assuming
a travel speed of 100 mm/s (0.3 ft/s). With fas-
ter travel speeds, the terminal transient will
continue to decrease.
In cases of extremely rapid travel speed

welds (several meters per second) using raster-
ing/scanning techniques, it is conceivable to
apply the absolute stability criterion posed by
Mullins and Sekerka (Ref 35) and given by:

li � 2p½ðD�=v�T0Þ�1=2

where li is the critical wavelength below which
perturbations will decay rather than grow
because of surface energy, G is the Gibbs-
Thomson coefficient (= s/Dsf = surface ten-
sion/entropy of fusion per unit volume), and
the other terms are as defined previously. While
the value for li is quite small (�0.025 mm), it
has been calculated that the limit will occur at
solidification rates of �1 m/s (3.3 ft/s) (Ref
34). At yet faster speeds, partition-less solidifi-
cation may become possible. Models suggest
that a velocity of > 7.5 m/s (24.6 ft/s) would
be required in stainless steel alloys (Ref 36).
No experimental evidence of either of these

phenomena are presently available. One specu-
lates that the latter limit could be more easily
achieved by microwelding of bulk metallic
glasses, which tend to solidify to the amorphous
state at more moderate cooling rates.
Diffusion-Limited Kinetics. A consequence

of the extremely short dwell times/rapid cooling
rates possible in microwelding is that diffusion-
limited phase transformations may be sup-
pressed, especially for those transformations that
have incubation periods that are longer than the
thermal cycle available. In particular, recrystalli-
zation and grain growth in theHAZwill probably
not occur. If phase transformations do occur, the
likelihood is that either short-range diffusion
(massive) or diffusion-less (martensitic)
mechanisms will be responsible.
Unmixed Zone. When etched metallo-

graphic sections of dissimilar-metal macroscale
laser and electron beam welds are examined,
fusion zones typically exhibit incomplete mix-
ing as evidenced by a marbled structure. It is
also very common to see dendritic solidification
structures, and further, one often sees an
unmixed resolidified layer at the boundary with
the unmelted HAZ. The thickness of this
unmixed zone varies with the welding process
and is controlled by the viscosity of the fusion
zone and the fluid flow conditions obtained at
the solid/liquid interface. A typical thickness
for this stagnant layer in a macroscopic arc
weld can be on the order of a few tens of micro-
meters (Ref 37), that is, equivalent in size to the
entire fusion zone of a microweld!
Ripples. Macro- and milliscale welds often

exhibit a finely rippled (and sometimes surpris-
ingly regular) surface topography, caused by
solidification of waves of material “sloshing”
back and forth due to the liquid pool resonant
modes of motion. In microwelds, these effects
are modified by the magnified effect of surface
tension and the relative sizes of the mass and
thermal diffusion distances. Smaller fusion
zones have been determined to have higher res-
onant frequencies by several investigators.
For an object exhibiting sinusoidal motion

given by d = d0sin(ot), where d is the instanta-
neous displacement, d0 is the amplitude of the
displacement, o is the angular frequency (2pf,
where f is frequency), and t is time, the velocity
is given by the derivative of the displacement,
and the acceleration (proportional to force, by
way of f = ma) by the second derivative. The
velocity is thus v = od0cos(ot), and the acceler-
ation is a = �o2d0sin(ot). The power expended
is given by the product of the force and veloc-
ity, P = �mo3d0

2sin(ot)cos(ot). Thus, for a
given vibrational power level, P, o3/2d0 will
be a constant, implying that higher-frequency
vibrations will tend toward lower displace-
ments, resulting in a less rippled surface, even
without taking into account surface tension.
Surface Contamination. The most likely

routes for contamination to enter a fusion zone
are by way of pre-existing contaminated sur-
faces and gaseous contamination from inade-
quate shielding by inert gas or insufficient
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vacuum. The latter will tend to be proportional
to the instantaneous melted surface area
exposed (contamination by adsorption of the
HAZ and diffusion into the fusion zone may
also occur but will be neglected). In a lap weld
completely across two thin sheets of total thick-
ness t, the surface area melted by a completely
penetrated weld of uniform width w and length l
is given by A = 4lw + 2tw. The volume of
the weld is given by V = ltw. The surface-to-
volume ratio is thus given by A/V = (4lw +
2tw)/ltw. Assuming that the length of the weld
is greater than either the thickness or width,
A/V � 4lw/ltw = 4/t. Thus, the surface-to-vol-
ume ratio will be inversely proportional to the
weld thickness.
A form of self-contamination may occur

from redeposition of vapors created by the
high-intensity beam. In macrowelds, this layer
is often removed with an alcohol swab; how-
ever, this will not be possible with microparts.
Avoidance of keyhole formation may be neces-
sary, and this will restrict the maximum power
that may be employed. Indeed, given this
restriction, the heat sinking applied by part fix-
turing may need to be carefully evaluated, or
the acceptable window of power/travel speed
may become quite small.
In addition to the development of pre- and

postweld cleaning techniques, there will be an
equal need to keep cleaned parts free from
recontamination before (and after) welding.
This will require attention to packaging and
transport containers and processes. Laminar-
flow clean benches or rooms will probably be
necessary, as will be suitable training of person-
nel to use only clean utensils to handle
microparts.

Fixturing and Process Controls

Fixtures. To produce reproducible micro-
welds, extreme emphasis must be placed on
suitable fixturing. The two-dimensional nature
of most microwelds implies that the thermal
fields are laterally much more extensive than
those typical of three-dimensional welds; thus,
the relative length of material that may expand
due to thermal effects is greater than for typical
macrowelds. Furthermore, thin sheet materials
are extremely sensitive to buckling when
placed in compression; thus, the macroscopic
tendency to clamp everything securely in place
may not be sufficient to ensure a good micro-
weld. It is already clear from pioneering work
in Germany (Ref 38–40) that butt welds are
extremely difficult to achieve, and lap, fillet,
and edge welds will be much more practical.
Such geometries inherently allow for some slip-
page of one part face-to-face with the other,
reducing buckling tendencies. Similarly, cross-
wire welds are more practical than in-line
welds. Investigators have found that it is desir-
able to incorporate spring-loaded restraints,
which allow for some motion of the parts being
welded while keeping them in good thermal

contact. One advantage of laser welding
over electron beam welding is that photon-
transparent materials exist that may be used to
physically clamp together the two parts being
welded, while the laser beam is transmitted
through the clamp material to the joint location.
Fused silica has been successfully used as such
a clamp (Ref 41).
Unfortunately, fixturing necessary to restrain

parts and maintain intimate contact between
them also impacts the thermal field and acts as
a severe heat sink. Calculations show that such
heat sinks may increase the heat-input require-
ment manyfold over that needed to just melt
the materials of interest (Ref 18). Conversely,
if no heat sinking is present, it may be very
easy to overheat the parts being joined, because
thermal diffusion to nearby boundaries does not
take long for microscale parts (Ref 18). Meth-
ods of ensuring reproducible thermal contact
will need to be developed.
Finally, for very small parts, it may become

useful to employ heat-flow calculations that
take into account the wave nature of heat flow,
rather than the usual Fourier conduction equa-
tion (Ref 42).
Parameter Control Requirements. Another

important factor in reproducible microwelds
will be in precisely controlling the beam
energy, travel speed, travel path, beam focus
(spot size), and any pulsing or modulation
applied to the beam.
Closed-loop process controls will need to

employ high-bandwidth methods, because the
characteristic times for microjoining processes
will be quite short. Because it is likely that
beam rastering will be employed rather than
part motion, techniques to evaluate and correct
pincushion/barrel distortion and astigmatism,
when the beam is rapidly bent through large
angles, will need to be instituted.
Another reason to employ closed-loop con-

trols of beam energy is that heat sinking to part
fixtures is generally not very reproducible and
can have a major effect on the thermal history
of the parts being welded. Electron beam
microjoining may have an advantage over laser,
simply because the feedback control methods
will probably employ visual recognition techni-
ques, and good imaging is inherent with the
electron beam microprocess.
Beam Scanning versus Part Motion. One of

the problems with microwelding is that, com-
pared with photolithographic chemical methods
used for microchip production (or even pro-
cesses such as vapor-phase reflow soldering),
it tends to be a serial process with relatively
low productivity. The ability to rapidly scan/
raster the beam offers at least a partial parallel
processing option. It is possible to move both
laser and electron beams with great rapidity
(both are essentially momentum-less) and
excellent reproducibility. Examples of such
applications abound in the entertainment indus-
try. Cathode ray tube devices have been around
for many decades, and the ability to project rap-
idly changing images by way of micromirror

arrays is also a well-developed technology.
Existing laser scanners generally employ dual-
perpendicular-axis galvo-driven mirrors to pro-
vide beam scanning across an area, but because
these are relatively high-momentum devices,
they will no doubt give way to microelectrome-
chanical systems (MEMS) or entirely solid-
state methods in the future. Some examples of
rapid-scan scenarios are given in a later section.
For the electron beam microwelder, the

accelerating voltage can be readily controlled.
This affords the possibility of controlling the
relative penetration of the electrons and, conse-
quently, the distribution of heat in extremely
thin workpieces. When welding extremely thin
materials in a lap weld configuration, if the pen-
etration can be controlled to provide heating of
both layers rather than just the top layer,
improved coalescence may be promoted. Cal-
culations (Ref 43) show that this effect is feasi-
ble with accelerating voltages in the range of 10
to 40 keV. The thickness where this effect oper-
ates ranges from just a few micrometers for
nickel to �10 mm for silicon.

Postweld Metrology/Inspection

Visualizing and Measuring Microwelds.
Microwelds can be difficult to see, let alone
examine for conformance with requirements,
simply because of their diminutive size. After
all, 10 mm is only approximately 3 times the
diameter of a human hair. For this reason, elec-
tron beam microwelding has a distinct advan-
tage over laser microwelding, simply because
SEM-like capability can be easily integrated
into the welding system (assuming the welder
is not a converted SEM to begin with). Other-
wise, high-quality light optical or separate
SEMs will be needed. Metrological calibration
of such scopes will be needed to verify correct
sizes. (Calibration of digitally-reconstituted
images with high depth of field is still an active
area of development as of this writing in 2011.)
Nondestructive Evaluation Micro-

methods. Other nondestructive examination
approaches similar to those employed for main-
taining the quality control of microcircuits and
MEMS devices are plausible. These could
include hermeticity testing (although microvo-
lumes being tested will need careful consider-
ation of fine/gross leak testing time windows
and care to not overpressurize and collapse
them), ultrasonic probing (immersion C-mode
scanning acoustic microscopy), and, of course,
functional testing.
Handling. A remarkable feature of micropart

handling is that it is sometimes difficult to
release them once they have been picked up,
due to residual magnetic, electrostatic, or stic-
tion forces. Thus, handling tools will need to
be provided that are capable of precise motion
and positive, yet gentle holding, followed by
an equally positive release. Alternatively, it
may be necessary to hand off the parts from
the manipulation tool to an active holding
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device in the part holder. “Sticky” surfaces may
suffice for part holders, but they must avoid
transfer of deleterious contamination to clean
surfaces to be welded.

Techniques and Applications

In the following section, examples of devel-
opmental welds employing laser and electron
beam microwelding techniques are described.

Stationary Beam/Moving Workpieces

Moving the parts to be welded under a sta-
tionary beam is the conventional way in which
laser and electron beam welds have been made.
(Slight motion of the beam about its mean posi-
tion, as in a circle, bar, or other geometrical
shape pattern-generation positional modulation
schemes, is allowed within this classification.)
The following examples of electron beam

microspot and seam welds were accomplished
with a moderately modified SEM (Ref 39).
Another example, shown in Fig. 3, shows laser
microwelding of stainless steel foil with a high-
brightness fiber laser of moderate power. Thin
stainless steel foils that ranged in thickness
from 10 to 30 mm were welded successfully
with 25 W at a travel speed of 1 m/s (3.3
ft/s). The beam was focused to �10 mm diame-
ter (Ref 44, 45).
Particularly noted by the authors was that,

while contact between the foils was needed to
ensure coalescence of the two foils (Fig. 3b
shows decoalescence when a gap is present and
also shows humping in the top view of the two
foils after disassembly, third panel from the left),
heroic fixturing was not needed, because the con-
dition for dS/dr> 0 was obtained.

Rapid Beam Rastering/Scanning

An alternative approach to holding the beam
stationary while moving the workpieces is to
reverse the roles. Both laser beams and electron
beams are directed sources of energy and can
be readily and rapidly steered by mirrors or
magnetic lenses. Figure 4 shows schematically
how a rapidly rastered electron beam (up to
800 m/s, or 2625 ft/s) can provide both produc-
tivity and quality enhancements (Ref 46). The
two left figures schematically illustrate making
multiple welds essentially simultaneously to

improve productivity. The right figure shows a
gear being welded to a shaft with three simulta-
neous spots trisecting the weld circle, to simul-
taneously reduce distortion and improve
productivity.
Figure 5 shows the results of combining

either a local rotation or a transverse excursion
with a larger circular travel path on a 30 mm
foil of grade 1.4301 material (equivalent to
grade 304 stainless steel) (Ref 46), a technique
often used with electron beam macrowelders
to reduce root spiking and surface roughness.
In this case, the alternating step-function trans-
verse excursion simulated generating three con-
centric traces, rather than just acting to broaden
the beam. These bead-on-foil melt runs took
several seconds and correspond to many
retraces of the travel path, except for the trial
on the far left, which corresponds to a conven-
tional procedure where the heat source is loca-
lized and traces the weld path once, albeit
with circular beam “weaving.” The second col-
umn of panels keeps the same relative speed of
the two motions (100 to 1) but increases the
overall rate tenfold, thus tracing the circle 10
times. The middle column takes a different
approach, where the weaving is much slower
than the large-diameter circular path travel
speed (�1.6 m/s, or 5.2 ft/s), effectively pre-
senting a 0.5 mm (0.02 in.) narrow circular heat
source that is slowly changing its overall diam-
eter. The next two columns adjust the ratio of
the motions, with the fourth column slowing
the circular path travel speed to 160 mm/s
(0.5 ft/s) while increasing the diameter change
rate tenfold, while the fifth column returns to
the 1.6 m/s (5.2 ft/s) path velocity but increases
the weave frequency in a manner to approxi-
mate a circular heat source but with significant
width. The oscilloscope traces, taken at a con-
stant beam persistence, show the temporal
behavior of the beam for a time period of
�30 ms. Highly retraced fusion pathways
appear to accentuate grain-boundary grooving
of the fused area and may not be useful.

Laser Spike Welding

Laser spike welding (Ref 47) is an attempt to
deal with the difficulty of ensuring intimate
contact in lap welds. In this technique, the
initial laser power setting creates, by way of
conduction-mode heating, a fully penetrated
fusion zone in the upper layer; then, its power

is increased to a level that generates sufficient
recoil force to drive the diaphragm-like pool
into contact with the bottom layer. This recoil-
force-driven contact must last for sufficient
time for the upper pool to adhere to the bottom
layer, either by causing superficial surface melt-
ing or by way of a brazelike adhesive bond.
While the gap that may be bridged is only lim-
ited by the ability of the upper pool to extend
without becoming unstable, the technique is
limited by the bondability of the lower layer.
If, for example, the lower layer is highly con-
ductive, it may be difficult to heat it sufficiently
to cause bonding via either melting or adhesion.
Certainly, for the second mechanism, surface
cleanliness will be critical. If the brazelike
bonding approach can be made to work, this
technique may be useful for joints between
incompatible (intermetallic-compound-form-
ing) dissimilar-metal pairs.
An example of the technique successfully

applied to 250 mm thick X8CrNi1812 stainless
steel foils is shown in Fig. 6. Gaps of up to
100% of the individual foil thickness were suc-
cessfully bridged. With large gaps, the conical
depression of the top surface may become
objectionable; if so, a second cosmetic pass
can be applied.
While developed as a spot welding tech-

nique, the approach may conceivably be
applied to generate overlapping spot seam
welds. The pulse profile duration of �20 ms is
not excessively long, so productivity should
not suffer.
Because of the nonstandard pulse profile,

which incorporates a delayed power spike, a
laser with flexibly programmable pulse profiles
will be required.
While not reported, an electron beam version

of this technique should also be possible.

SHADOW Technique

SHADOW welding refers to a stepless, high-
speed, accurate, and discrete one-pulse weld-
ing technique (Ref 48) that was developed to
adapt laser macrowelding machines to the
microweld. In this technique, a single pulse
from a pulsed welding laser is translated rapidly
along the parting surface of the parts to be
joined, in effect tracing the entire weld seam
path during the single pulse. Pulses retracing

Fig. 3 Single-mode fiber laser lap welds in stainless steel foils of 10, 20, and 30 mm thicknesses. Source: Ref 44, 45
Fig. 4 Rapid beam rastering for productivity and

quality improvement
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the original pulse may also be added subse-
quently, perhaps using less power to stress
relieve or heat treat the weld zone. Either the
beam or the parts to be joined may be trans-
lated. For welds with circular symmetry,
spinning the workpieces at a sufficient rota-
tional speed is easy, although if the weld path
is not circular, a galvo-directed beam scanner
will be necessary. An early example of the
technique in the production of mechanical time-
piece parts is shown in Fig. 7. Advantages to
the SHADOW technique over ordinary pulsed
neodymium: yttrium-aluminum-garnet laser
welding include a significant reduction in heat
input (the rapid travel speed and single pulse
have much higher melting efficiency than an
overlapping pulse seam weld), less vapor rede-
position on the part, a smooth, ripple-free weld
surface, and less angular distortion of the shaft,
because the weld solidifies more or less simul-
taneously around the circumference, balancing
the residual stresses.

Another example of the SHADOW technique
in the production of miniature ball bearings is
shown in Fig. 8.
In both of these examples, the laser beam

was scanned on the part. In the example in
Fig. 9, the part was rapidly rotated under the
laser beam. The SEM image shows the excep-
tional weld surface smoothness achievable with
this technique. The continuous seam also was
found to aid in avoiding cracking by the high-
strength steel pins used to pin the disks
together.

Laser Droplet Welding

One of the major difficulties associated with
microjoining is the inability to add filler mate-
rial in a convenient manner. Generally, the only
way to add filler is to incorporate a preplaced
shim into the joint, and this is highly inconve-
nient when the parts are very small to start with.
Thus, metallurgical incompatibilities that can

be solved with the addition of the appropriate
filler prevent dissimilar pairings that are of
industrial interest and importance. Laser droplet
welding (Ref 51–54) is an approach that allows
controlled addition of filler metal to micro-
joints. Laser droplet welding has some similari-
ties to laser spike welding described earlier.
The process is described schematically in
Fig. 10. An initial low laser power, P1, creates
a molten droplet at the tip of an advancing wire.
After a brief period of even lower power, P2,
during which the droplet translates across the
multilaser beam focus point, a high-power
pulse, P3, vaporizes the wire behind the droplet,
detaching and propelling the droplet by vapor-
recoil force across a gap to the target location,
where the droplet wets, spreads, and resolidi-
fies. An example where droplets of pure nickel
are used to join thin sheets of stainless steel is
shown in Fig. 11, and an example where silver
droplets are used to join a silver foil onto a sil-
ver-coated silicon substrate is shown in Fig. 12.

Electron Beam Microwelding Fixtures

Many issues of both fixturing and weld
parameter choices are still to be resolved for
microjoining. Research is being actively pur-
sued to determine whether rapid beam rastering
relative to a single microweld (e.g., breaking
the beam path into segments and retracing the
entire path rapidly, as in Fig. 5, etc.) may affect
its development and reproducibility.
If beam microwelding processes are to suc-

cessfully evolve from the development labora-
tory to the production floor, it is clear
that much work remains. Some partial
solutions to fixturing issues are given in exam-
ples in Ref 38 that are representative of
electron beam microwelding scenarios (and
they would be expected to be of equal use for
laser microwelding). These examples were
accomplished with a modified SEM capable of
providing up to 6 W of power in a beam of
�20 mm diameter.
One example describes fixturing for an in-

line wire weld. As previously noted, cross-wire
welds of small-diameter wires are much easier
to accomplish than in-line geometry. However,
when such an in-line geometry is necessary, it
has been found useful to hold the wires together
under a moderate axial pressure provided by
spring loading of the clamping fixture (Ref
38). In the case of fillet seam welds, similar
concerns with consistent thermal contact and
foil buckling due to beam heating must also
be addressed. It has been found useful to apply
a lateral tensile preload to the substrate foil
when fillet welding two foils together (Ref 38).
Attempts at making butt welds have

been successful (Ref 38) with fixtures that
employ an aluminum substrate support plate,
a spring-loaded cover plate, and lateral spring-
loaded clamps butting the two workpieces
together. Thus, the adjustable fixturing
restrains the workpieces against both in-plane

Fig. 5 Effect of relative frequency of modulation for circular (top) and alternating sign step-function bar-type (bottom)
beam positional modulation relative to the overall path. Source: 46
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and out-of-plane motion, as well as provides
thermal heat sinking.

Future Trends

In the previous sections, it has mostly been
assumed that the beam microwelding processes
are used as heat sources for autogenous welds.
However, it is also possible that either the laser
beam or the electron beam can be used to cause
deposition of material from a vapor cloud
directed in the vicinity of the gap to be joined
(a quite rarefied cloud in the case of the nonla-
ser techniques). These techniques, laser-
enhanced chemical vapor deposition and
focused electron beam deposition by “cracking”
of organometallic gases, have been demon-
strated to effect repairs in microelectronic cir-
cuits (Ref 56).
Furthermore, the possibility of using ions, in

addition to electrons and photons, also exists.
(Ions are more effective at cracking the organo-
metallic gases employed, although they alloy
into the material deposited.) Focused ion beam
(FIB) and focused electron beam (FEB) instru-
ments available to the analytical community
are being used regularly to cut and manipulate
thin foils for examination by TEM instruments
(Ref 57). As part of this technique, the FIB is
used to cut thin specimens that are still attached
by a narrow bridge of material, then a manipu-
lation wand is spot welded to the foil by the
FIB or FEB technique, and finally the thin
bridges are cut away. Other investigators have
shown that this technique can be used to create
shapes and bonds in other geometries (Ref 58).
The downside to the FIB/FEB technique is that
it provides a very low deposition rate, and it can
be difficult to bridge relatively wide gaps. Nev-
ertheless, because the beams used can be very
low current, they retain their extremely small-
diameter focusing capability, such that nanome-
ter-sized structures can be created. An example
of such a deposit used to seal over etch holes
left in a MEMS device is given in Fig. 13
(Ref 46).
As a concluding note, the difficulty of

handling microparts has been noted repeatedly.
It is interesting to speculate that processes such
as laser shaping (and its electron beam analog)
may be used to fold portions of lithographi-
cally-produced foil structures into proper align-
ment, which would then be welded together and
finally cut away from the substrate to yield a
final composite structure without ever having
been handled, other than by the processing
beam (Ref 59).
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Procedure Development and
Practice Considerations for Inertia and
Direct-Drive Rotary Friction Welding*
Revised by Tim Stotler, Edison Welding Institute

ROTARY FRICTION WELDING is a solid-
state welding process that uses the compressive
force of the workpieces that are rotating or
moving relative to one another, producing heat
and plastically displacing material from the fay-
ing surfaces, thereby creating a weld. Process
variations include inertia, direct-drive, linear,
and radial friction welding, as well as friction
surfacing. This article provides information
about practice considerations for the two most
common variations: inertia and direct-drive
friction welding.
Inertia welding obtains the heat needed for

welding from stored rotational kinetic energy.
Figure 1 depicts the parameter characteristics
of the process. The inertia of the system is
changed by either adding or removing fly-
wheels from the rotating spindle that provides
rotary motion and/or by changing the spindle
speed.
After the inertial mass is set, the parts are

loaded in the machine (one in the spindle and
one in the fixture/tailstock). The spindle speed
and welding forces are set to predetermined
levels. The spindle is then accelerated to the
set speed. After this speed is attained, the drive
system is disengaged, allowing the flywheel
(and the part in the spindle) to effectively coast.
The stationary part is then brought into contact
with the rotating part, under a preset applied
force, causing frictional heating to begin. The
flywheel is stopped by the transition of its
kinetic energy into thermal energy (frictional
heating) at the welding interface. This energy
heats the part and allows forging to occur, dis-
placing material at the interface. A second-
stage force can also be used with inertia weld-
ing. This force is often referred to as an upset
force and can be programmed to occur at any

point in the deceleration of the spindle speed
or after the spindle has stopped.
Direct-drive friction welding differs from

inertia welding, primarily in how the energy is
delivered to the joint. Figure 2 depicts the char-
acteristics of this process. Direct-drive friction
welding, like inertia welding, has one of the
parts loaded into a rotating spindle while the
other is held stationary. However, the spindle
has a fixed mass. To start the process, the spin-
dle is set into motion at a constant speed. The

parts are then brought into contact under a
low force (termed first friction force, or preheat
force) and allowed to heat for a preset time or
distance. In most applications, a higher welding
force (termed second friction force, or welding
force) is then applied, which increases the rate
and amount of material extruded from the joint.
The second friction force is also controlled
through a preset time or distance. After the pre-
set time or distance has been reached for the
first two friction stages, the rotating spindle is

* Revised from T. Stotler, Procedure Development and Practice Considerations for Inertia and Direct-Drive Friction Welding, Welding, Brazing and Soldering, Vol 6, ASM Handbook, ASM
International, 1993, p 888–892

Fig. 1 Inertia welding parameter characteristics. Source: ANSI/AWS C6.1-89



brought to a stop using some type of braking
mechanism. Braking is typically done via
mechanical means (caliper-type brake) and/or
an electric-type brake in the spindle drive
motor. In most cases, a third increase in the
welding force (usually referred to as the upset
force) is applied at the start of or after braking
has completed. This upset force acts to consoli-
date the joint. In contrast to inertia welding,
where the microstructure at the interface
reflects a rotational-type forging, direct-drive
friction welding produces an axially forged
microstructure in the weld. However, if braking
times are increased, allowing the upset force to
be applied while the spindle may still be rotat-
ing, some rotational-type forging can be
obtained.
All friction welding processes induce a

torque into the parts to be welded. This reaction
torque induces work into the microstructure at
the weld area and often has a distinct benefit
to the strength of the joint. Typically, two
torque peaks are induced on the workpiece: an
initial peak when the parts are first brought into
contact, and a final peak when the spindle
decelerates to a stop. The first peak is related
to developing a steady-state thermomechanical
condition at the bondline. The final torque peak
is associated with mechanical work as the part
begins to cool. For inertia welds, this final
torque peak induces a twisting-type feature to
the microstructure that effectively refines the
structure. For direct-drive friction welds, there
is less of a twisting action to the microstructure.
The level of this final torque peak is directly
related to the rotating inertia of the spindle
and the applied forces as the spindle decele-
rates. As a result, the final torque peak is

typically higher, and related refinements in
microstructures are more commonly associated
with inertia welding. Conversely, direct-drive
systems typically both brake the spindle
(removing energy from the system) and apply
an upset force after the spindle has nominally
stopped. As a result, the final torque peak is
reduced compared to inertia welding. This
lower final torque peak behavior often produces
a microstructure that is more similar to that of a
forged part, with little twisting to the structure.
While this second torque peak can be advan-

tageous for improving local microstructures, a
reduction in these values can be beneficial in
certain applications. Such applications include
those where the workpieces themselves are sus-
ceptible to damage with higher torque loads.
For example, a thin-walled tube may buckle
under a high final torque peak. Selection of a
specific variant of friction welding, and the pro-
cessing conditions used, must be based on the
desired application, including component mate-
rials and resultant stiffness.

Tooling

Part of defining a set of welding parameters
and then qualifying a procedure is careful con-
sideration to the tooling design. Tooling
includes all the items needed to safely counter
the welding forces and torque loads imposed
on the part, as well as the tooling needed to pro-
vide proper alignment between the parts to be
welded. Misalignment of the two parts to be
welded, caused by poor tooling design, is often
found to be the cause of most friction weld
defects. Misalignment of a tube-to-tube joint

can cause a reduction in the effective weld area.
Tooling that is not sufficient to react the weld-
ing force(s) can prevent the weldment from
reaching the desired level of force, also leading
to a reduction in weld properties.
Tooling also refers to the items considered as

consumables, although these items have very
long lives. Tooling that makes contact with
the parts to be welded has a finite life due to
wear as the parts are loaded and unloaded from
the machine. An environment where the vol-
ume of welds to be made causes the tooling to
retain heat from part to part can also cause
wear. Each particular joint design and welding
rate will determine the frequency at which the
tooling must be replaced. However, the fre-
quency at which tooling changes occur should
not be high enough to adversely affect the cost
of the process. Wear of the tooling that contacts
the part can also cause misalignment or other
defects.

Procedure Qualifications

The following sections on welding parameter
design and welding of different material family
classes is intended to provide a baseline for ini-
tial development of a welding parameter set.
Once a parameter set has been developed, along
with the other necessary tooling and preweld
and postweld processing needs related to the
friction welding process, a welding procedure
specification (WPS) is developed. American
Welding Society (AWS) Document C6.2, “Spe-
cifications for Friction Welding of Metals,”
provides a guideline for development of a
WPS. Included are guidelines for the three clas-
ses of welds and the type of testing necessary.
Testing methods are also typically covered by
AWS B4.0, “Standard Methods for Testing of
Welds,” unless otherwise indicated by the
design needs of the weldment.
As part of the WPS, a process robustness

testing procedure is also conducted. The pro-
cess robustness defines the tolerance of the pro-
cess to manufacturing variability that often
occurs. Items included in the robustness defini-
tion could be each of the welding process vari-
ables, misalignment of the parts, part
cleanliness, tooling wear, and so on. The levels
at which each variable is tested are usually
selected at the extreme upper and lower ends
of each variable or at levels considered to be
the allowable engineering design limits.

Welding Parameters

Inertia Welding Parameter Design. Differ-
ences in part geometry (bar-to-bar, tube-to-
tube, bar-to-plate, and so on) affect the welding
parameters. The calculation procedures
described here are based on carbon steel. For
a given alloy system, inertia welding spindle
speeds are set within a specified range of sur-
face velocities. Surface velocities for welding

Fig. 2 Direct-drive friction welding parameter characteristics. Source: ANSI/AWS C6.1-89
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carbon steels in all geometries typically range
from 90 to 610 m/min (300 to 2000 ft/min).
The actual spindle speed (rev/min) is calculated
by:

rev=min ¼ 
S

pOD
(Eq 1)

where w, the conversion factor, is 12 for the U.
S. customary unit and 1000 for the metric SI
unit, S is the surface velocity (m/min or ft/
min), and OD is the outside diameter of the part
(mm or in.).
For solid bars and a fixed welding force,

lower surface velocities tend to reduce center
heating. Center heating is not an issue for
tube-type geometries, meaning there is greater
flexibility in the surface velocities used. The
effect of surface velocity on the heat pattern
in a solid bar is shown in Fig. 3.
As mentioned previously, rotating flywheels

are the source of energy for the inertia welding
process. During the friction welding force stage
where spindle deceleration occurs (Fig. 1), the
process is characterized by a loss of material
from the interface to the flash. Larger inertias
prolong the welding cycle. The calculation of
the flywheel energy that is needed to produce
a weld depends on the surface velocity, mate-
rial type, and joint geometry. As shown in
Table 1 for a solid bar of low-carbon steel, the
moment of inertia (expressed as wK2 in mass
units) is 0.18 kg � m2 (4.2 lb � ft2). This is found
by using Eq 2 and the approximate flywheel
energy (ET) of 63 N � m/mm2 (30,000 ft � lbf/

in.2) for the inertia welding of low-carbon
steels:

wK2 ¼ ETC

ðrev=minÞ2 (Eq 2)

where the value of C is 5873 for the U.S. cus-
tomary unit and 182.4 for the SI unit, ET is
the total flywheel energy, and the (rev/min)2

value is that for the spindle, which was calcu-
lated in Eq 1.
As mentioned previously, inertia welding has

flexibility in how the welding force can be
applied. Typically, a single force is used, but
a second-stage force can be implemented (Fig.
1). The typical pressures for welding carbon
steels range from 96.5 to 207 MPa (14 to 30
ksi). The second-stage force (forging force),
which can vary from 1.5 to nearly 4 times the
welding force, is usually determined through
experimentation. The effect of the welding
force on the size of the heat-affected zone is
inverse to that of surface velocity. That is,
welds made at low welding forces have heat-
affected areas resembling those produced with
high surface velocities (Fig. 3).
When designing an initial set of inertia weld-

ing parameters, the normal order of selection
can be summarized as:

� Choose the desired spindle speed (rev/min)
� Calculate the total moment of inertia (wK2)

that is needed for the required energy level,ET

� Choose the nearest available total moment of
inertia (wK2) level on the welding machine

� Recalculate the necessary spindle speed
using the selected total moment of inertia
(wK2) that is available on the machine

� Calculate the necessary welding force (and
upset force, if used)

Direct-Drive Friction Welding Parameter
Calculations. Similar to inertia welding, the
same equation (Eq 1) is used for calculating the
spindle rev/min value. Surface velocities for the
direct-drive friction welding of carbon steels
range from 76 to 182 m/min (250 to 600 ft/min),
with tube joints requiring slightly higher surface
velocities than joints using bars. Typical welding
pressure values for carbon steels range from83 to
166 MPa (12 to 24 ksi) for the second friction
force and from 166 to 332 MPa (24 to 48 ksi)
for the upset force. Although first friction forces
vary, they are typically 10 to 20% of the second
friction force. Examples of welding parameters
for bar-to-bar and tube-to-tube direct-drivewelds
are shown in Table 2.

Table 1 Typical inertia welding conditions
for low-carbon steel

Parameter Value

Bar-to-bar

Diameter, mm (in.) 25.4 (1)
Weld area, mm2 (in.2) 506 (0.78)
Total moment of inertia, wK2, kg � m2 (lb � ft2) 0.18 (4.2)
Speed
Angular velocity, rev/min 5725
Surface velocity, m/min (ft/min) 460 (1500)

Total force, kN (lbf) 68.9
(15,500)

Approximate upset distance, mm (in.) 3.8 (0.150)

Tube-to-tube

Outside diameter, mm (in.) 50.8 (2)
Inside diameter, mm (in.) 38.1 (1.5)
Weld area, mm2 (in.2) 886 (1.37)
Total moment of inertia, wK2, kg � m2 (lb � ft2) 1.23 (29.3)
Speed
Angular velocity, rev/min 2875
Surface velocity, m/min (ft/min) 460 (1500)

Total force, kN (lbf) 91.7
(20,600)

Approximate upset distance, mm (in.) 5.1 (0.200)

Fig. 3 Effect of welding variables on the heat pattern at the interface and flash formation of inertia welds. Source:
AWS Welding Handbook

Table 2 Typical direct-drive friction
welding conditions for low-carbon steel

Parameter Value

Bar-to-bar

Diameter, mm (in.) 25.4 (1)
Weld area, mm2 (in.2) 506 (0.785)
Speed
Angular velocity, rev/min 1100
Surface velocity, m/min (ft/min) 88 (290)

Second friction force, kN (lbf) 35.6 (8000)
Upset force, kN (lbf) 71.2 (16,000)
Approximate upset distance, mm (in.) 4.6 (0.180)

Tube-to-tube

Outside diameter, mm (in.) 50.8 (2)
Inside diameter, mm (in.) 38.1 (1.5)
Weld area, mm2 (in.2) 886 (1.37)
Speed
Angular velocity, rev/min 900
Surface velocity, m/min (ft/min) 143 (470)

Second friction force, kN (lbf) 48.9 (11,000)
Upset force, kN (lbf) 97.9 (22,000)
Approximate upset distance, mm (in.) 3.2 (0.125)
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Steels

Carbon Steels. Generally, most metals that
can be hot forged can readily be friction welded
with either process variant. Carbon steels, which
fall into this category, have been the fundamental
basis of welding-parameter calculations for both
inertia and direct-drive friction welding. Low-
and medium-carbon steels are the easiest to weld
and generally require no postweld heat treat-
ments. Higher-carbon and alloyed steels can also
be joined; however, a narrower welding-parame-
ter window is often evident than for low-carbon
steels. This is primarily due to the reduced
forging characteristics of the higher-carbon
steels. Steels that contain significant amounts of
free-machining elements, such as lead, also
can be friction welded. However, these free-
machining elements can cause undesirable
directional properties near the bondline and may
also act as dry lubricants that reduce frictional heat-
ing. Heat treatable steels also can be friction
welded. The rapid quenching of the weld area can
present hardenability concerns, and a subsequent
tempering or annealing proceduremay be required.
Hardenable steels such as these should be welded
with parameters that increase the welding time in
order to reduce the cooling rate.
Stainless steels are also commonly joined

using either friction welding process. Austenitic
and ferritic stainless steels are easily joined to each
other and to themselves.Because the heat treatable
stainless steels are sensitive to temperature and
pressure, a postweld thermal treatment may be
necessary to achieve the desired weld properties.
Precipitation-hardenable stainless steels are often
solution heat treated and aged after welding.
Welding parameters for stainless steels are

similar to those used with carbon steels. Surface
velocities for both bars and tubes fall within the
same range as for carbon steels for both process
variants. The flywheel energies, ET, and welding
forces for the inertia welding of stainless steels
are typically 30 to 50% higher than those for car-
bon steels. The welding forces for both process
variants are often 30 to 40% higher. Another fac-
tor relevant to the friction welding of stainless
steel is the location of the weld when subjected
to a corrosive environment. If possible, it should
be located outside of the corrosive environment.
In some instances, an increased corrosion rate
occurs near the weld.

Nonferrous

Aluminum-Base Alloys. Aluminum alloys
are commonly joined by friction welding. For
inertia welding, rotational forging will form
flow lines with radial patterns, as opposed to
the straight flow patterns produced with direct-
drive friction welding or flash welding. An
advantage for direct-drive friction welding is
that thin-walled aluminum tubes are somewhat
easier to join. This result is from the ability to
stop the rotation of the spindle before a forge
force is applied, effectively reducing the final

torque peak. Because severe hot working of
the two materials will occur, the heat-affected
regions of aluminum friction welds are very
narrow and have a fine-grained structure. In
addition, the severe hot working leads to
dynamic recrystallization at the interface.
Parameters for the inertia welding of alumi-

num alloys differ somewhat from those used
for carbon steel. The differences are due to
the higher thermal conductivity of these materi-
als. The surface velocities used for welding alu-
minum alloys are approximately 30 to 50%
higher than those used for carbon steel. Pres-
sures for inertia welding are significantly lower
than they are for carbon steels, ranging from 20
to 50% of those used for a similar-sized carbon
steel part. The flywheel energy is from 20 to
50% of that for carbon steel. For direct-drive
friction welding, the surface velocities are 10
to 50% higher than they are for carbon steel,
depending on the type of aluminum alloy.
Welding and upset pressures are typically 30
to 50% of those used for carbon steel.
Reactive and Refractory Metals. Of these

classes of materials, the titanium alloys have
been joined by friction welding the most fre-
quently. For the inertia welding process, titanium
alloys have flywheel energies that are similar to
or slightly lower than those of steel. Surface velo-
cities are typically at the higher end of the carbon
steel scale, ranging from values that are equiva-
lent to those used for carbon steel to values that
are 40% greater. However, welding forces are
lower, typically ranging from 30 to 40% of those
used for welding carbon steel. This difference is
attributed primarily to the lower thermal conduc-
tivity of titanium.
Work has been done using direct-drive fric-

tion welding for titanium, although to a lesser
degree than inertia welding. The welding para-
meters for the direct-drive friction welding of
titanium are similar to those of steel, with a
slight reduction in the welding forces. Most
friction-welded joints in titanium can be used
in the as-welded condition. However, some-
what better tensile and fatigue properties are
obtained if stress relieving or solution annealing
and aging procedures are used.
Zirconium has properties that are very simi-

lar to those of titanium. Therefore, initial weld-
ing parameters should be based on the
parameters for titanium.
Both friction welding processes can be used to

join molybdenum and tungsten. Current applica-
tions include the friction welding of molybde-
num and tungsten wires in drawing operations
for the lighting industry. There is not a significant
amount of friction welding information available
for niobiumand tantalum; however, it is expected
that these alloys can be successfully welded.
Copper-, Nickel-, and Cobalt-Base Materi-

als. Copper- andnickel-base alloys are commonly
friction welded. Copper alloys are also typically
used in a dissimilar-metal welding application
with aluminum. For inertia welding, surface velo-
cities are nearly twice those of carbon steel,
because of the high thermal conductivity of

copper. Flywheel energies and welding forces
are approximately 50% of those used for carbon
steel.
For direct-drive frictionwelding, higher surface

velocities would be required for copper, given its
high thermal conductivity. Welding forces would
also be lower, as they are for inertia welding.
Nickel-base alloys are routinely joined using

the inertia welding process, specifically in the
aerospace industry. Surface velocities are lower
than those of steel, typically no higher than
50% of that for carbon steel. However, because
of increased elevated-temperature properties,
flywheel energies and welding forces are nearly
double those required for carbon steels. After
inertia welding, the joint in heat treatable
nickel-base alloys is often subjected to a solu-
tion and aging treatment. This is needed to pre-
cipitate second-phase particles (that is, g0 and
g00) that have been taken back into solution by
the thermal cycle of the weld.
For direct-drive friction welding, the surface

velocities are approximately half those used
for carbon steel, whereas welding forces are
nearly double those used for carbon steel. The
welding procedures for cobalt-base alloys are
similar to those for nickel-base alloys.

Dissimilar Metals

In terms of process requirements for inertia
or direct-drive friction welding of dissimilar-
material combinations, the welding parameters
typically tend to be closer to those used for
the higher-strength material in the dissimilar
combination. This results in a larger amount
of upset from the lower-strength material. The
higher-strength material may have little or no
upset. As in any other joining process, the
strength of the bond can be no higher than that
of the lower-strength material. The combina-
tions of metals that have been joined using the
friction welding processes are shown in Fig. 4.
Other combinations may be possible, with addi-
tional procedure development.
Two of themost common dissimilar joints pro-

duced using the friction welding processes are:

� Copper to aluminum
� Aluminum to steel or stainless steel

In such applications, some surface preparation
may be required prior to joining. This prepara-
tion is to clean the surface just before welding
and/or to prepare the interface with a specific
joint geometry. In most cases where aluminum
is used in a joint, a dry machining or chemical
etching of the aluminum is preferred. As men-
tioned previously, a majority of the forging
(material loss) will occur in the aluminum.
The joining of aluminum to ceramics can be

done with friction welding. Steel has also been
attached to ceramics using an aluminum inter-
layer. This is performed by first welding the
steel to the aluminum, followed by welding
the bimetal joint to the ceramic. Using an inter-
layer for applications such as this is common
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when two incompatible materials are to be
joined. The interlayer material must be selected
on the basis of its ability to be forged and its
compatibility with the two parent materials.
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Process Monitoring and Control of
Rotary Friction Welding
Daniel A. Hartman, Manufacturing Behavioral Science
Thomas J. Lienert, Los Alamos National Laboratory

THEREARE AVARIETY of friction welding
processes. Usually, they are characterized by the
type of relative motion that is applied between
the two components, including radial, orbital,
angular reciprocating, linear reciprocating, or
rotary. Two important variations of friction weld-
ing are friction surfacing and friction stir welding.
These processes are sufficiently different from
other traditional friction welding variants, that is,
where two parts are rubbed together to achieve
coalescence, and therefore are not discussed in this
article. The most common method of friction
welding uses rotary motion, in which one axially
symmetric component, a stud, tube, or bar, is
rotated with respect to a stationary component.
Upon reaching a setpoint speed, the parts are
brought together under pressure.
For a very short period after contact of the two

parts, relative motion is accommodated by
rubbing friction, which in turn causes heat genera-
tion. However, seizure occurs almost immediately
at a radial position of 1/2 to 2/3 of the sample
radius. In the seized region, relative motion is
locally accommodated by high-strain-rate visco-
plastic deformation of the material. This process
results in the formation of a volume of deforming
material shaped like a flat ring surrounding the
seized region (Ref 1), and heat generation in this
volume is then driven by viscoplastic deformation
at high strain rates. At the time of initial seizure
and formation of the deforming volume of mate-
rial, rubbing of the interface continues for regions
outside of the ring of material undergoing defor-
mation.Subsequently, the ringof deformingmate-
rial spreads radially inward and outward until the
entire interface is replaced by a volume of deform-
ing material (Ref 1). After this time, identification
of a distinct interface between the two parts is not
possible. If sufficient amounts of heat and pressure
are applied, then the components will be forge-
welded together by the time motion is arrested.
There are many advantages of friction welding

as a production method. Generally speaking, fric-
tion welding is a highly robust and repeatable pro-
cess. The process is capable of producing
consistently identical welds and tolerates minor
dimensional irregularities in the faying surfaces.
The process parameters are easily controlled and
well suited for automation and mass production.
Welding cycles are measured in seconds as

compared to minutes for other more conventional
methods, such as fusion welding. Because friction
welding is a solid-state process, it is generally free
from defects associated with solidification phe-
nomena, including gas porosity and segregation.
Filler metals, fluxes, and shielding gas are not
required, which greatly simplifies the process.
Finally, unlike fusion welding processes, friction
welding is generally amenable to joining dissimi-
lar metals.
This article reviews recent process monitoring

and control developments in rotary friction weld-
ing. While the review focuses on rotary friction
welding processes, the concepts outlined here are
certainly applicable to other friction welding pro-
cesses. The American Welding Society cate-
gorizes two basic variations of rotary friction
weldingasdirect-drive frictionwelding (alsocom-
monly referred to as continuous-drive friction
welding) and inertia friction welding (also com-
monly referred to as stored energy friction weld-
ing). Both methods employ high-velocity rotation
andpressure todevelop friction andheat at the fay-
ing surfaces toweld a rotatable part to a fixed part.

Background

Friction welding is a solid-state joining pro-
cess that achieves coalescence of materials
through compressive force and workpiece move-
ment. During processing, heat generated by fric-
tion and high-strain-rate deformation softens the
material surrounding the original faying surfaces,
and the pressure causes displacement of this
material in the radial direction as flash. The
objective is to generate sufficient heat, soften
the material around the interface, and plastically
displace material and surface contaminants to
form a solid-state weld. An important criterion
to achieving a high-integrity metallurgical bond
is to break up and expel the contaminated surface
layers (oxides, lubricant, and adsorbed species).
This process can be challenging with dissimilar
materials when there is a substantial difference
in material hardness.
Direct-drive friction welding employs a motor

for continuously rotating one component. The
system also includes a clutch and a brake. The
brake is applied to control the deceleration phase.

Figure 1 illustrates the process parameter rela-
tionships during the evolution of a conventional
direct-drive friction weld. The rotatable compo-
nent to bewelded is brought up to a setpoint speed
while the other component is held stationary.
(The technically correct term for speed is angular
velocity, but the term speed is commonly used as
standard terminology for friction welding para-
meters.) Upon reaching the required speed, the
two components are brought together undermod-
erate interface pressure. This action causes a
rapid generation of heat and softening ofmaterial
at the interface. Plasticized material and surface
contaminants are expelled from the interface as
flash. When the forging range of the material is
reached, the motion is arrested by applying the
brake. This is usually complemented with an
increase in axial pressure (known as forge force)
to forge the parts together.
Inertia friction welding (IFW) is a rotary fric-

tionwelding process that employs a finite amount
of stored energy in the form of a rotating fly-
wheel. Figure 2 illustrates the process parameter
relationships during the evolution of a conven-
tional inertia friction weld. During processing,
the rotating flywheel is accelerated to a spindle
disengage speed. Upon reaching this speed, the
drive motor is released by either disengaging
from the spindle or applying zero torque to the
spindle. The spindle decelerates naturally to the
setpoint spindle speed, at which time the parts
are brought together under an axial compressive
force. (Speed control in inertia welding is diffi-
cult due to the massive flywheel and resulting
inertia. Therefore, the common approach is to
overshoot the preprogrammed speed and allow
the spindle rotation to naturally decelerate to the
desired setpoint.) As with direct-drive friction
welding, heat generated by friction and high-
strain-rate deformation softens the material sur-
rounding the original faying surfaces, and the
pressure causes displacement of this material in
the radial direction as flash. The spindle rotation-
ally decelerates at a rate dependent on the inertia,
the energy losses inherent in theweld system, and
the countervailing frictional weld torque due to
the surface contact between the two workpieces.
Upon reaching zero velocity, the weld controller
initiates a cooling dwell period where weld pres-
sure (or upset pressure) is maintained for a



predetermined period of time. An increase in
force (forge force) is sometimes used to help
improve the integrity of the weld (commonly
referred to as a two-stage inertia friction weld).
Generally, however, inertia friction welding uses
a single weld pressure.
Unlike a typical direct-drive friction welding

process where the rotational speed can be regu-
lated, inertia frictionwelding is carried out at var-
iable speed. The final upset is determined at the
end of the cooling dwell period (and when the
slide movement toward the spindle ceases). The

total upset can be calculated based on the differ-
ence between the upset zero position (at initial
contact) and the upset final position. During iner-
tia frictionwelding, the spindle is not under direct
control of the motor drive, and upset is therefore
determined by the process parameters and the
natural characteristics of the weld itself, such as
material properties, geometry, and surface finish.
The upset that forms during the deceleration
phase of a traditional inertiaweld is uncontrolled,
that is, the final upset is the response from an
open-loop control process, and is therefore

subject to some inherent variability due to minor
variability in the process parameters, surface irre-
gularities of the two components, or minor varia-
bility in the material properties.
Table 1 lists the minimum required process

parameters for controlling an inertia and direct-
drive friction welding process. Referring to Fig.
1, at least seven parameters are required to control
a conventional direct-drive friction welding pro-
cess. In contrast, a conventional inertia friction
welding process requires at least four parameters
to accomplish the process (Fig. 2). The smaller
number of parameters for the inertia welding pro-
cess facilitates a simpler process development and
optimization effort as compared to direct-drive
friction welding (Ref 2).
The equipment for direct-drive and inertia

machine tools is primarily the same. In general,
a rotary friction welding machine tool consists
of a drive motor for rotating a workpiece at high
speed, a tailstock assembly for holding a station-
ary workpiece, a hydraulic ram for pressing the
workpieces together, a hydraulic control system
for controlling the force exerted by the ram, and
an electrical control system for controlling the
different phases of the weld process. Addition-
ally, an inertia friction welding machine requires
a flywheel for storing the rotational kinetic
energy prior to engaging the rotating and nonro-
tating workpieces. The ability to store energy in
the flywheel and thereby avoid using a continu-
ous-drive motor during the friction weld phase
makes the power requirements of inertia welding
lower than the direct-drive process.

System Parameters

The friction welding process is a tightly cou-
pled system that is composed of the following:

� One rotating component
� One nonrotating component
� Electric motor and flywheel (for inertia) or

electric motor and continuous-drive charac-
teristics (for direct drive)

� Axial load and hydraulic response characteristics
� Dynamically evolving material response

characteristics at the common interface

Decoupling such a complicated system is
extremely difficult. However, mapping the

Fig. 2 Inertia friction welding relies on a finite amount of stored energy and axial pressure to transfer energy to the
common interface. First, one workpiece is rotated while the other is held stationary. The inertial mass is

accelerated to a preselected speed. The two workpieces are brought together under an axial compressive force.
Rubbing of the faying surfaces generates local heating and softening of material at the interface. Plasticized material
and surface contaminants are expelled as flash. The spindle rotationally decelerates at a rate dependent on the
inertia, the frictional losses inherent in the weld system, and the countervailing frictional weld torque due to the
surface contact between the two workpieces. Upon reaching zero velocity, the weld controller initiates a colling
dwell period where weld pressure (or upset pressure) is maintained for a predetermined period of time.

Fig. 1 Direct-drive friction welding relies on a continuous-drive motor and axial pressure to transfer energy to the
common interface. First, the rotatable component to be welded is brought up to a setpoint speed while the

other is held stationary. Upon reaching the required speed, the two components are brought together under moderate
interface pressure. This causes a rapid generation of heat and softening of material at the interface. Plasticized
material and surface contaminants are expelled from the interface as flash. When the forging range of the material is
reached, the motion is arrested by applying the brake. This is usually complemented with an increase in axial
pressure (known as forge force) to forge the parts together.

Table 1 Process parameters

Inertia Direct drive

Speed Speed
Welding force Friction welding force
Inertia mass Friction heating time, t1
Dwell time Delay time, t3

Deceleration time, t2
Forge force
Forging time, t4

The inertia friction welding process requires the selection of four inde-
pendent parameters to accomplish the process, while the direct-drive
friction welding process requires at least seven parameters to carry out
the process.
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friction welding process as a parameter space
can help identify aspects of the process that
must be explored in terms of process variability
that can adversely affect product quality.
Figure 3 illustrates how the friction welding

process can be separated into process and
product attributes and follows the guidance
provided in Ref 3. Process attributes are those
aspects of the process that the welding engineer
has control over. They include the indirect
weld parameters (IWP), preselected parameters,
workpiece parameters, and other influential
aspects of the process. The product attributes,
or direct weld parameters (DWP), represent
the characteristics of the postwelded product.
The weld quality is characterized by the

direct weld parameters and is affected to vary-
ing degrees by the coupled effects of the pro-
cess attributes. Indirect weld parameters are
parameters that can be modified in-process as
part of an open- or closed-loop control proce-
dure, while the preselected parameters remain
fixed during the process, for example, the iner-
tial mass. Finally, other factors that can affect
weld quality include fixturing and workpiece
alignment, machine maintenance and condition,
hydraulic temperature, and the operator.
Once the preselected parameters are properly

chosen, the quality of the weld can be con-
trolled through proper selection and modifica-
tion of the IWP. In general, the welding
process presents the control engineer with two
principal problems:

� In most cases, the relationship between the
IWP and the DWP are non linear.

� The variables are highly coupled.

The job of the welding engineer is to deter-
mine a set of IWP that will produce the desired
DWP. If the production floor conditions do not
differ too much from the development environ-
ment, and the process and environmental varia-
bility is kept to a minimum, then the welding

operation can be expected to satisfy the post-
process quality inspection procedures. Other-
wise, human or computer intervention must
provide the necessary feedback to make correc-
tive actions in the welding equipment settings.
Monitoring and control of a manufacturing

process falls within one of four categories:

� Machine monitoring: Machine monitoring
involves measuring an indirect weld parame-
ter before, during, and/or after the process
and comparing the measured value to a set-
point. In general, if the measured value falls
outside of some predetermined tolerance,
then a machine fault is signaled.

� Process monitoring: Process monitoring
involves measuring either direct weld para-
meters or key in-process physical behaviors.
Comparing a measured direct weld parame-
ter to a desired setpoint is usually straight-
forward. For example, a good first-order
indicator of weld quality and process repeat-
ability is the final upset. Most manufacturers
use the final upset as a cursory indicator of
process health and product quality. Extend-
ing this further, some machine tool manufac-
turers monitor the axial displacement rate,
(the rate of change in length with respect to
time) to gain a deeper understanding into
the process performance. In general, how-
ever, in situ measurement of the direct weld
parameters is difficult due to accessibility
and instrumentation limitations. Conse-
quently, in-process physical behaviors such
as torque, strain, acceleration, audio, or
acoustic emission are used to infer various
direct weld parameters. Several examples
are discussed in detail in the section “Moni-
toring” in this article.

� Machine control: Machine control extends
machine monitoring by implementing a
closed-loop control system on one or more
indirect weld parameters. Two of the more
common closed-loop controllers in rotary

frictionwelding are spindle speed control (par-
ticularly for direct-drive machine tools) and
axial load control (controlling the thrust of the
ram in response to a pressure control signal).

� Process control: Process control extends
process monitoring by implementing a
closed-loop control system on one or more
direct weld parameters. For example, most
modern inertia friction welding machine
tools can now control the final upset, and
recently friction welding machine tool man-
ufacturers have demonstrated control of the
axial shortening rate (or upset profile) by
modulating pressure and/or drive torque.

Ideally, closed-loop control of the heat gen-
erated at the weld interface is of great interest
and importance to controlling friction weld
quality and joint strength. The peak joint tem-
perature and the temperature profile within the
weld region have a significant impact on mate-
rial movement, flash formation, heat and defor-
mation zones, and joint strength. Closely
related to the temperature profile is the cooling
rate, which directly influences the residual-
stress state developed in the weld.
Monitoring the temperature at the weld inter-

face is both difficult and impractical for a produc-
tion welding environment. However, in-process
physical behaviors, such as the rate of axial
shortening, can be used to infer weld quality
and have been used to control weld quality in cer-
tain frictionweldingmachine tools. Other in-pro-
cess physical behaviors, such as the stick-slip
phenomenon, can be used to infer heat and mate-
rial flow at the weld interface. Monitoring the
torque, strain, or acceleration during friction
welding can yield insight into the heat and mate-
rial flow at the weld interface. It can also provide
feedback to anomalous processing conditions,
such as fixturing inconsistencies, workpiece mis-
alignment, material chemistry variability, or sur-
face irregularities or contamination.
Recent processmonitoring and control advances

are presented in the following two sections.

Monitoring

Although friction welding is considered
a highly robust and repeatable process, like
all manufacturing processes, variability within
the process can manifest itself as manufacturing
flaws and product defects. Issues such as
incoming material quality, workpiece surface
finish and cleanliness, machine drift, and
operator error can have a deleterious impact
on the coalescence of the materials. In general,
variability in the friction welding process is
difficult to detect due to the inherent robustness
of the process. Often, simple visual inspection
or cursory examination of the process para-
meters reveals little information of the anoma-
lous behavior or manufacturing flaw. In
most cases, only large departures from the opti-
mal process parameters or manufacturing
conditions yield sufficient indications that there

Fig. 3 The friction welding process can be separated into process and product attributes. The process attributes
include those aspects of the process that the engineer has control over. The product attributes represent

characteristics of the postwelded product.
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is a problem with the process. Consequently,
manufacturing flaws can potentially go
undetected.
The application of postprocess destructive

and nondestructive test methods is usually dic-
tated by the standards required for the satisfac-
tory service performance of the product.
Destructive and nondestructive tests are an
important part of the quality-control process
that ensures products are safe. Traditionally,
friction-welded parts tend to be difficult to
inspect for the following reasons:

� Nondestructive test (NDT) methods nor-
mally detect gross disbonds, leaving more
subtle discontinuities, which could have a
significant effect on fatigue life or joint frac-
ture toughness. However, characterization of
certain subtle aspects of discontinuities and
macrostructures has been demonstrated for
friction welds (Ref 4–7).

� The NDT methods are manually intensive,
and the interpretation of their results is occa-
sionally subjective and can be contradictory
when viewed by different weld inspectors
(Ref 8).

� Destructive postprocess inspection is time-
consuming and costly. While the process
provides reliable and quantitative assess-
ment of the test weld, it imparts very little
information about the process as a whole or
any production welds in particular.

References in the open literature to nonde-
structive, in-process inspection date back
over 50 years. The concept is not new, but the
transition from research and development to
commercialization has been slow up until

recently. The following sections present some
of the more salient research efforts into nonde-
structive, in-process monitoring techniques for
friction welding.

Weld Strength of Ferrous Alloys

A vein of noteworthy research into in-process
quality control of friction welds was pursued
by Wang and Oh. In Ref 9, Wang et al. demon-
strated the feasibility of using acoustical emis-
sion (AE) as an in-process quality metric for
inertia friction welding of ferrous metals. The
authors correlated AE counts with joint strength
for bar-to-bar (AISI 4140 to 1117 and 12L14)
and tube-to-tube (AISI 1020 to 304SS) welds.
The AE sensing was accomplished with a piezo-
electric transducer attached directly to either the
stationary chuck or the workpiece. For mild
steels, the authors found two distinctive regions
of AE: one during the welding process (A-zone)
and the other during the cool-down portion of
the weld cycle (B-zone).
Thefirst burst ofAEactivity is due primarily to

the plastic deformation of the material during the
weld, whereas the second burst of AE activity is
suspected to be a result ofmartensitic transforma-
tion. The authors showed relatively good correla-
tion between the cumulative B-zone AE counts
and the tensile breaking force (i.e., strength) for
ferrous metals. However, their nonferrous (alu-
minum and copper) metal experiments resulted
in no detectable B-zone AE activities, and hence,
they were unable to determine weld strength.
In Ref 10 and 11, Oh et al. extended the data

analysis portion of the experimental work con-
ducted by Wang. The authors used the total

cumulative AE counts (A-zone counts + B-zone
counts) as an in-process quality metric. In par-
ticular, they correlated weld strength with
total cumulative AE counts and initial energy,
total cumulative AE counts and total upset,
and total cumulative AE counts and welding
time (for direct-drive friction welding). The
authors empirically derived an equation for ten-
sile strength that can be used for in-process mon-
itoring of friction weld strength. In Ref 12, Oh et
al. correlated weld strength with IFW parameters
(rotational speed, pressure, and inertia) and total
cumulative AE counts. Oh et al. presented their
final report (Ref 13) that correlates zone-A AE
counts with weld strength.

Metallurgical Integrity of Dissimilar
Metals

Friction-welded components made by
joining aluminum to copper and stainless steel
to copper are widely used in the electrical
industry. In addition to a proper joint design
and the selection of optimal welding para-
meters, surface preparation, including the sur-
face finish and cleanliness prior to welding,
can be critical for adequate metallurgical joint
integrity. In Ref 14, Hartman et al. explored
the feasibility of detecting inadequate surface
preparation during IFW of stainless steel to
copper.
The technique monitored the airborne audio

data from the welding process using a novel,
noncontact audio sensor. Four off-the-shelf
electret microphones were mounted in an alu-
minum ring that surrounded the weld interface.
The acoustic ring and an unwelded part are illu-
strated in Fig. 4.

Fig. 4 The free-standing acoustic-ring assembly contains four equally-spaced microphones that surround the weld interface. For reference, a 12.7 mm (0.5 in.) diameter type 304L
stainless steel bar is located in the rotating fixture of the inertia welding machine.
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An experimental matrix was devised in
which the resulting welds would fall into one
of two bond integrity categories: acceptable or
unacceptable. An acceptable weld is defined
as one in which the majority of the interfacing
surfaces are bonded. An unacceptable weld is
defined as one in which no or little bonding at
the surfaces exists.
The study welded 2.54 cm (1.0 in.) diameter

oxygen-free high-conductivity copper bar to
1.27 cm (0.5 in.) diameter annealed type 304L
stainless steel bar. Approximately three weeks
before welding, each specimen was given a

preliminary finish cut to ensure a faying surface
finish of 0.81 mm (32 min.). The welding para-
meters remained constant throughout the
investigation.
During the experimental welding portion of

the investigation, the faying surfaces of selected
copper specimens were machined immediately
before welding while bathed in isopropyl alco-
hol. Others were welded as-is, that is, without
further machining to remove surface oxidation
that may have occurred while at ambient tem-
perature and pressure for up to five weeks prior
to welding. In all cases, the stainless steel was

rotated during the weld cycle, while the copper
remained fixed.
Destructive testing of each weld was accom-

plished using an unguided bend test. The as-
welded, full-sized specimens were tested. Fol-
lowing the fracturing of each specimen, image
analysis was used to quantify the percent of
bonded area. A total of 23 welds were consid-
ered in this study.
Although the experimental matrix was

designed with only one variable in mind (sur-
face preparation of the copper), three different
bond integrity categories were generated:

� Acceptable: Bonded area is approximately
100%.

� Conditional: Bonded area is less than 100%
but greater than 5%.

� Unacceptable: Bonded area is less than 5%.

The conditional welds were prepared in the
same manner as the acceptable welds, which
demonstrates the difficult and sensitive nature
of joining these two materials. Table 2 shows
the results from the experimental matrix.
Figure 5 illustrates the typical flash and

fracture surface for each category of weld.
All specimens exhibited a symmetric flash with
a light-golden color. The amount of upset
(or reduction in length) was approximately

Table 2 Unguided bend test results

Weld No. Surface condition before welding Bond quality Bonded area, %

1–12 Freshly machined Acceptable 100
13 Freshly machined Conditional 80
14 Freshly machined Conditional 70
15 Freshly machined Conditional 69
16 Freshly machined Conditional 67
17 Freshly machined Conditional 54
18 Freshly machined Conditional 26
19–23 Freshly machined Unacceptable 0

Although the experimental matrix was designed with only one variable in mind (surface preparation of the copper). Three different bond integrity
categories were generated: acceptable, conditional, and unacceptable. The conditional welds were prepared in the same manner as the acceptable
welds, which demonstrates the difficult and sensitive nature of joining these two materials. The weld numbers are ordered in the table for illustrative
purposes, while the experimental matrix was conducted in a random order.

Fig. 5 The surface cleanliness of the copper was the only variable in the 23-weld experimental matrix, yet three different categories of bond quality were produced. All specimens
exhibited a symmetric flash with a light-golden color. The amount of upset was approximately the same across all three categories. A total of 18 welds were freshly

machined, while 5 welds were purposely left oxidized. All 5 oxidized welds yielded unacceptable bond quality, and 6 of the 18 freshly machined welds produced conditional
bond quality. A conditional weld occurred intermittently even though the surface preparation was the same as an acceptable weld. The intermittent conditional bond quality
demonstrates the difficult and sensitive nature of joining these two materials.

650 / Solid–State Welding Processes



equal across all specimens and predominantly
occurred in the copper. Moreover, the fact that
the upsets were approximately equal, yet yield-
ing acceptable, conditional, and unacceptable
welds, suggests that upset alone is an insuffi-
cient measure of bond quality for this particular
material combination.
A neural network was used to explore

and discover structure within the audio data
frequency content that may correlate with
bond integrity. Due to the small experimental
set, a single hold-out method was used to train
and test the learning and classification capabil-
ities of the neural network over a wide range of
temporal and spatial aspects of the data. The
results indicate that differences in the surface fin-
ish of the copper can be seen in the audio data.

Ferrite Formation of Stainless Steel
Alloys

Austenitic stainless steels (g-SSs) are widely
used in chemical processing and petroleum
refining applications due to their corrosion-
resistance properties. Inertia friction welding
is a solid-state joining process that can be used
for welding a wide variety of components, and
it generally works well for stainless steel alloys.
The thermomechanical cycle experienced dur-
ing IFW of some g-SSs can lead to the forma-
tion of the body-centered cubic ferrite phase
along the bondline. The presence of ferrite
along the bondline can create concern regarding
the mechanical and corrosion properties of the
resulting weldment. In Ref 15 and 16, Hartman
and Lienert investigate the feasibility of detect-
ing the presence of ferrite during the micro-
structural evolution of IFW of three austenitic
stainless steels.
Three stainless steels were chosen for this

study: 310, 304, and 255. The 310 and 304
alloys are considered to be austenitic stainless
steels, while the 255 alloy is a duplex (50%
austenite and 50% ferrite) alloy. Five inertia
friction welds were produced on 2.54 cm (1.0
in.) outside diameter tube samples (3.175 mm,
or ⅛ in., wall thickness) of each alloy using a
Manufacturing Technology, Inc. model 90B
machine. All welds used the same initial energy
of approximately 15.3 kJ. Welds were made at
three levels of forge pressure and three combi-
nations of < I > (moment of inertia) and (revo-
lutions per minute) to give the same initial
energy.
A noncontact, audio-based, free-field micro-

phone Brüel & Kjær-type 4939 was mounted
several inches away from the weld zone and
recorded the acoustic energy (in the form of
sound pressure) that emanates from the friction
welding process. The audio data were sampled
at 50 kHz to account for potential signal con-
tent above a human’s nominal audible sound
sensitivity. The sensor sensitivity and the
amplifier gain settings remained constant
throughout the experimental effort. High-speed
video was also collected synchronously with

the audio data in an attempt to correlate the
audio data with the physical mechanisms of
the IFW process.
The three alloys exhibited distinct acoustic

signatures versus time. Examples of representa-
tive signatures are shown in Fig. 6 to 8. The
audio data for the 255 alloy showed an initial
small acoustic burst at the beginning of the
weld cycle and remained relatively quiet there-
after. For the 304 alloy, acoustic bursts were
found at the start and finish of each weld, with
a quiet period in between. The 310 alloy exhib-
ited the most energy of the three alloys, with
acoustic content throughout the entire weld
cycle and higher amplitude spikes at the start
and finish.
For all three alloys, the amplitude and dura-

tion of the bursts and quiet periods varied

slightly with changes in welding parameters.
For example, the amplitude and duration of
the bursts increased with increasing pressure.
The majority of the frequency content was
found to be predominantly in the 20 to 25
kHz range.
In summary, the three alloys exhibit distinct

acoustic signatures versus time that varied slightly
with changes in welding parameters. The bursts
appear to correlate temporally with features of
the torque curve. The differences in acoustic sig-
natures for welds made on the different alloys
using identical welding conditions likely stem
from differences in the acoustic, thermophysical,
and thermomechanical properties between the
alloys. This technique may prove useful for deter-
mining the phase balance of the weld region after
welding and for predicting weld quality in situ.

Fig. 6 The acoustic signature and machine data from a 255 dual-phase stainless steel alloy inertia friction weld. Most
of the acoustic energy occurred during initial contact. The weld was relatively quiet thereafter.

Fig. 7 The acoustic signature and machine data from a 304 stainless steel alloy inertia friction weld. The majority of
the acoustic energy occurred at the beginning and end of the weld, with a quiet portion in between.
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Control

Over the past 50 years, friction welding
machine tools have seen an increase in
precision and an overall improvement in
machine control due to the introduction of high-
performance embedded computers and micro-
controllers for closed-loop feedback control and
improvements in electric motors, servos, and
encoders. The basic premise behind a friction
welding machine control algorithm is to monitor
and control the speed, pressure, and upset to pro-
vide assurance of the quality of the weld. Most
machine tool controllers provide a fault indica-
tion should any of these values stray outside of
some predetermined range within which a good
quality weld can be assured.
Shortcomings that were once considered

limitations of the friction welding process, such
as control of the final rotational position of a rotat-
ing component with respect to the stationary
workpiece or excessive tolerance in the final upset
length, are now possible with high-precision sens-
ing, fast-acting actuators, and closed-loop control
algorithms. Yet, much of the work in machine
and process control is proprietary. The specific
details are closely guarded as secret intellectual
property, which enables the machine tool manu-
facturers and certain end-users to maintain an
advantage in a competitivemarket. Consequently,
very little work is disclosed in the open literature.
Nevertheless, research and development in

the area of process control is on-going by
machine tool manufacturers and friction weld-
ing end-users (primarily aerospace companies).
Improved control of the final upset length and
rate-dependent control of the upset trajectory
are now possible because of sophisticated

machine tool controllers that can manipulate a
multiaxis machine element along a complex
three-dimensional path at constant velocity.
Research is also being performed in improving
the weldability of dissimilar alloys by matching
ductilities during welding through heating and/
or cooling one component and/or the other.

In-Process Quality Control

The friction welding process usually lasts no
more than a couple of seconds. During this time,
a seasoned operator is listening to the process.
After many years of experience, a knowledgeable
operator can distinguish a “good” from a “bad”
weld based strictly on the sound produced. The
terms good and bad are commonly used on the
production floor by the operator. In particular,
the operator may say, “That was a good weld” or
“That weld did not sound right.” From a
manufacturing behavioral perspective, the opera-
tor is suggesting that the process did not generate
the typical sounds to which he/she has grown
accustom. The terms good and bad are used
loosely here to convey anomalous behavior and
not to imply that the part is defective. Although
the operator may be unable to articulate why the
weld is different, he or she instinctively knows
when the process sounds different. Unfortunately,
these anecdotal observations carry little clout with
process engineers and production floor managers.
The welding operator’s years of experience

and intuitive knowledge about the process
represents and undeveloped and largely over-
looked aspect of manufacturing quality control.
While time and resources are devoted to train-
ing and qualifying operators, calibrating and

qualifying machines, developing qualified pro-
cedures, and implementing sophisticated
destructive and nondestructive test methods,
in-process quality control remains absent from
mainstream quality-control practices and exists
only in isolated research and development
activities. Generalizing upon and automating a
human’s innate ability to sense, store, recall,
and distinguish anomalous weld behavior can
provide a significant leap forward in current
manufacturing quality-control practices.
In-process quality control is based on the

premise that most in-process physical behaviors
of a manufacturing process can and should be
regarded as process quality feedback. In-pro-
cess monitoring relies on the systematic analy-
sis and investigation of manufacturing
behavior through controlled and naturalistic
experimental observations and rigorous formu-
lations. The end result is a nondestructive, in-
process monitoring solution for manufacturing
quality control. The in-process monitoring solu-
tion embodies a decision process and communi-
cation strategy for real-time, nondestructive, in-
process manufacturing quality feedback.
The in-process monitoring research that was

presented in the section “Monitoring” in this
article was conducted with a narrow focus on
a single process or product attribute:

� Correlate AE with joint strength
� Correlate audio with surface cleanliness and

infer bond integrity
� Correlate audio with ferrite formation

The well-focused approach makes for a strong
technical paper, but it overlooks the broader
implications that in-process quality control
can have on the current manufacturing quality-
assurance and quality-control paradigm. From
a more general perspective, monitoring the
manufacturing behavior complements the cur-
rent quality-control approaches that have already
been engineered into a manufacturing process.
Traditional manufacturing quality-assurance

and quality-control strategies prevent flaws from
becoming defects by tightening tolerances and/or
increasing postprocess destructive and nonde-
structive testing. However, the danger of ex-
periencing a defect in-service can never be
argued or strategized away. Machine tool manu-
facturers are continually improving machine
control and tightening process tolerances in an
effort to minimize process variability and to
ensure high-quality product. In-process monitor-
ing is a developing capability that has the poten-
tial to offset an overreliance on postprocess
destructive and nondestructive testing. As in-
process monitoring gains wider acceptance, the
logical next step is for the machine tool manufac-
turer to implement closed-loop control on key
in-process variables. Closed-loop control of key
in-process variables will enhance the friction
welding process robustness by sensing minor
process variabilities and adjusting certain IWP
to ensure compliance with the desired DWP.

Fig. 8 The acoustic signature and machine data from a 310 stainless steel alloy inertia friction weld. The 310
stainless steel alloy generated the most acoustic energy of the three alloys. Unlike the 304 stainless steel

alloy, this material exhibited a relatively loud burst of energy in the middle portion of the weld and was generally
“noisy” throughout the entire process.
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Development of Welding Procedures for
Friction Stir Welding
Kevin J. Colligan, Concurrent Technologies Corporation

THE DEVELOPMENT of a welding proce-
dure is one of the most important steps in
implementation of a welding process in a pro-
duction application. Procedure development
can be systematically achieved by clearly defin-
ing the requirements of the procedure and the
test plan, by executing the required testing and
analyzing the results, and by fully documenting
the testing performed and the results obtained.
Successful procedures in similar materials can
suggest a starting place for developing the
welding tools and key process parameters for
new procedures. By thoroughly testing and doc-
umenting procedures for friction stir welding
(FSW), problems during production use of the
process can be minimized by determining the
robustness limits of the process, the properties
of the welded joint, the required equipment
capabilities, and the tool and fixture designs.
In its simplest form, the development of a

welding procedure is simply a matter of deter-
mining the technical parameters that produce a
sound weld in a given material. However, this is
most often an insufficient basis for defining a pro-
cedure for production of commercial products.
More commonly, development of a welding pro-
cedure involves establishing the robustness of the
welding process, the properties of the welded
joint, the required equipment capabilities, the
tool and fixture designs, and the economic justifi-
cation for using the procedure. The complexity of
procedure development can also be increased
by the requirements of applicable specifications
or regulations based on the end use of the proce-
dure, which may have special rules for testing
and record keeping. The development of a weld-
ing procedure includes the process of discovering
the technical parameters for consistently produc-
ing a sound weld, as well as the development and
analysis of all of the necessary supporting data
to satisfy the applicable requirements and to
ensure the reliability of the procedure.
The route to commercial production for pro-

ducts involving a welding process can take many
paths, but commonly it involves development of
a preliminary product design, iteration between
detail design and procedure development,

procedure qualification, work instruction devel-
opment, and operator training and qualification.
This article mainly concentrates on the develop-
ment of procedures for FSW and touches on pro-
cedure qualification but does not address joint or
product design and does not discuss the develop-
ment of work instructions or other production
qualification activities. It is also assumed that
the reader has a working knowledge of FSW
technology.
Procedure development is best viewed as an

evolutionary process, where the welding pro-
cess is initially demonstrated, evaluated,
improved, tested further, and finally qualified
for use. Iteration through these steps is com-
mon, as results of testing suggest new
approaches. The development process may
include the following steps:

� Preliminary welding trials: Show that a
sound weld can be made

� Systematic welding trials: Explore the range
of key process parameters

� Robustness testing: Evaluate welding perfor-
mance subjected to procedure variability

These three sets of welding experiments are
intended to optimize the welding process in an
orderly way, minimizing the cost of procedure
development by essentially learning to “crawl
before walking.” This process also will help
the introduction of a new welding process to
the production environment by establishing rea-
sonable expectations for each step of procedure
development. The preliminary welding trials
are not intended to yield optimum results, just
a sound weld of any kind. Having done that,
work can move on to systematically exploring
key process parameters to find a combination
of parameters that gives maximum joint perfor-
mance. This can then be followed by tests to
evaluate performance with some degree of pro-
duction variability, such as joint misalignment.
It should be noted that as these steps progress,
there may be test results that indicate returning
to an earlier step and making changes to the
tool design or process parameters. For example,
if the procedure is found to have very low

tolerance to joint-tracking errors (lateral offset
of the joint relative to the tool), then the pin
diameter may need to be increased and the pre-
liminary and systematic welding trials repeated.
More details on the overall process of proce-
dure development are presented in Fig. 1 and
in the paragraphs that follow.
The development of a welding procedure,

starting with no prior experience with welding
a given material, can be very challenging.
Although FSW is a comparatively simple weld-
ing process, even a small number of process
variables can quickly lead to a multitude of
potential welding procedures. One objective of
this article is to equip the reader with a sum-
mary of published procedures to suggest a start-
ing point for new work. With this information
in hand, the welding engineer may minimize
the trial-and-error effort often associated with
development of an FSW procedure. Preliminary
welding trials are intended to simply demon-
strate that sound welds can be produced. At this
stage of the development, there may be a num-
ber of candidate welding tool designs that are
evaluated, and one or more may yield accept-
able results and be selected for follow-on
testing.
Once a preliminary welding procedure has

been demonstrated, the next phase of welding
procedure development should be a process of
systematically exploring the range of welding
parameters to see their effect on basic joint
properties appropriate to the end usage of the
welded component. A detailed plan should be
written, describing all of the detailed activities
needed for optimizing the welded joint proper-
ties. Most often, these properties include tensile
strength, yield strength, and ductility. Metallo-
graphic analysis is also useful for examination
of the internal structure of the weld. Postweld
aging or other treatments may also require
development. After analyzing all of these vari-
ous data, the welding engineer can select a
welding procedure for producing test articles
for more extensive testing, the results of which
may influence the final detail design of the
product.



Robustness testing is intended to assess
performance of the welding procedure when
subjected to the process variability that inevita-
bly occurs during production. The welding pro-
cedure parameters that are most subject to in-
process variability are tested at the limits of
their expected variation, confirming that the
welding procedure is sufficiently robust. If any
of these tests fail, the decision can be made to

improve the welding process, improve in-pro-
cess controls, or both.
Prior to being finalized in many applications,

such as safety- or mission-critical applications,
the procedure will require formal qualification
testing. Here, the weld procedure is used to pro-
duce welded materials and/or representative
production parts and tested according to the
rules established in published specifications

(Ref 1–5). Data from this testing provide assur-
ance of the viability of the procedure for the
associated application relative to accepted spe-
cifications. Assuming that these requirements
are met, the procedure becomes accepted as a
qualified procedure for use in production of
the part.
This article details the development of a

welding procedure, including the process of
defining a preliminary procedure, the optimiza-
tion of parameters, the development of support-
ing data, and other key features to ensure a
successful procedure. The process of welding
procedure qualification is also described,
although this discussion must necessarily be
generalized based on the variety of require-
ments for qualification from industry to indus-
try and, over time, within an industry.

Procedure and Procedure
Development Requirements

Clearly defining the associated requirements
is an important first step in developing a weld-
ing procedure. For example, a welding proce-
dure developed for an aerospace application,
where safety of flight may be an issue, requires
more testing than procedures developed for less
demanding applications. By first defining the
requirements for procedure development, ade-
quate testing can be planned and efficiently
executed, and the associated cost can be esti-
mated in advance.
Important questions to ask during procedure

development planning include the following:

� What is the alloy and its product form, tem-
per, and thickness?

� What is the joint design? What is the geom-
etry of the production part?

� What will be the condition of the workpiece
material presented for welding? Will pre-
weld processing be required, such as clean-
ing, oxide removal, edge trimming, and so
on?

� Is there a required production rate for eco-
nomic justification? Is there a known maxi-
mum acceptable cost per unit length of
weld?

� What are the performance requirements
for the joint? This should be broadly inter-
preted to include strength, ductility, fat-
igue performance, corrosion, toughness, and
stress-corrosion cracking.

� What are the cosmetic requirements for the
joint? Is it necessary to have a specific final
surface condition?

� Is there a required welding tool life? Is there
a known limitation on the cost of the weld-
ing tool?

� Will postweld aging or other treatment be
required?

� Will formal qualification of the procedure
be required? What are the requirements for
the qualification? Will it be necessary to
qualify using a production-representative

Fig. 1 Flowchart of welding procedure development steps
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workpiece, or can test panels be used in the
qualification?

� Will production welding be done on a
known fixture, or will the fixture be designed
later? Will it be possible to simulate the pro-
duction welding fixture during procedure
development?

� What style of FSW will be employed? Will
it be conventional FSW, on a welding fixture
with an anvil, or bobbin FSW, on a fixture
with no anvil?

� What are the capabilities and limitations of
the FSW equipment to be used for
production?

A second step in developing a welding pro-
cedure is establishing what information is
needed to completely define the procedure.
The goal is to specify all of the important vari-
ables related to the process so that the qualified
procedure can be replicated in production.
Some specifications for welding refer to this list
as essential elements (Ref 1). The following list
provides a starting point for developing the
essential elements for an FSW procedure,
although the details of each procedure may
require modification of this list:

� Base-metal specification (alloy, temper,
product form)

� Base-metal thickness (nominal and range)
� Base-metal orientation relative to prior pro-

cessing of the workpiece (for example, roll-
ing direction)

� Joint design (joint type, allowable mismatch,
allowable gap)

� Welding tool design (including material)
� Joint preparation (cleaning procedure, oxide

removal procedure)
� Welding equipment (make and model of

welding machine)
� Fixture design (anvil cross section and mate-

rial, clamping arrangement and parameters)
� Welding parameters (spindle speed, travel

speed, rotation direction, tool tilt angle, etc.)
� Welding tool pin length or length range for

adjustable pin tools
� Tool axial position control method (load

control or position control)
� Tool axial position relative to workpiece or

anvil (such as the heel plunge depth or pin/
anvil gap)

� Tool axial force (for axial load controlmethod)
� Auxiliary heating or cooling method and

parameters, if used
� Postweld processing (surface modification,

heat treatment, etc.), if used

In developing a welding procedure, it is impor-
tant to keep a record of all of the essential elements
used for each weld, along with other suitable
notes, so that the procedure can be reliably
repeated. An example welding procedure record
is shown in Table 1. The weld identification num-
ber can be used to refer to the welding procedure
record. Using this type of form for each weld pro-
duced during process development should ensure

complete definition of the welding conditions
and make procedure qualification and transition
to production much easier.

Procedure Development

In this section, critical features of FSW tool
design, initial process parameters, systematicweld-
ing trials, and robustness testing are discussed.
One of the most challenging aspects of FSW is

the control of the welding tool depth in the work-
piece. There are two aspects to this requirement.
First, the welding tool shoulder contact with the
workpiece surface must be regulated to give con-
sistent heat generation and weld consolidation.
Second, the welding tool pin depth must be con-
trolled to maintain close proximity to the anvil,

a requirement for full penetration of the weld.
Of course, this does not apply to bobbin-style
FSW, inwhich the pin passes completely through
the workpiece. For conventional, single-sided
FSW, the maximum pin-to-anvil gap may be
from 0.25 to 1.0mm (0.010 to 0.040 in.), depend-
ing on the design of the pin and its ability to proj-
ect plastic deformation beyond its end. The base-
metal properties and other process conditions
may also influence weld penetration. These tight
tolerances on the pin-to-anvil gap make it clear
that the relationship between the welding tool
pin length and the workpiece thickness is a very
important one.
The variables related to welding tool

pin length and workpiece thickness are listed
as follows and are shown schematically in
Fig. 2 and 3:

Table 1 Example welding procedure record
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A = tool tilt angle
G = pin/anvil gap
H = heel plunge depth
L = pin length
P = pin diameter
R = pin tip radius
S = shoulder diameter
T = workpiece thickness

The equations for calculating the pin length,
given the other variables, are presented as fol-
lows. For welding tools with a spherical tip,
the pin length is calculated as:

L ¼ Rþ T � G � H � Rþ S
2
sinA

cosA

For a welding tool with an essentially flat tip,
the pin length is calculated as:

L ¼T � G � Hþ S
2
� P

2

� 	

sinA

cosA

It should be noted that the radius for
the spherical-tipped pin can be greater than
half the diameter of the pin, as long as the
lowest point of the pin tip is on the radius
portion, not on the corner of the pin. In the lat-
ter case, which occurs when A is greater than
sin–1(P/2R), use the equations for the flat-tipped
pin, counting the pin length as the distance
from the shoulder to the corner of the pin,
which does not include the length of the radius
at the pin tip.

It should also be noted that in the equations
for calculating the pin length, the heel plunge
distance is a factor. However, the appropriate
heel plunge depth for optimum weld perfor-
mance is difficult to know without some pre-
liminary welding experiments. A good starting
point may be:

H ¼ 0:7 � S � sinA

For welding tools that are operated with the
welding tool axis normal to the plane of the
workpiece, the calculation of pin length is
greatly simplified. These tools are operated
with the shoulder surface flush to the workpiece
surface, so the pin length is simply the work-
piece thickness (T) minus the pin/anvil gap (G).
During procedure development, it is easiest

to start with a known welding procedure in an
alloy/thickness combination that is similar to
the workpiece of interest. The list of welding
procedures presented in Table 2 is the result
of an analysis of published reports in which
sound welds were described for aluminum
alloys. Although the procedures may or may
not be optimized, they were at least reported
to produce sound welds. It is rare to find com-
plete details related to welding procedures in
the literature, so this summary covers publica-
tions where sufficient detail was given to afford
a reasonable indication of how the welds were
produced. The data in Table 2 can be used to
learn about the design of welding tools.
Dubourg and Dacheux (Ref 6) analyzed the lit-
erature and compiled welding procedures for
FSW of aluminum materials between 1 and
8 mm (0.04 and 0.32 in.) in thickness. They
reported statistical relations between workpiece
thickness and shoulder diameter and between
workpiece thickness and pin diameter. Follow-
ing their approach, the data from Table 2 can
be used in a similar way, as shown in Fig. 4
and 5. It is interesting that the relationship
between workpiece thickness and shoulder
diameters shows that when a broad range of
workpiece thickness is analyzed, a bilinear rela-
tionship emerges, with the transition point
being at approximately 8 mm (0.32 in.) thick-
ness. This reflects the way in which heat genera-
tion by the shoulder plays a lesser role in thick-
section FSW, because its ability to influence
heating through the full material thickness
diminishes with increasing workpiece thickness.
These charts can be used to determine a starting
point for the welding tool shoulder and pin dia-
meters for a given workpiece thickness.
Once the welding tool shoulder and pin dia-

meters are selected, other tool design features
must be established (Ref 40). Welding tools
for aluminum alloys typically include thread-
shaped features that are designed to drive work-
piece material away from the shoulder, toward
the anvil, during welding. The pin design may
also include flats or other reentrant features
cut into the threaded profile, typically for the
purpose of increasing transport of workpiece

Fig. 2 Schematic of friction stir welding tool, anvil, and workpiece for spherical-tipped pin and tilted tool axis, side
view. See text for an explanation of the variables.

Fig. 3 Schematic of friction stir welding tool, anvil, and workpiece for flat-tipped pin and tilted tool axis, side view.
See text for an explanation of the variables.
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Table 2 Procedures used in the production of sound friction stir welds in various aluminum alloys

Alloy and temper Tool type

Shoulder diameter,

in. (mm)

Pin diameter,

in. (mm)

Workpiece thickness,

in. (mm)

Plunge force or heel

plunge depth

Tool rotational

speed, rev/min

Tool travel

speed,

in./min (mm/s)

Tool tilt

angle, deg Ref

1050-H14 Pin: hardened steel 0.787 (20) 0.224 (5.7) 0.236 (6) not specified 400 2.36 (1) not specified 7
Shoulder: hardened steel

1100-O Pin: H13, cylindrical,
threaded

0.750 (19.1) 0.250 (6.35) 0.250 (6.35) not specified 1,200 23.00 (9.7) not specified 8

Shoulder: H13, smooth
2024-T3 Pin: cylindrical, threaded 0.276 (7) 0.098 (2.5) 0.039 (1) not specified 2,200 13.78 (5.8) not specified 9

Shoulder: not specified
2024-T351 Pin: variable-gap bobbin,

cylindrical, counter
rotating threads, 3 flats

0.510 (13) 0.200 (5) 0.160 (4) 224–314 lb
(1–1.4kN)

450 3.94 (1.7) 0 10

Shoulders: scrolled
2024-T3 Pin: not specified 0.906 (23) 0.323 (8.2) 0.276 (7) not specified 360 7.80 (3.3) not specified 11

Shoulder: not specified
2095-? (temper not
specified)

Pin: cylindrical, threaded 0.394 (10) 0.150 (3.8) 0.064 (1.63) not specified 750 9.92 (4.2) not specified 12
Shoulder: not specified

2195-T8 Pin: H13, TiN coated,
cylindrical threaded,
0.8 threads/mm pitch

0.984 (25) 0.394 (10) 0.319 (8.1) 9892 Ib (44kN) 390 7.80 (3.3) 2.5 13

Shoulder: H13, TiN coated,
7� concave

2195-? (temper not
specified)

Pin: frustum, threaded with
three flats

1.200 (30.5) 0.600 (15.2) 1.000 (25.4) not specified 220 4.00 (1.7) 0 14

Shoulder: flat, scrolled
2219-T87 Pin: cylindrical, threaded,

thread pitch of 1.27 mm
(0.05 in.)

1.200 (30.5) 0.500 (12.7) 0.250 (6.35) 6969 lb (31 kN) 150 4.49 (1.9) 0 15

Shoulder: double scrolled
2524-T351 Pin: cylindrical, threaded 0.799 (20.3) 0.279 (7.1) 0.250 (6.4) 9,500 lb (42.26 kN) 300 7.98 (3.38) 2.5 16

Shoulder: smooth, concave
5052-O Pin: cylindrical, threaded 0.354 (9) 0.118 (3) 0.079 (2) not specified 4,000 39.45 (16.7) not specified 17

Shoulder: not specified
5083 (rolled plate) Pin: cylindrical, threaded 0.787 (20) 0.236 (6) 0.118 (3) not specified 560 5.90 (2.5) 2 18

Shoulder: not specified
5083 (rolled plate) Pin: cylindrical, threaded 0.787 (20) 0.236 (6) 0.236 (6) not specified 800 2.36 (1) 2 19

Shoulder: smooth, concave
5083-H131 Pin: MP159, frustum,

threaded, three flat cuts,
thread pitch of 0.055 in.
(1.4 mm)

1.650 (42) 0.600 (15.2) 1.000 (25.4) 9891 lbs (44kN) 250 5.00 (2.1) 0 20

Shoulder: H13 tool steel,
flat, scrolled

5251-O, H34 Pin: MX-Triflute 0.984 (25) 0.354 (9) 0.197 (5) 3,147 (14 kN) 500 19.68 (8.3) not specified 21
Shoulder: not specified

5454-H22 Pin: cylindrical, threaded 0.590 (15) 0.138 (3.5) 0.138 (3.5) 1,124–1,798 Ib
(5–8 kN)

1,500 7.80 (3.3) not specified 22
Shoulder: not specified

5456-H116 Pin: frustum, threaded
with 3 flats

1.200 (30.50) 0.681 (17.3) 0.748 (19) not specified 264 7.80 (3.3) 0 23

Shoulder: flat, scrolled
6N01-T6 Pin: not specified 0.984 (25) 0.551 (14) 0.472 (12) not specified 315 4.96 (2.1) not specified 24

Shoulder: not specified
6005A-T6 Pin: cylindrical, threaded 0.787 (20) 0.276 (7) 0.236 (6) not specified 1,000 39.37

(16.67)
not specified 25

Shoulder: not specified
6061-T6 Pin: cylindrical, threaded 0.551 (14) 0.138 (3.5) 0.157 (4) not specified 1,600 13.50 (5.7) 3 26

Shoulder: not specified
6061-T651 Pin: threaded frustum 0.512 (13) 0.157 (4) 0.157 (4) not specified 1,600 15.80 (6.7) not specified 27

Shoulder: not specified
6061-T6 Pin: WC, cylindrical,

threaded, thread pitch
of 0.98 mm (0.039 in.)

0.750 (19.1) 0.250 (6.35) 0.250 (6.35) not specified 1,540 8.5 (3.6) 3 28

Shoulder: H13, smooth
6082-T6 Pin: not specified 0.591 (15) 0.236 (6) 0.236 (6) not specified 2,000 39.37 (16.7) not specified 29

Shoulder: not specified
6082-T6 Pin: frustum, threaded

with 3 flats
0.787 (20) 0.315 (8) 0.236 (6) 2,923 (13 kN) 600 12.79 (5.42) 1.5 30

Shoulder: Smooth, concave
6082-T6 Pin: “5651”, cylindrical,

threaded
0.512 (13) 0.197 (5) 0.236 (6) not specified 1,900 27.56 (11.7) 2 31

Shoulder: smooth
6082-T6 Pin: frustum, threaded with

3 flats
2.953 (75) 1.417 (36) 2.953 (75) not specified 230 1.57 (0.67) 2 32

Shoulder: not specified
7050-T7451 Pin: H13 tool steel,

cylindrical, threaded
0.940 (24) 0.310 (8) 0.250 (6.35) not specified 350 4.00 (1.7) not specified 33

Shoulder: H13 tool steel
7050-T7451 Pin: cylindrical, threaded 0.800 (20.3) 0.280 (7.1) 0.250 (6.4) 8,205 lb (36.5 kN) 900 9.92 (4.2) 2.5 34

Shoulder: smooth, concave
7075-T6 Pin: cylindrical, threaded 0.394 (10) 0.118 (3) 0.079 (2) not specified 1500 78.74 (33.3) not specified 35

Shoulder: smooth, concave
(continued)
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material around the pin and reducing in-plane
resistance force against the pin. Welding tool
shoulders may be essentially smooth and
cupped inward slightly, or they may be flat,
with spiral grooves designed to pull softened
workpiece material toward the pin. The welding
tool shoulder may also protrude in a tapered
profile, which is embedded in the workpiece
surface during welding (Ref 41).
Once the initial welding tool design is

selected, it is necessary to choose starting

welding conditions for preliminary welding
trials. Experience in adapting FSW procedures
to untested workpieces has indicated that one
way to extrapolate the spindle speed from an
established procedure to one with a different
pin diameter is to calculate the pin surface
speed from a known procedure in a similar
alloy, and then apply that pin surface speed to
the present welding tool design. The data in
Table 2 can be used to choose a similar alloy
type, calculate the pin surface speed, and then

calculate a spindle speed for the tool design
chosen. A reasonable travel speed can then be
estimated by calculating the advance per revo-
lution (travel speed divided by the spindle
speed) for a similar welding procedure, and
then multiplying this by the spindle speed cal-
culated previously. This will give a good start-
ing point for preliminary welding trials.
Procedure development often begins with a

series of preliminary welds that are made for the
purpose of exploring new tool designs and the
reaction of the workpiece to the welding process.
This is especially true for a completely newweld-
ing procedure, where there is limited experience
with the material or tool design being used. Pre-
liminary welds must be made in this case just to
establish that a weld can be produced, before
detailed plans can be developed.
Systematic welding trials are best carried out

after a detailed plan is developed. The test plan
should define the specific test welds to be made,
the postweld testing to be performed, and all
documentation requirements. The test plan
should contain all of the details needed by
welding engineers and technicians, including
specific welding procedures, sketches of weld
geometry, inspection requirements and proce-
dures, cut plans for welded plates, specimen
geometries, mechanical test procedures, and
metallographic preparation details. Also, it is
often useful to produce successive revisions of
the test plan as results are obtained and new test
requirements emerge. It may be helpful to use
outline numbering in the various sections and
paragraphs of the test plan, so that work
instructions distributed to the various work
areas can reference specific test plan
paragraphs.
Systematic welding trials usually consist of

making welds with different welding speeds
and spindle speeds, at a minimum, and may

Table 2 (continued)

Alloy and temper Tool type

Shoulder diameter,

in. (mm)

Pin diameter,

in. (mm)

Workpiece thickness,

in. (mm)

Plunge force or heel

plunge depth

Tool rotational

speed, rev/min

Tool travel

speed,

in./min (mm/s)

Tool tilt

angle, deg Ref

7075-T6 Pin: frustum, threaded
with 3 flats

0.402 (10.2) 0.187 (4.76) 0.126 (3.2) 2,158 Ib (9.6 kN) 750 20.10 (8.5) 0 36

Shoulder: flat, double
scrolled

7075-T6 Pin: cylindrical, threaded,
6.1 mm (0.24 in.) long

0.750 (19) 0.250 (6.35) 0.25 (6.35) not specified 200 4.00 (1.7) not specified 37

Shoulder: not specified
7449-TAF Pin: threaded with 3 flats 0.512 (13) 0.197 (5) 0.126 (3.2) not specified 900 11.81 (5) not specified 38

Shoulder: smooth

Bobbin welding procedures

2139-T8 Pin: threaded 0.472 (12) 0.236 (6) 0.098 (2.5) 742 lb pinching
force (3.3 kN)

600 11.81 (5.0) 0 39
Shoulder: scrolled

2139-T8 Pin: threaded 0.472 (12) 0.236 (6) 0.138 (3.5) 944 lb pinching
force (4.2 kN)

600 11.81 (5.0) 0 40
Shoulder: scrolled

2198-T8 Pin: threaded 0.472 (12) 0.236 (6) 0.098 (2.5) 607 lb pinching
force (2.7 kN)

600 7.87 (3.3) 0 41
Shoulder: scrolled

2198-T8 Pin: threaded 0.472 (12) 0.236 (6) 0.138 (3.5) 674 pinching force
(3.0 kN)

600 7.87 (3.3) 0 42
Shoulder: scrolled

2199-T8 Pin: threaded 0.472 (12) 0.236 (6) 0.138 (3.5) 584 pinching force
(2.6 kN)

600 7.87 (3.3) 0 43
Shoulder: scrolled

Fig. 4 Shoulder diameter as a function of workpiece thickness, from the literature
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include evaluation of other process variables.
Each test panel is then tested to characterize
the weld produced. This testing may include
nondestructive testing and should, at a mini-
mum, include a detailed visual inspection. Test
panels are then typically cut to produce a vari-
ety of test specimens, according to the test plan.
Mechanical property tests could include root,
face, or side bend testing and transverse tensile
testing. Several specimens for each test type are
normally tested to develop mean values for
each weld. These specimens may be distributed
along the length of a long weld or clustered at
some region on the test panel. These specimens
are often interspersed with specimens for metal-
lographic preparation and inspection.
During systematic welding trials, it is helpful

to consider each specific aluminum alloy as
being able to tolerate increasing spindle speed
only up to some maximum value, beyond which
the transverse tensile strength begins to
decrease. Increasing the spindle speed further
will lead to volumetric defects internal to the
weld, and still further increases in the spindle
speed will lead to gross, surface-breaking
defects and will be accompanied by an increas-
ing in-plane force (resistance to travel) against
the welding tool. The spindle speed yielding
the maximum tensile strength can then be used
to calculate the maximum pin surface speed
that the alloy will tolerate. This surface speed
can then be used to calculate the maximum
spindle speed for other pin diameters.
Once the maximum spindle speed is deter-

mined for a given alloy, trials with different
travel speeds can be tested. In non-heat-treat-
able alloys, such as the 5xxx-series aluminum
alloys, tensile strength is not typically influ-
enced by travel speed to a great extent, but in
heat treatable aluminum alloys, strength often
increases with increasing travel speed. This
increase in strength continues to a maximum
value, and then the strength begins to decrease
with further increase in travel speed. As with
the spindle speed trials, further increasing travel
speed will ultimately lead to internal defects,
then to gross, surface-breaking defects and to
increasing in-plane force against the welding
tool. The maximum travel speed with high ten-
sile strength and good weld formation may then
be further tested in follow-on trials.
The data analysis that accompanies system-

atic welding trials involves generating a sum-
mary of the information collected, looking for
trends in the data, seeking explanations for
observations, and developing conclusions about
the best procedure to use in follow-on tests.
Even if the systematic welding trials produced
a procedure that is a clear “winner,” it is impor-
tant to go through the data analysis to confirm
and support preliminary conclusions formed
during testing and to document the results of
the trials.
If the welding system used for welding trials

has a data collection package, it is often useful
to plot the data from each weld in a systematic
way so that the data from each weld can be

studied and compared to data from other welds
in the series. This process may include produc-
ing charts that show travel speed and spindle
speed as a function of time or position on the
weld, and a chart that shows in-plane force,
plunge force, and spindle torque as a function
of time or position on the weld. Plotting as a
function of position on the weld is helpful for
isolating data generated at the locations where
tensile specimens were cut for testing. It is
also possible to plot weld power (heat gener-
ated per unit time) and specific energy (heat
generated per unit length), using the following
equations. See Table 3 for details of the asso-
ciated units.

Power ¼ 2 � � �Torque �Spindle speed

�Power units conversion

Specific energy¼ 2 �� �Torque �Spindle speed

Travel speed

� Specific energy units conversion

Tensile test results should also be analyzed.
It is a good idea to look at the fractured speci-
mens from each weld and note the general fail-
ure location, the point of failure initiation, the
appearance of the fracture surface, and any
indications of defects that may have caused or
influenced the fracture. The goal here is to
determine if each tensile specimen represents
the true transverse strength of a sound weld or
if fracture was the result of some defect. Aver-
age values for tensile strength, yield strength,
and elongation should also be calculated, along
with the standard deviation of the test lot. For
sound welds in aluminum alloys, the standard
deviation should be very low; for example, it
is common to see standard deviations for tensile
and yield strength to be less than 7 MPa (1 ksi),
and for elongation, less than 1%. These values
may be slightly higher for 5xxx-series alloys.
If fractures in any of the specimens are the
result of a defect that can be attributed to incor-
rectly following the welding procedure, the
weld should be repeated and retested. Tensile

Fig. 5 Pin diameter as a function of shoulder diameter, from the literature

Table 3 Power and specific energy units conversion

Torque Travel speed Spindle speed Units conversion Energy units

ft-lb in./min rev/min Power: 1 Power: ft-lb/min
Specific energy: 1 Specific energy: ft-lb/in.
Power: 0.00128 Power: Btu/min
Specific energy: 0.00128 Specific energy: Btu/in.
Power: 0.0226 Power: W
Power: 0.0000303 Power: hp

N-m mm/min rev/min Power: 1 Power: J/min
Specific energy: 1 Specific energy: J/mm
Power: 0.0167 Power: W
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results should then be plotted as a function of
the welding process parameters that were
evaluated.
After completing systematic welding trials

and establishing the preliminary welding proce-
dure, it is often necessary to perform robustness
testing, where the welding procedure is tested
to evaluate materials produced with some
degree of intentional variability in welding con-
ditions. The goal is to determine how sensitive
the welding procedure will be when encounter-
ing the inevitable in-process variation, dis-
cussed in the previous section. This testing
may, for example, indicate that a lower travel
speed, and hence production rate, is necessary
to ensure reliable joint properties, given the
anticipated variations in workpiece features
and process execution. This testing may also
include more detailed characterization of basic
weld properties, such as toughness, corrosion,
fatigue, and stress-corrosion cracking tests, as
required by operational or performance specifi-
cations. The welding process parameters most
likely to vary in-process are:

� Travel speed
� Spindle speed
� Workpiece thickness
� Plunge depth
� Plunge force
� Joint offset
� Joint gap
� Joint mismatch
� Tool geometry (wear)

Travel speed and spindle speed are two very
important variables in FSW, and they typically
experience a degree of normal variation in prac-
tice. However, most welding systems are capa-
ble of controlling these variables well enough
that weld quality is not adversely affected. In
spite of this, it is usually a good idea to imple-
ment a data collection system to log these
values during production welding, as confirma-
tion that the correct weld parameters were used
and that machine performance was adequate
throughout the weld.
Workpiece thickness is usually not subject to

a significant amount of in-process variation
when the workpiece is a machined component,
but when rolled plate or extruded products are
used in the as-received condition, thickness var-
iation within a workpiece or between work-
pieces can be significant and can lead to poor
FSW quality. As a result, careful attention must
be paid to workpiece thickness variation in
FSW. Typically, mill-produced aluminum
materials are controlled by one or more specifi-
cations. One common specification that regu-
lates geometry of aluminum mill products is
ANSI H35.2 (Ref 42). This specification gives
the allowable thickness variation for rolled
and extruded products. Based on this or other
applicable specifications, one can test the abil-
ity of the welding tool to produce sound welds
at the limits of thickness variation. When the
potential thickness variation is greater than the

welding tool design can handle, such as when
the strength or ductility of the joint is reduced
at the maximum material thickness condition,
thickness measurement procedures can be spe-
cified, and welding tool pin length adjustment
can be employed.
Welding tool plunge depth is also critical to

producing a sound friction stir weld. The weld-
ing tool plunge depth can be expressed in terms
of the heel plunge depth, the pin/anvil gap, or
the depth of the tip of the welding tool relative
to the workpiece surface, depending on the
details of the control system used. Some weld-
ing systems employ absolute position control,
relative to a fixed coordinate system. Others
use relative position control, either relative to
the anvil or relative to the workpiece surface,
and still other systems may operate with no
active axial position control, such as a system
where the axis is set and locked during welding.
Other welding systems may only operate in
load control, where the plunge force is con-
trolled and the welding tool depth varies in
response to variation in local conditions. In
any case, the depth of the welding tool in the
workpiece is critical to ensure complete weld
penetration and to ensure adequate surface
forging by the shoulder. As a result, plunge
depth must be monitored during welding. As
with the travel speed and spindle speed, this
variable should be recorded in a log file during
production welding for the purpose of confirm-
ing that the welding tool tip was sufficiently
close to the anvil at all times to achieve com-
plete weld penetration.
In an FSW implementation that uses plunge

force as the primary axial position control vari-
able, plunge force variation is typically low
enough that sound welds can be reliably pro-
duced. The larger issue is the variation in
plunge depth that occurs as the welding system
actuates the axial position to maintain constant
plunge force, as discussed previously. In a pro-
cess where the axial position is the primary
control variable, the plunge force should be
monitored to ensure that adequate consolidation
of the crown surface of the weld is maintained.
Review of the weld log file can give an indica-
tion of possible areas of the weld that may have
defects from being insufficiently consolidated
at the crown surface during welding due to
low plunge force.
During welding, joint gap, offset, and mis-

match errors can occur, either due to improper
setup in advance of welding or due to shrinkage
stress and welding forces during welding. It is
often wise to evaluate the effect of these align-
ment errors on joint strength in order to know
the limits of variability that can be tolerated.
Gap tolerance can be evaluated by completing
a weld or series of welds in specially designed
test panels that have short, shallow notches cut
into one side of the joint, as shown in Fig. 6.
By testing several gap settings, joint strength
as a function of gap can be determined. If the
gap tolerance is too low, additional welds at a
lower travel speed may provide a more robust

procedure. Similar tests can be done for offset
errors and mismatch errors. Based on the
results of these tests, an in-process monitoring
scheme can be implemented to confirm joint
alignment and joint gap, thus ensuring that
these errors never result in excessive joint
strength variation.
Finally, welding tool wear over time can

result in variation in the welding process. The
best way to account for tool wear is to complete
life testing of the welding tool in production or
in simulated production welds. Tool life can be
determined by the point at which wear of the
welding tool results in sufficient alteration of
the tool that joint strength or other critical joint
properties are adversely affected, or by cata-
strophic tool failure due to accumulated fatigue
damage. In either case, a life test can indicate
the practical life of a given welding tool design.
The results from the systematic welding trials

and the robustness testing should then be col-
lected and summarized for future reference
and reported when formal qualification is
required. Formal weld procedures can then be
prepared for use in each application.

Procedure Qualification

Procedure qualification is the process by
which a regulatory authority evaluates a weld-
ing procedure, performed by a contractor, and
approves the use of the procedure in production
of some deliverable item. Similarly, operator
qualification is the process by which an individ-
ual is approved to execute a qualified welding
procedure. Further, in some cases, regulatory
authorities have set requirements for how pro-
duction welding operations are to be carried
out, such as requirements for detailed work
instructions, in-process monitoring, and post-
weld inspections and testing. In this section,
some of the common features of procedure
qualification are presented.
Typically, procedure qualification consists of

the steps listed as follows, although there may
be some variability in the process between spe-
cifications (Ref 1–5, 43):

1. Develop and document a welding procedure,
with all supporting tests and evaluations

Fig. 6 Joint gap test panel schematic
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2. Submit the procedure and supporting data
for review

3. Demonstrate the procedure(s) being pro-
posed and record all variables used

4. Test weldments(s) produced and collect test
data

5. Present procedure and qualification test data
for approval

6. Release the procedure for production use

In qualifying a welding procedure for FSW,
given the relative newness of the process, it is
important to communicate with the approval
authority early in the planning process and to
be well prepared for the qualification process.
As the test plans for systematic welding trials
and robustness testing are developed, they
should be submitted to the approval authority
to solicit their comments on the planned testing.
This will help ensure that all appropriate tests
are completed in advance of requesting formal
procedure approval. After preparatory tests are
completed, the test data should be submitted
to the approval authority in advance or concur-
rently with a request to witness qualification
welds.
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Friction Stir Welding Tool Designs
Carl D. Sorensen, Brigham Young University

A KEY DIFFERENTIATOR between fric-
tion stir welding (FSW) and other friction
welding processes is the presence of a noncon-
sumable tool in FSW, often referred to as a pin
tool to differentiate it from other tooling asso-
ciated with the process. The pin tool used
in FSW influences virtually every aspect
of the process. Pin tool design affects the pro-
cess loads, material flow, process-zone temper-
ature, and weld quality. Tool design also has
significant effects on tool life and tool cost.
Historically, tool design has been a combina-
tion between art and science. As the under-
standing of the process matures, tool design
has been coupled more closely with process
behavior, and tool performance has increased
correspondingly.
This article discusses materials for FSW pin

tools, various tool geometries that have been
used, designs for specific applications, predict-
ing and measuring tool performance, and other
considerations in FSW pin tool design.

Friction Stir Welding Tool Materials

Friction stir welding has been performed
with a variety of pin tool materials. When weld-
ing materials with low softening temperatures
(under approximately 600 �C, or 1110 �F), the
range of materials that can be used is relatively
large. However, when welding materials with
higher softening temperatures, it can be a chal-
lenge to find appropriate tool materials. This
section discusses the requirements for tool
materials along with materials that have been
successfully used in various FSW applications.

Tool Material Requirements

Friction stir welding is a challenging material
application. The pin tool is surrounded by
workpiece material at the softening tempera-
ture, which is typically between 80 and 95%
of the absolute melting temperature of the
workpiece (Ref 1). Friction stir welding tools
also see significant process loads; on the order
of 10,000 Newtons (N) of force along the tool
axis and several thousand Newtons perpendicu-
lar to the tool axis are common (Ref 2, 3).

Table 1 summarizes the relationships between
the classes of tool materials and the desired tool
material characteristics.
Strength at Room Temperature and Pro-

cess Temperature. Friction stir welding tools
must be strong enough to support the process
loads. This strength must exist both at room
temperature (for the start of the weld) and at
elevated temperature (for the major portion of
the weld). For welding alloys such as 6061 in
thicknesses under approximately 16 mm (0.6
in.), strength is typically not a major problem.
For higher-strength alloys and thicker plates,
strength can be a significant factor in the choice
of FSW pin tool material.
Chemical Inertness at Elevated Tempera-

ture. Chemical interactions with the material
to be welded can cause significant detrimental
effects. Strong chemical adhesion of the work-
piece and the tool can lead to reduced flow.
Chemical wear can reduce the strength of tools.
Tool material can contaminate the weld mate-
rial. In some cases, incipient melting at the
tool-workpiece interface is thought to lead to
liquid metal embrittlement of the tool (Ref 4).
To avoid all of these problems, tool materials
that do not chemically react with the workpiece
should be chosen.
Wear Resistance. Over an extended period

of time, wear can change the shape of the tool
and adversely affect the properties of the weld.
In some cases, wear can lead to tool failure in a
relatively short time. In other cases, wear parti-
cles of the tool material left behind in the weld
can greatly reduce the properties of the weld,
especially in fatigue (Ref 5). Therefore, tool
materials should have a strong resistance to
wear.

Fracture Toughness. Friction stir welding
tools operate in a cyclic environment under
high loads. To avoid failure, fracture toughness
should be high. Fracture toughness has been a
particular problem in tools for welding high-
softening-temperature materials such as steels.
Pure tungsten tools have low fracture toughness
at room temperature, leading to failure on
plunge (Ref 6). Ceramic and superabrasive
tools tend to fail by fracture, rather than by
wear. Higher fracture toughness is always a
desirable characteristic for FSW tools.
Manufacturability. Many FSW tools have

complex geometries, so manufacturability is a
key aspect of tool material choice. Tools that
can be worked with standard machines and pro-
cesses are generally preferred over those that
require special processing (e.g., grinding with
superabrasive wheels). Nevertheless, if the per-
formance of a difficult-to-manufacture material
justifies the increased cost, such materials can
be used for FSW tools in demanding
applications.
Availability. To be feasible for a production

process, the availability of the material should
be high. Materials whose availability is limited
will tend to have high cost or may be unavail-
able at any cost. For example, iridium was tried
as a tool material for FSW of titanium alloys
(Ref 7). Although it had most of the character-
istics required for a tool material, availability
of iridium is so limited that it could not be used
as a commercially feasible tool material.
Cost. Friction stir welding tools are generally

considered to be consumables. Therefore, the
cost should be commensurate with this applica-
tion (Ref 8). For some high-performance mate-
rials, the cost of a tool can exceed several

Table 1 Characteristics of typical friction stir welding tool materials

Material characteristic

Tool material class

Tool steels Superalloys Refractory metals Carbides, cermets, and ceramics Superabrasives

Room- temperature strength Good Excellent Excellent Excellent Excellent
Process-temperature strength Good Very good Excellent Good Excellent
Chemical inertness Good Very good Good Good Excellent
Wear resistance Good Good Very good Good Excellent
Fracture toughness Very good Very good Very good Good Poor to good
Availability Excellent Very good Very good Very good Very good
Cost Excellent Very good Poor to acceptable Good Poor to acceptable



thousand dollars. Such expensive tools will
have only limited applicability, where the value
of the joint to be made is sufficiently high to
support the tool cost.

Classes of Tool Materials

Various tool material classes have been used
to perform FSW and processing. This section
describes the general properties of each of the
classes of tool materials.
Tool steels have been used for the large

majority of FSW. The most commonly cited
tool steel is H13 (Ref 9–26), which is used to
weld most aluminum alloys, magnesium, lead,
and other low-softening-temperature materials.
H13 is an air-hardening, high-hot-strength tool
steel with good thermal fatigue resistance and
wear resistance (Ref 27). Other tool steels used
include O1, D2, SKD61, Orvar Supreme, and
Divar (Ref 28–33). The maximum-use tempera-
ture for oil- and water-hardening tool steels is
approximately 500 �C (930 �F). Secondary-
hardened tool steels can be used up to approxi-
mately 600 �C (1110 �F) (Ref 27).

Superalloys. Cobalt- and nickel-base super-
alloys have been used as materials for FSW
tools in high-strength aluminum, copper, and
thin steels. These alloys typically have excel-
lent high-temperature deformation resistance.
They are relatively available, serving as com-
mercial alloys for aircraft engine components,
and have moderate costs. Nimonic 105 has
probably had the most use in welding copper
(Ref 34). MP159 (a cobalt-base superalloy)
has been used for welding high-strength alumi-
num alloys such as 7075 and 7050 (Ref 4, 35,
36). Some researchers have reported premature
tool failure when used at high temperatures in
these alloys, which was thought to be related
to liquid metal embrittlement (Ref 4).
A custom cobalt-base alloy strengthened by

Co3(Al,W) precipitates has been tested for use
in welding carbon steel and titanium alloys
(Ref 37). It was tested with a relatively short
probe (1.4 mm, or 0.06 in., in length) but was
able to survive over 45 m (148 ft) in mild steel.

Limited reactivity was found with either steel
or titanium. Its relatively low cost and high
manufacturability make it a promising tool
material for future testing.
Refractory metals are promising FSW tool

materials for high-softening-temperature alloys
because of their very high hot strength. Nio-
bium and tantalum have high oxygen solubility
at elevated temperatures, so they cannot be
used for FSW in atmosphere (Ref 38). Molyb-
denum and tungsten have both been used for
FSW of steel and titanium. Pure tungsten suf-
fers from low room-temperature toughness
(Ref 4, 39). W-25%Re, W-1%LaO2, and Densi-
met have all been used for FSW of steel, tita-
nium, and copper (Ref 40–48).
With the exception of tungsten-rhenium

alloys, refractory metals have an acceptable
price and availability. Due to a limited supply
of rhenium, tungsten-rhenium alloys are
extremely expensive. Refractory metals are
limited in the geometries that can be used,
because small features tend to wear away rap-
idly (Ref 49). The most common refractory
metal tools have either no surface features or
very gentle surface features.
Carbides and Ceramics. A variety of cera-

mics and carbides have been explored for use
in FSW tools. Al2O3 and Si3N4 have outstand-
ing strength, but their toughness is too low for
successful use in FSW of steels. Cemented
tungsten carbide (WC-Co) has been used for
welding metal-matrix composites due to its
high abrasion resistance (Ref 50). Cemented
carbide has also been used for welding of steels
(Ref 51). The use of cemented carbide for steels
is limited by its relatively low hot strength.
Superabrasives are ceramic materials that

have been processed in high-temperature,
ultra-high-pressure (HT-UHP) presses. The
most widely known superabrasive is synthetic
diamond. It is used for FSW tools in the form
of a sintered compact called polycrystalline dia-
mond (PCD). The superabrasive most widely
used in FSW is polycrystalline cubic boron
nitride (PCBN). Because they must undergo
an HT-UHP process, superabrasive materials

are fairly expensive. Manufacturability of
superabrasive tools can be a challenge, because
the primary method of machining is grinding
with diamond abrasive wheels. Availability of
the raw materials for superabrasives is
excellent.
Polycrystalline diamond has been used in

FSW of aluminum metal-matrix composites,
where its superb hardness and wear resistance
allow for extremely long tool life (Ref 52). It
is also a candidate shoulder material for FSW
of titanium. Polycrystalline diamond is not
usable for FSW of steels because of its high
reactivity with iron at elevated temperatures
(Ref 53).
Polycrystalline cubic boron nitride has been

used for FSW of a variety of high-softening-
temperature materials. It has the lowest wear
rate of all materials used for FSW in these
alloys. However, the relatively low fracture
toughness of PCBN generally leads to failure
by fracture rather than by wear (Ref 39).

FSW Tool Material Applications

A variety of FSW tool materials have
been used for welding various materials.
Because the tool requirements vary with the
material welded, the tool materials for each
alloy class are discussed separately. Table
2 summarizes the tool materials used for each
alloy class.
Aluminum Alloys. The bulk of FSW in alu-

minum alloys is performed with H13 steel
tools, at least up to a thickness of 13 mm (0.5
in.). Other tool steels have been used, but H13
appears to be the workhorse of the aluminum
FSW industry in moderate and low thicknesses
(Ref 11–26). In greater thicknesses and with
higher-strength 7xxx-series alloys, H13 probes
can fail prematurely. In such applications, the
cobalt-base alloy MP-159 is the most widely
used tool material (Ref 4, 35, 36). For alumi-
num alloys, tool materials are generally consid-
ered to meet the primary needs, with tools often
lasting for 1000 m (3300 ft) or more of
welding.

Table 2 Tool materials used for welding various alloy classes

Material welded

Tool material class

Tool steels Superalloys Refractory metals

Carbides, cermets, and

ceramics

Superabrasives

(a)

Aluminum alloys Most commonly used, typically
H13

MP159 used for probes in 7xxx alloys . . . WC-Co . . .

Magnesium alloys Generally H13 . . . . . . WC-Co . . .
Copper alloys . . . Nimonic 105 for probe, Inconel 718,

Waspalloy
Densimet for shoulder, Mo, W-

25Re
WC-Co PCBN

Titanium alloys . . . . . . Mo, W, W-Re, W-LaO2, Mo-Re-
HfC

WC-Co, but limited tool
life

. . .

Stainless steels . . . . . . W-Re (ferritic) . . . PCBN
Low-alloy steels . . . Co(Al,W)3 W-Re, W, Mo, W-Re-HfC WC-Co PCBN
Nickel alloys . . . . . . . . . WC-Co PCBN
Metal-matrix
composites

. . . . . . . . . WC-Co PCD

Thermoplastics H13 . . . . . . . . . . . .

(a) PCBN, polycrystalline cubic boron nitride; PCD, polycrystalline diamond
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Magnesium alloys have been welded with
both tool steel (H13) and WC-Co (Ref 54).
The mechanical and thermal loads on the tool
in welding magnesium are generally quite
small, so the lower-strength tool materials work
well. Perhaps the largest concern in FSW of
magnesium is the tendency of the alloy to stick
to the tool (Ref 55). Careful attention to tool
surface finish helps provide successful results
in FSW of magnesium alloys.
Copper and Copper Alloys. Copper has

been tested with perhaps the widest range of
tool materials of any alloy. Because FSW has
been chosen as a joining technology for 50
mm (2.0 in.) thick welds in sealing canisters
to contain nuclear waste in Sweden, a signifi-
cant research program on FSW of thick-section
copper has been carried out for several years.
Seventeen different probe materials, including
metals, cermets, ceramics, and superabrasives,
were tested (Ref 56). Of these materials, Nimo-
nic 90, Inconel 718, and Waspalloy were able
to produce 3.3 m (11 ft) long welds. Nimonic
105 was able to produce welds 20 m (66 ft) in
length with no visible damage. For these canis-
ter welds, Densimet was chosen as the shoulder
material (Fig. 1). The PCBN tools have also
been demonstrated to produce sound welds with
good life in copper, aluminum bronze, and
nickel-aluminum bronze (Ref 56, 57).
Titanium Alloys. Titanium and its alloys are

particularly challenging to weld because of the
high softening temperature, low thermal con-
ductivity, and high reactivity of these alloys.
Polycrystalline cubic boron nitride was tested
and found to react with the titanium (Ref 58).
Various tungsten alloys have been used to weld
titanium alloys. W-1%LaO2 has been shown to
provide excellent results in welding beta and
alpha-beta titanium alloys (Ref 59–62). A pro-
prietary refractory metal alloy produced by
General Electric and Edison Welding Institute
has also shown promise in FSW of titanium.
Although molybdenum alloys and W-25%Re
survive the FSW process in titanium, the welds

made with these materials were of lower quality
than those made with W-1%LaO2 (Ref 63).
Stainless Steels. Ferritic stainless steels have

been welded with both PCBN and refractory
metal alloys (Ref 64–66). Both materials pro-
duce sound welds. Refractory metal tools cur-
rently have a higher thickness capability
(approximately 18 mm, or 0.8 in.) than PCBN
tools (approximately 8 mm, or 0.3 in.).
Austenitic stainless steels are much more

challenging to weld than ferritic steels. Tool
wear is a challenge in these alloys. Tools con-
taining tungsten wear quite rapidly (Ref 67,
68). The PCBN tools wear less rapidly but still
experience some wear. Smooth PCBN tools
(Fig. 2) can sometimes lead to sigma-phase for-
mation in FSW of 304L (Ref 69, 70). The
PCBN tools with a convex scrolled shoulder
and a stepped-spiral pin (Fig. 3) have been
shown to eliminate sigma-phase formation
(Ref 71). Thus, it appears that thread features
may be necessary to achieve optimum proper-
ties in FSW of 304L. Polycrystalline cubic
boron nitride has also been used to weld 316L
and 2507 superduplex (Ref 39, 72). No tool
materials have been found that successfully join
AL-6XN superaustenitic stainless steel (Ref
73).
Low-Alloy Steel. Tungsten- and molybde-

num-base tools have been used to successfully
weld low-alloy steels, including W, W-25%
Re, and W/Mo-Re-HfC alloys (Ref 74–78).
Tools made from these alloys are typically
hemispherical or truncated-cone probes with
very small shoulders and smooth surfaces (Ref
79). Periodic redressing of the tool allows for
an extended tool life.
A cobalt-base alloy containing Co3(Al,W)

precipitates has been shown to weld both low-
and high-carbon steels (Ref 37). Although the
alloy is only demonstrated for thin sheets (the
probe length was 1.4 mm, or 0.06 in.), the

material looks promising due to its high avail-
ability, high manufacturability, and low cost.
Polycrystalline cubic boron nitride has been

used to weld a variety of low- and high-alloy
steels (Ref 80–83). Welds are generally of high
quality, with good ductility and joint efficien-
cies greater than 90%. Tool wear is generally
quite low in these alloys. Tool failure is gener-
ally due to fracture.
Nickel Alloys. Finding tool materials for

welding of nickel alloys has been a significant
challenge. WC-Co has been used to make welds
in alloy 600 (Ref 84). Polycrystalline cubic boron
nitride has been used to weld a variety of nickel
alloys, including alloys 600, 718, 201, and 22
(Ref 39). Surface finish and mechanical proper-
ties are excellent, although tool life remains an
issue in strengthened alloys.
Metal-Matrix Composites. The ceramic

particles found in metal-matrix composites lead
to excessive wear in FSW of these materials
with tool-steel tools (Ref 85–87). More wear-
resistant materials are needed. WC-Co has been
demonstrated to allow FSW aluminum-base
metal-matrix composite with 30 vol% SiC par-
ticles, with acceptable wear rates. A composite
tool with a PCD shoulder and a WC-Co +
PCD probe was demonstrated to weld alumi-
num metal-matrix composites with both SiC
and B4C, with no measurable wear (Ref 52).
Thermoplastics. The mechanical require-

ments for FSW of thermoplastics are similar
to those for aluminum, although the tempera-
tures are lower. H13 is generally used as a tool
material for these applications. Friction stir
welding of thermoplastics requires a stationary
shoulder (Ref 88, 89) and has yet to find wide
commercial application.

Friction Stir Welding Tool
Geometry

Friction stir welding tools consist of a shoul-
der and a probe (or pin). The shoulder is larger
in diameter than the probe and rides along the
joint at or near the surface of the workpiece.
The probe extends below the surface to approx-
imately the maximum depth of the weld. It can

Fig. 1 Friction stir welding tool with convex scrolled
shoulder of Densimet and MX Triflute probe

of Nimonic 105. Source: Ref 34

Pin

Shoulder

Locking
Collar

Fig. 2 Conventional geometry (smooth concave
shoulder, cylindrical pin, three flats) used for

welding ferrous alloys
Fig. 3 Convex scrolled shoulder and stepped-spiral pin

geometry used for welding ferrous alloys
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be convenient to consider the designs of each
component of the tool separately.

Shoulder Designs

The shoulder of the pin tool has the primary
function of containing the deformed material
within the weld zone. It has a secondary func-
tion of generating frictional heat to soften the
material ahead of the probe. However, the heat
generated by the shoulder increases the top-to-
bottom asymmetry of the through-thickness
thermal profile. Therefore, current research is
exploring the value of minimizing shoulder
heating.
Shoulders have three fundamental geome-

tries: concave, flat, and tapered or convex.
Concave Shoulder. The concave shoulder

was the original shoulder used in FSW (Ref
90) (Fig. 4). The concave shoulder has the cross
section of a hollow cone, with a cone angle of
approximately 6 to 10� from the horizontal.
The hollow cone provides a reservoir for mate-
rial displaced by the probe during the plunge
phase of FSW and serves to bring material back
toward the probe to achieve full consolidation.
The shoulders of concave shoulder pin tools
are typically smooth, with no surface features
of any kind.
Pin tools with concave shoulders must be

operated with the tool axis tilted (typically
between 2 and 5�) from the vertical, such that
the trailing edge of the shoulder is lower than
the leading edge. This facilitates consolidation
of the weld, but making nonlinear welds with
tilted tools requires a machine with at least four
axes of motion in order to maintain the appro-
priate orientation of the tool.
Flat Shoulder. A major advantage of a pin

tool with a flat shoulder is that the tool does
not need to be tilted to complete the weld.
The disadvantage of such a tool is that there is
no inherent ability to move material from the
edge of the shoulder toward the probe. There-
fore, flat shoulders typically have scrolls or

other features designed to draw weld material
toward the tool axis (Ref 91).
Scrolls can have a variety of shapes, but the

most common shape used in flat-shoulder tools
is a rectangular cross section, spiral scroll pro-
jecting from the flat surface of the shoulder
(Fig. 5). The tools are typically run with the
scrolls 0.3 to 0.8 mm (0.01 to 0.03 in.) below
the surface of the workpiece. If the scrolls are
deeper, excessive flash results. If the scrolls
are shallower, there is typically insufficient
consolidation.
Tools with narrow flat shoulders and no

scrolls have been recently used to weld materi-
als with high softening temperatures (Ref 92)
(Fig. 6). However, in this application the tool
must be tilted like a standard concave shoulder
tool.
Tapered and Convex Shoulder. Flat-

shoulder tools and, to a lesser extent, concave-
shoulder tools must operate within a very
narrow depth range. If the tool is too shallow,
insufficient consolidation occurs. If the tool is
too deep, excessive flash is generated. This
means that the tool must follow the profile of
the top surface of the workpiece.
In contrast, the end of the probe should

remain a fixed distance from the anvil to assure
a full-penetration weld. Therefore, for a fixed
probe length, it is desirable to maintain a fixed

tool position regardless of the workpiece sur-
face profile.
To solve this fundamental conflict, tapered-

and convex-shoulder pin tools were developed
(Ref 93, 94). In such tools, the outer radius of
the shoulder is farther from the end of the probe
than the inner radius of the shoulder. This
allows the tool to create a successful weld over
a range of thicknesses nearly equal to the taper
in the shoulder (Fig. 7).
To keep the material properly constrained

within the stir zone, tapered- and convex-shoul-
der tools need scrolls. In contrast with the
scrolls on flat shoulders, scrolls on tapered and
convex shoulders are typically much shallower.
Like flat-shouldered tools, convex- and

tapered-shoulder tools can be run at zero tilt
angles. However, unlike flat-shouldered tools,
convex- and tapered-shoulder tools can be suc-
cessfully run at a large range of plunge depths
(Ref 94).
Tapered-shoulder tools were the initial tools

in this class, and they work well. By allowing
the cross section of the shoulder surface to have
geometry other than a straight line, the perfor-
mance of the tool can be tailored to a particular
application. For example, a convex-shoulder
tool can be designed that will have less varia-
tion in top surface width with plunge depth than
a tapered-shoulder tool.
Tapered shoulders allowed the creation of

fixed-gap bobbin tools, where two tapered
shoulders were separated by a fixed-length
probe (Fig. 8). The fixed-gap bobbin tool allows
symmetric welding of plates with relatively
inexpensive equipment, even in the presence
of typical plate thickness variation.
Stationary Shoulder. If the shoulder is being

used for only the primary purpose of containing
material, there is no need to have the shoulder
rotate with the probe. In such cases, a nonrotat-
ing or stationary shoulder can be used.
Stationary shoulders (Fig. 9) were first used

in FSW of thermoplastics, where the rotating
shoulder tended to fling material out of the stir
zone. By moving to a stationary shoulder with
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E(Degrees)

(L.H. Thread) (Radius)

(Radius)

A = M8x1
B = 6 mm
C = 6.2 mm
D = 25 mm
E = 7°
F = 1 mm

Fig. 4 Original tool design used by The Welding
Institute to develop the friction stir welding

process. Source: Ref 33

Fig. 5 Flat scrolled shoulder friction stir welding tool.
Source: Ref 39

Fig. 6 Typical refractory metal tool geometries for welding of high-temperature materials. Source: Ref 92
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a heating cartridge embedded, the material was
able to be both heated and contained (Ref 89).
Stationary shoulders have also been applied

in the welding of aluminum and titanium
alloys. These shoulders have been used in butt

welding and fillet welding (Ref 96). Through
proper design of the stationary shoulder, cou-
pled with the addition of a feed wire, the sur-
face profile of the weld can be controlled. For
example, reinforcement can be added to a butt
weld, or a radius can be added to a fillet weld.
A stationary-shoulder weld can often be made
with an exceptionally high-quality surface fin-
ish (Fig. 10).
One of the challenges in stationary-shoulder

welding is preventing the weld material
from entering the gap between the stationary
shoulder and the rotating probe. This is typi-
cally accomplished through the use of very
small clearances between the shoulder and the
probe.

Probe Geometries

The purpose of the probe is to generate
deformation and resultant heat and to facilitate
the flow of the material in the stir zone. Various
probe geometries and features have been used
to accomplish these objectives.
Cylindrical. Probes used in the initial FSW

experiments were typically cylinders with ends
having a spherical radius (Ref 90) (Fig. 4).
Later designs had a flat rather than round end.
Cylindrical probes have been used with vari-

ous features. Smooth probes having no features
have been used for experimental work (Ref 3),
but their use in production work has been lim-
ited. The most common feature on cylindrical
probes has been threads. Threads are generally
constant-pitch, 60�, V-form threads.
When tool materials are difficult to thread,

small flats have been used on a cylindrical
probe to increase the heat generation in the stir
zone (Ref 81). This is generally done with a
symmetric series of flats at an angle to the tool
axis. Three flats is a common number to use
(Fig. 11).
Flutes have also been used in conjunction

with threads on cylindrical pins, particularly
for use in swept-spot welding. Such tools are
discussed in the section on tools for specific
processes.
Conical. Cylindrical tools perform well in

relatively thin plate, but as plate thickness
increases, the strength of a cylinder is insuffi-
cient, so tools with more strength at the top sur-
face of the weld are desirable. The most
common geometry used to accomplish this is
a truncated cone or frustrum geometry. This
geometry has a relatively narrow probe end to
keep forces low and a relatively large probe base
to keep probe strength high. Conical probes can
be smooth or can use various features to improve
metal flow and increase heat generation. The
commonly-used features include threads, flats,
and flutes, alone or in combination.
Smooth conical probes have been used for

welding materials with high softening tempera-
tures, particularly for tools made out of refrac-
tory metals (Ref 79).
Other. Some researchers have noticed that

tools used to weld difficult materials, such as

Fig. 7 Tapered-shoulder workpiece showing how a convex scrolled shoulder can accommodate variable workpiece
thicknesses. Courtesy of Kevin Colligan, Concurrent Technologies Corporation

Fig. 8 Model of a fixed-gap bobbin tool with tapered
scrolled shoulders. Workpiece material is re-

moved for clarity. Courtesy of Kevin Colligan, Concurrent
Technologies Corporation

Fig. 9 Stationary tool with heating cartridge
embedded for use in friction stir welding of

thermoplastics. Source: Ref 88
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materials with high softening temperatures
or metal-matrix composites, deform rapidly
in the early stages of welding. However, at
later stages of welding, the tool deformation
rate decreases. This has led these
researchers to propose that the deformed probe
geometries are optimal for the particular weld-
ing process.
In welding silica-reinforced aluminum with a

threaded cylindrical steel probe (Ref 28–30),
the probe wore near the root to greatly increase
the root radius while slightly decreasing the
probe radius (Fig. 12). The large radius was
thought to contribute to the low wear rate.
In processing nickel-aluminum bronze with a

stepped-spiral probe, the end of the probe was
observed to shorten, leading to a beehive-
shaped probe. It was thought that this probe
shape provided an optimal trade-off between
strength and slenderness.
Noncircular Cross Sections. Most FSW

probes have generally circular cross sections.
However, other geometries have sometimes
been used. Probes with a generally polygonal
cross section have been used in both butt and
spot welding.
Perhaps the most widely used noncircular

probe geometry is the Trivex (The Welding
Institute) probe (Fig. 13). The Trivex probe is
roughly triangular in shape (Ref 95, 97–99).
Each of the triangular sides is a circular arc
whose center is located at the opposite vertex.

The Trivex tool has a dynamic volume ratio
of approximately 1.3, even without additional
features being added. The Trivex tool has been
found to reduce both axial and path-direction
forces by approximately 20% compared to a
cylindrical tool.

Probe Features

Probe features can generally be classified as
threads, flats, or flutes. They serve to increase
heat generation and to control the flow of the
material around the pin. Flats and flutes inter-
rupt the threads on the probe and may provide
for better mixing of the weld material.
It has been proposed that a major purpose for

probe features is to facilitate the transfer of
weld metal from the leading edge of the weld
to the trailing edge of the weld. The swept vol-
ume of the probe gives the minimum volume of
the stir zone. The actual volume of the probe is
the volume of the material that must be dis-
placed. The dynamic volume ratio is the ratio
of these two volumes. A smooth probe with a
circular cross section has a dynamic volume
ratio of 1.0. A typical cylindrical threaded
probe has a dynamic volume ratio of 1.1. A
probe with aggressive threads and flutes, such
as the MX-Triflute (The Welding Institute),
has a dynamic volume ratio of 2.6. High values
of the dynamic volume ratio have been found to

lead to high weld travel speeds, particularly in
thick-section welding (Ref 56).
Threads. Threaded conical pins have been

reported with three different thread forms: V-
threads, stepped-spiral threads, and threads with
semicircular or other well-radiused root cross
sections. The threads on the probe have two
major purposes. First, they generate heat
through forcing the deformation of the parent
material. Second, they control the flow of the
parent material in the vertical direction. For
butt welds, the material is typically forced
downward by the threads to achieve full-pene-
tration welds. For lap and spot welds, the flow
is adjusted to minimize the sheet-thinning
defect.
Many of the threads used in FSW are stan-

dard V-form machine threads. These threads
can be easily made from existing tools and pro-
vide the benefits of threads as mentioned previ-
ously. However, the sharp angle in the root of
the thread provides a stress concentration that
can lead to probe failure at high loads. They
primarily load the material in shear parallel to
the probe surface, so they provide less material
deformation than other thread profiles.
To avoid the problems with stress concentra-

tions at the root, threads with MX-type features
have been designed (Fig. 14). These threads
often have much steeper faces than the standard
60� V-thread (Ref 99). They also have generous
radii at the root of the threads. This serves to

Fig. 10 Surface finish and weld profile possible with stationary-shoulder friction stir welding in fillet welding.
Courtesy of Jonathan Martin, The Welding Institute

Fig. 11 Polycrystalline cubic boron nitride tool for
welding ferrous alloys, showing a cylindrical

probe with three flats. Source Ref 39

Fig. 12 Self-optimizing probe geometry resulting from wear in friction stir welding of 6061 + 20% Al
2
O

3
with tool

steel pin tool. Source: Ref 12
Fig. 13 Trivex tools with and without threads.

Courtesy of The Welding Institute
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extend tool life while increasing the dynamic
volume ratio of the probe.
Stepped-spiral threads (Fig. 15) are often

used on FSW probes, particularly for applica-
tions in higher-softening-temperature materials.
Stepped-spiral threads have a cross section sim-
ilar to a staircase, with a thrust surface parallel
to the tool axis. Because the thrust surface is
completely exposed to the workpiece material
throughout the length of the probe, the volume
of material effectively loaded by the probe is
higher than for V-threads and MX threads.
The dynamic volume ratio of stepped-spiral-
threaded conical probes is between that for
V-threaded and MX-threaded probes.
Flats are the least aggressive of the thread-

interruption features. They slightly increase
the dynamic volume ratio compared with
threads alone. They also increase the heat-
generation rate. The flat surfaces provide the
equivalent of a machining tool with a large neg-
ative rake, which is inefficient for cutting but
generates heat quite well.
To maximize strength, flats are generally

produced in odd numbers (Ref 99). This allows
the full radius of the probe to be available
directly opposite the flat, thus providing the
strongest possible prove for a given geometry.
Flats have not been demonstrated to have a

major effect on facilitating vertical mixing of
the material, but they do provide an increased
rate of material flow from the advancing side
to the trailing side. For a typical conical pin

with a standard V-thread form and three flats,
the dynamic volume ratio is approximately 2.
In applications for aluminum and other alloys

with low softening temperatures, flats are sel-
dom used, because flutes give a higher dynamic
volume ratio. However, in applications for steel
and other high-softening-temperature alloys,
flats are used because they can be readily made
in hard tool materials and show reduced wear
compared to flutes (Ref 81).
On conical probes, flats typically run parallel

to the conical edge and extend the entire length
of the probe. On cylindrical probes, flats are
generally inclined with respect to the tool
axis and cover only part of the probe length
(Fig. 16).
Flutes are the most aggressive features that

are typically created on FSW probes. They give
the highest dynamic volume ratios, typically in
the range of 2.6 (Ref 99). They are most often
combined with threads when used for butt
welding but have been used without threads
for spot welding and lap welding.
To maximize probe strength, an odd number

of flutes is generally used. Virtually all of the
fluted tools described in the literature use three
flutes.
The most common fluted tool described in

the literature is the MX-Triflute tool, invented
by The Welding Institute. This tool contains
three flutes and MX threads and has been used
in welding of aluminum alloys as well as cop-
per (Ref 100).

In addition to their effect on dynamic volume
ratio, which affects transport of material from
the leading edge of the probe to the trailing
edge, flutes can also affect the axial transport
of material from the root of the probe to the
end of the probe. Flutes can have any of the fol-
lowing characteristics (Ref 101) (Fig. 17):

� Additive, meaning that they move material
in the same direction as the threads

� Neutral, meaning that they are aligned with
the tool axis and have no effect on the axial
material transport

� Subtractive, meaning that they move mate-
rial in the opposite direction of the threads

For butt welding, an additive configuration is
generally used. For lap and spot welding, a sub-
tractive configuration is sometimes used to min-
imize sheet-thinning defects. Although neutral
flutes have been tested, they do not appear to
be in wide use.

Designs for Specific FSW Processes

Most FSW currently performed is butt weld-
ing using a pin tool with fixed geometry, as has
been described previously. However, a number
of processes vary from this typical practice.
These processes require tool designs specific
to the process.
Adjustable Probe Length. To accommodate

workpieces with variable thickness, pin tools

Example of helix
showing well radiused
corners

Three flutes
Left hand helix on
outer diameter lands

Not to scale

Fig. 14 Typical friction stir welding tool with an MX-
Triflute probe. Source: Ref 38

Fig. 15 Photograph of a conical probe with stepped-
spiral threads. Source: Ref 38

Fig. 16 Representative variations of the Whorl tool (The Welding Institute), including both flats and square threads.
Source: Ref 38

Fig. 17 Probe designs with various flute actions. Threads move material away from the shoulder; flutes have variable
directions. Courtesy of Dwight Burford, National Institute for Aviation Research
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with adjustable probe lengths have been devel-
oped (Ref 102, 103). These tools can also be
used to eliminate the probe exit hole by gradu-
ally reducing the probe length to zero (Fig. 18).
The main drawback to adjustable-probe weld-
ing is the necessity for more complex FSW
machines to provide separate axes for the probe
and the shoulder.
Welding with adjustable probe length requires

a cylindrical probe geometry. Threads have been
used with adjustable probes, as have flats, but
flutes have not been reported in the literature.
Self-reacting welding (sometimes called

bobbin tool) is an FSW process with no anvil.
Instead, a rotating tool carries shoulders on both
sides of the workpiece, with a probe that con-
nects the two shoulders. This process mini-
mizes the external forces required for FSW,
because the two shoulders on opposite sides of
the plate support the compressive loads
required to forge the material in the stir zone.
It also provides a way to weld without leaving
a probe exit hole, because the tool can be run
right off the edge of the parent metal.
Two versions of self-reacting welding have

been implemented: adjustable gap and fixed
gap. In adjustable-gap self-reacting FSW
(Fig. 19), the lower shoulder is connected to

an adjustable probe while the upper shoulder
is fixed to the machine spindle (Ref 104). By
adjusting the probe length, the gap between
the shoulders can be adjusted to compensate
for part-thickness variations. Adjustable-gap
self-reacting FSW requires machine capabilities
equivalent to those for adjustable-probe FSW.
In fixed-gap self-reacting FSW, the gap

between the upper and lower shoulders is fixed
(Ref 105). Some form of convex or tapered
shoulder is used to compensate for variations
in part thickness. Any FSW machine is capable
of fixed-gap self-reacting FSW. In fact, The
Welding Institute has demonstrated fixed-gap
self-reacting FSW on a computer numerical
control milling machine (Ref 106).
Both forms of self-reacting FSW run at zero

tool tilt and therefore require scrolled
shoulders. Both forms carry the compressive
load of the shoulders on the probe, so stresses
in the probe are high. Both require cylindrical
probes. In both cases, the probes are generally
threaded and without flats or flutes, although
flats have been used occasionally. The probe
often contains left-hand threads on one end
and right-hand threads on the other, to drive
material flow toward the centerline of the
workpiece.

Due to the high loads in the probe, self-
reacting FSW has been demonstrated only on
aluminum alloys.
Lap Welding. In lap welding, the original

joint line is perpendicular to the tool axis. Stan-
dard FSW tool designs induce significant mate-
rial flow parallel to the tool axis. For butt
welding, this flow is vital because it allows
the formation of full-penetration welds. In lap
welding, this axial flow is problematic because
it can create a displacement of the original joint
into either the top or bottom workpiece. This
displacement, known as a hooking defect or
plate thinning, greatly reduces the strength of
the lap joint (Ref 107).
To avoid the hooking defect, it is desirable to

minimize the flow of material across the origi-
nal joint. At the same time, to eliminate the
original joint, it is necessary to have significant
flow in the plane of the joint. This requires
design of special probes for effective lap
welding.
One very effective probe for lap welding is

the flared probe. Flared probes are frustrums
of cones that have a radius that is larger at the
end of the probe than at the probe root. These
tools, generally in the form of a Flared-Triflute
tool (The Welding Institute) (Fig. 20), have
been used effectively in lap welds for relatively
thick aluminum (Ref 108). Flared-Triflute tools
have been demonstrated to reduce process
forces and reduce upper plate thinning by a fac-
tor of 4.
Refill Spot Welding. Refill friction stir spot

welding (RFSSW) (Fig. 21) was developed by
GKSS (Ref 109).
In RFSSW, a tool with three coaxial pieces

having relative motion is used. The outer piece
is a stationary clamp. The intermediate piece is
a rotating shoulder that can also move axially
relative to the clamp. The inner piece is a rotat-
ing probe that moves axially relative to the
clamp and the shoulder. In RFSSW, the clamp
is brought to the surface of the parts to be
welded. The rotating probe is then extended
into the workpiece, displacing material into
the cavity formed by the shoulder, the probe,
and the clamp. Finally, the shoulder is extendedFig. 18 Schematic showing how an adjustable probe can be extracted to eliminate an exit hole. Source: Ref 39

Fig. 19 Adjustable self-reacting (bobbin) pin tool used
in friction stir welding of aluminum extrusions.

Source: Ref 39 Fig. 20 Flared Triflute tool used for lap welding of aluminum. Source: Ref 39
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to the surface of the workpiece while the probe
is retracted to the surface of the workpiece,
leaving the final weld surface flush with the
original surface of the workpiece.
Because of the need for axial motion while

constraining the weld material, the probe geom-
etry for RFSSW must be cylindrical. As with
adjustable-probe FSW, threads have been used
in RFSSW tools, but no flats or flutes have been
reported in the literature.
Swept Spot Welding. Swept spot friction

stir welding (SSFSW) is used to join thin sheets
in a lap configuration. In SSFSW, a fixed-probe
FSW tool is displaced into the upper sheet. The
tool is then transformed through a relatively
localized path to create a localized lap weld.
The path can have various geometries, such as
stitch welding, swing welding (Fig. 22), and
Octaspot welding (Wichita State University)
(Fig. 23) (Ref 101, 110, 111).
In each of these welding processes, the

objective is to eliminate the oxide layer
between the sheets to enable a metallurgical
bond. A potential failure mode in SSFSW is
the sheet-thinning or hooking defect, where
the remnant oxide layer is displaced upward
or downward from its original location, leading
to reduced strength due to reduced sheet
thickness.

Control of vertical flow is important in
SSFSW to minimize the sheet-thinning defect.
Tools with cylindrical probes, threads, flats,
and flutes have been used in SSFSW. Trivex
tools have been found to provide improved spot
weld strength.

Predicting and Measuring Tool
Performance

At the present time (2011), design of pin
tools for friction stir processing is as much art
as science. Hypotheses concerning the effects
of tool features on tool performance are diffi-
cult to prove, and tool design is accomplished
more by judgment than by calculations. Efforts
to improve this situation are proceeding through
numerical modeling as well as through experi-
mental investigations.

Modeling of Tool Features

Numerical modeling of the FSW process is a
challenging task. It is a coupled thermomecha-
nical process, with large gradients in both tem-
perature and deformation. Furthermore, large
plastic deformations are observed in the pro-
cess. Thus, models are often used more to gain
insight into the appropriate physics than to
obtain an exact answer about the process.

Of particular challenge when modeling
tool features is the fact that the threads are gen-
erally quite small compared to the dimensions
of the probe, shoulder, and workpiece. A mesh
that accurately captures the threads would be
very large and lead to extremely long solution
times. Thus, in most numerical models of
FSW, the threads are not explicitly modeled.
Instead, a boundary condition representing
the effect of the threads is applied to the probe
surface.
While this simplification makes sense from a

modeling point of view, it makes it difficult to
model the effects of the threads, because the
boundary condition is an input to the model
rather than an output.
Perhaps the most thorough numerical investi-

gation of the effects of tool features has been
carried out by Colegrove and Shercliff (Ref
95, 97). Using two- and three-dimensional
computational fluid dynamics models, they
explored a variety of probe profiles to examine
the effects on material flow and probe-boundary
conditions. To enable calculations in a reason-
able time, they decoupled the thermal model
from the flow model. The flow model was
restricted to the region near the probe, and fine
features on the tool, such as the threads on the
probe, were ignored. It was expected that these
were second-order effects.
The Colegrove and Shercliff model was

effective in predicting the potential for defect
formation with the Trivex tool and demon-
strated increased axial flow in the Triflute tool
(Fig. 24). Predicted force trends for both the
Triflute and Trivex tools matched the experi-
mental data, even though the absolute numeri-
cal values were significantly different.
Buffa et al. propose a method for designing

optimal FSW tools through the application of
a numerical model of the FSW process (Ref
113). Although the process seems sound, and
the parametric exploration of the tool design
space is appropriate, it appears that the model
is too simple to provide reliable results.
The scientific design of FSW tools through

predictive modeling is currently not technically
feasible.

Fig. 21 Schematic diagram of refill friction stir spot
welding process. Source: Ref 109

Fig. 22 Tool movement and view of finished spot for three variants of friction stir welding (FSW) spot welds. (a)
Friction stir spot welding (sometimes called poke welding). (b) Stitch FSW. (c) Swing FSW. Source: Ref 110
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Fig. 23 Path moved by the tool in an Octaspot weld.
Source: Ref 101
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Experimental Observation of Tool
Features

Experimental observation of the effects of
features on tool performance is generally lim-
ited to single-point observations. For example,
Colegrove and Shercliff compared the perfor-
mance of Trivex and Triflute tools at various
operating parameters. However, they compared
only one version of the Trivex tool and one ver-
sion of the Triflute tool.
The parametric exploration of FSW tools is a

relatively new experimental technique. Yang
et al. explored eight different tools in a para-
metric study of lap welding of magnesium (Ref
114). They identified that a triangular-shaped
probe (Fig. 25) was superior to a round or pie-
shaped probe, and that a small-diameter shoulder
was superior to a large-diameter shoulder.
Sorensen and Nielsen completed a para-

metric exploration of convex scrolled-shoulder,
stepped-spiral probe tools (Fig. 26) in FSW of
AA7075 (Ref 94). They explored the effects
of all the parameters used to design the tool in
a screening design to identify the parameters
that had a significant effect on process
forces, spindle torque, and tool temperature.
They identified probe angle, shoulder length,
scroll radius, and scroll pressure angle as the
most significant variables affecting the perfor-
mance of the tool (Table 3). A follow-on
response-surface study by Nielsen identified
correlation functions to predict the process
loads, torque, temperature, and defect forma-
tion as a function of tool design and operating
parameters (Ref 115).
Although experimental studies such as these

are time-consuming, at present they provide
the best opportunity for quantifying the effects
of tool design on the FSW process.

Summary

Much is known about the design of FSW
tools. The design process is still somewhat
empirical, but tool design can proceed on a
rational basis. Tool materials can be chosen to
be compatible with the material to be welded.
Tool geometry and tool features can be chosen
to achieve the desired weld characteristics.
Modeling and experimentation have demon-
strated the ability to assist in the selection of
specific values for tool and operating para-
meters. Tools should be carefully designed to
achieve the desired properties in the completed
weld.
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Friction Surfacing*

FRICTION WELDING, a solid-state (non-
melting) joining process, relies on the presence
of relative motion between the parts while they
are being pressed together under an applied
axial force to generate the thermomechanical
conditions for welding. The process, in its sim-
plest form, makes use of rotary motion. A mod-
ification of conventional friction welding makes
it possible to deposit layers of metal onto a sub-
strate, a metal-transfer method that is called
friction surfacing.
Although surfacing by friction can be

regarded as novel, the original concept was
reported, and a patent application filed, in
1941 (Ref 1). The technology was dormant
until the late 1950s, when the process was
rediscovered by Russian workers (Ref 2) with
a wide variety of applications that used the pro-
cess at that time:

� Shaft reclamation (Ref 3)
� Hardfacing of agricultural parts (Ref 4)
� Reconditioning bushings of sliding friction

bearings and roll trunnions (Ref 5–9)
� Hardfacing (Ref 10) and improving wear

resistance in gas and oil equipment (Ref 11)

Currently, friction surfacing has been suc-
cessfully developed and commercialized over
the past decade. The process is used for corro-
sion- and wear-resistant coatings and for recla-
mation of worn engineering components.
Friction surfacing can be considered as an alter-
native for fusion-based overlay coatings, such
as coating stainless steel on low-carbon steel
for corrosion protection, repair, or reclamation.
The solid-state nature of the process retains or
even improves the mechanical properties of
the coating and eliminates alloy dilution asso-
ciated with fusion.
Friction surfacing can deposit a wide variety

of high-specification materials, with an ideal
metallurgical bond, onto a range of metal sub-
strates. Friction surfacing has been used to
apply a metal coating onto a metal substrate,
but the process is being explored for the deposi-
tion of metal coatings onto ceramic substrates
(Fig. 1). This unique way of metallizing cera-
mics has potential uses in heat sinking applica-
tions on temperature-sensitive substrates and as
tracks for providing electrical conductivity.

Friction surfacing can deposit a wide variety
of dissimilar materials with a good metallurgi-
cal bond onto a range of substrates. Advantages
include:

� Excellent bonding with no inclusions, poros-
ity, or oxidation

� Dense, clean, and fine microstructures
� Deposition of nonweldable alloys
� No melting of materials, with negligible

dilution and small localized heat-affected
zone

� Automatic and highly repeatable process

Process Description

In the friction-surfacing process, a rotating
consumable is brought into contact with a
moving substrate, which results in a deposited
layer on the substrate (Fig. 2). First, the con-
sumable rod is rotated to the desired speed.
Next, it is brought into contact, under an axial
force, with the stationary substrate. An initial
rubbing period is required to allow the genera-
tion of heat and a plasticized layer in the con-
sumable (Fig. 3). Several seconds are required
before this condition is achieved. Then, the sub-
strate is traversed across the consumable, leav-

ing a layer of deposited material. The deposit
is characterized by a fine hot-worked micro-
structure, zero dilution, and a very strong bond
with the substrate.
The width of the coating depends on the diam-

eter of the consumable rod and is normally in the
range of 0.9 times the rod diameter (Ref 12).
The thickness of the deposited layer is influ-
enced by the primary surfacing variables of rota-
tional speed, axial force, substrate traverse rate,
consumable diameter, and type of material. Gen-
erally, the fully bonded width of the deposit is
approximately 1 to 3 mm (0.04 to 0.12 in.) less
than the diameter of the consumable, with the
extreme angles of the deposit being character-
ized by lack of bond. It is thought that this lack
of bond is associated with nonuniform pressure
distribution across the consumable, lack of
restraint to the highly plasticized flowing mate-
rial, and the reduced time in action seen at the
outer edges as compared to the center of the
consumable.
The deposit thickness in a single pass is con-

siderably influenced by the type of consumable
material. Materials that have good resistance to
plastic deformation at elevated temperatures,
such as the nickel-base alloys and the Stellite
alloys, will only yield thicknesses of the order
of 0.5 to 1 mm (0.02 to 0.04 in.). When austen-
itic stainless steel and carbon steels are used,
the thickness increases to approximately 3 mm
(0.12 in.). For materials with low strength at
elevated temperature, such as aluminum and
its alloys, thicknesses can approach 5 to 6 mm
(0.20 to 0.24 in.).
Representative variables associated with fric-

tion-surfacing conditions are shown in Table 1.
A typical deposit of austenitic stainless steel
from a 25 mm (1 in.) diameter rod that has been
laid down on mild steel by the friction-
surfacing process is shown in Fig. 4(a). The
layer is characterized by a uniformly rippled
surface of consistent width and thickness.
A transverse section reveals lack of bond at
the edges and sound bond formation between
the deposit and substrate, above the narrow,
crescent-shaped, heat-affected zone in the latter
(Fig. 4b). Figure 4(c) shows the microstructural
features at the bond interface. It is important to
remember that a uniform and smooth mush-
room-shaped upset is continuously formed on

* Revised from E.D. Nicholas, Friction Surfacing, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 321–323.

Fig. 1 Friction surfacing of an aluminum layer on an
alumina substrate. Courtesy of The Welding

Institute



the consumable rod during the surfacing
operation.
If it is necessary to clad larger surface areas,

then multiple side-by-side layers can be laid
down. If thicker deposits are needed, then
layers one on top of another can be used. If
both approaches are called for, then interpass
machining may be required to ensure sound
adhesion properties.
Selection of process parameters for new coat-

ing materials or substrate geometries is typi-
cally by experimental development work.
Most of the earlier works on friction surfacing
focused on feasibility aspects of the process
(Ref 13–15). Mathematical models of the
process may facilitate process optimization.
Current development activities include optimi-
zation models (Ref 12, 16, 17), process model-
ing (Ref 18), and the performance of friction-
surfaced coatings (Ref 19).

Equipment

The process uses equipment that is similar to
a machine tool, for which the surfacing condi-
tions are preset. Therefore, the process can pro-
vide good reproducibility and is not dependent
on operator skill. The earliest feasibility studies
were conducted on a modified, continuous-
drive, friction-welding machine (Ref 20).

Practical use necessitated increased surfacing
capacity.
The ability to use converted machine tools

offers a low-cost option in the technology of
friction surfacing. For example, a milling
machine (Ref 21) designed for the heaviest class
of milling was used for longer deposition runs
and larger-diameter components. Machines
(such as in Fig. 5) are built dedicated to friction
surfacing. In this example, the machine is
particularly suited for longitudinal deposition.
The table moves with 1575 mm (65 in.) of longi-
tudinal travel and 725 mm (30 in.) of transverse
travel at a lateral rate between 0.5 and 17 mm/
s (0.02 and 0.68 in./s). Capabilities of this
example include:

� Put down runs of 3 m (10 ft)
� Use consumables up to 70 mm (3 in.) in

diameter
� Provide a range of rotation speeds from 250

to 1800 rev/min
� Develop axial forces up to a maximum of

180 kN (40.5 � 103 lbf)

The machine frame is designed to minimize
deflection. Rotary manipulators (Fig. 6) can be
used for circumferential deposition onto curved
surfaces. A rotary table can be used for annular
deposits on disks and flanges.

Applications

Initially, potential applications for this solid-
state technique were in the cladding of loca-
lized areas. Typical examples include the antic-
orrosion surfacing of slide valve plates, the
surfacing of the annular contact face of com-
posite pipe flanges, the inlay cladding by suit-
able strategic materials in positions that suit
bearings and seal-contact areas on shafts,
and the cladding of the exposed regions of
shafts that are used in pernicious environments.
Hardfacing applications on cutting edges and
agricultural tools were the early applications
(Ref 11).
The available methods, in terms of surfacing

and surface-treatment technology, are still
being developed, particularly in the reclamation
of worn parts and reconditioning of worn
shafts. The process may increasingly accom-
pany other solid-state, large-overlay techniques,
especially with respect to localized repair and
the reclamation of explosively clad and roll-
bonded composite materials.
Various substrate geometries that have inter-

esting potential for friction cladding are shown
in Fig. 7. Shell banding may be another applica-
tion, where suitably soft material is friction sur-
faced to the bodies of artillery shells (Ref 22).
Other possibilities include the manufacture of
specialized wear tiles (for sinter plant and
quarrying equipment) and the in situ reclama-
tion of worn railway points. Turbine blades,
guillotine and shear blades, disk brakes,
machine-tipped tools, and press tool dies are
also considered to be potential friction-
surfacing applications.
Friction surfacing has now been applied to a

wide range of monolithic deposit/substrate
combinations. There has been considerable suc-
cess in producing high-strength bonding, fine-
grained forged microstructures, and full homo-
geneity. A lack of porosity has also been
attained, as have desirable surface properties,
such as corrosion and wear characteristics that

Table 1 Friction-surfacing parameters for selected material combinations

Combination

Consumable diameter

Rotation speed, rev/min

Applied force Traverse rate

mm in. kN 103 lbf mm/s in./s

Austenitic stainless steel to mild steel 25 1.0 550 50 11.3 5 0.20
Stellite 6 to austenitic stainless steel 20 0.8 330 50 11.3 2.5 0.10
Al-4Cu to Al-4Cu 25 1.0 780 17 3.8 4 0.16

Fig. 2 Basic technique for friction surfacing

Fig. 3 Friction surfacing process of metal deposition as
the substrate is being moved to the left.

Courtesy of Frictec Ltd.
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either equal or surpass the bar stock from which
the deposit originated. Combinations include:

� Inco 625 to austenitic stainless steel
� Austenitic stainless steel to carbon steel
� Stellite 6 and 12 to austenitic stainless steel
� Hastelloy to austenitic stainless steel
� Ti-6Al-4V alloy to Ti-6Al-4V alloy
� Al-4Cu alloy to Al-4Cu alloy
� Hardfacing steels, such as D2 and H13, to

medium-carbon steels

As noted, friction surfacing of metals on
ceramic substrates is also a more recent area
of development. For example, process research
at The Welding Institute has used friction

surfacing to deposit aluminum with less than
50 m thickness onto an alumina substrate
(Fig. 1). The technique also can be used to lay
copper tracks on aluminum nitride and silicon
carbide substrates.
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Diffusion Bonding*

THE JOINING OF MATERIALS IN THE
SOLID STATE can be an attractive alternative
to fusion-welding processes. In fact, metals that
are conventionally difficult to weld and combi-
nations of dissimilar materials can only be
welded using a solid-state process. The wide
range of techniques that are available for
solid-phase joining have various modes of heat
and pressure application.
Diffusion welding represents one extreme

within this range, in that it involves minimal
pressurization but relatively high temperatures
and long periods of time. In its simplest form,
the process involves holding premachined and
cleaned parts in intimate contact and then heat-
ing them in a protective atmosphere. As its
name implies, diffusion has a major role in
the joining of mating parts, although other
mechanisms, such as microyielding and oxide
dissolution, are also critical steps in successful
welding.
The process of diffusion welding has been

used for many years, although it did not attain
industrial acceptance until the 1970s or 1980s,
and then, only for specialized applications.
A comprehensive, although somewhat dated,
review of systems that have been successfully
joined using diffusion welding is provided in
Ref 1.
The specific advantages of the process

include its ability to join most metals and some
nonmetals in like or dissimilar combinations,
the minimal amount of deformation that results,
and the fact that the weld area is mostly inde-
pendent of welding time. These advantages
are offset by the need to machine parts to fairly
tight tolerances on component fit-up, as well as
on surface finish. However, the requirements
that are generally specified can readily be
achieved using standard machine shop
practices.

Process Variants

Solid-Phase Process. The more-conventional
form of diffusion welding uses uniaxial load-
ing, which can be applied by dead weight,
mechanical, pneumatic, or hydraulic means.

The applied load is such that macrodeformation
of the parent material(s) does not have to be
reached. Because deformation also depends on
welding temperature, temperatures that range
from 50 to 75% of the melting point are usually
employed. Heat can be applied by radiant,
induction, and either direct or indirect resis-
tance heating. Most welding operations are per-
formed in vacuum or inert gas atmospheres,
although welding in air has been reported
(Ref 2).When welding noble metals, the require-
ments for a clean atmosphere are less stringent,
but protection can prevent parent-metal oxida-
tion while maintaining a clean weld interface.
An examination of the proposed sequence of

stages in diffusion welding (Ref 3, 4) empha-
sizes the importance of the original surface fin-
ish. In forming a bond, it is necessary for the
two metal surfaces to come into atomic contact
(Fig. 1). Hence, microasperities and surface
contaminants must be removed from the bond-
ing faces. The applied load first causes the plas-
tic deformation of surface asperities, thereby
reducing interfacial voids. Bond development
then continues by diffusion-controlled mechan-
isms, including grain-boundary diffusion and
power-law creep.
Premachined parts for uniaxial diffusion

welding should have a surface finish of greater
than 0.4 mm (16 min.), roughness average
(RA). Swabbing with acetone or petroleum
ether, which should occur immediately prior
to set-up in the welding machine, can suffice
as a degreasing measure. Ultrasonic cleaning
also has been used. Many researchers have
examined the removal of oxide, prior to weld-
ing, by ion bombardment or other means. This
can be applicable to certain metals if welding
is to be carried out in the same vacuum cham-
ber, or if the parts are in-vacuo coated with an
oxide-resistant material. However, the addi-
tional cost and time involved in this procedure
make it impractical for most industrial
applications.
The liquid-phase process is applicable only

to dissimilar-material combinations or to like
materials in situations where a dissimilar-metal
insert is used. Solid-state diffusional processes
lead to the formation of a different phase at

the weld interface. The liquid-phase welding
temperature is based on the temperature at
which this phase (usually eutectic) melts. This
thin layer of liquid spreads along the interface
to form a joint at a lower temperature than the
melting point of either of the parent metals.
A reduction in welding temperature leads to
the solidification of the melt. At the point where
this phase is diffused into the parent metals, by
holding at temperature, the process is known as

* Updated from S.B. Dunkerton, Procedure Development and Practice Considerations for Diffusion Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International,
1993, p 883–887

Fig. 1 Mechanism of diffusion welding. (a) Initial
“point” contact and oxide contaminant layer.

(b) After some “point” yielding and creep, a thinner
oxide layer with large voids results. (c) After final
yielding and creep, some voids remain with very thin
oxide layer. (d) Continued vacancy diffusion eliminates
oxide layer and leaves few small voids. (e) Completion
of bonding



transient liquid-phase diffusion welding. The
optimal welding time and temperature can be
estimated by using the applicable phase dia-
gram and solidification kinetics (Ref 5).
The superplastic forming/diffusion weld-

ing (SPF/DW) technique has been developed
specifically within the aerospace industry. Its
industrial importance is such that it is worthy
of separate consideration. The process is used
commercially for titanium and its alloys, specif-
ically those that exhibit superplastic properties
at elevated temperatures within defined strain-
rate conditions (Ref 6– 8). This process also
has been successfully used for advanced alumi-
num alloys (Ref 9). Because the temperature
and pressure conditions coincide with the con-
ditions required for welding, the two processes
have been combined into one manufacturing
operation. See also the ASM Handbook articles
“Superplastic Sheet Forming” (Ref 10) and
“Forming of Titanium and Titanium Alloys”
(Ref 11).
Hot Isostatic Pressing (HIP) is a solid-phase

process that involves the application of a high-
temperature, high-pressure gas to components.
Isostatic pressurization allows the welding of
more-complex geometries than the uniaxial
welding process can handle.
A hot isostatic press consists of a furnace

within a gas pressure vessel. Its size can range
from a diameter of 100 mm (4 in.) to a diameter
of 1.1 m (44 in.) and a height of 2.2 m (88 in.).
Argon gas is typically used, and there is a need
to encapsulate the bond interfaces to prevent
the gas from entering the site of the bond. This
is most often achieved by locating the specimen
in an evacuated and sealed steel can, although
various other means can be used as well.
The pressures associated with HIP welding

are significantly higher than those used in uni-
axial welding. However, because the pressure
is isostatic, the level of deformation is
extremely low. In addition, less premachining
is required. Typical HIP cycles can last from 6
to 16 h, but because many components can be
fitted into one furnace, the unit costs on large
production runs can be low. Bryant (Ref 12)
has developed a graphical procedure to deter-
mine the minimum pressure and temperature
required for the HIP welding of several metals
and alloys.

Diffusion Bonding of Metals

Steels

Diffusion Bonding of Carbon and Low-
Alloy Steels. Although diffusion welding is
applicable to this class of steels, industrial
applications are limited. The process is used
in situations where it is essential to avoid or
minimize distortion and postweld machining,
and for complicated geometries that involve
internal features.
These steels are generally welded without the

use of filler material (interlayer). The parts

themselves are machined to a good surface fin-
ish (<0.4 mm, or 16 min., RA surface roughness,
and flat) and assembled in a heating unit such
that force can be applied uniaxially or
isostatically.
In terms of uniaxial diffusion welding, a

wide range of bonding conditions have been
shown to give sound joints, that is, tempera-
tures of 900 to 1200 �C (1650 to 2190 �F), pres-
sures of 5 to 14 MPa (0.7 to 2 ksi) and times of
5 to 120 min. Because the parameters are inter-
dependent, as temperature increases, the load
and/or time can be reduced and vice versa.
Figure 2 depicts a typical cross section of a
joint in 0.4% C steel, in which a layer of ferrite
indicates the bond line of the sound bond that
has formed.
Tensile strength develops as temperature/

pressure/time increase. Parent-metal tensile
strength is readily achieved; failure occurs
away from the joint interface, even when weld-
ing is not complete. Work has shown that only
80% bonding is necessary to achieve the equiv-
alent parent-metal strength (Ref 13). However,
ductility and joint-line toughness require a
greater level of bond integrity.
Joints made in 0.4% C steel and a 1Cr-

0.25Mo alloy steel have shown low Charpy
impact values, when compared with the parent
steels (Ref 14, 15). With the 0.4% C steel, it
is possible to improve the toughness properties
by using a postweld normalizing heat treatment
(equivalent to the thermally cycled and normal-
ized parent material). However, although the
chromium-molybdenum steel had an improved
microstructure after a postweld quench and
temper heat treatment, it still had low joint-line
toughness. This indicates the greater difficulty
in forming a sound joint as alloy content
increases.
Therefore, when diffusion welding carbon

and low-alloy steels, the final application and
service requirements should be considered care-
fully. The process is useful in low-stress appli-
cations, but when impact toughness is
required, the fitness of a particular steel for
the specific purpose must be examined. For
higher-carbon-content steels and low-alloy
steels, a suitable postweld heat treatment is
recommended to return the steel to its original

condition. However, it should be noted that
some of the high temperatures referred to ear-
lier (�1100 �C, or 2010 �F) can cause signifi-
cant grain coarsening.
The HIP welding of these steels also can be

used when typical conditions involve a temper-
ature of 1100 �C (2010 �F), a pressure of 100
MPa (14.5 ksi), and a bonding time of 4 h.
Again, grain coarsening and the property con-
siderations described previously must be
reviewed.
Diffusion Bonding of High-Strength

Steels. Although diffusion welding has not
been widely applied to high-strength steels, it
is a feasible process, and guidelines similar to
those identified for carbon and low-alloy steels
will apply. Because diffusion welding relies
on microplastic yielding in the early stages of
bonding, it is necessary to use parameters at
the higher end of the ranges specified previ-
ously, that is, temperatures above 1000 �C
(1830 �F) and pressures of 7 MPa (1 ksi) and
above.
Although good tensile properties can be

achieved, the as-bonded toughness will be
low. In addition, a postweld heat treatment to
restore the parent microstructure is
recommended.
Diffusion Bonding of Stainless Steels.

Stainless steels can be diffusion welded using
conditions similar to those that are used for
high-strength steels. These steels are normally
covered by a thin adherent oxide (chromium
oxide) that must be broken up and/or dissolved
during the welding process. This is possible
when higher temperatures and/or higher pres-
sures are used. Alternatively, stainless steels
can be welded in dry hydrogen, which will
reduce the oxide film, or the oxide can be
removed prior to welding. The latter measure
has been accomplished by anodic cleaning of
the steel surfaces, followed immediately by
copper plating to protect the surfaces from
reoxidation. Again, if a dry hydrogen atmo-
sphere is used, then the copper oxide will be
reduced during welding and a sound bond will
be attained.
Although few property data are available on

the diffusion welding of stainless steels, it is
known that tensile strength is readily achieved,
whereas toughness is more difficult. If high
welding temperatures are employed, then it will
generally be necessary to use a postweld heat
treatment to restore properties.

Nonferrous Alloys

Diffusion Bonding of Aluminum-Base
Alloys. Diffusion welding of aluminum alloys
is difficult, because of the presence of a tena-
cious surface oxide film. The surface oxide
can be disrupted by the use of large deforma-
tions and/or high temperatures in, for example,
roll bonding. However, for low-deformation
diffusion welding, interlayers of similar or dis-
similar materials have been used. The specific

Fig. 2 Cross section of diffusion weld in 0.4% C steel.
Original magnification: 50�
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procedures to be followed for aluminum alloys
vary, depending on the alloy system.
For Al-Mg-Si alloys (specifically, Al-0.6Mg-

0.9Si-0.5Mn), diffusion welding without an
interlayer has yielded tensile strengths of 145
MPa (21 ksi) for a welding temperature of
550 �C (1020 �F) (Ref 16). However, this
does induce deformation of the components.
It has been more attractive to use copper or sil-
ver interlayers, which can be applied as a coat-
ing or a foil. These interlayers can be used to
provide a solid-state weld or a transient liquid-
phase (eutectic) weld. Care must be taken
to achieve the latter, to ensure that the
heating rate is not so slow as to allow the inter-
layer to be diffused away before the eutectic
temperature is reached. Solid-state diffusion
welds made with either copper or silver have
yielded joint strengths of 85 MPa (12 ksi)
for bonding temperatures as low as 450 �C
(840 �F).
More attention has been directed to the diffu-

sion welding of alloys that are of interest to the
aerospace industries, that is, 7010 (Ref 17),
7475 (Ref 18, 19), and 8090 (Ref 20–23). No
clear guidelines exist as to the best practice
for welding these alloys, because researchers
have investigated many techniques and the
results point in sometimes conflicting direc-
tions. Welding the alloys without an interlayer
is possible, if disruption of the oxide can take
place during welding. Some success has been
achieved by welding the 7475 alloy with a
“rough” surface (that is, brushed in air), by sur-
face grinding the alloy in an argon atmosphere
prior to welding, and by grit blasting with fine
alumina particles followed by chemical clean-
ing in hot 30 wt% NaOH solution. Long weld-
ing times have been used for this material,
and high strengths have been reported by weld-
ing at 515 �C (960 �F) under a load of 5 MPa
(0.7 ksi) for 5 h, followed by a postweld heat
treatment to T6 condition. In instances where
interlayers have been used for this alloy system,
the material that has shown the greatest promise
is zinc.
Aluminum-lithium alloys are currently

attracting great attention for applications in
the aerospace industries. This is because lith-
ium significantly increases the elastic modulus
of aluminum, by approximately 6% for each
wt% addition of lithium, and simultaneously
decreases its density by 3%. For aerospace
applications, improvements in specific modulus
and strength can lead directly to weight savings.
In addition, it has been shown that aluminum-
lithium alloys can develop superplastic behav-
ior after appropriate thermomechanical proces-
sing, which means that advantage can be
taken of the SPF/DW procedures already estab-
lished in this industry.
Superplastic forming after welding restricts

the welding temperature that can be used. Ide-
ally, the temperature should be lower than or
equal to the superplastic temperature for the
alloy. In addition, the welding time must be
restricted to avoid grain growth in the parent

sheet, which could affect the superplastic-form-
ing properties.
Aluminum-lithium alloys have been bonded

with no interlayer and with interlayers of zinc,
copper, zinc-copper, pure aluminum, and alu-
minum alloys. Surfaces have been prepared by
a number of techniques, such as grinding with
emery paper, shot peening, chemical etching,
and degreasing. All techniques have shown
some degree of success, but it is difficult to
compare results, because the testing methods
to achieve shear strength are varied. Generally,
all of these welds require some form of post-
weld heat treatment to restore properties
(for example, solution treatment at 535 �C, or
995 �F, followed by quenching). A section
through a diffusionweld containing a pure alumi-
num interlayer is shown in Fig. 3. The position
of the original aluminum foil is discernible by
the presence of spheroidal precipitates, similar
in size and shape to those precipitated in the grain
boundaries of the aluminum alloy.
To avoid surface contamination during heat-

ing to the welding temperature, greater care
must be taken with the aluminum-lithium
alloys, because of the reactivity of lithium.
However, this reactivity is also claimed to
make this alloy system somewhat easier to weld
than other less-reactive aluminum alloys.
Diffusion Bonding of Reactive and Refrac-

tory Metals. The diffusion welding of titanium
alloys is well documented, because of its com-
mercial application and importance to the aero-
space industry. Many titanium airframe
structures are now manufactured using the
SPF/DW process, which provides significant
benefits through weight and cost savings. Typi-
cal examples include hot-air nozzles, landing-
gear doors, intricately shaped housings, keel
sections, and heat-exchanger ducts. Most of
the detailed procedures for welding are com-
mercially sensitive. The factors that are impor-
tant are (Ref 24):

� Metallurgical condition of the starting
material

� Characterization of the superplasticity of the
material

� Surface cleanliness
� Tooling material and surface condition
� Welding atmosphere
� Forming and welding parameters
� Part geometry

The primary alloy that is used is Ti-6Al-4V.
It has been established that commercially avail-
able sheet material containing an equiaxed,
uniform, small grain size (preferably <10 mm,
or 400 min.) is suitable for superplastic forming.
Conventional cutting processes are used for the
preparation of sheet material, which is then sub-
jected to an etching treatment prior to place-
ment in the press. Although tooling is
typically made of a 22Cr-4Ni-9Mn stainless
steel with appropriate surface-parting com-
pounds, ceramic-faced tooling has also been
used. During the application of heat at

temperatures ranging from 900 to 930 �C
(1650 to 1710 �F), argon gas provides a protec-
tive atmosphere that is also used, under pres-
sure, to effect forming and diffusion welding.
Tool-to-titanium sealing, to contain the form-
ing/bonding pressure of 2 to 4 MPa (0.3 to 0.6
ksi), is of paramount importance to leakage
prevention.
Multiple-sheet fabrication requires the appli-

cation of a stop-off material (typically, yttria
and a binder) after conventional titanium clean-
ing. The application of a stop-off material uses
a silk-screen technique that allows complex
patterns to be transferred to the sheet. The
multiple-sheet pack is plumbed with stainless
steel capillary tubes for internal gas pressuriza-
tion (between the sheets), as opposed to single-
sheet processing, where gas pressure access is
achieved directly through tooling parts. The
process allows formed titanium shapes that are
far more complex than those produced by con-
ventional forming methods. Parts can feature
integral end flanges, deep beads, corner beads,
and small-bend radii. In addition, compound
contour; multiple, variable, hollow sections;
and complex sandwich (including circular)
structures with varying core configurations can
be fabricated.

Fig. 3 Cross section of diffusion weld in aluminum-
lithium alloy containing pure aluminum

interlayer. Original magnification: 75�

Fig. 4 Effect of applied pressure (for two bonding
times) on the tensile strength of solid-state

welds of CaO-stabilized ZrO
2
joined to itself using an

interlayer of 5052 aluminum alloy. Source: Ref 50
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Zirconium and its alloys also have been
joined by diffusion welding, as have the refrac-
tory metals of tungsten, tantalum, niobium, and
molybdenum (Ref 25).
Diffusion Bonding of Other Nonferrous

Alloys. Other alloy systems have been diffusion
welded but with few industrial applications.
Copper bonds to itself readily, if the surface
oxide can be disrupted, and temperatures
ranging from 850 to 950 �C (1560 to 1740 �F)
have been employed. Alternatively, a liquid-
phase procedure that uses silver as an interlayer
has been adopted to reduce welding times.
The nickel- and cobalt-base alloys are bond-
able, but some alloy systems exhibit good
high-temperature strength that inhibits the
microyielding required for diffusion welding.
Beryllium alloys also can be bonded at low
temperatures (Ref 26).
The noble metals, such as gold, bond readily

because of their very thin surface oxide. Gold,
in particular, is often used as an interlayer
material when welding temperatures are
restricted, because bonds can be achieved at
temperatures as low as 250 to 350 �C (480 to
660 �F), if the surfaces and atmosphere are
clean.

Dissimilar-Metal Combinations

Diffusion Bonding of Dissimilar Ferrous
Alloys. Dissimilar steel joints have not been
extensively investigated in diffusion-welding
research, primarily because it was initially
believed that the process would mostly be used
to join material combinations that were difficult
to join by other, more-conventional methods.
However, this is not strictly true, and in situa-
tions where multiple joints can be formed in
one welding operation, the process can be eco-
nomically viable for dissimilar steel joints.
The literature on steel includes the bonding

of high-speed steels to carbon steels for pris-
matic cutting tools (Ref 27) and the joining of
pure iron to a range of carbon steels (Ref 28).
In this latter work, the bond tensile strength
was greater than 430 MPa (62 ksi), which
exceeds that of the weaker parent metal.
A slight increase in tensile strength occurred
with a decrease in welding temperature from
1000 to 900 �C (1830 to 1650 �F).
Diffusion Bonding of Dissimilar Nonfer-

rous Alloys. Many combinations have been
studied within this category, but the most com-
mon one uses aluminum as one of the parent
materials (Ref 29–31). The diffusion welding
of aluminum to copper and titanium results in
the formation of intermetallic compounds at
the bond interface. With copper, it has been
found that the aluminum/copper intermetallic
can reach 15 mm (600 min.) in thickness before
a reduction in the joint strength occurs (Ref 32).
Also described in this work is the fact that the
parent aluminum strength was not achieved,
even before the excessive growth of the inter-
metallic, which suggests that full bonding can

be achieved only after the time necessary for
extensive intermetallic formation. However,
aluminum-to-titanium diffusion bonds can
reach a tensile strength that is equal to that of
the parent aluminum, and it is claimed that
intermetallic thicknesses of up to 10 mm (400
min.) can be tolerated (Ref 33). Again, an inter-
layer of silver can be used to promote bonding
between the aluminum and titanium, such that
the parent aluminum strength can be achieved
in shorter welding times.
The aerospace and nuclear industries have

driven the development of a wide variety of
special alloy and dissimilar-metal combina-
tions. Examples of materials that have been
successfully joined include nickel-stainless
steel (Ref 34), uranium-stainless steel (Ref
35), beryllium-nickel (Ref 36), beryllium-
stainless steel (Ref 36), thorium dioxide
dispersion-strengthened-nickel alloys (Ref 37),
zirconium-steel (Ref 38), and copper-Monel
(Ref 39).
Diffusion Bonding of Ferrous-to-Nonfer-

rous Alloys. The joining of aluminum to steel
has received a great deal of interest. This sub-
ject has been reviewed by Elliot and Wallach
(Ref 40), who recognized that the two major
problems associated with this metal combina-
tion are:

� The tenacious oxide layer on the aluminum,
which, being stoichiometric and highly sta-
ble, inhibits weld formation

� The formation of brittle intermetallics, such
as the FeAl3 and Fe2Al5 types, at the joint
interface

These problems are generally overcome by
using interlayers, both to promote welding and
to prevent the formation of brittle intermetallic
compounds. Silver has been successfully used
as an interlayer, either as a foil interlayer or
applied by electroplating (Ref 41, 42), vapor
deposition (Ref 43, 44), or sputter deposition
(Ref 45) on one or both surfaces. Both solid-
and liquid-phase joints have been produced,
the latter of which involves melting of the
aluminum-silver eutectic.
Other interlayer materials that have been

examined include nickel and a multilayer sys-
tem of zinc and silver. However, both of these
have disadvantages. The nickel also forms brit-
tle intermetallics with iron that inhibit joint
strength. In the multilayer system, the zinc
was found to erode the silver, thereby removing
the diffusion barrier. In addition, aluminum and
steel alloys can be diffusion welded without
any interlayer by a careful evaluation of the
process parameters and with a higher amount
of aluminum deformation.
The diffusion welding of refractory

metals to steels has been another major research
area. Molybdenum has been welded directly
to steel, but the formation of brittle intermetal-
lics limits the strength of the joints. Lison
and Stelzer (Ref 27) have investigated the inter-
layers required to give good joint properties for

this metal combination, based on metallurgical
compatibility and the coefficients of thermal
expansion. A complex multilayer system
was devised, in which tantalum, vanadium,
nickel, and copper were positioned in the
following order: Mo-Ta-Ni-Cu-steel. Initially,
the Mo-Ta-V combination was bonded at
1500 �C (2730 �F) for 40 min, whereas
the remaining bonds were formed at 850 �C
(1560 �F) in 20 min. The mechanical
properties of such a joint are not given, but
metallographic examination revealed full bond
formation.

Diffusion Bonding of Oxide
Ceramics (Ref 46)

Developments in gas-turbine and ceramic-
engine technology have created an interest
in the diffusion welding of ceramics to
steels, because the low temperatures used
for joining minimize the residual stresses cre-
ated by thermal mismatch. Silicon nitride
and zirconium oxide are two examples that
have been successfully welded to steel using
the diffusion welding process. Both ceramic-
ceramic and ceramic-metal joints have been
fabricated using diffusion bonding. Most of
the work has been on ceramic-metal joints in
which the metal portion of the joint is either a
bonding material added to the interface
between two ceramic components or is the sec-
ond member of a bimaterial joint. The more
extensively studied ceramic-metal joint is dis-
cussed first and in more detail. Ceramic-
ceramic diffusion welding and a variation on
this process in which ceramic powder compacts
are simultaneously sintered and bonded (sinter-
bonding process) are discussed at the end of
this section.

Ceramic-Metal Joints

Two types of interaction have been observed
in diffusion welding of ceramic-metal joints. In
the first type, bonding, is driven by a decrease
in surface energy as a new interface is formed
to replace the two original surfaces. This physi-
cal interaction is indicated by an abrupt transi-
tion in microstructure between metal and
ceramic at the interface. Examples of this
type of bond include those between alumina
welded under high vacuum to the metals alumi-
num, copper, nickel, platinum, and niobium
(Ref 47, 48). However, under certain conditions
of temperature and excess oxygen activity,
reaction products can form at some of these
interfaces (Ref 49). In the case of the Al2O3-
Nb couple, a model system that has been exten-
sively studied, a reaction layer does not occur at
the interface because Al2O3 dissolves in the
niobium (Ref 48). The driving force for the for-
mation of the physical-type bond is the change
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in surface energy (DGs) as given by the Dupre
equation:

�Gs ¼ ðgc þ gmÞ � gcm (Eq 1)

where gc and gm are the surface energies of the
ceramic and metal, respectively, and gcm is the
surface energy of the interface formed during
joining. The change in surface energy (DGs) is
the same as the thermodynamic work of adhe-
sion (Wad), the energy required to separate a
unit area of the bonded interface.
In the second type of solid-state bond

between ceramics and metals, chemical reac-
tion further lowers the energy of the system
and increases the strength of the bond. Chemi-
cal reaction product layers are observed in the
joints after welding. These reaction products
generally cause stronger bonds; however, weak-
ening of the joint may occur if the reaction pro-
ducts grow to excessive thicknesses during
welding or in service. Diffusion welds between
oxide materials and metals that result in the for-
mation of interfacial reaction products are alu-
mina with aluminum (although it is suggested
in Ref 50 that the reaction is between aluminum
and the SiO2 in the alumina and not with the
Al2O3 itself); aluminum and magnesium with
SiO2 and ZrO2 (Ref 51) nickel and titanium
with Al2O3 (Ref 52).
The temperature required for diffusion weld-

ing to occur usually ranges from 0.5 to 0.8
of the absolute melting point of either the
ceramic, the metal being bonded to the
ceramic, or an interlayer that is added at the
interface to promote bonding. A wide range
of applied pressures has also been used, ranging
from 15 kPa to 200 MPa (3 psi to 29 ksi)
and higher. The surface finish of the mating
materials is also a critical variable, because
the success of the process depends on the
attainment of intimate interfacial contact. If all
other variables are equal, the surface finish
and pressure are related because rough surfaces
require greater pressures to force the surfaces
into contact for bonding. The observed effects
of each of these variables (applied pressure,
temperature, and surface finish) are discussed
as follows.
Applied Pressure. Diffusion welding is usu-

ally performed under conditions in which at
least one component undergoes plastic defor-
mation under the applied load. The material
that deforms may be the ceramic, the metal por-
tion of a ceramic-metal joint, or an intermediate
material placed in the joint. Klomp suggests
that applied pressure is critical in solid-state
bonding of oxygen-active metals to oxide mate-
rials (Ref 50). The applied pressure creates an
active metal surface by plastic deformation of
the surface oxide layer that usually inhibits
bonding, thereby allowing contact between
clean metal and the ceramic during the bonding
process. Such behavior was clearly observed in
a study conducted by Arata and Ohmori on the
solid-state bonding of CaO-stabilized ZrO2 to
itself in vacuum using 0.5 mm (0.02 in.) thick

inserts of 5052 aluminum alloy (2.2 to 2.8 wt
% Mg) (Ref 51). The surfaces of the ZrO2 to
be joined were polished with 1500-grade emery
paper and degreased with acetone prior to
bonding. The effect of bonding pressure
on the room-temperature tensile strength
of the joints is clearly shown in Fig 4. The
bonding mechanism was described as a seq-
uential process in which the oxide film on the
aluminum alloy is broken, the alloy is forced
into the pores of the zirconia, and finally the
aluminum and magnesium of the alloy react
with the grain-boundary phases of the zirconia
and with the zirconia.
Bonding Temperature. Temperature is

the most significant variable affecting the
strength of diffusion-welded joints, yet the
mechanisms involved in ceramic-ceramic or
ceramic-metal diffusion welding have not
been modeled. Formation of metal-metal
joints (Ref 53, 54) are considered to involve
the processes associated with pressure
sintering, that is, plastic flow, creep deforma-
tion, and diffusion along surfaces and grain
boundaries or through the bulk of a grain. If
similar behavior occurs in joints containing
ceramics, it can be concluded that increased
temperature increases contact between the
materials being joined by reducing their yield
strengths, and increases the diffusion rates that
control pore closure, grain growth, and chemi-
cal interactions.
The effect of temperature on mechanical

deformation at the joint can be illustrated by
the previously cited work of Arata and Ohmori
(Ref 51). As shown in Fig 5, a 25-fold increase
occurred in the room-temperature tensile
strength of ZrO2 to ZrO2 welds (using 0.5
mm, or 0.02 in., thick inserts of 5052 aluminum
alloy) when the bonding temperature was raised
from 450 to 550 �C (840 to 1020 �F).
Similar behavior was observed by Nicholas

and Crispin (Ref 55) in diffusion welding
an alumina (97.5% Al2O3) to type 321 stainless
steel using an aluminum interlayer, as shown in
Fig 6. The effects of variations in welding para-
meters were determined in a series of experi-
ments using a steel insert between standard
ASTM F 19 testpieces. Fixed variables were: a
0.5 mm (0.02 in.) thick interlayer of commer-
cial-purity aluminum at both alumina-steel
interfaces, an applied pressure of 50 MPa (7.25
ksi), a time at temperature of 30 min (2 to 3
h heat-up time), and a vacuum of a few mPa.
The bonding surfaces of the alumina testpieces
were in the as-received, fired condition. Increas-
ing the welding temperature from 496 to 625 �C
(925 to 1155 �F) resulted in progressively stron-
ger joints. In room-temperature tensile testing,
the welds made at 625 �C (1155 �F) failed at
the stainless steel-aluminum interface, while
all others failed at the alumina-aluminum inter-
face. These authors concluded that the relation-
ship between fabrication temperature and the
strengths of the joints which failed at the alu-
mina-aluminum interface could be expressed as
follows:

Fig. 5 Effect of bonding temperature on the room-
temperature tensile strength of solid-state

welds of CaO-stabilized ZrO
2

joined to itself using an
interlayer of 5052 aluminum alloy. Source: Ref 51

Fig. 7 The effect of the roughness of the surfaces of the
materials being joined when alumina was

diffusion welded to niobium. Source: Ref 59

Fig. 6 The effect of bonding temperature on the room-
temperature tensile strength of diffusion welds

between alumina and type 321 stainless steel (made
using an aluminum interlayer). Source Ref 55
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s ¼ s0 expð�Q=RTÞ (Eq 2)

where s is the failure stress, in MPa, of samples
bonded for a fixed time, at a given applied pres-
sure, over a range of temperatures. In this equa-
tion, s0 is a constant (3.14 � 106 MPa), Q is an
apparent activation energy (83.3 kJ mol�1) for
the bonding process, R is the gas constant, and
T is the absolute temperature. Derby (Ref 56)
observed that the activation energy derived
from the data in this study was approximately
the same as the 80.3 kJ mol�1 reached in a sim-
ilar study by Dawihl and Klinger (Ref 57).
Derby compared these values with the activa-
tion energies for self-diffusion by lattice-,
grain-boundary-, or surface-diffusion mechan-
isms and for vapor-phase transport in aluminum
and alumina. Because of the close agreement
with the published value for grain-boundary
self-diffusion in aluminum (84 kJ mol�1),
Derby concluded that grain-boundary diffusion
in the aluminum was the most probable bond-
ing route in these welds.
Crispin and Nicholas also conducted a simi-

lar study on diffusion welding the same alu-
mina (97.5% Al2O3) to itself using a 0.5 mm
(0.02 in.) thick copper foil interlayer (Ref 52).
Welding was conducted in vacuum (<10 mPa)
at temperatures ranging from 600 to 950 �C
(1110 to 1740 �F), a time at temperature of 30
min, and a pressure of 50 MPa (7.25 ksi), which
was applied when the sample reached the bond-
ing temperature. They concluded that the most
obvious correlation in the experimental data
was between average joint strength and fabrica-
tion temperature. The room-temperature tensile
strengths of the ASTM F 19 alumina specimens
increased from essentially no strength when
welded at 600 �C (1110 �F) to a maximum
of 54 MPa (7.8 ksi) when welded at 875 �C
(1605 �F). Further increases in welding temper-
ature led to decreases in joint strength. The
samples welded at temperatures >700 �C
(>1290 �F) failed within the alumina, but gen-
erally near to and influenced by the interface.
Surface Roughness. The effect of surface

roughness on the strength of diffusion welds
has been explored in several studies. In research
by Derby (Ref 56), ASTM F 19 testpieces fab-
ricated from alumina (99.5% Al2O3, 0.5%
MgO + CaO) were joined using a 0.5 mm
(0.02 in.) thick interlayer of 99.99% aluminum,
an applied pressure of 50 MPa (7.25 ksi), and a
temperature of 600 �C (1110 �F). The atmo-
sphere during bonding was not specified, but
the bonding conditions were reported to be sim-
ilar to those of Nicholas and Crispin, who used
a vacuum of >10 mPa. Two surface conditions
were investigated: a ground surface with an
average surface roughness of 1.4 mm and aver-
age peak-to-valley height of 5 mm, and a
polished surface with values of 0.4 mm and 1
mm, respectively. A postbonding heat treatment
of 30 min at 400 �C (750 �F) in the bonding
furnace was followed by a 4 h anneal at
200 �C (390 �F) in a furnace. The strength
of the samples was negligible without these

thermal treatments. For both surface conditions
the bond strength increased with time. However
a maximum of only 20 MPa (2.9 ksi) after 40
min bonding time was reached in the ground
specimens, while the strength of the lapped spe-
cimens reached an average strength of 32 MPa
(4.6 ksi) after a 20 min bonding time. An inter-
esting footnote to this study is that much stron-
ger joints, with tensile strengths averaging 50
MPa (7.25 ksi), were achieved at bonding tem-
peratures above the melting point of aluminum
(660 �C, or 1110 �F).
Suganuma and co-workers investigated the

solid-state bonding of an alumina (99.7 wt%
Al2O3) to niobium (99.5 wt% pure) as a func-
tion of bond face grinding conditions (Ref 59).
The bonding was done in a hot press under a
vacuum of 2.7 mPa, at a temperature of 1500
�C (2730 �F) for 1 h, and an applied pressure
of 20 MPa (2.9 ksi). The effects on room-
temperature bond strength of three surface
roughness conditions of both the alumina and
the niobium were explored. The bonded speci-
mens were ground to remove a 1.5 mm (0.06
in.) wide unbonded region that was sometimes
present along the edges of the joint, and then
cut into bars for four-point flexure testing. As
in the study by Derby, these researchers con-
cluded that significantly stronger joints resulted
in welds made with the alumina having the
smoothest surface (average surface roughness
of 0.97 mm). However, as shown in Fig 7, the
surface finish of the niobium had just the oppo-
site effect; that is, the strongest bonds were pro-
duced with the roughest niobium (average
surface roughness of 3.49 mm). In addition,
the rough bond face on the niobium resulted
in the elimination of the unjoined region at the
edges of the original specimens. Both beneficial
effects of niobium roughness were probably
caused by plastic flow of the metal.

Ceramic-Ceramic Joints

As stated previously, diffusion welding is
usually performed under conditions of tempera-
ture and pressure where at least one component
plastically deforms under the applied load so
that the surfaces to be joined are brought into
intimate contact. Although the material that
deforms in most cases is either the metal por-
tion of a ceramic-metal joint, or an intermediate
material placed in the joint, it may also be the
ceramic. For example, Elssner et al. reported
weak joints when a coarse-grained alumina
(grain size � 18 mm) was bonded to itself with-
out an interlayer, because the ceramic was
creep resistant and therefore resisted formation
of an intimate interface (Ref 60). Conversely,
bonds between the same coarse-grained alu-
mina and an alumina with smaller grains (� 1
mm) were much easier to produce because the
fine-grained material deformed much more
readily. The flexure strength (test method not
given) for joints between the two aluminas

reached a maximum value of 200 MPa (29
ksi) when welded at 1750 �C (3180 �F).
Scott and Tran studied the effect of the level

of MgO sintering aid on diffusion welds in
high-purity alumina (Ref 61). Dense, fine-
grained alumina bodies (1 to 3 mm average
grain size) were fabricated by pressureless sin-
tering at 1500 �C (2730 �F), a series of com-
pacts containing 0.0075, 0.075, or 0.75 wt%
MgO. The sintered pellets were diffusion
welded in a vacuum hot press at temperatures
from 1200 to 1500 �C (2190 to 2730 �F) and
applied pressures from 34 to 138 MPa (4.9 to
20 ksi). The bonded pellets were cooled to
room temperature and then resintered in H2 at
1875 �C (3405 �F) for 3 h for grain growth.
As expected, the best results (as indicated by
minimal interfacial porosity and grain growth
across the original interface) were achieved at
the higher temperatures and pressures. The
study also showed that the level of MgO dopant
in the alumina bodies had a significant effect on
bond quality. Joints between samples with the
highest level of MgO (0.75 wt%) had fewer
interfacial voids and a much finer grain size.
The lower dopant levels allowed exaggerated
grain growth to occur, leaving porosity trapped
in the large grains and at the interface.
The effect of the superplastic behavior of

Y2O3-stabilized tetragonal zirconia polycrystal
ceramic (Y-TZP) on diffusion-bonded joints
has been investigated by Nagano and coworkers
(Ref 62). The materials included fine-grained
alumina (99.9 wt% Al2O3, 0.64 mm grain size),
coarse-grained alumina (99.7 wt% Al2O3, 5.87
mm grain size), Y-TZP (3 mol% Y2O3, 0.59
mm grain size), and a series of Y-TZP/alumina
composites with the alumina content ranging
from 20 to 80 wt%, and grain sizes of approxi-
mately 1 mm. Bonding was conducted in air at
temperatures ranging from 1450 to 1500 �C
(2640 to 2730 �F) under an applied stress of

Fig. 8 Relationship between the degree of deformation
and the strength of solid-state welds. A series of

Y
2
O

3
-stabilized tetragonal zirconia polycrystal ceramic/

alumina composites containing 80 wt% ZrO
2
, 3 mol%

Y
2
O

3
, and 20 wt% Al

2
O

3
were joined to each other at

temperatures ranging from 1450 to 1500 �C (2640 to
2730 �F). Source: Ref 62
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12.5MPa (1.8 ksi). The welded samples were cut
into bars that were tested in four-point bending at
room temperature. They concluded that the
strengths of the bonds increased with the degree
of deformation during welding (Fig. 8), which
resulted from higher bonding temperatures or
increased amounts of the superplastic Y-TZP
phase in at least onemember of the joint. Flexural
strengths greater than 1000 MPa (145 ksi) were
achieved. Similar to Elssner (Ref 60), they found
that it was difficult to bond the coarsegrained alu-
mina to itself, but that it was possible to bond the
coarse-grained alumina to materials that were
more readily deformed during welding, such as
the 80% Al2O3-20% Y-TZP composite or the
fine-grained alumina.
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Explosion Welding
Stephen Liu, Colorado School of Mines
John Banker and Curtis Prothe, Dynamic Materials Corporation

EXPLOSION WELDING (EXW), also
known as explosive cladding, is accomplished
by creating a high-velocity collision between
two metal surfaces. The explosive detonation
causes shock loading of one of the metals, the
flyer plate, accelerating it downward and causing
an oblique impact with the other metal, or base
plate. It is necessary that this impact have suffi-
cient energy to cause the colliding metal surfaces
to flow hydrodynamically. Upon impact, conser-
vation of momentum results in a reentrant jetting
action and hydrodynamic flow of the faying
metal surfaces. The jet is ejected outward from
the collision apex, producing clean surfaces,
being that it is comprised of the metal that was
the prior effacingmetal surface layers. The resid-
ual virgin metal surfaces are then forced together
under high pressure, resulting in welding.
This phenomenon was first observed during

World War I, when fragments from bombs or
shells were found to be welded to surrounding
metal structures (Ref 1). The first publication
to recognize the potential for generating metal-
lic welding by using explosively driven plates
appeared in 1944 (Ref 2). The first EXW patent
was issued in 1962 (Ref 3).
The twomost beneficial attributes of EXWare:

� Dissimilar-metal systems can bewelded, even
when conventional fusion welding techniques
aremetallurgically inappropriate due to brittle
intermetallic compound formation

� Large-area clad plates of almost anymetal com-
bination can be manufactured economically.

Applications of EXW are diverse and include
the production of sandwiched metal for coinage
(Ref 4), the production of titanium-to-stainless
steel transition joints in the Apollo spacecraft
(Ref 5), and production of explosion clad plates
for industrial applications. The most common
application of EXW is production of clad plates
used in construction for pressure vessels for
environments requiring superior corrosion resis-
tance combined with high temperatures and/or
pressures, such as chemical processes (Ref 6).
Several very good reviews of theEXWprocess

have been published (Ref 7–11). A fundamental
understanding of EXW involves a large number

of highly interactive variables (explosive detona-
tion dynamics, dynamic materials deformation,
metallurgical bonding, and more). Many of these
interactive variables are defined in this article,
and the references cited offer additional detail
and explanation. Reliable models and predictive
algorithms using numerical methods have been
established, but, to a large extent, EXW is an
empirical industrial technology practiced by
experienced technologists. As such, much of the
available knowledge relating to EXW is still
based on experimental observation.
Since its origin in the 1960s, the EXW pro-

cess has been shown to be a highly robust and
reliable industrial welding technology. By
2010, there were well over 50 companies pro-
ducing explosion-welded products worldwide.
Combined annual industrial production is esti-
mated to be in the range of 300,000 metric tons.

Overview of Process Attributes

Metallurgical Attributes. Because of the
absence of heating, EXW products do not
exhibit many of the metallurgical characteris-
tics of fusion-welded, brazed, or hot rolled/
forged products. Unlike those processes, in
EXW (Ref 12–15):

� The component metals remain in their
wrought states; continuous cast structures
are not created.

� The microstructures, mechanical properties,
and corrosion properties of the wrought par-
ent components are not significantly altered.

� There are no bulk heat-affected zones.
� There is virtually no diffusion of alloying

elements between components.
� The EXW interface is typically stronger than

the weaker of the two parent components.

Metals Combinations. Explosion welding is
an effective joining method for virtually any
combination of metals. The only metallurgical
limitation is that the component metals must
exhibit sufficient ductility and fracture impact
toughness to undergo the rapid deformation of
the process without fracture. Generally accepted

limits are 10% elongation and 30 J (22 ft lb)
Charpy impact energy minimum, respectively.
Explosion welding is suitable for joining metals
of the same type, for example, steel to steel, as
well as metals with substantially different densi-
ties, melting points, and/or yield strengths, for
example, tantalum to titanium alloys. The pro-
cess is extensively used to join corrosion-resis-
tant alloys to carbon or alloy steels. Table 1
shows a broad range of metal combinations that
have been successfully welded using EXW.Most
of the unproven combinations are considered to
be weldable but have not been evaluated due to
a lack of industrial or commercial need.
Explosion Welding Interface Morphology.

Explosion welding is traditionally known for
its wavy bond zone morphology (Fig. 1). How-
ever, the interface morphology can range from
flat to turbulently wavy depending on the fea-
tures needed from the interface and the welding
process variables selected. Bond morphology is
discussed in greater detail in the section “Weld
Interface Morphology” in this article.
Size and Configuration Limitations. Explo-

sion welding is appropriate for use over a broad
range of sizes. It has been used for joining elec-
tronic components of widths less than 0.5 mm
(0.020 in.) and for cladding plates up to 5 �
12 m (16 � 40 ft). Cladding metal thicknesses
can range from 0.025 to 100 mm (0.001 to 4 in.),
and base-metal thickness can range from 0.025
mm (0.001 in.) to over 1m (40 in.). The size limits
are generallymandated by componentmetal man-
ufacturability and transportation requirements.
Explosion welding is limited to the welding of

flat surfaces or coaxial cylindrical surfaces. This
limitation results from the interface jettingmech-
anism, which is discussed in detail in later sec-
tions of this article. Explosion welding is ideally
suited for joining large, flat areas, as in clad plate
manufacture. When more complex components
are the objective, a bimetal preform is typically
produced by explosion welding in the plate or
tube configuration, followed by hot or cold work-
ing to the end-product configuration.
Performance Characteristics and Process

Reliability. The physical and mechanical per-
formance features required of the EXW bond
zone are determined by the product application.



In most cases, a direct weld between the two
desired metals will achieve the required inter-
face performance. However, with some combi-
nations of metals, the required bond zone
performance characteristics are best achieved
with an interlayer between the two primary
metals. For example, a titanium interlayer can
be used to increase the performance tempera-
ture of an aluminum/copper weld, and a silver
interlayer can be used to improve the leak tight-
ness of an aluminum/stainless steel weld.
When EXW is performed by experienced

technologists using metals in the appropriate
metallurgical conditions, the process reliability
is exceptionally high. The loss of product due
to EXW process failure by well-established
manufacturers is typically well under 0.1%.

Procedure Development and
Practice Considerations

Explosion welding, like all other welding or
joining processes, has a well-defined set of input
parameters or conditions that must fall within
certain limits for the desired weld quality to be
achieved. Contrary to other joining processes,
however, the EXW process occurs so rapidly
(completedwithin a fewmicroseconds) that there

is no time for in-process adaptive control ormod-
ification of the welding parameters or conditions.
Therefore, a total quality joining approach must
be taken to ensure that proper process parameters
are applied and controlled to consistently achieve
high-qualitywelds. The qualitymust be built into
the preparation stages of the process materials
and setups beforewelding takes place. It is neces-
sary to be thoroughly familiar with every aspect
of the process and the quality level that must be
applied in order to ensure the consistent quality
of the end-product weld (Ref 17).
This section provides a general overview of

the important mechanistic aspects of EXW,
the process-material interactions, and the criti-
cal aspects or parameters that must be con-
trolled. The procedure for ensuring control is
also discussed. This type of approach to setting
and controlling process parameters is particu-
larly important when explosion welding dissim-
ilar or metallurgically incompatible metals.
Metallurgically incompatible combinations,
such as titanium and steel, aluminum and steel,
and zirconium and steel, will form brittle inter-
metallic compounds at the explosion weld
interface if excessive energies are used during
welding. The intermetallic compounds result
in poor-quality welds. Setting and controlling
process parameters is also important when
welding some of the newer advanced materials,
which have little tolerance for parametric varia-
tions. To fully understand EXW and its control,
it is helpful to know the general characteristics
of the process, particularly the rates, pressures,
and energies involved. The following are the
general process parameters:

Traverse rate, m/s (ft/s) 2000–3000 (6600–9800)
Pressure, GPa (106 psi) 1.5–6.0 (0.22–0.88)
Pressure time duration, ms 5–20
Energy deposition/unit area,
J/cm2 (Btu/ft2)

100–300 (90–260)

Energy deposition rate, MJ/s
(Btu/h)

20–90 (70 � 106 to 310
� 106)

By comparison, standard fusion welding pro-
cesses will typically have traverse rates of a

fraction of a meter/second and energy deposi-
tions/unit area in the range of 10,000 to
30,000 J/cm2 (9000 to 26,000 Btu/ft2). The
low-energy input of EXW and the high inter-
face propagation rate along the weld interface
allow the weld to be made with an absolute
minimum of thermal excursion and very limited
heat-affected zone (HAZ).
To better explain the EXW process, some

fundamental understanding of the several com-
ponents of the process is discussed in the fol-
lowing sections. It is important to understand
that these parameters are affected by the gen-
eral geometric positioning relationship between
the components to be welded. Two basic geo-
metric configurations of the EXW process are
commonly used: angle welding and parallel-
plate welding. In the angle-welding configura-
tion, the cladder plate is positioned at an angle
relative to the base plate. Angle welding is lim-
ited to relatively small weld areas (weld length
< 20 times cladder plate thickness), such as for
seam welding or welding very small compo-
nents. The parallel-plate geometry is much
more commonly used. It is applicable for pro-
duction of very large weld areas, typical of clad
plate. Figure 2 presents a schematic of the par-
allel-plate EXW configuration.

Explosives and Explosive Detonation

The explosive is the energy source for
the process. It releases its energy in a very spe-
cific manner during detonation. It is therefore
necessary to first recognize how explosives
detonate and how their energy is delivered to
the flyer or cladder component. In almost
all instances, the explosives used for EXW
can be classified as nonideal. They do not deto-
nate in a manner that can be easily defined
by the physics equations-of-state typically used
for extremely-high-velocity military or weap-
ons explosives. This behavior results from the
fact that these explosives are almost always
granular in nature, with the primary ingredient
typically being ammonium nitrate (NH4NO3).
Other ingredients (for example, sensitizers,

Fig. 1 Bond zone pattern typical of explosion clad
metals. Materials are type 304L stainless steel

and carbon steel. Original magnification: 20�

Table 1 Commercial metals and alloys that have been successfully joined with explosion welding

Metal 1

Metal 2

Zr Mg Co alloys Pt Au Ag Nb Ta Ti Ni alloys Cu alloys Al alloys Stainless steels Alloy steels Carbon steels

Carbon steels X X X . . . X X X X X X X X X X X
Alloy steels X X X . . . . . . . . . X X X X X X X X . . .
Stainless steels X . . . X . . . X X X X X X X X X . . . . . .
Aluminum alloys X X . . . . . . X X X X X X X X . . . . . . . . .
Copper alloys X . . . . . . . . . X X X X X X X . . . . . . . . . . . .
Nickel alloys X X X X X . . . X X X X . . . . . . . . . . . . . . .
Titanium X X . . . . . . . . . X X X X . . . . . . . . . . . . . . . . . .
Tantalum X . . . . . . . . . X . . . X X . . . . . . . . . . . . . . . . . . . . .
Niobium . . . . . . . . . X . . . . . . X . . . . . . . . . . . . . . . . . . . . . . . .
Silver . . . . . . . . . . . . . . . X . . . . . . . . . . . . . . . . . . . . . . . . . . .
Gold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Platinum . . . . . . . . . X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Cobalt alloys . . . . . . X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Magnesium X X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Zirconium X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Source: Adapted from Ref 16
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density control agents, and diluents) are then
blended to produce an explosive that yields
the desired detonation velocity, pressure, and
duration of pressure.
The detonation characteristics of the explo-

sive are controlled by its composition, particle
size distribution, pour or packing density, layer
thickness, confinement, moisture content, and,
in some instances, age. The detonation perfor-
mance of the explosive should be tailored to
match the metals or alloy combinations being
welded with respect to the density, thickness,
and sonic or shock wave velocity of the flyer
component, as well as the sonic velocity of
the base component (if it is different from that
of the flyer component).
Detonation is a progressive event that starts

at the detonator and progresses into the undeto-
nated explosive at a rate known as the detona-
tion velocity. Within the detonation region
(Fig. 3), the detonation front consists of an

initial high-pressure shock wave intense enough
to trigger the high-pressure chemical reaction
that follows in the reaction zone. In an ideal
explosive, the reaction goes almost instanta-
neously to completion; therefore, the reaction
zone is extremely short (usually <1 mm, or
0.04 in.). In a nonideal explosive, however,
the reaction zone is much longer (5 to 25 mm,
or 0.2 to 1 in.) because the reaction takes longer
to complete. While the pressure in the reaction
zone of a nonideal explosive is much lower
than that in the initial shock wave, it has
a much longer duration in which the high-
pressure gases in the zone can deliver their
impulse to accelerate the flyer component.
Behind the reaction zone is the third and final
region of relatively low-pressure expanding
gases, which contribute little, if any, to the
impulse delivered to the acceleration of the flyer
component. Each type of explosive has its char-
acteristic detonation velocity, pressure, and dura-
tion factors that can be applied to predict the
specific velocity, pressure, and duration for a
given thickness and density of that explosive.
For welding, it is usually desirable for nonideal
explosives to detonate in the range of 2000 to
3000m/s (6600 to 9800 ft/s).When the explosive
is manufactured to exacting specifications, it is
possible to control the detonation velocity within
þ�2% of the target terminal velocity. With non-
ideal explosives, however, such factors as start-
up regions near the initiation point and predeto-
nation compression due to the precursor shock
wave in the flyer component ahead of the EXW
collision front can cause nonsteady-state detona-
tion conditions, which in turn can result in non-
uniform weld quality.
Several important concepts pertaining to the

explosive parameters, hydrodynamic flow, jet-
ting, and metal properties were discussed ear-
lier. The following discussion summarizes the
criteria used to model the explosive bonding
process.
Shock Effects and Explosive Parameters.

Even though many different types of explosives
have been used for EXW, those that have a
broad range of low-detonation velocities are

the most appropriate, because of the deleterious
effects of shock rarefaction. Shock fronts are
described by a sharp discontinuity in pressure
on one side of the transmitting medium where
the violent motion that is due to high pressure
is separated from a near-quiescent state in the
unaffected material. This condition can produce
tensile stresses of sufficient magnitude to frac-
ture the explosive weld. Shock waves are not
pronounced unless the velocity of the shock
front exceeds the sonic velocity of the transmit-
ting medium. Sonic velocity is defined as:

Us ¼
ffiffiffiffiffi

E0

r

s

(Eq 1)

where Us is the sonic velocity, E is the appropri-
ate elastic modulus, and r is the material density.
If the shock wave propagation does not exceed
the sonic velocity, then a broadening of the
shock front occurs, and the magnitude of resul-
tant stress and stress gradients is greatly reduced.
Because most metals have a characteristic sonic
velocity that ranges from 2000 to 6000 m/s
(6600 to 20,000 ft/s), it is desirable to use explo-
siveswith detonation velocities within this range.
Carpenter et al. (Ref 18) indicate that explosives
with detonation velocities greater than 120% of
the sonic velocity of the metal should not be used
(Ref 19).
Detonation velocity is a characteristic of

the type of explosive and has been shown to
be directly proportional to the explosive den-
sity. This proportionally is shown in Eq 2, as
derived empirically for nitroguanidine explo-
sive (Ref 20):

Vd ¼ 1440þ 4020re (Eq 2)

where Vd equals the detonation velocity,
and re is the explosive density. The typical
operating range for nitroguanidine is from
2000 to 5000 m/s (6600 to 16,000 ft/s), which-
corresponds to explosive densities that
range from 0.14 to 0.9 g/cm3 (0.0051 to 0.033
lb/in.3).

Fig. 2 Schematic showing mechanics of explosion
welding. (a) Alignment of components to be

joined before detonation. (b) Motion of components at
detonation. (c) Close-up view of jet and wavy interface
characteristic of explosion welding process

Fig. 3 Schematic showing detonation regions in a nonideal explosive and the associated acceleration of the flyer
component
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The explosive pressure, P, is also propor-
tional to the explosive density, re, as shown
by the Bernoulli equation:

P / V2
dre (Eq 3)

Flyer plate velocities can be calculated from
models similar to that presented by Gurney
(Ref 21), who assumed that the driven metal
was accelerated perpendicular to the direction
of the detonation propagation and used a spe-
cific energy with a characteristic value for each
explosive (the Gurney energy). Kennedy (Ref
22) gives a very good explanation of the Gur-
ney model, along with several reconstructions
of the Gurney equation, to account for changes
in geometry. The equation that is applicable to
the parallel gap explosive bonding technique is:

V2
p ¼ 2E0 3

½1þ 5 m
c

� 	þ 4 m2

c2

� 	� (Eq 4)

where Vp is the flyer plate velocity, E0 is the
Gurney energy, m is the flyer plate mass, c is
the explosive mass, and m/c is the explosive
load factor.
Once the flyer plate and detonation velocities

are known, it is a simple matter to define the
dynamic nature of the flyer plate bend angle
through geometry. The following equation
holds for the parallel gap geometry:

Vp ¼ 2Vd sin
b
2

� �

(Eq 5)

where Vp and Vd are the velocities defined in Eq
4 and 5, respectively, and b is the flyer plate
dynamic bend angle.
Equations 1 through 5, as well as an under-

standing of the metal physical-mechanical
properties, are the basis for most models devel-
oped for EXW. These models are discussed as
follows in general terms, beginning with a
description of component acceleration, compo-
nent collision, and jetting phenomena, followed
by a description of welding and the methods
used to define explosive parameter boundaries
that will produce acceptable welds.

Component Acceleration

For EXW, the explosive is distributed over
the top or exposed surface of the flyer compo-
nent and is detonated such that the detonation
front progresses in a grazing or tangential man-
ner over the length of the flyer component. In
doing so, the explosive delivers a specific level
of impulse to the flyer component that causes it
to be accelerated to a terminal bend angle, y,
and velocity, vp, as shown in Fig. 2. For
EXW, the acceleration region before terminal
conditions are reached is the important region.
The acceleration of the flyer component actu-

ally results from the two separate zones of the
detonation region in the explosive. First is the
contribution of the high-pressure shock front

in the explosive. This imparts a high-pressure
shock wave into the flyer component. The
shock wave traverses back and forth, or rattles,
between the opposite surfaces of the compo-
nent, causing it to accelerate quickly in its early
stages. The effects of this contribution diminish
quickly and cause the component to reach only
approximately 80% of the full-potential bend
angle (Fig. 3) and velocity. As the effects of
the shock component begin to diminish, the
expanding high-pressure gas from the trailing
reaction zone takes over and continues the
acceleration more gradually until the terminal
angle and velocity are obtained when the reac-
tion is completed. This contribution (Fig. 4)
plus the shock contribution yields the total
impulse delivered to the flyer component. In
an ideal explosive, nearly all of the acceleration
comes from the extremely high pressure of the
shock wave and very little from the trailing
reaction zone; therefore, the primary (flyer)
component reaches terminal conditions much
more quickly with an ideal or near-ideal
explosive.
The flyer component acceleration depends on

the following parameters:

� Explosive pressure (shock and gas)
� Duration of the explosive pressure pulse
� Sonic or shock wave velocity of the flyer

component
� Thickness of the flyer component
� Density of the component material

With the aforementioned variables, the accel-
eration characteristics of the flyer component
can be calculated. In addition, techniques exist
to directly measure the acceleration of a flyer
component (Ref 23). Precise knowledge of the
acceleration achieved for a specific flyer com-
ponent/explosive combination is extremely
important. It allows the exact standoff or sepa-
ration distance to be set between the flyer
and base components to obtain the required

collision angle and flyer component velocity
in the next step of EXW (that is, the collision
and welding step).
Component Collision. Once the accelerated

flyer component crosses the standoff gap, it col-
lides with the stationary base component. The
exact collision angle and flyer component
velocity achieved at the time of the collision
will, of course, depend on the combination of
the acceleration characteristics of the flyer com-
ponent and the standoff distance selected for
the system. The standoff distance is usually
specified to ensure that the collision occurs
while the flyer component is still undergoing
acceleration, usually in its final stages.
The collision is characterized by:

np ¼ 2nc sin
y
2

� �

(Eq 6)

where vp is the velocity of the flyer component
or the relative velocity of the flyer and base
components; vc is the collision point velocity
of the welding front, which also equals the det-
onation velocity, vd, of the explosive; and y is
the collision angle. If any two of the aforemen-
tioned variables are known, it is then easy to
calculate the third variable. The relative com-
ponent velocity, vp, at the time of the collision
is very important in that it determines the equa-
tion-of-state pressure generated at the collision
point. This pressure, which must be sufficient
to generate hydrodynamic flow of both materi-
als at the collision point, can be determined
from the characteristic pressure versus plate
(or particle) velocity for the material or materi-
als being welded. Figure 5 shows a high pres-
sure versus particle velocity plot for a similar
material collision. Initially, the pressure
required for dynamic yielding of the two mate-
rials being welded is calculated. This pressure
is then located on the curve, and a mirror image
of the curve is drawn through the selected pres-
sure. The point at which the mirror-image curve

Fig. 4 Plot of flyer plate component bend angle versus distance to show contribution of shock wave and gas pressure
to acceleration
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intersects the zero pressure line or abscissa is
the minimum flyer plate velocity necessary to
obtain the desired pressure and accompanying
dynamic flow and jetting necessary for welding
to occur.
Jet Formation. During World War II, it was

discovered that a hollowed explosive charge
lined with metal could be used to produce a
high-energy jet to perforate armor plate. Sev-
eral investigators (Ref 24–26) have described
the limiting conditions for the formation of jets
in high-velocity collisions. Walsh et al. (Ref
25) indicated that a critical impact angle must
be exceeded before jetting will occur. On the
other hand, Cowan and Holtzman (Ref 26) indi-
cated that for subsonic collisions, the elastic
strength of the metal must be exceeded before
jetting will occur. In both cases, jetting is
described by a hydrodynamic flow of the metal
surfaces. Walsh et al. presented equations based
on this principle and the equations of state,
which enable a calculation of the critical angle
for jetting.
When the required minimum collision pres-

sure, a minimum duration of the pressure pulse,
and a minimum collision angle are obtained,
the surfaces of the two materials being joined
locally flow in the immediate region of the col-
lision point. Because of the angular geometry of
the collision, these surfaces at the collision
point are forced to reverse their flow direction
with severe shearing flow and to be ejected
out ahead of the advancing collision point
in the form of a fine fingerlike mist (that is,
a jet) (Fig. 2). Under the extremely high hydro-
dynamic pressures involved, this jet, which
consists of a combination of both parent materi-
als, has an extremely high temperature. When
the collision conditions of the weld are within
an appropriate range (as discussed in a follow-
ing section, “Parametric Limits for Welding”),
most of the jet, with its attendant heat, is
ejected out of the weld interface with little or
no effect on the remaining weld zone. Of

greatest importance, however, is that the sur-
face-scarfing action of the jet removes the sur-
face layers containing the oxides and other
contaminants that typically inhibit solid-state
atom-atom contact. These clean surfaces allow
the two metals to directly weld under the sub-
stantial residual pressure of the collision, which
continues to act from some period of time on
the two metals at the weld interface. This resid-
ual pressure on the interface after the collision
also counteracts any reflected stress waves from
separating the weld while it is forming.
Kowalick and Hay (Ref 27) reported an

experimental technique to evaluate both the
critical angle for jetting and the morphological
changes in explosion welds resulting from
changes in collision angle. The experimental
setup consisted of the normal flyer plate
arrangement used in the parallel gap technique,
but with the base plate replaced by a half cylin-
der. Each welding trial produced continuously
changing flyer plate collision angles that
resulted in surface deformation and interface
morphology variations. This analysis expanded
upon the work of previous researchers by eval-
uating the geometry of fluid flow, jetting, and
their effects on bond morphology.
Laminar fluid flow (low collision-point

velocity and low Reynolds numbers) was corre-
lated with direct bonding and a very flat bond
interface. Turbulent fluid flow was separated
into two regimes:

� At intermediate collision-point velocities,
the flow was described by vortice formation
into a von Karman vortex street and the pro-
duction of a wavy bond interface.

� At high collision-point velocities, the flow
was disturbed by a disordering of the jet
wake, which led to a molten layer bond
interface.

The micrographs on the right side of Fig. 6
show the relationship between detonation

velocity and wave morphology. The images on
the left side show the similarity to fluid flow
over a protuberance.

Selection of EXW Parameters

The preceding discussion introduced the pri-
mary variables used to predict EXW para-
meters. The following four conditions are used
to define a window of acceptable welding
parameters:

� Critical angle for jetting (Ref 28)
� Critical flow transition velocity (Ref 26, 27)
� Minimum flyer plate impact for jetting,

based on analysis of the stress required to
cause flow

� Maximum flyer plate impact for the limita-
tion of weld defects, based on jet entrapment
(Ref 26)

The critical angle for jetting is used to define
the upper boundary for collision-point veloci-
ties. The lower limit in collision velocity is
determined by the transition from laminar to
turbulent flow, where turbulent flow is preferred
(Ref 27). The other two limiting conditions are
specified by using the physical and mechanical
properties of the material to determine the max-
imum amount of energy required to either pro-
duce hydrodynamic flow (that is, overcome a
critical shear stress) or avoid extensive melting.
Once the correct set of explosive parameters
has been determined by using either predictive
models or an empirical approach, the produc-
tion of explosively welded metal is a relatively
simple task.

Fig. 5 Plot of high pressure versus particle velocity typically used to determine the flyer component velocity
necessary to achieve dynamic yielding and welding

Fig. 6 Explosion welding interface exhibits patterns
similar to flowing fluid, even though metals

remain as solids. Right side shows explosion welding
interface patterns; left side shows pattern of fluid flow
around a pin. Velocity increases from top to bottom in
both cases.
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Parametric Limits for Welding. All the
aforementioned considerations and an under-
standing of EXW and its controlling parameters
can be assembled to produce a parametric enve-
lope or window of parameters within which a
high-quality explosion weld can be consistently
produced. The basic concept of the boundaries
defining the envelope has been advanced by
several researchers (Ref 29–31).
A typical parametric envelope is defined by

four distinct boundary segments (Fig. 7). The
lower boundary (1) is controlled by the collision
pressure and dwell time of the pressure pulse.
The left boundary (2), although somewhat com-
plicated, is primarily controlled by the sonic
velocities of the two materials being welded.
The right boundary (3) is controlled by the upper
sonic-velocity limit at which a jet will form. It is
almost never of concern because EXW is typi-
cally conducted at collision velocities signifi-
cantly below this limit. The upper limit (4 or
4A) is primarily controlled by the kinetic-energy
release generated at the collision point. In similar
or metallurgically compatible combinations of
metals or alloys, increasingly higher amounts of
energy in this area of the envelope result in
increasingly greater amounts of residual heat
effects (for example, large melt pockets, inter-
face voids, and a general degradation of the weld
quality and properties). Therefore, this boundary
(4) cannot be sharply defined in this instance. In
metallurgically incompatible systems, however,
this upper boundary (4A) becomes very sharply
defined because it corresponds to the energy level
at which a brittle intermetallic compound begins
to form.Welding at or above this limit produces a
weld that is typically brittle and can fail in ser-
vice. Typically, this boundary is relatively close
to the lower boundary (1), thus leaving a rela-
tively small amount of latitude in collision para-
meters permissible to obtain a high-quality weld.
Each of the aforementioned boundaries can

be calculated with relative accuracy for almost

all material combinations and thicknesses to
be explosion welded. With these limits defined,
the collision conditions must then be main-
tained to fall within the boundaries sufficiently
away from the edges to allow for minor varia-
tions in the collision conditions during EXW.
If this is accomplished, then a reproducible,
high-quality explosion weld can always be
expected and produced.

Weld Characteristics

Of particular importance is the nature or
characteristics of the explosion weld itself.
When properly made, it is, in essence, a solid-
state bond or weld without any HAZ to
degrade its strength, as is typical of all other
heat-dependent welding or joining processes.
Weld Interface Morphology. Most EXW

products exhibit the characteristic wavy inter-
face shown in Fig. 1. However the morphology
of an explosion weld can range from a flat
interface to a highly turbulent wavy interface,
depending on the explosive detonation rate
and energy. Figure 6 shows the effect of
increasing explosive detonation velocity on
wave characteristics.
The flat or straight-line interface occurs only

when the collision conditions are at or near the
lower limits for jetting and welding. These con-
ditions typically require very slow explosive
detonation rates that are challenging to control
to the precision needed for EXW; thus, weld
reliability can be compromised. Although
rarely used in production EXW, a flat interface
exhibits features that can be beneficial in some
specific unique applications.
Wave Formation. Abrahamson (Ref 32)

examined the formation of surface deforma-
tions that were caused by a traveling jet using
projectiles shot at thin metal targets, resulting
in oblique impact. Two primary conclusions

drawn from this work were that the target metal
deformation was a horizontal shear in the direc-
tion of impact and that the resultant wave peaks
were deformed in such a pattern that they
turned back in the direction opposite to impact.
When the angle of impact was varied, two
important responses occurred. First, below an
impact angle of approximately 5�, no wave for-
mation was observed. Second, as the angle of
impact was increased above 5�, the amplitude
and wavelength increased. The proposed mech-
anism for wave formation in high-velocity
oblique impacts was based on subsonic or
supersonic metal flow. Bahrani et al. (Ref 33)
and Hunt (Ref 34) drew upon this hypothesis
and proposed a physical description of wave
formation in EXW, which included the follow-
ing sequence of events:

� Step 1: Impact produces shear deformation
in the stationary base plate, which results in
a depression.

� Step 2: Conservation of volume criteria pro-
duces an upheaval of metal (a hump) ahead
of the impact apex.

� Step 3: Hump interferes with the jet flow and
produces an eddy in the jet, which traps mol-
ten material in the rear vortex.

� Step 4: Allowing for collision-point velocity
causes a forward deformation of the hump
and further jet turbulence, which again
causes jet entrapment in the front vortex.

This wave formation, which has been the
subject of considerable investigation (Ref 33,
34), results from the localized dynamic com-
pression of the two metals in the region im-
mediately adjacent to the collision point and
weld interface. The compression causes loca-
lized bulk flow of the metals, which become
unstable and make the weld interface oscillate
above and below the theoretical plane of
the interface. The size of the wave pattern is
the one postwelding characteristic that can be
used to determine the collision conditions used
to make the weld and to allow for adjustments
in subsequent welds of the same material type
and thickness.
Wavelength. The wavelengths or frequency

of the interfacial wave in an explosion weld is
directly related to the thickness of the flyer or
cladding plate and its angle of collision with
the base plate (Ref 35), as shown in Fig. 8.
For practical purposes, this relationship is rela-
tively independent of the types or combinations
of metals or alloys being welded. It also shows
that the wave formation ceases at collision
angles of 4� or less.
Wave Amplitude. The amplitude of the

waves, on the other hand, is more difficult to
predict. It depends on several factors, including
the relative flow characteristics of the two
metals being joined and the collision-point
velocity of the EXW process. Control of the
wave size, particularly the wavelength, is an
important part of controlling several aspects of
the explosion weld because:

Fig. 7 Plot of collision angle versus collision velocity to obtain a typical explosion welding process parametric
envelope for both similar- and dissimilar-metal combinations. See text for details.
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� Wave size determines the amount of loca-
lized flow and work hardening in and adja-
cent to the explosion weld interface.

� Excessive collision energies and wave sizes
can result in the formation of larger melt
pockets on the front and back slopes of the
waves, along with residual heat effects on
the region in and adjacent to the weld inter-
face, which will affect the mechanical prop-
erties of the weld (Fig. 6).

Interface Microstructure. As shown in
Fig. 1, optical microscopy indicates no evi-
dence of significant heating at the interface:

� No significant melt layers can be observed.
� There is significant cold work in the waves,

and no recrystallization is evident.
� When examined by scanning electron

microscopy, there is no evidence of diffu-
sion of one metal into the other on either
side of the interface.

Consequently, EXW is considered to be a
cold welding process. Early researchers referred
to it as a “solid-state electron-sharing bond”
(Ref 26). Some researchers considered the
interface to be similar in nature to a high-
energy grain boundary.
Microstructural analysis of explosive bond

zones has revealed several interesting results.
Numerous metallurgical reactions have been
reported:

� Extensive grain elongation in the direction
of bonding, within several hundreds of
micrometers of the bond interface, and
measured elongations of several thousand
percent (Ref 36)

� Residual dislocation densities on the order of
1011cm�2 near the bond interface (Ref 36)

� Microtwinning has been observed (Ref 36,
37) in low-stacking-fault-energy metals (for
example, copper).

� Recrystallization and recovery have been
observed in bands on both sides of high-
dislocation-density regions (Ref 38).

� Very little diffusion occurs across the bond
interface (Ref 38).

These observations support the hypothesis,
commonly held in the early years of the tech-
nology, that wave formation is a result of
extreme metal deformation, and that bonding
is a result of solid-state processes with very lit-
tle diffusion.
Although the interface wave pattern can have

significant effect on the EXW weld properties,
it becomes increasingly apparent that the com-
plex microstructures associated with the wave
formation, not the wave pattern itself, deter-
mine the mechanical properties of the interface.
In more recent years, transmission electron
microscopy (TEM) studies have provided better
insight into the nature of the interface and the
bonding mechanism. These TEM studies indi-
cate that very significant heating is occurring
at the interface, but on a scale barely observable

with optical microscopy (Ref 39–41). These
TEM studies indicate the presence of a thin
interface reaction layer, 0.1 to 0.2 mm (3.9 to
7.9 min.) thick. This layer appears to have been
liquid at the time of formation, similar to the
weld. Further, the studies report indications of
an amorphous-like structure of the resolidified
weld metal. This finding suggests that the time
at elevated temperature is extremely short and
the cooling rates are extremely fast. Other
research data indicate that the metals are heated
to the welding conditions and returned to well
below the melting point in less than 20 ms.
The result is a metastable metallurgical condi-
tion at the interface. The stable and deleterious
phases that occur in most dissimilar-metal sys-
tems under equilibrium transformation condi-
tions do not have time to form in explosion
welds.
A comprehensive analysis of the characteris-

tic features of the microstructures on the nano-
meter scale of explosive-welded components
does not yet exist. The number of studies of this
type has been severely limited by the high cost
of TEM work and the relatively small budgets
of the explosion cladding companies and
research groups. It is estimated that less than
twenty specimens were extensively analyzed

by TEM prior to 2008. Considering the area
analyzed in a single TEM specimen, this is an
extremely small sampling ratio. Modern nano-
scale analytical capabilities are beginning
to provide further knowledge of the interface.
Figure 9 presents TEM data from work per-
formed by Song and others at Max-Planck Insti-
tute in 2008 and 2009 (Ref 42).
Song et al. (Ref 43) has extensively analyzed

a titanium-steel interface from the macrolevel
to the nanometer level. They observed that the
microstructure of the interface of an explosion
weld can be characterized by four successive
microstructures (Fig. 10). Figure 10 presents
the hierarchical structure levels at the interface
region of a titanium-to-steel interface. The
macro-, meso-, and microlevels show structures
that are similar to those that have been exten-
sively investigated by others using optical
microscopy. In discussion of the TEM analysis
of the nanoscale interface, Song noted that
“the extreme thermodynamic conditions asso-
ciated with EXW cause formation of new,
highly metastable crystal structures which, so
far, were not reported in the crystallographic
data bases. The very thin interface reaction
layer (�100 to 300 nm) is the main, dominating
component along the interface length that

Fig. 8 Relationship of a function of collision angle wavelength to plate thickness

Fig. 9 (a) Transmission electron microscopy image of titanium/steel interface. Titanium and steel both exhibit
wrought grain structures on either side of a narrow interface region (�200 nm wide). (b) Titanium and steel

compositions across the interface region
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ensures good macroscopic bonding between the
joined components. Its formation is very com-
plex and involves both mechanical alloying
and solid-state reaction processes occurring at
very high pressure, high local heating, and
subsequent rapid cooling.” Today (2011), the
explosion clad interface is frequently referred
to as a very thin, hypercooled fusion weld.
Ongoing studies at Max-Planck Institute,

Oak Ridge National Laboratory, Colorado
School of Mines, and others are beginning to
provide significantly more insight and under-
standing of the product and process.
Explosion Welding Interface Mechanical

Properties. The interface strength is typically
measured using the shear strength test of
A264 and similar specifications. The shear
strength of an EXW weld is typically greater
than the strength of the weaker of the two par-
ent metals (Fig. 11a). When through-thickness
tensile strength is important, interface tensile
strength is measured using either a ram tensile
(in accordance with MIL-J-24445A specifica-
tion) or a modified round tensile specimen
(Fig. 11b). The work by Prothe et al. (Ref 44)
measured the through-thickness tensile strength
of the EXW interface and compared it with the
shear strength of the same material. The test
data demonstrated that the tensile strength of
the interface was consistently greater than
the shear strength. Because most EXW product
is clad plate with a thin cladding layer, interface
tensile strength cannot be easily measured.
These data are significant from the design
perspective, in that the shear strength, which
can easily be measured, is an indicator of mini-
mum interface tensile strength. The minimum
interface permitted in ASTM International/
American Society of Mechanical Engineers
(ASME) specifications for stainless steel,
nickel, titanium, and zirconium clad is 137
MPa (20,000 psi).

Manufacturing Process and Practice

Because of the unique safety and noise-
vibration considerations, EXW is generally per-
formed in relatively isolated facilities by com-
panies specializing in explosives operations.

Safety and Regulations

Safety is of critical importance in the practice
of EXW. Guidelines and regulations for the safe
handling and transport of explosives are provided
by the U.S. Bureau of Alcohol, Tobacco, and
Firearms (Ref 45), the U.S. Department of Trans-
portation in its FederalMotorCarrier Safety Reg-
ulations (Ref 46), and the Institute of Makers of
Explosives Safety Library Publications (Ref
47). Licensing and regulations for the purchase,
transport, manufacture, and use of explosives
may vary significantly among states and munici-
palities. Depending on the types of explosives
used, the detonation by-products may be subject

to environmental regulation. Potential practi-
tioners of EXW operations should understand
the safety standards and regulations before
proceeding.
Noise and Vibration Abatement. The

sound and ground vibration generated during
EXW can be considerable. Common methods
for noise abatement include performing the
operation in a highly remote geographic loca-
tion, in a mine or bunker, or in a specially
designed blast chamber or vacuum chamber.
Safety considerations vary among these
options. Precautions must be taken to ensure
that personnel are protected from shrapnel and
facility deterioration.

Clad Plate Production

The following discussion describes the pro-
cess for welding a two-component flat plate
product (Fig. 12). Bimetal flat plate products
are commonly produced to internationally
accepted clad metal specifications:

� ASME SA-263/A263: Martensitic and ferritic
stainless steel clad to carbon or alloy steel

� ASME SA-264/A264: Austenitic stainless
steel clad to carbon or alloy steel

� ASME SA-265/A265: Nickel and nickel alloy
clad to carbon or alloy steel

� ASTM B 432: Copper and copper alloy clad
to steel

� ASTM B 898: Reactive and refractory metal
clad plate (titanium, zirconium, tantalum)

Sizing Considerations. It is common prac-
tice to start with materials that are wider, lon-
ger, and thicker than required in the finished
product to compensate for thinning and edge
effects. In most situations, metals cannot be
reliably bonded fully to the edges. Typically,
allowances for edge nonbond are four to eight
times the flyer plate thickness, depending on
the combination of metals. Additionally, an
area of nonbond is typical near the explosive
initiator. The thickness of the component
metals is reduced during surface preparation
and bonding. Surface conditioning removes up
to 0.75 mm (0.030 in.) from the thickness. Dur-
ing the bonding operation, the force vector par-
allel to the detonation causes a 1 to 2% increase
in plate lateral dimensions; this change is
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accomplished by a corresponding reduction in
thickness. The jetting of the metal surfaces dur-
ing the bonding process causes only a thin layer
to be removed, usually less than 0.05 mm
(0.002 in.).
Surface Preparation and Assembly. The

faying surfaces of the components are ground to
achieve a smooth, pit-free finish of 1 to 3 mm
(50 to 100 min.). The plates are fixtured parallel
while separated by a standoff gap. Methods for
determining the standoff gap were presented in
earlier sections of this article. Small standoff
devices are required to bear theweight of the flyer
plate and the explosive. Edge standoff devices
are easily ejected from the system during bond-
ing; therefore, material of construction is rarely
critical. Internal standoff devices must be of suf-
ficiently low mass to be removed by the jet, or
must be located in trim regions. Some commonly
used internal standoff materials are thin metal
ribbons and foam blocks.
Explosive Loading and Welding. The explo-

sive is placed on top of the flyer plate. The most
commonly used explosives are granular or liquid
and are typically contained within a simple box
structure fabricated around the perimeter of the
flyer plate. Initiating explosives are positioned
in a suitable location on the plate surface. The
required detonation range of EXW is below that
of most commercially manufactured explosives.
Consequently, most practitioners of EXW use
proprietary explosive blends. Appropriate deto-
nation characteristics can be achieved by
specialized blending of commercial explosives
such as Amatol, Dynamite, or ANFO.
The main explosive layer is initiated by a

sequence of an electric blasting cap and a

high-explosive booster, causing a progressive
detonation of the explosive, which creates the
actions. The energy of welding typically creates
sufficient deformation that flattening occurs
(Fig. 2) and welds the plates together.
Postweld Processing. Most metal systems

do not require postweld heat treatment to
achieve the specified properties; however, some
combinations provide superior properties if
they are given a stress relief after bonding.
For example, titanium/steel and zirconium/steel
exhibit improved bond toughness after stress
relief, and ferritic stainless steels exhibit an
improvement in ductile-to-brittle transition
temperature after stress relief.
Straightening is required prior to further pro-

cessing. Flattening is performed with equip-
ment of the same design used in plate and
sheet manufacture.
Testing and inspection are performed as

mandated by the product specifications. Ultra-
sonic inspection, typically performed using
standard procedures such as ASTM A 578, is
the most commonly accepted method for
inspecting the bond continuity. Bond shear
strength is normally measured using the test
defined in ASTM A 264.
Because of the process edge effects, it

is common practice to cut the product
from a larger plate after bonding. The process
options vary with the metal combinations and
include oxyfuel gas cutting, plasma cutting,
waterjet cutting, sawing, and machining.
Finished plates are typically polished on
the cladding side for cosmetic quality.
Figure 13 shows typical clad plates after final
processing.

Process Variants

Essentially the same approach can be used
for producing multilayer products or cylindrical
shapes:

� Multiple layers can be welded sequentially
in a single operation; as many as 50 individ-
ual thin layers have been welded in a single
event.

� Two-sided clad plates, with a heavy core
metal, can be produced by simultaneously
welding both sides using a vertical
assembly.

� Two or more cylinders can be welded con-
centrically. The explosive is placed either
inside of the cylinder or outside of the outer
cylinder, depending on diameter and wall
thickness.

Shop Welding Applications. Small, spe-
cialty EXW devices have been developed for
a few unique shop applications. Explosion
welding is used in heat exchanger shops for
joining tubes to tubesheets and tube plugging.
Explosion spot welding devices have also been
used in limited commercial applications (Ref
48, 49).

Products and Applications

The largest industrial application of EXW is
manufacture of large clad plates that are used
in pressure vessels (Fig. 14), heat exchangers
(Fig. 15), and electrochemical process applica-
tions (Ref 5, 42, 50, 51).
The dissimilar-metal welding features of

EXW are made available to a broader industrial
base through the concept of welding transition
joints. Transition joint components are produced
by explosionwelders at their production facilities
and then provided in the form of blocks, strips, or
tubular couplings to equipment fabricators for
use in the conventional welding of dissimilar
metals (Fig. 16). Common applications are alu-
minum/steel (Ref 52), titanium/steel, aluminum/
titanium (Ref 53), and aluminum/copper-nickel
for shipboard construction; aluminum/copper
and aluminum/steel for electrical contacts and
buss systems (Ref 54); aluminum/stainless steel
for cryogenic pipe couplings; titanium/stainless
steel for aerospace and aircraft applications; and

Fig. 12 Schematic of typical explosion clad plate manufacturing sequence Fig. 13 Clad plates after final processing
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Kovar/copper and Kovar/aluminum for elec-
tronic packaging (Ref 55).
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Forge and Coextrusion Welding
Revised by Paul S. Korinko, Savannah River National Laboratory

FORGE WELDING is a solid-state joining
process in which the workpieces are heated to
the welding temperature and then sufficient
blows or force are applied to cause permanent
deformation and bonding at the faying surfaces.
It is most commonly applied to the butt welding
of steels but is also used to laminate steels
together, as in the manufacture of Damascus
blades. It is an ancient process and has been
dated as early as 2000 B.C. (Ref 1, 2).
Coextrusion welding is a solid-state process

that produces a weld by heating two or more
workpieces to the welding temperature and forc-
ing them through an extrusion die. The process
typically is conducted at elevated temperatures
not only to improve welding but also to lower
extrusion pressures. Some cold coextrusion
welding of aluminum and copper has been per-
formed. For hot coextrusion, the parts to be
welded are often assembled in a can or retort that
is designedwith the appropriate leading taper and
wall thickness to promote initiation of extrusion.
For reactive metals, such as zirconium, titanium,
and tantalum, the retort may be evacuated and
sealed. Both forward and back coextrusion have
been employed, but forward coextrusion is the
usual mode. A principal advantage of coextru-
sion welding is that the high isostatic pressures
associated with the process are favorable to the
deformation welding of low-ductility alloys.

Forge Welding

Forge welding of ferrous materials is accom-
plished at very high homologous temperatures
on the order of 0.8 to 0.9 of the melting
temperature, which contrasts with hot pressure
(thermocompression) welding of ductile face-
centered cubic metals, which is normally per-
formed at temperatures of less than one-half
the melting temperature. The forge welding
temperature is generally selected to be as high
as possible with due consideration to avoiding
such metallurgical problems as hot shortness,
embrittlement, sensitization, and excessive
grain coarsening. This limitation implies an
understanding of the unique metallurgical pro-
blems of the alloy to be welded.
Forge welding can be completed either man-

ually or automatically. For manual forge welds,

the process is as follows. The pieces to be
joined are heated and forged into common
joints (Fig. 1). The joint surfaces in Fig. 1 are
slightly rounded or crowned to ensure that
the centerline region of the components joined
will be welded first to force any contaminants
(for example, slag, dirt, or oxide) present
on the surfaces out of the joint. The two
pieces are fluxed with a material that will
remove oxides and prevent further oxidation,
and heated using a furnace, an oxyacetylene
torch, or perhaps a clean-burning, slightly
reducing fire of the type a blacksmith would
use. The parts are heated to the desired temper-
ature, that is, near white hot, and then
hammered to the target thickness and thus
joined. It is desirable to achieve the final
dimensions in one or two heat cycles. If the
joint has not been thinned sufficiently, then
the joint is reheated and forged again. If the
pieces have been overthinned, additional work
is needed to bring the minimum dimension
back.
Typical joint configurations used for auto-

matic forge welding operations are shown in
Fig. 2 (Ref 1). Hydraulic presses are typically
employed to apply pressure. Presses are often
highly automated, featuring microprocessor
control of pressure and temperature cycles.
Heat is applied locally to the joint area by
multiple-tip oxyacetylene torches, resistance
heating, or induction heating. Often, the oxy-
acetylene torches are oscillated to ensure uni-
formity of heating. In a closely related
process, magnetically induced arc butt welding,
the surfaces to be welded are heated by a rap-
idly rotating arc plasma. Generally, the process
is conducted in the open air, with oxygen

partially occluded from the joint area by the ini-
tial contact of the faying surfaces. When
employing oxyacetylene torches, a slightly
reducing flame affords some atmospheric pro-
tection. Vacuum, inert, and reducing atmo-
spheres have been used.
The normal welding sequence is:

1. Apply sufficient pressure to firmly seat the
faying surfaces against one another.

2. Heat the joint to welding temperature.
3. Rapidly apply additional pressure to

mechanically upset the weld zone.

Typical weld durations are 1 to 2 min. A less
common procedure is to initially apply high
pressure and permit deformation to occur dur-
ing the heating cycle. Most forge welding
employs sufficient pressure to upset the surface
until the increase in the surface area is 125% or
more. However, such high deformation tends
to cause flow lines to bend toward the surface
during upsetting. Consequently, alloys that con-
tain significant stringers and inclusions may
exhibit poor impact or fatigue properties when
welded with high amounts of upset. This effect
may be minimized by reducing the upset, which
normally requires increasing welding tempera-
ture and/or time to ensure complete elimination
of voids and surface oxide.
Forge welding is most commonly applied to

carbon and low-alloy steels, with typical weld-
ing temperatures of approximately 1125 �C
(2060 �F). Low-carbon steels can be used in
the as-welded condition, but medium-carbon
steels and low-alloy steels normally are given
full heat treatments following welding. In those
cases where full heat treatment is impractical

Fig. 1 Typical joint configurations used for manual
forge welding applications. Source: Ref 1

Fig. 2 Recommended joint configurations used in
automatic forge welding applications. Source:

Ref 1



but hardening due to rapid cooling has
occurred, induction heating may be used to
temper the weld zone. Other metals welded by
forge welding include high-alloy steels,
nickel-base alloys, cobalt-base alloys, alumi-
num alloys, titanium alloys, and tungsten.
Applications of this process include welding
rods, bars, tubes, rails, aircraft landing gear,
chains, and cans. The forge welding process is
competitive with flash welding and friction
welding.
The primary variables for forge welding are

temperature, total deformation, and deforma-
tion rate (for automated forge welding).
Of these parameters, temperature is usually
the most important.
Forge welding can be used to weld high- and

low-carbon steels together, as is done for deco-
rative swords. The forging process allows
uniform carbon distribution profiles to be gen-
erated while having the steel exhibit a patterned
weld (Ref 3). In addition to the same base-
metal weldments being made via forge welding,
dissimilar metals such as aluminum and iron
have also been joined. Control of the variables
is important, and, as suggested previously, weld
temperature is the critical variable for creating
a successful weld joint (Ref 4).
Flux must be added when forge welding cer-

tain metals to prevent the formation of oxide
scale. The flux and the oxides present combine
to form a protective coating on the heated sur-
faces of the metal that prevents the formation
of additional oxide and lowers the melting point
of the existing oxide. The flux removes the
native oxide and allows metallurgical bonding
of these clean surfaces.
Silica sand and borax are two fluxes com-

monly used on steels. Silica sand can be used
as a flux in the forge welding of low-carbon
steel. The oxides of very-low-carbon steels
(ingot irons) and wrought irons do not require
fluxes because their oxides have low melting
points. Borax, sprinkled on the workpiece while
it is in the process of being heated, is com-
monly used in the forge welding of high-carbon
steels because of its low fusion point (Ref 1).
Weld durations for resistance welding are very

short (seconds) compared to those for forge weld-
ing where gas torches are employed. This is
because heat is generated internally in resistance
welding but externally with gas torches. Terms
that are sometimes used synonymously with forge
welding include pressure welding, upset welding,
and solid-state resistance upset welding.

Coextrusion Welding

Coextrusion can be used to join materials from
the same alloy family. A corrosion-resistant alloy
can be joined with a less-expensive base alloy
to provide the required chemical properties
where needed without using monoliths of the
typically more expensive corrosion-resistant
alloy. Coextrusion welding can also replace

other fusion processes such as overlay welding
for surface property enhancement.
In a similar process, extrusion welding has

been used to butt weld tubes. The ends of the
tubes are prepared for extrusion by beveling
at a 45 to 60� angle to produce an overlapping
joint (Fig. 3). The leading tube contains the
female portion of the beveled joint and is
the stronger of the two metals in dissimilar-
metal joints. Extrusion press die angles of 30
to 35� are common. An advantage of extrusion
welding over other methods of deformation butt
welding of tubes is that there is no flash or
upset to remove following extrusion.
Common Metals Welded. The most com-

mon metals welded by the coextrusion process
include low-carbon steel, aluminum, aluminum
alloys, copper, and copper alloys. Additional appli-
cable materials include nickel, nickel-base alloys,
zirconium, titanium, tantalum, and niobium.
Common coextrusion behaviors are illu-

strated in Fig. 4. The quality of the coextruded
material can be affected by the arrangement of
the materials being welded. In coextrusion
of 304 stainless steel and carbon steel, having
the core be 8 to 20% shorter than the sleeve
for a coextruded pipe resulted in a more
uniform extrudant with less material loss
(Ref 6). Fig. 3 Design for butt welding of tubes by extrusion

Sleeve fracture Shaving (back flow)

Cladding Sound flow-proportional

Sound flow-disproportional Nonuniform (way)

Core fracture

Fig. 4 Common coextrusion behaviors. Source: Ref 5
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Magnetic Pulse Welding
Sachin D. Kore, Indian Institute of Technology, Guwahati, India
J. Imbert, Y. Zhou, and M. Worswick, University of Waterloo, Canada

WEIGHT-REDUCTION EFFORTS for
automobiles require the joining of various light-
weightmetals, such as aluminumandmagnesium
alloys. Although welding is a well-known and
widely accepted joining process, the welding of
dissimilar and difficult-to-weld metals is a major
challenge faced by the automobile and aerospace
industries. Welding of dissimilar metals is diffi-
cult to perform by a fusion welding process,
because of the differences in their melting tem-
peratures as well as the intermetallic compounds
formed in the weld, which result in unacceptable
mechanical properties (Ref 1). Additional diffi-
culties in welding aluminum arise from the high
affinity of aluminum for oxygen and the resulting
formation of aluminum oxide (Al2O3) layers on
the surface, which in turn result in poor-quality
welds. Solid-state techniques based on generat-
ing extremely high pressures to create welds
between dissimilar metals have been developed,
with explosive welding being the most studied.
Solid-state welds require clean surfaces; in
explosive welding, the impact of the materials
achieves this by removing the surface oxide
layers. Explosive welding is well suited for weld-
ing dissimilar and difficult-to-weld metals; how-
ever, because of cost and safety concerns, it has
remained applicable mainly for low-production-
volume applications. Magnetic pulse welding
(MPW) is a solid-state welding technique that is
potentially well suited for high-volume welding
of dissimilar and hard-to-weld metals. A fast-
emerging impact welding method similar to
explosive welding, MPW produces a solid-state
weld by creating contact at extremely high pres-
sures and by removing the oxide layers through
the velocity and angle of impact. Complete met-
allurgical bonding can be obtained by pressing
the two nascent surfaces together at very high
pressure to obtain a weld between the metals.
In this process, the sudden discharge of a

capacitor bank through a coil of relatively few
turns produces a strong transient magnetic field.
If this field is coupled with a metal workpiece,
an intense impulsive force acts on the material
and accelerates it to a velocity of the order of
102 m/s (225 mph) in a few microseconds. Mag-
netic pulse welding is safer and more amenable
to mass production than explosive welding,

because a capacitor bank replaces explosives as
the energy source, making the process safer,
more repeatable, and suitable for use with stan-
dard power grids.

Fundamental Theory

Two current-carrying conductors, when
placed in close proximity, exert force on each
other. If the current directions are the same
on each conductor, an attractive force is
induced on the conductors; if the current direc-
tions are opposite to each other, a repulsive
force is induced. If the currents are of high
intensity and high frequency, they will generate
high forces. These intense repulsive forces are
used to accelerate the materials for MPW.
The energy for the process is provided by a

capacitor bank that is connected to a standard
industrial power outlet. The capacitor bank
is initially charged with a direct current
power supply. To generate the forces required
for welding, the charged capacitor bank is
discharged through a coil, generating a high-
frequency current with a damped sinusoidal
profile. The current produces a transient mag-
netic field that interacts with the metal sheets
that are to be welded, inducing eddy currents
in them in the opposite direction of the ones
in the coil. Finally, the interaction of the eddy
currents with the magnetic field generates Lor-
entz forces (F) on the work sheets that drive
them away from the coil and toward each other.
The Lorentz force (F) is given by (Ref 2):

F ¼ J� B (Eq 1)

where J is the current density, and B is the
magnetic flux density.
Because the Lorentz forces depend on the cur-

rent density, the higher the conductivity of the
material, the higher the current density and thus
the higher the induced forces. Thismakesmateri-
als with high conductivity better suited for the
MPW process. Steels, for example, have rela-
tively low conductivity, which, combined with
their higher mass and strength, makes them less
suitable for MPW. To weld low-electrical-

conductivity materials, a highly conductive and
low-strength material, called the “driver,” is
placed between the workpiece and the coil. The
driver is accelerated by the Lorentz forces and,
in turn, accelerates the workpiece.
The magnitudes of the induced Lorentz

forces depend on the magnetic field acting on
the workpiece. Ideally, all of the magnetic field
is used to generate Lorentz forces. However,
transient magnetic fields can penetrate conduc-
tors, and, if the conductor is thin enough, part
of the magnetic field can “leak.” Alternating
electric current flow mainly at the skin of the
conductor, at an average depth called the ‘skin
depth.’ It is defined as follows (Ref 2):

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
pm0mr f

r

(Eq 2)

where r is the electrical resistivity of the work-
piece, m0 is the permeability of the freespace =
4p �10�7, mr is the relative permeability, and f
is the frequency.
In the case of sheet metal, the skin depth can be

greater than the thickness, a condition that will
cause “leaking” of the magnetic field and lower
the efficiency of the process. It is desirable for
MPW operations that the value of the frequency
should be selected in such a way that the skin
depth of the induced currents in the workpiece
is less than its thickness. Under this condition,
an appreciable amount of the magnetic field is
confined within the thickness of the workpiece,
and the diffusion of the field beyond it is reduced
to a minimum value, thus increasing the effi-
ciency of the welding process.
Magnetic pulse welding and techniques for

performing it have been studied in detail by many
researchers. Most of this research is performed
using the forming and welding of tubes, because
it is relatively easy to control the magnetic field
for axisymmetric components such as tubes (Ref
3, 4). The parameters that determine weld quality
inMPWare similar to those in explosive welding:
critical impact angle, impact speed, and the pres-
ence of a wavy interface after welding (Ref 5–
10). Magnetic pulse welding has been explored
for welding similar- and dissimilar-metal tubes
for structural applications (Ref 11–19).



Thus far, the MPW technique has been
mainly studied and applied to tubular structures
and has been much less studied for welding of
flat sheets, because of the difficulties in design-
ing coils and controlling the magnetic fields in
flat sheet welding operations. However, Aizawa
et al. (Ref 20–22), Kore et al. (Ref 23–28), and
Zhang et al. (Ref 29) have reported the feasibil-
ity of MPW of flat sheets. Kore et al. (Ref 24,
25), in particular, have reported a detailed study
of the effects of process parameters on the
strength and width of magnetic pulse welds of
aluminum-to-aluminum and aluminum-to-stain-
less steel sheets. Kore et al. (Ref 30) have also
reported the feasibility of MPW of magnesium
(AZ31) to aluminum (AA3003) flat sheets.

Equipment

An electromagnetic (EM) welding system
comprises the equipment shown in Fig. 1,
connected electrically to form a resistance (R),
inductance (L), and capacitance (C), or RLC,
circuit.
Because the current and frequency require-

ments are high for MPW, low inductance and
resistance must be used in the power supply
system, high-voltage switches, and transmission
cables.

Work Coil

The work coil converts the electrical energy
in the capacitors into magnetic energy, which
is finally transformed to mechanical energy on
the workpiece. It is the part of the RLC circuit
through which a damped sinusoidal current of
high magnitude is passed, producing the tran-
sient magnetic field necessary for the perfor-
mance of the welding operation. Coils are an
essential part of any EM welding process.

Depending on the EM metal-processing tech-
nique, such different types of coils as solenoi-
dal, flat pancake, and bar coils can be used, as
described subsequently (Ref 31, 32).
Solenoid Coils. A solenoidal coil is shaped

like a helix and is used for processing axisym-
metric components. These coils, depending on
their operation, are further classified into two
types:

� Expansion coils: These coils are used inside
axisymmetric workpieces (i.e., tubes) to
expand the workpiece, as shown in Fig. 2.

� Compression coils: When a solenoid coil is
placed outside the axisymmetric workpiece
(tube) to compress the tube, it is termed a
compression coil, as shown in Fig. 3.

Flat Pancake Coil. A spirally wound coil,
such as the one shown in Fig. 4, is often called
a pancake coil. Such coils are used for material
processing of flat sheets. These coils do not pro-
duce uniform magnetic fields and often have
dead spots where the magnetic field and thus
the induced forces are zero. These nonuniform
magnetic fields lead to nonuniform force distri-
butions that can cause significant problems
when forming sheet metal; these nonuniform
distributions must be taken into account in pro-
cess design. Uniform pressure coils (or actua-
tors, as they are called by their developers)
have been proposed to solve these problems in
some applications (Ref 33).
Bar coils are of simple design (Fig. 5) and

are used to concentrate the current (and thus
increase the current density) on specific areas
of a workpiece. The increase in current density
is achieved by reducing the cross-sectional area
of the coils. The smaller cross-sectional area
produces a more intense magnetic field and thus
induces higher Lorentz forces on the workpiece
area that is directly facing the coil. This type of
coil is mainly used for concentrating the

repulsive force onto a localized area of the
workpiece, to obtain high levels of deformation
for welds in a particular area of the workpiece.

Capacitor Bank

Capacitor banks are energy-storage devices
that are used to store electric energy and
produce from it a high-frequency and high-
intensity current pulse. The energy (E) stored
in a capacitor bank is given by:

Fig. 1 Schematic of magnetic pulse welding equipment

Fig. 2 Expansion coil

Fig. 3 Compression coil

Fig. 4 Flat pancake coil

Fig. 5 Flat coil (bar)
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E ¼ 1

2
CV2

0 (Eq 3)

where V0 is the charging voltage, and C is the
capacitance. The current pulse produced is in
the form of a damped sinusoid (Fig. 6) (Ref 34).
The peak current produced by a capacitor

bank is proportional to the charging voltage
and the square root of the capacitance and
inversely proportional to the square root of the
inductance, as given by the following equation:

Imax ¼ V0

ffiffiffiffiffi

C

La

r

(Eq 4)

where La is the inductance of the capacitor
bank. The frequency of the current pulse pro-
duced is critical to the MPW process and is
inversely proportional to the square root of the
product of the capacitance and the inductance.
The frequency is given by:

o ¼
ffiffiffiffiffiffiffiffi

1

LaC

r

¼ 2�f (Eq 5)

where f is the frequency. To determine the cur-
rent pulse characteristics of a complete MPW,
the inductance and capacitance of the system
with the coil and workpiece included must be
used. The capacitors can be connected in paral-
lel, depending on the energy requirement for
the material-processing operation.

High-Voltage Power Supply

Capacitors cannot be charged directly from a
regular industrial alternating current power source,
because direct current is required. The capacitor

bank must be charged from a variable-voltage
power supply. Such a power supply consists of
three basic elements: a step-up transformer, a recti-
fier, and a current-limiting device. It charges the
capacitor by using a rectified current. The capacity
of the power supply will depend on the require-
ments of the specific MPW operation.

High-Voltage Switches

Very high-speed switches, capable of with-
standing high voltages, are required for MPW
operations. Ignitrons, spark gap switches, or rail
gap switches can be used to close the RLC cir-
cuit and produce the high-current pulse in the
work coil. Ignitrons contain mercury and must
be handled with care to meet all pertinent safety
and environmental regulations.

Field Shapers

Field shapers are used to concentrate pressure
at a specific location on the workpiece. They are
also used to adapt large-diameter compression
coils to smaller-diameter workpieces. Field sha-
pers are essentially single-turn coils. They are
inserted between the work coil and the work-
piece; they receive their energy from the work
coil and transfer it to the workpiece by induction
(Ref 35). Thus, by using different sizes of field
shapers, the same work coil can be used for job
pieces of different diameters. However, field sha-
pers must be electrically insulated from both the
work coil and theworkpiece. The use of field sha-
pers increases the life of the coil by reducing the
force acting on the coil.
The field shaper is inductively, rather than

directly, coupled to a forming coil. Hence, the

efficiency of an EM welding or forming process
that uses field shapers is lower than that in which
only a forming coil is used. It is difficult to design
a strong coil that can sustain the mechanical
stress arising from Lorentz forces. By introdu-
cing a field shaper, the Lorentz forces can be
shifted toward the region of greater mechanical
strength of the coil (Ref 36, 37).

Additional Equipment

Other equipment that is helpful for MPW
includes Rogowski coils (Ref 38) (to measure the
current), accelerometers, loadcells, anddata-acqui-
sition systems (to capture and analyze the signals
obtained). High-speed cameras can be very useful,
especially in the process development stage, in
determining the deformation history of the work-
pieces and the location of arcing in the process.

Magnetic Pulse Welding Process

This section describes the MPW process and
the critical parameters needed to obtain accept-
able welds. Welding of axisymmetric sections is
described first, followed by welding of flat sheet.
Magnetic pulsewelding of a tube to a solid core is
shown in Fig. 7. In this case, a tube and a core that
are to be welded are placed inside a coil. The
outer tube is accelerated by the Lorentz forces
induced on it by the coil, and it impacts the inner
core (Ref 39–41). The impact pressure removes
the oxides and surface contaminants and creates
an atomic bond between the metals. Given the
relative simplicity of the geometry, it is possible
to estimate by both analytical and numerical
methods the system inductance and EM pressure
acting on the workpiece (Ref 5, 40).
Welding of sheet metal is substantially more

difficult. A three-dimensional, flat rectangular,
one-turn copper coil, such as the one shown in
Fig. 8, can be used for MPW of similar- and dis-
similar-metal sheets. The two sheets to bewelded
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Fig. 6 Current waveform for an electromagnetic welding operation. Source: Ref 34
Fig. 7 Cross section of tubes with coil and core for

magnetic impulse welding
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are placed between the upper and lower halves of
the coil.When the transient current flows through
the coil, it produces a transientmagnetic field that
induces Lorentz forces on the sheets and thereby
accelerates them toward each other at very high
speeds. The sheets will then impact one another,
producing the desired weld.
Theweb of the I-shaped cross section of the coil

concentrates the current, increasing the current
density, J, and thus resulting in increased Lorentz
forces. The reduction of the cross-sectional area is
limited by the strength of the coil, which is also
subjected to induced forces. If the area is too nar-
row, it could deform or even break.

Process Parameters

The impact energy and hence the formation of a
weld in MPW depend on equipment and work-
piece parameters. Equipment parameters such as
the inductance, capacitance, and resistance of the
circuit and the energy storage capacity of the
capacitor bank are critical to achieving a proper
weld.They directly influence the amount of energy
transferred to the sheet and the time in which this
transfer occurs—factors that in turn determine the
acceleration of the sheet and its velocity at impact.
Increasing the discharge energy increases the
magnetic field generated and thus increases the
shearing strength and the width of the EM weld
of aluminum-aluminum and aluminum-stainless
steel sheets for a given standoff distance.
Most researchers have found that MPW has

many similarities to explosive welding in the
workpiece parameters, for example, the critical
impact angle, the impact velocity needed for join-
ing, and the wavy interface created after welding
(Ref 9). The velocity acquired by the sheets prior
to impact dependson the energy input, asdiscussed
earlier, and on the distance between the work-
pieces, or standoff distance. If the standoff distance
is too small, then theworkpiecedoes not accelerate
to the required speed; if it is too large, the sheetwill
start to decelerate prior to impact. The impact
velocity is crucial, because the kinetic energy
achieved by the sheets is converted into impact
energy. For example, in MPW of aluminum-alu-
minum and aluminum-stainless steel sheets, for a
given set of process parameters, the standoff dis-
tance has one optimal value that gives the maxi-
mum shearing strength and width of the weld
(Ref 24, 25). For lower values of standoff distance,
collision takes place before the sheets attain the
maximum velocity, whereas for higher values,
the velocity attained drops at the time of collision
(Ref 24, 25). The conductivity, mass, and strength
of the material will affect the workpiece velocity
and will also have an effect on the weld.
Researchers have studied the MPW process

experimentally, although continued work is
required in the welding of flat sheets. Masumoto
et al. (Ref 6) studied EMwelding of similar- (alu-
minum-aluminum) and dissimilar-metal cores
and tubes. Kojima et al. (Ref 10) also studied
the effect of flow stress, collision velocity, and
collision acceleration in EM welding. They

found that, like collision velocity, collision accel-
eration also affects the quality of electromagnet-
ically welded joints. Kore et al. reported the
effect of such process parameters as discharge
energy, standoff distance, and coil shape on the
strength and width of magnetic-pulsed welds of
aluminum-to-aluminum and aluminum-to-steel
sheets (Ref 24, 25).

Mechanical Testing of Magnetic-
Pulsed Welds

Magnetic pulsewelding samples that have been
mechanically tested in tensile shear tests show two
types of failures: failure at the weld interface and
failure away from the weld in the base metal.
The MPW samples prepared with a lower value
of discharge energy or a nonoptimal standoff dis-
tance fail at the weld interface. Welds obtained at
optimal values of discharge energy and standoff
distance fail away from theweld in the basemetal,
exhibiting welds that are stronger than the base
metal (Ref 24–26). Hardness testing of the weld
interface has shown higher hardness values near
the weld interface compared to the base metal
(Ref 26). This phenomenon is due to the compres-
sion of grains at the weld interface. The testpieces
cut from the center of the welds (along the length
of the weld) of aluminum-aluminum and alumi-
num-stainless steel sheets exhibit greater shearing
strength than the pieces cut from the edges (Ref
24, 25). This behavior is attributed to higher pene-
tration of the magnetic field at the center and a
change of current direction in the sheets at their
edges, a circumstance that weakens the magnetic
field developed at the edges and hence the impulse
acting on the sheets.

Metallurgical Characterization of
Magnetic-Pulsed Welds

The microstructure of the aluminum-alumi-
num weld obtained by MPW (Fig. 9) shows two
weld zones: one with complete metal continuity
and one with a no-weld zone at the center. Com-
plete metal continuity without any waves, as
shown in Fig. 9, is characteristic of a sound weld.
Kore et al. (Ref 24) reported that thewavy pattern
at the weld interface is due to interfacial instabil-
ity at lower energy values or nonoptimal standoff
distance. The weld shown was obtained at a dis-
charge energy of 5.184 kJ, a voltage of 7.2. kV,

a standoff distance of 2.5 mm (0.10 in.), and a
weld width of 1.1 mm (0.04 in.). The effect of
process parameters, including standoff distance,
coil geometry, and energy, on width and shear
strength of the weld is reported in the literature
(Ref 24, 25).
The defect at the center of the weld, shown in

Fig. 9, was caused by entrapped oxide at the
center and rebounding of the sheet at the center.
The complex deformation state at the interface
is also a contributing factor to the existence of
the defect.
Magnetic pulse welding of aluminum-iron

and Al-SUS304 steel sheets has been reported
in the literature (Ref 22, 25). The effect of pro-
cess parameters such as standoff distance, coil
geometry, and energy on the strength and width
of the weld is reported by Kore et al. (Ref 25).
For joining dissimilar sheets, researchers have
driven aluminum sheet by using EM force, with
the iron sheet kept stationary rather than driven
(Ref 22). Kore et al. used an aluminum driver
sheet to drive the electrically-poor-conductor
stainless steel sheet. This approach doubled
the energy of impact (Ref 25) and led to stron-
ger magnetic-pulsed welds.
An image from the microstructure of alumi-

num that is pulse welded to stainless steel sheet
(Fig. 10) shows a continuous weld from an area
exactly under the coil area. The void observed

Fig. 8 Magnetic pulse welding of flat sheets. Source:
Ref 34
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Fig. 9 Magnified view of an aluminum-to-aluminum
weld zone from magnetic pulse welding.

Source: Ref 34
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Fig. 10 Magnified view of an aluminum and stainless
steel (SS) weld zone from magnetic pulse

welding. Source: Ref 34
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in the weld is at the edges, where the sheet is
not directly under the coil.
A micrograph of the weld between two

copper sheets joined by MPW is shown in
Fig. 11. Metallographic study and scanning
electron microscopy analysis of the EM weld
has confirmed metal continuity between the
two sheets. Copper is an ideal candidate for
MPW because of its high electrical conductiv-
ity and relatively low strength.
Aluminum-lithium alloys can be welded

using MPW without the aid of drivers; how-
ever, specific heat treatment cycles must
be used to reduce their yield strength. A
magnetic-pulsed weld of aluminum-lithium is
shown in Fig. 12; the presence of a wavy inter-
face is notable. This interface is due to surface
irregularities present on the sheets and also
due to insufficient impact energy to crush the
irregularities and obtain a sound weld. Pulse
welding of copper to stainless steel (Fig. 13,
Ref 42) was done by using an aluminum driver
to accelerate both the copper and stainless steel
work sheets, with a capacitor discharge energy
of 8.46 kJ. Pulse welding of aluminum to mag-
nesium AZ31 sheets (Fig. 14) produced welds
with no intermetallics at the weld interface
(Ref 30), a condition that is very difficult to
obtain by using conventional welding methods.

Applications

Magnetic pulse welding can be relatively
easily applied to mass production, especially
when compared to explosive welding, which is
the more established impact-welding process.
At the moment, MPW is more applicable to
tubular structures than to flat sheets. Mechani-
cal joining of tubular cross sections (e.g., torque
rods) is already in use for high-volume produc-
tion. Magnetic pulse welding can also be used
for joining structural parts for underwater appli-
cations and automotive space frames (Ref 11–
13), joining of aluminum cans and cap wafers
to avoid heat-generated problems encountered
in tungsten inert gas arc welding (Ref 13), and
welding of dissimilar-metal tubes (Ref 5). It is
also applicable to create bimetallic driver shafts
for lightweight applications. Magnetic pulse
welding has been used in nuclear projects to
join copper reactor tubes to ceramic plugs
(Ref 43).
Magnetic pulse techniques have been exten-

sively studied and are accepted for welding of
axisymmetric parts; studies have been done to
improve the weld quality, to develop modeling
capabilities, and to determine suitable applica-
tions. Unfortunately, as of this writing, no sim-
ilar studies have been performed for the

welding of flat sheets or nonaxisymmetric parts,
processes for which research is still required to
obtain commercially viable processes. Design-
ing coils to generate the desired EM force dis-
tributions is a major challenge. The key to
developing proper coils is an understanding of
how EM-driven sheets interact at the time of
impact and how this interaction affects the
welds. Many researchers have now concen-
trated their research in the field of MPW, due
to the potential application of MPW to join flat
sheets of dissimilar or hard-to-weld metals in
automobile and aerospace components. Analyz-
ing the process analytically is difficult; the
development of proper numerical models will
be crucial for the future implementation of
MPW. The need to weld dissimilar and diffi-
cult-to-weld metals has made it essential to
study such new joining techniques as MPW.

Safety Guidelines While Handling
the MPW Setup

Given the high currents, voltages, and mate-
rial speeds involved in MPW, special care must
be taken when implementing this technique.
The MPW process has three types of potential
hazards: sonic, electrical, and mechanical.
These hazards can be avoided by following
proper safety measures. Some safety measures
are suggested as follows, but they do not form
a comprehensive list; each individual applica-
tion has its own unique set of circumstances
and safety precautions. All of the safety and
operation guidelines provided by the equipment
manufacturer should be followed. The follow-
ing are suggested measures to follow when
working with MPW:

� No operator should work alone.
� It should be ensured that the floor is

nonconductive.
� Ear protection should be used against such

sonic hazards as spark gap triggering, impact
of the sheets, and the very loud sparks that
occasionally result from the process.

� No one should be in close proximity to the
welding area when the machine is dis-
charged. This precaution is necessary to
avoid injury from accidental flying of stray
objects and from exposure to magnetic
fields.

� The capacitor banks should always be kept
shorted to ground when not in use.

� Interlocking between system covers, doors,
and operating switches on the control panel
can prevent accidental operation of control
panel switches while people are working
with the machine.

� Manual grounding via a grounding rod to
ensure complete discharge of the capacitors
should be employed before the machine is
touched by an operator.

� Extreme precaution should be used when
handling high-voltage equipment.

Fig. 11 Microstructural view of a copper-copper
welded sample. Source: Ref 34

Fig. 12 Magnetic pulse welding of an aluminum-to-
aluminum-lithium weld. Source: Ref 34

SS
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Fig. 13 Magnetic pulse welding of a copper-to-stain-
less steel (SS) weld. Source: Ref 34

Fig. 14 Magnetic pulse welding of an aluminum-to-
magnesium weld. Source: Ref 34
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Summary

It is possible to use MPW to weld various
similar- and dissimilar-metal combinations that
are difficult to weld by conventional welding
methods. Magnetic pulse welding has been
shown to produce good-quality welds that are
stronger than the base metal. Defects in the
welds are usually due to the entrapment of oxi-
des. Impact velocity and angle play a vital role
for complete removal of oxides from the weld
interface. The impact velocity will depend on
the energy imparted to the workpiece by the
coil, which depends on the parameters of the
system. The conductivity of the materials is a
critical parameter for MPW because, all else
being equal, the higher the conductivity, the
higher the Lorentz forces induced.
Currently, EM welding is more suitable for

axisymmetric components, such as tubes,
because it is easier to produce the coils and
design the process for such components. Mag-
netic pulse welding has potential as a means
of joining sheet metal parts; however, designing
coils for joining sheets by using MPW is a chal-
lenging task that requires a better understanding
of the process and the availability of numerical
predictive capabilities. Detailed research must
be carried out on the design of flat coils in
order for sheet metal joining to develop effi-
cient coils with long working lives. The MPW
technique should be further studied as part of
the wider efforts to reduce vehicle weight and
fuel consumption.
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Cold Welding
Niels Bay, Technical University of Denmark

COLD WELDING (also known as cold pres-
sure welding) is a solid-phase welding process
normally carried out at ambient temperature.
A large number of metals can be joined, as illu-
strated in Fig. 1 (Ref 1).
To obtain bonding in cold welding, plastic

deformation of one or both metals is required,
implying that a basic parameter is the degree
of deformation. This is normally expressed as
the surface expansion, X, or the degree of sur-
face exposure, Y:

X ¼ A1 � A0

A0

Y ¼ A1 � A0

A1

(Eq 1)

where A0 is the initial and A1 the final interface
area. Figure 2 shows the shear bond strength
obtained in roll bonding of sheets in various com-
binations (Ref 2, 3), plotted as a function of Y,
which equals the thickness reduction in rolling:

Y ¼ r ¼ t0 � t1
t0

(Eq 2)

A threshold surface exposure must be
reached before bonding occurs. Beyond this
threshold, which depends on the metal combi-
nation, the bond strength increases rapidly, with
Y reaching a level corresponding to the strength
of the weaker metal. This relationship between

bond strength and surface exposure is funda-
mental to all cold welding processes, but the
threshold surface expansion for a given metal
combination is dependent on the type of form-
ing process applied for cold welding. In the
next section, a theoretical model explaining
these phenomena is given based on metallo-
graphic studies and continuum mechanical
analysis of the local plastic deformation in the
weld interface.

Bonding Mechanisms and
Theoretical Modeling of Bond
Strength

Surface preparation before cold welding is of
utmost importance. In most welding applica-
tions, surface preparation consists of degreasing
followed by scratch brushing. Studies of the
welded and subsequently fractured bonds in
scanning electron microscopy (SEM) reveal
the bonding mechanisms (Ref 4–6). The scratch
brushing produces a hard, brittle surface layer
that will crack when subjected to expansion
(Fig. 3). At larger surface expansion (Fig. 4),
virgin material is exposed, which extrudes
through the cracks of the surface layer and
meets similarly exposed surface area from
the opposing metal. Figure 4(a and b) show
the onset of extrusion at a surface exposure
of Y = 0.375 but no visible bonds, whereas

Fig. 4(c and d), representing a slightly larger
surface exposure, Y = 0.383, show ductile frac-
ture of bonds on the top of the extrudate. At
higher surface exposure, Y = 0.72, as shown in
Fig. 5, extended areas of base metal have been
bonded, and the unwelded regions of brittle sur-
face layer are confined to small isolated islands.
The ratio sB/s0 between weld strength and
base-metal strength in the deformed state is
indicated in Fig. 4 and 5.
Figure 6 shows a schematic outline of the

bonding mechanism and how contact area
between the two rough, virgin surfaces will build

Fig. 1 Combinations of metals that can be successfully
cold welded (indicated by shaded box). Source:

Ref 1
Fig. 2 Bond shear strength versus surface exposure/

reduction in cold roll bonding. Source: Ref 2, 3

Fig. 3 Scratch-brushed and slightly deformed
aluminum surface. Y � 0, no bonding

Fig. 4 Bonding surfaces after fracture. (a) and (b) Y =
0.375, p/s

0
= 1.9, s

B
/s

0
= 0.02. (c) and (d) Y

= 0.383, p/s
0
= 2.0, s

B
/s

0
= 0.09. Source: Ref 7



upwith increasing surface expansion and contact
pressure, forming a metallic bond (Ref 6).
Later investigations have revealed that

scratch brushing creates a surface partly con-
sisting of a relatively thick, hard, and brittle
cover layer (approximately 20 mm, or
800 min.) and a surface partly covered only by
a contaminant film of oxides and water vapor.
Bonding in these areas occurs when the con-
taminant film, which is of the order of 10 to
100 nm (0.4 to 4 min.), is thinned to fracture
(Fig. 7). Based on the metallographic studies,
a continuum mechanic model for the bond
strength for cold welding of two similar materi-
als as a function of surface exposure and nor-
mal pressure has been established (Ref 7):

s
B

s0

¼ 1� bð Þp� p
E

s0

þ b
Y � Y0

1� Y0 �
p

s0

(Eq 3)

where sB is the weld strength, s0 is the flow
stress of the material after deformation, b =
cf

2, cf is the fraction of film layer to the total
area of the scratch-brushed surface, p is the nor-
mal pressure at base-metal surfaces, pE is the
pressure required for extrusion through cracks
of the cover layer, and Y0 is the threshold sur-
face exposure for contaminant film.
The first term in Eq 3 represents the contribu-

tion to the weld strength from the area where
fracture of the brittle cover layer appears. This
applies to zones where one or both of the mat-
ing surfaces has a brittle cover layer, which
appears in a fraction:

b ¼ c2
f (Eq 4)

where cf is the fraction of film layer on the
scratch-brushed surface, which is determined by
measurements on scanning electron micrographs
of scratch-brushed surfaces. For Al 99.5, it has
been determined that cf = 0.645, implying b =
0.4. The pressure, pE, required for extrusion
through cracks of brittle cover layer is a function
of the crack width, that is, the surface exposure.
The relationship, which is shown in Fig. 8, is

determined by plane-strain slipline analysis.
The threshold surface exposure for contaminant
film breakdown of scratch-brushed Al 99.5 has
been determined to be 0.30	 Y0 	 0.35 by study-
ing a number of SEMmicrographs with different
surface exposure to see at what level welds first
appear (Ref 7).
Figure 9 shows the bond strength normalized

with the flow stress of the deformed material,
sB/s0, versus the surface exposure with the nor-
malized normal pressure, p/s0, as a parameter
for cold welding of scratch-brushed Al 99.5
(b = 0.4, Y0 = 0.35). At low normal pressure,
p/s0 < 2.0, welding is initiated when Y > Y0 by
fracture of the contaminant film. For p/s0 = 1.5,
there is a bend on the curve at Y = 0.49,
corresponding to the starting point of extrusion
through the cracks and weld formation between
the segments of brittle surface layer. For p/s0 >
2.0, welding is initiated by fracture of the brittle
layer, extrusion through the cracks, and weld for-
mation in between the segments of brittle surface
layer. The film fracture mechanism comes into
action later, namely at Y = Y0. This explains the
bend at Y = 0.35 of the curves for p/s0 > 2.0
(Fig. 9). Figure 10 shows a comparison of the the-
oretically calculated weld strength as a function
of surface exposure for two different normal
pressures, p/s0 = 1.85 and p/s0 = 5.1,
respectively.
The model was later expanded to include

cold welding of dissimilar metals and to take
ductility of the cover layer into account
(Ref 9). Figure 11(a) shows the theoretical as
well as the experimental bond strength for cold
roll bonding of aluminum-aluminum with one-
sided, electroless nickel plating, whereas Fig.
11(b) shows the bond strengths for aluminum-
mild steel with one-sided, electroless nickel
plating on steel.
The proposed model for the bond strength is

of a generic nature, applicable to different types
of cold welding by processes such as rolling,
indentation, extrusion, and drawing. The differ-
ent cold welding processes are presented in the
section “Process Variants and Applications” in

this article. In addition to metal combination,
the threshold surface expansion is dependent
on the type of forming process applied for cold
welding, because this controls the normalized
normal pressure, p/s0.

Alternative Methods of Surface
Preparation

Although scratch brushing is normally
applied as the method of surface preparation,
it has certain disadvantages. The bond strength
obtained is variable, with rather large scatter
caused by the rough surface treatment. Cold
welding must be carried out as soon as possible
after scratch brushing and within 10 min.
Systematic investigations of cold roll bonding

aluminum-aluminum, aluminum-copper, copper-
copper, and aluminum-mild steel, applying differ-
ent methods of dressing the workpiece surfaces
before cold welding, show that electrochemical
and chemical (also called electroless) plating are
good alternatives to scratch brushing (Ref 10).
As an example, Fig. 12 shows the weld interface
surface after fracture of roll-bonded aluminum-
aluminum prepared by electroless nickel plating

Fig. 6 Schematic outline of bonding mechanism.
Source: Ref 6

Fig. 5 Bonding surfaces after fracture. Y = 0.72, p/s0 = 1.8, sB/s0 = 0.71. Source: Ref 7
Fig. 7 Refined model for bonding mechanisms in cold

welding. Source: Ref 8
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of one of the two surfaces. Bonding is already
obtained at a reduction r = 0.35, and at r = 0.5
extensive bonding is established in the cracks
between the fragments of brittle cover layer.

Figure 13 shows the weld strength in roll
bonding aluminum-aluminum when adopting
different methods of surface preparation. It is
seen that electroless nickel plating leads to the
earliest bond formation. Although anodizing
of aluminum creates a very brittle cover layer,
which is easily fractured by subsequent defor-
mation, this surface-dressing method is not as
efficient as nickel plating, electrochemically or
electroless. This is due to the fragment size,
which is substantially smaller than the one
obtained by nickel plating. The optimum choice
of surface preparation depends on the metal
combination (Ref 9). Whereas electroless
nickel plating is optimal for copper-copper
and aluminum-aluminum, scratch brushing is
the most efficient when cold roll bonding alu-
minum-copper and aluminum-mild steel.

Quality Control

The nature of the weld interface of a cold weld
implies that nondestructive testing by, for exam-
ple, ultrasonics is not applicable. The onlyway to
test the quality is by destructive testing, implying
that the surface preparation and subsequent cold
welding should be handled with care to ensure
good weld quality. Fingerprints on the scratch-
brushed surfaces will have a detrimental effect
on bond formation. This is due to the formation

of a thick contaminant film, which will impede
bonding even in the areas uncovered after frac-
ture of the cover layer.

Process Variants and Applications

A variety of metal-forming processes are
suitable for production of cold welds. The fol-
lowing processes are most commonly applied
in industry (Ref 8):

� Rolling
� Indentation
� Butt welding
� Extrusion
� Shear welding

Rolling

Roll bonding of two or more sheets is applied
in a large variety of combinations. Evaporator
plates for heat exchangers in aluminum and
copper used in refrigerators (Fig. 14) and solar
heat panels are made by roll bonding, applying
stop-off ink prints to avoid bonding in the chan-
nels blown up after welding (Ref 12). Other roll
bonding applications include compound plates
of aluminum-copper and aluminum-stainless
steel for cookware, aluminum-stainless steel
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Fig. 9 Normalized bond strength versus surface
exposure with normalized normal pressure as

a parameter for scratch-brushed aluminum-aluminum.
Source: Ref 7
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Fig. 10 Weld strength as a function of surface
exposure for scratch-brushed aluminum-

aluminum. (a) p/s
0
= 1.85. (b) p/s

0
= 5.1. Source: Ref 7

Fig. 8 Required pressure, pE. Source: Ref 7

Fig. 11 Calculated and experimental weld shear strength as a function of reduction in roll bonding of (a) aluminum-
aluminum with one-sided, electroless nickel plating and (b) aluminum-mild steel with electroless nickel

plating on steel. Source: Ref 9

Fig. 12 Weld interface surface after fracture of roll-bonded electroless nickel-plated aluminum-aluminum. Source:
Ref 11
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for vehicle bumpers, copper-stainless steel-cop-
per for architectural purposes, cupronickel-cop-
per-cupronickel for coins, and nickel-stainless
steel-copper and nickel-iron-nickel for button
cell batteries (Ref 13, 14).
After the sheets are cleaned, they are

roll bonded together, reducing thickness to
approximately 20%. The roll bonding may
be carried out at elevated temperature to facili-
tate deformation in the case of harder metal
combinations. Subsequent heat treatment may
be applied to improve bond strength by
diffusion.
The AlSn and AlZn alloys are roll bonded to

mild steel for use in automotive slide bearings
(Fig. 15). In this application, asymmetrical roll-
ing is performed using a three-high mill, with a
small work roll contacting the softer aluminum

alloy and the larger work roll, of the same size
as the supporting roll for the smaller work roll,
contacting the harder steel strip. In this way, the
aluminum alloy is smeared out on the steel sur-
face in a kind of shear welding operation.
Precious-metal contacts for the electronics

industry are also manufactured by roll bonding.
Base metals such as alloys of copper, alumi-
num, nickel, iron, and stainless steel with inlays
of gold, silver, palladium, and tin are roll
bonded for connectors, lead frames, and indus-
trial electronics (Ref 15).

Indentation

Lap joining by local indentation in the two
plates or bars to be welded is a common cold
welding operation, normally carried out by
small tool indentation (Fig. 16). Indentation
may be done from both sides with opposing
indenters (Fig. 16a) or from one side only using
an indenter tool and a flat anvil (Fig. 16b). The
indenters may be of round or rectangular cross
section with a diameter or minimum cross sec-
tion typically being one to three times the thick-
ness of the sheets. The required thickness
reduction is 50 to 90%. As shown in Fig. 16,
the indenters are usually provided with a shoul-
der that controls the amount of deformation,
minimizes distortion, and promotes welding in
the peripheral area surrounding the indenter.
In welding dissimilar metals, it is often neces-
sary to increase the size of the indenter or
to employ a flat anvil on the softer metal
side. Lap joining is typically applied to join alu-
minum-aluminum, aluminum-copper, and cop-
per-copper, including alloys for electricity
supply. Copper terminals are bonded to alumi-
num windings for transformers in automotive
starter motors. Figure 17 shows some examples
of lap joints.

Butt Welding

Cold butt welding of wires, bars, or plates
end-to-end is performed by securing the two
workpieces in special clamps in such a way that

a free length of the workpieces protrudes from
the clamps (Fig. 18). The free ends are pressed
together, and the axial upset results in plastic
deformation of the projecting ends that moves
the original, contaminated end surfaces into
the flash, thus forming a strong bond between
virgin surfaces in the welding region. To obtain
a good bond, upsetting is performed two to six
times. When welding aluminum-aluminum,
aluminum-copper, and copper-copper, the weld

Fig. 13 Weld strength as a function of reduction and
method of surface preparation for aluminum-

aluminum roll bonding. Source: Ref 11

Fig. 14 Evaporator plate made by roll bonding
aluminum-aluminum

Fig. 15 Roll-bonded and subsequently machined and
formed half of an automotive slide bearing

Fig. 16 Lap joining by small tool indentation. (a)
Double-sided indentation. (b) Single-sided

indentation. Source: Ref 16

Fig. 17 (a) Lap-joined aluminum outlets for a
condensator. (b) Lap-joined copper sheet

with a thickness of 0.14 mm (0.006 in.)

714 / Solid–State Welding Processes



strength is greater than the base-metal strength,
and there is no increase of electrical resistance
in the welds.
Cold butt welding is applied for joining wire

ends in wire-drawing production. It is further-
more applied for joining electrical busbars, for
example, when providing aluminum busbars
with copper terminals (Fig. 19). Automotive
aluminum wheel rims have also been manufac-
tured by cold butt welding flat aluminum band,
which is subsequently roll formed to the
required profile shape. Machines for cold butt
welding include small, manually operated
machine tools for thin wire combination (0.07
to 2.0 mm, or 0.003 to 0.08 in.) and hydraulic
machines for larger butt welds (Ref 17, 18).

Extrusion

Tube transition joints of aluminum-stainless
steel, aluminum-titanium, and zirconium-mild
steel are manufactured for nuclear power and
space technology by forward tube extrusion
(Fig. 20a). The harder tube is placed nearest
to the conical die opening. The punch is
provided with a mandrel fitting the tube holes,
thereby eliminating inward flow. Electronic
devices and nuclear fuel elements are
encapsulated by cold welding using an extru-
sion process, where the lid is joined to the can
housing by an ironing operation (Fig. 20b).

Shear Welding

In several special cases, use of relative
sliding between two surfaces in so-called
shear welding has found application. Figure 21
(a–c) shows the principle of combining
extruded aluminum profiles using a groove-
and-tongue-like joint. The groove geometry
ensures large local surface expansion, and
the taper of the tongue ensures high normal-
pressure in the interface, which, together with
the shear deformation, establishes the condi-
tions necessary for cold welding. This tech-
nique is applied for joining half-open
aluminum extrusion profiles to closed sand-
wich constructions, as shown in Fig. 21(d).
They are used for house construction as well
as for stiffened panels for containers, trucks,
vans, and ship sides. Figure 21(e) shows an air
cooler assembled by the same technique (Ref
19, 20).

Cold weld riveting has been developed
for welding aluminum sheet to aluminum
frame profiles (Fig. 22). A hole is
drilled through the sheet into the solid profile.
An aluminum wire, oversized by 0.15 to 0.20
mm (0.006 to 0.008 in.), is forced into the
hole, forming a cold shear weld along the
hole side. The end of the wire is forged
into a rivet head, using a pneumatic hammer.
In this way, large roof and wall units have
been mounted for industrial and public
buildings.
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Roll Welding and Laser Roll Welding*
Muneharu Kutsuna, Advanced Laser Technology Research Center Co., Ltd.

DISSIMILAR METALS in sheet or strip are
joined for a variety of product applications.
Domestic appliances such as electric frying
pans and water boilers, for example, use combi-
nations of dissimilar metals. Steel-aluminum
sheet has structural application in automobiles
and in antifriction parts such as cylinder
liners and bushes. Dissimilar joining between
steel and aluminum sheet also finds applications
in liquefied natural gas storage tanks and steel
supporting structure. Besides joining steel to
aluminum to obtain higher strength than that
of the base metals, other combinations of inter-
est include:

� Steel to copper
� Steel to titanium
� Stainless steel to aluminum
� Galvanized steel to aluminum alloy
� Titanium to aluminum alloy

Joining for this purpose can be done in various
ways, such as mechanical clinching, self-pierc-
ing riveting, adhesive bonding, diffusion bond-
ing, explosion welding, friction welding,
resistance spot welding, forge welding, and roll
bonding.
This article describes two methods based on

rolling of sheet. The first is roll welding, where
two or more sheets or plates are stacked together
and then passed through rolls until sufficient
deformation has occurred to produce solid-state
welds. The other process is laser roll welding,
which is a hybrid process based on a thin-melting
interface for a lap joint of dissimilar-metal sheets
using a roller and one-sided laser heating.

Roll Welding

Two types of roll welding are common. In
the first, the parts to be welded are merely
stacked and passed through the rolls. The sec-
ond method, usually termed pack rolling,
involves sealing the parts to be rolled in a pack
or sheath and then roll welding the pack
assembly.
The first method is more generally employed

in the cold welding of ductile metals and alloys.

Sometimes the stack to be welded is first tack
welded at several locations to ensure alignment
during rolling. Also, when using this method,
the deformation during the first rolling pass
must exceed the threshold for welding (typi-
cally greater than 60% for cold rolling) to keep
the parts together. The required first pass reduc-
tion can be reduced by hot rolling, if the metals
to be rolled can tolerate preheating without
excessive oxidation. Once the first pass has
been accomplished, the reduction per pass can
be decreased, as is often desirable because
roll-separating forces increase as the parts to
be rolled become thinner. However, the nonuni-
form stress distribution that builds up during a
sequence of very light passes can cause the
weld to open up or “alligator.” Therefore, the
reduction for subsequent passes is generally a
compromise between applying excessive separ-
ating forces and “alligatoring.”
In pack roll welding, the parts to be welded

are completely enclosed in a pack that is sealed
(typically by fusion welding) and often evacu-
ated to provide a vacuum atmosphere. This
may be accomplished by a frame that surrounds
the parts to be welded, which is sandwiched by
two lids, or may simply consist of two covers
formed to encapsulate the parts to be welded
(Fig. 1). Semikilled or killed low-carbon steel
is a common material for the pack but is not
suitable for all alloy and temperature combina-
tions. Although the preparation costs of pack
roll welding are significant, the process has
the following advantages:

� Provides atmospheric protection, which may
be particularly important for reactive alloys
such as those of titanium, zirconium, nio-
bium, and tantalum

� Permits welding of complex assemblies
involving several layers of parts.

A significant limitation of the process is that
packs become difficult to process when their
length exceeds several feet.
Titanium and titanium alloys are consider-

ably more difficult to pack roll than are either
steels or copper and aluminum alloys because
most titanium alloys have very narrow working

temperature ranges. To overcome this problem,
titanium alloys that are pack rolled are some-
times encased in a steel envelope, or can. The
can is evacuated to minimize oxidation of the
work metal, and it also serves to minimize heat
loss to the relatively cold rolls upon deforma-
tion. The narrow working temperature range
of titanium alloys makes the rolling of these
materials labor-intensive. Rolling passes are
done by hand on relatively small pieces, and
many intermediate reheating steps are required.
Some b-titanium alloys, however, are continu-
ously rolled on hot and cold strip mills.
Nonpack rolling, of course, can employ con-

tinuous strip rolling. A seldom-used hybrid ver-
sion of roll welding is to seal the edges of the
parts to be welded by fusion welding prior to
rolling. This method does not provide atmo-
spheric protection to the outer surfaces, as in
pack roll welding, but does occlude air from
the more critical inner surfaces.
In roll welding, successful welding depends

not only on the total amount of deformation
but also on the pressure during rolling. A high
isostatic pressure component during rolling is
promoted by large reductions per pass, large
roll diameters, and rough roll surfaces. A non-
uniform distribution of normal stresses, referred

* Reprinted from R. Roper, Roll Welding, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993, p 312–314

Fig. 1 Pack used for roll welding. The top cover,
which would be welded in place before

rolling, is not shown.



to as pressure hill effects, is caused by frictional
and mechanical restraint and results in lower
pressure near the outer edges of the parts being
rolled. Therefore, rolling conditions must be
such to ensure sufficient pressure near the edges
to avoid weak welds in these regions.
Copper, aluminum, and their alloys are often

cold roll welded. Hot rolling is applicable to a
wide spectrum of alloys. Typically, hot rolling
is performed above recrystallization tempera-
tures. In practice, weldability is often improved
by raising the temperature to the region where
oxygen mobility becomes significant to promote
oxide assimilation by diffusion. Also, welded
assemblies are often postheat treated to cause
recrystallization (in cold rolling), oxygen diffu-
sion, and/or sintering. In welding dissimilar
metals, selection of temperatures for rolling and
postheating must take into consideration the pos-
sibility of intermetallic compound formation,
eutectic melting, and/or porosity due to Kirken-
dall diffusion. The most common metals that
are roll welded are low-carbon steels, aluminum
and aluminum alloys, copper and copper alloys,
and nickel. Low-alloy steels, high-alloy steels,
nickel-base alloys, and titanium and titanium
alloys have also been roll welded.

Roll-Welded Heat Exchangers

One of the more important applications of
roll welding is the fabrication of heat exchan-
gers. This process is used to fabricate flat solar
collectors. In another method of heat-exchanger
fabrication, three plates are stacked, with the
middle plate containing the flow channels. The
stacked plates are initially held together by tack
fusion welds or resistance spot welds. This
approach has been employed for both alumi-
num and steel heat exchangers. A second
important application of this process is in the
cladding of sheet metal products.
A principal application of roll welding is the

production of heat-exchanger panels with flow
tubes as an integral part of the composite.
Millions of refrigerator evaporator plates have
been formed by this process. A cross section
of a similar application, solar collector panels,
is illustrated in Fig. 2. Roll-welded heat-
exchanger panels are most often made of alumi-
num, although copper and stainless steel panels
have also been produced commercially.
The first major step in the production of roll-

welded heat exchangers is to thoroughly clean
the surfaces of the sheets to be joined by com-
binations of solvent cleaning, chemical clean-
ing, and wire brushing. Next, a stop-weld
pattern is reproduced on one of the sheets that
will later form the passageways in the heat
exchanger. This is accomplished by transferring
ink onto the surface by silkscreen processing.
These stop-off inks contain materials such as
graphite or titanium oxide.
The prepared plates are placed together and

temporarily joined by spot welding to form a
sandwich that is then roll welded, with at least

partial welding occurring during the first rolling
pass. The sandwich sometimes is heated prior to
this first rolling pass. Whether hot rolling or cold
rolling is employed, the major reduction takes
place in this first pass (50 to 80%). Subsequently,
cold rollingmay be employed to reduce the panel
to final gage. Also, panels are generally given a
postweld heat treatment. This heat treatment
results in an annealed part and, particularly in
the case of cold rolled panels, may improve the
weld quality through recrystallization and diffu-
sion. Finally, the passageways are formed by
inflating them with air pressure while the sand-
wich is held between platens. The panel is then
ready for trimming, additional forming, and
painting, as required for the application.
The process has been used to produce heat

exchangers for refrigerators, solar panels, poultry
incubators, electronic equipment temperature
controllers, industrial heat exchangers, and spe-
cial applications such as thermal control of
spacecraft. Modifications of the process permit
as many as six sheets to be welded at one time
and inclusion of passageways oriented along dif-
ferent principal directions at the different layers.
Also, it is possible to produce panels where the
passageways are expanded on one side only.

Cladding of Metals by Strip Roll
Welding

The common early application of strip roll
welding was the fabrication of bimetallic strips
for thermostats. This remains an important appli-
cation, with thermostats taking many complex
forms and finding use in furnaces, color televi-
sions, cars, and numerous industrial controls.
A key cladding application is the production

of coins by the U.S. Mint. Silver shortages in
the 1960s and 1970s resulted in the introduction
of coins made from new materials. These coins
required a unique set of properties for accep-
tance by the general public and use in auto-
matic vending machines. Copper clad with
cupro-nickel was found to meet these require-
ments (Fig. 3). The cladding process is rela-
tively simple, although stringent in its
requirement for surface preparation. Cladded
strips are produced by continuous rolling, with
the surfaces prepared just prior to rolling by
processes such as wire brushing. Welding typi-
cally is accomplished in a single rolling pass.
Subsequent heat treatments may be employed
to improve the weld quality by processes such
as sintering, diffusion, and recrystallization.
The starting material for the U.S. quarter is

two outer layers of 75Cu-25Ni, each 1.2 mm
(0.048 in.) thick, with an inner layer of pure
copper that is 5.1 mm (0.20 in.) thick. To obtain
good bond strength, the surfaces are chemically
cleaned and wire brushed. The strips are then
roll welded to a combined thickness of 2.29
mm (0.090 in.) (Fig. 4). A second rolling oper-
ation reduces the final thickness 1.36 mm
(0.0535 in.). The strips thus undergo a total
reduction of 82% (Ref 1).

Similar processing is applied to many new
products, including electrical contacts, conduc-
tive springs, automotive windshield wiper sock-
ets, automotive trim, clad cookware, wrap for
underground cable, and electromagnetic shield-
ing (Table 1).
Essentially all combinations of ductile metals

and alloys can be clad by roll welding, although
the oxides of some metals may make welding

Fig. 2 Cross section of an aluminum solar collector
panel produced by the roll welding process

Fig. 3 Metallographic cross section of the edge of a
cupronickel-clad copper coin

Fig. 4 Schematic showing 70% reduction in cross
section of a U.S. Mint quarter coin (composed

of an inside layer of pure copper sandwiched between
two thin layers of cupronickel material) as it undergoes
an initial roll welding operation. A second rolling
operation further reduces the material to a final thickness
of 1.36 mm (0.0535 in.) for a total reduction of 82%.
Source: Ref 1
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difficult and other combinations may suffer from
intermetallic compound formation on heating.
Most engineering metals and alloys can be pro-
cessed into clad-laminate form, but some cannot
(Table 2, Ref 2). One characteristic that makes
some metals difficult or impossible to combine
by deformation is low ductility. Such metals can-
not be co-reduced to the extent necessary to
achieve a metallurgical bond. Another character-
istic that can cause problems is the tendency of
some metals to form a tenacious oxide film that
inhibits weld formation. Finally, some metals
are thermally unstable; they form brittle interme-
tallic compounds when heated above a certain
temperature. Those metals that are readily pro-
cessed into clad laminates have opposite charac-
teristics. They are ductile and easily cleaned of
oxides, and they form no intermetallic

compounds. In most cases, when a metal is
named, alloys of that metal also apply.

Laser Roll Welding

As noted, laser roll welding is a hybrid weld-
ing process—neither a fusion welding process
nor completely a solid-state welding process.
It is best described as a pressure welding pro-
cess with a thin layer of melting from laser
heating on one side of a lap joint. Using a roller
and laser heating, it is typically used to join
dissimilar-metal sheets. In the case of alumi-
num to steel with laser roll welding (Fig. 5),
for example, the steel sheet is heated to
1300 �C (2370 �F) so that aluminum melts only
near the interface with the steel.

The advantage of laser heating is the sharp
focusing of energy for fast heating and cooling.
Rapid heating and cooling minimizes the time
for formation of brittle intermetallics by diffu-
sion processes. The process of combining laser
heating with roll bonding is intended to reach
sufficient temperatures quickly, to form a bond
while being pressed. Some basic process vari-
ables (Fig. 6) include laser power, travel speed,
and roll pressure. By control of welding speed,
laser power, and roll pressure, the interlayer
thickness and formation of brittle intermetallic
compounds can be minimized.
Different types of high-power lasers (on the

order of 2 kW) can be used for laser roll weld-
ing of dissimilar-metal joints. A schematic of
roll welding with a CO2 laser is illustrated
Fig. 5(a), and a setup with a fiber-optic laser

Table 1 Typical properties of common roll-welded clad laminates

Materials system Composite ratio, %

Thickness Width Tensile strength Yield strength

Elongation, % Applicationsmm in. mm in. MPa ksi MPa ksi

Copper 10300/low-
carbon steel

50:50 0.25–2.54 0.010–0.100 12.7–50 0.5–2 260(a) 38(a) 215(a) 31(a) 40(a) Typically used for commutators in
electric motors, replacing copper
10400. The lower conductivity of
steel causes less heat loss during
welding, resulting in faster, better-
quality welds. The added strength of
steel allows thickness reduction.

Deoxidized copper/
carbon steel/
deoxidized copper

5:90:5, 10:80:10,
15:70:15

0.25–2.54 0.010–0.100 	610 	24 420(b) 61(b) 250(b) 36(b) 35(b) Used in heat exchangers, replacing
brazing shim material. One-piece
manufacturing eliminates separate
shims and reduces assembly cost.
Because no ferrous surfaces are
exposed, no flux is needed.

Type 434 stainless/5052
aluminum

40:60 0.56–0.76 0.022–0.030 	610 	24 395 57 360 52 12 Widely used for automotive body
moldings, drip rails, rocker panels,
and other trim components, often
replacing solid stainless steel or
aluminum. Stainless steel provides
bright appearance; the hidden
aluminum base provides cathodic
protection, corroding sacrificially to
the body steel.

Copper 11000/1100
aluminum

50:50 0.51–2.54 0.020–0.100 50–510 2–20 180(c) 26(c) 12(c) 1.7 35(c) Developed specifically for transition
joints between copper and aluminum
in refrigeration equipment. Usually
used in the form of deep-drawn
tubing.

C1008 steel/type 347
stainless steel/ C1008
steel

43:10:45 0.36 0.014 305 12 393 57 195 28 35 Used in hydraulic tubing in vehicles,
replacing terne-coated carbon steel
tubing. The outer layer of carbon
steel cathodically protects the
stainless core of the tube, extending
its life significantly.

Nickel 201/type 304
stainless steel/nickel
201

7.5:85:7.5 0.20–2.41 0.008–0.095 25–64 1–2.5 . . . . . . 310 45 40 Used in formed cans for transistor and
button cell batteries, replacing solid
nickel at a lower cost.

Copper 10300/type 430
stainless steel/ copper
10300

17:66:17, 20:60:20,
33:34:33

0.10–0.15 0.004–0.006 12.7–150 0.5–6 415(d) 60(d) 275 40 20(d) Replaces heavier gapes of copper and
bronze in buried communications
cable. The stainless steel provides
resistance to gnawing by rodents,
which is a serious problem in
underground installations.

Phosphor bronze 51000/
carbon steel/copper

10:85:5 0.38–1.52 0.015–0.060 	610 	24 455(e) 66(e) 435 63 16(e) Used in automotive applications, such
as windshield-wiper bearings. The
bronze provides the bearing qualities,
the steel provides strength, and the
copper aids tooling life and provides
corrosion resistance in service.

(a) In eighth-hard temper. (b) 10:80:10 material. (c) In three-quarter-hard temper. (d) 20:60:20 material. (e) In quarter-hard temper. Source: Ref 2
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is illustrated in Fig. 5(b). The diameter of the
beam spot is approximately 3 by 5 mm (0.12
by 0.2 in.) on the metal sheet and 10 mm (0.4
in.) distance from the bottom of the roller. Inci-
dent angles of the laser beam were 45 min. CO2

laser and 30 min. fiber laser, respectively.

Laser Roll Welding of Dissimilar
Metals

Steel and Aluminum Sheet Joining

Fusion welding of aluminum to steel is
impractical, because brittle intermetallic com-
pounds such as FeAl2, Fe2Al5, and FeAl3 can

form during the melting and subsequent solidi-
fication. The reason for this is attributed to
the great difference between their melting
points (660 �C, or 1220 �F, for aluminum and
1538 �C, or 2800 �F, for iron), almost zero solid
solubility in each other, and formation of brittle
intermetallic compounds.
In the iron-aluminum system (Fig. 7), inter-

metallic compounds are grouped as iron-rich
compounds (FeAl and Fe3Al) and aluminum-
rich compounds (FeAl2, Fe2Al5, and FeAl3).
Mechanical properties of cast intermetallic
compounds under compressive test are shown
in Fig. 8. While the aluminum-rich intermetal-
lic compounds are brittle, iron-rich intermetal-
lic compounds show slight ductility and high

strength. The objective is to minimize forma-
tion of the brittle intermetallic compounds.
Although the complete elimination of brittle

intermetallic compounds such as FeAl3, FeAl2,
and Fe2Al5 is not possible due to their low free
energy, their formation can be suppressed to
some extent. Laser heating of the steel quickly
reaches the temperature of the interface suitable
to form ductile compounds such as FeAl and
Fe3Al (approximately 1250 �C, or 2280 �F).
This results in melting of a very thin layer of
aluminum—on the order of 10 mm—at the
interface. As this effect of laser heating is tak-
ing place, the heated zone is subjected to roll
pressure to improve the contact area. This also
helps in increasing the cooling rate, preventing

Table 2 Relative weldability of selected dissimilar metals and alloys roll welded into clad-laminate form

Base metal No. 1

Base metal No. 2

Ag Al Al alloys Au Carbon steel Co Cu Mn Mn-Ni Nb Ni Pt Stainless steel Steel Sn Ta Ti U Zr

Ag . . . . . . . . . . . . . . . . . . A B . . . . . . . . . . . . . . . B . . . . . . . . . . . . . . .
Al . . . . . . A C B C B . . . . . . . . . B . . . B . . . . . . . . . . . . . . . C
Alfesil D D D D D D D D D D D D D D D D D D D
Be D D D D D D D D D D D D D D D D D D D
Carbon steel . . . B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B . . . . . . . . . B . . . . . .
Cu A B . . . A . . . . . . . . . B B B A B B A A B B . . . B
Mn B . . . . . . . . . . . . . . . B . . . . . . . . . A B . . . . . . . . . . . . . . . . . . . . .
Ni . . . B . . . A . . . . . . A . . . . . . . . . . . . B . . . B A . . . . . . . . . . . .
Nb . . . . . . . . . . . . . . . . . . B . . . . . . . . . . . . . . . . . . . . . . . . B . . . . . . . . .
Stainless steel . . . B . . . . . . B . . . B . . . . . . . . . . . . . . . . . . . . . . . . . . . B . . . B
Steel B . . . . . . . . . . . . . . . A . . . . . . . . . B . . . . . . . . . . . . . . . . . . . . . B
U . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B

A, easy to weld; B, difficult but possible to weld; C, impractical to weld; D, impossible to weld. Source: Ref

Laser beam

CO2 laser head

Flat mirror

Steel sheet

(a) (b)

Aluminium sheet

Direction of table travel

Roller

Spring

Table

Fig. 5 Laser roll welding. (a) Schematic of laser roll welding process with aluminum and steel sheet. (b) Using a 2 kW fiber laser
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further diffusion at the interface. Such condi-
tions restrict the intermetallic compound layer
thickness to thin levels. The existence of a thin
interface layer containing some ductile com-
pounds is favorable for improved joint strength.

Welding Uncoated Steel Sheet with Alu-
minum Sheet. Low-carbon steel and aluminum
alloy sheet products are common in the auto-
mobile industry for structural components. For
weight reduction, one method is to use

combined sections consisting of steel sheet with
aluminum or aluminum alloy sheet. Attempts to
use resistance spot welding with inserts for this
purpose have already been made (Ref 3), with
the major problem being the formation of brittle
intermetallic compounds such as FeAl3 and
Fe2Al5 in the interface layer. It has also been
reported that if the layer thickness of the inter-
metallic compound is limited to below 10 mm,
the joint strength is improved (Ref 4).
In an example of laser roll welding, a low-

carbon steel (JIS-SPCC, 0.12 C max, 0.5 Mn
max, 0.04 P max, S 0.045 max) with a sheet
thickness of 0.5 mm (0.02 in.) was joined with
a 1 mm (0.04 in.) thick sheet of aluminum
(A1050) and aluminum-magnesium alloy
(A5052). A continuous-wave CO2 laser was
used to weld the steel sheet to the A5052 alloy,
while a pulsed CO2 laser was used to weld the
steel sheet to the unalloyed aluminum sheet
(A1050).
A lap joint was used, and the steel was

placed on top of the aluminum to absorb the
heat from the incident laser beam without melt-
ing and to conduct the heat to the interface. The
overlap was 9 mm (0.36 in.), and the Gaussian
beam was defocused to give an elliptical spot
of 2.5 mm (0.10 in.) minor and 3.5 mm (0.14
in.) major diameter on the steel surface.
A spring was used to press the joint against
the table through the roll. Prior to joining, the fay-
ing surfaces of both sheets were cleaned ultrason-
ically to remove the hard aluminum oxide
film, then treated with a brazing flux (KAlF4:
K2AlF5�H2O) to prevent further oxidation.
Laser roll welding was conducted with vary-

ing travel speed, laser power, and roll pressure.
The range of conditions was as follows:

� Laser power: 1.0 to �2.0 kW
� Travel speed: 1.0 to 3.2 m/min (3.3 to 10.5

ft/min)
� Beam spot diameter: 3 to 5 mm (0.12 to 0.2

in.)
� Roll pressure: 100 to 200 MPa (14.5 to 29

ksi)
� Shielding method: Argon gas

Fig. 6 Process parameter for laser roll welding. IMC, intermetallic compound

1600
0 10 20 30 40 50 60

Aluminum, at. %

70 80 90 100

1538 °C

1400

1200

1000

Te
m

pe
ra

tu
re

, °
C

912 °C

800

600

400
0
Fe AlAluminum, wt%

10 20 30 40 50 60

(Al)

70 80 90 100

770 °C

1394 °C
1310 °C

1232 1165 °C
1169 °C

655 °C 660,
452 °C

1102°C

ε ~1160 °C

L

FeAl

Fe3Al

F
eA

l 3

F
e 2

A
l 3

F
eA

l 3τC

(g Fe)

(a Fe)

Fig. 7 Aluminum-iron phase diagram
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In addition to these parameters, pulsed laser
welding is used to weld the unalloyed alumi-
num A1050, which enables more control of
the heating and cooling rates by changing the
pulse.
The joints were cut transversely to observe

the macrostructure and microstructure. Macro-
structure examples are shown in Fig. 9. Speci-
mens were used to identify and estimate the
intermetallic compounds through the interface
layer by electron probe microanalysis (EPMA)
with wavelength-dispersion analysis. Based on
the EPMA results, the thickness of the interface
layer was divided into ductile compounds (FeAl
and Fe3Al) and brittle compounds (FeAl3 and
Fe2Al5). The EPMA analysis showed that the
interface layer consisted of brittle intermetallic
compounds (FeAl3 and Fe2Al5) on the alumi-
num side and ductile ones (FeAl and Fe3Al)
on the steel side. As the travel speed increased,
the total thickness of the interface layer
decreased with increasing thickness of the duc-
tile compounds.
Thickness of the interface layer could be

controlled by changing pressure values and
interface temperature (by varying the laser
power or travel speed). Increasing the power
has the same effect as decreasing the speed,
but if the power reaches high values, it will

cause melting of the steel sheet, and if it
reaches low values, the heat input may not be
sufficient to produce a bond. As for the pres-
sure, it is necessary to increase the contact area
for a short time after heating to allow the diffu-
sion process to take place and help to increase
the cooling rate of the joint by heat conduction.
Figures 10 and 11 illustrate the effect of

travel speed on interface layer thickness and
shear strength. By increasing the travel speed,
the interface layer thickness decreases at the
same time shear strength increases up to 33
MPa (4.8 ksi) for A1050 and to 56 MPa (8.1
ksi) for A5052. With higher speeds, the per-
centage of ductile compounds is relatively high,
but the shear strength drops for fast travel
speed, owing to insufficient temperature due to
the lack of heat energy at the interface layer.
To evaluate the formability of the joints, the
Erichsen test was carried out and evaluated
with different speeds, as shown in Fig. 12.
The cupping height increases with speed until
it reaches a maximum value, then starts to
decrease almost in the same manner as the
shear strength analysis.
Welding Galvanized Steel Sheet with Alu-

minum Sheet. Laser roll welding of dissimilar-
metal-joint zinc-coated steel with 6000-series
aluminum alloy (A6000) has also been

evaluated. Like the uncoated steel sheet, the
following conclusions were observed:

� Increase in the travel speed of the table led
to decrease in the thickness of the interme-
tallic compound layer at the interface.
Increase in travel speed led to lowering of
the peak temperature and shortening of the
holding time more than 500 �C (900 �F) at
the interface.

� It is suggested that the intermetallic com-
pound layer formed is mainly brittle FeAl3.
Because the travel speed is faster than 0.6
m/min (2.0 ft/min), zinc is confirmed in the
aluminum alloy.

� When the intermetallic compound layer was
less than 10 mm, failure of the specimen
occurred at the base metal of the zinc-coated
steel in tensile shear test.

Steel and Titanium Sheet Joining

Fusion welding of steel and titanium is
difficult because of generating the brittle inter-
metallic compound, but laser roll welding
allows some control over the formation of
intermetallic compounds. In the case of laser
roll welding of titanium to steel, the eutectic
phase between titanium and TiFe intermetallic
compound is formed from the liquid phase
at the interface above 1180 �C (2155 �F).
The melting interface and interlayer should be
controlled to obtain a ductile phase at the
interlayer.
Pure titanium sheet (JIS H4600-TP340C) and

low-carbon steel (JIS SPCC) sheet were used
for joining. The dimension of the titanium sheet
and the steel sheet were 40 by 200 by 0.5 mm
(1.6 by 8 by 0.02 in.).
Process parameters are shown in Table 3.

Travel speed varied from 1.2 to 1.7 m/min
(3.9 to 5.6 ft/min). The steel surface exposed
to the laser beam was coated with graphite

0.5 mm
0.5 mm

(a) (b)

Fig. 9 Macrostructure samples from joints after laser roll welding of low-carbon steel sheet (JIS-SPCC) with (a) A1050
aluminum and (b) aluminum-magnesium alloy A5052. Laser power, welding speed, and roll pressure were: (a)

1.5 kW, 1.5 m/min (4.9 ft/min), and 150 MPa (22 ksi) for A1050, and (b) 1.5 kW, 2.2 m/min (7.2 ft/min), and 200 MPa
(29 ksi) for A5052

(a) (b)
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Fig. 10 Composition of intermetallic compounds in the interface layer. (a) SPCC-A1050 at 1.5 kW, 150 MPa (22 ksi). (b) SPCC- A5052 at 1.5 kW, 150 MPa (22 ksi)

722 / Solid–State Welding Processes



to increase the absorption of the laser beam.
The faying surface was polished and degreased.
Argon gas at the flow rate of 25 L/min was used
for shielding of joints.
The effect of laser power and travel speed on

interlayer thickness is shown in Fig. 13. Inter-
layer thickness decreases significantly from
170 to 10 mm as the travel speed is increased
from 1.3 to 1.5 m/min (4.3 to 4.9 ft/min) at a
laser power of 1.8 kW.
A tensile shear test was done to investigate

the performance of the welded joint. Tensile
shear specimens after testing of laser roll-
welded joints are shown in Fig. 14. Some

specimens were broken at the interface (Fig.
14a), and others were broken in the base metal
of the steel sheet (Fig. 14b). When the inter-
layer thickness was less than 25 mm, failure of
the specimen occurred in the base metal of the
steel sheet.
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Table 3 Process parameters in laser roll
welding of commercially pure titanium with
steel sheet

Type of laser Pulsed CO2 laser
Laser power 1.6–2.0 kW
Duty cycles 80%
Frequency 150 Hz
Travel speed 1.2–1.7 m/min (3.9–5.6 ft/min)
Overlap width 3 mm (0.12 in.)
Roll pressure 76–128 MPa (11–18.5 ksi)
Center shielding gas Ar: 25 L/min
Side shielding gas Ar: 25 L/min

Fig. 13 Effect of power and speed on interlayer
thickness
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Ultrasonic Welding
Janet Devine, Sonobond Ultrasonics Inc.

ULTRASONIC METAL WELDING is a
solid-state welding process that produces co-
alescence through the simultaneous application
of localized high-frequency vibratory energy
and moderate clamping forces. Ultrasonic
vibrations create frictional action between
surfaces held together under pressure, dispers-
ing oxides and contaminants to give metal-to-
metal contact and bonding. Ultrasonic welding
offers some advantages over other joining tech-
nologies in that it is a solid-state process
with no melting; it can join dissimilar metals,
weld thin sections to thicker sections, and weld
through most oxides and surface oils; and it cre-
ates negligible odor and fumes. Ultrasonic
welding requires no welding consumables,
such as welding rods, fluxes, or solders; has
modest space requirements; is environmentally
friendly; has no arcs or sparks; and is cost-
competitive.
Energy consumption is low when compared

to resistance welding or self-piercing rivets.
Weld times are short and equipment operation
is similar to that needed for resistance welding,
thus easing manufacturing acceptance.
The first ultrasonic welding patent for joining

metals was awarded to Aeroprojects in 1960,
and the process has evolved to cover a wide
range of applications. Most commercial appli-
cations involve nonferrous alloys. Although
steel alloys can often be welded, there is a prob-
lem with the steel sticking to the welding tip
after very few welds. Applications must be lap
joints, not butt joints. The process has some
welding thickness limitations, and generally
the thinner sections are placed next to the weld-
ing tip, but the anvil tip side does not have the
thickness limitation. The welding thickness
limitation can be greatly extended by using a
dual-head system in which the ultrasonic
energy is introduced from both sides of the
weldment.
Production applications include wire to wire

and wire to terminals for wire harnesses for
appliance, automotive, and the cable industry;
buss bars; circuit breakers; contacts; ignition
modules; motors; battery and capacitor foils;
photovoltaic panels; passive solar heaters; heat-
ing, ventilation, and air conditioning (HVAC)
tubing; and many others.

The advantages of ultrasonic welding include
the ability to:

� Join metals without the heat of fusion,
making it an efficient method, energy-wise

� Join dissimilar materials such as copper to
aluminum

� Join thin materials to thick materials
� Join multiple layers of thin materials
� Provide strong joints with good thermal and

electrical conductivity
� Require no filler materials or fluxes
� Require no special cleaning methods

Limitations include:

� Applications must be overlap joints, not butt
welding.

� Materials are limited, for the most part, to
nonferrous materials.

� Thickness of the top sheet is approximately
3 mm (0.12 in.) for aluminum and less for
many other materials.

� Because the weld is generated by vibratory
energy, there must be a gripping surface
between the tooling and the parts that may
deform the finished parts.

Equipment and Process Parameters

All ultrasonic systems include a power sup-
ply that converts line power to the high fre-
quency and high voltage needed by a
transducer or converter. The transducer trans-
forms high-frequency electrical energy to vibra-
tory energy because of its piezoelectric
properties.
The transducer is incorporated in the welding

head together with waveguides that transmit the
energy to the welding tip or sonotrode. The tip
is held against the desired weldment under
pressure. The welding head may use pneumatic,
hydraulic, or mechanical means to clamp the
workpieces between the welding tip and an
anvil or fixture that holds the parts to be welded
in place in the desired configuration. Where
large parts are to be joined with a series of spot
welds, the anvil may be incorporated into a sup-
port frame or fixture, and the fixture can be
moved by a robot in production use.

The most widely used frequency for opera-
tion is 20 kHz, which is a little beyond the
range of human hearing, but there are also
welders operating at 40 kHz and above.
Because the waveguides are designed to be res-
onant at the operating frequency, the higher fre-
quencies lead to smaller waveguides and limit
the power capacity of the welder. For fine wire
bonding, frequencies of 60 kHz and up are used
because the parts are small and the power
requirement is minimal.
Besides frequency, which is fixed for any

particular machine, other parameters to be con-
sidered when selecting a suitable welder are
power level and configuration. Larger sections
require higher power levels and clamping force.
For instance, spot welding of 1 mm (0.04 in.)
thick aluminum alloy requires a minimum of
2500 W and approximately 150 N (34 lb) of
clamping force. This power level would dictate
a 20 kHz welder. Power and force can be con-
trolled by the operator, so thinner weldments
can be welded with the same machine, but the
range of operation of a specific machine varies
between manufacturers.
There are two basic designs: a wedge-reed

system and a lateral-drive system (Fig. 1, 2).
In the wedge-reed system, the transducer is
attached to a reed that vibrates in flexure and
is terminated by a heat treated steel tapered
tip that fits into a cavity at the end of the reed.
The lateral-drive system is an inline transducer,
booster, and horn, where the welding tip may
be integral with the horn or may be removable
and held with a mechanical fastener.
In addition to the spot welders of Fig. 2, var-

ious welder configurations are available.
These include a hand-guided weld gun used
for spot welding or for closing and sealing cop-
per tubes for HVAC assembly (Fig. 3) and a
robot-controlled C-gun for welding automotive
sheet metal assemblies, such as trunk lids or
hoods (Fig. 4, 5). A continuous seam welder
for foil welding is shown in Fig. 6.
Typically, welders use compressed air and a

pneumatic cylinder with slide to bring the
welder into location and apply the necessary
clamping force. Machines are microprocessor
controlled, and the operator can select and store
job parameters from a control panel. Welds can



be controlled by time, by energy, or, if so
equipped, by distance.
Wire welding requires that the wires to be

bonded are gathered together in an anvil fixture
with a slight pressure to prevent the wires from
escaping from the intended weld area (Fig. 7).
The most common application is the manufac-
ture of wire harnesses for the transportation
and appliance industries. Machines are avail-
able for welding wire bundles with cross-
sectional area from 1 to 100 mm2 (0.002 to

Fig. 1 Schematic depiction of wedge-reed and lateral-drive styles of ultrasonic welding heads

Fig. 2 Photographs of wedge-reed and lateral-drive styles of welding heads

Fig. 3 Hand-guided portable ultrasonic welding gun
with tooling to squeeze and seal copper

tubing used in air conditioning systems and refrigerators

Fig. 4 C-frame ultrasonic welder on a robot arm
welding a license plate holder to an

aluminum automotive trunk lid

Fig. 5 C-frame ultrasonic welder on a robot arm programmed to make successive spot welds on coupons for a tip life
study

Fig. 6 A 50 kHz ultrasonic rotating disk welder used
to join foil to foil or foil to metallized glass in

photovoltaic systems
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0.156 in.2). Ultrasonically welded wire bundles
should meet or exceed the Wire Harness
Manufacturing Association’s IPC/WHMA-A-
620 specification (Ref 1).
Spot welds can be circular, elliptical,

or ringlike in geometry, as dictated by the
size and shape of the tip and anvil. The tip
vibrates in a plane parallel to the interface and
perpendicular to the clamping force holding
the parts together; tip geometry is selected
based on the parts to be bonded. Multiple spots
can be made with a single tip, although there
are size restraints on the weld area that can be
successfully bonded in a single weld cycle.
Weld time is typically 0.5 to 3.0 s for spot
welding.
Applications include wire to terminal; battery

terminals; battery foils; buss bars; circuit break-
ers; ignition modules; small motors; capacitors;
heating, ventilation, and vacuum tubing; and
aluminum body panels.
A recent study (Ref 2) conducted on welding

of aluminum body parts used heat treated tool
steel tips with a gripping surface geometry that
successfully reduced the tendency for sticking
between the tip and surface of aluminum alloys
(Fig. 8). The study included some thermocouple
and infrared temperature measurements at the
weld location. The temperature recorded did
not exceed 420 �C (790 �F)—well below the
melting temperature of aluminum.
The same joint venture program included

micrographs of the bond produced at increasing
levels of energy to make the joint. The micro-
graphs show the growth and progression of the
weld at increasing energy levels (Fig. 9–11).
Tensile testing of the test coupons typically
resulted in a button pullout, with the parent
metal breaking before the weld failed (Fig. 12,
13). Failure loads are given in Fig. 14 and
Table 1. A comparison of fatigue life attained
by ultrasonic welding and other joining meth-
ods is shown in Fig. 15.
Nondestructive testing included determina-

tion of the welded area by ultrasound. As
shown in Fig. 16 and 17, there was a good cor-
relation between the indicated bond area size
and weld failure load, as expected. The automo-
tive alloys included in this study are listed in
Table 2.
Continuous seam welds are produced when

a disk-shaped ultrasonically activated roller is
rotated and traversed relative to the materials
to be bonded. Typical uses include joining foil
ends at rolling mills and joining aluminum
interconnects to metalized glass for photovol-
taic panels. Foil in the range of 0.004 to
0.12 mm (0.0002 to 0.004 in.) thickness is
weldable with the high-frequency (typically 50
kHz), low-power systems. There are 20 kHz
systems available for welding heavier materi-
als, including passive solar panels up to approx-
imately 0.2 mm (0.008 in.) thick.
Microelectronic welding of fine wires was

the earliest of the commercially successful
ultrasonic metal-welding applications and still

accounts for a large volume of industrial activ-
ity. Wire diameters range from less than 0.025
to 0.5 mm (0.0010 to 0.20 in.). Vibratory action
at 60 kHz and higher removes surface contami-
nants, induces material flow, and permits a
solid-state weld between the wire and metalized
bond pad or leads on semiconductor packages.

A combination of ultrasonic and thermocom-
pression bonding, known as thermosonic bond-
ing, is also a popular technique. The ultrasonic
welding is achieved on heated substrates, typi-
cally with interface temperatures from 100 to
200 �C (212 to 392 �F).
Surface condition of the materials to be

welded does not present much of a problem

Fig. 7 Dual-headed 20 kHz wedge-reed style of ultrasonic welder capable of welding stranded wire bundles up to
100 mm2 (0.16 in.2) in cross-sectional area, such as these three No. 2 American wire gage (AWG) wires

Fig. 8 Typical tip patterns for ultrasonic welding with good strength and minimum tip sticking when spot welding
automotive aluminum
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for most commonly welded materials, such as
aluminum, copper, or brass alloys. These can
usually be welded as-received from the mill or
degreased with a common solvent or degreaser.
Unless they are very thick, oxide coatings will

disperse during the process. Some types of
coatings, for example, chemically deposited
tin and low-temperature magnet wire coating,
can be penetrated during the weld cycle. Heavy
coatings of tin and high-temperature magnet
coating may need to be mechanically abraded
before effective welding is achievable.
Adhesive Bonding. A layer of adhesive

placed between the panels to be welded is a
technique known as weld bonding. It can be
used to provide a watertight joint and also to
increase the weld strength beyond that achieved
with ultrasonic spot welding or with adhesive
bonding alone. A paste adhesive or a fabric-
supported adhesive can be used.
Control of Resonance. Complex work-

pieces or large parts may be induced to vibrate

by the ultrasonic system. This can cause frac-
tures in the workpiece or in previously made
welds, resulting in inconsistent weld quality.
This effect can be minimized or eliminated by
applying pressure in strategic locations on the
fixture or by applying pressure circling the weld
spot to isolate the section being welded from
the vibration produced at the weld spot. Such
a device is called a product clamp. The part
being welded can also be clamped to a rugged
fixture or anvil to dampen the tendency to
vibrate. It is best to avoid light materials such
as aluminum for fixturing; steel is the preferred
material.
Welding Tooling. Preferred material for

welding tips is high-quality heat treated tool
steel. A precise fit is needed between the tip
and the waveguides to ensure efficient transmis-
sion of the vibratory energy. The wedge-reed-
type system uses a locking (Morse) taper
between the tip and the vibrating reed; this pro-
vides a long life and an easily replaced and ori-
ented weld tip. The lateral-drive system
typically has a one-piece horn and tip that
may have several weld surfaces, with rotation
of the horn exposing a new surface.
Certain alloys, when welded, tend to stick to

the tips. This was an issue with the referenced
program (Ref 2) to weld aluminum automobile
panels but was largely overcome by selection
of tip geometry and welding parameters. As
many as 100,000 welds were made with a sin-
gle tip. The testing was set up to weld multiple
spots on multiple strips, using a robot that could
work repetitively to give the large numbers of
welds required for the test, as shown in Fig. 5.
Welding and anvil tips typically have a

cross-hatched or serrated pattern (Fig. 8) to pre-
vent sliding between the tips and the weldment.
A typical cross-hatched pattern for welding alu-
minum is approximately 0.5 mm (0.02 in.) peak
to peak and 0.2 mm (0.008 in.) deep.

Personnel Requirements

Operators of the ultrasonic welding process
do not need elaborate or extensive training.
Once the process parameters have been deter-
mined by a process engineer, the operator is
only required to load the parts into a nest of
supporting/locating anvil assembly, press the
palm buttons or other starting device, and then
unload the finished part. In-process monitoring
can be performed either electronically by using
a microprocessor or visually by the operator,
which usually requires the operator to look at
a power indication gage. The process engineer
must work closely with the equipment manu-
facturer for guidance regarding tooling design
and the selection of process parameters.
No arc, spark, or molten filler material is

associated with ultrasonic welding, and no elec-
trical current passes through the weldment.
Because the welder is usually configured in a
press form with moderately high forces, the
normal precautions must be observed to ensure

Fig. 9 Tensile shear strength of weld spots made at
various energy levels showing weld strength

increasing as the weld progresses, then leveling off at a
strength level that gives a nugget when tensile tested to
failure

Fig. 10 Micrograph of 0.9 mm (0.04 in.) 6xxx
aluminum sheet metal. At 100 and 200 J,

there is very little perturbation at the weld interface. The
400 and 600 J energy levels show increased perturbation
at the weld interface.

Fig. 11 Micrograph of 0.9 mm (0.04 in.) 6xxx
aluminum sheet metal ultrasonically

welded at 800 J, showing perturbation and intermixing
at the weld interface. Physical deformation at the weld
interface and at the tip and anvil interfaces occurs
concurrently. Mechanical mixing occurs at the interface.
Some deformation of grains occurs at the interfaces of
the tip and anvil with the weldments, and there is no
evidence of melting.

Fig. 12 Typical lap shear coupons before tensile
shear testing in 6xxx aluminum alloy

prepainted for automotive study

Fig. 13 Lap shear coupon after tensile shear testing, showing nugget tearout indicative of a good weld
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operator safety, that is, the use of anti-tie-down
palm buttons or a similar provision to protect
the hands of the operator. Another common
consideration involves the high-frequency noise
level produced by the ultrasonic vibration. In
some instances, especially with the higher-
power-level equipment, the noise exceeds the
Occupational Safety and Health Administration
(OSHA)-approved levels, and sound-deadening
barriers or enclosures must be provided, or,
at the least, operator hearing protection is
required.

Applications

In addition to the spot welding of sheet
metals, wire to wire and wire to terminals rep-
resent a large market for ultrasonic welders.
The ultrasonic welds have good strength and
electrical conductivity, there is no burning of
the insulation, and no solder or other filler
materials are required. Typical samples of
stranded, braided, and solid wires, tinned and
untinned, are shown in Fig. 18 to 20. A newly
developing battery market requires the bonding
of multiple layers of foil, and typical test sam-
ples are shown in Fig. 21.
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Fig. 14 Typical lap shear failure loads of ultrasonically spot-welded coupons of aluminum alloys of interest to the
automotive industry

Fig. 15 Comparison of fatigue life of 0.9 mm (0.04 in.) aluminum panels (AA6111, R = 0.1) joined by resistance
welding (RSW), self-piercing rivets (SPR), gas metal arc welding (GMAW), adhesive, ultrasonic welding

(USW), and combined USW and adhesive

Table 1 Typical lap shear failure loads of
aluminum from 1 to 3 mm (0.04 to 0.12 in.)
thick of particular interest to the automotive
industry

1 mm (0.04 in.) 5754

to 1 mm (0.04 in.)

5754

2 mm (0.08 in.) 5754

to 2 mm (0.08 in.)

5754

3 mm (0.12 in.) 5754

to 3 mm (0.12 in.)

5754

2.8–3.0 kN (630–
670 lb)

5.0–5.5 kN (1120–
1240 lb)

7.5–8.5 kN (1690–
1910 lb)

Fig. 16 Nondestructive testing using magnitude of ultrasound interface echo to measure weld contact area as an
indication of weld quality
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Fig. 17 Investigation of ultrasound as an effective nondestructive evaluation method by comparing indicated contact
area and weld failure load. A good correlation was demonstrated.

Fig. 18 Ultrasonically welded bare and tinned copper wire, 1 to 30 mm2 (0.002 to 0.05 in.2) cross-sectional area, for
wire harness manufacture

Table 2 Aluminum alloys tested for
ultrasonic weldability

Alloy Typical gages

AA5182-O 0.9–3 mm (0.04–0.12 in.)
AA5754-H111 1–3 mm (0.04–0.12 in.)
AA6016-T4 1–1.5 mm (0.04–0.06 in.)
AA6111-T4 0.9–2 mm (0.04–0.08 in.)

Fig. 19 Heavy-gage wire up to 100 mm2 (0.16 in.2)
cross-sectional area that was ultrasonically

welded using a dual-headed wire welder (as shown in
Fig. 7)

Fig. 20 Single-point ground terminal that was
ultrasonically welded using a special

tooling package that gathers the wire for welding, then
automatically folds over the strain-relief arms

Fig. 21 Thirty-two layers of fine aluminum foil to
aluminum plate; particularly of interest to

battery manufacturers
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Ultrasonic Additive Manufacturing
Karl Graff, Edison Welding Institute

THE ULTRASONIC ADDITIVE MANU-
FACTURING (UAM) PROCESS consists of
building up solid metal objects by ultrasoni-
cally welding successive layers of metal tape
into a three-dimensional shape, with periodic
machining operations to create the detailed fea-
tures of the resultant object. The process has
applications that include prototype metal parts,
injection molding dies, composite materials,
armor, embedded sensors and actuators, ther-
mal management, and cladding.
Ultrasonic additive manufacturing is part of

the broad field of additive manufacturing
(AM), which has been defined by ASTM Inter-
national (Ref 1) as “. . .the process of joining
materials to make objects from 3-D model data,
usually layer upon layer.” The field of AM ori-
ginated in 1987 with invention of the polymer-
based stereolithography process, followed by
selective laser sintering introduced in 1992. In
the ensuing years, numerous other processes
have been introduced, including metal-based
processes that involve laser sintering/melting
of various metal powder alloys and electron
beam melting of metal powders (Ref 2, 3).
The UAM process was introduced by Solidica
in 2001 under the identification ultrasonic con-
solidation, a term that is still in use (Ref 4).

Process Fundamentals

The key features of the UAM process are
shown in Fig. 1. Thus, Fig. 1(a) shows a rolling
ultrasonic welding system, consisting of an

ultrasonic transducer, a booster, the (welding)
horn, and a second “dummy” booster. The
vibrations of the transducer are transmitted to
the disc-shaped welding horn (which is some-
times also referred to as the sonotrode, a term
used in ultrasonic metal welding) rolling in
the x-direction, and from there to the tape-metal
base, which creates an ultrasonic solid-state
weld between the thin metal tape (shown as alu-
minum in the figure) and a base plate. The con-
tinuous rolling of the horn over the tape welds
the entire tape to the plate. This is the essential
building block of UAM.
By welding a succession of tapes, first side by

side and then one on top of the other (but stag-
gered so that seams do not overlap), it becomes
possible to build a solid metal part, as shown in
Fig. 1(b). Through the course of the build, there
will be periodic machining operations, using an
integrated computer numerical control (CNC)
system, to add features to the part, as suggested
by the slot in Fig. 1(b), to remove excess tape
material and to true-up the topmost surface of
the part. Thus, the process also involves subtrac-
tive as well as additive steps. Each of these key
features is described further.

Ultrasonic Welding System

The ultrasonic welding system is driven by an
ultrasonic transducer, similar in form to those used
for ultrasonicmetal andplasticwelding and of pie-
zoelectric construction operating at 20 kHz. The
ultrasonic power capability of the transducer can

vary, depending on design, and has ranged from
1.5 kW to several kilowatts (where, for the latter,
special two-transducer systems capable of deliver-
ing up to 9 kW have been developed). The entire
series of components, transducer-booster-horn-
booster, is designed to be acoustically resonant at
the transducer operating frequency (of 20 kHz).
The acoustic design principles are generally simi-
lar to those employed in conventional ultrasonic
metal and plastic welding systems, except that
the rolling sonotrode requires more complex
acoustic analysis.
Not shown in the simplified Fig. 1 is that the

welding horn is pressed against the tape and
base plate with a static force, necessary to cou-
ple the ultrasonic vibrations into the tape. This
static force is applied through bearings that
are mounted on the boosters and designed and
located so as not to dampen the vibrations of
the ultrasonic system.
The disc-shaped welding horn is a solid,

acoustically tuned shape designed to create a
transverse vibration, shown by the arrow at
the base of the disc in Fig. 1(a), which produces
the weld between the tape and base plate or
between the tape and a preceding tape layer.
The nature of the transverse vibration and weld-
ing action is the same as occurs in conventional
ultrasonic metal spot or seam welding. The
amplitude of vibration is low, ranging from 20
to 50 mm (790 to 1970 min.), peak to peak.
The actual shape details of the welding horn
vary for different systems, so the shape shown
in Fig. 1(a) should be simply considered as a
representative concept.

Ultrasonic Welding during UAM

The core of the UAM process is the forma-
tion of a solid-state bond between successive
layers of tape under the ultrasonic vibrations
of the rolling welding horn. The mechanism of
the process is that the welding horn, having a
roughened surface (typically achieved by an
electrical discharge machining, or EDM, pro-
cess), grips the top surface of the tape, causing
it to move with the vibrations of the horn. This
in turn creates a frictionlike action at the inter-
face between the top tape and the lower tape to
which it is being joined. The asperities of theFig. 1 Ultrasonic additive manufacturing (UAM) process. (a) UAM welding system. (b) Machining operation



opposing interface surfaces are sheared and
plastically deformed during this process, dis-
rupting and dispersing oxides and contaminants
and permitting pure metal-to-metal contact of
the nascent surfaces. Numerous microbonds
form between the surfaces, which grow in bond
area until all or nearly all of the opposing sur-
faces are completely bonded by a solid-state
weld. This continuous process of rolling and
welding results in the bonding of one tape to
another tape.
The process just described in terms of UAM

is simply that which occurs in ultrasonic metal
welding, in particular, the process of ultrasonic
seam welding—a solid-state process well
known since the 1950s (Ref 5). It is worth
emphasizing the solid-state nature of the pro-
cess, which means that bonding has occurred
without melting of the materials being joined.
A final word is in order on the aforemen-

tioned frictionlike nature of the process. Ultra-
sonic additive manufacturing is not a friction
process (nor, for that matter, is ultrasonic spot
or seam welding). At its initial stages, there is
a transverse rubbing motion between opposing
surfaces which, although oscillatory in nature,
is similar to a frictional motion and thus easily
understood as frictionlike. However, as the
shearing-deformation process progresses, con-
tinuous bonds form across the interface, which
grow in extent, leading from a frictionlike early
relative motion to ultimate full bonding and fix-
ing of the opposing surfaces.

Materials

The illustration of UAM in Fig. 1 shows the
joining of aluminum tape to an aluminum base
plate, and aluminum tape-to-tape bonding to
form the solid part. In fact, a number of materi-
als have been, or should be capable of being,
bonded by UAM. Much of the early work with
UAM focused on softer alloys, such as Al 1100,
Al 3003, and Cu 1100. These alloys were
known to be easily bonded by ultrasonic metal
welding and were first choices for UAM. The
bonding of a number of more-advanced alloys
has been reported, including 316L stainless
steel, commercially pure titanium, Ti-6V-4Al,
and Al 6061-H18 as examples. The full scope
of UAM-bondable materials is not yet known
but will be ultimately governed by the basic
ultrasonic weldability of various materials and
combinations and by the levels of ultrasonic
power that can be applied to the process to
affect the bond.
The dimensions of the tape being welded are

important material parameters. Typical dimen-
sions of Al 3003 tape are 25 mm wide by
0.15 mm thick (approximately 1.0 by 0.006
in.). The width of the tape is governed by the
width of the weld face of the horn, which is
typically 25 mm. Thicknesses of aluminum
and other tapes have ranged from 0.1 to
0.2 mm (0.004 to 0.008 in.). It is not presently
known what maximum tape thicknesses will

be possible, but because this will be governed
by the amount of tape mass that must be
vibrated, it is ultimately expected to be gov-
erned by the ultrasonic power of the transducer.
In some cases, tape is replaced by a thin sheet
of metal foil, and bonding of the sheet is
achieved by repeated, side-by-side passes of
the welding horn.
As shown in Fig. 1(a), the first tape is welded

directly to a base plate that is attached to a
heavy anvil plate. The base plate is typically
of the same alloy as the tapes being applied,
because a sound bond of the first tape is essen-
tial to the subsequent layers. In some cases, a
variation of alloy between base plate and tape
is possible. Thus, Ti-6V-4Al may be bonded
onto a commercially pure titanium plate, Al
1100 may be bonded to Al 3003, or Cu 1100
may be bonded onto an Al 3003 plate. The
thickness of the plate may range from 1.5 to
12 mm (0.06 to 0.5 in.).

Welding Parameters

The key ultrasonic welding parameters are
vibration amplitude, static force, and travel
speed; in this sense, they are the same as those
for the ultrasonic seam welding process. The
vibration amplitude refers to that at the outer
diameter of the horn at the tape surface. The
amplitude can be set at different levels (i.e.,
micrometers peak to peak), with the range
depending on the system design. A well-
designed ultrasonic control system will then
maintain the set amplitude throughout the weld-
ing process. Likewise, the role of the downward
static force in ensuring good coupling and
vibration transmission into the tape and base
plate has been noted. Force levels again will
depend on the overall UAM system design
and the particular materials being welded and
can range from 300 to 400 N (67 to 90 lbf) in
low-power systems up to 20 kN (5 kips) for
high-power UAM systems. The travel speed
refers to the linear speed of the welding horn
across the part and can range from 75 to 1000
cm/min (30 to 390 in./min), depending on sys-
tem power and materials being welded.
While amplitude, force, and travel speed

would be the standard welding parameters, with
settings easily changed from trial to trial, the
texture and material of the welding horn should
also be considered a variable of the process and
hence a settable parameter. Thus, the aggres-
siveness of the EDM-produced texture may be
varied, depending on the hardness and thick-
ness of the tape material. In welding 0.15 mm
(0.006 in.) Al 3003, it is found that a titanium
horn having a texture of 7 mm Ra will be satis-
factory. Welding thin tapes may require a tex-
ture of 2 mm Ra. In cases involving extremely
hard materials, or where tape thicknesses
exceed the commonly used 0.15 mm, more
aggressive textures, such as 14 or 21 mm Ra,
may be required.

The material of the horn may also vary,
depending on tape material. While titanium
may suffice for bonding a soft aluminum alloy,
the use of tool steels, such as AISI grade 18Ni,
is needed in bonding titanium and stainless
steel tapes.
A final adjustable welding parameter is that

of preheat of the anvil and base plate. Also
not shown in the simplified drawing of Fig. 1
is a rigid, heated platen that underlies the steel
anvil plate. The purpose of the platen is to pre-
heat the base plate to a given temperature level,
for the purpose of assisting the welding under
the ultrasonic vibrations. As previously noted,
ultrasonic welding depends on achieving shear-
ing and plastic deformation of asperities at the
tape-tape interface. Preheating can modify the
yield strength of materials and hence their
deformability under ultrasonic vibrations. This
effect is especially noticeable in the softer alu-
minum alloys. Hence, UAM systems have pro-
visions for applying preheats that range from
21 to 260 �C (70 to 500 �F).

Process Consumables

Based on the preceding description of the
UAM process, it should be evident that there
are four primary consumables associated with
its application:

� Metal tape: This is the primary process con-
sumable, with the amount of tape, in terms
of weight, being roughly proportional to the
volume of the part being constructed. Allow-
ance must be made, in such calculations, for
the excess tape at the start and end of a tape
layer due to the mechanized tape feeding
and cutting hardware. This tape is always
trimmed away in the machining operations
and is thus excess. For some UAM systems,
this may be on the order of 7.5 cm (3 in.) at
each end, while other system designs have
reduced this excess to 5.0 cm (2 in.) at each
end. For a small part, for example, 50 cm3

(3.2 in.3), excess could approximate the net
part volume. Increasingly large parts natu-
rally result in a decreased percentage of
excess material.
Obtaining metal tapes in the desired mate-

rials at the desired thicknesses and widths
should be allowed for in any design process.
In some cases, this requires diligence in
locating suppliers able to deliver at reason-
able prices and schedules.

� Base plate: The base plate, on which the
UAM build is made, is typically of the same
alloy as the metal tapes being welded to it
(note has been made that similar, but not
identical, alloys may be used). The plate is
subsequently machined away from the build
and thus becomes a process consumable.
The surface and thickness dimensions of
the base plate play an obvious role in the
resulting plate costs. The former will be
related to the lateral dimensions of the part
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being built and thus will directly depend on
part design.

Plate thickness may also be a variable,
with the practice here varying among vari-
ous users of the process. In the interest of
cost, some users adopt base plate thickness
on the order of 4.7 mm (3/16 in.) and use a
vacuum system to clamp the base plate to
the anvil plate. Others prefer a thick plate,
typically 12 to 13 mm (0.5 in.), bolted to
the anvil plate. The view on this latter
approach is that an absolutely solid base is
needed on which to weld the many succes-
sive layers of material.

� Ultrasonic tooling: The welding horn must
be considered a consumable. The continued
welding of tapes will wear the textured sur-
face of the horn, requiring resurfacing and
EDM retexturing, and is thus one of periodic
maintenance. After several such retextures,
the outer diameter will have been suffi-
ciently reduced such that the horn and

overall UAM system resonance is taken out
of the control range of the ultrasonic power
supply system. At this point, a replacement
of the horn is necessary.

� Machine tools: Integral to the additive steps
of UAM are the material-removal steps, by
way of conventional machining processes,
necessary to arrive at final part features. This
means there must be allowance for mainte-
nance and replacement of the various end
mills used in the removal steps, with consid-
erations being no different than those asso-
ciated with conventional machining of solid
materials and shapes.

Applications

The ability of UAM to build solid metal parts
is a key capability of the process. Applications of
the process, ranging from demonstrated and
tested, to proof of concept, to simply envisioned,

are extensive, cutting across many industrial
sectors, and include rapid prototyping, molding
and stamping dies, production of composite and
smart materials and structures, lightweight
armor, thermal management systems, and clad-
ding, as examples. These fields of application
can be broken down into the following broad
functional areas:

� Solid metal parts and materials
� Embedded channels
� Embedded materials
� Dissimilar materials

Some examples of UAM-fabricated parts are
shown in Fig. 2. Thus, Fig. 2(a) is the mold (or
cavity) component of an injection molding die,
made from Al 3003 and approximately 100 by
150 by 20 mm (4 by 6 by 1 in.); the associated
plastic part is also shown. Figures 2(b) and (c)
show another unique UAM capability, that of
creating embedded channels. As a part build

Fig. 2 Applications of ultrasonic additive manufacturing. (a) Injection molding die and part. Courtesy of Solidica Inc. (b) Plate with embedded channels. Courtesy of Edison
Welding Institute. (c) X-ray of channel network in (b). Courtesy of Edison Welding Institute. (d) Embedded NiTi wire, 0.076 mm (0.003 in.) in diameter. Original

magnification: 400�. Courtesy of The Ohio State University. (e) Embedded nickel tape, 2.5 mm wide by 0.1 mm thick (0.10 by 0.004 in.). Courtesy of The Ohio State University.
(f) Titanium-aluminum composite. Courtesy of Solidica Inc.
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progresses, open channels can be machined at
one stage and then covered by the next
welding stage(s). Thus, the apparently solid alu-
minum block, 100 by 100 by 13 mm (4 by 4
by 0.5 in.), in Fig. 2(b) is shown by x-ray in
Fig. 2(c) to consist of a complex, multilevel,
interconnected network of channels. Channel
sizes can range from 2 mm (0.08 in.) down to
10 to 20 mm (390 to 790 min.).
Yet another UAM capability is that of

embedding materials within a metal matrix.
This can take the form of tapes, wires, meshes,
or fibers, as shown by the two examples in
Fig. 2(d) and (e). The approach is to build the
part to a desired height, lay down individual
or multiple wires or tapes, and then weld the
next tape layer, which covers and embeds the
underlying wires/tapes. The UAM welding
vibrations essentially soften and plasticize the
tape material, causing it to flow about and
firmly embed any underlying wires or fibers.
Thus, Fig. 2(d) shows an embedded NiTi wire,
while Fig. 2(e) shows embedded nickel tapes.
The ability of ultrasonic metal welding

to bond dissimilar materials is well known
(Ref 6), so it is not surprising that various mate-
rial combinations are possible with UAM, an
example of which is shown in Fig. 2(f), where
a titanium-aluminum laminate has been formed
by successively bonding aluminum and tita-
nium sheets with a subsequent hot pressing
operation.
As noted, numerous applications of UAM

have been put forth in addition to those men-
tioned. These include rapid prototypes (e.g.,
models), direct part manufacture, repair (e.g.,
helicopter blades), casting (positives), injection
mold die cooling blocks, computer system and
solar panel heat sinks, microchannel reactors,
metal-matrix composites, sensors and actuators
based on embedded smart materials, cladding,
and transition joints. It is expected that many
of these applications will move up the
manufacturing-readiness-level chain as higher-
power UAM systems come on line that are
capable of dealing with an increasing range of
materials.

Equipment and Procedures

Two types of UAM systems for fabrication
of parts are shown in Fig. 3. The system in
Fig. 3(a) features a moving UAM gantry with
a stationary base plate and integrated tape lay-
ing, tape cutting, and CNC machining. Because
of the fixed base plate, this type of system has
been found to be very suitable for research
and development operations due to its flexibil-
ity. The Formation system in Fig. 3(b) features
a fixed UAM and tape-laying module integrated
into a CNC machining center, with a moving
base plate. This type of system has been found
to very suitable for high-precision fabrication.
Hybrid software, known as RPCam, is

used to control both the ultrasonic additive
tape-laying part of the process as well as the

CNC material-removal stage. Thus, the soft-
ware instructs the machine on both depositing
and removing material.
The steps in producing a part by the UAM

process are shown in Fig. 4 and consist of the
following, numbered in accordance with the
figure:

1. The UAM process begins by generating a
computer-aided design (CAD) model of the
desired part in its final design format.

2. An initial graphics exchange specification
(IGES) translation of the finalized CAD
model is imported into RPCam.

3. Through a series of user interface features,
RPCam evaluates the model to determine
the most effective tape layouts, making
adjustments to account for the number of
tape layers and tape joints relative to edges
and features (e.g., cutouts).

4. Adjustments to individual tape placement
are then made to account for voids or

Fig. 3 Ultrasonic additive manufacturing (UAM) systems. (a) Solidica UAM Beta system. (b) Solidica, Formation
system. Courtesy of Solidica Inc.

Fig. 4 The ultrasonic additive manufacturing process for producing a solid metal part. Photos 1, 3, 5, 6, and 9
courtesy of Edison Welding Institute; photos 2, 4, 7, and 8 courtesy of Solidica Inc.
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cavities that are designed into the part. The
graphical interface allows the operator to
shift the tape placement or weld position
based on force.

5. Welding conditions, tape dimensions, and
machining operations are imported into
RPCam.

6. RPCam and computer-aided manufactur-
ing software (e.g., PowerMILL) interact to
split the imported model into individual
layers for creating the final welding and
machining code.

7. The finalized tool paths for welding and
machining are then converted into G- and
M-code commands that are imported into
the main system controller for manufacturing
of the part.

8. Manufacturing of the part takes place.
9. The final part is on the base plate, which is

machined away, leaving the completed part.

In practice, the base plate of the material of
the part to be fabricated is bolted to the anvil
plate, and a “flat pass” milling operation serves
to provide a true starting surface for tape layers.
A single tape will then be fed under the weld
horn and welded to the base plate, with some
excess tape at either end of the weld necessary
to allow for tape feed and cutting operations.
The welding of the tape may comprise one to
three steps, depending on the welding system
and materials being used. Thus, a first “tack”
pass may be used, under light welding para-
meters, to secure the tape in place. This will
be followed by a welding pass, at full weld
parameters, to completely weld the tape in
place. In most cases, a tack pass incorporates
a spot welding operation at the beginning and
end to increase tape placement accuracy.
This process will be repeated as tapes are laid

side by side across the base plate. Typically, the
tapes are slightly overlapped (0.125 mm, or
0.005 in.) to ensure no gaps are present at the
joints. The process is repeated for subsequent
layers, making sure the joints between layers
are staggered, in the manner of laying up bricks
of a wall.
Every five to ten layers, a milling operation

will be performed that trims off excess tape
around the contour of the part, incorporates
the desired features in the part, and again trues
the top surface to flat for later tape welds.
This sequence of steps is repeated until the

final part has been built on the base plate. The
plate-part unit is then removed and the base
plate machined away, leaving the desired fabri-
cated part.
The sample part shown in CAD and final

form in Fig. 4 also brings out the capability of
UAM to achieve deep, narrow grooves and
extremely sharp, deep corners—features that
are challenging to conventional machining pro-
cesses and often require recourse to supplemen-
tal EDM steps.
High-Power UAM Development. The

UAM systems operating at 1.5 to 3.0 kW
encounter some issues in seeking to bond

advanced materials, such as titanium alloys,
stainless steels, some copper alloys, advanced
aluminums, and nickel-base alloys. To a signif-
icant extent, these issues are related to the need
for greater ultrasonic power in the bonding pro-
cess. As noted in the description of UAM,
making the ultrasonic bond depends on being
able to shear and plastically deform opposing
asperities. With increasing alloy strengths,
greater interface shearing forces are required
to bring about the necessary interface deforma-
tions, which directly require increased ultra-
sonic power. Likewise, the mass associated
with increased tape thicknesses and/or widths
requires increased ultrasonic power to be able
to drive it in ultrasonic vibrations.
Developments are in progress for achieving

greater ultrasonic power for UAM systems
(Ref 7). These involve using two ultrasonic
transducers, each of 4.5 kW or higher power,
driving the ends of the welding horn in a
push-pull arrangement that essentially adds the
power of the individual units to the process.
The ability of these power levels to bond stain-
less steel, titanium, and higher-strength alumi-
num alloys has been demonstrated.

Material Properties in UAM

The fundamental feature of UAM is the pro-
duction of solid metal parts by way of ultrason-
ically welding together a succession of thin
metal tapes or sheets. The metallurgical
and mechanical properties of such parts must
be determined to assess the range of materials
and applications for which the process is
suited. This is an active field of inquiry as
new material systems are being investigated
and modified and new UAM systems are being
introduced.

Metallurgical Aspects of UAM Bonding

Metallurgical analysis of the interface
between successive layers of tapes is critical
to evaluating the nature and extent of UAM
bonding, which, in turn, will relate to the
mechanical properties of the parts.
By way of example, a metallurgical cross

section of a build fabricated from 0.15 mm
(0.006 in.) tape and taken from an interior
cross section of a simple block build is shown
in Fig. 5(b). The demarcation between the indi-
vidual layers is evident, with some voids of
unbonded regions along layer interfaces. To a
significant extent, these voids are a result of
the texturing on the surface of the weld horn.
Thus, as the horn engages the top surface of a
tape in making the ultrasonic weld, the horn
texture is impressed on the tape surface. When
the next layer of tape is laid down, the smooth
bottom surface of the new tape is pressed
against the textured top surface of the previous
tape, resulting in voids at the interface (Ref 9).
The welding action will smooth some of the

texture and plastically flow material into some
of the void volume. Nevertheless, depending
on the material being welded, the horn texture,
and the power of the ultrasonic system, some
voids may remain.
Metallurgical analysis of the underlying

macro- and microstructures at the interface
between successive layers of tapes is critical
to evaluating the nature and extent of UAM
bonding, which, in turn, will relate to the
mechanical properties of the parts (Ref 10–
16). Mechanical properties have also been
related to the quality of bond at the interface
between layers (Ref 8, 14). Optical microscopy
is used to characterize the degree of bonding.
Analysis of images taken with an optical micro-
scope can provide a quantitative measure of the
length of bonded regions. This measurement is
often referred to as linear weld density (LWD)
percentage (ratio of bonded region to length of
interface). Certain literature quotes the same
measurements in terms of linear void density
(LVD), which is represented by 100% –
LWD. An example LWD result (Ref 8) is
shown in Fig. 5(a).
Thus, the LVD appears to vary across the

height of the build (8.5 to 65.8 %).
The corresponding optical microscopy image
is shown in Fig. 5(b). By repeating this
analysis over a large number of builds, it is pos-
sible to quantify the quality of the bonds
made by the UAM process. Many authors have
shown a direct correlation between peel
strength of the bonds to the magnitude of
LWD (Ref 10–16). In published literature, opti-
mization of UAM process parameters has been
driven by the desire to obtain higher LWD
across the entire build volume. However, mea-
sures of LWD/LVD do not yield any of the crit-
ical microstructure information necessary
to understand the fundamental bonding
mechanisms.
Using a variety of characterization techni-

ques, a number of researchers have accumu-
lated extensive microstructure information at
the bond interface (Ref 17–20). The work noted
here covers the use of scanning electron
microscopy and focused ion beam imaging, first
reported by Johnson (Ref 17), and, more
recently, the use of electron backscattered dif-
fraction imaging and transmission electron
microscopy to investigate the UAM bonding
mechanism (Ref 18–20).
Some typical images from multiscale charac-

terization of Al 3003 alloy UAM builds are
now considered (Ref 19). The electron micros-
copy images from bottom, middle, and top of
a typical build are shown in Fig. 6(a) to (c).
The images from the bottom (Fig. 6a) and mid-
dle (Fig. 6b) regions did not show a sharp inter-
face between adjoining tapes, which indicated
that a metallurgical solid-state bond had been
created. The grains at the interface zone were
equiaxed in nature and quite different from that
of elongated grains of the original Al 3003-H18
tapes. This indicates that the bond formation is
associated with recrystallization. In addition to

Ultrasonic Additive Manufacturing / 735



the equiaxed grains, fine Al-Mn-Fe-base inter-
metallics were observed in the samples along
the grain boundaries and within the matrix
grains. However, these intermetallics were
present in the original Al 3003-H18 tapes and
were not a consequence of the UAM process.
The interface microstructure from the top

region (Fig. 6c) had certain unique features.
The original interface location is identified
from the sudden change in the grain structure.
The microstructure in the (n + 1)th tape shows
the original pancake structure, which transitions
sharply to a coarse, recrystallized grain struc-
ture close to the original interface location.
The microstructure from the nth layer does not
show any pancake structure but rather a more
recrystallized structure. A survey of many sam-
ples from different regions also showed that the
interface regions contained fine recrystallized
grains (500 nm, or 20 min.) with relatively low
dislocation density and coarse grains (500 nm
to 2 mm, or 20 to 80 min.) with relatively high
dislocation density, as shown by dark-field
microscopy. The original foil, before consolida-
tion, showed pancakelike grains, as expected,
from as-rolled material. Dislocations were pres-
ent, although at a much lower concentration
than in the grains along interfaces after UAM
processing.
In addition to the bonded region, transmis-

sion electron microscopy has been performed
at the void regions. Oxide layers are found
along the surface of the voids. These layers
transition from nearly linear and continuous to

discontinuous and disbursed toward the welded
region. It would be expected that intimate con-
tact between the two aluminum regions would
yield a stronger bond and increased mechanical
strength compared to the region with a continu-
ous oxide scale present.
Based on the aforementioned observations,

microstructure evolution at the interface is con-
sidered to be the product of recrystallization,
which is similar to that of hot working. This
hypothesis is in agreement with microstructural
observations from copper builds made with
very high-power UAM samples (Ref 21).

Mechanical Properties of UAM Builds

Themechanical properties of UAM-fabricated
parts and materials govern the range of applica-
tions for which the process may be used. A num-
ber of mechanical tests have been used to
evaluateUAMbonding, including tensile testing,
peel tests (Ref 10, 11, 13, 15), lap shear tests (Ref
10), push-pin tests (Ref 22), bulge tests (Ref 23),
bend tests (Ref 24, 25), and microhardness and
nanohardness tests (Ref 11, 26, 27). In parts with
embedded fibers, fiber push-out testing to charac-
terize bonding between the fiber and the matrix
has also been reported (Ref 12). Fatigue tests
are being developed for small specimen sizes
involved in some UAM builds. Given the aniso-
tropic nature of UAM-fabricated materials, in
some cases, separate tests may be required for
the various axes.

Referring to Fig. 1, it can be seen that anisot-
ropy can arise from the direction of tape lay and
welding. The rolling welding horn and the tape
are oriented in the x-direction (the y-direction is
at right angles to the x-direction in the plane of
the plate, while z is perpendicular to the plane),
so that the mechanical properties of a plate-type
build will vary between the x-y in-plane and
z-direction out-of-plane (or transverse) relative
to the build plate. By fashioning appropriately
dimensioned ASTM-type dog-bone samples,
the mechanical properties of a build can be
determined.
Thus, using the dog-bone specimen shown

in Fig. 7 (middle), testing the transverse tensile
strength of Al 3003 UAM builds generally
reveals a behavior similar to that of a brittle
material, as shown in Fig. 8(a). The specimens
exhibit a linear force-displacement relationship
prior to a sudden rupture while still within
the elastic region (Ref 8). The ultimate tensile
strength of transverse tensile specimens has been
found to be approximately 15% of the solid par-
ent material (Ref 8). However, scanning electron
microscopy revealed that the fracture surfaces
show ductile failure withmicrovoid coalescence.
The absence of an appreciable macrolevel ductil-
ity in the load-displacement curves is attributable
to the voids (or unbonded regions). These obser-
vations suggest that UAM does not reduce the
inherent ductility of the material (Ref 8).
A lap shear specimen (Fig. 7, left) was used

in testing the shear strength of UAM builds.
A linear force-displacement relationship was

Fig. 5 (a) Plot of linear void density (LVD) versus five interfaces and (b) the corresponding optical image of interface number 5. The LVD point for each interface was taken at the
high point, as shown in (a). Note: Linear void density is the inverse of linear weld density. Source: Ref 8
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observed before sudden failure of the build
along a tape interface, as shown in Fig. 8(b),
similar to the behavior of the transverse tensile
specimens (Ref 8). Ultimate shear strength of
UAM builds was found to be approximately
50% of that of the solid parent material (Ref
8). Here again, a ductile failure mode was
observed under the scanning electron micro-
scope (Ref 8).
Longitudinal builds (Fig. 7, right) were then

tested. As shown in Fig. 8(c), longitudinal test
specimens behave as ductile materials during
tensile tests. First, an initially linear elastic

region is observed, followed by a wide region
of plastic deformation. Overall behavior of the
longitudinal tensile specimens is similar to the
solid parent material. However, the ultimate
tensile strength is approximately 20% greater
than the parent material, indicating that the foils
are strengthened in the longitudinal direction
during the UAM process.
It is noted that the aforementioned results

were obtained from UAM builds fabricated
using the same set of process parameters to
bond Al 3003 tapes. By varying the process
parameters, the strengths of the build could
likely change. Further, the strengths could be
different for other tape material.
Peel Testing. This is a method to evaluate

how well a layer has bonded to another during
UAM. The flap (or peel arm) of the tape
extending outside of the weld is used to facili-
tate peeling of any given layer. A typical peel-
testing apparatus (floating roller) (Ref 11, 28)
is shown in Fig. 9(a), where the peel arm is
loaded under tension to obtain a force-displace-
ment curve, shown in Fig. 9(b). The maximum
force encountered during peeling (highest resis-
tance) provides a measure of the bond strength
(Ref 11). Sometimes, the energy criterion (area
under the force-displacement curve) is also
used to characterize the degree of bonding
(Ref 29). Depending on the strength of the
bond, the force-displacement curves and frac-
ture modes could be different (Ref 10, 13).
The maximum peel force is then typically plot-
ted as a function of vibration amplitude, normal
force, and sonotrode travel speed to identify the
effect of each of these parameters (Ref 10, 11).

In Al 3003 alloy UAM build, a 75% increase in
amplitude, for instance, is reported to increase
the peel force by approximately 25% (Ref 10).
The peel test is also used in conjunction with
LWD measurements to characterize bonding
(Ref 9).
Peel tests provide a quick way of getting

to the process window for UAM of a given
material (Ref 9, 11, 13, 15). The test is fast,
inexpensive, and requires very little sample
preparation. Usually, a build consisting of two
to three layers is adequate, compared to approx-
imately 80 layers required for tensile testing.
However, peel testing suffers from the disad-
vantage that it is primarily suited for determin-
ing the bonding strength of an adhesive (where
peeling actually occurs) rather than the strength
of welded joints. In the case of the latter, the
tendency is more toward fracture (at the weak-
est region) than peeling, once good bonding
has been achieved. Therefore, in well-bonded
interfaces, failure can typically occur outside
of the weld region, particularly at the transition
between the weld and the peel arm, which is a
region of stress concentration. Although such
a fracture would signify a high degree of bond-
ing, it may not be easy to quantify. Conse-
quently, all well-bonded conditions may end
up showing the same bond strength. Further-
more, the tests can only be comparative in
nature, because correlating peel strength (peel
force per unit width) to the more standard mate-
rial strength parameters such as yield/tensile
strength may also be difficult. The test can still
serve as a rapid qualitative method to discrimi-
nate between poor and good bonding. Climbing
drum peel test (Ref 30), T-peel test (Ref 31),
and fixed-arm peel test (Ref 32) are other var-
iants to the test.
Push-Pin Testing. This test, developed by

Zhang, Deceuster, and Li (Ref 22), involves
testing a UAM build under a compressive load
applied normal to the layers (in the transverse
direction). This is based on the premise that
the overall strength of a laminated structure
depends on the bond strength between individ-
ual layers (Ref 22). If the bonding between
layers is poor, it can manifest as tensile loading
between layers, pulling them apart and causing
delamination (Ref 22). Alternatively, with good
bonding, the layers may resist delamination and
deform collectively until fracture. The test
method is shown in Fig. 10(a) and can be per-
formed on the Gleeble (Ref 22). The compres-
sive force on the build layers is applied by
means of a push rod that goes through the
base plate and the build (Ref 22). The typical
force-displacement curve obtained is shown in
Fig. 10(b). As with peel testing, the maximum
force or the deformation energy is considered
to be a measure of the bond quality. Examina-
tion of fracture surfaces could also result in a
correlation between the area of the bonded
regions and LWD (Ref 22). However, unlike
in peel or lap shear testing, a comparison
of good versus better bonding could be very
possible here. The force/energy values can be

Fig. 6 Transmission electron microscopy (TEM)
images. (a) Bright-field TEM image taken

from an interface location with apparent good bonding.
The interface cannot be determined easily, indicating
potential recrystallization across the interface. Small,
white Al-Mn-Fe intermetallics can be seen. (b) Another
interface location again showing the difficulty in
discerning the bond line. (c) A third interface location
where the bond line can be determined, as pointed out
by two opposing arrows. A third arrow points to a small
void that appears to have migrated from the interface
into the bulk of the material. Source: Ref 19

Fig. 7 Ultrasonic additive manufacturing (UAM)
mechanical test specimens for shear (left),

transverse tensile (middle), and longitudinal tensile
(right) testing. Courtesy of The Ohio State University
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correlated with the process parameters to iden-
tify the best processing conditions for a given
material. Vibration amplitude has been reported
(Ref 22) to have the maximum influence on
bond strength. In Al 3003 alloy UAM build,
the deformation force was observed to be
nearly doubled with a 20% increase in ampli-
tude, indicating much better bonding at higher
amplitudes (Ref 22). When similar testing of a
solid block of the same material is done, it
may be possible to estimate the strength of the
part built by UAM relative to a solid block.
Push-pin testing could represent the bulk

transverse tensile strength of the build, but with
much fewer layers than a regular tensile test.
Thus, it is simpler, faster, and cost-effective,
allowing for a large number of tests to be per-
formed over a wide processing range. However,
the deformation and fracture behavior could

depend on the geometry of the sample. Conse-
quently, for a thicker sample (with a greater
number of layers being tested), delamination
may occur even in well-bonded structures.
Microhardness/Nanohardness Testing.

These tests are done on UAM builds to observe
any strain hardening or softening of the original
tape material, both at the interfacial region as
well as away from it. Depending on the mate-
rial condition and processing, there could be
hardening or softening at the interface (Ref 8,
11, 21). While an increase in microhardness of
up to 12% has been reported in aluminum
alloys (Ref 8, 11), a 23% decrease in micro-
hardness was observed in copper (Ref 21).
A linear correlation between interfacial hard-
ness and bond strength has also been reported
(Ref 27). Nanohardness testing close to the
SiC fiber embedded in an Al 3003 alloy UAM

build is reported (Ref 27) to show a 46%
increase in hardness in comparison to the start-
ing foil.

Impact of High Power on Properties

Preliminary studies in applying higher levels
of ultrasonic power have shown excellent
promise as the basis for increasing the range
of materials and applications for the UAM pro-
cess. Using a very high-power “test bed” sys-
tem (the bed had full ultrasonic UAM welding
capabilities but did not have CNC machining
or automatic tape feed), welds were made in
several advanced materials, with results as
shown in Fig. 11.
At higher levels of ultrasonic power, which

also involve higher tool vibration amplitudes
and static forces, it is found that interface voids,

Fig. 8 Ultrasonic additive manufacturing mechanical testing force versus displacement plots for (a) transverse tensile, (b) shear, and (c) longitudinal tensile tests. Courtesy of The
Ohio State University
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or any other readily apparent indications of lack
of interface bond, are nearly absent, as seen in
the examples in Fig. 11.
For example, bonding of Cu 1100 in Fig. 11

(a) shows 12 layers of 1.5 mm (0.06 in.)
copper. Bond line interfaces are only faintly
discernable at the given level of magnification;
thus, the two parallel arrows locate one set of
interfaces. (The lower-level shading discontinu-
ity is an artifact of combining two photographic
images.) Bonding in Al 6061 is shown in Fig.
11(b). The faint white horizontal lines locate
the bond interfaces. While some voids can still
be seen, there is a dramatic reduction in their
number when compared to earlier results for
Al 3003 (Fig. 5). Bonding of 1.0 mm (0.04
in.) thick titanium CP-4 tapes is shown in
Fig. 11(c).

Quality Control

The objective, of course, is to produce a
UAM-fabricated part or material having the
desired level of quality as specified by the
end-user service requirements. While these will
obviously vary, the quality of the bond between
tape layers would be expected to be common to
most.
Assuming that a very high-power UAM set

of RPCam-based weld process parameters have
been developed for fabricating a given part or
material, and that these have been validated
by metallurgical and mechanical tests such as
were described in the previous section, thus
arriving at an acceptable quality level for the
part/material, then considerations shift to main-
taining quality levels while making large num-
bers of parts or carrying out continuous
fabrication of materials.
The following are among those issues to be

addressed in arriving at and maintaining UAM
fabrication quality:Fig. 10 Push-pin test applied to ultrasonic additive manufacturing. (a) Schematic of push-pin test. (b) Typical push-

pin test force-displacement curve. Source: Ref 22

Fig. 9 Peel test applied to ultrasonic additive manufacturing builds. (a) Schematic of floating roller peel test. Source:
Ref 10. (b) Typical peel test force-displacement curve

Fig. 11 Bonding of materials with very high-power ultrasonics. (a) Cu 1100, 12 layers of 1.5 mm (0.06 in.) thickness. Image inverted. (b) Al 6061, 1.5 mm (0.06 in.) thickness.
Image inverted. (c) Titanium CP-4, 1.0 mm (0.04 in.) thickness. Courtesy of Edison Welding Institute
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� Design: It is hardly unique to UAM to note
that original design of the part will play a
key role in its ultimate quality. Much of this
will have to do with developing the RPCam
program and assuring that the tape layouts
are appropriate for the layout of edges,
joints, and machined features.

� System calibrations: A variety of load cells,
motion sensors, and ultrasonic units are
integrated into a UAM system. Assuring that
calibrations are kept current is critical. This
likewise applies to the CNC machining
equipment, for which there are several con-
sensus American Society of Mechanical
Engineers and International Organization
for Standardization specifications.

� Input materials: For tapes, maintaining con-
sistent chemistries, heat treat, dimensions,
surface texture, and cleanliness specifica-
tions is a requirement. For the base plate,
maintaining chemistries and heat treats is
required. (Because the plate is typically
machined to final size, incoming dimen-
sions, texture, and cleanliness are less
critical.)

� Process monitoring: Monitoring the running
conditions of the system (forces, speeds,
ultrasonic parameters, tape feeds) is recom-
mended to maintain process consistency.
In-process nondestructive evaluation (NDE)
methods (e.g., infrared thermography) are
not yet available on present UAM systems.

� Postinspection: In addition to visual inspec-
tions, NDE methods (e.g., ultrasonic inspec-
tion) may be used to verify bonding.

� Tool texture: In addition to simple visual
inspection for evident wear, periodic
surface roughness measurements should be
made to determine if retexturing or replace-
ment is required. The current practice for
evaluating such textures is to conduct a
three-dimensional surface microtexture mea-
surement, a noncontact process based on
white-light interferometry. Due to the graph-
ical nature of this process, data recorded
of the sonotrode in the as-cut condition can
then be easily compared to that of a sono-
trode having extended service.

� Other maintenance: Because it is basically a
complex machine tool system, all mainte-
nance procedures appropriate for such sys-
tems should be consistently followed.

Safety

The UAM system is basically a computer-
controlled, robotic machine tool and must be
treated with all of the cautions and safety con-
siderations typically accorded such systems.
This includes assuring that appropriate system
safety interlocks are in place and fully opera-
tional. Allowance must also be made for the
heated base plates present on some UAM
systems.
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Introduction to Integrated Weld
Modeling*
Sudarsanam Suresh Babu, The Ohio State University

THE SCOPE of this article is to provide an
overview of integrated weld modeling. It is
not intended to provide a comprehensive review
of integrated weld modeling activities in the lit-
erature but introduces methodology and rele-
vant resources that can be accessed by the
reader for further development, evaluation,
and deployment.
Integrated weld modeling is an important

activity that crosscuts many industries. In early
2000, the American Welding Society, Depart-
ment of Energy, Edison Welding Institute, and
industrial members from the heavy industry,
aerospace, petroleum/energy, and automotive
industries developed a research roadmap for
the welding industry (Ref 1). The strategic
goals for the welding industry by 2020 were
identified to be the following:

� Increase the uses of welding by 25%, decrease
the cost, and increase the productivity

� Enhance the process technology that allows for
the use of welding across all manufacturing
sectors

� Develop new welding technology along with
new materials so that it can be used for all
applications

� Assure that welding can be part of the six-
sigma quality environment

� Increase the knowledge base of people
employed at all levels of the welding
industry

� Reduce energy use by 50% through produc-
tivity improvements

Although welding itself does not consume
extensive energy, welding does play a critical
role in the development and deployment of the
materials for energy exploration, transfer, con-
version, efficiency, and storage. The roadmap
also identified that the engineering solutions
for joining materials are not unique and do dif-
fer depending on the geometry, materials, and

applications. Due to this complexity of the
problem, the development of joining technol-
ogy for a given material is associated with
extensive experimental trial-and-error optimiza-
tion. To minimize this experimental approach,
an integrated computational modeling was sug-
gested as a solution (Fig. 1).
This leads to a fundamental question: Is it pos-

sible to develop physics-based computational
models to describe the behavior of existing and

emerging materials subjected to joining pro-
cesses? A review of the literature shows that the
development of physics-based models is indeed
challenging due to the complex interaction
between physical processes during welding.
Some of these physical processes include heat
and mass transfer, phase transformations, elec-
tromagnetic phenomena, plastic strain, and reac-
tions with the environment during welding/
joining. Researchers, including Ashby (Ref 2),

Fig. 1 Suggested roadmap for the development of a model-based tool in the year 2020 as a way of ensuring process-
based quality by the year 2040

* Reprinted from Babu, S.S., Introduction to Integrated Weld Modeling, Metals Process Simulation, Vol 22B, ASM Handbook, ASM International, 2010, p 411–431.



Bhadeshia (Ref 3), Cerjak (Ref 4), David (Ref 5),
DebRoy (Ref 6), Eagar (Ref 7), Easterling (Ref
8), Goldak (Ref 9), Grong (Ref 10), Kirkaldy
(Ref 11), Koseki (Ref 12), Kou (Ref 13), Leblond
(Ref 14), Matsuda (Ref 15), Rappaz (Ref 16),
Szekely (Ref 17), Vitek (Ref 18), Yurioka (Ref
19), and Zacharia (Ref 20), developed a frame-
work for linking thermo-mechanical histories to
microstructure development andmechanical het-
erogeneity in welds. These developments can be
summarized in the form of a schematic diagram
(Ref 11) published by Kirkaldy (Fig. 2). Accord-
ing to this diagram, by integrating individual sub-
models for heat, mechanical, and material
models, one can predict the overall performance

of welded structures. The approach starts with a
heat-transfer model that will simulate tempera-
ture distributions in three dimensions [T = f {x,
y, z, time}] as a function of process parameters
and time. Thermal cycle data will be used by
material models to predict the microstructure
evolution and its impact on transient mechanical
(s-e relations) properties. The transient changes
in temperature and mechanical properties will
be fed into a finite-element structural model
to predict plastic strain distribution. This infor-
mation allows for the prediction of final pro-
perties, residual stress, and distortion in a
complex welded geometry. This interdisciplin-
ary approach may appear simple; however, it

requires collaboration between experts in metal-
lurgy, finite-element analysis, welding process,
and computer science (Ref 21, 22). To a limited
extent, this vision has become a reality by pio-
neering work in many organizations and com-
mercial software companies (Ref 23–27).
It is noteworthy that the scope of this article

is not to provide a comprehensive review of
integrated weld modeling activities in the liter-
ature. It is designed to provide an overview of
the methodology and relevant resources that
can be accessed by the reader for further devel-
opment, evaluation, and deployment. The
reader is also referred to other articles within
this Volume that describe modeling of inertia
welding, diffusion bonding, and the additive
manufacturing process. The reader is also
referred to some of the series of conference pro-
ceedings titled Mathematical Modeling of Weld
Phenomena (Ref 4, 28–34) as well as Trends in
Welding Research conference proceedings pub-
lished periodically by ASM International (Ref
35, 36). These conference proceedings provide
a detailed progression of integrated weld mod-
eling and its capability for a wide range of join-
ing processes. In addition, the reader is also
referred to three classic text-books related to
modeling of welding processes (Ref 37–39).
This article discusses some of the salient fea-
tures of each subprocess model that is indicated
as part of the integrated weld modeling shown
in Fig. 2. Most of the materials presented in this
review have been adopted from Ref 40.

Process Modeling

The goal of process modeling is to predict
weld pool shape, thermal cycles, and fluid flow
conditions under transient (coordinate system
fixed to the part) or steady-state (coordinate
system moving with the welding heat source)
conditions. This section discusses the funda-
mentals of the underlying physics and the meth-
odologies to solve the same.

Underlying Physics and Methodologies

Modeling of Heat Transfer during Weld-
ing. Heat transfer in welding can be represented
by equations of heat conduction in solids. For
example, the spatial variation of the heating or
cooling rate in a Cartesian coordinate can be
related to the second derivative of the tempera-
ture gradients in x-, y-, and z-directions (Ref
39):

@T

@t
¼ l

rc
@2T

@x2
þ @2T

@y2
þ @2T

@z2

� �

¼ a
@2T

@x2
þ @2T

@y2
þ @2T

@z2

� �

(Eq 1)

where T is temperature, t is time, l is thermal
conductivity, r is density, c is specific heat
capacity, and a is the thermal diffusivity of
the material being welded. With boundary

Thermal boundary conditions
Heat transfer coefficients

Thermophysical properties

TRANS -
FORMATION
BEHAVIOUR

Phase diagram
TTT diagram

Transformation strain

[Transformation
=f(σ)]

= f (Τ, structure)
 σ – ε curve

Tr
an

sf
or

m
at

io
n

C
om

po
ne

nt
  g

eo
m

et
ry

F
E

 -
 m

es
h

ki
ne

tic
s

(H
ea

t g
en

er
at

io
n 

du
e 

to
de

fo
rm

at
io

n)

C
re

ep
 d

ef
or

m
at

io
n

T
h

er
m

al
 s

tr
es

s

Latent heat of transform
ation

Transform
ation = f(T, t)

M
at.properties = f(T, structure)

Transformation plasticity

TRANSIENT
TEMPERATURE

FIELD
T = f(x,y,z,t )

MICRO-
STRUCTURAL

DEVELOPMENT
phases = f(x,y,z,T,t )

MECHANICAL
RESPONSE

displ. σ,ε = f(x,y,z,t )

Chemical composition
Austenitizing condition

Austenite grain size

Hardness distribution
Mechanical boundary cond.
Loading, material properties

Fig. 2 Overview of integrated welding modeling methodology proposed by Kirkaldy (Ref 11) shows the importance
of predicting transformation behavior and microstructural development as well as thermal and mechanical

behavior
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conditions imposed by the welding. Eq 1 can be
solved for both transient and steady-state condi-
tions of welding. A famous solution of the
generic equation for steady-state distribution
of temperature in a plate during arc welding
was given by Rosenthal (Ref 41) as:

Tfx;Rg ¼ T0 þ ZVI
2pl

1

R

� �

exp � v

2a
ðRþ xÞ

n o

;R

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2 þ z2
p

(Eq 2)

where T{x, R} is the temperature as a function
of the radial distance (R) and distance (x) along
the welding centerline, T0 is the preheat or
interpass temperature, V is the arc voltage, I is
the welding current, v is the welding speed, a
is the thermal diffusivity, and Z is the arc effi-
ciency. This solution is often referred as the
Rosenthal equation and has been extensively
used for obtaining approximate temperature
isotherms during welding of plate as a function
of process parameters. For example, Eq 2 was
used to calculate the steady-state temperature
distributions on a steel plate surface for two dif-
ferent welding speeds. The calculations (Fig. 3)
show the formation of a teardrop-shaped weld
pool with an increase in welding speed. The
aforementioned distribution also can be used
to calculate the heating and cooling rate. Equa-
tion 2 assumes a point heat source, which is not
strictly applicable to arc welding heat sources.
Modification of the previous equations for
distributed heat sources has been attempted by
many researchers. A review of the same can
be seen in the book by Grong (Ref 39). In addi-
tion, this book also provides analytical solu-
tions for other steady-state and transient
welding cases.
Although analytical solutions provide a faster

estimation, these solutions often ignore bound-
ary conditions imposed by the geometries of a
realistic welded structure. To address this limi-
tation, finite-difference and finite-element for-
mulations (Ref 42) have been developed.
These formulations allow for both steady-state

and transient solutions (Ref 37). However, one
of the biggest challenges in these formulations
is to describe the heat flux into the weld pool.
The extent and the distributions of heat flux
determine the shape of the weld pool, peak tem-
perature, and heating and cooling rates (Ref 43,
44). This challenge has been elegantly
addressed by researchers from Goldak’s group
to distribute the power density within front
and rear quadrants of the weld area. This meth-
odology is schematically explained in Fig. 4.
The power density distribution in the front
quadrant is given by Eq 3:

qfx; y; z; tg ¼ 6
ffiffiffi

3
p

ffQ

abcp
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a2
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(Eq 4)

where Q is the energy input rate (in watts); the
parameters a, b, and c are the dimensions that
describe the ellipsoidal shape in x-, y-, and z-
coordinates, respectively; t is the lag factor;
t is time, and ff and fr are the fractions of heat
source deposited in the front and rear quadrant
and are related to each other by Eq 5:

ff þ fr ¼ 1 (Eq 5)

By changing the dimensions of the a, b, c, ff,
and fr values, it is possible to match most of
the complex weld pool shapes that are observed
in fusion welds. It is important to note that

these parameters must be obtained by the opti-
mization procedure. For example, Kelly (Ref
45) must consider more than 2000 sets of such
parameters to match the experimental weld
pool size. In such calibration studies, it is often
impossible to match all the experimental para-
meters, such as weld pool width, depth, curva-
ture, and spatial variation of thermal cycles.
Improvements to the aforementioned double
ellipsoidal model are being pursued by many
researchers (Ref 45). In this regard, it is impor-
tant to understand fundamental reasons for such
variations of the weld pool shape by using cou-
pled heat- and mass-transfer models.
When the weld pool flux is calibrated using

the double-ellipsoidal models, it is easier to
describe steady and transient thermal cycles
for complex welding conditions. An example
of transient thermal simulation of laser
cladding to build a nickel-base superalloy struc-
ture on a substrate is shown in Fig. 5
(Ref 46). The simulations were performed with

Fig. 3 Calculated temperature isotherms during welding of low-alloy steels are shown in image and contour plots.
The plots demonstrate the change of weld pool shape with an increase in welding speed from 1 to 5 mm/s

Fig. 4 Schematic of parameters used in describing the
heat flux during welding. The reader is referred

to Eq 3 and 4 in the text

Fig. 5 Simulation of temperature transients while
building a complex shape through the laser

cladding process. (a) Thermal gradients are large at the
early stage of cladding due to three-dimensional heat-
transfer conditions. (b) With the buildup of sufficient
layers, the heat-transfer condition changes to two
dimensional. As a result, the thermal gradient is
shallower. Such changes will affect the ensuing
solidification and solid-state microstructure
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commercial finite-element analysis software
(ABAQUS) and user-defined suborutines. (Ref-
erence to any commercial software in this arti-
cle does not imply endorsement of this
software by the author or ASM International.
Readers are requested to independently evalu-
ate software for their own applications.) During
the early stages of cladding, thermal simula-
tions showed a small molten pool (Fig. 5a)
due to the three-dimensional heat conduction
mode. With the progress of the buildup, the
heat conduction mode changes to two dimen-
sional. As a result, the molten pool size
increases, and there is remelting of the previous
layers. The spatial and temporal variations of
thermal cycles also change. These simulations
demonstrated that for efficient laser cladding
of the complex shapes shown in Fig. 5, the heat
input must be changed based on local heat-
transfer conditions. By coupling these thermal
models with optimization software, it is possi-
ble to a priori design the path and heat input
during laser cladding. The reader is referred to
the article “Modeling of Laser-Additive
Manufacturing Processes” in this Volume for
more details.
Fluid Flow Modeling. As mentioned earlier,

a complex weld pool shape develops due to
heat transfer through conduction in the liquid
and solid as well as convective transfer by
way of electro-magnetic force, buoyancy
forces, and shear stresses due to the spatial var-
iation of surface tension with temperature. The
effect of fluid flow on weld pool shape was
initiated by the pioneering work of Kou (Ref
13). Zacharia (Ref 20), and DebRoy (Ref 6)
and their collaborators. The underlying method-
ology relies on solving eq-uations of energy
and momentum conservation as well as conti-
nuity conditions. The first governing equation
is the conservation of momentum:

rrðV:VÞ ¼ �rPþ mr:ðrVÞ
þ ðSV � rr:ðUsVÞÞ (Eq 6)

where r is density; V is the fluid flow velocity
vector in the x-, y-, and z-directions, which is
represented by u, v, and w; respectively; Us is
the welding velocity; P is the effective pressure
on the welding pool; and SV is the source term
that takes into account the buoyancy factor
(Sb), Marangoni shear stress (tmar), and elec-
tro-magnetic force (Ref 13).
The buoyancy term (Sb) is described by rgb

(T � Tref), in which b is the thermal expansion
coefficient at a temperature, T, with reference
to a reference temperature (Tref). The shear
stress (t) is given by f1(dg/dT) rT. In this rela-
tion, the parameter dg/dT is the variation of
surface tension with temperature. This can
take either positive or negative value and is
shown to have large influence in the weld pool
fluid flow conditions. The other parameter, f1,
takes care of the reduction in shear stress
near the mushy (mixture of liquid and solid)
regions.

The second governing equation deals with
the conservation of energy:

rrðV:hÞ ¼ r:
k

Cp
rh

� �

þ S1 þ Sh

� rr:ðUshÞ (Eq 7)

where the total enthalpy of the material, h, is
related to the sum of sensible heat and latent heat
content, which takes into account the phase
change (e.g., solid to liquid and liquid to solid);
Cp is the specific heat; k is the thermal conductiv-
ity; Sh is a source term that takes into account the
heat input from the welding source and convec-
tive and radiation heat loss; and S1 is a source
term that accounts for the latent heat of melting
and the convective transport of latent heat. This
term also takes care of the phase change during
solidification. The aforementioned governing
equations can be solved by numerical methods
to calculate the spatial variation of fluid flow
velocity (u, v, w) and temperature.
In the early 1990s, the previously mentioned

methodologies were used on simple butt welds.
In addition, the sensitivity of these calculations
to the magnitudes of thermophysical properties
was documented (Ref 47). Recently, the afore-
mentioned methodology has been extended to
fillet welds using coordinate transformation
methods (Ref 48). The methodology to trans-
form the fillet weld geometry in a real x, y,
and z Cartesian coordinate system to a compu-
tational domain is shown in Fig. 6(a). After this
coordinate transformation, the governing Eq 6
and 7 are solved in this domain. A typical result
from such calculations is shown in Fig. 6(b).
The plot shows the ability of fluid flow calcula-
tions to very effectively simulate the curvature
of the welds as well as the penetration of the
weld pool into the base materials. Comparisons
of the calculated weld pool shapes to experi-
mental weld shapes (Ref 49) are shown in Fig.
6(c). This example shows the predictive power
of computational heat- and mass-transfer mod-
els. It is important to note that the change in
weld pool shape shown in Fig. 6(c) also
changes the spatial variation of cooling rates.
As a result, the predictions of cooling rates are
expected to be more accurate with the use of
heat and fluid flow models. The fidelity of such
calculations on the sensitivity of steel weld
metal microstructure was demonstrated by
Deb-Roy and his collaborators (Ref 50, 51).

Microstructure Modeling

The goal of microstructure modeling is to
predict phase fractions as well as grain size in
the heat-affected zone (HAZ) and weld metal
region as a function of alloy composition and
thermal cycles. Because thermal cycles are pre-
dicted by the process models described earlier,
in this section, methods to predict the micro-
structures in the HAZ and weld metal are pre-
sented. The reader is also referred to a classic

textbook by Grong for in-depth treatment of
this subject (Ref 10). In this section, the pio-
neering work done to predict the HAZ and weld
metal microstructure in the early 1980s and
1990s is presented first. Later, the application
of computational thermodynamic and kinetic
models is also presented.

Prediction of HAZ Microstructure

Methods for predicting HAZ properties range
from simple equations using the base material
or weld metal chemistry to complex models that
take many factors into account, including chem-
istry, initial grain size, heat input, and cooling
rate. The overall goals and approaches are sum-
marized schematically in Fig. 7. The approaches
can be broadly classified into twomain themes. In
the first approach, the microstructure is not pre-
dicted explicitly; rather, the input parameters,
such as base metal composition, microstructure,
and welding process parameters, are related to
one or more HAZ properties. In the second
approach, the input parameters are used to calcu-
late the HAZ microstructure and then are corre-
lated with different properties. The historical
development of these approaches is briefly dis-
cussed and is adopted from Ref 52.
First-generation approaches involve simple

correlations between the steel composition and
various properties, such as hardness, tensile
strength, and cracking tendency. All of the for-
mulas have a form of carbon equivalence that
ignores the kinetics and does not consider the
microstructure evolution explicitly (Ref 53).
The second-generation methods (developed
between the 1980s and the 1990s) build on the
carbon equivalence formulas to consider the
intricacies due to the peak temperature, initial
precipitate type, cooling rates, and microstruc-
ture evolution. Yurioka et al. (Ref 54) have
developed a carbon equivalent number (CEN):

CEN ¼ Cþ AðCÞ� Si

24
þMn

6
þ Cu

15
þ Ni

20

�

þCrþMoþ Nbþ V

5
þ 5B

� (Eq 8)

where A(C) = 0.75 + 0.25 tan h {20(C� 0.12)}.
The third-generation methods (developed

between 1990 and 2000) started to focus on
evaluating the HAZ microstructure with
detailed thermodynamics and kinetics, because
thermodynamic and kinetic models are generic
and allowed for extrapolation to a wide range
of steels. However, relating the microstructure
to properties still relied on empirical correla-
tions. Ion et al. (Ref 55) used a kinetic approach
to predict the hardness and microstructure of
weld HAZs. Their approach uses a modification
of the Rosenthal equations (Ref 41) to provide
a circular disc heat source rather than a
point source. The hardness prediction is based
on estimating the volume fractions of micro-
structural constituents (martensite, bainite,
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ferrite, and pearlite) and using the rule of mix-
tures to approximate the hardness. The model
takes into account many variables, including
heat flow, austenite grain growth, precipitate
dissolution and/or coarsening, and chemistry
to predict the volume fraction of the

constituents. An example calculation is shown
in Fig. 8. Using the model developed by Ion
et al. (Ref 55), the microstructure and hardness
of the HAZ for a given cooling rate (10 Ks�1)
and austenite grain size (50 m) for two different
steels with 0.1 and 0.2 wt% C is shown. These

calculations show that a change in carbon con-
tent changes the HAZ microstructure from fer-
rite to a microstructure with predominantly
martensite. In addition, the predictions also
show an increase in hardness. Such calculations
can be used to provide guidance for weld

Fig. 6 (a) Technique to perform computational heat- and mass-transfer calculations for fillet welds using the coordinate transformation algorithm. (b) Typical result of such
simulation shows the weld pool curvature as well as transients of temperature distributions. (c) Comparisons of predicted shape and size of the weld pool and the heat-

affected zone for various welding process conditions show good agreement. Note the ability of these calculations to predict a change in curvature of the weld pool as one moves
from top cap to the root of the weld. Such curvatures cannot be predicted without considering the fluid flow effects
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cooling rate control in the HAZ. An online ver-
sion of these calculations is available (Ref 56).
Recently, prediction of HAZ microstructure

and/or properties has relied on artificial neural net-
works (Ref 57) and detailed computational ma-
terials models coupled with either thermo-
mechanical or fluid flow calculations. There has
beenmuchpublished literature that focuses on cal-
culating the nucleation and growth of ferrite from
austenite as a function of composition and cooling
rate. These are essentially based on the calculation
of time-temperature transformation diagrams and
converting them to continuous cooling transfor-
mation diagrams (Ref 58). Advanced models that
consider simultaneous formation of grain-bound-
ary ferrite, WidmanstŠtten ferrite, pearlite, and
bainite are also available (Ref 59). Some of these
models are currently available in the form of pub-
lic domain software (Ref 60). The models to pre-
dict microstructure evolution in the HAZ and
weld metal region of age-hardening aluminum
alloys can be found in the classic work of Myhr
and Grong (Ref 61, 62). In this work, the dissolu-
tion of age-hardening precipitates and subsequent
precipitation was described by isokinetic equa-
tions and assumed the additivity law.
In the previous treatments of microstructure

evolution, in addition to phase transformation,
an estimation of grain growth is important.
For example, the steel microstructure predic-
tions by equations given by Ion et al. (Ref 55)
are sensitive to the prior austenite grain size.
The austenite grain growth can be described
by the following classic relationship:

dD

dt
¼ nK

1

D
� 1

Dlim

� �ð1=n�1Þ
(Eq 9)

where D is the grain size (in micrometers); Dlim

is the limiting grain size (in micrometers),
which is determined by the stability of the pre-
cipitates; and K and n are the rate constant and
time exponent of grain growth, which depend
on the materials and temperature, respectively.
Therefore, if the composition and thermal cycle
can be acquired from the steels and the welding
parameters, the only thing needed for grain
growth is the limiting grain size. In this article,
the limiting grain size is determined by the pin-
ning effect of precipitates (Ref 63):

Dlim ¼ k
r

f
(Eq 10)

where Dlim is the limiting grain size; k is the
Zener coefficient, which was first derived by
Zener to be 0.75; r is the average radius of pre-
cipitates, with the unit of micrometers; and f is
the volume fraction of precipitates. The limiting
grain size is then related to stability (growth,
coarsening, and dissolution) of grain-boundary
pinning precipitates. Although, the aforemen-
tioned methodology has been extensively used,
it does not provide morphological changes in
grain shape and size. In this regard, pioneering
work was done by Radhakrishnan et al. (Ref
64, 65) using Monte Carlo simulations. Using
this methodology, thermal pinning of grain
growth was also successfully simulated. This
work has been pursued by other researchers to
describe the HAZ grain growth in other alloy
systems (Ref 66).

Prediction of Weld Metal
Microstructure

The earliest models to calculate weld metal
microstructure can be tracked to a classic paper

by Bhadeshia et al. (Ref 3) for steel welds. In
this model, the sequential decomposition of
the austenite phase into allotriomorphic ferrite
(also known as grain-boundary ferrite). Wid-
manstätten ferrite, acicular ferrite, and martens-
ite-austenite constituents is calculated. The
basis of this model emanates from an ability
to calculate the time-temperature transforma-
tion (TTT) diagram as a function of steel com-
position. The TTT diagrams are then converted
into continuous cooling transformation (CCT)
diagrams. Given an expression for the weld
cooling curve and austenite grain size, the weld
metal microstructure can be calculated using
the flow chart shown in Fig. 9(a). Comparison
of predicted microstructure and measured
microstructure is shown in Fig. 9(b). The afore-
mentioned model has been coupled with
detailed heat- and mass-transfer models by
DebRoy and his collaborators (Ref 50, 51).
Microstructure development in the weld metal
region of aluminum alloys (Ref 67) and nickel
alloys (Ref 68) has been addressed through
computational thermodynamics and kinetics,
which are introduced in the next section
(Ref 40).

Application of Computational
Thermodynamics and Kinetics Tools

There are standard mathematical models to
calculate multicomponent thermodynamics
and diffusion-controlled growth of the product
phase into a parent phase (Ref 69). A
typical calculation of multicomponent equilib-
rium is demonstrated with the Fe-Cr-Ni
system with liquid, d-ferrite (body-centered
cubic), and g-austenite (face-centered cubic)
phases at 1700 K (Fig. 10). Thin lines that
go across the phase boundaries in this diagram
correspond to tie lines. For further details
on this subject, the readers are referred to
other sections in this Handbook. In this
section, application of these tools to weld metal
microstructure prediction is described (Ref 40)
for various reactions that happen as a function
of high-to-low temperature during fusion
welding.
Liquid-Gas Reactions. The prediction of

weld metal composition in gas-shielded pro-
cesses, including gas metal arc welding
(GMAW) (Ref 70), gas tungsten arc welding
(GTAW), laser beam welding, and low-pressure
electron beam welding, has always remained a
challenge due to competing phenomena with
the arc, plasma, shielding gas, atmosphere,
and consumables. For example, stainless steels
with high nitrogen levels (Ref 71, 72) have
been developed to reduce nickel concentration
but still maintain an austenitic microstructure.
However, predicting the amount of nitrogen
that remains after GMAW or GTAW in these
stainless steels as a function of welding para-
meters is indeed a challenge. Hertzman et al.
(Ref 73, 74) concluded that the final nitrogen
concentration is decided by the equilibrium

Fig. 7 Schematic illustration of various modeling methodologies to describe the heat-affected zone (HAZ) of steel
welds
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between nitrogen activity and composition of
the liquid metal after a critical time.
It is important to consider the effect of

plasma environment, which may lead to
enhanced nitrogen dissolution in steel welds.
This phenomenon may play an important role
at the early stages of nitrogen balance, as dis-
cussed by Hertzman et al. (Ref 73). Mundra
and DebRoy (Ref 75), followed by Palmer and
DebRoy (Ref 76), have developed models to

describe nitrogen dissolution (mono- and
diatomic fashion) into liquid metal from the
plasma environment. Enhanced nitrogen disso-
lution from laser plasma was leveraged by
Babu et al. (Ref 77) to induce fine-scale carbo-
nitrides during surface alloying of iron alloys.
Similar to the kinetics of nitrogen dissolution
(Ref 78–80), it is possible to describe the disso-
lution of oxygen (Ref 81) and hydrogen (Ref
82–84). Dissolved oxygen and sulfur (Ref 85)

have a major influence on the surface tension
of liquid (gsurface) and its variation with temper-
ature (dgsurface/dT). The sign and magnitude
(dgsurface/dT) has a large influence on the fluid
flow characteristics in the weld pool (Ref 86,
87). In addition, evaporation from the weld
pool has also been addressed by various
researchers using thermodynamic and kinetic
descriptions (Ref 88–90) and comprehensive
heat- and mass-transfer models. Some prelimi-
nary efforts are also being made to predict the
composition of the fume particles using the liq-
uid-gas equilibrium (Ref 91).
Liquid-Slag Reactions. Most fusion welding

processes encounter liquid and slag equilib-
rium, for example, shielded metal arc welding,
submerged arc welding (SAW), and flux cored
arc welding. There is a close similarity between
these processes and steelmaking. As a result,
ladle thermodynamics have been leveraged to
describe liquid-slag equilibrium in welds. In
the classic works of Mitra and Eager (Ref 92–
94), thermodynamic theories were used to pre-
dict the final weld metal composition of SAW
welds as a function of process, flux, and con-
sumable characteristics. Many researchers con-
sidered interactions between flux/slag
chemistry and consumables to evaluate final
weld metal compositions (Ref 95–98) as well
as the inclusion formation. As expected, these
phenomenological theories were based on ladle
thermodynamics (Ref 99).
Inclusion Formation. Inclusions that form

in welds are either oxides, nitrides, carbides,
sulfides, or a combination thereof. Certain
oxide inclusions, with special characteristics,
promote the formation of acicular ferrite (Ref
100, 101) during solid-state decomposition of
austenite. Acicular ferrite is known to promote
the toughness of welds. This beneficial effect
of inclusion outweighs the deleterious effects
on fracture initiation. Early work on predicting
inclusion formation using ladle thermodynam-
ics originated from many researchers, notably
Olson, Liu, and Edwards (Ref 102), Thewlis
(Ref 103), as well as Kluken and Grong (Ref
99). These researchers predicted that complex
inclusions form due to sequential formation of
oxides, including Al2O3, SiO2, TixOy, MnO,
and complex spinels. Even with the aforemen-
tioned classic work, the prediction of inclusion
composition, size, number density, and type of
surface oxide remained a challenge for some
time. By coupling ladle thermodynamic theory,
computational thermodynamics (Ref 104–106),
and overall transformation kinetic theories
(Ref 107–110), it is now possible to compre-
hensively predict inclusion characteristics.
These models have also been extended to
laser-surface alloying to predict dissolution of
hard particles (Ref 111). These models have
also been integrated with computational heat-
and mass-transfer models (Ref 112–114). For
example, Hong et al. evaluated the cyclic
growth and dissolution of inclusions in a weld
pool. The trajectory of the inclusion within a
weld pool is shown in Fig. 11(a). This

Fig. 8 Typical calculations of heat-affected zone microstructural constituent and hardness as a function of cooling
rate. For a given low-carbon steel composition, (a) a slow cooling rate of 10 �C/s leads to a soft

microstructure and (b) a faster cooling rate leads to a hard martensitic microstructure
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movement was calculated by using the fluid
flow velocities (u, v, and w) calculated in x-,
y-, and z-coordinates and by assuming no slip
between the inclusion surface and liquid steel
flow. The corresponding variation of tempera-
ture and the associated change in radius of the
inclusion is shown in Fig. 11(b). Using such
calculations and microstructure observations,
the rapid rate of inclusion growth was rationa-
lized based on a collision and coalescence
mechanism (Ref 115).

Solidification. To comprehensively under-
stand the weld metal microstructure, the follow-
ing must be predicted:

� First phase to form from the liquid
� Solidification temperature range (DTequilibrium

= TL � Ts)
� Extent of alloying element segregation
� Morphology of the solidification grains
� Cracking tendency
� Nonequilibrium solidification as a function

of composition and cooling rates

A multicomponent thermodynamic phase dia-
gram can be calculated using computational ther-
modynamics tools, and this information can be
used to predict the first phase to form from liquid
during welding (Ref 116–118). Using Scheil-
Gulliver calculations, the non-equilibrium solid-
ification range as well as the maximum extent of
segregation can be predicted (Ref 119). It is
important to note that equilibrium and Scheil-
Gulliver calculations provide two extreme condi-
tions of weld solidification. In nominal weld
cooling rates, some extent of diffusion is
expected in the solid phase. This must be consid-
ered in the Scheil-Gulliver calculations. Classic
papers fromDupont’s group (Ref 120–122) focus
on using a modified form of the computational
thermodynamics tools to evaluate the solidifica-
tion path and also the microsegregation effect in
similar and dissimilar metal welding conditions
for a wide range of nickel-base and stainless steel
alloys.

To track the solid-liquid interface, diffusion
in both liquid and solid phases as a function
of cooling rate must be considered. Early work
on modeling the weld solidification rate was
done by Koseki et al. (Ref 123, 124). With the
introduction of sidewise dendrite growth mod-
els in DictTra software (Ref 69), weld solidifi-
cation for a wide range of alloy systems and
cooling rates can be done easily. With an
increase in cooling rate, an increase in the liq-
uid-solid interface velocity is expected. This
may affect solute partitioning between the liq-
uid and solid and induce morphological
changes in the solidification microstructure.
Often, this increase in the liquid-solid interface
may also trigger a nonequilibrium phase selec-
tion during solidification. For example, in
steels, a transition from ferrite (body-centered
cubic) solidification and austenite (face-cen-
tered cubic) solidification may occur (Ref 125,
126) with an increase in the liquid-solid inter-
face velocity. Using levitation melting methods,
Koseki and Flemings (Ref 127) developed
phase stability and growth velocity criteria to
describe these transformations. Fukumoto and
Kurz (Ref 128) used growth velocity considera-
tions for the phase selection of austenite instead
of ferrite during rapid cooling conditions, using
interface-response function models. This is illu-
strated in Fig. 12. The selection of the ferrite or
austenite phase is governed by its dendrite tip
temperature. This temperature can be calculated
using the interface-response function theories.
The calculations show that for slow interface

Fig. 9 (a) Overview of methodology developed by Bhadeshia et al. (Ref 3) to predict the microstructure constituent in the as-welded region of low-alloy steels. In contrast to the
carbon equivalence formula, this model is based on quasi-chemical thermodynamics and kinetic equations. TTT, time-temperature transformation; CCT, continuous cooling

transformation. (b) Comparison of predicted and measured microstructure in the as-welded region shows good agreement

Fig. 10 Example of a calculated ternary phase
diagram with tie lines and invariant

triangles (three-phase equilibrium) in an Fe-Cr-Ni system
at 1700 K. fcc, face-centered cubic; bcc, body-centered
cubic
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velocities, the dendrite tip temperature of ferrite
is always higher than that of austenite. Under
this condition, only ferrite solidification is
expected. However, above a critical velocity,
the dendrite tip temperature of austenite is
higher than ferrite. This condition will lead to
the austenite mode of solidification. Using these

theories, the transition from ferrite to austenite
solidification modes during laser welding was
rationalized.
Solid-State Transformation. The role of

various microalloying elements (Ref 129) on
the HAZ microstructure in thermomechanical-
controlled processing in low-alloy steels has

been evaluated with computational thermody-
namics (CT) and computational kinetics (CK)
tools. The ferrite-to-austenite transformation in
stainless steel welds (Ref 130) was simulated
for a condition that is close to limited partition-
ing of the substitutional condition, which is in
between the paraequilibrium and local equilib-
rium conditions. The effect of retained austenite
in the steel microstructure on the reaustenitiza-
tion kinetics during heating was rationalized
using a thermodynamic criterion (Ref 131). To
design new steels with improved properties
and weldability, CT and CK tools are very
effective. For example, a transformation-
induced plasticity (TRIP) steel with good weld-
ing and galvanizing performance was designed
with CT and CK tools. In this work, carbon, sil-
icon, and phosphorous concentrations were
optimized, and the microstructure evolution
during steel processing was modified (Ref
132, 133). Kaputska et al. used CT tools to
describe the stabilization of d-ferrite in the
HAZ of aluminum-base TRIP steels (Ref 134).
Using CT tools, blast-resistant steels with good
weldability (Ref 135) have been developed.
The HAZ microstructure evolution in duplex
stainless steel weld metal was modeled using
overall transformation kinetic models based on
CT tools. This work stressed the importance
of nitrogen concentration on the stabilization
of austenite (Ref 136). Similar work on duplex
steels has been performed by other researchers
(Ref 137). In addition, the effect of minor varia-
tions in boron was rationalized based on the
CCT diagrams predicted by CT and CK tools
(Ref 138). Barabash et al. (Ref 139) showed
the dissolution of gamma-prime precipitate
and its effect on dislocation activity in HAZ
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Fig. 11 Prediction of inclusion size distribution in low-alloy steel welds by tracking the growth and dissolution of thousands of inclusions as they gyrate through the weld pool.
(a) Trace of an inclusion as it traverses through the weld pool with different temperature regions, before being trapped by the advancing liquid-solid boundary.

(b) Corresponding variation of temperature and the associated growth and dissolution of an inclusion. The calculations show that the observed inclusion diameters could be
interpreted without invoking Ostwald ripening, which is typical of a stagnant molten pool

Fig. 12 Transition from body-centered cubic (bcc) to face-centered cubic (fcc) mode of solidification with an
increase in the liquid-solid interface velocity. The calculations show that in an Fe-Cr-Ni weld, the bcc

mode of solidification is preferred below 2 � 10�3 m/s, and the fcc mode of solidification is preferred at higher
velocities. These plots are used to rationalize the transition from d-ferrite to the austenite mode of solidification in
laser welds. Source: Ref 127
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regions. These interactions were rationalized
based on transmission electron microscopy,
synchrotron radiation, and computational ther-
modynamic calculations.
Kelly (Ref 45) used CT and CK tools to

obtain the parameters for the Johnson-Mehl-
Avrami-Kologoromov model, which is then
coupled with a thermal model for laser near-
net shaping of Ti-6Al-4V alloys. Using this
thermal-microstructure model, Kelly described
the microstructure evolution as a function of
the heating and cooling cycle. This model was
used to describe the formation of various
morphologies of a+b, including the grain-
boundary, colony, basketweave, massive, and
martensitic microstructures. Similar approaches
to describe microstructure gradients in multi-
pass welds in steels were performed by Reed
and Bhadeshia (Ref 140). In these analyses,
the austenite formation and its effect on
increasing the fraction of the reheated region
was described by coupling heat-transfer models
with thermodynamic and kinetic calculations
(Ref 141). Extensive work has been done by
Keehan et al. (Ref 142–146) to develop high-
strength and high-toughness weld metal compo-
sitions that are based on bainite microstructure.
These developments relied on CT and CK tools
(Ref 147). The reliability of weld microstruc-
ture models and their relation to properties have
been reviewed by Bhadeshia (Ref 148).
To address the stability of weldment struc-

tures during postweld heat treatment and ser-
vice, CT and CK tools have been used. In
certain 9Cr steels, the addition of boron leads
to a fine distribution of M23C6 and an increase
in creep resistance. Thermodynamic calcula-
tions showed that boron will segregate to mar-
tensite lath boundaries and increase the
driving force of boride precipitation. These pre-
cursor phases will act as heterogeneous nucle-
ation sites for boron containing M23C6 (Ref
149). Simultaneous transformation kinetic the-
ories of carbide precipitation (Ref 150) and
neural network models (Ref 151) have been
used to develop creep-resistant weld metals.
The nucleation and kinetics of chi, sigma, and
secondary gamma (face-centered cubic) phases
during aging of a super duplex stainless steel
weld metal were investigated with experimental
characterization and thermodynamic driving
force calculations (Ref 152). Similar work has
been performed by Sieurin et al. (Ref 153,
154) to describe the sigma-phase precipitation
and reforming of austenite during isothermal
and continuous cooling. Ramirez et al. (Ref
155) used analytical electron microscopy and
thermodynamic modeling to evaluate secondary
austenite formation and its interaction with
Cr2N precipitation. Another form of degrada-
tion in high-chromium stainless steel welds is
the tendency for low-temperature embrittle-
ment. This occurs due to the phase separation
of chromium-rich and chromium-lean regions
through a spinodal decomposition (Ref 156)
and the subsequent precipitation of gamma
phase. Many researchers have characterized this

decomposition using the atom probe technique
and compared it with CT and CK tools (Ref
157). The CT and CK models also have been
used for evaluating the stability of dissimilar
material welds. One successful example is the
prediction of carbon migration in dissimilar
material welds (Ref 158, 159).

Performance Modeling

The goal of performance modeling relates to
the prediction of weldability, geometrical dis-
tortion, and/or locked-in residual stresses as a
function of material, restraint, process, and pro-
cess parameters as well as service temperature.

Weldability Prediction

One of the main uses of numerical modeling
is to predict the cracking tendency in welds.
Weld solidification cracking is governed by
severe restraints (stress/strain state) and the
composition of the base metal (affects epitaxial
growth) and the filler metal (affects the solidifi-
cation range). To predict the solidification-
cracking tendency in welds, there is a need to
couple the CT and CK calculations with finite-
element analysis that predicts the spatial varia-
tion of stress, strain, and temperature (Ref
160–164). This is explained with an example
from the published literature.
There is a growing need to develop joining

processes and process parameters for single-
crystal nickel-base superalloys (Ref 165). Dur-
ing such a development cycle, autogenous
welding experiments showed cracking (Fig.
13a) on only one side of the weld. Orientation
imaging microscopy showed that the cracking
was associated with the formation of stray
grains on only one side of the weld (Fig. 13b).
The reason for such asymmetrical cracking
and grain structure evolution was rationalized
with integrated process-microstructure models.
The first step was to rationalize the dendrite
growth velocities on the left and right side of
the weld. The weld pool shape was modeled
with a simple analytical heat-transfer equation
(Ref 166). Using a geometric model (Fig. 13c)
developed by Rappaz et al. (Ref 16), the spatial
variation of the temperature gradient and den-
drite growth velocity was calculated as a func-
tion of weld pool shape and crystallographic
orientation of the single crystal. Next, these
spatial variations of gradients and velocities
were plotted (shown as triangular markers) on
a processing map (Fig. 13d) that predicts the
probability of stray grain formation. This map
is developed using the constitutional supercool-
ing theory for nucleation of new grains ahead of
the growing liquid-solid interface. The compar-
ison of these values showed that the tendency
for the formation of stray grains is more on
the right side of the weld. The formation of
high-angle grain boundaries has been attributed
as the cause for weld metal cracking (Ref 167).

Solidification cracking also requires mechanical
driving force. Park et al. (Ref 162) integrated
these material models with thermomechanical
models to develop processing maps for crack-
ing tendency due to stray grain formation. The
processing map developed by Park et al.
focused only on weld cracking for single crys-
tals; however, in other polycrystalline alloys,
the weldability evaluations must consider weld
penetration, porosity formation, HAZ liquation,
centerline grain formation, and solidification
cracking.
Dye et al. (Ref 163) developed such weld-

ability maps (Fig. 14) for nickel alloys using a
different functional relationship between power
and velocity. This map shows microstructural
evolutions that impact weld penetration, ten-
dency for porosity formation, HAZ liquation,
solidification cracking, and center grain forma-
tion as a function of welding power and weld-
ing speed. For a given welding power, an
increase in welding speed will lead to a reduc-
tion in weld penetration. An increase in welding
power, more than needed for weld penetration,
will lead to the formation of porosity. Similarly,
with a large increase in power at the same
velocity, the thermal gradient in the middle of
the weld will be reduced. Under these condi-
tions, the formation of centerline grains will
be promoted. The overlaying of all these vul-
nerabilities leads to a small processing window
where the welds can be made without undersir-
able defects. It is important to note that this
optimum process parameter region will shift
depending on the materials and thermomecha-
nical conditions.

Residual Stress and Distortion Modeling

The reader is referred to Ref 168 for a com-
prehensive review of various methodologies
and applications for processes and mechanisms
of welding residual stress and distortion. In this
section, some examples are presented to show
the capability of numerical models to predict
residual stress and distortion during welding.
Residual-Stress Prediction. The origin of

residual stresses during materials processing is
discussed in depth in a review by Withers
(Ref 169). For in-depth understanding of the
mechanics, the reader is also referred to a clas-
sic textbook by Masubuchi (Ref 170). Macro-
scopic residual stresses develop in welding
due to localized plastic strain induced by a
severe temperature gradient brought about by
localized heat sources. The predictions of resid-
ual stresses are usually done by finite-element
analyses in either two- or three-dimensional
conditions. Most of these computational simu-
lations are also performed in a sequential fash-
ion, as explained subsequently. First, for a
given set of geometry and welding process
parameters, the thermal distribution is pre-
dicted. In the next step, using thermal distribu-
tion and the associated variation of mechanical
properties, the localized plastic strain
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distribution is predicted. Due to the mechanical
equilibrium constraint, this localized plastic
strain accumulation at high temperature leads
to a distribution of locked-in elastic residual
stresses. It is important to note that these pre-
dictions are sensitive to the boundary condi-
tions used in the mechanical equilibrium
calculations. For example, local constraints
(clamps and fixtures) may affect the evolution
of residual stress as well as postweld heat treat-
ments such as temper-bead techniques (Ref
171, 172) and surface peening (Ref 173, 174).
It has been demonstrated that the initial distri-
bution of residual stress before the welding
operation is important in the estimation of
residual stress due to welding. For example, in
automotive industries, the sheet metal forming
process may induce a pattern of residual-stress
distribution due to its inhomogeneous distribu-
tion of plastic strain (Ref 175). In addition,
the postweld heat treatment affects the distribu-
tion of residual stress due to relaxation.

Residual stresses in welds can be measured by
hole-drilling, x-ray diffraction, and neutron dif-
fraction methods (Ref 169). The presence of
residual stress has a large effect on fatigue life
and stress-corrosion cracking.An example calcu-
lation of residual-stress prediction and experi-
mental measurements using x-ray diffraction is
shown in a steel weld (Fig. 15). The results (Ref
49) show that it is indeed possible to predict the
distribution of residual stresses in welds with
good accuracy. There has been a growing impe-
tus to predict the effect of phase transformation
on the magnitude of residual stresses in welds
(Ref 176). This is partly driven by the need for
the use of low-temperature-transformation wires
to induce compressive residual stress near the toe
of fillet welds to improve the fatigue life of
welded components (Ref 49, 177).
Distortion Prediction. The distortion of the

welded structure is essentially due to dimen-
sional changes that occur during or after weld-
ing due to the imbalance of locked-in stresses.

The distortion simulation can be performed by
finite-element analysis in three dimensions
(Ref 23, 168, 178), with consideration of elastic
and plastic strain accumulation during welding.
However, the application of finite-element sim-
ulation to large-scale structures (e.g., ship
superstructure) with consideration of detailed
local welding process effects and constraints
may become computationally expensive and
time-consuming. In this regard, a simplified
procedure that is based on applied plastic strain
has been developed (Ref 179 to 181). A com-
parison of three-dimensional elastic-plastic
analysis and the simplified plasticity strain
method is shown in Fig. 16. The predicted dis-
tortions are comparable and prove the applica-
bility of this technique to large-scale
structures. This technique is very useful for
consideration of buckling distortion in long
welds on thin sheet structures. The technique
was used to derive the process parameters for
the transient thermal tensioning technique to
minimize buckling distortion in ship panel
structures (Ref 182).

Property Predictions

After the microstructural gradients, residual
stress, anddistortion conditions in aweld have been
described, the next step is to predict the low- and
high-temperature properties of the weld. Some of
the methodologies are presented as follows.
Low-Temperature Properties. Relevant

low-temperature properties for welds are hard-
ness distributions, tensile properties, toughness,
and fatigue properties. Hardness distributions in
welds are often predicted using empirical equa-
tions, which relate the composition of the alloys
and the microstructure. For steel welds, this is
discussed in detail by Ion et al. (Ref 8) and
Bhadeshia (Ref 148). Using these hardness
models. Santella et al. (Ref 183) and Yuping
et al. (Ref 184) predicted the performance of

Fig. 13 (a) Optical micrograph of an autogenous gas tungsten arc weld made on a single-crystal nickel-base
superalloy shows the transverse crack on only one side of the weld. (b) Orientation imaging microscopy

showing the close correlation between the crack and the presence of high-angle stray grain boundaries. (c) Schematic
illustration of a geometric model of the weld pool used for estimating the dendrite growth velocity as a function of
welding speed. (d) Predicted tendency to form stray grains as a function of dendrite growth velocity and temperature
gradients
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steel spot welds. Similarly, the tensile proper-
ties of the welds are often predicted using addi-
tive law (Ref 185) and neural networks (Ref
151). An example of toughness prediction in
steel weld metals, using artificial neural net-
works, is shown in Fig. 17. Using such maps,
new filler metal compositions have been
derived for low-temperature service (Ref 146).
In welds, fatigue properties are often controlled
by the crack propagation conditions. This is

partly because most of the welds often have
submicroscopic features that provide an easy
site for fatigue crack initiation. As a result,
most of the research on prediction of fatigue-
life estimation has relied on crack propagation
conditions. Crack propagation is strongly
affected by geometry (Ref 186) and the pres-
ence of compressive residual stresses (Ref 49,
171, 174, 175). An example calculation on the
effect of tensile and residual stress is shown in

Fig. 18. The calculations indeed show an
improvement of fatigue life near the toe of a fil-
let weld due to the presence of compressive
residual stress. This has been experimentally
evaluated by measurements (Ref 49).
High-Temperature Properties. The inher-

ent creep properties of weld regions without
the consideration of geometry can be predicted
by using neural network models (Ref 148,
151, 187) or with hybrid models that consider
the phase stability (Ref 188 to 190). It is also
possible to develop detailed creep property cal-
culations using detailed computational models,
as described by To et al. (Ref 191). When the
inherent properties are known, there is a need
to map them to predict the creep life of struc-
tural components (Ref 192). Such calculations
have become critical to evaluate the perfor-
mance of welds made on new-generation high-
chromium (P91) steels. These welds often show
a soft zone in the HAZ. These regions will lead
to localized reduction in creep strength. An
example calculation of creep failure in the
HAZ of a girth-welded pipe is shown in Fig.
19. In this model, different creep models (con-
stitutive relations) were applied to the base
metal and HAZ regions. In the next step, the
damage accumulation in these regions was pre-
dicted for a given operating condition. These
calculations have also been validated with
experimental measurements.

Access and Delivery of Integrated
Weld Process Models

The aforementioned examples clearly show
thatwith an integratedweld-modeling framework,

Fig. 15 Simulated residual stress in a butt weld in two directions: (a) perpendicular and (b) parallel to the welding direction. (c) The calculations are compared with the
measurements by x-ray diffraction and show good agreement. Source: Ref 49

Fig. 16 Results from distortion modeling based on plasticity strain (Q-Weld) compared with fully three-dimensional
coupled thermal elastic-plastic analysis (3D-EPA) model. The overall shape distortion (exaggerated) is

comparable. In addition, the predicted displacement of the edges from the bottom plane is compared for both
methods, demonstrating the applicability of the strain-based method for predicting the distortion of large-scale structures
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it is possible to evaluate the welded structure, as
envisioned by Kirkaldy (Ref 11). Some of the
commercially available integratedweld-modeling
software providers are listed in Table 1.
In addition, there are public domain software

tools (Ref 193) that can be used for integrated
modeling of welds. The listing of these
resources is not an endorsement of the products,
and readers are requested to make independent
testing and evaluation for their own applica-
tions. It is important to note that this article
did not include any reference to other forms
of fusion welding (resistance, laser and electron
beam) solid-state modeling techniques. There
has been extensive work in this area, which is
covered in other resources.
The discussions and references demonstrate

that it is indeed possible to describe the weld
properties in a wide range of alloy systems as
a function of alloy composition and welding
process parameters using integrated models.
However, these models should be able to con-
sider different processes (submerged, gas metal,
gas tungsten, laser, etc.), process parameters,
geometrical conditions (restraints, distortion),
and mechanical integrity (residual stress, low-
and high-temperature properties) in a simpler
methodology. In addition, these integrated
models should be seamlessly accessible to aca-
demic and industrial users. Although commer-
cially available weld-modeling software exists
(Table 1), it requires expertise in finite-element
analysis as well as a computational and welding
background. However, the presence of such
expertise is often limited in small- and
medium-scale industries. As a result, the use
of computational weld mechanics has been
widespread only in large-scale industries. To
provide access to these models for small- and
medium-scale industries, there is a need to
develop methodologies for rapid deployment
and easy-to-use applications.
To meet this crucial need, the E-WeldPredic-

tor approach has been developed by researchers
from the Edison Welding Institute (Ref 194).
In this methodology, all of the expertise for
developing and running a finite-element

analysis to calculate thermomechanical-metal-
lurgical responses was ported into a supercom-
puting architecture. Simple, accessible,
internet-based applications have been devel-
oped in collaboration with supercomputing
expertise and have been deployed through a cli-
ent-server computational architecture (Fig. 20).
The steps are explained as follows.
First, the user provides the information for the

welding processes. This allows the model to set
the effective heat-transfer efficiency. In the next
step, the user provides the overall geometry of
the welding (pipe or plate) and the boundary con-
ditions (thickness, diameter, and length). This
information is used to set the overall simulation
geometry within the finite-element software. In
the next step, the user provides the detailed joint
geometry (e.g., V- or J-groove). This information
is used to calculate the extent of weld metal vol-
ume to be used for filling the void within the cal-
culation framework. In the next step, the user
provides the materials used for the base and filler
metals. This information is used to calculate the
microstructure and hardness. Currently, these
material models do not consider the initial micro-
structure of the base metal, and a ferrite micro-
structure is assumed. In the next step, the user
provides the information for heat input and
geometry of the individual weld bead that will
be used for filling up the joint. These parameters
are then used to set the heat-flux conditions for
simulating the weld pool (Ref 42). Finally, the
model allows the user to check whether the
intendedweld geometry is indeed the one the user
would like to consider. As soon as the user
accepts and presses the submit button, the overall
thermal-microstructure-mechanical model is
evaluated in a sequential manner within a super-
computer architecture at the Ohio Supercomput-
ing Center. The results of the calculations are
formatted into a PDF and delivered to the user
in an average time frame of 15 min. The

calculation time does increase with the number
of beads. Currently, the E-WeldPredictor
approach has been deployed for predicting
microstructure, distortion, and residual stresses
in pipe and plate welds for a wide range
of steels. The reader is referred to the internet site
listed in Ref 195 for more details and usage sce-
narios. In this section, a typical application of
the tool for a case study to evaluate the use of
X-65 steels instead of 2.25Cr-1Mo steels for a
welded pipeline construction with the same filler
and process parameters is discussed.

Case Study Evaluating Use of X-65
Steels

Case Study Involving Typical Use of the E-
WeldPredictor Tool. While welding a
2.25Cr1Mo steel pipeline, a hard zone was
observed in the HAZ. An ER70S6 filler wire
was used in this situation. The focus of the case
studywas to substitute the 2.25Cr1Mo steelswith
traditional X-65 steels for the same process
and filler wire conditions, without adverse
effect in residual stress and distortion. The indi-
vidual steps in running the simulations and input
parameters are shown in Fig. 21. The results
obtained based on these inputs are summarized
in Fig. 22. The calculations indicated that
there are no significant differences in the HAZ
width, residual stress, or distortions by substitu-
tion of the 2.25Cr1Mo with the X-65 steel
(Fig. 22). The most important difference was
the formation of martensite in the HAZ of
the 2.25Cr1Mo steels compared to a bainitic
microstructure in the X-65 steels. This micro-
structural distribution is also reflected in the
reduction of peak hardness in the HAZs of
the X-65 steels. With this tool, the range of other
process parameter and material combinations
was evaluated, and some key conditions are

Fig. 17 Contour plot of Charpy toughness values, at a
given temperature, as a function of

manganese and nickel concentration constructed using
an artificial neural network model. Such plots can be
used to design welding consumables

Fig. 18 Calculated increase in fatigue life predicted by the modification of residual stresses (RS) in the weld. Note
that an order of magnitude or more increase in fatigue life is predicted due to the presence of

compressive stress near the root of the weld. Source: Ref 49
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being considered for detailed experimental eva-
luations. It is important to note that this tool
now can be used for seamlessly evaluating the
process-material effects and satisfies the need
identified earlier.
Currently, this tool is not comprehensive for a

wide range of geometries (fillet welds), boundary

conditions (restraints), processes (resistance,
laser, friction stir welding, etc.), alloy systems
(aluminum, titanium, etc.), and performances
(toughness, creep, fatigue, etc.). However, the
framework can be modified for these needs with
the development of submodels for these pro-
cesses, materials, and performances (Fig. 21).

Use of Optimization Methodologies

With the development of these integrated
models, it is now possible to use the models
as a virtual process design tool. Similar to
experimental trial-and-error optimization, these
models can be run over a wide range of process
and material parameters. However, there are
two challenges in the implementation of this.
These are the inability of the models to do
an exhaustive search and the lack of robust
material parameters that describe the physical
processes. In this regard, optimization meth-
odologies have proved to be useful. Muruga-
nanth et al. (Ref 196) have used commercial
optimization software so that optimum weld
metal composition can be designed for maxi-
mizing the weld metal toughness. In this work,
the exhaustive search of an artificial neural net-
work model for weld metal toughness was
avoided by using generic and stochastic optimi-
zation algorithms. The optimization exercise
led to a weld metal composition that was in
agreement with experimental measurements
(Fig. 23). Although, in this exercise, the time
for one set of calculations is not more than 10
s, the previously mentioned methodology
proved the utility of the optimization tools.
Recently, the aforementioned methodology
was used to arrive at weld metal compositions
that will maximize acicular ferrite in pipeline
steel welds (Ref 197).
The previous example is based on a

condition that a model for Charpy toughness
is verified and validated. However, in certain
conditions, the uncertainties of the modeling
results are related to the parameters and con-
stants used in the models. For example, in fluid
flow simulation of arc welding, there arc uncer-
tainties in the arc efficiency (Z), arc radius (r*),
arc energy distribution parameter (d), effective
thermal conductivity (k*), and effective viscos-
ity (m) of the liquid metal. To predict the weld
pool shape with greater accuracy, it is necessary
to obtain these parameters by calibration
with a limited number of experimental data.
Similar to the earlier example, an exhaustive
search of parameter space for these variables
(Z, r*, d, k*, and m) is computationally im-
practical. To address this challenge, De and
DebRoy (Ref 198) developed an elegant
optimization methodology to derive these
parameters using optimization algorithms.
The algorithm evaluates various combinations
of parameter space and tries to minimize an
objective function that is a function of differ-
ence between the experimentally observed weld
pool size and the predicted weld pool size.
The progress of the optimization is shown in
Fig. 24. As soon as, Z, r*, d, k*, and m are cali-
brated using the aforementioned method, the
heat-transfer and fluid flow model can be used
for a wide range of process parameters. The
previously mentioned methodology has become
a standard technique among weld-modeling
researchers.

Fig. 19 Predicted accumulation of creep damage in the heat-affected zone of a chromium-molybdenum steel using
constitutive equations as a function of service lifetime. Source: Ref 192

Table 1 Software tools for integrated weld modeling

Software Internet link Platform

SYSWELD http://www.esi-group.com/products/welding Desktop
VrWeld http://goldaktec.com/vrweld.html Desktop
VFT http://www.battelle.org/ Desktop
WELDSIM http://www.aws.org/wj/2008/05/wj200805/wj0508-36.pdf Desktop
SORPAS http://www.swantec.com/sorpas.htm Desktop
E-WeldPredictor http://calculations.ewi.org/VJP/ Internet
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Concluding Remarks

The integrated weld process modeling meth-
odology presented in this article is in alignment
with the needs identified by the National Mate-
rials Advisory Board. In a report, integrated
computational materials engineering is consid-
ered as a transformational discipline for
improved competitiveness and national security
(Ref 199). The integrated weld-modeling activ-
ity will be crucial for developing and deploying
advanced materials in practical applications.
Moreover, these tools will also accelerate the
critical development and deployment of hybrid
materials (Ref 200), which rely on a wide range
of materials joined in a specific geometric
shape and are expected to fill the holes in the
material property space (Ref 201).
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IN FUSION WELDING, parts are joined
together by melting and subsequent solidifica-
tion. Although this principle is simple, complex
transport phenomena take place during fusion
welding, and they determine the final weld
quality and performance (Ref 1–3). The heat
and mass transfer in the weld pool directly
affect the size and shape of the pool, the solidi-
fication microstructure, the formation of weld
defects such as porosity and humping, and the
temperature distribution in the fusion zone and
heat-affected zone (HAZ). Furthermore, the
temperature evolution affects the kinetics and
extent of various solid-state phase transforma-
tions, which in turn determine the final weld
microstructure and mechanical properties. The
formation of residual stresses and distortion ori-
ginates from the thermal expansion and con-
traction during welding heating and cooling,
respectively.
As discussed elsewhere in this Handbook,

experimental observation of weld pool dynam-
ics is challenging. Nevertheless, valuable
insights have been gained into the mechanisms
of heat and mass transfer in the weld pool. Such
understanding is crucial to the development of
sound and robust mathematical models. Unlike
the experimental approach that directly mea-
sures the temperature or molten metal flow
velocity, the mathematical models describe the
heat and mass transfer using a set of partial dif-
ferential equations (PDEs). The models solve
those PDEs using numerical methods such as
the finite-volume method to calculate the tem-
perature and velocity fields. Over the past dec-
ades, the models of heat and mass transfer
have evolved from simple two-dimensional (2-
D) steady-state models to complex three-
dimensional (3-D) transient models considering
the free surface flow under metal droplet
impact. These models have significantly
improved the current understanding of welding
transport phenomena (Ref 4), including various
driving forces for molten metal flow in the weld

pool, effect of shielding gas composition, den-
drite microstructure during solidification,
vaporization and loss of alloying elements,
and formation of weld bead humping, just to
name a few.
The heat and mass transfer in fusion

welding is truly a broad, multidisciplinary topic
(Ref 1–3). In the published literature, there
exist a large amount of models employing dif-
ferent approaches and simplifications. With
ever-increasingly sophisticated experimental
tools for probing and theoretical understanding
of heat and mass transfer, models are constantly
enhanced to tackle complex transport phenom-
ena. The main objective of the present article
is to provide a comprehensive review and criti-
cal assessment of the current state of the art in
numerical modeling of heat and mass transfer
in fusion welding. The article is focused
on the fusion welding processes that have been
modeled extensively in the published literature.
They include gas tungsten arc welding
(GTAW), gas metal arc welding (GMAW),
laser welding, electron beam welding, and
laser-arc hybrid welding. Furthermore, the
models are based on the solution of governing
conservation equations for mass, momentum,
energy, and chemical species. The calculated
results from the heat and mass transfer models,
especially the temperature evolution in the
weldment, are crucial for the understanding of
other aspects of fusion welding, including
microstructure evolution, residual stresses, and
distortion.
The article is organized as follows. First, the

mathematical equations of mass, momentum,
energy, and species conservation are provided.
The boundary conditions for heat flux and the
various driving forces for fluid flow are also
discussed. Second, applications of heat transfer
and fluid flow models to different welding pro-
cesses are reviewed. The modeling of mass
transport such as gas absorption and vaporiza-
tion of alloying elements is also presented.

Finally, approaches to improve reliability of
and reduce uncertainty in numerical models
are discussed.

Important Considerations

It is important to recognize that state-of-the-
art models are only as good as the mathematical
equations that they are solving and the materi-
als properties that they are using. Even for
some of the phenomena for which mathemati-
cal descriptions of the underlying mechanisms
are well established, the difficulty in obtaining
converged numerical solutions for highly non-
linear problems may render the simulation
impractical. Furthermore, theories and detailed
mathematical descriptions are still evolving
for some of the important phenomena due to
the multiphysics nature of the welding pro-
cesses and their nonlinear interactions (Ref 5).
A prerequisite for developing sound models

is the theoretical understanding of the problem
that will be modeled numerically. Several
excellent textbooks and review papers can be
found in the reference section of this article.
Other articles in the present Handbook are also
good sources.
Because of the complexity of fusion welding,

simplifications and assumptions are generally
required to make the simulation tractable.
Different approaches have been developed
to model the heat and mass transfer in
fusion welding, and each approach has its own
strengths and weaknesses. Some consideration
for choosing the modeling approach is dis-
cussed in the following.
For arc welding, an important option of mod-

eling of heat and mass transfer in the weld pool
is whether to directly simulate the arc plasma.
For simplicity, the majority of the models pub-
lished in the literature rely on prescribing
heat flux distribution on the weld pool surface
instead of direct arc plasma simulation.



A Gaussian profile is typically used for the heat
flux distribution (Ref 6). Clearly, this approach
will fall short when answering questions such
as how the shielding gas composition affects
the nugget penetration. There are several pub-
lished efforts aimed at coupling the arc plasma
with the weld pool. However, those models
are currently limited to relatively simple gas
tungsten arc or gas metal arc spot welding
(Ref 7).
Unlike stress models where the transient for-

mulation is typically used, the weld pool model
often employs the quasi-steady-state formula-
tion. In this formulation, a coordinate system
that is attached to the welding heat source is
used, and the material flows through the calcu-
lation domain (Ref 8). The temperature and
flow velocities at a spatial location do not
change with time when viewed in the moving
coordinate system. This formulation fits well
the Eulerian method used to discretize the
mathematical equations of conservation where
the material flows through the mesh. The main
advantage of the quasi-steady-state formulation
is that it is very efficient, because it requires 1
to 2 orders of magnitude less computational
power than the transient formulation. On the
other hand, the quasi-steady-state formulation
is limited to linear welding and cannot capture
transient behaviors such as those encountered
in weld start and stop. Obviously, the transient
formulation is needed for situations where the
detailed dynamics are important, for example,
the droplet transfer to weld pool.
In the autogenous GTAW and conduction-

mode laser or electron beam welding, the weld
pool surface is assumed to be flat and its posi-
tion is known. However, the weld pool surface
can be severely deformed by the arc pressure
and droplet impingement in arc welding and
the recoil force due to vaporization in laser
and electron beam welding. In those situations,
the position of the weld pool surface must be
determined as part of the simulation, a require-
ment that adds significant complexity to the
numerical model. The transport equation with
additional variables (such as volume of fluid)
is solved in order to track the evolution of the
weld pool surface. More details on the free sur-
face flow are provided in the section “Free Sur-
face Flow” in this article.
A practical choice is the software platform

(commercial, in-house, or open source) on
which the weld model will be developed. Com-
mercial programs typically offer a complete
package of preprocessing (especially mesh gen-
eration), solving, and postprocessing (especially
visualization of results). User-defined functions
(or subroutines) can be used for implementation
of specific functionalities relevant to the weld
model. The specific functionalities needed for
weld modeling can sometimes be difficult to
realize due to the limitations in user-defined
functions. In-house code gives full control over
the implementation of the numerical solver.
At the same time, development and quality-
assurance efforts can be much more demanding

for in-house code than for commercial soft-
ware. Open-source codes may offer flexibility
in accessing and modifying the underlying
numerical solver without the need to reimple-
ment the basic numeric functions. However, to
date (2011), there seems to be little work on
the application of open-source code for weld
modeling in the published literature.
Once a converged numerical solution is

obtained, the validity of simulated results must
be carefully examined. Experimental validation
can include the comparison between the calcu-
lated and measured fusion zone size and shape
and temperature profiles. It can also be benefi-
cial to compare the simulated results with the
published work for similar welding conditions.
Finally, it is noted that there are always uncer-
tainties in the input parameters (such as arc effi-
ciency) of a model. Inverse modeling, discussed
later in the section “Reliability of Models,” can
be a useful tool to reduce the uncertainties and
improve model reliability.

Mathematical Description

Governing Transport Equations

The transport equations are available in
many standard textbooks (Ref 9, 10). In this
section, a concise summary of the governing
transport equations for weld heat and mass
transfer is provided. It is noted that these equa-
tions are applicable to both the weld pool and
the arc plasma. For clarity, the following dis-
cussion is for the weld pool heat and mass
transfer. The specifics relevant to the arc
plasma are presented in a later section.
If an incompressible, laminar, and Newto-

nian liquid flow is assumed in the weld pool,
the circulation of liquid metal can be repre-
sented by the following momentum equation:
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where r is the density, t is the time, xi is the dis-
tance along the ith (i = 1, 2, and 3) direction, uj
is the velocity component along the jth direc-
tion, m is the viscosity, and Sj is the source term
for the jth momentum equation, which is as
follows:
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where p is the pressure. In Eq 2, the first term
on the right side is the pressure gradient. The
second term represents the frictional dissipation
in the mushy zone according to the Carman-
Kozeny equation for flow through a porous
media (Ref 11), where fL is the liquid fraction,
B is a very small computational constant intro-
duced to avoid division by zero, and C is a con-
stant accounting for the mushy-zone
morphology. The third and fourth terms, Sej
and Sbj, correspond to the electromagnetic and

buoyancy source terms, respectively. Their cal-
culations are discussed in the section “Bound-
ary Conditions” in this article.
The following continuity equation is solved

in conjunction with the momentum equation to
obtain the pressure field:

]ui
]xi

¼ 0 (Eq 3)

To track theweld pool liquid-solid interface, that
is, the phase change, the enthalpy-porosity method
is commonly used (Ref 11). In thismethod, the total
enthalpy,H, is representedbyasumofsensibleheat,
h, and latentheatcontent,DH, that is,H ¼ hþ DH.
The sensible heat, h, is expressed as:

h ¼
Z

CpdT

where Cp is the specific heat, and T is the tem-
perature. The latent heat content, DH, is given
as DH ¼ fLL, where L is the latent heat of
fusion. The liquid fraction, fL, can be assumed
to vary linearly with temperature for simplicity:

fL ¼
1 T > TL
T�TS
TL�TS

TS 	 T 	 TL
0 T < TS

8

<

:

(Eq 4)

where TL and TS are the liquidus and solidus
temperatures, respectively. Thus, the thermal
energy transportation in the weld workpiece
can be expressed by the following modified
energy equation:

r
]h

]t
þ r

] uihð Þ
]xi

¼ ]

]xi

k

Cp

]h

]xi

� �

þ Sh (Eq 5)

where k is the thermal conductivity. The source term
Sh is due to the latent heat content and is as follows:

Sh ¼ �r
]ðDHÞ
]t

� r
]ðuiDHÞ

]xi
(Eq 6)

If the transport of species in the weld pool is
of interest, the governing equation is as follows:

r
]CA

]t
þ r

] uiCAð Þ
]xi

¼ ]

]xi
DA

]CA

]xi

� �

þ Srxn (Eq 7)

where CA is the concentration of species A
(such as sulfur), DA is the diffusion coefficient
of species A in the molten metal, and Srxn is
the volumetric reaction rate (equal to zero if
there is no chemical reaction).
Equations 1 through 7 are based on the tran-

sient formulation. As discussed previously, the
quasi-steady-state formulation is extensively
used in modeling heat and mass transfer in the
weld pool because of its high efficiency. In
the coordinate system that moves along with
the heat source, the energy conservation equa-
tion can be rewritten as follows:

r
] uihð Þ
]xi

¼ ]

]xi

k

Cp

]h

]xi

� �

� r
]ðuiDHÞ

]xi
� rUw

]h

]x1

� rUw

]DH
]x1

(Eq 8)
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where Uw is the welding speed in direction 1.
The last two terms in Eq 8 represent the con-
vective heat transfer due to the bulk material
flow through the calculation domain at the
welding speed. Similar equations can be formu-
lated for the momentum and species conserva-
tion equations, and the details are available
elsewhere in the literature (Ref 6, 8, 12).

Boundary Conditions

Heat Transfer into the Weld Pool. As dis-
cussed earlier, the prescribed heat flux distribu-
tion is typically used for the simulation of heat
transfer and fluid flow in the weld pool, because
the direct modeling of arc plasma and its inter-
action with the weld pool currently remains a
challenging effort. For arc welding, the follow-
ing Gaussian profile has been widely used to
describe the heat flux distribution at the weld
top surface:

qðrÞ ¼ fd ZVI

p r2b
exp �fd

r2

r2b

� �

(Eq 9)

where q is the heat flux at a given location at
the weld top surface, r is the distance between
the specific location and the heat source center,
fd is a distribution factor, V and I are the arc
voltage and current, respectively, Z is the arc
efficiency, and rb is the arc radius. The values
of fd, Z, and rb depend on the particular welding
conditions, including electrode tip angle, arc
length, shielding gas composition, and so on.
Although arc plasma models (described in the
section “Welding Arc Plasma” in this article)
are increasingly used to determine these values,
the current practice still relies largely on empir-
ical data. Among the three parameters, the effi-
ciency value has a significant effect on the
resulting shape and size of the weld pool and
the temperature distribution in the HAZ. Kou
has summarized the efficiencies of the heat
sources in various welding processes (Ref 2).
An empirical formula for estimating arc effi-
ciency is developed by Arenas et al. (Ref 13)
based on the experimental data of Tsai and
Eagar (Ref 14):

Z ¼ 7:48
I0:63 R2

c

L0:8 IV
(Eq 10)

where L is the arc length (mm), I is the arc cur-
rent (A), V is the arc voltage (V), and Rc is the
effective arc radius (mm), which is related to
the arc radius rb by the equation Rc ¼ 2:13 rb.
As shown in Eq 9, fd and rb together define

the shape of the Gaussian profile. Higher fd
and smaller rb indicate a more constrained and
intense arc for the same arc efficiency, and vice
versa. In the literature, two typical values of fd
have been reported. The fd value of 3.0 seems
to be favored for laser welding, whereas
the value of 0.5 is favored for arc welding.
When comparing rb values, it is important to
know the fd value, because it is their combined
form:

rb

.

ffiffiffiffi

fd
p

that defines the shape of the Gaussian
distribution.
In GMAW, the molten metal formed from the

consumable electrode can carry a substantial
amount of heat, mass, and momentum into the
weld pool. Transient models based on the inter-
face-capturing approach have been used to
directly simulate the impingement of individual
droplets into the weld pool. An alternative
method for describing the heat transfer by dro-
plets is the placement of an imaginary cylindrical
volumetric heat source in the weld pool under-
neath the arc (Ref 6, 15, 16). This simplified
method is found to be effective in capturing fin-
ger penetration in the fusion zone of GMAW.
The Gaussian heat flux distribution given in Eq

9 is also used for conduction-mode laser and elec-
tron beamwelding.Heat transfer in keyhole-mode
laser and electron beam welding is much more
complex. Similar to the handling of heat transfer
frommetal droplets in GMAW, heat transfer from
the keyhole can be either simulated directly or
approximated using a volumetric heat source.
More details are given in the section “Application
to Fusion Welding Processes” in this article.
Driving Forces for Fluid Flow. Figure 1 is a

schematic drawing of various driving forces for
fluid flow in a gas tungsten arc weld pool (Ref
2, 17). The equations for calculating those
forces are discussed in the following.
The electromagnetic force (~Femf), shown in

Fig. 1(a), can be calculated as:

F
!
emf ¼ J

!�B
!

(Eq 11)

where ~J is the current density vector, and ~B is
the magnetic flux vector. The following analyt-
ical expressions developed by Kou and Sun

(Ref 18) are widely used to calculate the ~J

and ~B fields in the workpiece:

Jz ¼ I

2p

Z 1

0

lJo lrð Þ exp �l2sj
2=12

� 	

sin h½lðc� zÞ�
sin hðlcÞ dl (Eq 12a)

Jr ¼ I

2p

Z 1

0

lJ1 lrð Þ exp �l2sj
2=12

� 	

cos h½lðc� zÞ�
sin hðlcÞ dl (Eq 12b)

By ¼ mmI
2p

Z 1

0

J1 lrð Þ exp �l2sj
2=12

� 	

sin h½lðc� zÞ�
sin hðlcÞ dl (Eq 12c)

where Jz is the vertical component of the cur-
rent density, I is the current, J0 is the Bessel

function of zero order and first kind, r is the
radial distance from the arc center, sj is the cur-
rent radius of the arc, c is the thickness of the
workpiece, z is the vertical distance from the
top surface, Jr is the radial component of cur-
rent density, J1 is the first kind of Bessel func-
tion of first order, By is the angular component
of the magnetic field, and mm is the magnetic
permeability of the material. Because the elec-
trical current distribution is assumed to be axi-
symmetric, Jy, Br, and Bz are equal to zero.
Recently, Kumar et al. (Ref 19) used a numeri-
cal integration method to calculate the current
density in the workpiece and then calculate
the magnetic field using the Biot-Savart law.
Zhang et al. (Ref 20) solved the electrical
potential and the magnetic vector potential con-
servation equations using the finite-volume
method for a moving arc in orbital GTAW of
an aluminum alloy tube.
Marangoni shear stress (i.e., the spatial gradi-

ent of surface tension) arises as a result of spa-
tial variation of temperature and composition,
which can be expressed as:

t ¼ ]g
]T

]T

]r
þ ]g
]C

]C

]r
(Eq 13)

where t is the shear stress due to surface
tension (g), T is the temperature, r is the
distance along the surface, and C is the concen-
tration of surface active element. In most
cases, the ]g/]C term is zero, and the shear
stress depends only on ]g/]T and the
spatial temperature gradient ]T/]r at the pool
surface. A widely used expression for calculat-
ing ]g/]T as a function of both temperature
and composition was developed by Sahoo et
al. (Ref 21):

]g
]T

¼ A� RGs ln 1þ Kaið Þ

� Kai
1þ Kaið Þ

Gs DHo � DH
M

i

� �

T
(Eq 14)

where A is the ]g/]T value for pure metal, Gs is
the surface excess at saturation, K is the adsorp-
tion coefficient, ai is the activity of species i in
the solution, DHo is the standard heat of adsorp-
tion, and DH

M

i is the partial molar enthalpy
of mixing of species i in the solution.
Equation 14 shows that the value of ]g/]T can
be dramatically altered if a small yet significant
amount of surface active elements such as sul-
fur and oxygen is present in the weld pool.
The effect of ]g/]T on the fluid flow pattern
is illustrated in Fig. 1(b) and 1(c). Computed
patterns of weld pool fluid flow driven by
Marangoni shear stress are provided in the
GTAW section.
The Boussinesq approximation is typically

used in the calculation of buoyancy-force-
driven flow, shown in Fig. 1(d). The buoyancy
force can be expressed as:

Fb ¼ rgb T � Trefð Þ (Eq 15)
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where r is the density of liquid metal, g is the
acceleration due to gravity, b is the thermal
expansion coefficient, T is the temperature of
the liquid metal, and Tref is a reference temper-
ature, often chosen to be the solidus tempera-
ture (TS).
As shown in Fig. 1(e), the arc plasma

moves outward at high speeds along the
weld pool surface, which can exert an outward
shear stress at the pool surface. It has
been shown that the plasma shear stress may
dominate both electromagnetic and surface
tension gradient forces as the driving force for
liquid convection when a long arc is used in
GTAW (Ref 22). The arc plasma shear stress
(tps) is calculated based on Newton’s law of
viscosity:

tps ¼ mp
]~V

]~n
(Eq 16)

where mp is the viscosity of arc plasma, and the
term ]~V ]~n= represents the plasma flow velocity
gradient in the direction normal to the weld
pool surface. The calculation of the plasma
shear stress using Eq 16 requires the direct sim-
ulation of arc plasma. As an alternative method,
Cho (Ref 23) used an analytical solution of the
wall shear stress produced by the normal impin-
gement of a jet on a flat surface (Ref 24).

Turbulence

Due to the high energy density of the heat
source in fusion welding, the top surface of

the weld pool experiences steep temperature
gradients. The resulting strong surface tension
gradients along with the other driving forces
for fluid flow (electromagnetic, buoyancy,
etc.) result in very high velocities in small weld
pools (Ref 25–27). For example, surface veloci-
ties of the order of 1 m/s were measured by Ki
et al. (Ref 27). Such high velocities in small
confined spaces typically lead to turbulent weld
pools. A criterion has been given by Atthey
(Ref 28), based on weld pool width (w), maxi-
mum velocity (umax), density (r), and viscosity
(m). The weld pool flow is turbulent if the fol-
lowing condition is met:

Re ¼ r umax w

m
> 600 (Eq 17)

In a turbulent weld pool, the fluctuating
velocity components increase the rates of heat
and momentum transport in the weld pool.
The enhanced rates of transport can be
accounted for in the numerical model by taking
“effective” values of viscosity and thermal con-
ductivity (Ref 29). The turbulent thermal con-
ductivity (kt) is given as:

kt ¼ mtCp

Prt
(Eq 18)

where mt is the turbulent viscosity, and Prt is the
turbulent Prandtl number, which ranges
between 0.7 and 0.9 (Ref 26, 30, 31). Various
turbulence models are used to calculate the tur-
bulent viscosity. Those models may be classi-
fied into categories depending on the number
of equations that must be solved.
Zero-equation (or algebraic) turbulence

models derive the turbulence characteristics
from the average flow variables and do not
require solution of additional equations.
Although not as accurate as one-equation
or two-equation models, they are simpler
to use. According to mixing-length theory,
the turbulent viscosity can be given as
(Ref 26, 29):

mt ¼ r lm um (Eq 19)

where mt is the density, lm is the characteristic
length scale for mixing, and um is the character-
istic velocity. Several methods exist for the
determination of lm and um. One of the methods
for calculating lm is as follows (Ref 25, 29, 32):

lm ¼ ky 1� e�yþ=Aþ
0

h i

(Eq 20)

where k = 0.41, and Aþ
0 ¼ 26:0:

yþ ¼ y

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
m

]u

]y

� �
�

�

�

�

w

s

where the term:

]u

]y

� �
�

�

�

�

w

Fig. 1 Various driving forces and the resulting liquid convection in a gas tungsten arc weld pool. (a) Electromagnetic
force. (b) Surface tension gradient force with negative ]g/]T. (c) Surface tension gradient force with positive

]g/]T. (d) Buoyancy force. (e) Plasma jet shear stress. The symbol g is the surface tension, ]g/]T is the temperature
coefficient of surface tension, T is the temperature, r is the density, a and b are two locations in the weld pool, and
F is the driving force. Adapted from Ref 17
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is the velocity gradient at the weld pool
boundary.
One of the methods for determining um is

given as:

um ¼ lm oj j ¼ lm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

]v

]x
� ]u

]y

� �2

þ ]w

]y
� ]v

]z

� �2
s

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

]u

]z
� ]w

]x

� �2
s

(Eq 21)

where o is vorticity (Ref 25, 29, 32).
A one-equation model solves a single par-

tial differential equation for a turbulence vari-
able. Prandtl’s one-equation model (Ref 29),
for example, solves an equation for the turbu-
lent kinetic energy (kt):

r
]kt
]t

þ r
]ðuiktÞ
]xi

¼ ]

]xi
mþ mt

sk

]kt
]xi

� �

þ G

� Cmrk
3=2
t

l
(Eq 22)

where G is the rate of generation of turbulence
energy, and sk and Cm are two model constants.
The turbulent viscosity can be determined from
kt by the equation mt ¼ rk1=2t l, where l is the
Kolmogorov length scale (Ref 29).
The two-equation models solve two partial

differential equations for turbulence. Generally,
one of the equations is for the turbulent
kinetic energy. The other equation solves for
another characteristic of the turbulent flow,
such as the turbulent dissipation rate, e (k-e
model), or the specific dissipation rate, o (k-o
model). The k-e model is frequently used
for welding processes (Ref 15, 31, 33) and
involves the solution of the following equations
for turbulent kinetic energy, kt, and dissipation
rate, e:

r
]kt
]t

þ r
]ðuiktÞ
]xi

¼ ]

]xi
mþ mt

sk

]kt
]xi

� �

þ G

� re (Eq 23)

r
]e
]t

þ r
]ðuieÞ
]xi

¼ ]

]xi
mþ mt

se

]e
]xi

� �

þ C1eG
kt

� C2re2

kt
(Eq 24)

where se, C1, and C2 are model constants.
mt can be calculated from kt and e because

mt ¼ Cmrk2 e= , where Cm is another model
constant.
Boundary Conditions for Turbulent Flow.

To apply the k-e model to simulate weld pool
turbulence, the zero flux boundary condition is
typically used at the top surface:

]k

]z

�

�

�

�

z¼0

¼ 0; and
]e
]z

�

�

�

�

z¼0

¼ 0 (Eq 25)

where z = 0 corresponds to the top surface.
Near the solid-liquid boundaries, turbulence
dies down, and the effective values of viscosity

and thermal conductivity reach their molecular
values. A computationally efficient way to
model the behavior near the wall is through
the use of wall functions (Ref 34). However in
the enthalpy-porosity method, there is no
explicitly defined boundary between the weld
pool and the surrounding solid; hence, no bound-
ary condition or wall function is imposed at the
weld pool boundary (Ref 15). An alternative
method is used by Hong et al. (Ref 31), in which
one block of elements is always kept in the liquid
phase and the other block of elements is always
in the solid phase. The interface between
the two blocks of elements conforms to the weld
pool boundary by way of dynamic mesh remap-
ping. At this clearly defined solid-liquid inter-
face, boundary conditions for turbulent kinetic
energy and dissipation rate are:

kt ¼ u2t
ffiffiffiffiffiffi

Cm
p (Eq 26a)

e ¼ C3=4
m k3t =2

ldn
(Eq 26b)

where ut is a function of local velocity, dn is the
shortest distance from the solid-liquid boundary
to the mesh node where the wall function is
applied, and l is a constant.

Free Surface Flow

From the computational fluid dynamics
point of view, weld pool fluid flow phenomena
fall into the class of flows with moving bound-
aries, especially the surface-tension-dominated
free-surface flow regime. There are two
major numerical approaches for free-surface-
flow modeling: interface tracking and
interface capturing (Ref 35). In the interface-
tracking approach, a boundary-fitted moving
mesh is used and the free surface shape is
exactly tracked. Boundary conditions such
as the heat flux and surface tension can be
precisely applied at the free surface. However,
this approach is not suited for problems involv-
ing the breakup or coalescence of fluids
(such as the impingement of metal droplets
into the weld pool). Unlike the interface-
tracking approach, the interface-capturing
method uses stationary grids to resolve the
location of the free surface. Additional vari-
ables, such as the volume fraction of each
fluid, are solved in conjunction with the conti-
nuity and momentum conservation equations.
The free-surface location is then extrapolated
based on the gradient of the volume fraction.
The volume-of-fluid (Ref 36) and level-
set (Ref 37) methods are two representative
methods in the interface-capturing approach.
Very fine grids are required in order to
obtain sufficiently accurate representation of
the interface. As a result, the calculation can
be computationally intensive.

The published literature on weld pool models
can be divided into three groups according to
the handling of the free surface. First, in the
simplest situation of autogenous GTAW and
conduction-mode laser and electron beam weld-
ing without filler-metal addition, the weld pool
free surface is assumed to be rigid and does
not deform. In other words, the position of the
weld pool free surface is known and there is
no need to solve for the surface position. Sec-
ond, in the quasi-steady formulation, the weld
pool free surface position is unknown, but it
does not vary with time. The interface-tracking
approach can be used where the surface posi-
tion is determined by solving a total surface
energy minimization equation. This method
can be applied to GTAW with and without filler
metal and GMAW. Third, transient models
based on the interface-capturing approach are
used to calculate the evolution of weld pool
free surface with time. These transient models
are suitable for describing the dynamic impin-
gement of metal droplets into the weld pool
and the liquid-vapor interface evolution in laser
keyhole welding. Results from each group of
models are presented in the section “Applica-
tion to Fusion Welding Processes” in this
article.

Welding Arc Plasma

There are many approaches and models for
numerical investigation of transport phenomena
in electric arc plasma, as well as of its interac-
tion with electrodes, for various arc welding
processes (Ref 38–44). In the majority of the
published models (Ref 38–43), the arc plasma
is considered to comprise a single component,
that is, atoms and ions of shielding or plasma
gas, which is usually inert. In reality, arc
plasma is multicomponent, because it contains
atoms and ions of the evaporated material of
electrodes along with the gas particles. There-
fore, an adequate mathematical model of the
welding arc must allow for the multicomponent
nature of the arc plasma (Ref 44, 45). Such a
model must have another important characteris-
tic: self-consistency, which makes it possible to
account for the interrelation of physical pro-
cesses occurring at electrodes and in the near-
electrode regions with processes occurring in
arc column plasma. A recent review on metal
vapor in the welding arc is provided in Ref 45.
A self-consistent mathematical model of

energy, mass, and charge-transfer processes
taking place in the anode region and the arc col-
umn plasma in GTAW and GMAW can be
developed using an approach in which the
near-anode plasma bulk is conditionally subdi-
vided into three zones (Fig. 2) (Ref 39, 46,
47). The first zone directly adjoining the anode
surface is a space charge layer (sheath),
wherein the condition of quasi-neutrality of
plasma is violated and the main potential drop
between the plasma and anode surface is
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formed. This layer can be considered as colli-
sionless. The conditions for the sheath are:

� Pressure close to the atmospheric pressure
� Electron temperature (Te) approximately 1

eV
� Thickness of this layer (�x), with a Debye

radius (rD) of approximately 10�8 m, which
is much smaller than the characteristic
lengths of free path (l) (approximately 10�7

to 10�5 m) of the plasma particles (Ref 47)

The second zone is an ionization region of the
nonisothermal quasi-neutral plasma (presheath),
wherein the charged particles are generated by
plasma electron ionization of the gas atoms des-
orbed from the metallic anode surface and of
the evaporated metal atoms. The ions formed
in this zone are accelerated toward the anode
surface by the electric field, induced by more
mobile electrons, and are recombined near the
anode surface. Therefore, the condition of local
ionization equilibrium is violated within this
zone. Moreover, a marked change in the plasma
potential takes place in the presheath, which
can be comparable to its drop in the sheath.
The third zone beginning outside the Knudsen
layer, comprising the sheath and presheath, is
a gas-dynamic region with a local thermody-
namic equilibrium formed therein.
The self-consistent model of transport phe-

nomena in welding arc includes two interrelated
models: a model of the thermal, electromagnetic,
gas-dynamic, and diffusion processes occurring
in the multicomponent plasma of the arc column,
and amodel of the anode region. The thickness of
Knudsen-layer boundary (L0) is equal to several
lengths of free path of the heavy particles (typi-
cally L0 < 10�4 m). Because L0 is much smaller
than the curvature radius of the anode surface
(electrode metal droplet or weld pool), R �
10�3 m, as well as characteristic scales in the
arc column, the anode region can be assumed to
be flat and infinitely thin. Therefore, the anode
region is treated as a discontinuity surface in the
self-consistent model, which makes it possible

to formulate boundary conditions at the anode
surface required to solve the equations of the
arc column model as well as to determine the
characteristics of the thermal and dynamic effect
of the welding arc on the droplet or weld pool
surface.
Anode Region. To describe the processes

occurring in the anode region of the arc with
an evaporating anode, the plasma at the exter-
nal boundary of this region is characterized by
the following parameters: n0e is the concentra-

tion of electrons; n0�Zis the concentration of
atoms (charge number Z = 0) and ions (Z = 1)
of the shielding gas (kind of particles a = g),
atoms (Z = 0), and ions (Z = 1, 2) of the metal
vapor (a = m); Ze is the ion charge; e is the ele-

mentary charge; T0
e is the electron temperature;

T0
h is the temperature of the heavy particles,

which is assumed to be identical for all kinds

of atoms and ions but different from T0
e (i.e.,

this is a two-temperature plasma model); me is
the electron mass; Ma is the masses of heavy
particles (atoms and ions) of gas (a = g) and
metal (a = m); and ja is the electric current den-
sity at the anode surface. As noted previously,
the anode region is considered as infinitely thin.

Therefore, n0e , n
0
�Z , T

0
e , T

0
h , and ja are specified

at a given point on the anode surface, which is
characterized by a local value of surface tem-
perature (Ts).
It is assumed that all ions that go to the anode

surface recombine there and return in the form
of atoms, and that the current of electrons emit-
ted by the anode is negligibly small, that is, that
the electric current at the anode consists only of
electrons and ions coming from the plasma. The
current density at the anode surface is
expressed as follows:

ja ¼ je � jiðja > 0Þ (Eq 27)

where je is the electron current density and:

ji ¼
X

a¼m;g;Z�1

jaZ

is the total ion current density (for ions of all
kinds and charge numbers).
Because the plasma potential is, as a rule,

higher than that of the anode surface (Ref 39),
electrons are decelerated by the electric field,
and ions are accelerated toward the anode sur-
face. In this case, the electron current density
at the anode can be represented as (Ref 47):

je ¼
1

4
en0evTeexp � ej0

kT0
e

� �

ðj0 > 0Þ (Eq 28)

where:

vTe ¼
ffiffiffiffiffiffiffiffiffiffi

8kT0
e

pme

s

is the thermal velocity of electrons at the external
boundary of the anode region, k is the Boltzmann
constant, and j0 is the plasma potential with
respect to the anode surface (Fig. 2).

To determine the ion current, it is possible to
use an approach based on the fact that the length
of free path of ions relative to Coulomb collisions
between them is much smaller than the length of
their free path at collisionwith atoms and the ion-
ization length (Fig. 2). This suggests that ions in
the presheath are intensively maxwellized and
acquire the common velocity. The value of the
common velocity at the boundary between
the presheath and the sheath is determined by
the following equations (Ref 47):

�Vi�Við�xÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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k ZT0
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t (Eq 29a)

�Vi ¼ w0

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
4
P

Z�1

k ZT0
e þ T0

h

� 	

n0mZ

w0ð Þ2P
Z�1

Mm n0mZ

v

u

u

u

t

� 1

2

6

4

3

7

5

(Eq 29b)

wherew0 is thevaporvelocityat theKnudsenlayer
boundary.Equation29(a)corresponds to thediffu-

sion mode of evaporation (i.e.,w0 � 0), whereas
Eq 29(b) corresponds to the convective mode

of evaporation of the anode metal (i.e., w0 > 0).
The concentration of charged particles at the

sheath-presheath boundary can be determined
from the following (Ref 46):

�ne�neð�xÞ¼ n0eexp � 1

2

� �

; �naZ � naZð�xÞ

¼ n0aZexp � 1

2

� �

;a ¼ m; g; Z�1 (Eq 30)

Then the ion currents to the anode surface for
the diffusion mode of evaporation can be
expressed as:

jaZ ¼ Zen0aZexp � 1

2

� �

�Vi;a ¼ m; g; Z > 1 (Eq 31)

In the convective mode of evaporation of the
anode, the exp(�½) term in Eq 30 and 31 is
replaced by (Ref 47):
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In Eq 28 through 31, the values of the elec-
tron and ion currents at the anode surface can
be calculated. Then, the plasma potential (j0)
relative to this surface or anode potential drop
(Ua) can be calculated as follows:

Ua��j0 ¼ � kT0
e

e
ln

en0evTe
4½ja þ ji�
� �

ðUa < 0Þ (Eq 32)

To calculate je, jaZ , and Ua, it is necessary to

knowtemperaturesT0
e and T

0
h , as well as concen-

trations n0e and n0aZof the charged particles at the

Fig. 2 Structure of near-anode plasma, scale lengths,
flows of particles, and potential distribution in

anode region of welding arc
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external boundary of the anode region. Assuming
that themulticomponent plasma in the arc column
is in an ionization equilibrium state, the composi-
tion of the plasma can be determined by using the
following system of equations (Ref 47).
The Saha equations allow for nonideality of

plasma:

n0en
0
aZþ1

n0aZ
¼ 2pmekT

0
e

h2

� �3=2
2yaZþ1

yaZ

exp � eðUaZ � DUZ

kT0
e

� �

; a ¼ m; g;Z�0 (Eq 33)

where h is the Planck’s constant, yaZ are the
statistical sums for heavy particles of a-kind
in charged state Z, UaZ are the ionization poten-
tials (for transfer of the a-kind particles from
charged state Z to Z + 1), and:

DUZ ¼ eðZ þ 1Þ
rD

is the decrease of the ionization potential,
where:

rD ¼
�

kT0
e 4pe2 n0e þ

T0
e

To
h

X

a¼m;g;Z�1

n0aZ Z
2

� 	

� ��� 1=2

The condition of plasma quasi-neutrality is
given by:

n0e ¼
X

a¼m;g;Z�1

n0aZ Z
� 	

(Eq 34)

The law of partial pressures is:

p ¼ n0ekT
0
e þ

X

Z�0

n0mZkT
0
h þ

X

Z�0

n0gZkT
0
h

� Dp (Eq 35)

where p is the plasma pressure near the anode
and:

Dp ¼ 1

6

e2

rD
n0e þ

X
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n0aZ Z
2

� 	

� �

is the decrease in pressure caused by plasma
nonideality.
To close the system of Eq 33 through 35, the

concentration of the metal vapor particles at
the external boundary of the anode region
is required. Detailed mathematical equations
for determining the metal vapor concentration
are provided elsewhere in the literature (Ref
46–48).
Consider now the energy-transfer processes

occurring in the anode region of the electric
arc. Heat flux, Qa, from the near-anode plasma
to the anode surface has the following form:

Qa ¼ Qe þ Qi (Eq 36)

where Qe and Qi are the fluxes of potential and
kinetic energy transferred with electrons and
ions, respectively. For the convective mode of
anode evaporation, the energy Qv removed
from the melt surface by the metal vapor flow

should be taken into account in the energy bal-
ance of the anode region:

Qv ¼
X

Z�0

n0mZ v
0lv (Eq 37)

Details for the calculation of Qe and Qi

are available elsewhere in the literature (Ref
46–48). Figures 3(a) and (b) show the calcula-
tion results for a heat flux to the anode charac-
teristic of tungsten inert gas welding of steel in

argon. As indicated by the calculation results,
the values of Qa grow with increase of the elec-
tron temperature in the near-anode plasma, the
current density at the anode, and the tempera-
ture of its surface.
Arc Column. A total of five governing

transport equations are solved in the gas-
dynamic region of the arc plasma (i.e., the arc
column). The first two equations express
the conservation of mass and momentum (see
the section “Governing Transport Equations”
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for the expressions). The third equation
expresses the conservation of electrical charge
(j), which is defined by Poisson’s equation,
r srjð Þ ¼ 0, where s is the electrical conduc-
tivity of the plasma. The fourth equation
expresses the conservation of energy. Two
equations are solved to determine the tempera-
tures of electrons (Te) and heavy particles
(Th). In an axisymmetric coordinate system,
these two equations are expressed as follows:
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where Cpe is the specific heat of the
electron gas, we is the electron thermal conduc-
tivity, d is the constant of thermal diffusion
of the electrons, c is the energy losses due
to radiation (in the approximation of an opti-
cally thin plasma), b is the coefficient of heat
exchange between electrons and heavy parti-
cles, Cp is the specific heat of heavy particles,
and w is the thermal conductivity of the heavy
particles.
The fifth and final governing transport equa-

tion expresses the conservation of species in
the multicomponent plasma as:
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(Eq 40)

��

where Cm is the relative mass concentration of
the metal vapor in the arc column plasma,
Cm1 and Cm2 are the relative mass concentra-
tions of metal ions, and Dm0, Dm1, and Dm2

are the coefficients of diffusion of atoms, sin-
gle- and double-charged metal ions. In addition,
�Dm1 ¼ Dm1 � Dm0 and �Dm2 ¼ Dm2 � Dm0.
To solve these governing transport equations

in the arc plasma, it is necessary to specify the
physical properties as well as the boundary con-
ditions determined from the anode region

model discussed in the section “Welding Arc
Plasma” in this article. Details are available in
Ref 46 and 47. The previous discussion com-
pletes the description of the self-consistent
mathematical model of energy, mass, and
charge transfer in the arc column plasma and
anode region of the welding arc for GTAW
and GMAW in inert gas.
Cathode Region. Similar to the anode

region, there exists a cathode sheath
region between the cathode and the plasma.
Lowke et al. (Ref 49) considered the principal
heating mechanism due to the ion current at
the tungsten cathode surface in GTAW. The
ion current is assumed to be equal to the differ-
ence between the theoretical thermionic emis-
sion current and the electron current. No
consideration is made of the space charge
sheath at the cathode. Ion current heating at
the cathode surface is also considered in the
GTAW arc model by Goodarzi et al. (Ref 50).
In their model, the current density distribution
on the cathode surface was adjusted so that
the total current entering was equal to the
applied current. The cathode fall voltage was
determined based on the assumption that the
electrons were in a free fall across the cathode
sheath.
In GMAW, the workpiece is typically

the cathode, whereas the consumable
electrode is the anode. Murphy et al. (Ref 51)
calculated the heat flux at the cathode (work-
piece) surface by taking into account the influ-
ence of the measured cathode sheath voltage
in accelerating electrons to excite atoms and
the work function of the workpiece material.
In the GMAW arc model by Hu and Tsai
(Ref 52), the conduction heat exchange
between plasma and workpiece at the cathode
surface was taken into account, whereas the
thermal effect due to the cathode sheath was
not considered.
From the previous discussion, it is evident

that a significant challenge in modeling welding
arc plasma arises from the anode and cathode
regions. Models employing closed-form expres-
sions for describing the anode and cathode
regions have demonstrated their usefulness in
studying the effect of shield gases and active
flux on the resulting weld pool geometry.
Detailed numerical modeling of transport phe-
nomena in the anode and cathode regions will
help further improve the current understanding
of heat and mass transfer in the complex weld-
ing arc.

Numerical Solution

Grid (or mesh) generation is an important
consideration in computing numerical solutions
to the partial differential equations governing
the welding process. The generation of a mesh
is an important numerical issue; the type and
quality of mesh can determine the success or
failure of the numerical model in attaining a

converged and accurate solution. Computa-
tional fluid dynamics (CFD) requires the subdi-
vision of the computational domain into a
number of smaller elements or grid cells, and
the discretized domain needs to have adequate
spatial resolution. During weld pool modeling,
sufficiently fine mesh should be used to provide
an adequate resolution of the important flow
features in the weld pool. For turbulence mod-
els, it is recommended that recirculation vorti-
ces or steep flow gradients within the viscous
boundary layers be properly resolved through
local refining.
When the geometry is simple and regular, the

most straightforward approach is to employ an
orthogonal grid in a Cartesian coordinate
framework. This type of grid is generally called
a structured mesh. Structured mesh can
also be applied for a more complicated geome-
try by creating a nonorthogonal mesh with
deformed body-fitted grids. In this method, grid
cells still retain a regular element shape in the
form of either a skewed rectangle in two dimen-
sions or a distorted hexahedron in three dimen-
sions. The advantage of such a mesh is that
the connectivity is straightforward because
cells adjacent to a given elemental face are
identified by the indices, and the cell edges
form continuous mesh lines that begin and end
on opposite elemental faces. The disadvantage,
particularly for more complex geometry, is the
increase in grid nonorthogonality or skewness,
which can generate physically unrealistic solu-
tions upon the transformation of the governing
equations. The transformed equations, which
accommodate the nonorthogonality, contain
additional terms acting as the link between
the structured coordinate system (such as the
Cartesian coordinate) and the body-fitted (cur-
vilinear) coordinate system, thereby augment-
ing the cost of numerical calculations and
difficulties in programming. Consequently,
such a mesh may also affect the accuracy and
efficiency of the numerical algorithm that is
being applied. Block-structured or multiblock
mesh is another special case of a structured
mesh.
Another meshing approach is based on what

is called unstructured mesh, in which the cells
are allowed to be assembled freely within the
computational domain. The most typical shapes
of unstructured elements in three dimensions
are tetrahedral and hexahedral cells. Unstruc-
tured meshes are well suited for handling arbi-
trary shape geometries, especially for domains
having high-curvature boundaries. However,
there are several disadvantages to unstructured
mesh. If triangular or tetrahedral cells with high
aspect ratio (very long and thin shape) are
placed adjacent to the wall boundaries, this
configuration may create large inaccuracies in
the approximation of the diffusive fluxes. Other
disadvantages are the extra bookkeeping effort
required to handle the connectivity of elemental
cells, and the more complex solution algorithms
needed to solve the flow-field variables, each of

Modeling of Heat and Mass Transfer in Fusion Welding / 773



which may result in increased computing times
and erode the gains in computational efficiency.
In recent years, many commercial CFD codes
have made available the capabilities to mesh
the interior domain using polyhedral cells.
Polyhedral meshing has tremendous advantages
over tetrahedral meshing with regard to compu-
tational accuracy and efficiency. An important
aspect of the unstructured mesh is the mesh
quality, which can be measured by such factors
as aspect ratio, skewness, and warp angle. For
instance, large aspect ratios should always be
avoided in weld pool regions, because they
can degrade the solution accuracy and may
result in poor convergence.
Methods for discretizing and solving the gov-

erning transport equations are discussed in
many textbooks. The majority of the published
heat and mass transfer models are based on
the control volume method (and its variations,
including finite-volume and finite-difference
methods). An excellent textbook on the control
volume method is provided by Patankar (Ref
10). With the recent advance in computation,
the numerical solution of transport equations
has been implemented into fairly sophisticated
solvers. The availability of such solvers allows
one to focus on the specifics relevant to weld
transport phenomena without expending much
effort on basic code development. See the sec-
tion “Important Considerations” for a discus-
sion of the choice of solvers.

Dimensional Analysis

Although a detailed numerical solution is
required to describe weld pool transport phe-
nomena, some simple formulas have been
established based on dimensional analysis to
correlate welding parameters (such as current)
to resulting weld characteristics (such as
penetration).
Robert and DebRoy (Ref 53) studied the Pec-

let (Pe) and Marangoni (Ma) numbers in con-
duction-mode laser spot welding of materials
with diverse properties, such as gallium, pure
aluminum, aluminum alloy 5182, pure iron,
steel, titanium, and sodium nitrate. It was found
that for materials with high Prandtl number
(Pr), such as sodium nitrate, Pe and Ma were
high, and heat was transported primarily by
convection within the weld pool. The resulting
welds were shallow and wide. For low-Pr mate-
rials, such as aluminum, Pe and Ma were low in
most cases, and low Pe made the weld pool
deep and narrow. The cross-sectional areas of
stationary and low-speed welds could be corre-
lated with welding conditions and material
properties using dimensionless numbers, as
shown in Fig. 4.
Arora et al. (Ref 54) studied the formation

of wavy weld pool boundary using dimension-
less numbers derived from the Buckingham
p-theorem. Their calculations show that in
metallic systems the wavy fusion-zone bound-
ary forms at a Marangoni number greater than

26,000 and a Prandtl number less than 0.06
for dimensionless heat input greater than 20.
The wavy boundary originates from the interac-
tion of counterrotating liquid metal loops at
high Marangoni numbers.

Tello et al. (Ref 55) developed a scaling law
for estimating the weld penetration in GTAW
involving high current and travel speed. As
shown in Fig. 5, the predicted penetration using
the scaling expression is consistent with the

Fig. 4 Correlation between dimensionless cross-sectional area (DA) and dimensionless heat input (DH) for spot and
low-speed laser welds. Adapted from Ref 53
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Fig. 5 Comparison between the corrected scaling law and experiments with different materials and process
parameters. Adapted from Ref 55
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experimental data for different materials and
process parameters.

Application to Fusion Welding
Processes

Heat and Mass Transfer in Arc Plasma

Figures 6(a) and (b) show the distributions of
plasma temperature (within an isothermal
plasma model) and plasma flow velocity in the
arc plasma column calculated using the self-
consistent modeling approach outlined previ-
ously. The GTAW is done in argon atmosphere
with the following parameters: arc current (I) =
200 A, arc length (La) = 6.3 mm (0.25 in.), and
temperature of the water-cooled anode surface
(Ts) = 700 K.

Gas Tungsten Arc Welding

Among the various fusion welding processes,
GTAW is perhaps the process most studied by
numerical heat and mass transfer models. Some
of the early models for GTAW include those
developed by Oreper et al. (Ref 56), Kou and
Sun (Ref 18), Zacharia et al. (Ref 57), Wu
and Tsao (Ref 58), and Kanouff and Greif
(Ref 59). Excellent review of those early mod-
els can be found in the papers by Matsunawa
(Ref 22) and Jönsson et al. (Ref 60). This sec-
tion summarizes some recent results on heat
and mass transfer modeling for GTAW.
Mishra et al. (Ref 61) modeled gas tungsten

arc butt welding of stainless steel plates con-
taining different sulfur concentrations. The spe-
cies conservation equation for sulfur is solved
along with the governing equations of mass,
momentum, and energy conservation. As shown
in Fig. 7, both the simulated and experimental

results show significant shift of the fusion zone
toward the low-sulfur steel. Flaring of the arc
toward the low-sulfur side was found to be an
important factor governing the shifting of the
weld pool and the missed weld joint.
Lim et al. (Ref 62) calculated the fluid flow

and heat transfer in a weld pool of nickel alloy
Inconel 690 that is stirred by circular magnetic
arc deflection. The arc stirring effect is modeled
by considering an arc orbiting in a circle on the
weld top surface. As a result, the heat flux, arc
pressure, and electromagnetic force vary with
time, depending on the center position of the
arc. Numerical simulations predicted large
changes in the temperature gradient accompa-
nied by reversal of liquid/solid interface veloci-
ties (i.e., solidification and remelting) at a
stirring frequency of 7 Hz.
Zhang et al. (Ref 63) modeled the transient

heat transfer and fluid flow during gas tungsten
arc spot welding of low-carbon steel. Figure 8
shows the evolution of calculated temperature
and velocity fields in the workpiece, where the
weld pool shape is defined by the solidus tem-
perature isotherm. For clarity, only one-half of
the weld is shown. Important solidification
parameters, that is, the temperature gradient at
the solidification front (G) and the solidification
rate (R), are computed from the temperature
data. The combination of solidification para-
meters G and R, that is, G/R and GR, were
used to estimate the solidification morphology
and substructure in a 1005 steel spot weld.
A similar approach is used to study the solidifi-
cation parameters in laser spot microjoining
of 304 stainless steel by He et al. (Ref 64),
linear GTAW of commercial pure aluminum
(Ref 65), and conduction-mode laser and elec-
tron beam welding of single-crystal superalloy
(Ref 66).
Hong et al. (Ref 31) showed that the weld

geometry for 304 stainless steel, calculated

using a heat and fluid transport model along
with the k-e turbulence model, agreed with the
experimental results (Fig. 9b). Assumption of
laminar flow, on the other hand, resulted in
overprediction of weld depth (Fig. 9a). Figure
9(c) shows the variation of the dimensionless
viscosity, given as the ratio of turbulent and
molecular viscosities, with location in the weld
pool. Turbulence was stronger near the middle
of the weld pool and decreased closer to the
solid-liquid boundary. The enhancement of vis-
cosity resulted in significant decrease in fluid
velocities compared to calculations of the lami-
nar flow model.

Gas Metal Arc Welding

Although the basic governing transport equa-
tions of heat and mass transfer are almost iden-
tical for GTAW and GMAW, the metal transfer
in GMAW introduces additional complexities
in the GMAW weld pool. Metal transfer in
GMAW is a complex phenomenon of drop
growth, neck formation, and detachment, and
it can take place in three principal modes: glob-
ular, spray, and short-circuiting, depending on
the welding conditions. The impingement of
molten droplets onto the weld pool in GMAW
greatly affects the shape of the free surface
and the convective heat transfer in the weld
pool. The deformed weld pool influences the
current distribution in the arc and thus influ-
ences the heat and momentum fluxes trans-
ferred from the arc plasma to the weld pool.
In addition, superheated metal droplets carry a
significant amount of thermal and kinetic
energy into the weld pool. The resulting weld
pool is fairly deep at its root, and its geometry
exhibits a characteristic “finger penetration”
pattern (especially for the spray transfer mode).
Due to complicated interactions among arc
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Fig. 6 (a) Plasma temperature distribution (in degrees K). (b) Plasma velocity distribution in argon arc. In (b), the maximum velocity magnitude is equal to 330 m/s (985 ft/s).
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plasma, droplets, and weld pool, many existing
numerical models only focus on one or two
events of the GMAW process while simplifying
the rest of the events. Depending on the physics
incorporated in the models, the numerical mod-
els of GMAW can be classified into the follow-
ing three groups.
The first group of numerical models focuses

on understanding the mechanism of droplet for-
mation. Among various models, the static force
balance model (SFBM), dynamic force balance
model (DFBM), and pinch instability theory
(PIT) have been most widely used for metal
transfer analysis (Ref 67–70). The SFBM pre-
dicts the detaching drop size by comparing the
forces exerted on the drop in the globular mode
(Ref 67–70). The forces affecting metal transfer
are surface tension, electromagnetic, gravita-
tional, and plasma drag forces. When the
detaching force becomes greater than the
attaching force, the drop detaches from the wire
tip. Due to its static nature, the SFBM cannot
take account of the effects of dynamic forces
such as inertia. On the other hand, the DFBM
includes the effect of inertial force. The PIT
has been used for spray-mode analysis based
on Rayleigh instability and provides the critical
wavelength at which the current-conducting liq-
uid cylinder breaks up (Ref 69, 70). All these

models provide useful closed-form equations
to estimate the detaching drop size but fail to
predict the drop size accurately in the high-cur-
rent range. In the literature, other models have
also been proposed to predict metal transfer
more accurately. Nemchinsky (Ref 71) calcu-
lated the droplet shape affected by surface ten-
sion and electromagnetic force. Jones et al.
(Ref 72) simulated the dynamic movement of
a drop with a complex shape, including ellip-
soids and tapered neck, calculating the spring
and viscous damping forces and using correc-
tion factors; their calculations matched experi-
mental results. Numerical techniques such as
the volume-of-fluid (VOF) method have been
employed to predict the drop profile and fluid
flow within the drop (Ref 73–75). Choi et al.
(Ref 74) showed that the pendant drop oscil-
lates and the fluid flow within the drop affects
drop detachment, which demonstrates that iner-
tial force influences metal transfer. Haidar and
Lowke (Ref 75) used an arc model to simulate
the droplet formation in GMAW using VOF.
The energy equation and the continuity,
momentum, and current-conservation equations
were solved for both the molten droplet and the
surrounding plasma arc, and the shape of the
droplet was predicted as a function of time. In
their model, the fluid flow in the weld pool
was not calculated, and only the heat conduc-
tion was considered.
The second group of models incorporates the

effect of droplet and arc plasma by decoupling
the physics and including the effect of these
variables using boundary conditions. Yang and
DebRoy (Ref 15) used the k-e turbulence model
to calculate the fluid flow inside a GMAW weld
pool. They found that the dissipation of heat
and momentum in the weld pool is significantly
aided by turbulence. Figure 10 shows the distri-
butions of turbulent viscosity, thermal conduc-
tivity, kinetic energy, and dissipation rate in
the weld pool obtained by their model. Their
modeling results show that the maximum
values of these variables lie in the middle of
the weld pool, and the values decrease progres-
sively from the center to the periphery. This
outcome is as expected, because the circulation
of the molten metal is most intense near the sur-
face, and the level of turbulence decreases pro-
gressively as the fluid approaches the solid
surface. To model the heat carried by the dro-
plets, they used the cylindrical volumetric heat
source in the weld pool. In their model, the
dimensions of the volumetric heat source were
determined by such parameters as the drop size,
shape, velocity, and frequency, using a model
suggested by Kumar and Bhaduri (Ref 76).
Although their model did not take into account
the impinging force of the droplet on the free
surface, the prediction of their model agreed
well with the experimentally obtained fusion-
zone geometry for several different welding
conditions, as shown in Fig. 11. A similar cylin-
drical-heat-source approach was used later by
Zhang et al. (Ref 25, 77). Kim and Na (Ref
78) presented a 3-D quasi-steady heat and fluid

flow analysis for the moving heat source of a
GMAW process with a deformed free surface
using boundary-fitted coordinates. Ushio and
Wu (Ref 79) used a boundary-fitted nonortho-
gonal coordinate system to handle the largely
deformed gas metal arc weld pool surface and
predicted the weld pool dimensions. In those
models, the heat delivered by the droplet was
approximated by an internal heat-generation
term, and the impact of droplets onto the weld
pool was assumed to be a constant force acting
on the surface. In other words, the actual drop-
let impinging process was not simulated. The
dynamic change of the weld pool free surface
was recently modeled by Wang and Tsai (Ref
80), Fan and Kovacevic (Ref 81), and Cao et
al. (Ref 82) using the VOF method. All these
models (Ref 80–82) assumed the droplets were
already generated with a certain shape, volume,
temperature, and initial velocity at a certain dis-
tance above the weld pool. The droplet was
then accelerated to the weld pool by applying
a drag force calculated from an empirical for-
mula and an assumed plasma velocity.
Recently, Hu et al. (Ref 83) developed a model
to predict humping defects in GMAW. In their
paper, they focused on weld pool dynamics
and the formation of ripples, and they did not
calculate the droplet generation. They found
that during welding, a crater was opened as a
result of droplet impingement, and its closeup
was caused mainly by hydrostatic force. The
crater open and closeup led to the “up-and-
down” of the fluid level in the weld pool, as
shown in Fig. 12. A ripple was formed as solid-
ification proceeds in the welding direction.
They concluded that the periodic impingement
of droplets, weld pool dynamics, and solidifica-
tion all contributed to the formation of ripples,
and the “pitch” of the ripples depends on many
welding parameters, including droplet size
(electrode diameter), droplet momentum, drop
frequency (wire-feed speed), welding speed,
welding power (current and voltage), and
others.
Models falling into the third group are more

comprehensive in nature and incorporate the
arc physics, droplet formation mechanism, and
weld pool dynamics in an integrated manner.
Very limited work is published in the open lit-
erature on this type of models. Hu and Tsai
(Ref 43, 84) developed a model that simulates
melting of the electrode, the droplet formation,
detachment, transfer, and impingement onto
the workpiece, and the transient flow in the
weld pool. Their model predicted the crater
and oscillations in the weld pool due to period-
ical droplet impingement. They calculated the
current distribution in the droplet and work-
piece through the coupling effect of the arc
and the metal. In their model, the heat flux,
arc pressure, and plasma shear stress are all
obtained from the coupled arc domain. They
found that the droplet transfer and the deformed
weld pool surface have significant effects on
the transient distributions of current density,
arc temperature, and arc pressure, which are

Fig. 7 (a) Experimental weld pool geometry. The
vertical line shows the joint of the two plates.

(b) Calculated temperature and velocity fields in the
weld pool. The contours represent the temperatures in
degrees Kelvin, and the vectors represent the liquid
velocity. (c) The contours represent calculated sulfur
concentrations in wt%. The sulfur concentration on the
top surface and the bulk of the weld pool was
approximately 0.019 wt%. Welding conditions: 100 A,
10.2 V, and 3.4 mm s�1 welding speed. Adapted from
Ref 61
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normally assumed to be constant Gaussian pro-
files. They also simulated the solidification pro-
cesses of the electrode and weld pool after the
arc is extinguished. Figure 13 shows the
sequence of temperature distributions for drop-
let generation, detachment, transfer in the arc,
impingement onto the weld pool, and weld pool
dynamics (Ref 81). Modeling results show that
a round droplet forms at the electrode tip and
grows with time. Subjected to the arc pressure,

plasma shear stress, surface tension, and elec-
tromagnetic force, the detached droplet also
changes its shape in the arc. The fluid flow in
the detached droplet helps to mix the cold liq-
uid in the droplet center with the hot liquid at
the surface. Thus, a more uniform temperature
distribution appears in the detached droplet
than in the droplet hanging at the electrode
tip. When the droplet hits the solid workpiece,
it quickly spreads out on the workpiece, and

the droplet fluid is continually pushed down-
ward and outward by arc pressure and arc shear
stress, as shown in Fig. 13.

Laser Welding

When energy density of a laser or
electron beam exceeds a threshold value,
typically of the order of 105 W/cm2, intense

Fig. 8 Evolution of temperature and velocity fields at various times. Welding conditions: current = 120 A, voltage = 17.5 V, and arc on-time = 16 s. The velocities are represented
by the arrows, while the temperatures are represented by the contours. Adapted from Ref 63
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vaporization of workpiece material results in
formation of a deep and narrow vapor cavity
(or keyhole) surrounded by liquid and solid
metal. This section, and the next, focuses on
this keyhole-mode welding. Modeling of laser

beam welding (LBW) done at relatively low
energy densities is similar to the modeling of
GTAW, which was previously discussed in the
section “Gas Tungsten Arc Welding” in this
article.

It is noted that keyhole-mode welding is a
highly dynamic process and the keyhole exhi-
bits complex fluctuations. Keyhole instability
is an important issue that often leads to
defects such as spiking and porosity. Compre-
hensive, transient numerical models have been
developed to study the dynamic behavior of
keyhole and related instabilities in LBW. They
have provided valuable insight into the
mechanisms of keyhole collapse and defect
formation. On the other hand, quasi-steady-
state models, which are very computationally
efficient, have shown their usefulness in under-
standing the weld pool shape and temperature
evolution in LBW of different engineering
materials.
The earliest studies identified surface tension,

vapor pressure, and hydrostatic force as the
key factors influencing keyhole shape and pen-
etration depth (Ref 85–87). An early pressure-
balance model, proposed by Klemens (Ref
85), defined the equilibrium between the forces
that tend to keep the keyhole open and those
that try to close it:

p0 zð Þ ¼ g
r zð Þ þ rgz (Eq 41)

where p0(z) is the difference between the pres-
sure in the keyhole and the ambient pressure,
g is the surface tension, r(z) is the keyhole
radius at a depth z from the top surface, r is
the density, and g is the acceleration due to
gravity. The first term on the right is the surface
tension pressure, and the second term is the
hydrostatic pressure. The pressure inside the
keyhole near the top surface equals the sum of
surface tension pressure and ambient pressure,
because the hydrostatic pressure becomes negli-
gible. Immediately outside the keyhole, pres-
sure is equal to the ambient pressure.
Continuity of vapor pressure near the top sur-
face requires that the surface tension pressure
should become small. A trumpetlike flare (Ref
87) or a constriction (Ref 85) of the keyhole
near the surface would ensure a large radius
of curvature (hence small surface tension pres-
sure) and continuity of vapor pressure. Kaplan
(Ref 88) argued that heat transport in the key-
hole-mode LBW was planar due to the constant
wall temperature (equal to the boiling point of
the alloy) and nearly vertical keyhole walls.
His model considered the multiple reflections
of laser beam inside the keyhole as well as the
inverse bremsstrahlung absorption of the laser
beam by the plasma.
With improvements in computational power,

more comprehensive models of heat and mass
transport in keyhole-mode welding were devel-
oped. Zhou et al. (Ref 89, 90) used the VOF
method to model the keyhole dynamics and
suggested that porosity may be avoided
by controlling the laser pulse shape. Ki et al.
(Ref 27, 91, 92) studied the transient evolution
of the liquid-vapor interface using the narrow-
band level-set method to transform the problem
to a partial differential equation and simplify
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Fig. 9 Comparison of calculated and experimental weld geometries for 0.005 wt% S in 304 stainless steel assuming
(a) laminar, (b) turbulent flow with k-e model, and (c) dimensionless viscosity (m
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/m). Adapted from Ref 31

Fig. 10 Distribution of turbulent variables in the weld pool. (a) Dimensionless viscosity, mt/m. (b) Dimensionless
thermal conductivity, kt /k. (c) Turbulent kinetic energy, m2/s2 � 10�4. (d) Dissipation rate of turbulent

kinetic energy, m2/s3 � 10
�4. Adapted from Ref 15
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the calculations of the surface curvature and the
surface normal. A ray-tracing procedure was
implemented to account for multiple reflections
of the laser beam within the keyhole. The tem-
poral evolution of the keyhole shape and tem-
perature distribution for a steel weld made
with a 4 kW laser beam of 0.5 mm (0.02 in.)
beam diameter at 25 mm/s (1.0 in./s) welding
speed is shown in Fig. 14. Due to the small time
step required for convergence (10�6 s), the code

was optimized and parallelized to reduce the
run time.
To reduce the computational requirements

while preserving model accuracy, Rai et al.
(Ref 25, 26) decoupled the keyhole calculation
from the 3-D heat and fluid transport modeling.
The keyhole profile was calculated using the
energy balance at the liquid-vapor interface,
which was assumed to be at a constant temper-
ature. The calculations also considered multiple

reflections and plasma absorption in a manner
similar to Kaplan’s model (Ref 88). The 3-D
temperature and velocity fields were subse-
quently calculated by solving the equations of
conservation of mass, momentum, and energy
coupled with a one-equation turbulence model
based on Prandtl’s mixing-length hypothesis.
The model was validated for welding of
several engineering materials, including alumi-
num alloys, steels, and titanium. Convection
driven by surface tension gradients was
found to significantly enhance the heat transport
in the weld pool. A contrast in the weld
pools of low-thermal-conductivity alloys such
as steels and high-thermal-conductivity materi-
als such as aluminum is apparent from Fig.
15. For low-thermal-conductivity materials,
the greatly enhanced heat transport near the
weld pool top surface results in a “nail-head-”
shaped weld. Such characteristic weld shape is
usually absent in high-thermal-conductivity
alloys because diffusive heat transport remains
significant even in highly convective regions
of the weld pool.

Electron Beam Welding

Although electron beam welding (EBW) is
similar to LBW in many respects, there are
some important differences in the two pro-
cesses. The keyhole wall temperature at any
depth in EBW or LBW can be estimated from
the equilibrium temperature-pressure relation
and the pressure-balance equation. In EBW,
which is performed in a vacuum chamber, the
increase of pressure with depth can result in
significant corresponding increase in tempera-
ture (Ref 93, 94). However, in LBW, which is
performed under atmospheric pressure, an
increase in pressure results in a small tempera-
ture increase compared to that in EBW (Ref
25, 26, 85). Therefore, the assumption of con-
stant keyhole wall temperatures commonly
used in LBW models cannot be applied to
EBW models.
Very few numerical heat and mass

transfer models of keyhole-mode welding have
focused on EBW. Elmer et al. (Ref 95) pro-
posed heat conduction models based
on distributed, point, and line heat sources.
The choice of heat source depends on input
power, power density, and depth-to-half-
width ratio of welds. Wei and Chow (Ref 96)
calculated keyhole wall temperatures based on
a balance of surface tension and vapor pressure
and found results comparable to the measure-
ments of Schauer et al. (Ref 97). They also
studied the effects of beam defocusing and
alloying element vaporization on the keyhole
shape on the assumption that the keyhole cross
sections are circular. Their results (Fig. 16)
showed that keyhole wall temperatures varied
by approximately 600 K with depth and
decreased with increasing concentration of
alloying elements.
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A 3-D heat and mass transport model was
developed by Rai et al. (Ref 93, 94) and tested
for stainless steel and Ti-6Al-4V alloy welds by
comparing the calculated weld geometries and
thermal cycles with experimental results. The
vapor pressure in the keyhole was calculated
from the pressure balance at the keyhole walls,
and the keyhole wall temperatures were calcu-
lated using the equilibrium pressure-tempera-
ture relationship. The 3-D model considered
convection driven by surface tension gradients
at the top surface and the keyhole walls, buoy-
ancy, and turbulence. Figure 17 shows the vari-
ation of calculated keyhole pressure and wall
temperatures with depth. Keyhole wall tem-
peratures in EBW are lower than the normal
boiling point of the alloy. As a result, lower
wall temperatures are required in order to main-
tain the EBW keyhole, and penetration depth is
greater compared to LBW (Fig. 18). However,
due to the lower wall temperatures in EBW,
less heat is transported in horizontal planes,
and, as a result, welds are narrower than in
LBW (Ref 93).
It is noted that compared to the work on key-

hole dynamics in LBW, very little study has
been done in EBW. Nevertheless, the keyhole

fluctuation and instability is an important issue
in EBW. The results obtained using the quasi-
steady-state model (Ref 93) provide a useful
basis for developing future generations of com-
prehensive transient models to understand the
keyhole dynamics in EBW.

Laser-Arc Hybrid Welding

The laser-arc hybrid welding process takes
advantage of the benefits of both laser and arc
welding, resulting in wide and deep welds in a
single pass, with low distortion and residual
stresses. As pointed out in an excellent review
paper (Ref 98), the benefits of the laser-arc
hybrid welding process mainly arise out of the
physical interaction of the two heat sources. In
situations where the laser and arc are separated
by a distance at which no plasma interaction
occurs, the process should be considered as tan-
dem welding (Ref 99).
Laser-arc interactions are complex in hybrid

welding. The synergistic interaction between
the laser and the arc involve surface-heating
interactions, stabilization of the arc cathode
spot, and constriction of the arc plasma column
(Ref 98). For simplicity, the majority of

published hybrid welding models to date do
not consider the details of laser-arc interactions.
Zhou and Tsai (Ref 100) developed a transient
2-D axisymmetric model to simulate the impin-
gement of metal droplets into the weld pool
containing a keyhole during laser-metal inert
gas (MIG) hybrid welding. The laser-MIG
hybrid weld pool was also simulated by Gao
et al. (Ref 101). Unlike the model by Zhou
and Tsai where the laser and arc are aligned
coaxially, the laser and arc heat sources are
separated at a horizontal distance of 4 mm
(0.16 in.) in the model by Gao et al. Cho and
Farson (Ref 102) developed a 3-D heat transfer
and fluid flow model to evaluate the humping
defect formation in CO2 laser-GMAW hybrid
welding. Cho et al. (Ref 103) developed 3-D
transient simulations of CO2 laser-GMAW
hybrid welding for the laser trailing the arc.
Their hybrid welding model is a combination
of the arc welding model and the laser welding
model, without any interactive effect between
the two.
Ribic et al. (Ref 104, 105) assessed the arc-

laser interactions in laser-GTAW hybrid weld-
ing. To match the predicted fusion-zone depth
and width with the experimental data, the arc
radius used in their 3-D heat transfer and fluid
flow model was varied. The best-fit data show
the arc radius must decrease to achieve the
observed weld depth when the arc and laser
are in close proximity.
In conclusion, laser-arc hybrid welding is

one of the most challenging fusion welding pro-
cesses to model numerically, because of the
complexity of laser-arc interactions. Compre-
hensive mathematical description of such inter-
actions is yet to be fully developed. The current
generation of models has provided useful
insights into the molten metal flow and heat
transfer in hybrid welding. Those models will
serve as a solid basis for the development of
the next generation of models as understanding
of laser-arc interactions improves.

Mass Transfer in Weld Pool

Nitrogen Absorption

Nitrogen is an important alloying element in
modern steel chemistry, and its concentration
can have significant effects on the mechanical
and corrosion properties of weld metal. Many
published data have shown that nitrogen
absorption by the weld metal is enhanced above
the equilibrium solubility of nitrogen predicted
by Sievert’s law. The existence of monatomic
nitrogen dissociated from molecular nitrogen
in the plasma is responsible for the enhance-
ment of the nitrogen absorption in the low-
nitrogen steel weld pool during arc welding
(Ref 106).
Palmer and DebRoy (Ref 12) developed a

comprehensive model for enhanced nitrogen
dissolution in the weld metal during GTAW
of iron. Their model works as follows. First,

Fig. 12 Typical sequence showing the impinging of droplets, weld pool dynamics, and temperature distribution
(side view). Adapted from Ref 83
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monatomic nitrogen partial pressures are calcu-
lated as a function of the electron temperatures
in the plasma phase. Second, nitrogen concen-
trations on the weld pool surface are calculated
as a function of both the monatomic nitrogen
partial pressure and the weld pool surface tem-
peratures. Third, the model takes account of the
fact that, once absorbed at the weld pool sur-
face, nitrogen is transported predominantly by
convection to the interior of the weld pool.
The species conservation equation shown in
Eq 7 is solved to obtain the distribution of
nitrogen concentration in the weld pool, where
the enhanced transport of nitrogen due to turbu-
lence is modeled by increasing the nitrogen dif-
fusion coefficient. Finally, nitrogen desorption
is taken into account by placing a limit on nitro-
gen concentrations in the weld pool to define
the concentration at which desorption occurs.
As shown in Fig. 19, the modeling and experi-
mental results are equivalent in magnitude for
a given set of welding parameters and follow
similar trends with changes in the nitrogen
addition to the shielding gas.

Vaporization of Alloying Elements

During LBW of many important engineering
alloys, an appreciable amount of alloying ele-
ment vaporization takes place from the weld
pool surface. As a consequence, the composi-
tion of the solidified weld pool is often signifi-
cantly different from that of the alloy being
welded. The composition change, in turn, can
lead to significant changes in the microstructure
and degradation of the mechanical and corro-
sion properties of the welds.
DebRoy et al. (Ref 107) combined the princi-

ples of gas dynamics and weld pool transport
phenomena to calculate the rates of vaporiza-
tion in CO2 laser welding of pure iron and tita-
nium. An extended method is used by He et al.
(Ref 108) to study the composition change in
304 stainless steel weld metal during microjoin-
ing with short laser pulse. Two mechanisms for
vaporization are considered. The first mecha-
nism is the vaporization due to concentration
gradient. For an element i, this diffusive vapor-
ization flux (Jci) can be calculated as:

Jci ¼ Kgi Mi

ai P
0
i

RTl
� Cs

i

� �

(Eq 42)

where Kgi is the mass transfer coefficient of ele-
ment i between the weld pool surface and the
shielding gas, Mi is the molecular weight of ele-
ment i, ai is the activity of element i in the liq-
uid metal, P0

i is the equilibrium vapor pressure
of element i over its pure liquid, R is the gas
constant, Tl is the temperature on the weld pool
surface, and Cs

i is the concentration of element
i in the shielding gas.
The second mechanism is vaporization due to

the pressure gradient. For element i, the vapori-
zation rate due to this mechanism (Jpi) can
expressed as:
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Fig. 13 Sequence of temperature distributions showing droplet generation, detachment, transfer in the arc,
impingement onto the weld pool, and weld-pool dynamics. Adapted from Ref 84
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Fig. 14 Temporal evolution of keyhole shape and temperature distribution of a full-penetration keyhole weld. Laser power: 4 kW; welding speed: 25 mm/s (1.0 in./s); beam
diameter: 0.5 mm (0.02 in.). Adapted from Ref 27
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Jpi ¼ ai
P0
i

Pl

Mi

Mv

Jp (Eq 43)

where Pl is the vapor pressure on the liquid sur-
face, and Mv is the average molecular weight of

the vapor. Jp is determined by using the follow-
ing equation:

Jp ¼ rv M S (Eq 44)

where rv is the vapor density, M is the
Mach number, and S is the speed of
sound in the vapor. Details on the procedure
for the calculation of vaporization flux using
Eq 42 through 44 are available elsewhere
(Ref 107, 108).
He et al. (Ref 108) calculated the weld-metal

composition change in 200 mm deep 304 stain-
less steel microjoints fabricated using millisec-
ond-long neodymium: yttrium-aluminum-
garnet (Nd-YAG) laser pulses. The temperature
profile on the weld pool surface is obtained by
solving the energy and momentum conservation
equations. Figure 20 shows a fair agreement
between the experimental and computed con-
centration changes of the various alloying ele-
ments in a 304 stainless steel microjoint.

In high-power LBW, the peak temperatures
on the weld pool surface often exceed the
material boiling point. In such situations, the
escaping vapor exerts a large recoil force
on the weld pool surface. As a consequence,
the molten metal may be expelled from
the weld pool. He et al. (Ref 109) studied
the liquid metal expulsion during laser spot
welding of 304 stainless steel. By comparing
the vapor recoil force with the surface tension
force at the periphery of the liquid pool, their
model predicted whether liquid metal expulsion
would take place under various welding condi-
tions. It is found that a higher laser power den-
sity and longer pulse duration significantly
increased liquid metal expulsion during spot
welding.
For arc welding, Murphy (Ref 45) reviewed

various methods for the calculation of the pro-
duction rate of metal vapor. Among those meth-
ods, the Clausius-Clapeyron equation is worth
noting, which is expressed as:

Fig. 15 Computed temperature and flow field for (a)
SS 304L at 1000 W and 19 mm/s and (b) Al

5754 at 2600 W and 74.1 mm/s. For SS 304L, levels 1,
2, 3, and 4 correspond to 1697, 1900, 2100, and 3100
K, respectively. For Al 5754, levels 1, 2, 3, and 4
correspond to 880, 1100, 1400, and 2035 K,
respectively. Adapted from Ref 25

T, °C

Z
, c

m

1200 1400 1600 1800 20001000
0.0

0.2

0.4

0.6

Theory

Experiment0.8

1.0

Fig. 16 Measured and calculated variation of keyhole
wall temperatures with depth for Al 1100

alloy. Welding parameters: 4.34 kW, 8 mm/s (0.32 in./s),
0.005 rad divergence, �4 mm (�0.16 in.) defocus, and
0.7 mm (0.03 in.) focal spot size. Adapted from Ref 96, 97

Fig. 17 Variation of (a) vapor pressure in the keyhole and (b) keyhole wall temperature, with depth for electron beam
welding of Ti-6Al-4V at 550 W and 16.9 mm/s (0.67 in./s). z = 0 at the surface of the workpiece. Adapted

from Ref 93
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Pvap ¼ Patm exp
�Hvap

R

1

Tl
� 1

Tb

� �� �

(Eq 45)

where Pvap and Patm are the vapor pressure and
atmospheric pressure, respectively, Hvap is the
molar heat of evaporation, Tl is the temperature
of the liquid metal, Tb is the boiling tempera-
ture of the metal at atmospheric pressure, and
R is the ideal gas constant. In a unified numeri-
cal model taking into account the tungsten cath-
ode, arc plasma, and weld pool, the Clausius-
Clapeyron equation is used by Murphy et al.
(Ref 51) to calculate the iron vapor concentra-
tion at the boundary between the arc and the
weld pool. They found that the heat flux density
and current density to the weld pool are reduced
substantially by the presence of iron vapor in
the helium arc. Tashiro et al. (Ref 110)
simulated a series of processes from evapora-
tion of metal vapor to fume formation from
the metal vapor. They found that most of the
fume was produced in the downstream region
of the arc originating from the metal vapor eva-
porated mainly from the droplet in argon
GMAW.

Dissimilar-Metal Welding

There are two approaches to modeling the
mixing of dissimilar liquid metals in the weld
pool, depending on the miscibility between the
metals being joined. If the two metals are
completely miscible, the species conservation
equation (Eq 7) can be solved to obtain the con-
centration field. There is no interface between
the two metals. This approach is used by Phani-
kumar et al. (Ref 111) and Chakraborty (Ref
112) for a copper-nickel dissimilar couple and
by Arghode et al. (Ref 16) for two aluminum
alloys with different silicon contents. On the
other hand, if the two metals are immiscible,
the interface between them must be explicitly
modeled. The models developed by Wei et al.
(Ref 113) and Tomashchuk et al. (Ref 114)

are based on the second approach. Salient fea-
tures of the aforementioned models are sum-
marized as follows.
Wei and Chung (Ref 113) developed a tran-

sient 2-D model to simulate the Marangoni flow

in a weld pool during conduction-mode laser
welding of two dissimilar metals. The equations
for conservation of mass, momentum, and
energy are solved for the dissimilar-metal mix-
ture, with properties assigned weights based on

Fig. 18 Computed fusion-zone cross sections for Ti-
6Al-4V welds at 1000 W and 17 mm/s (0.67

in./s). (a) Laser beam welding. (b) Electron beam
welding. Adapted from Ref 93

Fig. 19 Comparison between experimental nitrogen concentrations and modeled results for several mass transport
enhancement factors at electron temperatures between 3250 and 3000 K for a nitrogen supersaturation

level of 75% at a travel speed of 8.5 mm/s (0.33 in./s). Adapted from Ref 12

Fig. 20 Comparison between calculated and experimentally determined composition change of 304 stainless steel.
Laser power: 1067 W; pulse duration: 3 ms; and beam radius: 0.225 mm (0.009 in.). Adapted from Ref 108
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the volume fractions of each metal. The two
metals are immiscible, and the interface
between them is tracked using the VOF
method. The predicted weld pool depth is found
to be consistent with the experimental data for
welding of copper to iron under different weld-
ing speeds. Figure 21 shows an agreement
between the predicted and observed weld pool
shapes in welding of copper to nickel.
Phanikumar et al. (Ref 111) developed a 3-D

transient model to solve heat transfer and fluid
flow conservation during conduction-mode
laser welding of copper to nickel. Because they
considered the copper-nickel system, which
exhibits complete miscibility in both liquid
and solid states, in their model the species con-
servation equation is solved to obtain the con-
centration field. They found that the weld pool
shape becomes asymmetric even when the heat
source is symmetrically applied on the two
metals forming the couple. Using a similar
approach, Chakraborty (Ref 112) studied the
effects of turbulence on molten pool transport
in a copper-nickel dissimilar couple. The turbu-
lent transport model, based on a high-Reynolds-
number k-e model, shows that the turbulent
mass diffusivity is approximately 107 to 108

times greater than molecular mass diffusivity,
which results in better mixing between two dis-
similar molten metals than the laminar transport
model. The species distribution obtained from
the turbulent transport model is shown to be
in better agreement with the experimental data
than that obtained from the laminar transport
model.
Arghode et al. (Ref 16) developed a 3-D

transient model for linear GMAW of two alu-
minum alloys with different silicon contents.
In this model, the silicon concentration in the
liquid metal is obtained by solving the species
conservation equation. The effect of molten
droplet addition to the weld pool is simulated
using a cavity model, in which the droplet heat
and species addition to the molten pool are con-
sidered as volumetric heat and species sources,
respectively, and distributed in an imaginary
cylindrical cavity within the molten pool. The
Scheil equation is used to correlate the temper-
ature to the liquid fraction, given the local sili-
con concentration in the binary aluminum-
silicon system.
Tomashchuk et al. (Ref 114) developed a 2-

D model for dissimilar copper-steel electron
beam welds. The calculation domain corre-
sponds to the horizontal plane of the weld,
where a predefined circular keyhole is intro-
duced as an interior boundary with constant
wall temperatures set as the vaporization tem-
peratures. The copper and steel are treated as
immiscible, and their interface is captured using
the level-set method.

Reliability of Models

Although numerical heat transfer and fluid
flow models have provided significant insights

about fusion welding processes and welded
materials, several model input parameters can-
not be easily prescribed from fundamental prin-
ciples (Ref 115–119). As a result, the calculated
outputs of these models do not always agree
with the experimental results. One valuable
solution to this problem is the inverse modeling
technique, a new research paradigm that is gen-
erally used to find the value of uncertain pro-
cess variables using a limited volume of
experimental data (Ref 115–131).
The purpose of inverse modeling is to quan-

titatively study the unknowns in the models.
Figure 22 shows the difference between com-
monly used numerical models and the inverse
models. In inverse modeling, both measured
values and corresponding calculated quantities
are required to estimate the values of uncertain
input parameters. Because most inverse pro-
blems cannot be solved analytically, computa-
tional methods play a fundamental role (Ref
120–124). This is especially true for welding
problems, which are invariably complex and
nonlinear.
In the inverse modeling technique, the phe-

nomenological models that govern the physics
of the problem are generally called forward
models, and the problem of solving them is
called a direct problem. These models are then
coupled with optimization algorithms to mini-
mize an objective function representing the
error between calculated outputs and the
desired or experimentally obtained outputs. In
the optimization problem, the uncertain model
parameters are treated as control variables,
and the objective function is related to a degree
of fit (or misfit) between the model predictions
and the experimentally observed data. Gener-
ally, a least-squares error function is used as
an objective function, because it accounts for
both positive and negative residuals without let-
ting them cancel each other out, as would be
the case if a simple summation form were used.
Constraints enter the problem through physical
restrictions on the values that can be considered
for the fitted (i.e., optimal) parameters. Inverse
modeling is an iterative process in which the
optimization algorithm first starts the calcula-
tion by running the phenomenological model
using the initial guessed values of uncertain
input parameters. The optimization algorithms
minimize the error between the predicted and
the experimentally observed variable values by
considering the sensitivity of these variables to
each of the uncertain parameters. The calcula-
tion is repeated until the objective function
reaches the prescribed tolerable value.
Several optimization techniques are available

to estimate the values of uncertain input para-
meters. The most common methods include
quasi-Newton methods, steepest ascent/descent
methods such as Levenberg-Marquardt (LM)
and conjugate gradient (CG), and global opti-
mization algorithms such as genetic algorithms
and simulated annealing (Ref 117, 123, 124,
131). Global optimization techniques are sto-
chastic in nature and therefore typically have

slower rates of convergence. Furthermore, they
require much higher numbers of runs of the for-
ward model, if the initial starting values are not
close to the optimal values. On the other hand,
local optimization algorithms such as LM or
CG methods may have difficulty in finding the
global optimal values of uncertain parameters.
Another disadvantage of using a local optimiza-
tion technique is that the solution at which it
arrives depends on the starting solution (Ref
116). Obviously, the combination of both local
and global optimization approaches is
promising in finding the robust optimal
parameters.
One of the main issues in parameter estima-

tion is that the models are overparameterized
relative to the amount of information that is
available to calibrate them (Ref 122–124). This
problem arises when the model output being
observed is not uniquely responsive to the
parameter being estimated, for example, when
errors in two different parameters cancel each
other out in affecting the model response. How-
ever, measurements having systematic errors do
not cancel each other with averaging. There-
fore, the minimum value of the objective func-
tion is subject to systematic errors associated
with experiments, measurement techniques,
and the assumptions used in the heat transfer
and fluid flow numerical model. During param-
eter estimation, it is generally assumed that the
errors in the experimental data are independent
and normally-distributed random variables with
means of zero and constant variances. By
performing a statistical analysis, it is possible
to assess the accuracy of the calculated values
of uncertain input parameters (Ref 121–124).
If the errors are Gaussian in distribution, the
minimization of the chi-square norm can be
used for testing the accuracy of the parameters.
Furthermore, confidence intervals for individual
parameters and joint confidence region should
be calculated to check the robustness of calcu-
lated values (Ref 123).
The inverse problem is much more difficult

to solve than the direct problem because it is
typically ill-posed in the sense that small per-
turbations in the observed parameters/functions
may amplify into large changes in the
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Fig. 21 Comparison between theoretical prediction
and experimental observation of the fusion-

zone shapes in welding copper to nickel with CO
2
laser.

It is noted that the copper and nickel are treated as
immiscible in the simulation. Adapted from Ref 113
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corresponding solutions (Ref 126, 127) (i.e., the
problem is ill-conditioned). This ill-conditioned
problem requires special numerical techniques
to stabilize the results of the calculations. In
the LM method, the ill-conditioned nature of
the inverse problem is alleviated by using an
iterative procedure and adding a damping
parameter to the coefficient of the diagonal sen-
sitivity matrix. The damping parameter is made
large in the beginning of the iterations, because
the problem is generally ill-conditioned in the
region around the initial guess used for the iter-
ative procedure, which can be quite far from the
exact parameters. A very small step is taken in
the direction of the negative gradient. The
damping parameter is then gradually reduced
as the iteration procedure advances. The CG
method differs from the LM method principally
in the calculation of the search step size and the
direction of descent. In the iterative procedure
of the conjugate gradient method, at each itera-
tion a suitable step size is taken along a direc-
tion of descent to minimize the objective
function. The direction of the descent is
obtained as a linear combination of the negative
gradient direction in the current iteration and
the direction of the descent in the previous iter-
ation. This linear combination is such that the
resulting angle between the direction of descent
and the negative gradient direction is less than
90� and the minimization of the objective func-
tion is assured.
If the inverse problem involves the estima-

tion of only a few unknown parameters, the
use of an ordinary least-squares norm can be
stable (Ref 121, 124). However, if the estima-
tion of a large number of parameters is
involved, excursion and oscillation of solutions
may occur. One approach to reduce such
instabilities is to use the procedure called
Tikhonov’s regularization, which modifies the
least-square norm by the addition of a term hav-
ing a regularization parameter and a whole-
domain zeroth-order regularization term (Ref
128). Instabilities in the solution can be alle-
viated by proper selection of the regularization
parameter (Ref 123).
The optimization schemes are computation-

ally intensive because they require multiple
runs of the forward model. The efficiency of
these techniques is defined by the number of
direct problem runs needed to find the values
of uncertain input parameters. In the literature
on the application of inverse modeling to weld-
ing processes, forward models have been sim-
plified for the convenience of the computation.
As a result, such applications to date have been
largely based on rather simple heat conduction
equations (Ref 132, 133), often using
Rosenthal’s analytical solution of heat conduc-
tion equation, which completely ignores con-
vection in the weld pool. The primary focus of
those works was to determine the distribution
of heat flux at the workpiece surface exposed
to an arc or a laser beam from measured tem-
peratures at several monitoring locations in the
solid region. Recently, researchers (Ref 116–

119,134–136) have developed inverse models
to calculate such unknown input parameters as
arc efficiency, effective thermal conductivity,
and effective viscosity for transport-phenom-
ena-based modeling of different fusion welding
processes. Kumar and DebRoy (Ref 117) calcu-
lated the values of arc efficiency and enhance-
ment factors for thermal conductivity and
viscosity in a gas metal arc fillet welding pro-
cess using a limited set of experimental data.
Their results show that the arc efficiency
increases slightly with increasing input power
and decreasing wire-feeding rate (Fig. 23). This
behavior is consistent with the fact that with a
decrease in wire-feed rate, less power is con-
sumed in melting the wire and more heat is
available to the workpiece for the same heat
input rate. Their results also show that the
enhancement factor for thermal conductivity
and viscosity increases with an increase in heat
input per unit length. Using the values of

unknown parameters determined by an inverse
modeling approach, good agreement was
obtained between the model predictions and
the experimental data of weld bead dimensions
for various welding conditions. Their work
shows that the reliability of the numerical heat
transfer and fluid flow calculations in the weld
pool can be significantly improved by including
a suitable optimization model to determine the
uncertain welding parameters from a limited
volume of experimental data on weld
dimensions.

Future Models

Over the past decades, significant progress
has been made in the numerical modeling of
heat and mass transfer in fusion welding. The
numerical models have greatly expanded the
quantitative understanding of weld transport
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phenomena, including the formation of a wavy
fusion-zone boundary, mixing in the weld pool
of dissimilar metals, the effect of shield gas
composition on heat transfer from arc plasma
to weld pool, keyhole dynamics in laser weld-
ing, droplet impingement into the weld pool in
GMAW and laser-GMAW hybrid welding,
and much more. Such quantitative knowledge
is essential for achieving the goal of science-
based control of composition, structure, and
properties for fusion welding.
Development of the next generation of heat

and mass transfer models will benefit from
progress in the following two areas. First, an
improved fundamental understanding of weld
transport phenomena is of importance. For
instance, a more comprehensive and detailed
mathematical description of heat and mass
transfer in hybrid welding is achievable only
with improved understanding of laser-arc inter-
actions. To this end, experimental observations
of welding transport phenomena are crucial.
Furthermore, in view of the complexities of
welding processes, numerical models must be
tested by well-designed experiments. Second,
advanced numerical algorithms (such as those
for tracking free surface evolution) and parallel
computing are needed.
A final emphasis is placed on the integration

of models. A good example is the recent devel-
opment of the unified model combining the arc
plasma and the weld pool, which serves as an
ever-increasingly sophisticated tool for
improved understanding of the complex weld
transport phenomena. Furthermore, the heat
and mass transfer models enable the accurate
prediction of temperature evolution in the
workpiece. Such temperature history is a pre-
requisite for the calculation of the microstruc-
tural changes and the residual stresses and
distortion during fusion welding. The integra-
tion of heat and mass transfer models with
microstructure models and thermal-stress mod-
els is essential for intelligent process control
and optimization to produce structurally sound
and reliable welds (Ref 137).

ACKNOWLEDGMENTS

The authors would like to express their sin-
cere appreciation to Prof. T. DebRoy of the
Pennsylvania State University and Prof. P.
Mendez of the University of Alberta for their
valuable comments.

REFERENCES

1. S.A. David and T. Debroy, Science, Vol
257, 1992, p 497

2. S. Kou, Welding Metallurgy, 2nd ed.,
John Wiley & Sons, Hoboken, NJ, 2003

3. �. Grong, Metallurgical Modeling of
Welding, 2nd ed., The Institute of Materi-
als, London, 1997

4. S. Kou, Proceedings of Sixth Trends in
Welding Research, 2003, p 104–111

5. P. Dong, Proceedings of Sixth Trends in
Welding Research, 2003, p 815–825

6. W. Zhang, C.-H. Kim, and T. DebRoy, J.
Appl. Phys., Vol 95, 2004, p 5210

7. F. Lago, J.J. Gonzalez, P. Freton, and A.
Gleizes, J. Phys. D: Appl. Phys., Vol 37,
2004, p 883–897

8. K. Mundra, T. DebRoy, and K.M. Kelkar,
Numer. Heat Transf. A, Vol 29, 1996,
p 115–129

9. R.B. Bird, W.E. Stewart, and E.N. Light-
foot, Transport Phenomena, 1st ed., John
Wiley & Sons, New York, 1960

10. S.V. Patankar, Numerical Heat Transfer
and Fluid Flow, Hemisphere Publishing
Corp., New York, 1982

11. A.D. Brent, V.R. Voller, and K.J. Reid,
Numer. Heat Transf. A, Vol 13, 1988,
p 297

12. T.A. Palmer and T. DebRoy,
Metall. Mater. Trans. B, Vol 31, 2000,
p 1371

13. M. Arenas, V.L. Acoff, and N. El-
Kaddah, Mathematical Modelling of Weld
Phenomena 5, IOM Communications,
2001, p 39

14. N.S. Tsai and T.W. Eager, Metall. Trans.
B, Vol 16, 1985, p 841

15. Z. Yang and T. DebRoy, Metall. Mater.
Trans. B, Vol 30, 1999, p 483

16. V.K. Arghode, A. Kumar, S. Sundarraj,
and P. Dutta, Numer. Heat Transf. A,
Vol 53, 2008, p 432–455

17. W. Zhang, “Probing Heat Transfer, Fluid
Flow and Microstructural Evolution dur-
ing Fusion Welding of Alloys,” Ph.D. dis-
sertation, Pennsylvania State University,
2004

18. S. Kou and D.K. Sun, Metall. Trans. A,
Vol 16, 1985, p 203–213

19. A. Kumar and T. DebRoy, J. Appl. Phys.,
Vol 94, 2003, p 1267

20. W. Zhang, C. Conrardy, and I. Harris,
Proceedings of Seventh Trends in Welding
Research, 2006, p 79–84

21. P. Sahoo, T. DebRoy, and M.J. McNallan,
Metall. Trans. B, Vol 19, 1988, p 483

22. A. Matsunawa, Proceedings of Third
Trends in Welding Science and Technol-
ogy, 1993, p 3–16

23. M.H. Cho, “Numerical Simulation of Arc
Welding Process and Its Application,” Ph.
D. dissertation, The Ohio State Univer-
sity, 2006

24. D.J. Phares, G.T. Smedley, and R.C. Fla-
gan, J. Fluid Mech., Vol 418, 2000,
p 351–375

25. R. Rai, G.G. Roy, and T. DebRoy, J.
Appl.Phys., Vol 101, 2007, p 11

26. R. Rai, J.W. Elmer, T.A. Palmer, and
T. DebRoy, J. Phys. D: Appl. Phys., Vol
40, 2007, p 5753–5766

27. H. Ki, P.S. Mohanty, and J. Mazumder,
Metall. Mater. Trans. A, Vol 33, 2002,
p 1831–1842

28. D.R. Atthey, J. Fluid Mech., Vol 98,
1980, p 787–801

29. B.E. Launder and D.E. Spalding, Lectures
in Mathematical Models of Turbulence,
Academic Press, NY, 1972

30. R.T.C. Choo and J. Szekely, Weld. J., Vol
73, 1994, p 25s–31s

31. K. Hong, D.C. Weckman, A.B. Strong,
and W. Zheng, Sci. Technol. Weld. Join.,
Vol 7, 2002, p 125–136

32. D.C. Wilcox, Turbulence Modeling
for CFD, DCW Industries, California, 1993

33. J. Jaidi and P. Dutta, Sci. Technol. Weld.
Join., Vol 9, 2004, p 407–414

34. T.J. Craft, S.E. Gant, H. Iacovides, and B.
E. Launder, Numer. Heat Transf.B, Vol
45, 2004, p 301–318

35. W. Shyy, Computational Fluid Dynamics
with Moving Boundaries, Taylor & Fran-
cis, Washington D.C., 1996

36. C.W. Hirt and B.D. Nichols, J. Comput.
Phys., Vol 39, 1981, p 201

37. S.J. Osher and R.P. Fedkiw, Level Set
Methods and Dynamic Implicit Surfaces,
Springer, New York, 2002

38. J. Jenista, J.V.R. Heberlein, and E. Pfen-
der, IEEE Trans. Plasma Sci., Vol 25,
1997, p 883–890

39. H.A. Dinulescu and E. Pfender, J. Appl.
Phys., Vol 51, 1980, p 3149–3157

40. J.J. Lowke, R. Morrow, and J. Haidar, J.
Phys. D: Appl. Phys., Vol 30, 1997,
p 2033–2042

41. J. Haidar, J. Phys. D: Appl. Phys., Vol 32,
1999, p 263–272

42. H.G. Fan and R. Kovacevic, J. Phys. D:
Appl. Phys., Vol 37, 2004, p 2531–2544

43. J. Hu and H.L. Tsai, Int. J. Heat Mass
Transf., Vol 50, 2007, p 833–846

44. M. Tanaka, K. Yamamoto, S. Tashiro,
K. Nakata, M. Ushio, K. Yamazaki,
E. Yamamoto, K. Suzuki, A.B. Murphy,
and J.J. Lowke, Weld. World, Vol 52,
2008, p 82–88

45. A.B. Murphy, J. Phys. D: Appl. Phys.,
Vol 43, 2010, p 434001

46. I.V. Krivtsun, Paton Weld. J., No. 3,
2001, p 2–9

47. I.V. Krivtsun, V.F. Demchenko, and I.V.
Krikent, Paton Weld. J., No. 6, 2010, p 2–9

48. C.J.Knight,AIAAJ.,Vol17,1979,p519–523
49. J.J. Lowke, M. Tanaka, and M. Ushio, J.

Phys. D: Appl. Phys., Vol 38, 2005,
p 3438

50. M. Goodarzi, R. Choo, and J.M. Toguri,
J. Phys. D: Appl. Phys., Vol 30, 1997,
p 2744–2756

51. A.B. Murphy, M. Tanaka, K. Yamamoto,
S. Tashiro, J.J. Lowke, and K. Ostrikov,
Vacuum, Vol 85, 2010, p 579–584

52. J. Hu and H.L. Tsai, J. Appl. Phys., Vol
100, 2006, p 053304

53. A. Robert and T. DebRoy, Metall. Mater.
Trans. B, Vol 32, 2001, p 941

54. A. Arora, G.G. Roy, and T. DebRoy, Scr.
Mater., Vol 60, 2009, p 68–71

55. K. Tello, U. Duman, and P. Mendez, Scal-
ing Laws for the Welding Arc, Weld Pen-
etration and Friction Stir Welding,

Modeling of Heat and Mass Transfer in Fusion Welding / 787



Proceedings of Eighth Trends in Welding
Research, 2009, p 172–181

56. G.M. Oreper, T.W. Eagar, and J. Szekely,
Weld. J., Vol 62, 1983, p 307–312

57. T. Zacharia, A.H. Eraslan, and D.K.
Aidun, Weld. J., Vol 67, 1988, p 18s–27s

58. C.S. Wu and K.C. Tsao, Eng. Comput.,
Vol 7, 1990, p 241

59. M. Kanouff and R. Greif, Int. J. Heat
Mass Transf., Vol 35, 1992, p 967–979

60. P.G. Jönsson, J. Szekely, R.T.C. Choo,
and T.P. Quinn, Model. Simul. Mater.
Sci. Eng., Vol 2, 1994, p 995

61. S. Mishra, T.J. Lienert, M.Q. Johnson,
and T. DebRoy, Acta Mater., Vol 56,
2008, p 2133–2146

62. Y.C. Lim, X. Yu, J.H. Cho, J. Sosa, D.F.
Farson, S.S. Babu, S. McCracken, and B.
Flesner, Sci. Technol. Weld. Join., Vol
15, 2010, p 583

63. W. Zhang, G.G. Roy, J.W. Elmer, and T.
DebRoy, J. Appl. Phys., Vol 93, 2003, p 3022

64. X. He, P.W. Fuerschbach, and T. Deb-
Roy, J. Phys. D: Appl. Phys., Vol 36,
2003, p 1388–1398

65. A. Farzadi, S. Serajzadeh, and A.H.
Kokabi, Mater. Sci. Technol., Vol 24,
2008, p 1427

66. T.D. Anderson, J.N. DuPont, and T. Deb-
Roy, Acta Mater., Vol 58, 2010, p 1441–
1454

67. J.C. Amson, Br. Weld. J., Vol 41, 1962,
p 231–239

68. J.C. Allum, J. Phys. D: Appl. Phys. ,Vol
18, 1985, p 1431–1446

69. Y.S. Kim and T.W. Eager, Weld. J., Vol
72, 1993, p 269s–278s

70. J.H. Choi, J. Lee, and C.D. Yoo, J. Phys. D:
Appl. Phys., Vol 34, 2001, p 2658–2664

71. V.A. Nemchinsky, J. Phys. D: Appl.
Phys., Vol 27, 1994, p 1433–1442

72. L.A. Jones, T.W. Eagar, and H.J. Lang,
J. Phys. D: Appl. Phys., Vol 31, 1998,
p 107–123

73. S.K. Choi, C.D. Yoo, and Y.S. Kim,
Weld. J., Vol 77, 1998, p 38s–44s

74. S.K. Choi, C.D. Yoo, and Y.S. Kim,
J. Phys. D: Appl. Phys., Vol 31, 1998,
p 207–215

75. J. Haidar and J.J. Lowke, J. Phys. D:
Appl. Phys., Vol 29, 1996, p 2951–2960

76. S. Kumar and S.C. Bhaduri, Metall.
Mater. Trans. B, Vol 25, 1994, p 435–441

77. W. Zhang, C.-H. Kim, and T.
DebRoy,J.Appl.Phys.,Vol95,2004,p5220

78. J.W. Kim and S.J. Na, Trans. ASME, J.
Eng. Ind., Vol 116, 1994, p 78–85

79. M. Ushio and C.S. Wu, Metall. Mater.
Trans. B, Vol 28, 1997, p 509–516

80. Y. Wang and H.L. Tsai, Int. J. Heat Mass
Transf., Vol 44, 2001, p 2067–2080

81. H.G. Fan and R. Kovacevic, Metall.
Mater. Trans. B, Vol 30, 1999, p 791–801

82. Z. Cao, Z. Yang, X.L. Chen, Weld. J., Vol
83, 2004, p 169s–176s

83. J. Hu, H. Guo, and H. L. Tsai, Int. J. Heat
Mass Transf., Vol 51, 2008, p 2537–2552

84. J. Hu and H.L. Tsai, Int. J. Heat Mass
Transf., Vol 50, 2007, p 808–820

85. P.G. Klemens, J. Appl. Phys., Vol 47,
1976, p 2165–2174

86. D.E. Swift-Hook and A.E.F. Gick, Weld.
J., Vol 52, 1973, p 492s

87. J.G. Andrews and D.R. Atthey, J. Phys.
D: Appl. Phys., Vol 9, 1976, p 2181–2194

88. A. Kaplan, J. Phys. D: Appl. Phys., Vol
27, 1994, p 1805–1814

89. J. Zhou, H.L. Tsai, and T.F. Lehnhoff, J.
Phys. D: Appl. Phys., Vol 39, 2006,
p 5338–5355

90. J. Zhou and H.L. Tsai, Trans. ASME, J.
Heat Transf., Vol 129, 2007, p 1014–1024

91. H. Ki, P.S. Mohanty, and J. Mazumder, J.
Laser Appl., Vol 14, 2002, p 39–45

92. H. Ki, P.S. Mohanty, and J. Mazumder,
Metall. Mater. Trans. A, Vol 33, 2002,
p 1817–1830

93. R. Rai, P. Burgardt, J.O. Milewski, T.J.
Lienert, and T. DebRoy, J. Phys. D: Appl.
Phys., Vol 42, 2009, p 025503

94. R. Rai, T.A. Palmer, J.W. Elmer, and T.
Debroy, Weld. J., Vol 88, 2009, p 54s–61s

95. J.W. Elmer, W.H. Giedt, and T.W. Eagar,
Weld. J., Vol 69, 1990, p 167s–176s

96. P.S. Wei and Y.T. Chow, Metall. Trans.
B, Vol 23, 1992, p 81–90

97. D.A. Schauer, W.H. Giedt, and S.M. Shin-
taku, Weld. J., Vol 57, 1978, p 127s–133s

98. B. Ribic, T.A. Palmer, and T. DebRoy,
Int. Mater. Rev., Vol 54, 2009, p 223

99. A. Mahrleand and E. Beyer, J. Laser
Appl., Vol 18, 2006, p 169–180

100. J. Zhou and H.L. Tsai, J. Phys. D: Appl.
Phys.,Vol 42, 2009, p 095502

101. Z. Gao, Y. Wu, and J. Huang, Int. J. Adv.
Manuf. Technol., Vol 44, 2009, p 870–
879

102. M.H. Cho and D.F. Farson, Weld. J., Vol
86, 2007, p 253s–262s

103. W.-I. Cho, S.-J. Na, M.-H. Cho, and J.-S.
Lee, Comput. Mater. Sci., Vol 49, 2010,
p 792–800

104. B. Ribic, R. Rai, and T. DebRoy, Sci.
Technol. Weld. Join.,Vol 13, 2008, p 683

105. B.D. Ribic, R. Rai, T.A. Palmer, and T.
DebRoy, Proceedings of Eighth Trends
in Welding Research, 2009, p 313–320

106. W. Dong, H. Kokawa, S. Tsukamoto, Y.S.
Sato, and M. Ogawa, Metall. Mater.
Trans. B, Vol 35, 2004, p 331

107. T. DebRoy, S. Basu, and K. Mundra,
J. Appl. Phys., Vol 70, 1991, p 1313

108. X. He, T. DebRoy, and P.W. Fuersch-
bach, J. Appl. Phys., Vol 96, 2004, p 4547

109. X. He, J.T. Norris, P.W. Fuerschbach, and
T. DebRoy, J. Phys. D: Appl. Phys., Vol
39, 2006, p 525–534

110. S. Tashiro, T. Zeniya, K. Yamamoto, M.
Tanaka, K. Nakata, A.B.Murphy, E. Yama-
moto, K. Yamazaki, and K. Suzuki, J. Phys.
D: Appl. Phys., Vol 43, 2010, p 434012

111. G. Phanikumar, P. Dutta, and K. Chatto-
padhyay, Metall. Mater. Trans. B, Vol
35, 2004, p 339

112. N. Chakraborty, Appl. Therm. Eng., Vol
29, 2009, p 3618–3631

113. P.S. Wei and F.K. Chung, Metall. Mater.
Trans. B, Vol 31, 2000, p 1387

114. I. Tomashchuk, P. Sallamand, J.M. Jou-
vard, and D. Grevey, Comput. Mater.
Sci., Vol 48, 2010, p 827–836

115. A. Kumar, W. Zhang, C.H. Kim, and T.
DebRoy, Weld. World, Vol 49, 2005,
p 32–48

116. A. Kumar, “Tailoring Defect Free Fusion
Welds Based on Phenomenological Mod-
eling,” Ph.D. dissertation, Pennsylvania
State University, 2006

117. A. Kumar and T. DebRoy, J.
Phys. D: Appl. Phys., Vol 38, 2005,
p 127–134

118. A. Kumar, S. Mishra, J.W. Elmer, and
T. DebRoy, Metall. Mater. Trans. A, Vol
36, 2005, p 15–22

119. A. Kumar and T. DebRoy, Int. J. Heat
Mass Trans., Vol 47, 2004, p 5793–5806

120. J.V. Beck, B. Blackwell, and C.R. St.
Clair, Inverse Heat Conduction: Ill-Posed
Problems, Wiley International, New
York, 1985

121. J.V. Beck and K.J. Arnold, Parameter
Estimation in Engineering and Science,
John Wiley and Sons, New York, 1977

122. M.N. Ozisik and H.R.B. Orlande, Inverse
Heat Transfer: Fundamentals and Applica-
tions, Taylor and Francis, New York, 2000

123. Y. Bard, Nonlinear Parameter Estima-
tion, Academic Press, New York, 1974

124. J. Dennis and R. Schnabel, Numerical
Methods for Unconstrained Optimizations
and Non-Linear Equations, Prentice Hall,
1983

125. N. Tikhonov, Soviet Math. Dokl., Vol 4,
1963, p 1035–1038

126. N. Tikhonov, Soviet Math. Dokl., Vol 4,
1963, p 1624–1627

127. N. Tikhonov, J. Eng. Phys., Vol 29, 1975,
p 816–820

128. O.M. Alifanov, High Temp., Vol 15,
1977, p 498–504

129. O.M. Alifanov, Inverse Heat Transfer Pro-
blems, Springer-Verlag, New York, 1994

130. O.M. Alifanov, J. Eng. Phys., Vol 26,
1974, p 471–476

131. R. Fletcher and C.M. Reeves, Comput. J.,
Vol 7, 1964, p 149–154

132. R.W. Fonda andS.G.Lambrakos,Sci. Tech-
nol. Weld. Join., Vol 7, 2002, p 177–181

133. V.A. Karkhin, V.V. Plochikhine, and H.
W. Bergmann, Sci. Technol. Weld. Join.,
Vol 7, 2002, p 224–231

134. A. De and T. DebRoy, Sci. Technol. Weld.
Join., Vol 11, 2006, p 143–153

135. A. De and T. DebRoy, J. Appl. Phys., Vol
95, 2004, p 5230–5239

136. R. Nandan, S. Mishra, and T.
DebRoy, Proceedings of Mathematical
Modeling of Weld Phenomena 8, 2007,
p 505–530

137. T. DebRoy and S.A. David, Rev. Mod.
Phys., Vol 67, 1995, p 85

788 / Fundamentals of Weld Modeling



Modeling of Thermal-Electrical-
Mechanical Coupling in Fusion Welding
A. De, IIT Bombay

THE RESISTANCE SPOT WELDING
PROCESS involves heating two or more metallic
sheets under high-amperage current for a short
duration through a pair of copper electrodes that
hold the sheetsunder compressive force.The com-
pressive force ensures adequate contact for
the current to flow through the metallic sheets.
Localized resistive heating at the contacting inter-
face of the sheets results in melting, which, on
solidification, provides a joint in the formof a spot.
Throughout thewelding process, themoltenmetal
remains enclosed by the surrounding solid mate-
rial supported by the electrode force. Thus, the
process poses a heat-transfer-dominated problem
that influences and is also affected by the electrical
current flow and thermomechanical deformation
along the contacting interfaces, which decide
the overall current-carrying region. A coupled
thermal-electrical-mechanical analysis is thus
ideal for quantitative understanding of the process
based on scientific principles.
A host of two-dimensional axisymmetric

heat-transfer models using the finite-difference
method were reported to compute the tempera-
ture field during spot welding of uncoated
steels, considering uniform current density dis-
tribution (Ref 1–5). Coupled thermal-electrical
simulation models were reported next,
based on finite-difference (Ref 6, 7) and finite-
element methods (Ref 6–17) that could also
consider nonuniform current density distribu-
tion. Coupled electrical-thermal-mechanical
models are also attempted to analyze resistance
spot welding based on the finite-element
method (Ref 18, 19). In short, numerical mod-
els are established as an effective route to carry
out the coupled thermal-electrical and thermal-
mechanical analyses in resistance spot welding.
These numerical models have generally consid-
ered temperature-dependent material properties
while the latent heat during melting and solidi-
fication is often neglected. Most of these mod-
els have considered the variation of contact
resistance along the electrode-sheet and sheet-
sheet interfaces based on experimentally
measured data reported in independent litera-
ture (Ref 20–26). There are relatively fewer

attempts to model the spot welding process
with spherical tip electrodes, considering the
incremental change in electrode-sheet contact
diameter during weld time (Ref 6, 18, 19). This
article outlines a general approach to develop a
coupled electrical-thermal-mechanical analysis
to analyze the resistance spot welding process.

Thermal Analysis

The problem of heat flow in resistance spot
welding is primarily a case of heat conduction
associated with melting and subsequent solidifi-
cation. Although the nature of heat flow is
three-dimensional, a two-dimensional axisym-
metric model is sufficient due to the circular
cross section of the electrode that applies both
electrical current and compressive force
(Fig. 1). The merit of the axisymmetric formu-
lation is that the symmetry with respect to y,
the azimuthal angle, considers the variation in
heat transfer and current flow in radial (r) and
vertical (z) directions only. The governing
equation for transient state heat conduction in
a cylindrical coordinate system, considering
no variation of temperature with respect to the
y-axis, can be stated as (Ref 27–30):

1

r

]

]r
rk

]T

]r

� �

þ 1

r

]

]z
rk

]T

]z

� �

þ _Q¼ sC
]T

]t
(Eq 1)

where _Q refers to the rate of resistive heat gen-
eration per unit volume, r and z are radial and
axial coordinates, T and t refer to temperature
and time variables, and s,C, and k refer to density,
specific heat, and thermal conductivity of the
material, respectively. The electrode internal sur-
faces in contactwith coolingwater (e.g., linesGH
and HK in Fig. 2) can be considered to remain at
ambient temperature. The external surfaces of
the electrode can be considered as adiabatic
because these are far away from the zone of resis-
tive heating (Ref 27–30). Alternately, convective
heat loss from the exterior electrode surfaces can
be modeled by specifying a lumped surface heat-
transfer coefficient, hc, which is often estimated

as hc ¼ 2:4 � 10�3 � e � T1:61, where e is the
emissivity of copper, and T is the temperature
variable.
The term _Q in Eq 1 is evaluated using Ohm’s

law as (Ref 11, 28):

J ¼ 1

r
E (Eq 2)

where J is the current density vector, E is the
electric field intensity vector, and r is the elec-
trical resistivity. Considering a small current-
conducting cylinder of cross-sectional area DA
and of length Dl (as shown in Fig. 3), the
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Fig. 1 Schematic view of the sheet-electrode in a
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Fig. 2 Cross-sectional view of one quadrant of the
sheet-electrode system



current flow, DI, through the cylinder and the
potential drop, DU, across the cylinder can be
stated as (Ref 11):

�I ¼ J ��A (Eq 3)

�U ¼ E ��l (Eq 4)

So, the rate of heat generated per unit volume
can be written as:

_Q ¼ �I ��U

�A ��l
¼ r J � Jð Þ (Eq 5)

The dot product term, J � Jð Þ, in Eq 5 can be
simplified further by presuming the current
paths to be predominantly axial (Jz � J, as indi-
cated in Fig. 4) due to smaller sheet thickness in
comparison to the electrode-sheet contact diam-

eter. The term _Q can thus be evaluated as:

_Q ¼ r � J2 (Eq )

Electrical Analysis

Like heat-transfer analysis, the current con-
duction through the sheet-electrode can be ana-
lyzed in two-dimensional, axisymmetric form
using cylindrical coordinates, assuming no var-
iation of electric potential in the y-direction.
The governing equation for a steady-state cur-
rent conduction can be expressed in terms of
electrical potential, f, as (Ref 11, 27–30):
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þ 1
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r
]f
]z

� �

¼0 (Eq 6)

where r is the electrical resistivity. Considering
Fig. 2, the primary boundary condition for the
current-conduction analysis can be considered
as:

1

r
]j
]n

þ J ¼ 0 on surface FG (Eq 7)

where J denotes the applied current density on
the top surface of the electrode, and n depicts
normal to the surface. The other boundary con-
dition is the assumption that no current loss
occurs from the electrode surface to the
atmosphere.

Discretization of Sheet-Electrode
Geometry for Numerical Modeling

Figures 5(a) and (b) show the schematic
views of typical sheet-electrode geometry with
curved electrodes and the zone of analysis that
can be considered for symmetric sheet thick-
nesses, respectively. The zone of analysis can
be divided into a finite number of ring-shaped
isoparametric rectangular elements (Fig. 6)

with, whenever necessary, triangular cross
sections to account for the curved
boundary. Any variable, f (e.g., temperature
or potential), within a discrete element can be
defined as:

jðr; zÞ ¼
X

‘

i¼1

Ni ji (Eq 8)

where ‘ is the number of nodes of an element,
and Ni is the appropriately defined nodal shape
function (often referred to as the interpolation
function) (Ref 31).

In-Process Growth of Electrode-
Sheet Contact

Figures 7(a) and (b) schematically present
how the contact area along the electrode-sheet
interface can grow, in particular for a curved-
face electrode, during weld time because of
thermo-elastic-plastic deformation. The cou-
pled thermo-elastic-plastic behavior of the sheet
and electrode materials in resistance welding
can be described using the static equilibrium
equation:

]sij

]xj
þ fi ¼ 0 (Eq 9)

considering sij ¼ sji where sij refers to the
stress tensor, xj refers to the Cartesian coordi-
nate system, and fi is the body force and can
be neglected.
The constitutive equation in thermo-elastic-

plastic deformation must be considered in an
incremental manner as:

dsij ¼ 2Gdeij þ g�ijdeij � 3gþ 2Gð Þadij T � Trð Þ

� 9G2sd
ijs

d
kldekl

�s2 ET þ 3Gð Þ

( )

(Eq 10)

where the strain tensor, eij, the deviatoric stress

components, sd
ij, and the equivalent stress, �s,

are expressed as:

eij ¼ 1

2

]ui
]xj

þ ]uj
]xi

� �

(Eq 11)
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sd
ij ¼ sij � 1

3
sii þ sjj þ skk

� 	

(Eq 12)

�s ¼ 3

2
sd
ijs

d
ij

� �1=2

(Eq 13)

In Eq 10, ET is the local slope of the stress
versus plastic strain behavior of the material
in the elastic-plastic regime, G and g are
expressed respectively as:

G ¼ E=2 1þ nð Þ

and

g ¼ nE= 1þ nð Þ 1� 2nð Þf g

where E is the elastic modulus, n is Poisson’s
ratio, and a is the linear coefficient of
thermal expansion (or contraction). Lastly,
dij ¼ 0 for i 6¼ j and dij ¼ 1 for i = j. The incre-
mental strain, deij, is computed as:

deij ¼ deelij þ dij deplij þ dethij
� �

where deelij , de
pl
ij , and dethij are the elastic, plastic,

and thermal strain components, respectively. It
is noteworthy that the plastic and the thermal
strains are volumetric in nature. Moreover,
cooling of the fusion zone or heat-affected zone
can be associated with a phase transformation
that will contribute to an additional volumetric
strain in terms of dilation as:

dedij
n o

¼ C1 �V=Vð Þ sij

�

�s
� 	

where sij is the applied stress, �s is the yield stress
of the parent phase before transformation, DV is
the volume change associated with phase change,
and V is the volume of the parent phase.
The solution of Eq 9, neglecting body force (i.e.,

fi = 0) and considering the constitutive equations in
incremental form (Eq 10), further requires the
application of boundary conditions and external
loads. Considering a typical axisymmetric sheet-
electrode geometry in resistance welding (Fig. 2),
a zero axial displacement can be applied along AR
and a symmetric displacement boundary condition
should be applied along AO that will further elimi-
nate the chance of rigid body movement when the
electrode force will be applied alongGF.
The solution of the final displacement and stress

fields in the sheet-electrode system, considering the
aforementioned phenomena, is, however, a real
challenge primarily due to the uncertain nature of
the mechanical behavior and properties of sheet
materials at high temperature. An analytical
approach is often followed to estimate the sheet-
sheet and electrode-sheet contact area in a simple
manner. At any particular time instant, the total
electrode force, P, is considered to be supported
by the sheet surface in contact to the electrode face
as (Ref 27–30):

P¼
Z

rc

0

sy Tð Þ2prdr (Eq 14)

where rc is the radius of the projected area of
the contact surface (Fig. 8) along the interface,
and sy(T) is the temperature-dependent flow
stress. To incorporate this, a thin layer of ele-
ments (size 0.1 by 0.1 mm, or 0.004 by 0.004
in.) is considered along the electrode-sheet
and sheet-sheet interfaces. At the beginning
of each time step, rc along an interface is
estimated with sy(T) evaluated at the average
temperature, Tav, prevailing along the
corresponding interface (Ref 27–30).

Incorporation of Latent Heat

The latent heat of melting and solidification
can be included in the heat-transfer simulation
through an increase or decrease in the specific
heat of the material. The specific heat, C, is
expressed as:

C = C1 for T 	 TS
C = C2 for T � TL (Eq 15)

C=Cm = [l/(TL� T)] + (C1 +C2)/2 for TS	T	TL

where l is the latent heat, and TS and TL are the
solidus and liquidus temperatures. For an ele-
ment of volume undergoing phase change, the
specific heat can be estimated as a weighted
average of the associated specific heats, that
is, C1 and Cm (for solid to mushy state or the
reverse), Cm and C2 (for mushy to liquid state
or the reverse), or C1, Cm, and C2 (for a jump
from solid to liquid state or the reverse) (Ref
27–30).

Estimation of Contact Resistivity

Greenwood proposed a generic relation
to estimate electrical resistance between
two contacting flat metallic surfaces (Ref 32,
33):

R ¼ r

2
P

nk

i¼1

ðraÞi
þ r
pn2a

X

i 6¼j

X 1

Sij
(Eq 16)

where nk is the number of spots formed by con-
tacting surface asperities, ðraÞiis the radius of an
ith spot, r is the material electrical resistivity,
and Sij is the distance between ith and jth spots
that were considered to be neighbors. The sec-
ond term in Eq 16 accounts for the constriction
resistance arising out of the tendency of the cur-
rent flow lines to become crowded toward the
conducting spots only. In actual practice, it is
difficult to use Eq 16, and Holm proposed a
more workable relation to estimate contact
resistance (Ref 34):

R ¼ r1 þ r2
2

ffiffiffiffiffiffiffi

Hm

Pm

r

(Eq 17)

where r1 and r2 are the bulk material electrical
resistivities of two contacting materials, Hm is
the Meyer’s hardness number of the softer

material, and Pm is the applied pressure. Babu
et al. proposed to calculate the unit area contact
resistance, RCA (in Om2) as (Ref 13):

RCA ¼ r1 þ r2ð Þ 1

4

psYS

ZFP

� �1=2

þ 3p
16Z1=2

" #

(Eq 18)

where Z is the contacting asperity density
(m-2), sYS is the yield strength of the softer
material in contact, and FP is the uniform con-
tact pressure based on the apparent contact
area. Babu et al. showed that the contacting
asperity densities (Z) can be determined exper-
imentally as a function of the ratio of FP and
sYS. For typical aluminum alloys, an exponen-
tial decay of contact resistance as a function of
temperature is also proposed (Ref 10):

Rk Tð Þ ¼ aR0

b T�T0ð Þ= TL�T0ð Þ (Eq 19)

where Rk(T) is the temperature-dependent con-
tact resistance, R0 is the initial value of the con-
tact resistance at room temperature, a and b are
factors depending on the type of sheet metal
and their surface coatings, TL is the liquidus
temperature of the sheet metal, T0 is the ambi-
ent temperature, and T is the variable tempera-
ture. The distribution of contact resistivity
along the sheet-sheet and electrode-sheet inter-
faces can further be estimated based on the dis-
cretized geometry used for the numerical
modeling:

rkð Þi ¼ Rk Tð Þ � A=hð Þ A=Aið Þ (Eq 20)

where (rk)i is the contact resistivity of the ith

contact element, A is the cross-sectional area
of the contact zone, and Ai and h are the
cross-sectional area and height of the ith contact
element, respectively. The net resistivity of the
ith contact element (r)i is:

ðrÞi ¼ ðrkÞi þ ðrbÞi (Eq 21)

Contact
zone

Electrode force

z

r

rc

Fig. 8 Anticipated sheet-electrode contact zone at any
time instant
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where (rb)i is the temperature-dependent bulk
resistivity of the ith element.

Results and Discussions

Figures 9(a) and (b) show the discretized
geometry of a typical sheet-electrode system
and its zoomed view, showing primarily four-
node quadrilateral and a few three-node trian-
gular elements, especially along the curved
electrode boundary. The sheet thickness con-
firms to 0.88 mm (0.03 in.). The discretized
geometry is made finer along the interfaces
and coarser away from the interfaces, because
the temperature and current density gradients
are expected to be negligible in the bulk
electrode.
Figures 10(a) to (d) show the computed tem-

perature fields at different time instants
corresponding to a welding current of 7.0
kA and an electrode force of 2.2 kN. The
temperature-dependent material properties of
low-carbon steel, which are used in the model
calculations, are reported elsewhere (Ref 29,
30). The red-colored zone (>1500 �C, or 2730
�F) depicts the simulated weld nugget, and its
extent along the axial and radial directions
shows the penetration and radius of the weld
nugget, respectively. The computed nugget
diameter increases from 4.8 mm (0.2 in.) at
50 ms to 5.4, 6.0, and 6.3 mm (0.21, 0.24, and
0.25 in.) at 100, 150, and 200 ms, respectively.
The computed weld penetration increases from
0.4 mm (0.016 in.) at 50 ms to 0.45 mm
(0.018 in.) at 100 ms and remains unchanged
at higher weld time. The computed electrode-
sheet contact diameter increases from 4.0 mm
(0.16 in.) at 50 ms to 4.90, 5.7, and 6.0 mm
(0.19, 0.22, and 0.24 in.) at 100, 150, and
200 ms, respectively. An initial contact resis-
tance of 250 mO is considered along the sheet-
sheet interface for all the calculations.
Figures 11(a) and (b) show the increase in

computed weld nugget dimensions with the
increase in welding current. For example, as
the welding current increases from 6.5 to
7.5 kA, the computed values of nugget diame-
ter, penetration, and electrode-sheet contact
diameter increase from 4.8 to 6.4 mm (0.19 to
0.25 in.), 0.2 to 0.41 mm (0.01 to 0.02 in.), and
5.2 to 6.0 mm (0.2 to 0.24 in.), respectively.
Figures 12(a) and (b) show the influence of

electrode force on the computed weld dimen-
sions. As the electrode force increases from
2.2 to 3.0 kN, the computed values of nugget
diameter, penetration, and electrode-sheet con-
tact diameter decrease from 6.8 to 4.8 mm
(0.27 to 0.19 in.), 0.6 to 0.2 mm (0.02 to
0.01 in.), and 6.4 to 5.2 mm (0.25 to 0.20 in.),
respectively. The resistive heating in the
sheet-electrode system is directly proportional
to the weld time and to the square of welding
current. Hence, the increase in weld nugget
dimensions with increase in weld time and
welding current is expected. With increasing
electrode force, the effective contact area along

Fig. 9 Discretized sheet-electrode geometry with spherical tip electrodes. (a) Complete geometry. (b) Zoomed view
of elements across contact areas
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Fig. 10 Computed temperature isotherm of the sheet-electrode geometry (zoomed section) at (a) 50, (b) 100, (c) 150,
and (d) 200 ms at current = 7.0 kA and force = 2.2 kN
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the electrode-to-sheet interface increases,
thereby reducing the effective current density
for a given value of welding current. Smaller
current density reduces resistive heating, and
thus, melting and subsequent weld nugget
dimensions are reduced as the electrode force
increases.
Figures 13(a) to (d) show the computed cur-

rent density distribution in the sheet-electrode
geometry at different time instants
corresponding to a welding current of 7.0 kA
and electrode force of 2.6 kN. The current den-
sity is at its highest at the edge of the electrode-
sheet interface due to the change in cross sec-
tion from the larger electrode diameter to the
smaller electrode-sheet contact zone. Figures
13(a) to (d) also indicate the variation in the
nature of the current density distribution in the
sheet material at different weld times. An
increase in temperature increases bulk material
(for steel) resistivity while decreasing contact
resistance. As a result, the current density dis-
tribution, which is inversely proportional to
the net electrical resistivity, changes in a com-
plex manner with increase in weld time.
The estimation of the electrode-to-sheet and

the sheet-to-sheet contact diameters is essential
for accurate calculation of current density dis-
tribution, subsequent resistive heating, and final
temperature distribution in the sheet-electrode
geometry. Figures 14(a) to (d) show the calcu-
lated variation of normal stress along the
sheet-sheet and the electrode-sheet interfaces
for various combinations of welding current
and electrode force at a time instant of 5 ms.
These calculations are done using a commercial
finite-element software (ANSYS 10.0) follow-
ing thermal-elastic-plastic analyses. The verti-
cal dotted lines in each of these figures
indicate the radius of the corresponding contact
zone, that is, either electrode to sheet (referred
to as E-S) or sheet to sheet (referred to as
S-S). The negative values of stresses on the ver-
tical axis refer to compressive stresses and vice
versa. Figures 13(a) to (d) indicate that the
magnitude of the compressive normal stresses
is the maximum at the center of both the
sheet-sheet and the electrode-sheet contact
zones. The normal electrode-sheet contact
stress is initially compressive and becomes ten-
sile in nature at a certain distance away from
the center. It is assumed that the perfect contact
holds (both along the electrode-sheet and the
sheet-sheet) up to this point, where the normal
stress changes from compressive to tensile.
A comparison of Fig.14(a) and (b) shows that

at a constant electrode force of 2.2 kN, as weld-
ing current increases from 7.0 to 8.0 kA, the
S-S contact diameter increases from 6.5 to 6.8
mm (0.26 to 0.27 in.) while the E-S contact
diameter remains nearly the same. A similar
comparison of Fig.14(a) and (c) indicates that
for a welding current of 7.0 kA, an increase in
electrode force from 2.0 to 3.0 kN increases
E-S and S-S contact diameters from 4.0 to
4.5 mm (0.16 to 0.18 in.) and 6.5 to 7.3 mm
(0.26 to 0.29 in.), respectively. An overall
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Fig. 11 Computed temperature isotherm in sheet-electrode system at (a) 6.5 and (b) 7.5 kA. Other welding
parameters: electrode force = 2.2 kN and weld time = 200 ms
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Fig. 12 Computed temperature isotherm in sheet-electrode system at (a) 2.2 and (b) 3.0 kN. Other welding
parameters: welding current = 7.0 kA and weld time = 200 ms

5

4

3

2

1

0
0

(a)

A
xi

al
 d

ire
ct

io
n,

 m
m

1 2 3 4

Temp, °C

1400

1220

900

600

50

1

0.1

5

4

3

2

1

0
0

(b)

A
xi

al
 d

ire
ct

io
n,

 m
m

Radial direction, mm

1 2 3 4

Temp, °C

1400

1220

900

600

50

1

0.1

5

4

3

2

1

0
0

(d)

A
xi

al
 d

ire
ct

io
n,

 m
m

Radial direction, mm

1 2 3 4

Temp, °C

1400

1220

900

600

50

1

0.1

Radial direction, mm
5

4

3

2

1

0
0

(c)

A
xi

al
 d

ire
ct

io
n,

 m
m

Radial direction, mm

1 2 3 4

Temp, °C

1400

1220

900

600

50

1

0.1

Fig. 13 Isocontours depicting computed current density distribution (A/mm2) in the sheet-electrode geometry at (a)
5, (b) 20, (c) 40, and (d) 60 ms. Other welding parameters: welding current = 7.0 kA and electrode force =

2.2 kN
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comparison of Fig.14(a) to (d) clearly indicates
that the computed values of both E-S and S-S
contact diameters are sensitive to both the elec-
trode force and the welding current.
The numerically computed values of the E-S

and S-S contact diameters are compared with

the corresponding analytically estimated values
(Eq 14) in Fig.15(a) to (c). Although the nature
of the computed values of the E-S and S-S con-
tact diameters is nearly the same, the analyti-
cally estimated values are slightly
underpredicted. This can possibly be attributed

to the simple one-dimensional nature of the
analytical relation (Eq 14). In reality, a complex
state of stress prevails along the interfaces that
can certainly be captured more accurately
through a full-fledged thermal-elastic-plastic
analysis. Figures 15(a) to (c) also indicate that
an analytical estimation of the E-S and S-S con-
tact diameters as proposed through Eq 14 can
be sufficiently reliable.
A comparison of the experimentally

measured weld nugget dimension with the
corresponding computed values is shown in
Fig. 16(a) and (b) and in Fig. 16(c) and (d),
respectively. The weld nugget boundary in the
experimentally measured macrographs is indi-
cated by a white line. The computed weld nug-
get is presumed to be the zone within the sheet
material enclosed by the melting temperature
isotherm (1500 �C, or 2730 �F). These figures
clearly show that the weld dimensions can be
estimated to a fair degree of accuracy using
numerical models based on scientific principles.
Estimation of the peak temperature, weld

thermal cycle, cooling rate, and the duration
through which the weld fusion zone and heat-
affected zone remain beyond some critical tem-
perature are requisite to design weld schedules
for optimum weld joint mechanical properties.
From this point of view, the numerical models
can serve as an efficient, off-line design tool.
Figures 17(a) and (b) show the calculated weld
thermal cycles during spot welding in steel
sheets (0.88 mm, or 0.035 in., thickness)
corresponding to two different welding cur-
rents. In these figures, the thermal cycles are
drawn for four different positions along the
weld nugget midplane: the center point (A), a
point (B) residing approximately midway
between the center and the periphery of the
weld nugget, a point (C) that is almost at the
edge of the weld nugget or fusion zone, and
lastly, a point (D) that is within the heat-
affected zone.
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Fig. 14 Computed variations in electrode-to-sheet (E-S) and sheet-to-sheet (S-S) interface diameters at a specific time
instant (0.005 s) for different combinations of welding current and electrode force. The thermal-elastic-

plastic analyses are performed in ANSYS 10.0.
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Fig. 15 Comparison of computed values of electrode-to-sheet (E-S) and sheet-to-sheet (S-S) contact diameters using ANSYS 10.0 with corresponding analytically estimated values
for different combinations of welding current and electrode force
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Figures 17(a) and (b) show that the rates of
both heating and cooling increase toward the
center of the weld nugget (fusion zone). The
points within the fusion zone are observed to
start cooling within the later part of the weld
time, even if the welding current is on. The
cooling rate is comparatively slower until the
welding current is on (up to 0.2 s), and thereaf-
ter, a rapid cooling rate is observed. The point
(D) within the heat-affected zone shows a smal-
ler peak temperature and lower cooling rate. At
a relatively higher welding current of 7.5 kA
(Fig. 17b), the peak temperature at the center
of the weld nugget (A) is slightly higher. The
point (D) within the heat-affected zone exhibits
a nearly constant temperature region at the later
part of the weld time at higher welding current.
This can possibly be attributed to a competitive
effect between slow resistive heating and simul-
taneous conduction heat transfer to surrounding
regions at point (D). The peak temperature of
the point (D) within the heat-affected zone
seems to remain unaltered for a change in weld-
ing current from 6.7 to 7.5 kA. It is also appar-
ent from both Fig.17(a) and (b) that higher weld
time at a constant current setting will simply
delay the cooling with no appreciable increase

in the peak temperature. This can be attributed
to the competitive effect between the slower
resistive heating at the later part of weld time
and simultaneous conduction heat transfer to
the surrounding regions. The thermal cycles
can be used further for more detailed and fun-
damental understanding of the metallurgical
and mechanical properties of the weld and the
surrounding heat-affected zone.
The organized efforts toward development of

comprehensive numerical models have
enriched the quantitative understanding of cou-
pled thermal-electrical and thermal-electrical-
mechanical phenomena involved in resistance
welding processes. In particular, the increased
availability of commercial software based on
the finite-element method has enabled a greater
number of welding researchers to develop such
models. Although such commercial software
generally facilitates coupled field analysis that
is helpful to undertake coupled thermal-electri-
cal and thermal-elastic-plastic phenomena, a
linking of the two to provide a fully coupled
electrical-thermal-elastic-plastic analysis has
remained a challenge. At present, various
user-defined schemes are followed to establish
a link between the coupled thermal-electrical

and thermal-elastic-plastic analyses in a
sequential manner such that the computed tem-
perature field due to nonuniform current
density from the former can be used to compute
thermal-elastic-plastic displacement and stress
fields from the latter. Provision of exclusive
elements that can handle a fully coupled electri-
cal-thermal-elastic-plastic analysis primarily for
the resistance welding process in the commer-
cial finite-element-method-based software is
possibly a future solution.

REFERENCES

1. H.S. Cho and Y.J. Cho, A Study of Ther-
mal Behavior in Resistance Spot Welds,
Weld. J., Vol 68 (No. 6), 1989, p 236–244

2. Z. Han, J. Orozco, J.E. Indacochea, and
C.H. Chen, Resistance Spot Welding: A
Heat Transfer Study, Weld. J., Vol 68
(No. 9), 1989, p 363s–371s

3. P.S. Wei and C.Y. Ho, Axisymmetric Nug-
get Growth during Resistance Spot Weld-
ing, ASME J. Heat Transf., Vol 112 (No.
2), 1990, p 309–316

4. P.S. Wei and C.Y. Yeh, Factors Affecting
Nugget Growth with Mushy-Zone Phase
Change during Resistance Spot Welding,
ASME J. Heat Transf., Vol 113 (No. 8),
1991, p 643–649

5. T. Yamamto and T. Okuda, A Study of
Spot Welding of Heavy Gauge Mild Steel,
Weld. World, Vol 9 (No. 7/8), 1971,
p 234–255

6. K. Nishiguchi and K. Matsuyama, Influ-
ence of Current Wave Form on Nugget
Formation Phenomena when Spot Welding
Thin Steel Sheets, Weld. World, Vol 25
(No. 11/12), 1987, p 222–244

7. A.H. Neid, The Finite Element Modeling
of Resistance Spot Welding, Weld. J., Vol
63 (No. 4), 1984, p 123–132

8. C.L. Tsai, O.A. Jammal, J.C. Papritan, and
D.W. Dickinson, Modeling of Resistance
Spot Weld Nugget Growth, Weld. J., Vol
71 (No. 2), 1992, p 47–54

9. C.L. Tsai, J.C. Papritan, D.W. Dickinson,
and J.C. Papritan, Analysis and Develop-
ment of a Real-Time Control Methodology
in Resistance Spot Welding, Weld. J., Vol
70 (No. 12), 1991, p 339s–351s

10. M.J. Greitmann and K. Rother, Numerical
Simulation of the Resistance Spot Welding
Process Using Spotwelder, Mathematical
Modeling of Weld Phenomena 4 (Graz,
Austria), 1997, p 531–544

11. O.P. Gupta and A. De, An Improved
Numerical Modeling for Resistance Spot
Welding Process and Its Experimental Ver-
ification, ASME J. Manuf. Sci. Eng., Vol
120, 1998, p 246–252

12. T. Dupuy and S. Ferrassee, Influence of the
Type of Current and Material Properties on
Resistance Spot Welding Using a Finite
Element Method, Fifth International Con-
ference on Trends in Welding Research

Fig. 16 Comparison of computed values of weld dimensions with the corresponding measured weld macrographs.
The letters in (b) and (d) refer to temperature contours: A, 1500 �C (2730 �F); B, 1200 �C (2190 �F); C,

873 �C (1603 �F); D, 500 �C (930 �F); E, 300 �C (570 �F). Weld time and electrode force in (a) to (d) correspond to
200 ms and 3.0 kN, respectively. Welding current is 6.5 kA for (a) and (b), and 8.6 kA for (c) and (d).

Fig. 17 Computed thermal cycle (time-temperature plot) in steel at two different welding currents. The electrode
force and weld time are constant as 2.2 kN and 200 ms, respectively. FZ, fusion zone

Modeling of Thermal-Electrical-Mechanical Coupling in Fusion Welding / 795



(Pine Mountain, GA), ASM International,
1998, p 610–615

13. Z. Feng, J.E. Gould, S.S. Babu, M.L. San-
tella, and B.W. Riemer, An Incrementally
Coupled Electrical-Thermal-Mechanical
Model for Resistance Spot Welding, Fifth
International Conference on Trends in
Welding Research (Pine Mountain, GA),
ASM International, 1998, p 599–604

14. H. Huh and W.J. Kang, Electrothermal
Analysis of Electric Resistance Spot Weld-
ing Process by a 3-D Finite Element
Method, J. Mater. Process. Technol., Vol
63 (No. 1–3), 1997, p 672–677

15. R.J. Bowers, C.D. Sorensen, and T.W.
Eagar, Electrode Geometry in Resistance
Spot Welding, Weld. J., Vol 69 (No. 2),
1990, p 45s–51s

16. H.S. Chang and H.S. Cho, A Study on the
Shunt Effect in Resistance Spot Welding,
Weld. J., Vol 69 (No. 8), 1990, p 308s–
317s

17. U. Dilthey, H.C. Bohlmann, V. Sudnik,
V. Erofeev, and R. Kudinov, Calculation
of Welding Areas and Numerical Simula-
tion of the Resistance Spot Welding
Process, Schweissen Schneiden, Vol 52
(No. 1), 2000, p 18–23

18. J. Khan, L. Xu, and Y.J. Chao, Prediction
of Nugget Development during
Resistance Spot Welding Using Coupled
Thermal-Electrical-Mechanical Model,

Sci. Technol. Weld. Join., Vol 4 (No. 4),
1999, p 201–207

19. X. Sun and P. Dong, Analysis of Alumi-
num Resistance Spot Welding Processes
Using Coupled Finite Element Procedures,
Weld. J., Vol 79 (No. 12), 2000,
p 216s–221s

20. F.J. Studer, Contact Resistance in Spot
Welding, Weld. J., Vol 18 (No. 10), 1939,
p 374s–380s

21. R.F. Tylecote, Spot Welding, Part II: Con-
tact Resistance, Weld. J., Vol 20 (No. 12),
1941, p 591s–602s

22. W.F. Savage, E.F. Nippes, and F.A. Was-
sell, Static Contact Resistance of Series
Spot Welds, Weld. J., Vol 56 (No. 11),
1977, p 365–370

23. M.M. Vogler and S.D. Sheppard, Electrical
Contact Resistance under High Loads and
Elevated Temperatures, Weld. J., Vol 72
(No. 6), 1993, p 231s–238s

24. P.H. Thornton, A.R. Krause, and R.G.
Davies, Contact Resistances in Spot Weld-
ing, Weld. J., Vol 75 (No. 12), 1996,
p 402s–412s

25. P.H. Thornton, A.R. Krause, and R.G.
Davies, Contact Resistances of Aluminum,
Weld. J., Vol 76 (No. 8), 1997, p 331s–
341s

26. E. Criton and J.T. Evans, The Effect of
Surface Roughness, Oxide Film Thickness
and Interfacial Sliding on the Electrical

Contact Resistance of Aluminium, Mater.
Sci. Eng. A, Vol 242, 1998, p 121–128

27. A. De and L. Dorn, Computer Simulation
of Resistance Spot Welding Process, Math-
ematical Modeling of Weld Phenomena 7
(Graz, Austria), 2003

28. A. De, Finite Element Modeling of Resis-
tance Spot Welding of Aluminum with
Spherical Tip Electrodes, Sci. Technol.
Weld. Join., Vol 7 (No. 2), 2002, p 119–124

29. A. De, L. Dorn, and K. Momeni, Proving
the Role of Instantaneous Current Wave-
form in Numerical Modeling of Resistance
Spot Welding, Sci. Technol. Weld. Join.,
Vol 20 (No. 3), 2005, p 325–334

30. A.De,K.Momeni,M.P.Thaddeus,andL.Dorn,
Influence of Machine Specific Instantaneous
Current Wave Form on Resistance Spot Weld-
ing Process, J. Manuf. Sci. Eng., Trans. ASME,
Vol 128 (No. 3), 2006, p 668–676

31. O.P. Gupta, Finite and Boundary Element
Methods in Engineering, Oxford & IBH,
New Delhi, 1999

32. J.A.Greenwood and J.B.P.Williamson, Con-
tact of Nominally Flat Surfaces,Proc. R. Soc.
(London) A,Vol 295, 1966, p 300–319

33. J.A. Greenwood, Constriction Resistance
and the Real Area of Contact, Br. J. Appl.
Phys., Vol 17, 1966, p 1621–1632

34. R. Holm, Electrical Contacts: Theory
and Application, 4th ed., Springer-Verlag,
Berlin/Heidelberg/New York, 1967

796 / Fundamentals of Weld Modeling



Modeling of Metallurgical Microstructure
Evolution in Fusion Welding
Ole Runar Myhr, Hydro Aluminium and Norwegian University of Science and Technology
�ystein Grong, Norwegian University of Science and Technology

MODELING OF THE MICROSTRUC-
TURE EVOLUTION is a rapidly expanding
field of research. In particular, the integration
of microstructure modeling with the detailed
process histories available from modern finite-
element analyses represents an increasingly
important field of industrial applications. Even
though microstructure models are readily avail-
able, they usually cannot be applied directly to
welding problems because they tend to describe
ideal conditions, such as isothermal heat treat-
ment, often applied to ideal materials, such as
pure metals or binary alloys (Ref 1). Before
such ideal models can be used for welding
processes, they must be recast mathematically
so they can handle nonisothermal heat treat-
ments. For this purpose, the internal state vari-
able method is particularly well suited. The
general method and its simplification for
single-parameter models, in which the micro-
structure evolution may be treated as an
“isokinetic” reaction, are outlined in the section
“The Internal State Variable Approach” in
this article.
In the section “Isokinetic Microstructure

Models,” the general methods described in the
previous section are applied to diffusional
transformations in fusion welding, covering
particle dissolution, growth, and coarsening of
precipitates in the heat-affected zone (HAZ).
Examples of applications of the methods
include grain-boundary liquation in Al-Zn-Mg
alloys and coarsening of TiN precipitates dur-
ing steel welding. In this section, the evolution
of the grain structure in the HAZ following
recrystallization and grain growth is also dealt
with, and isokinetic solutions are derived.
The internal state variable method is not

restricted to single diffusion mechanisms but
can even be used to capture transformations
that occur sequentially (i.e., in succession) or
in parallel during a weld thermal cycle, as
described by an example from welding of
duplex stainless steel in the section “Isokinetic
Microstructure Models” in this article. How-
ever, this concept fails when attempting to

model welding as part of a multistage process
chain, under which the transformation has a
strong memory of the past process steps. This
is typically the case for precipitation reactions
occurring during heat treatment and welding
of age-hardening aluminum alloys, where the
detailed thermal history affects the evolution
of the precipitate structure. In this case, nucle-
ation, growth, and coarsening (and likewise dis-
solution) must be modeled as coupled processes
within a single physical framework, as outlined
in the section “Complex Microstructure Models
Describing the Evolution of a Particle Size Dis-
tribution” in this article.
Finally, in the case studies presented in the

section “Microstructure Modeling in the Con-
text of Engineering Design,” the microstructure
models are exploited in engineering design to
optimize the load-bearing capacity of welded
aluminum components.

The Internal State Variable
Approach

There is a wide spectrum of modeling
approaches available for predicting microstruc-
ture evolution in metals and alloys during weld-
ing, including empirical and statistical methods.
Even though such methods can be useful for
many problems, they usually require a consid-
erable amount of experimental data to capture
the behavior of the process, without offering
substantial predictive power. This is particu-
larly true if the chemical composition is varied
(Ref 1).
Alternatively, the internal state variable

method, as originally proposed by Richmond
(Ref 2), can be applied to predict nonisothermal
transformation behavior, as experienced in
welding. This method offers a good compro-
mise between the many conflicting require-
ments for broad application to industrial
process modeling and offers useful predictive
capability when calibrated to experimental data.
Provided that the microstructure evolution is

captured mathematically in terms of the differ-
ential variation of the state variables with time,
these may be integrated stepwise through any
process history, using an appropriate numerical
procedure. Usually, this computation can occur
independently of the prediction of the thermal
history itself, unless the microstructure evolu-
tion is strongly coupled to the macroscopic
response.

General Methodology

A microstructure may be described by many
different state variables; choosing the most rel-
evant depends on the problem (Ref 1). Typical
examples of state variables in the context of
microstructure evolution are the mean grain
size in single-phase alloys, the particle size
and volume fraction in multiphase alloy sys-
tems, and the fraction of recrystallized grains
in work-hardened and annealed materials. Col-
lectively, the microstructural state variables
are termed Si.
State Variable Formulation. At the most

general level for a thermally controlled process,
the evolution of microstructure can be
described by a simultaneous set of differential
equations for each of the independent state vari-
ables, Si (Ref 1):

dS1
dt

¼ h1 S1; S2; . . . ; Tð Þ (Eq 1a)

dS2
dt

¼ h2 S1; S2; . . . ; Tð Þ (Eq 1b)

where T is the instantaneous temperature. Given
a process temperature history T(t), these equa-
tions may be solved (usually numerically) to
give the evolution of the state variables.
Most commonly, the instantaneous values are

fed into a response equation for some depen-
dent quantity, such as flow stress, s (Ref 1):

s ¼ h3 S1; S2; . . .ð Þ (Eq 2)



In some cases, it may be the final values of
the state variables that are required, either when
these are the output of interest or if they are to
become the starting values for a subsequent
processing step. For fully coupled problems,
in which a significant quantity of heat is
released by the microstructural change (as in
solidification), T(t) will itself depend on the
material state. Then, the evolution laws must
be solved simultaneously with the temperature
history, including a further differential equation
for temperature (Ref 1):

dT

dt
¼ h4 S1; S2; . . . ; Tð Þ (Eq 3)

An important feature of a “true” state vari-
able model of the form given by Eq 1 is that
it does not depend on previous thermal history
or microstructure; that is, given the instanta-
neous values of the state variables, their evolu-
tion in the next time increment is uniquely
defined by these values and the current temper-
ature alone.
Many important problems of microstructural

evolution in thermal processing can be
described by single-state variable models. In
this case, it is sometimes possible to obtain
closed-form solutions that include the tempera-
ture dependence of the reaction. Such a reaction
is termed isokinetic, and the conditions under
which it applies are examined subsequently. If
a single-state parameter microstructure model
is not isokinetic, or if there are two or more
state variables besides temperature, then the
solutions will be thermal path dependent.
Definition of an Isokinetic Reaction. The

solution of a single internal state variable prob-
lem involving the evolution of a specific micro-
structural feature can be greatly simplified if the
evolution law is isokinetic. Nonisothermal pro-
cess histories can then readily be treated in a
single computational step, by invoking the con-
cept of the kinetic strength of the thermal cycle
with respect to microstructure evolution.
Broadly speaking, a reaction is said to be isoki-
netic if the increments of transformation in
infinitesimal isothermal time steps are additive.
Christian (Ref 3) defines this mathematically by
stating that a reaction is isokinetic if the evolu-
tion equation for some state variable X may be
written in the form:

dX

dt
¼ GðXÞ

HðTÞ (Eq 4)

where G(X) and H(T) are arbitrary functions of
X and T, respectively.
Equation 4 is a first-order (separable) differ-

ential equation that can be integrated as follows:

ð

X

0

dX

G Xð Þ ¼
ð

t

0

dt

H Tð Þ (Eq 5)

The integral on the right side is termed the
kinetic strength of the thermal cycle with

respect to the evolution of variable X. If the state
variable X is a dimensionless parameter, the
function H(T) becomes a time constant that
includes the temperature dependence of the reac-
tion. In that case, the right side of Eq 5 reduces
to the well-known Scheil integral (Ref 4):

I ¼
ð

t

0

dt

t�
(Eq 6)

where t� ¼ tr exp Qd=RTð Þ is the temperature-
dependent time constant.
In the context of diffusional transformations,

a direct consequence of Eq 5 is that the reaction
is uniquely defined by a single C-curve, as
shown schematically in Fig. 1. This C-curve
represents the time taken to reach a given frac-
tion X = Xc under isothermal conditions. Under
isokinetic conditions, the total time to reach X
= Xc during continuous cooling is simply
obtained by adding the fractions of tempera-
ture-weighted time until the kinetic strength
integral is equal to unity.

Isokinetic Microstructure Models

The majority of phase transformations that
take place in alloys are diffusional and are pre-
ceded by thermally activated movements of
atoms across a concentration gradient (Ref 5,
6). Of particular importance in relation to weld-
ing are precipitation reactions that are induced
by a change in temperature of an alloy with a
fixed bulk composition. If the precipitates form
from a supersaturated solid solution, three
major processes are involved (Ref 7–9): nucle-
ation, growth, and coarsening. In the following,
the additivity concept and the more general
internal state variable formalism are applied to
establish a basis for modeling nonisothermal
diffusional transformations.

Particle Dissolution

Traditionally, the additivity concept has been
associated with diffusion-controlled growth
(Ref 3, 4, 10–13). Although growth and disso-
lution are not conjugate processes (Ref 14),
the state variable formalism implies that the
additivity concept is equally applicable to parti-
cle dissolution, because the phenomenon has its
common origin in the form of the controlling
differential evolution equation rather than the
reaction mechanism itself.
The invariant size solutions of Whelan

(Ref 15) provide a good starting point for a dis-
cussion of additivity and isokinetic behavior in
relation to particle dissolution. These solutions
are based on the assumption that the particle/
matrix interface is stationary; that is, the diffu-
sion field has no memory of the past position
of the interface. It follows that the original
rate laws describing dissolution of platelike
and spherical precipitates are not strictly isoki-
netic, because time is also embedded in the

solutions. Still, they can be recast into isoki-
netic solutions according to the definition given
previously by proper manipulation of the con-
stitutive equations and subsequent substitution
of variables.
Platelike Precipitates. In the case of plate-

like precipitates embedded in an infinite matrix,
a flux balance at the particle/matrix interface
leads to the following expression for the disso-
lution rate (Ref 15):

dB

dt
¼ � k

2

ffiffiffiffiffiffi

D

p t

r

(Eq 7)

where B is the half-thickness of the plate, and
k = 2(Ci � C0)/(Cp � Ci). This is not a strict
state variable evolution equation, because time,
t, enters on the right side, implying the time
from the start of dissolution. Integrating Eq 7
gives:

B ¼ B0 � k
ffiffiffi

p
p ffiffiffiffiffiffi

D t
p

(Eq 8)

where B0 is the initial half-thickness of the plate
at time t = 0. Equation 8 can be rewritten in a
dimensionless form by introducing the scaled
particle volume fraction, f/f0 = B/B0, and a time
constant, t�1, for complete dissolution:

f

f0
¼ 1� t

t�1

� �1=2

(Eq 9)

The next step is to introduce a chosen refer-
ence state to allow all unknown material
constants to be replaced by a single time con-
stant, tr1 , for the dissolution reaction. This time
constant can be readily determined by calibra-
tion against experimental data. At the chosen
reference temperature, Tr, the total time
required for complete particle dissolution, tr1;
is given by:

tr1 ¼
p
Dr

Br
0

kr

� �2

(Eq 10)

Fig. 1 Schematic illustration of the principles of
additivity, according to the theory advanced

by Scheil. Source: Ref 1
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where kr and Dr refer to the values of k and D at
the reference temperature, and Br

0 refers to a
reference plate thickness. The time constant t�1
at any other temperature may be found by
appropriate scaling of kr and Dr. Similarly, for
any other plate thickness in the initial material,
the time constant is scaled with respect to B0.
Hence, in general, the time constant t�1 is
defined as:

t�1 ¼ tr1
kr
k

� �2 B0

Br
0

� �2 Dr

D

� �

(Eq 11)

The time constant therefore contains all
material- and temperature-dependent para-
meters.
By differentiating Eq 9 with respect to time,

f/f0 can, after some manipulation, be expressed
in terms of the Scheil integral, as follows
(Ref 1):

f

f0
¼ 1�

ð

t

0

dt

t�1

0

@

1

A

1=2

(Eq 12)

Then, in the isothermal case, this clearly yields
the original form of Eq 9. However, the appear-
ance of the Scheil integral in Eq 12 shows that
the reaction also is additive in the general sense
defined by Christian (Ref 3), which makes it
applicable to a wide range of thermal treat-
ments under conditions where this solution is
valid.
Spherical Precipitates. A similar flux bal-

ance for spherical precipitates leads to the fol-
lowing expression for the dissolution rate at a
constant temperature (Ref 15):

dr

dt
¼ � kD

2r
� k

2

ffiffiffiffiffi

D

p t

r

(Eq 13)

The 1/r term on the right side of Eq 13
stems from the steady-state part of the
diffusion field, while the term 1=

ffiffi

t
p

arises from
the transient part. Because of the complex
form of this equation, it is not possible to
arrive at a closed analytical solution that
can serve as a basis for establishing a valid
nonisothermal rate law. However, if the tran-
sient part of the diffusion field is neglected,
it is possible to proceed as before and to
obtain a closed analytical solution for the
variation of the particle radius, r, with time
(Ref 14–16):

r2 ¼ r20 � kDtr (Eq 14)

This simplified solution is valid when t >
100r0

2/pD.
Equation 14 can be manipulated and re-

written in a dimensionless form analogous
to that done in the one-dimensional case. By
introducing the scaled volume fraction f/f0 =
(r/r0)

3 and the corresponding time constant t�2
for the reaction, the following is obtained
(Ref 1):

f

f0
¼ 1� t

t�2

� �3=2

(Eq 15)

where the time constant for complete dissolu-
tion is given by:

t�2 ¼ tr2
kr
k

� �

Dr

D

� �

r0
rr0

� �2

(Eq 16)

taking tr2 equal to:

tr2 ¼
rr0
� 	2

krDr

(Eq 17)

Similarly for platelike precipitates, Eq 15 can
be expressed in terms of the Scheil integral
(Ref 1):

f

f0
¼ 1�

ð

t

0

dt

t�2

0

@

1

A

3=2

(Eq 18)

Although Eq 18 is derived on the basis of the
steady-state part of the diffusion field around
the particles, the preceding analysis shows that
the additivity concept is readily applicable to
particle dissolution. The salient point appears
to be the form of the isothermal starting equa-
tion, which must be simple enough to allow
substitution of time with the primary state vari-
ables f and T in the nonisothermal rate law.
Again, a slight modification of the rigorous
form of state variable evolution law is required,
in that the evolution law also depends on the
initial values of f and r.
Case Study: Grain-Boundary Liquation in

Al-Zn-Mg Weldments. As a first example
of applications of the principles outlined
earlier, consider grain-boundary liquation,
which may occur if the constituent phases
situated at the boundaries do not dissolve
before the eutectic temperature is reached
(Ref 17).
This phenomenon can be modeled by assum-

ing that dissolution occurs within a sphere sur-
rounding each particle. This means that the
dissolution can be predicted by combining Eq
18 with an appropriate heat flow model, as
described in Ref 17. It is then possible to calcu-
late the degree of particle dissolution occurring
during single-pass butt welding of Al-Zn-Mg
alloys for different starting conditions (Ref 17).
The results are summarized in Fig. 2. Figure 2(a)
shows a sketch of the temperature-time pattern
within the subsolidus region of the HAZ during
welding. It follows that points located close to
the solidus isotherm are most liable to grain-
boundary liquation because the heating rate
increases with decreasing distance from the
fusion boundary. The process diagram in Fig.
2(b) has axes of weld energy input, q0/vd, and
precipitate (plate) thickness, 2B0, and displays
contours of f/f0 = 0 for various positions within
the subsolidus region. Each of these contours
defines the condition for achieving full particle
dissolution at 475 �C (887 �F) during heating

to the indicated peak temperatures. Above the
field boundaries, the risk of local melting is
small, because the dissolution process is com-
pleted before the eutectic temperature is
reached. Similarly, crossing these lines means
that the melting reaction will be triggered,
because remnants of the particles exist at the
grain boundaries when the eutectic temperature
of 475 �C (887 �F) is reached.

Particle Coarsening

When dispersed particles have some
solubility in the matrix in which they
are contained, there is a tendency for the smal-
ler particles to dissolve and for the matter
in them to precipitate on larger particles.
The driving force for the reaction is
provided by the consequent reduction in the
total interfacial energy, and ultimately, only
a single large particle would exist within the
system (Ref 5).
Coarsening Kinetics. The classical theory

for particle coarsening was developed indepen-
dently by Lifshitz and Slyozov (Ref 18) and by
Wagner (Ref 19). According to their analysis,
the kinetics is controlled by volume diffusion
through the matrix. Provided that no solute is
lost to the surrounding matrix during the pro-
cess (i.e., df/dt = 0), the time dependence of
the mean particle radius, r, may be written as
(Ref 18, 19):

r3 � r30 ¼ c1 t

T
exp �Qd

RT

� �

(Eq 19)

where r0 is the initial particle radius, Qd is the
activation energy for particle coarsening (here
taken equal to the activation energy for diffu-
sion of the less mobile constituent element),
and c1 is a kinetic constant.
Equation 19 can be written in a dimension-

less form by introducing:

X ¼ r3 � r30
r30

¼ c1 t

r30 T
exp �Qd

RT

� �

(Eq 20)

Let tr3 denote the time taken to reach a
certain value X = Xc at a chosen reference
temperature, T = Tr. Then:

Xc ¼ c1 tr3
r30 Tr

exp � Qd

RTr

� �

(Eq 21)

Dividing Eq 20 by Eq 21 gives:

X

Xc

¼ tTr
tr3T

exp
Qd

R

1

Tr
� 1

T

� �� �

(Eq 22)

Based on Eq 22, it is possible to define the time
constant for the system:

t�3 ¼ tr3
T

Tr
exp

Qd

R

1

T
� 1

Tr

� �� �

(Eq 23)
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which leads to the following expression for X:

X ¼ Xc

t

t�3
(Eq 24)

Isokinetic Solution. Equation 24 provides a
more general description of the original
Lifshitz-Slyozov-Wagner (LSW) equation. To
obtain the desired isokinetic solution, Eq 24
must first be rewritten in a differential form,
followed by independent integration of the left
and right sides:

dX

dt
¼ Xc

t�3
(Eq 25)

and

X ¼ Xc

ð

t

0

dt

t�3
(Eq 26)

From Eq 26, X = Xc when the value of the
Scheil integral is equal to unity. Thus, in the
nonisothermal case, the total time to reach Xc

is obtained simply by adding the fractions of
time to reach this stage isothermally until the
sum is equal to unity.
Case Study: Coarsening of TiN during

Steel Welding. The isokinetic coarsening law
can be used to predict the extent of particle
coarsening that occurs within the HAZ during
welding of titanium-microalloyed steels.
Details of the calculations can be found in
Ref 20.
Problem Description. The situation is

described in Fig. 3. The problem of interest
here is to calculate the size of the TiN precipi-
tates in different positions from the fusion
boundary. This requires quantitative informa-
tion about the weld thermal program (via a heat
flow model) along with data for the coarsening
kinetics of TiN in low-alloy steels (Ref 20).
Coarsening of TiN may, in turn, lead to exten-
sive austenite grain growth within the high-
peak-temperature regions of the HAZ, with
consequent formation of undesirable (low-
toughness) microstructures such as upper
bainite and Widmanstätten ferrite during the
g-to-a transformation.

Coarsening Behavior. By calculating the
value of the Scheil integral at discrete points
across the HAZ, the diagram in Fig. 4 can be
constructed. In these calculations, it is assumed
that coarsening occurs within small volume ele-
ments, where the length scale is considerably
less than the actual HAZ thermal gradient.
It is evident from this figure that significant
coarsening of the precipitates occurs within
the HAZ during welding, particularly in regions
close to the fusion boundary where the
peak temperature of the thermal cycle is high.
Moreover, a comparison with relevant micro-
structure data shows that the predicted increase
in the particle size is in fair agreement
with experimental observations (Ref 20, 21).
This suggests that the kinetics described by
the classic LSW model is the dominant coars-
ening mechanism for TiN under the prevailing
circumstances.

Recrystallization

Recrystallization of a cold-worked metal is a
thermally activated transformation character-
ized by the nucleation and growth of new
strain-free grains. The reaction is driven by
the stored energy in the cold-worked matrix,
and the reaction kinetics is a function of both
the nucleation rate and the growth rate. Recrys-
tallization leads to the formation of nearly
defect-free crystallites and the subsequent
growth of these into the surrounding structure
(Ref 22, 23).
In welding, recrystallization may occur in the

HAZ in positions where the peak temperature
during the weld thermal cycle has been suffi-
ciently high. The resulting recrystallized grain
structure may impair the structural integrity of
the weld, because of the associated reduction
in strength and fracture toughness (Ref 24, 25).

Fig. 2 Conditions for local melting during single-pass butt welding of Al-Zn-Mg extrusions. (a) Schematic
representation of the temperature-time pattern within the subsolidus region of the weld heat-affected zone.

(b) Process diagram showing contours of f/f
0
= 0 for various positions within the subsolidus region. Source: Ref 1, 17
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Recrystallization kinetics can be solved iso-
thermally or isokinetically.
Isothermal Solution. By assuming a constant

and isotropic growth rate and random spatial
distribution of nucleation sites, the volume frac-
tion of a transformed material, Xrex, can be
described by an Avrami type of equation (Ref
26, 27):

Xrex ¼ 1� exp �t=tð Þn (Eq 27)

where the temperature dependence of the time
constant, t, is given as (Ref 27, 28):

t ¼ t0 exp Qapp=RT
� 	

(Eq 28)

taking Qapp equal to the apparent activation
energy for recrystallization.
Let tr4 denote the time taken to reach a cer-

tain value Xrex = Xr at a chosen reference tem-
perature, T = Tr. Then:

Xr ¼ 1� exp �tr4=tð Þn (Eq 29)

Combining Eq 27 to 29 gives:

Xrex ¼ 1� 1� Xrð Þ t=t�
4ð Þn (Eq 30)

where t�4 is given as:

t�4 ¼ tr4 exp
Qapp

R

1

T
� 1

Tr

� �� �

(Eq 31)

Equation 30 provides a more general descrip-
tion of the original Avrami equation and is the
basis for the isokinetic solution presented as
follows.
Isokinetic Solution. To obtain the desired iso-

kinetic solution, Eq 30 must first be rewritten in

a differential form and then the left and the
right sides independently integrated. This gives:

Xrex ¼ 1� 1� Xrð ÞIn (Eq 32)

where I is the Scheil integral, defined as:

I ¼
ð

t

0

dt

t�4
(Eq 33)

Case Study: Recrystallization during
Welding of Aluminum Alloys. The isokinetic
recrystallization law can be used to predict the
extent of recrystallization that occurs within
the HAZ during welding of predeformed
wrought aluminum-magnesium alloys.
Problem Description. The problem of inter-

est here is to calculate the fraction recrystal-
lized in different positions in the HAZ. This
requires quantitative information about the
weld thermal program (by means of an analyti-
cal heat flow model) along with data for the
recrystallization kinetics for the actual alumi-
num alloy.
To illustrate the recrystallization behavior

during welding of aluminum-magnesium alloys,
a set of mutually consistent kinetic data have
been obtained by reexamining the experimental
data reported by Sarrazin (Ref 28). In this case,
Tr = 673 K (400 �C, or 750 �F), tr4 = 4.7 s, Xr =
0.63, Qapp = 183 kJ/mol, and n = 1.23 are
deemed to be representative of work-hardened
AA5086 in the H24 condition.

Recrystallization Behavior. By calculating
the value of the Scheil integral at discrete
points across the HAZ, the fraction recrystal-
lized can be obtained as a function of the dis-
tance from the weld centerline, as illustrated
in Fig. 5(a). These plots show a comparison
between calculated and measured fractions
of recrystallized grains following welding.
Figure 5(b) shows similar plots for hardness,
where the predicted fractions recrystallized
from Fig. 5(a) are converted to hardness by
means of a simple regression formula. It fol-
lows that significant softening takes place
within the HAZ during welding of this specific
aluminum alloy. The inclination to recrystalli-
zation during welding is even more clearly
revealed in Fig. 6, which displays contours of
constant fraction recrystallized Xrex in q0/vd
(alternatively Dt3/2) and Tp space. Based on this
diagram, it can be concluded that recrystalliza-
tion of the high-peak-temperature regions of
the HAZ cannot readily be avoided but will
occur even at very low values of q0/vd repre-
sentative of laser and electron beam welding.

Grain Growth

A general problem associated with welding
of metals and alloys is the instability of the
matrix grain structure following coarsening or
dissolution of the pinning grain-boundary preci-
pitates (Ref 1). Depending on the circum-
stances, this may lead to either normal or

Fig. 3 Schematic diagrams showing some
characteristic isothermal contours and the

resulting time-temperature pattern within a weld heat-
affected zone (HAZ). Source: Ref 1, 20

Fig. 4 Predicted coarsening behavior of TiN during steel welding. HAZ, heat-affected zone. Adapted from Ref 1, 20
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abnormal grain growth. Normal grain growth is
a thermally activated process driven by the
reduction in the grain-boundary surface energy.
Physically, it occurs by growth of the larger
grains at the expense of the smaller ones, which
tend to shrink.
Grain Growth Kinetics. A common obser-

vation in metals and alloys is that the size dis-
tributions of grain aggregates during normal
growth become equivalent when the measured
grain size parameter, g, is normalized (scaled)

by the time-dependent average of this
metric, g. This means that grain structures
are completely characterized, in a statistical
sense, by simple probability functions of the
standard deviation of the distribution together
with the time dependence of the average-sized
scale, g.
In its simplest form, the fundamental rate law

describing the change in g with time and tem-
perature under various grain-boundary pinning
conditions can be written as (Ref 29):

d g

dt
¼ M�

0 exp �Qapp

RT

� �

1

g
� 1

glim

� � 1=nð Þ�1

(Eq 34)

where n is the time exponent for grain growth
(	0.5), M�

0 is a mobility term (with the dimen-
sion m1/n/s), Qapp is the apparent activation
energy for grain growth, and glim is the limiting
grain size, which, according to Hellman and
Hillert (Ref 30), is given as:

glim ¼ 8

9

r

f
(Eq 35)

The form of Eq 34 shows that the rate of
grain growth depends on the current value of
the three primary state variables, g, T, and
glim, where the latter is a group parameter that
incorporates two other variables (i.e., the parti-
cle radius, r, and the volume fraction, f).
Dimensionless Evolution Equation. Equa-

tion 34 can be written in a dimensionless form
by introducing the scaled state variables
X ¼ g=g0 and Y ¼ glim=g0, where g0 is equal
to the initial grain size of the material at time
t = 0. After substitution and some manipulation,
the following equation is obtained (Ref 1):

dX

dt
¼ 1

t�5

1

X
� 1

Y

� � 1=nð Þ�1

(Eq 36)

where t�5 is the time constant for the reaction,
defined as:

t�5 ¼ tr5 exp
Qapp

RT

� �

(Eq 37)

taking t�5 ¼ g
1=n
0 =M�

0.
Based on Eq 36, a number of special solu-

tions can be derived that apply to normal grain
growth under various grain-boundary pinning
conditions. Some of these are presented as
follows.
Grain Growth in the Absence of Pinning Pre

cipitates. In the absence of grain-boundary pin-
ning precipitates, f = 0, glim ! 1, and 1/Y = 0.
Under such conditions, Eq 36 becomes a first-
order separable differential equation, which
can be integrated as follows (Ref 1):

X ¼ 1þ 1

n

ð

t

0

dt

t�5

2

4

3

5

n

(Eq 38)

This solution again contains the Scheil integral,
which shows that the governing evolution equa-
tion is isokinetic in the general sense defined by
Christian (Ref 3).
Grain Growth in the Presence of Stable Pre-

cipitates. If grain growth occurs in the presence
of stable precipitates (e.g., oxide inclusions in
steel weld metals) (Ref 20), the state variable
representing the limiting grain size becomes
constant and independent of temperature (i.e.,
Y = Y*). In the limiting case where n = 0.5,
Eq 36 yields the following closed isokinetic
solution:

Fig. 5 Comparison between measured and predicted recrystallization behavior following welding of predeformed
AA5086-H24. (a) Fraction of recrystallized grains vs. distance from fusion line. (b) Hardness vs. distance

from fusion line. Adapted from experimental data from Ref 28
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�XY� � Y�ð Þ2 ln 1� X

Y�

� �

þ Y� þ Y�ð Þ2 ln 1� 1

Y�

� �

¼
ð

t

0

dt

t�5
(Eq 39)

from which the mean grain size can readily be
obtained. In other cases (n < 0.5), numerical
integration methods must be employed to
evaluate X.
It follows from Eq 39 that the grain-growth

inhibiting effect of the precipitates is very small
during the initial stage of the growth process
in situations where g0<<glim, corresponding to
X << Y*. Under such conditions, the grains
will coarsen at a rate comparable with that
observed for free grain growth, as described by
Eq 38. The grain-coarsening process gradually
retards as the matrix grain size increases, until it
comes to a complete stop when X approaches Y*.
Grain Growth in the Presence of Growing

Precipitates. If grain growth occurs in the pres-
ence of growing precipitates, glim will no longer
be constant but will evolve with time. In the
limiting case of pure particle coarsening, an
approximate isokinetic solution for Y can be
found by substituting Eq 19 into Eq 35. Taking
Y0 equal to the value of Y at time t = 0:

Y ¼ Y0
� 	3 þ

ð

t

0

dt

t�6

2

4

3

5

1=3

(Eq 40)

where

t�6 ¼ tr6
T

Tr
exp

Qd

RT

� �

(Eq 41)

and

t�r6 ¼
93f 3 g0ð Þ3Tr

83c2
(Eq 42)

Under nonisothermal conditions, Eq 36 and
40 must be solved in a fully coupled manner
to obtain the actual grain size, using inputs
from a separate heat flow model. However,
the situation becomes much simpler if heat
treatment is instead carried out isothermally,
due to the fact that the time constants t�5 and
t�6 then only differ from each other by a constant
factor, m ¼ t�5=t

�
6 (Ref 20, 31). It follows that

the extent of grain growth depends on the initial
value of m. If m is large, the grain-boundary
precipitates will completely outgrow the matrix
grains, leading to a grain-coarsening behavior
quite similar to the one observed during free
grain growth. Conversely, at small m values,
the drag exerted by the particles becomes
appreciably larger, which ultimately brings
about a complete stop in the grain-growth pro-
cess when X approaches Y. This type of
response is characteristic of a system containing
stable precipitates, as defined by Eq 39.
Grain Growth in the Presence of Dissolving

Precipitates. An analogous situation exists if

the grain-boundary precipitates dissolve during
heat treatment. Under such conditions, the
scaled limiting grain size increases from its ini-
tial value Y = Y0 at t = 0 toward infinity, as
shown in Ref 20 and 31:

Y ¼ Y0ð Þ3

Y0ð Þ2 � Ð
t

0

dt
t�
7

(Eq 43)

where t�7 is the time constant for the reaction,
which, according to Eq 17, may be written as:

t�7 ¼
9g0
8f

� �2
1

kD
(Eq 44)

In the isothermal case, the ratio between the
time constants t�5 and t�7 becomes constant and
equal to m*. From this it can be seen that the
stability of the second-phase particles is sensi-
tive to variations in the proportionality con-
stant, m*. Normally, the precipitates will exert
a drag on the grain boundaries as long as they
are present in the metal matrix. However, when
the dissolution process is completed, the matrix
grains are free to grow without any interference
from precipitates. This means that the grains,
after prolonged heat treatment, will coarsen at
a rate that is comparable with free grain growth.
Conversely, if the dissolution process is more
sluggish (conforming to small m* values), the
grain-growth behavior becomes similar to that
predicted from Eq 39, which applies to a sys-
tem containing stable precipitates.
Grain Growth in Welding of Structural

Steels. Welding diagrams similar to the one

shown in Fig. 6 for recrystallization are also
very useful for grain growth, because they sum-
marize the effect of the important process
variables on the austenite grain evolution
in a quantitative manner. At the same time,
they provide a good overall indication of the
grain-growth behavior of various grades of
steel during welding. The welding diagrams
presented in the following sections are con-
structed on the basis of the nonisothermal
grain-growth models described previously in
combination with analytical heat flow models
(Ref 20).
Titanium-microalloyed steels are widely used

in welded structures. From a thermodynamic
standpoint, additions of small amounts of tita-
nium to steel would be expected to impede aus-
tenite grain coarsening during welding by virtue
of its ability to form stable nitrides even at high
temperatures.
The response of titanium-microalloyed steels

to the temperature history in the limiting case of
thick-plate welding is shown in Fig. 7. This dia-
gram reveals that the presence of finely dispersed
TiN particles in the base material will retard aus-
tenite grain growth within certain regions of the
HAZ during welding. However, because particle
coarsening is a physical phenomenon occurring
at temperatures well below the equilibrium sol-
vus of the precipitates, the problem cannot be
eliminated. This means that a coarse-grained
region will always form adjacent to the fusion
boundary, even at very low heat inputs, as indi-
cated by the nomograms in Fig. 7.
Niobium-Microalloyed Steels. This class of

steel is used for a variety of applications,

Fig. 6 Computed heat-affected zone recrystallization diagram for thin-plate welding of predeformed AA5086-H24
showing contours of Xrex for various combinations of q

0
/vd and Tp
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including shipbuilding, pressure vessels, oil
platforms, and bridges. The steels contain small
amounts of microalloying elements, such as
niobium, vanadium, and aluminum, which, dur-
ing thermomechanical processing, combine
with carbon and nitrogen to form fine disper-
sions of grain-boundary pinning precipitates.
They are readily weldable but suffer from
severe HAZ grain coarsening due to dissolution
of the carbonitrides at elevated temperatures
(Ref 20, 21, 32).
It is evident from the nomograms in Fig. 8

that considerable austenite grain coarsening
occurs during welding of niobium-microalloyed
steels because of dissolution of the grain-
boundary pinning precipitates. On average, the
HAZ austenite grain size adjacent to the fusion
boundary is four to six times larger than that
observed for titanium-microalloyed steels, as
shown previously in Fig. 7. This gives rise to
a high HAZ hardenability, which facilitates for-
mation of low-temperature transformation pro-
ducts such as martensite and bainite during
cooling (Ref 20).

Coupled Reactions in Duplex Stainless
Steel Weldments

In duplex stainless steel weldments, the
microstructure evolution occurs in a coupled
manner. In the model by Hemmer and Grong
(Ref 33), this is handled mathematically by
assuming that the reactions occur in series

(i.e., succession) rather than in parallel, which
allows a one-way exchange of inputs and out-
puts between the various submodels.
Problem Description. Referring to Fig. 9,

the important reactions that must be modeled
are the dissolution of austenite during heating,
subsequent grain growth in the delta-ferrite
regime, and finally, the decomposition of delta
ferrite to austenite during cooling.
Due to the complexity of the rate phenomena

involved, a differential formulation of the
underlying diffusion problems is required,
based on the internal state variable approach.
However, a significant reduction in the pro-
gramming and computational effort can be
achieved if the solutions are rewritten in a
closed (isokinetic) form, as described previ-
ously in the section “Definition of an Isokinetic
Reaction” in this article. In the present treat-
ment, the temperature dependence of the reac-
tions is captured mathematically in terms of
the Scheil integral (i.e., Eq 6), which represents
the kinetic strength of a given thermal cycle
with respect to microstructure evolution. In a
calibrated form, these solutions yield results
that are within 10% of the values calculated
from the corresponding differential evolution
equations. Further details are given in Ref 33.
Dissolution of Austenite. As shown in

Fig. 9, dissolution of austenite occurs during
the initial heating leg of the thermal cycle and
is well described by the following equation
(Ref 33):

f

f0
¼ 1�

ð

t1

t¼0

dt

t�8d

2

4

3

5

1=2

(Eq 45)

where f and f0 are the current and the initial vol-
ume fraction of austenite in the material,
respectively, while t�8d is the time constant for
the reaction, defined as:

t�8d ¼ tr8d
Cr
d;i � Cr

d

Cd;i � Cd

� �2 Cg � Cd;i
� 	

Cg � Cd;i
� 	

Cr
g � Cr

d;i

� �

Cr
g � Cr

d;i

� �

xg
xrg

 !2

exp
Qd

R

1

T
� 1

Tr1d

� �� �

(Eq 46)

In a real welding situation, full dissolution
of the austenite phase will occur within the
high-peak-temperature region of the HAZ.
This requires a separate treatment of the austenite
formation on subsequent cooling. Conversely,
within the partly reverted region, back diffusion
of nitrogen leads to renewed growth of the parent
austenite phase during cooling, which tends to
reverse the previous dissolution process and
restore the original phase balance. Still, this is a
very delicate problem to handle mathematically,
because a differential formulation of the nitrogen
flux balance is required. However, as shown in
Ref 33, a simple isokinetic solution can be found
if the phase transformation is split into two differ-
ent subreactions:

f

f0
¼ 1�

ð

t1

t¼0

dt

t�8d

2

4

3

5

1=2

þ
ð

ts

t1

dt

t�8g

2

4

3

5

1=2

(Eq 47)

taking

t�8g ¼ tr8g
Cr
m � Cr

d;i

Cm � Cd;i

� �2 Cg � Cm

� 	

Cg;i � Cd;i
� 	

C
r

g � Cr
m

� �

Cr
g;i � Cr

d;i

� �

xg
xrg

 !2

exp
Qd

R

1

T
� 1

Tr1g

� �� �

(Eq 48)

The first term on the right side of Eq 47 represents
the contribution from the initial dissolution that
occurs during heating, while the latter term
includes the subsequent growth of the parent aus-
tenite phase on cooling. Note that the integration
limit, t1, refers to the time at which the interface
concentration, Cd,i, drops below the matrix con-
centration, Cm, during cooling. This defines the
onset of the transient growth period.
Delta-Ferrite Grain Growth. In general,

growth of the delta-ferrite grains will occur
both during and after the decomposition of the
austenite phase. In the former case, the extent
of grain growth is determined by the rate of
austenite dissolution and is well described by
the following equation (Ref 33):

gd ¼ 2
xg
f0
� xi

� �

(Eq 49)

Fig. 7 Computed heat-affected zone grain-growth diagram for thick-plate welding of a titanium-microalloyed steel.
Source: Ref 1, 20
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where xi and xg are the current and initial
half-thickness of the austenite plates, respec-
tively, while gd is the mean delta-ferrite grain
size.
Normal grain growth takes place within the

fully reverted region of the weld HAZ and is
conveniently described by an isokinetic solu-
tion of the form (Ref 33):

Z ¼
gdð Þ 1=n � gd;0

� �

1=n

gd;0

� �

1=n
¼ Zr

ð

t2

t1

dt

t�9
(Eq 50)

where n is the time exponent for grain growth,
Zr is the value of Z at the chosen reference time
t = tr9 and temperature T ¼ Tr 2 , and t�9 is the
time constant for the reaction defined as:

t�9 ¼ tr9 exp
Qapp

R

1

T
� 1

Tr 2

� �� �

(Eq 51)

The resulting delta-ferrite grain size can then be
found by solving Eq 50 with respect to gd:

gd ¼ g
1=n
d;0 ð1þ ZÞ

h in
(Eq 52)

where gd;0 is the initial delta-ferrite grain size
following complete dissolution of the austenite
phase (equal to 2xg/f0).
Delta-Ferrite Decomposition. During the

cooling leg of the thermal cycle, delta ferrite
starts to decompose to austenite below the A4

temperature, as shown in Fig. 9. As a starting
point, the delta-ferrite grains are assumed to
be spherical (with a radius r = rd). Under such
conditions, the austenite phase will start to
grow from the outside of the sphere and toward
the center. If the cooling rate is sufficiently high
that soft impingement due to nitrogen depletion
can be neglected (as in electron beam welding),
the thickness rd � ri of the austenite layer is
given by the following three-dimensional isoki-
netic solution (Ref 33):

si ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

3
r2i þ

2

3

r3d
ri
� r2d

s

¼ sri

ð

t2

t1

dt

t�10

0

@

1

A

1=2

(Eq 53)

where sri is the value of si at the chosen refer-
ence time t = tr10 and temperature T ¼ Tr 3 ,
and t�10 is the time constant for the reaction
defined as:

t�10 ¼ tr10
Cr
0 � Cr

d;i

C0 � Cd;i

� �2 Cg;i � Cd;i
� 	

Cg � C0

� 	

Cr
g;i � Cr

d;i

� �

C
r

g � Cr
0

� �

exp
Qd

R

1

T
� 1

Tr3

� �� �

(Eq 54)

To quantify the extent of delta-ferrite decom-
position occurring during welding, it is neces-
sary to convert the current value of ri into an
equivalent volume fraction of austenite. For
the spherical grain morphology assumed in the
model, the volume fraction of austenite is sim-
ply given by Ref 33:

f ¼
4
3
pr3d � 4

3
pr3i

4
3
pr3d

¼ r3d � r3i
r3d

(Eq 55)

Case Study: Application to Electron Beam
Welding. The direct coupling between the var-
ious microstructure models is illustrated in
Fig. 10, which shows the calculated microstruc-
ture evolution in two different positions within
the HAZ. Considering the fully reverted region
(Fig. 10a), the austenite dissolves completely
during the heating leg of the thermal cycle. This
process is succeeded by free delta-ferrite grain
growth and partial decomposition of the delta
ferrite to austenite during cooling below the
A4 temperature. In the partly reverted region
of the HAZ (Fig. 10b), the austenite dissolution

Fig. 8 Computed heat-affected zone grain-growth diagram for thick-plate welding of a niobium-microalloyed steel.
Source: Ref 1, 20

Fig. 9 Schematic representation of the heat-affected zone microstructure evolution during welding of duplex
stainless steels. Source: Ref 1, 33
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Fig. 10 Examples of outputs from the process model for duplex stainless steels showing details of the microstructure evolution at various locations within the weld heat-affected
zone (HAZ). (a) Fully reverted region. (b) Partly reverted region. (c) Optical micrograph showing the sharp boundary between the fully and partly reverted regions of the

weld HAZ. Source: Ref 1, 33
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is incomplete, and hence, extensive growth of
the austenite occurs on cooling due to back dif-
fusion. This retransformation explains why
the boundary between the two regions during
electron beam welding is quite sharp with no
indication of the previous austenite dissolution,
as illustrated by the optical micrograph in
Fig. 10(c).

Summary of Isokinetic Solutions

In the previous sections, the versatility of the
internal state variable approach in modeling of
nonisothermal transformations for various mate-
rials and processes has been demonstrated. In
cases where the reaction is isokinetic and the
temperature dependency can be captured mathe-
matically in terms of the Scheil integral (i.e.,
Eq 6), simple analytical solutions exist that are
quick and easy to implement and are accessible
to most users. Table 1 summarizes the various
analytical solutions presented in the previous
sections, showing that a wide range of processes
can be described by the same type of equation
based on the Scheil integral formulation.

Complex Microstructure Models
Describing the Evolution of a
Particle Size Distribution

So far, only reactions that involve a single
diffusion mechanism (e.g., dissolution or coars-
ening of precipitates) have been considered.
Although these represent idealized cases, the
isokinetic models can be applied to a wide
range of problems that are relevant to thermal
processing of metals and alloys. However, they
fail when the diffusion problem is more compli-
cated and requires a full description of the par-
ticle size distribution as well. For example, this
is the case during industrial heat treatment and
welding of age-hardening aluminum alloys,
because the transformation has a strong mem-
ory of the past process steps due to interactions
between different groups or classes of particles
that form at various temperatures (Ref 34). In
the following, a numerical solution is presented,
capable of handling nucleation, growth, and
coarsening, and likewise dissolution, of harden-
ing precipitates in Al-Mg-Si alloys during
aging, welding, and postweld heat treatment
(PWHT). By coupling this to a separate
strength model for shearing and bypassing of
particles by dislocations, the evolution of the
macroscopic yield stress at room temperature
can be calculated at each time step.

Microstructural Changes during
Heat Treatment and Welding of
Al-Mg-Si Alloys

During artificial aging, a high density of fine,
needle-shaped b00 particles form uniformly in

the matrix, as shown in Fig. 11(a), which is
the dominating hardening phase in T6 heat trea-
ted Al-Mg-Si alloys (Ref 35). However,
because these precipitates are thermodynami-
cally unstable in a welding situation, the smal-
lest ones will start to dissolve in parts of the
HAZ where the peak temperature has been
above, say 250 �C (480 �F), while the larger
ones will continue to grow (Ref 36). Close to
the weld fusion line, full reversion of the b00
particles is achieved (Ref 20, 35, 37). At the
same time, coarse, rod-shaped b0 precipitates
may form in the intermediate-peak-temperature
range between 250 and 480 �C (480 and
900 �F), as indicated in Fig. 11(b). In the
model, these refer to the largest particles in
the distribution, which will grow rapidly in the
presence of the abundant solute being supplied
from the small, dissolving b00 precipitates.
If welding is succeeded by a PWHT repreci-

pitation of hardening, b00 particles will take
place within the high-peak-temperature regions
of the weld HAZ, as shown in Fig. 11(c).
The extent to which this occurs depends on
both the matrix vacancy concentration and the
level of magnesium and silicon in solid solu-
tion, according to classic nucleation theory
(Ref 20). Accordingly, the reprecipitation
would be expected to be most extensive in the
fully reverted region close to the weld fusion
line, owing to the combined effect of a high sol-
ute content and a high concentration of
quenched-in vacancies. Conversely, the
renewed b00 formation will be suppressed in
parts of the HAZ where the peak temperature
is lower, because the aluminum matrix in these
regions will be depleted with respect to vacan-
cies and solute. This eventually leads to the
development of a permanent soft region within
the weld HAZ after PWHT, in agreement with
experimental observations (Ref 38, 39).
If this simplified description of the micro-

structure evolution is accepted, it is possible
to simulate the sequence of precipitation and
reversion reactions occurring during artificial
aging, welding, and PWHT of age-hardening
Al-Mg-Si alloys, along the lines indicated by
Myhr and Grong (Ref 34). A brief description
of the basic features of the model is given as
follows.

Precipitation Model

The precipitation model consists of the fol-
lowing three components:

� A nucleation model, which predicts the
number of stable nuclei that form at each
time step

� A rate law, which calculates either the disso-
lution or growth rate of each discrete particle
size class

� A continuity equation, which keeps record
of the amount of solute being tied up in the
precipitates

A brief summary of the main constitutive
equations is given subsequently. Further details
are given in Ref 34, 38, and 39.
Nucleation Law. Following classic nucle-

ation theory, the nuclei form as a result of loca-
lized compositional fluctuations that occur
statistically within the supersaturated matrix.
The nucleation rate, j, during artificial aging
and welding is conveniently expressed as fol-
lows when the effect of quenched-in vacancies
on the nucleation rate is included in the expres-
sion (Ref 39):

j ¼ j0 exp
��Hv

R

1

Tp
� 1

Tss

� �� �

exp � A0

RT

� �3
1

lnðC=CeÞ

� �2
" #

exp �Qd

RT

� �

(Eq 56)

where j0 is a pre-exponential term, A0 is a
parameter related to the potency of the hetero-
geneous nucleation sites in the parent material
(with the units J/mol), Qd is the activation
energy for diffusion, C is the mean solute con-
tent in the matrix, Ce is the equilibrium solute
content in the matrix (given by the phase dia-
gram), DHv is the enthalpy of vacancy forma-
tion in aluminum, and Tss is the solutionizing
temperature, which corresponds to the chosen
input value of j0 (i.e., 530 �C, or 985 �F). In
practice, j0 and A0 must be determined experi-
mentally for a specific family of alloys within
the Al-Mg-Si system (Ref 35, 36), while Qd

and DHv can be obtained from literature data
(Ref 35).
The simple form of Eq 56 makes it easy to

implement in a numerical code. At the same
time, the nucleation law is sufficiently relevant
and comprehensive to facilitate modeling of
coupled welding and PWHT operations, as
described previously, because the vacancy con-
centration established in the former operation is
embedded in the expression via the Tp term,
representing the peak temperature of a specific
HAZ position. Although this analytical formu-
lation of the nucleation problem means that a
consideration of diffusion and annihilation of
vacancies at grain boundaries and incoherent
particle/matrix interfaces during subsequent
cooling/reheating is neglected, it is thought to
be a reasonable approximation in the context
of the model being developed.
Rate Law. The next step is to invoke the

growth model. When a particle with radius r
and solute concentration Cp is introduced into
the system, it will either dissolve or grow,
depending on whether the solute concentration
in the matrix at the particle/matrix interface,
Ci, exceeds C or not. The rate at which this
occurs can be expressed as (Ref 40):

v ¼ dr

dt
¼ C� Ci

Cp � Ci

D

r
(Eq 57)
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Table 1 Summary of various isokinetic solutions containing the Scheil integral

Material Process Solution Expression for t*, s Source

Aluminum/steel Particle dissolution Plates

f
f0
¼ 1� Ð

t

0

dt
t�
1

� �1=2

Eq 11 Ref 1, 20

Spheres

f
f0
¼ 1� Ð

t

0

dt
t�
2

� �3=2

Eq 16 Ref 1, 20

Aluminum/steel Coarsening
X ¼ r3�r3

0

r3
0

¼ Xc

Ð

t

0

dt
t�
3

Eq 23 Ref 1, 20

Aluminum Recrystallization Xr ¼ 1� 1� Xcð ÞIn

where

I ¼ Ð
t

0

dt
t�
4

Eq 31 . . .

Steel Grain growth (no pinning precipitates)
X ¼ g=g0 ¼ 1þ 1

n

Ð

t

0

dt
t�
5

� �n Eq 37 Ref 1

Steel Grain growth in the presence of stable precipitates �XY� � Y�ð Þ2ln 1� X
Y�

� 	þ Y� þ Y�ð Þ2ln 1� 1
Y�

� 	 ¼ Ð
t

0

dt
t�
5

where
X ¼ g=g0 and Y� ¼ glim=g0

Eq 37 Ref 1

Steel Grain growth in the presence of growing precipitates dX
dt ¼ 1

t�
5

1
X � 1

Y


 � 1=nð Þ�1

where

Y ¼ Y0ð Þ3þ Ð
t

0

dt
t�
6

� �1=3

Eq 37, 41 Ref 1

Steel Grain growth in the presence of dissolving precipitates dX
dt ¼ 1

t�
5

1
X � 1

Y


 � 1=nð Þ�1

where

Y ¼ Y0ð Þ3
Y0ð Þ2�

Ð

t

0

dt
t�
7

Eq 37, 44 Ref 1, 31

Duplex stainless
steel

Dissolution and growth of austenite

γ γδ δγ

f
f0
¼ 1� Ð

t1

t¼0

dt
t�
8d

� �1=2

þ Ð

ts

t1

dt
t�
8g

" #1=2 Eq 46, 48 Ref 1, 33

(continued)
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Based on the Gibbs-Thomson equation, it is
then possible to obtain an explicit expression
for the critical radius, r�, of a particle that will
neither grow nor dissolve (Ref 34, 38):

r� ¼ 2�i Vm

RT
ln

C

Ce

� �� ��1

(Eq 58)

where gi is the particle/matrix interfacial
energy, and Vm is the molar volume of the
precipitates.

Because r� depends on the current value of
Ce, the thermal stability of the precipitates is
sensitive to changes in the temperature during
heat treatment. It follows that reheating pro-
motes particle dissolution, whereas cooling or
isothermal annealing favors nucleation, growth,
and coarsening in a successive manner.
Inclusion of the Particle Size Distribution.

The control volume approach is used to capture
the flux balance for a distribution of particles.
As a starting point, the particle distribution

is divided into a series of small “radius” ele-
ments, each with a size △r. Analogous to the
diffusion problem, the growth or dissolution of
particles that occurs during a small time incre-
ment, △t, can be regarded as a flux of matter
in or out of the elements. Let J denote the par-
ticle flux, while N is the number density of par-
ticles within △r. A mass balance then gives
(Ref 34, 38):

qN
qt

¼ � qJ
qr

þ S (Eq 59)

where the source term, S, describes the forma-
tion of new particles at each time step △t. In
the context of diffusional transformations, S is
equal to the nucleation rate, j.
The particle flux, J, through the volume ele-

ment is, in turn, given by the following equa-
tion (Ref 34, 38):

J ¼ N v (Eq 60)

where v is the growth or dissolution rate of a
particle defined by Eq 57.
Hence, the governing evolution equation may

be written as (Ref 34, 38):

qN
qt

¼ � qðN vÞ
qr

þ S (Eq 61)

Moreover, if the particle size distribution is
continuous, the mean solute concentration in
the matrix can be expressed as (Ref 34, 38):

C ¼ C0 � Cp � C
� 	

ð

1

0

4

3
pr3j dr (Eq 62)

where j is the size distribution function.
Note that Eq 62 is simply a mass balance

relating the amount of solute tied up in particles
to the amount of the solute drained from the
matrix.
Numerical Solution. To calculate the values

of N at discrete grid points, the particle size

Table 1 (continued)

Material Process Solution Expression for t*, s Source

Duplex stainless
steel

Delta-ferrite decomposition

γ
δ

rγ

rδ

si ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
3
r2i þ 2

3

r3d
ri
� r2d

q

¼ sri
Ð

t2

t1

dt
t�
10

 !1=2

where
si = rd - ri
and

f ¼ 4
3
pr3

�
�4

3
pr3

i
4
3
pr3d

¼ r3d�r3
i

r3d

Eq 54 Ref 1, 33

Fig. 11 Schematic diagrams showing the microstructure evolution during multistage thermal processing of Al-Mg-Si
alloys involving heat treatment and welding. AA, artificial aging; W, welding; PWHT, postweld heat

treatment. The outer boundary of the heat-affected zone is indicated by the semicircles in the diagrams. Adapted
from Ref 36, 38
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distribution is divided into small intervals
[ri, ri+1]. The continuity equation (Eq 62) may
then be written as (Ref 34, 38):

C ¼ C0 � Cp � C
� 	

X

i

4

3
pri3Ni (Eq 63)

where Ni = ji △ri. From Eq 63, the particle
volume fraction, f, can be calculated,
taking f ¼ ðC0 � CÞ=ðCp � CÞ as a first
approximation.
Consider now a small grid-point configura-

tion that is isolated from the particle size distri-
bution, as shown in Fig. 12. This is delimited by
dashed lines at “w” and “e,” which represent the
west and east boundaries, respectively. To
obtain equations for N at discrete grid points,
one starts by integrating the governing evolution
equation over the control volume. By ignoring
the source term S, Eq 61 gives (Ref 34, 38):

ð

e

w

ð

tþ�t

t

qN
qt
dtdr ¼ �

ð

tþ�t

t

ð

e

w

qðNvÞ
qr

drdt (Eq 64)

The integral on the left side of Eq 64 is equal to
(Ref 34, 38):

ð

e

w

ð

tþ�t

t

qN
qt
dtdr ¼ NP � NP

0
� 	

�r (Eq 65)

while the right-side integral is given by
(Ref 34, 38):

ð

tþ�t

t

ð

e

w

qðNvÞ
qr

drdt ¼ Nvð Þe � Nvð Þw
� 	

�t (Eq 66)

The velocities ve and vw at each control vol-
ume interface can be calculated from Eq 57.
By combining Eq 64 to 66, the equations for
discrete grid points can be cast into the follow-
ing standard form (Ref 34, 38):

apNP ¼ aENE þ aWNW þ aoPN
o
P (Eq 67)

The values of the coefficients aP, aE, aW, and a0p
depend on the directions of the interface

velocities, as described in Ref 34. Finally, the
desired number densities are obtained by solv-
ing the set of mutually dependent equations of
the form defined by Eq 67, using a standard
Gaussian elimination method (Ref 34, 41).

Microstructure Evolution during
Multistage Thermal Processing

In the following, the process model described
in the previous section is applied to predict the
microstructure evolution in Al-Mg-Si alloys
during multistage thermal processing involving
heat treatment and welding.
Evolution of Precipitate Structure during

Artificial Aging. Referring to Fig. 11(a), the
first process stage to model is artificial aging.
Figure 13 shows examples of outputs from the
model following prolonged artificial aging at
180 �C (355 �F) for an Al-Mg-Si alloy with a
nominal composition close to AA6082 (i.e.,
approximately 0.9 wt% Si and 0.6 wt% Mg).
Because the incubation period during nucle-
ation is disregarded, the nucleation rate is seen
to be fairly constant over an appreciable period
of time, as illustrated in Fig. 13(a). The nucle-
ation rate then drops quickly due to solute
depletion, as C approaches Ce. This coincides,
in time, with the observed peak in the particle
number density. Moreover, a comparison with
Fig. 13(b) shows that the nucleation period
is accompanied by rapid growth of the
particles during the early stages of the aging
process, which gradually shifts to pure coarsen-
ing when r� approaches r. At the entry of
the coarsening period, the characteristic Lif-
shitz-Slyozov-Wagner (LSW) distribution is
obtained (Ref 18, 19), as shown by the plots
in Fig. 13(c).
Precipitate Structure in the HAZ Follow-

ing Artificial Aging, Welding, and PWHT.
As schematically illustrated in Fig. 11(b) and
(c), the precipitate structure formed during arti-
ficial aging changes significantly during the
subsequent welding and PWHT operations.
These changes are readily captured by the
model, as shown in Fig. 14, where predicted
microstructure quantities are compared with
corresponding quantities obtained from mea-
surements carried out on Gleeble simulated
weld HAZs of AA6005. Figures 14(a) and (b)
show how the particle number density and
mean particle size, respectively, vary with dis-
tance from the centerline. Because the distance
from the centerline is directly related to the
peak temperature, the corresponding Tp values
are indicated by the upper abscissae in the
graphs for comparison. During reheating of
the peak-aged material, the smallest particles
will be unstable and dissolve, while the largest
ones will grow. As seen from the curves pre-
sented, the microstructure model adequately
captures this behavior. If weld simulation is
accompanied by a subsequent PWHT, full
reprecipitation of the hardening particles takes
place within the high-peak-temperature region

of the specimen, where both the vacancy con-
centration and the solute level are inherently
high.
Figure 15 shows the predicted sequence of

reactions occurring during artificial aging,
welding, and PWHT for a fixed position in the
HAZ where the peak temperature has been
350 �C (660 �F), conforming to the partially
reverted region. Figure 15(a) summarizes the
thermal history, where the peak temperature
within the weld HAZ is seen to reach 350 �C
during welding. Figure 15(b) shows the nucle-
ation rate, j, and the corresponding change in
the particle number density, Nv, as a function
of time. During artificial aging, Nv reaches the
peak value after approximately 1.25 h before
it starts to level off as the nucleation rate, j,
drops and the combined growth and coarsening
regime is entered. It follows from Fig. 15(c)
that this regime is characterized by a steady
increase in the mean particle radius, r , with
time. At the same time, the particle volume
fraction, f, increases, leading to a gradual
decrease in the matrix solute content until the
equilibrium concentrations of magnesium and
silicon are reached after long times at the actual
aging temperature.
During subsequent welding, the microstruc-

ture within the partly reverted HAZ changes
dramatically over a very short period of time.
Although the nucleation rate, j, again increases,
reheating to Tp = 350 �C (660 �F) implies that
both Nv and f drop initially as a result of parti-
cle dissolution. This change is accompanied
by rapid growth of some of the largest particles
within the distribution, taking advantage of the
abundant solute being supplied from the dissol-
ving precipitates. Thus, when the final PWHT
stage is entered, neither the solute content nor
the vacancy concentration within the partly
reverted HAZ is high enough to promote exten-
sive precipitation of new hardening b00 parti-
cles. Instead, the remaining particles will
continue to grow, mainly by consumption of
excess solute. This is observed by the almost
constant value for Nv in Fig. 15(b) along with
the monotonic increase in r and f in Fig. 15(c),
both during welding and subsequent PWHT.

Yield Strength Model

For predictions of the structural integrity of
weldments, it is not the precipitate structure,
as such, but rather the macroscopic room-
temperature yield stress that is of main concern.
However, due to the intimate connection
between the precipitate structure and the yield
stress of age-hardening aluminum alloys, the
yield stress can be estimated when the particle
size distribution is known (Ref 35). This is done
by coupling some key precipitate parameters
extracted from the particle size distribution to
a separate strength model for shearing and
bypassing of particles by dislocations, as shown
subsequently. This, in turn, allows the evolution
of the macroscopic yield stress at room

Fig. 12 Grid-point configuration used in the finite-
difference model showing particle fluxes

entering and leaving a control volume. Adapted from
Ref 34, 38
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temperature to be calculated at each time step
during heat treatment and welding.
For age-hardening aluminum alloys, the

following contributions are of importance: pre-
cipitation hardening due to shearing and bypass-
ing of particles by dislocations, sp, and solid-
solution hardening effects, sss (Ref 42–45).
Precipitation Hardening. The relationship

between the macroscopic yield strength, sp,
and the mean obstacle strength, �F, can be writ-
ten as (Ref 45):

sp ¼ MF

bl
(Eq 68)

where M is the Taylor factor, b is the magni-
tude of the Burgers vector, and l is the mean

effective particle spacing in the slip plane along
the bending dislocation.
Assuming a monodispersive system of

spheres, the effective particle spacing, l, in the
slip plane can be expressed in terms of the
mean particle size, r , the particle volume frac-
tion, f, and the mean obstacle strength, �F, using
the Friedel formalism (Ref 46), as done in
Ref 45. Substituting this expression for l into
Eq 68 gives (Ref 36):

sp ¼ M

b2
ffiffiffiffi

G
p

ffiffiffiffiffiffiffiffi

Nvr

b

s

F
3=2

(Eq 69)

where G is the shear modulus of the aluminum
matrix, and b is a constant close to 0.5.

In the general case, where the alloy contains
a mixture of weak (shearable) and strong (non-
shearable) particles, the mean obstacle strength
is conveniently defined as:

F ¼
P

i
NiFi

P

i
Ni

(Eq 70)

where Ni is the number density of particles that
belongs to a given-size class ri, and Fi is the
corresponding obstacle strength.
In practice, the parameter Fi will be a func-

tion of the particle radius, ri. For weak parti-
cles, it is a fair approximation to assume that
Fi is proportional to the particle radius as long

Fig. 13 Examples of outputs from the precipitation model following prolonged artificial aging at 180 �C (355 �F). (a) Change in nucleation rate, j, and particle number density, Nv,
with time. (b) Increase in the mean particle radius, r, and the critical radius, r*, with time. (c) Snapshots of the particle size distribution at different aging times. The

corresponding Lifshitz-Slyozov-Wagner (LSW) distributions are indicated by the broken curves in the graph for comparison. Source: Ref 34
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Fig. 14 Comparison between observed and predicted microstructural stability of Gleeble simulated specimens after various thermal treatments. (a) Variation in particle number
density, Nv, with distance from centerline of specimen. (b) Variation in mean particle radius, r, with distance from centerline of specimen. PWHT, postweld heat

treatment. Source: Ref 36

Fig. 15 Industrial case study showing the sequence of reactions occurring during artificial aging (AA), welding (W), and postweld heat treatment (PWHT) of 5 mm (0.2 in.) AA6005
plate material. (a) Record of thermal history. (b) Predicted change in particle number density, Nv, and nucleation rate, j, with time. (c) Predicted change in mean particle

radius, r , and volume fraction, f, with time. Source: Ref 36
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as ri is smaller than the critical radius for shear-
ing, rc (Ref 35, 45, 47):

Fi ¼ 2bGb2
ri
rc

� �

(Eq 71)

Conversely, for strong (nonshearable) parti-
cles, characterized by ri > rc, the obstacle
strength, Fi, will be constant and independent
of ri (Ref 35, 45, 47):

Fi ¼ 2bGb2 (Eq 72)

Solid-Solution Hardening. In age-hardening
aluminum alloys, elements such as magnesium,
silicon, and copper give rise to considerable
solid-solution strengthening. Provided that
the contribution from each element is
additive, the solid-solution hardening potential
of the alloy,sss, can be expressed as (Ref 46, 48):

sss ¼
X

j

kjCj
2=3 (Eq 73)

where Cj is the concentration of a specific
alloying element in solid solution, and kj is the
corresponding scaling factor.
Overall Yield Strength. In alloys where sev-

eral strengthening mechanisms are operative at
room temperature, it is reasonable to assume
that the individual strength contributions can
be added linearly. Thus, taking si equal to the
intrinsic yield strength of pure aluminum, the
resulting expression for the overall macroscopic
yield strength, sy, becomes:

sy ¼ si þ sss þ sp (Eq 74)

Equations 69 to 74 represent the important
link between precipitation structure and
strength, because they convert the relevant out-
put parameters from the precipitation model
into an equivalent room-temperature yield
stress. An example application is presented in
Fig. 16, which shows the evolution of the
resulting room-temperature yield stress, sy, as
well as the individual contributions from
solid-solution hardening, sss, and precipitation
hardening, sp, respectively, to the total strength
level for the case study previously presented
in Fig. 15. During artificial aging, sp increases
at the expense of sss, because nucleation and
growth of the b00 particles give rise to substan-
tial precipitation hardening. This, in turn, leads
to a corresponding increase in sy, although the
aluminium matrix becomes drained with
respect to solute, thereby reducing sss.
Moreover, a comparison between Fig. 15(b)

and 16 reveals that the observed drop in sp and
sy during welding arises from the
corresponding drop in the particle number den-
sity, Nv, because of particle dissolution. It fol-
lows that the small increase in sss is not
sufficient to compensate the softening that
occurs due to particle reversion, resulting in a
local room-temperature yield strength of
approximately 155 MPa (23 ksi) after

completion of the welding operation. Finally,
because the combination of a low solute content
and a reduced vacancy concentration implies
that the resulting aging response of the partly
reverted region is weak, this leads to a perma-
nent strength loss in the HAZ after PWHT.

Microstructure Modeling in the
Context of Engineering Design

In the following, the microstructure model
for age-hardening Al-Mg-Si alloys, presented
in the previous section, is exploited in engineer-
ing design to optimize the load-bearing capac-
ity of welded aluminum components.
In welding of age-hardening aluminum

alloys and particularly artificially aged Al-Mg-
Si alloys such as AA6082-T6, HAZ softening
is of particular concern. In engineering design,
this strength loss must be taken into consider-
ation, both the total width of the reduced
strength zone and the corresponding minimum
strength level.

Calculation of the Design Stress

To illustrate how the design stress depends
on the minimum strength level and reduced
strength zone width, the two idealized loading
conditions are considered more in detail. If the
loading is perpendicular to the weld, the nomi-
nal stress, s⊥, is given as (Ref 49):

s? ¼ P

A
¼ P

d w
(Eq 75)

where P is the tensile or compressive force
being applied perpendicular to the axis of the
weld, and A is the cross section of the joint
(equal to the plate thickness, d, times the width,
w, of the component).
Provided that the HAZ is also the softest part

of the weld, and yielding is not permitted dur-
ing service, the design stress, s⊥, cannot
exceed the minimum HAZ yield stress, smin.
This, in turn, imposes a restriction on the design
stress, s⊥ 	 smin. Hence, the metallurgical
parameter, smin, has a direct physical meaning
in engineering design and is the key parameter
determining the joint strength when the loading
is perpendicular to the weld.
Similarly, if the loading is parallel to the

weld, Mazzolini (Ref 49) introduces the so-
called reduced cross-sectional area, Ared, as a
basis for calculating the design stress, sII,
which, according to the definitions in Fig. 17,
can be written as:

Ared ¼ A� 2yeqred dð1� bÞ (Eq 76)

where A is the total cross-sectional area of the
joint (including the weld reinforcement), yeq

red
is

the equivalent half-width of the reduced
strength zone (including the weld metal)
of strength smin, while b is a metallurgical
efficiency factor that takes into account the
degree of softening occurring due to welding
(b 	 1).
Thus, provided that yielding is not permitted

during service, b is equal to the ratio between
the minimum HAZ yield stress, smin, and the
base-metal yield stress, sb:

Fig. 16 Predicted change in overall room-temperature yield stress, sy, and individual strength components solid-
solution hardening, sss, and precipitation hardening, sp, with time for the industrial case study presented

in Fig. 15. The ordinate to the right in the diagram indicates the corresponding hardness level. AA, artificial aging; W,
welding; PWHT, postweld heat treatment. Source: Ref 36
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b ¼ smin

sb

(Eq 77)

Similarly, the equivalent half-width of the
reduced strength zone, �yeq

red
, of strength smin

can be calculated by considering the idealized
yield strength profile shown in Fig. 17 and solv-
ing the integral (Ref 39):

�yeqred ¼

Ð

1

ym

sb � s yð Þð Þdy

sb � sminð Þ (Eq 78)

where the lower integration limit, ym, refers to
the fusion boundary of the weld, and the upper
integration limit, ytot, refers to the total half-
width of the reduced strength zone as defined
in Fig. 17.
Note that Eq 78 is conservative in the sense

that it just considers the HAZ yield strength
profile and ignores the strength contribution
from the weld metal.
In the following, the previously described

precipitation and yield strength models for Al-
Mg-Si alloys are combined with thermal field
calculations obtained from WELDSIM, which
is a general-purpose finite-element code for
welding (Ref 37, 38, 50). By this means, the
complete HAZ yield stress distributions can be
calculated, from which the desired design para-
meters smin and �yeqred may be extracted.

Process Diagrams for Al-Mg-Si
Butt Welds

Figure 18 shows the predicted local yield
stress distribution across the HAZ following
welding and subsequent natural aging of butt
welds of AA6082-T6 for various combinations
of q0/vd, h, and d. Note that if steel backing is
used, the plate thickness, d, must also be speci-
fied to uniquely define the HAZ thermal pro-
gram. It is evident from these plots that the
critical parameters controlling the joint strength
depend on complex interactions between

several process variables that are not accounted
for in the current design codes for aluminum
weldments (Ref 51, 52). The most important
variables, in addition to the alloy composition
and initial temper condition, are the applied
heat input during welding, the heat-transfer
coefficient between the aluminum plate and
the steel backing, as well as the extent of natu-
ral aging occurring after welding.
Figure 19, which applies to butt welding of

AA6060-T6, AA6005-T6, and AA6082-T6,
respectively, shows predicted design para-
meters smin and �yeqred being defined previously
in Fig. 17 for different combinations of q0/vd, h,
and d. Note that the curves for h = 0 are not
limited to a specific plate thickness, as opposed
to those in Fig. 19(b), which hold for 2 mm
(0.08 in.) sheet material only. As expected, the
design parameters are seen to depend both on
the applied heat input during welding as well
as on the actual value of the heat-transfer coef-
ficient between the aluminum plate and the
steel backing. The absolute value of smin is,
in turn, determined by the alloy composition,
which represents a third option that can be
exploited in engineering design. However, for
a given alloy composition, minimization of the
HAZ strength loss will require that the q0/vd
ratio is kept as low as possible during welding.
At the same time, the aluminum plate should be
properly clamped to the steel backing (if this is
practically feasible) to make sure that the
excess heat from the fusion zone is effectively
transferred to the steel plate and not allowed
to diffuse into the HAZ.

Optimization of the Load-Bearing
Capacity of Welded Aluminum
Structures

Until now, only predictions involving the
yield stress were considered because this prop-
erty is usually the most critical in engineering
design. However, for complex nonlinear finite-
element simulations of the load-bearing capac-
ity of welded structural members, complete

stress-strain curves are required in all positions
of the solution domain. As illustrated in Fig. 20,
such curves can be obtained by using
output from the precipitation model to calculate
the yield stress, as described in the section
“Yield Strength Model” in this article, and the
rate of work hardening during plastic deforma-
tion by invoking an appropriate work-hardening
model.
In age-hardening aluminum alloys, the

work-hardening behavior is controlled by
the so-called geometric slip distance and the
corresponding volume fraction of nonshearable
Orowan particles in addition to the solute con-
tent, which determines the rate of dynamic
recovery (Ref 53). In practice, all of these para-
meters can be extracted from the predicted
particle size distribution.
A brief outline of the work-hardening model

developed for Al-Mg-Si alloys is given subse-
quently. Further details are given in Ref 53.
Work-Hardening Model. In the work-hard-

ening model presented subsequently, the total
dislocation density, rt, is taken equal to the
sum of the geometrically necessary disloca-
tions, rg, and the statistically stored disloca-
tions, rs. The geometric slip distance, lg, is a
measure of how far the dislocations move
before they are stored around particles that are
dispersed within the matrix material. This stor-
age of dislocations is necessary to obtain com-
patibility between the two phases during
deformation. The parameter lg is therefore a
characteristic of the microstructure and is
related to the type and distribution of the hard-
ening precipitates in the material. According to
Ashby (Ref 54), the geometrically necessary
dislocations will dominate if the geometric slip
distance, lg, is smaller than the corresponding
slip distance for statistical storage of disloca-
tions, ls, as measured from the length of the
slip lines in the work-hardened material. In
the other extreme, when lg > ls, their contribu-
tion to the total dislocation density becomes
negligible and can be ignored.
To establish a useful work-hardening

model for commercial Al-Mg-Si alloys, it
is necessary to convert the current values of
the dislocation densities into an equivalent
room-temperature flow stress, s. Because the
Ashby approach (Ref 54) is based on the
assumption that the two dislocation densities
can be added linearly in stress-strain space,
their total contribution to the net flow stress,
Dsd = s � sy, is given by the following
equation:

Dsd ¼ s� sy ¼ aMGb
ffiffiffiffi

rt
p

¼ aMGb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rs þ rg
p

(Eq 79)

where a is a constant with a numerical value
close to 0.3, M is the Taylor factor, G is the
shear modulus, and b is the magnitude of the
Burgers vector.
The form of Eq 79 suggests that the work-

hardening behavior of Al-Mg-Si alloys can be
captured mathematically by considering the

Fig. 17 Schematic diagram showing the yield strength profile across an AA6082-T6 butt weld following complete
natural aging. The equivalent half-widths of the reduced strength zones, yeqredand �yeqred, of minimum

strength, s
min

, are defined to the right and left in the diagram, respectively. HAZ, heat-affected zone. Adapted from
Ref 39
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net contribution from dislocation hardening,
Dsd, using rs and rg as the independent inter-
nal variables of the system.
Contribution from Shearable Particles and

Alloying Elements in Solid Solution. Experi-
ments have shown that the work-hardening
behavior of Al-Mg-Si alloys in the naturally
aged (T4) condition is essentially similar to that
in the as-quenched (W10) condition (Ref 53).
Hence, in the context of the model developed,
no distinction is made between small shearable
particles in the form of Guinier-Preston zones

(or clusters) and atoms in solid solution. This
means that the balance between statistical stor-
age and dynamic recovery of dislocations in
both types of matrix materials is conveniently
described by the evolution equation proposed
by Kocks (Ref 55, 56):

drs ¼ k1 rs
1=2 � k2 rs

� �

dep (Eq 80)

where k1 is a constant being characteristic of
the material under consideration, whereas the

k2 parameter, which determines the rate of the
dynamic recovery during plastic deformation,
depends on the solute content of the alloy.
For Al-Mg-Si alloys, k2 is well described by

the following analytical expression (Ref 53):

k2 ¼ k1
aMGb

k3 ĈMg

� �3=4
(Eq 81)

where k3 is a characteristic material constant,
while ĈMg is a weight parameter that takes into
account the combined effect of magnesium and
silicon on the resulting rate of dynamic recov-

ery. The expression for ĈMg is (Ref 53):

ĈMg ¼ Cþ 0:5Ceff
Si (Eq 82)

where C is the mean concentration of magne-
sium in the aluminium matrix (given by Eq 63

in the precipitation model), and CSi
eff is the

corresponding silicon concentration following
a correction for the amount of silicon being tied
up as coarse a-Al15(FeMn)3Si2 particles in the
alloy (Ref 35).
Contribution from Nonshearable Orowan

Particles. The density of geometrically neces-
sary dislocations, rg, in a dispersion-strength-
ened material is interrelated to the geometric
slip distance, lg, and the imposed shear strain,
g, through the following relationship (Ref 53):

rg ¼ rrefg

lg;o
lg;o

g
gref

(Eq 83)

where lg,o specifically refers to the geo-
metric slip distance of hardening precipitates
in Al-Mg-Si alloys that fulfill the Orowan
criterion.
Because the accumulation of dislocation

loops around the precipitates (and thus rg) can-
not increase without limit, as predicted by
Eq 83, rg will, in practice, saturate at some
given (critical) plastic strain, ep = ec. This
threshold strain depends, in turn, on the volume
fraction, fo, of the dispersed Orowan particles
(Ref 54). Taking ec ¼ erefc when fo ¼ f refo for
the chosen reference alloy, a rational expression
for ec is (Ref 53):

ec ¼ f refo

fo

� �

erefc (Eq 84)

Overall Stress-Strain Response. Eventually,
after integration and some manipulation of the
resulting analytical solutions, the following
analytical expressions for the relationship
between Dsd, rs, rg, and rg,s are derived
(Ref 53):

Dsd

¼ aMGb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k1
k2

� �2

1� exp � k2 ep
2

� �� �2

þ rrefg; s

lrefg; o

lg o

ep
erefc

s

when ep< ec (Eq 85)

and

Fig. 18 Predicted heat-affected zone (HAZ) yield strength profiles for single-pass buttwelds of AA6082-T6 immediately
after welding and following complete natural aging. (a) Effect of the applied heat input, q

0
/vd, on theHAZ yield

strength distribution for h = 0 (adiabatic surfaces, no heat loss to the surroundings). (b) Effect of the heat-transfer coefficient,
h, on the HAZ yield strength distribution for q

0
/vd = 0.1 kJ/mm2. Note that the two curves for h = 500 W/m2K and h = 1,

respectively, apply specifically to butt welding of 2 mm (0.08 in.) sheet material. Source: Ref 39
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Dsd

¼ aMGb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k1
k2

� �2

1� exp � k2 ep
2

� �� �2

þ rreff;s

lrefg;o

lg;o

ec
erefc

s

when ep � ec (Eq 86)

where the actual value of ec is given by
Eq 84.
Expressions for lg,o and fo. Following cali-

bration, the present work-hardening
model relies solely on outputs from the precipi-
tation model. In addition to the mean matrix
solute content, C, the two other microstructure

parameters that control the work-hardening
behavior of Al-Mg-Si alloys are the
geometric slip distance, lg,o, and the
corresponding volume fraction, fo, of nonshear-
able Orowan particles in the matrix
material. Both parameters can be extracted
from the predicted particle size distribution.
Let the Orowan particles be characterized
by their radius ro > rc, where rc is the
critical particle radius for dislocation bypass-
ing, analogous to that done in the yield strength
model (Ref 35, 36). Then lg,o and fo are readily
calculated from the following expressions
(Ref 53):

lg;o ¼ 8
X

r¼1

r¼ro

r2i Ni

 !�1

(Eq 87)

fo ¼ 4p
3

X

r¼ 1

r¼ ro

r3i Ni (Eq 88)

where Ni is the number of particles per unit vol-
ume within the size class ri.
Application of the Combined Precipita-

tion, Yield Stress, and Work-Hardening
Model. As an example, the combined precipita-
tion, yield stress, and work-hardening model
outlined in Fig. 20 is used to optimize the
load-bearing capacity of a welded aluminum
component that has been subjected to a series
of thermal and mechanical operations during
fabrication. As a starting point, the thermal
module in WELDSIM (Ref 37, 38, 50) is used
to predict the temperature field resulting from
the welding, including the peak-temperature
distribution in the HAZ shown in Fig. 21(a).
The calculated thermal history is input to the
combined precipitation, yield stress, and work-
hardening model, which calculates the full
stress-strain curves for all positions within the
solution domain, including the three positions
labeled “A,” “B,” and “C” in Fig. 21(a). These
curves are shown in Fig. 21(b). It follows that
each region yields a unique stress-strain
response, where position “B” corresponds to
the softest part of the HAZ.
Finally, a commercial finite-element code

(Ref 58) is used to simulate the load-bearing
capacity of the welded component, subjected
to the loading situation shown in Fig. 22(a).
These simulations are carried out using a
shell-based modeling approach in which the
predicted stress-strain curves for each position
of the solution domain correspond to the
mechanical model (Ref 57). The resulting pre-
dicted load-displacement curves are shown in
Fig. 22(b). It follows that a change in the alloy

Fig. 19 Predicted process diagrams for Al-Mg-Si butt welds showing the variation in the design parameters s
min

and
�yeqredwith q

0
/vd and h for the alloys AA6060-T6, AA6005-T6, and AA6082-T6 following complete natural

aging. (a) Effects of the applied heat input, q
0
/vd, on the heat-affected zone (HAZ) softening behavior for h =

0 (adiabatic surfaces, no heat loss to the surroundings). (b) Effects of the effective heat-transfer coefficient, h, on the
HAZ softening behavior for a fixed heat input, q

0
/vd, of 0.1 kJ/mm2 and a plate thickness, d, of 2 mm (0.08 in.).

Source: Ref 39

Fig. 20 Schematic diagram showing the coupling
between the precipitation, yield strength,

and work-hardening models developed for Al-Mg-Si
alloys. Source: Ref 53
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composition from a soft AA6060 to a medium-
strength AA6082 alloy results in a significant
increase in the predicted ultimate load.
These simulation results are interesting, both

from an academic and practical point of view,
because they illustrate in a quantitative manner
how the present modeling approach can be used

to optimize the load-bearing capacity of welded
aluminum structural components simply by
manipulating the alloy composition and the
applied heat treatment schedules.
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Numerical Aspects of Modeling Welds*
John Goldak and Mahyar Asadi, Carleton University
Lennart Karlsson, Luleå University of Technology

THE DESIGN OF A STRUCTURE that
achieves its highest performance levels with the
least chance of failure can be facilitated by the
mathematically based prediction modeling of
weld behavior in a variety of circumstances.
One aspect of a weldment that can be predicted
with remarkable accuracy, given certain data, is
the transient temperature field. Distortion also
can be predicted with considerable accuracy.
Although residual stresses and microstructure
predictions are less accurate, they are still useful.
At the present time, some aspects of the arc

and the weld pool are difficult to predict.
Although the prediction of specific defects can
be difficult, the conditions that make it likely
for specific kinds of defects to form can be pre-
dicted. This situation is similar to that of pre-
dicting weather conditions that suggest a high
risk of tornadoes, but not being able to predict
individual tornadoes.
Reality, Models, and Mathematics. Like

cartoons, mathematics is not real. Yet, even in
cartoons, some relationship to reality is nearly
always intended. To understand either cartoons
or mathematics, every individual must define
his own relationship to reality.
Unlike cartoons, mathematics has two funda-

mental pillars. A set of axioms, which are
sometimes called assumptions, laws, primitives,
or other terms, is assumed to be given and to be
true. When these assumptions or axioms are
combined in ways that obey a strict logic,
results remain true, that is, for the purposes of
mathematics, rather than for the real world.
The meaning of the axioms, as interpreted in
the real world, is irrelevant to mathematics.
For example, given a sphere of radius r, mathe-
maticians can prove that volume equals
(4pr3)/3. Whether any particular ball can actu-
ally be described or approximated as a sphere
of radius r is not a question that mathematics
considers. In fact, one cannot prove that the for-
mula for the volume of a sphere is correct by
measuring the volume of balls. Rather, the
exercise is a matter of judgment and

interpretation for those who are interested in
the volume of a real ball.
This example is presented in order to show

that the confusion and controversy that occur in
themodeling ofwelds and other areas arises from
a failure to separate mathematics that are correct
from mathematics that represent a useful model
for a particular weld. Although this point is
often not understood, those who can appreciate
it are able to use models more effectively.

Modeling of Welds

The first assumption should be that the weld
has been specified, and therefore, all information
needed to produce the real weld has been given.
This includes the geometry of the welded struc-
ture and the weld joint, the composition of the
base and weld metal, the distribution of input
energy, the preheat temperature, thewelding path
and speed, the hydrogen content in the arc, the
start time and start position of each weld pass,
the fixtures, and other factors. It is usually
assumed that the transient temperature field is
themost critical field, in the sense that if this tem-
perature field iswrong, then the predictions of the
model are likely to be wrong. It is also most criti-
cal in the sense that different welds usually have
different temperature fields. After computing
the transient temperature field, the evolution of
microstructure in the heat-affected zone and the
fusion zone is computed. Then the thermal stress,
strain, distortion, and residual stress are com-
puted. The next objective, which is a current
research issue, is to predict the mechanical prop-
erties of the weldment, including fracture tough-
ness, ductile-brittle transition temperature, and
the probability that defects will occur. The ulti-
mate objective is to predict the manufacturing
cost and the reliability of both the weld and the
welded structure.
Computational weld mechanics described in

algorithmic notation comprises the following
steps:

� Define the geometry, material properties,
heat inputs, boundary conditions such as
thermal convection, and mechanical support

� Compute the transient temperature field
� Compute the evolution of microstructure. If

latent heats of transformation are to be
included, then the transient temperature and
evolution of microstructure become an itera-
tive problem.

� Compute the displacement; strain and stress
fields, including the effects of temperature and
microstructure on material properties; thermal
expansion; and phase transformations. Usually,
a thermoelastoplastic stress-strain relationship
is used. The displacement or distortion can sig-
nificantly impact the cost of welding.

� Estimate material properties of the weld-
ment, the probability of defects, and the risk
of failure due to fatigue, ductile or brittle
facture, and corrosion. Although very little
research has been published on this step, it
is clearly an important objective of computa-
tional weld mechanics.

The results of such an analysis are shown in
Fig. 1 to 5. It has been assumed that the weld

Fig. 1 Finite-element mesh for a weld described in a
Eulerian reference frame. Note that filler metal

is added. The weld pool, which is not shown, is not
needed in this analysis because the temperature is
prescribed at the weld-pool boundary. The mesh is finest
just in front of the weld pool.

* Revised and updated from J. Goldak, M. Gu, and L. Karlsson, Numerical Aspects of Modeling Welds, Welding, Brazing, and Soldering, Vol 6, ASM Handbook, ASM International, 1993,
p 1131–1140



pool is characterized by known data. The weld
pool behavior has not been predicted. In order
to predict weld pool behavior, most researchers
would assume that the distribution of thermal
flux, the current density, and the velocity and
pressure in the arc are known data. With these
data, they would solve the conservation of
mass, momentum, and energy to compute the
temperature, velocity, and pressure fields in
the weld pool and the position of the weld-pool
liquid-solid and liquid-plasma interfaces.
The proceedings of recent conferences in

computational weld mechanics are now embod-
ied in the literature (Ref 1–4).

Geometry of Weld Models

Most computational models have ana-
lyzed bead-on-plate welds, because of their

simple geometry. In addition to bead-on-
plate welds, this discussion considers V-groove
welds, girth welds, and branch welds on
pipes (Fig. 1–9). The geometry specifies
the region of space that is to be analyzed.
This region is called the domain, O, and
its boundary is denoted @O. To analyze
the weld, the geometry will usually be repre-
sented by a finite-element mesh. Because
temperature, stress, and strain change rapidly
near the weld, it is useful to use a fine
mesh near the weld for resolution and accuracy.
However, a coarse mesh is preferred at a site
far from the weld, in order to reduce comp-
utational costs without unduly sacrificing
accuracy or resolution. For this reason, it
is desirable to have the ability to grade the
mesh or to adaptively refine and coarsen
a finite-element mesh for analyzing welds
(Ref 5).

Energy Equation and Heat Transfer

The conservation of energy is the fundamen-
tal principle that underlies all thermal analysis,
including that of welds. In the simplest terms,
it states that while energy can be added or
extracted, no energy can be created or
destroyed in the domain being analyzed. The
essential material behavior for heat conduction
is that a flux of energy, q (J/m2 � s), flows from
hot regions to cold regions under the influence
of a temperature gradient, rT, and the thermal
conductivity of the material, k:

q ¼ �krT (Eq 1)

The energy required to change the temp-
erature of a material is defined by another mate-
rial property, the specific heat, Cp, or enthalpy,
H, of a material. The enthalpy is defined with
respect to a reference temperature, Tref, as:

HðTÞ ¼
Z T

Tref

Cp dT (Eq 2)

In terms of the enthalpy, thermal flux, and a
distributed heat-source term, S (J/m3 � s), the
energy equation in differential form is:

H �r � q� S ¼ 0 (Eq 3)

or, in terms of temperature, it is:

rCpT �r � �krTð Þ � S ¼ 0 (Eq 4)

This is a parabolic partial differential equa-
tion. The essential parts of any such equation
are the boundary conditions, the initial condi-
tions, and the parameters such as specific heat,
Cp, thermal conductivity, k, and heat source
per unit volume, S. The boundary conditions
can be either essential (prescribed temperature)
or natural (prescribed thermal fluxes) for all
time. The part of the boundary on which essen-
tial boundary conditions are prescribed is called
@OD, whereas the part of the boundary on
which natural boundary conditions are pre-
scribed is called @ON. These two parts must
make up the entire boundary, and they must
not overlap at any point, that is, at no point
can both be essential and natural. In mathemat-
ical terms, this is expressed as @O = @OD [
@ON and @OD \ @ON = �. The essential bound-
ary condition is:

T x; tð Þ ¼ FD x; tð Þ; x 2 @OD; t > 0 (Eq 5)

and the natural boundary condition is:

qðx; tÞ ¼ FN x; tð Þ; x 2 @ON; t > 0 (Eq 6)

The initial conditions describe the dis-
tribution of temperature or enthalpy at all
points in the interior of the domain, O, at time
zero:

T x; tð Þ ¼ FinitðxÞ; x 2 O; t ¼ 0 (Eq 7)

Fig. 2 Temperature contours of a weld in low-carbon steel. (a) For whole mesh. (b) For the region around the weld pool
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If the latent heat of phase transformations is
to be considered, then the initial distribution
of the density of each phase, ri, is also needed:

ri x; 0ð Þ ¼ riinit ðxÞ; x 2 O; t ¼ 0 (Eq 8)

The known functions, that is, data, are FD, FN,
Finit, and rinit.

To include the effect of phase transforma-
tions, such as liquid to solid and the decompo-
sition of austenite in low-alloy steels, it
would be necessary to have equations describ-
ing the evolution of each phase. However,
this has not been included in this energy equa-
tion. The latent heat of solid-state transforma-
tions, such as austenite to ferrite in steel, has
a detectable effect on the temperature field,
but it is not large. To date, this effect has not
played an important role in the thermal analysis
of welds.
Solving the Energy Equation. The energy

equation defined previously can now be
solved for a specific welding situation. Finite-
element methods (FEMs) have been the
method of choice for stress analysis. Finite-
difference methods (FDMs) have been the
method of choice for fluid flow. Whether the
FDM or FEM method is best is an old argu-
ment. In rough terms, FEM has been used more
frequently for complex geometries and for
stress analysis, whereas FDM has been used

more frequently for fluid-flow analysis. How-
ever, FDM can be used for complex geometries
that use body-fitted coordinates. Some have
argued that FDMs are computationally more
efficient than FEMs. The computational effi-
ciency depends on the implementation. There
is no fundamental reason why one method
should have a computational advantage. The
FEM is used here because of its familiarity
and because it is better established for stress
analysis.
The FDM directly discretizes the partial

differential equation by approximating deriva-
tives with finite-difference expressions. The
FEM transforms the partial differential equation
to an integral form and then approximates the
integrals. A Green’s identity is usually used to
reduce the degree of the highest derivative from
order two to order one. In addition, it introduces
the natural boundary conditions in a natural and
elegant manner. The resulting integrals are
approximated by a finite set of basis functions,
usually piecewise polynomials. The piecewise
polynomials can be interpreted as being defined
by choosing a mesh of elements and nodes.
Within each element, a polynomial is chosen
for each node. Usually, it has a value of 1 for
its node and a value of 0 at all other nodes in
the element.
These basis functions can be used to interpo-

late the temperature field by using the value
of the temperature at each node. For example,
if the (x,y) nodal coordinates of a triangle
are (1,0), (0,1), (0,0), and the basis functions
for a triangle are chosen to be j1(x,y) = x;
j2(x,y) = y; and j3(x,y) = 1 � x � y, then the
temperature at any point (x,y) in the element
can be expressed as:

T x; yð Þ ¼ j1 x; yð ÞT1 þ j2ðx; yÞT2 þ j3ðx; yÞT3

¼
X

3

i¼1

ji x; yð ÞTi (Eq 9)

where Ti is the temperature at node i. Note
that if distorted triangles are used, then under-
standing the mathematics becomes more com-
plex, because the polynomial basis functions
are distorted into rational functions. If the dis-
tortion is excessive, then the basis functions
can become singular. However, distorted ele-
ments do not make FEM programs more diffi-
cult to use, as long as the distortion is not
excessive.
To solve the energy equation defined

previously, FEM can be interpreted as mini-
mizing a potential, solving a variational prob-
lem, projecting an exact solution from
an infinite dimensional space onto a finite
dimensional space, or finding the best ap-
proximation to the exact solution in the
finite dimensional space in some least-squares
sense. All of these interpretations lead to
the same set of ordinary differential eq-
uations, which can then be converted to the
same set of algebraic equations in order to
solve:

Fig. 3 Temperature contours of a weld in aluminum alloy. (a) For whole mesh. (b) For the region around the weld
pool. Because the thermal diffusivity of aluminum is higher than steel, the mesh can be coarser, particularly

in front of the weld pool.

Fig. 4 Distortion (magnified by a factor of 2) of a steel
plate
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�Cp

G

d
þ yK

� �

DT ¼ S1 � KT1

� ~NðUÞH1 ! KeffDT ¼ beff (Eq 10)

where �Cp is the specific heat per unit volume, G
is the gram matrix, d is the length of the time
step, y is a parameter that determines the
time-integration method, DT = T3 � T1 is the
increment in the temperature in this time step,
S1 is the nodal load vector that is due to exter-
nal thermal loads, Ñ(U)H1 is the nodal load
vector that is due to advection evaluated at the
beginning of the time step, Keff is the effective
stiffness matrix, and beff is the effective load
vector.
For a detailed presentation of FEM

theory, refer to any textbook on the subject,
such as Ref 6 to 8. Space constraints here
do not allow a more detailed explanation.

Because commercially competitive FEM pro-
grams typically require hundreds of man-
years to write, as well as special expertise,
it is assumed that most readers will choose
not to write an FEM program, but will use
an FEM program written by others. When
choosing an FEM program, four main issues
should be considered: functionality, computa-
tional efficiency, ease of use, and ease
of learning. Because most of the costs of analy-
sis are in preparing data and training, the
latter two issues are nearly as important as
functionality.
Convection, Radiation Boundary Condi-

tions, and Contact Conductance. Given
a body at temperature T immersed in a
fluid at temperature Tamb, convection assumes
that a thermal boundary layer exists with con-
ductance, h (J/m2 � s � �C), such that the

temperature difference across the boundary
layer causes a flux, q (J/m2 � s), given by:

qcon � h T � Tambð Þ (Eq 11)

If the fluid is flowing with velocity, v, and pres-
sure, p, over a plate with a Prandtl number, Pr,
and a Reynolds number, Re, then the convec-
tion coefficient can be estimated to be:

h ¼ 0:332
k
l
Re1=3 Pr1=3 (Eq 12)

Given a body at temperature T radiating to a
body at temperature Tamb, radiation assumes
an emissivity and Stefan-Boltzmann constant,
s (J/m2 � s � K4), such that the temperature dif-
ference causes a flux, q (J/m2 � s), given by:

qrad ¼ Es T4�T4
amb

� 	

(Eq 13)

Fig. 5 (a) Distortion of weld shown in a cross section. Note the rigid body motion of the region far away from the weld nugget. (b) Contours of the longitudinal residual-stress
component, s

xx
. Note that the maximum stress is not located at the surface. (c) Contours of fraction of bainite at end of weld; maximum fraction of bainite is just under

0.3. (d) Contours of prior-austenite grain size at the end of weld
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This is usually linearized as:

qrad ¼ Es T2 þ T2
amb

� 	

T þ Tambð Þ T � Tambð Þ
� hrad T � Tambð Þ (Eq 14)

Then, the effects of radiation and convection
can be combined into a single effect if the

ambient temperatures are equal. Of course, the
ambient temperature for convection and radia-
tion need not be equal.

In an FEM program, this boundary condition
is applied by specifying the values of the
convection coefficient and the ambient temper-
ature at the nodes on this part of the boundary.

The program computes a contribution to the
nodal thermal load and the stiffness matrix.
Modeling the Heat Source in a Weld.

Rosenthal (Ref 9) and Rykalin (Ref 10) mod-
eled the heating effect of the arc traveling on
a thick plate as a point source; that is, they
assumed that all the energy is input into a point.
In an FEM model, this could be approximated
by specifying a thermal load at a node shared
by very small elements.
It is worth exploring the difference between

the FEM approximation and the Rosenthal solu-
tion for the point source. The most notable dif-
ference is that the temperature at the point
source is infinite in the Rosenthal solution,
whereas it is finite in the FEM approximation.
The explanation is that in the Rosenthal solu-
tion, a finite amount of energy is being put into
zero volume at the point. This causes an infinite
temperature. In the FEM approximation, a finite
amount of energy is being put into the elements
containing the node, which is the point source.
Because these elements have a finite volume,
the temperature is finite.
If the temperature is plotted near the point

source, the Rosenthal solution varies exponen-
tially with position. The FEM solution has a
polynomial dependence on position that comes
from the polynomial basis functions. If the
finite-element mesh size goes to zero, then the
FEM approximation to the Rosenthal solution
becomes more accurate.
Rosenthal and Rykalin chose a point source,

not because they believed the arc was of zero
size, but because it enabled them to solve the
energy equation. Their solution was a useful
approximation at points that were sufficiently
accurate far from the arc. With the FEM, there
is no advantage in choosing a point source. It
is preferable to use a more-accurate approxima-
tion to the energy distribution in the arc.
Pavelic et al. (Ref 11) used a truncated

Gaussian distribution of a prescribed flux in a
circular disk moving with the arc over the
weld joint. This can be accurate as long as
the arc does not suppress the weld-pool
surface too much and convection effects in the
weld pool are not too large. If the arc-pool sur-
face depression is large and/or if the velocity
in the weld pool is large, then it can be more
accurate to model the heat input, not as a
distributed flux but as a distributed power den-
sity heat source that defines the heat input per
unit volume per unit time at each point in the
weld-pool region.
Goldak et al. (Ref 12) proposed a truncated

Gaussian distributed heat source in a double-
ellipsoid region. More-complex weld-pool
shapes can be approximated by superimposing
distributed heat sources.
Various phenomena can be introduced into

these heat-source models, such as radiation,
evaporation, and latent heat of fusion. How-
ever, it is useful to perform the following
thought experiment to clarify their role.
Assume that the exact temperature field is
known as a function of time. Now, prescribe

Fig. 6 Temperature isotherms near the weld pool in Barlow’s weld. Note that contour “I” has two pools: one under
the arc and one in the region behind the arc. This heat source was modeled as a prescribed-temperature

region.

Fig. 7 Distortion of a bar being welded. Note the change of curvature. Near the weld pool, the center of curvature is
below the bar. Far behind the weld pool, the center of curvature is above the bar.
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that temperature field in the FEM equation. The
reaction at each node is the nodal thermal load,
which includes the net effect of all such phe-
nomena. This can be for any shape of weld
pool. Therefore, these phenomena can be
included implicitly in the distributed heat
source model, if desired, or they can be treated
separately. If they are treated separately, then
the definition and value of the distributed heat
source should be changed accordingly.
Prescribed-Temperature Heat Source. If

an estimate of the temperature in the weld
pool is available, then it is often more conve-
nient to model the heat source by prescribing
the temperature in the weld-pool region (Ref
13). For example, the temperature on the
surface of the weld pool and a cross section
of the weld nugget could be measured. The
liquid-solid interface could be assumed to
be at or slightly below the solidus temperature.
Then, nodes in the weld-pool region could
have their temperatures prescribed. The reac-
tions at these nodes would be the prescribed
nodal thermal load that produces the same
temperature distribution. Thus, the prescribed-
temperature heat-source model and the pre-
scribed distributed thermal load heat source
are equivalent in the sense that either can be
used to produce the same temperature solution.
The experience of the authors has shown that
estimating the prescribed-temperature distribu-
tion is much easier than estimating the
distributed heat source, particularly for com-
plex weld-pool shapes. For example, the
authors were not able to estimate a distributed
power density source that could model the weld
shown in Fig. 6, whereas modeling this weld
with a prescribed-temperature source was not
difficult.
Material versus Spatial Reference Frames.

Although Rosenthal used a spatial reference
frame, most FEM analyses of welds have used
a material reference frame. A spatial frame is
fixed in space, and any space can be chosen.
Rosenthal chose a space that was tied to the
arc. It may be easiest to visualize this as an
arc that is fixed in space, where the plate being
welded moves under the arc through the spatial
mesh. It is equally valid to imagine the plate
fixed in one space and the arc fixed in a second
space. In this case, Rosenthal used the second
space.
A material reference frame defines the

configuration of the body either at some
point in time (usually, time zero) or at the
beginning of each time step. The displace-
ment field defines the mapping from the refer-
ence configuration to the configuration of
the body at any other time. Imagine that
each node in a finite-element mesh is associated
with a material point. The node and its asso-
ciated material point move through space as
a function of time. This defines a material refer-
ence frame.
Most FEM analyses of welds have used a

material reference frame, also called a Lagrang-
ian reference frame, in which the heat source
moves as a function of time. However, because
the FEM is discretized in time, the usual FEM
analysis is equivalent to a series of spot welds.
If the time steps are sufficiently small so that

Fig. 8 Contours of the longitudinal stress for the weld shown in Fig. 7

Fig. 9 Cutaway views of a branch pipe or T-joint weld. Top figure uses only eight node bricks. Note that the
temperature gradient through the thickness of the pipe is negligible, except near the weld pool. The mesh

in the bottom figure uses thermal shell elements and is both more accurate and more efficient.
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the distance the heat source moves in one time
step is sufficiently small, such as half its diam-
eter, then the effect of this discretization need
not be excessive. If the time step is so large that
the heat source moves more than, say, three
times its diameter, for example, then the differ-
ence between the computed and measured tem-
perature field will be large.
The use of a spatial frame, which is

often called a Eulerian frame, avoids this
problem. However, it introduces an advective
term into the FEM equation. This term is
nonlinear, and the usual formulation leads
to an asymmetric set of equations to solve.
Recently, Gu (Ref 14) implemented the Euler-
ian formulation and demonstrated its advan-
tages (Fig. 1–5). The spatial frame enables
longer time steps to be taken as the weld
approaches steady state.
Transient versus Steady State. In a spatial

frame that is tied to the heat source, the temper-
ature near the arc of a long weld parallel to the
prismatic axis of a prismatic body soon reaches
a steady state. Indeed, the Rosenthal solution is
an example of such a steady state. The weld
pool typically reaches steady state in one to
three weld-pool lengths. A rough guide is that
any isotherm will approach the steady state in
one to three isotherm lengths. Thus, lower tem-
peratures require longer times and longer
lengths to reach steady state. In analyzing long
prismatic welds, computational efficiency can
be gained by analyzing the steady state.
Leblond et al. (Ref 15) and Gu (Ref 14) provide
details, and the results of a steady-state analysis
are shown in Fig. 1 to 5.
Modeling the Addition of Filler Metal.

Bead-on-plate welds can have the simplest
geometry and meshes, and they can exploit
symmetry to reduce computing costs. When
joint details are included, the mesh is somewhat
more difficult to create. If welds are not on the
symmetry plane, then symmetry cannot be
exploited and the computational cost increases.
These difficulties are minor, when compared
with the difficulties of modeling the addition
of filler metal. The first models used a material
reference frame, created a mesh, and then
turned on or activated those elements to which
filler metal was added as they filled (Ref 14,
16). When it is applicable, a spatial frame
offers a more-elegant approach, because the
weld pool can be fixed or varied slowly, as
desired (Ref 14) (Fig. 6). Figures 2 and 3 show
the transient temperature field in a groove weld
with added filler metal.

Microstructure Evolution

Microstructure strongly affects the material
behavior and hence constitutive parameters,
such as thermal conductivity, specific heat,
and Young’s modulus. Volume changes asso-
ciated with phase changes, such as austenite to
ferrite, can cause large strains. For these

reasons, microstructure can have a dominant
effect in the stress analysis of a weld.
This discussion is limited to welds in low-

alloy steels. The phase, or equilibrium, diagram
identifies the phases that are present, their com-
position, and the fraction of each phase present
in a steel as a function of alloy composition,
temperature, and pressure. Because as many as
10 alloying elements can be significant in low-
alloy steel, the phase diagram could be in a
space of 11 dimensions. To make this more
tractable, this discussion uses pseudobinary
iron-carbon diagrams. As functions of composi-
tion, the Ae3 (austenite to austenite-ferrite line)
and Ae1 (eutectoid) temperatures are of particu-
lar interest when analyzing the decomposition
of austenite.
At each temperature, the system tends to

equilibrium. Phases that are unstable tend to
transform to stable phases. Although the direc-
tion is largely controlled by thermodynamics,
the rate is largely governed by kinetics. Follow-
ing Kirkaldy (Ref 17), it is assumed that the
decomposition of austenite into ferrite, pearlite,
and bainite can be described by ordinary differ-
ential equations of the form:

df

dt
¼ B G; Tð Þf m 1� fð Þp (Eq 15)

where (1 � f) is the fraction of austenite; f is the
fraction of the transformation product, for
example, ferrite; the function B(G,T) reflects
the influence of grain size, undercooling, the
alloy and temperature dependence of the solute
diffusivity, and the phase fractions that are
present; and m and p are parameters of the alloy
system. This is essentially the model that was
developed by Henwood et al. (Fig. 10). It was
used to compute the microstructures in the
heat-affected zone (HAZ) of the problems ana-
lyzed in Ref 19. Vandermeer (Ref 20) has pro-
posed a modification to include the effect of
carbon accumulation in the austenite during
the transformation.
Austenite grain growth in the HAZ is com-

puted from the ordinary differential equation:

dG

dt
¼ 1

2G
ke�Q=RT (Eq 16)

where G is the austenite grain size, k is a
parameter, Q is the activation energy, R is the

Fig. 10 (a) Schematic cross section of a bead-on-plate weld, identifying a point in the heat-affected zone (HAZ). (b)
Iron-carbon phase diagram, identifying the cooling path and critical temperatures. (c) Thermal cycle,

identifying the regions that must be considered when implementing the microstructure algorithm. Source: Ref 18
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universal gas constant, and T is the absolute
temperature. The grain size of austenite has a
dominant effect on the hardenability of steel
and hence the decomposition of austenite. The
authors suspect that errors in the predicted aus-
tenite grain size are a significant cause of errors
in the evolution of microstructure in the HAZ.
In particular, this grain size is the average grain
size. The equation was developed for grain
growth in annealing essentially homogeneous
regions. In a heterogeneous HAZ with steep
temperature gradients across single grains, it
is not clear that this equation is appropriate
(Ref 21).
The aforementioned microstructure models,

with the exception of that proposed by Van-
dermeer, do not consider the composition of
each phase or the composition changes that
are due to solute diffusion between phases.
They only consider the composition of the sys-
tem. Phase fractions are density functions that
specify the mass fraction of a phase per unit
volume. Grain size is also a density function.
Thus, there is no representation of the micro-
structure and no capability to draw the micro-
structure being analyzed.

Thermal Stress Analysis of Welds

Stress analysis deals with the equilibrium
of forces, the kinematics of deformation,
and the relationship between deformation and
force. The existence of a stress tensor field,
a strain tensor field, a displacement vector
field, and a constitutive relationship between
stress and strain are assumed. The conservation
of momentum is the fundamental conservation
law.
From another viewpoint, the equilibrium of

forces is expressed by the conservation of
momentum and the definition of the stress ten-
sor, s, the traction vector, t, and the body
force, b, in the differential equation:

r � sþ b ¼ m€x (Eq 17)

In welding, it is typical to assume that the iner-
tial forces are negligible, that is, m€x � 0. This
implies that the rate of change of loads is small,
relative to the time required for a stress wave to
propagate across the domain and for a stress
wave to decay.
The solvability equations require the inte-

grals of the external forces, that is, the traction
vector, t, and the body force, b, to be in equilib-
rium with themselves:

Z

O
b dOþ

Z

@O
� dO ¼ 0 (Eq 18)

Whether or not the deformed body is
rigid, the external forces must be in
equilibrium.
The kinematics or deformation is described by

the displacement and strain fields. For a total dis-
placement field, [u,v,w]T = [u(x,y,z,t), v(x,y,z,t),

w(x,y,z,t)]T, at the point (x,y,z,t), the Green’s
strain is defined as:

E ¼ ruþruT þruTru

2
(Eq 19)

where ru is the deformation gradient:

ru ¼
@u
@x

@v
@x

@u
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(Eq 20)

The Green’s strain is a symmetric tensor. It
measures the change in distance between points
in the neighborhood of a point caused by the
deformation.
The material properties are described by the

constitutive, or stress-strain, relationship, s =
De, where D is the fourth-order tensor that
maps the elastic strain tensor to the stress ten-
sor. Thermodynamic arguments require D to
be symmetric positive definite. For isotropic
elastic materials, D is defined by two constants,
such as Young’s modulus and Poisson’s ratio.
Most FEM analyses of welds have used an

additive decomposition of the total strain rate
into elastic, thermal, plastic, and transformation
plasticity strain rates:

_ETot ¼ _EElas þ _ETherm þ _EPlas þ _ETransPlas (Eq 21)

Plasticity theory and numerical algorithms
based on the multiplicative decomposition of
the deformation gradient F = FeFp were devel-
oped in the period 1985 to 1994 (Ref 22). This
theory is better suited to finite strain analyses.
Although the creep strain rate could be
included, the authors are not aware of published
studies of creep in the modeling of welds, to
date.
Equation 18 is an elliptic partial differential

equation. Boundary conditions are an essential
part of any such equation, and they can be
either essential (prescribed displacement) or
natural (prescribed traction). They must be pre-
scribed for all time. The part of the boundary on
which essential boundary conditions are pre-
scribed is called @OD, whereas the part of the
boundary on which natural boundary conditions
are prescribed is called @ON. These two parts
must make up the entire boundary, and they
must not overlap at any point. In mathematical
terms, this is expressed as @O = @OD [ @ON

and @OD \ @ON = 0. The essential boundary
condition is:

u x; tð Þ ¼ FD x; tð Þ; x 2 @OD; t > 0 (Eq 22)

The natural boundary condition is:

t x; tð Þ ¼ FN x; tð Þ; x 2 @ON; t > 0 (Eq 23)

Although an elliptic boundary value problem
does not have initial conditions, initial data
describing the distribution of the displacement,
strain, or stress can be specified at all points
in the interior of the domain, O, at time zero:

s x; tð Þ ¼ Fsinit xð Þ; x 2 O; t ¼ 0

Eðx; tÞ ¼ FEinitðxÞ; x 2 O; t ¼ 0

u x; tð Þ ¼ FuinitðxÞ; x 2 O; t ¼ 0

(Eq 24)

If microstructure evolution is considered,
then only the macroscopic (average) stress,
strain, and displacement fields will be consid-
ered. In other words, the variations in the fields,
below some length scale, are averaged or
ignored. This is inherent in a finite-element
mesh, because an FEM analysis cannot detect
spatial frequencies higher than those captured
by the polynomials in the mesh.
Given the transient temperature-rate field in a

weld, the thermal volumetric strain rate is:

_ETherm ¼ �aT

dt _ETherm � DETherm ¼ aDT

�a ¼ aþ da
dT

T � Trefð Þ
(Eq 25)

The coefficient of thermal expansion, a, is a
property of the material.
If the stress, body force, traction, strain, and

displacement fields are sufficiently smooth,
then this is a well-posed problem and the math-
ematics is well understood. The aforementioned
continuum mechanics problem can be solved by
an FEM approximation. In particular, the total
strain rate is approximated by:

_ETot ¼ B _u (Eq 26)

where _u is the nodal displacement rate or veloc-
ity, and B is the discrete symmetric gradient
operator.
Examples of stress analysis of welds are

shown in Fig. 7 and 8. For a general reference
on continuum mechanics and stress analysis,
refer to Ref 23 and 24.
Transformation Plasticity. Although the

transformation of austenite to ferrite, pearlite,
bainite, and martensite causes only a small
effect on the temperature field, it can have a
major effect on the stress field. This arises
through the phenomenon of transformation
plasticity (Ref 25, 26). The rate of transforma-
tion of austenite, _Z; the deviatoric stress, tij,
and constant, K, that includes the volume
change associated with the phase change; and
the yield strength all determine a contribution
to the strain rate and strain increment, given by:

_ETransPlasij ¼ Ktij _Z DEijTransPlas ¼
Z t2

t1

Ktij _Zdx (Eq 27)

This effect is greatest in high-strength steels
such as HY-80 because the decomposition of
austenite occurs at lower temperatures, where
the volume change associated with the phase
change is largest (Fig. 11). In addition, plastic
deformation that occurs after the phase transfor-
mation is complete tends to hide or blur the
effects of transformation plasticity. When the
transformation occurs closer to room tempera-
ture, the effects of transformation are blurred
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the least. In lower-strength steels and higher
weld heat inputs, the transformation of austen-
ite tends to occur nearer the eutectoid tempera-
ture, and the effect on the final residual-stress
state is less pronounced.
Because the transformation plastic strain rate

strongly affects the deviatoric stress, and
because the deviatoric stress strongly affects
the transformation plastic strain rate, the inte-
gration of Eq 27 requires some care in order
to avoid instability. Details are provided in
(Ref 26).

Stress Analysis near the Weld Pool. At
temperatures below 800 to 1200 �C (1470 to
2190 �F) in steel welds, it has often been
assumed that the viscous strain, or creep, rate
can be neglected in welds, because the time at
high temperatures is relatively short. If this
assumption is accepted, then the material can
be modeled as a thermoelastoplastic material.
The theory for this is rather well accepted.
Above some temperature, it is expected that
the viscous strain, or creep, rate will become
important, possibly becoming the dominant

deformation mechanism, in which case the
material would behave as a viscoelastoplastic
material. The theory for this behavior is not
well established.
When a solid melts, the material changes

from elastic behavior to a viscous fluid. This
change is reflected in the Deborah number. It
has been argued that even at the melting point,
the crystal maintains a yield strength of the
order of 5 MPa (0.7 ksi). When it melts, the
yield stress drops to zero. Matsunawa (Ref 29)
estimated that the viscosity of a liquid increases
by a factor of 2 � 1013 upon solidification. The
essence of elastic behavior is the existence of a
reference state with zero stress. In a crystal, this
reference state is crystal lattice. A liquid has no
such reference state. Thus, there is a profound
change in the physical behavior and the rele-
vant mathematics upon melting. To deal with
the change, the liquid and solid regions are typ-
ically considered as separate problems. On the
interface, the temperature and the traction are
continuous.
Because the authors do not know of any care-

ful stress analysis in this temperature range for
welds, this problem is left open.
Stress Analysis of Welds in Thin-Walled

Structures. The use of plate and shell FEM ele-
ments can reduce cost and improve numerical
accuracy significantly (Ref 30, 31). These
elements usually assume that those stress com-
ponents that project onto the normal-to-the-
midsurface plane are zero, that is, szz, sxz,
and syz are 0 if the z-axis is normal to the
midsurface. In heat-transfer analysis, the pro-
jection of the temperature gradient onto the
midsurface normal plane is assumed to be 0,
that is, @T/@z = 0. This is usually an excellent
approximation, except near the intersection of
surfaces, such as a pipe T-joint. It can be a good
approximation of near-deep-penetration elec-
tron-beam and laser-beam welds but is usually
not accurate near arc weld pools. Figure 9
shows an example of a weld that would not be
accurately approximated by shell elements near
the weld pool. Except in such regions, shell and
plate elements can be effective. Combining
shell and brick elements often provides the best
approximation.

Fluid Flow in the Weld Pool

Thus far, weld pool data, that is, an adequate
approximation of size, shape, and position,
have been known as functions of time. Either
the weld pool temperature or the power density
and thermal flux distribution also have been
known as functions of time. To predict weld
penetration, solidification mode and microstruc-
ture, and other phenomena that are sensitive to
the weld-pool physics, such as hot cracking
and the stress and strain near the weld pool,
it is necessary to model the weld pool. The
model should predict the temperature, pressure,
and velocity distribution in the weld pool,
as well as the position of the liquid-solid and

Fig. 11 (a) Experimental data published by Corrigan (Ref 27) for the residual stress in an HY-130/150 weld.
(b) Predicted values of residual stress, published by Hibbitt and Marcal (Ref 28), who ignored the

austenite-to-martensite transformation in their finite-element method (FEM) analysis of the residual stress. (c) Predicted
values of longitudinal residual stress, as predicted by FEM analysis of Oddy (Ref 26), who has taken into account the
effects of the phase transformation and transformation plasticity. Clearly, the effects of the phase transformation
dominate the stress analysis in this case.
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liquid-plasma boundaries. It is also desirable to
predict the current density, velocity, and pres-
sure fields in the arc. Matsunawa (Ref 29) pre-
sents an excellent review of weld-pool
analyses.
The major forces that drive convection in the

weld pool are electromagnetic, gravitational or
buoyancy, surface tension, and aerodynamic
drag. The electromagnetic and gravitational
forces act on the interior of the weld pool,
whereas the surface tension and aerodynamic
drag forces act on the surface, producing a trac-
tion force.
The conservation of mass, or continuity,

equation for an incompressible liquid in the
weld pool is:

r � n ¼ 0 (Eq 28)

The conservation of momentum in the interior
of the weld pool in spatial coordinates is:

r _nþ rn � rnþrpþr � mrnþ J� Bþ f (Eq 29)

where r is the density, and p is the pressure.
The boundary conditions on the weld pool and
arc interface are the traction that is due to the
gradient in the surface tension, -[(@g)/(@T)]rsT,
and the traction, tD, that is due to drag from the
velocity of the plasma:

s � n ¼ �m_E � n ¼ � @g
@T

rsT þ tD (Eq 30)

where n is the direction normal to the weld pool
and arc interface, and the gradients are gradi-
ents in the surface. On the interface between
the weld pool and solid, the velocity is zero,
and the traction vector is continuous. The pres-
sure must be specified at one point in the weld
pool. When dealing with an incompressible
fluid, it is important to remember that the pres-
sure is not a thermodynamic variable but a con-
straint to enforce incompressibility.
The conservation of energy in the interior of

the weld pool in spatial coordinates is:

r
@H

@t
þ rn � rH ¼ r � krnþ f (Eq 31)

The velocity in the energy equation is deter-
mined from the momentum and continuity
equation. The thermal flux from the arc is pre-
scribed on the weld pool and arc interface. With
these data, the energy equation determines the
position of the liquid-solid interface. With a
new temperature distribution, the momentum
equation is solved. If this iteration procedure
converges, then the result is said to be a
solution.
The mathematical nature of the aforemen-

tioned equations that model the weld pool and
their numerical solution is significantly more
difficult than those needed to model the behav-
ior of welds below, say, 0.7 of the melting tem-
perature. The physics is also more difficult.
Most analyses of the weld pool have used either
finite-difference or finite-volume methods.

They have achieved interesting results and have
done much to clarify the physics of the weld
pool. However, in Matsunawa’s view (Ref
29), the capability to accurately predict weld-
pool shape and size is still limited. See Ref 30
and the references therein for more recent
research on weld-pool modeling. Continued
progress in weld-pool modeling is needed and
can be expected.
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Modeling of Thermomechanical
Phenomena in Fusion Welding
C. Schwenk, BAM—Federal Institute for Materials Research and Testing, Berlin, Germany

THE LONG-TERM TARGET in the proces-
sing industry is to fully cover the production
process—from the raw material, through the
individual fabrication steps, to the end prod-
uct—in the form of a so-called virtual process
chain. A continuous simulation of all relevant
fabrication segments is necessary to achieve a
reduction of development and fabrication costs
but more importantly, an optimization of the
products and all fabrication procedures. An
essential link in this virtual process chain is
welding simulation, because of the central posi-
tion of welding in the process chain.
Welding simulation enables early statements to

be made regarding the thermomechanical phe-
nomena in fusion welding, that is, mainly the
welding-specific temperature fields, distortions,
and residual stresses in components. Therefore,
simulation helps to minimize the number of itera-
tion loops currently required in the development
process by adopting the simultaneous engineering
concept. In addition, it provides information that
can only be gained experimentallywith dispropor-
tionately high expenditure or sometimes not at all,
for example, transient evolution of thermal strains
in the overall component during the ongoing pro-
cess. Hence, simulation provides a basis for spe-
cific identification of the causes of welding-
induced distortion and residual-stress conditions,
thereby permitting a structured approach to com-
ponent and process optimization.

Basic Principles and Heat Effects
of Welding

A particularly significant potential applica-
tion of welding simulation is seen in the engi-
neering services market. Increasingly, large
corporate groups (original equipment manufac-
turers) delegate the development of individual
components to industry suppliers (in most
cases, small- and medium-sized enterprises),
to whom a time-saving and cost-efficient devel-
opment process is of vital interest because
of sharply increasing requirements and

international competition. Welding simulation
can make valuable contributions to assist them;
some industrial application examples are given
in Ref 1. For trouble-free communication with
the customers, a defined and generally applicable
guideline for execution, analysis, and postpro-
cessing is imperative to assure reliability and rel-
evance of the calculation results. Furthermore, a
defined mode for displaying results will provide
a basis for effective comparison of various com-
putation projects. Such certainty is essential to
both the potential customers and the respective
contractors. It helps to encourage a wide applica-
tion of welding simulation and hence to fully
exploit the potential of this powerful computa-
tional method. While being covered by various
welding simulation tools that are designed for
fast and easy prediction of the heat effects of
welding via special modeling approaches, these
aspects are not generally covered for transient
three-dimensional (3-D) numerical welding sim-
ulation because of the complexity of the applica-
tion and the necessary user experience. For
differentiating the applicability of various weld-
ing simulation methods as well as unifying the
prerequisites and steps to be taken in simulation,
normative codes are required as a reference for
the user. Standardized documents do not yet exist
in this field; to address this topic, some work has
recently been done to create a standardized
guideline for verification and validation (Ref 1)
as well as for a common workflow for welding
simulation (Ref 2, 3).
The procedure explained in the following

sections is valid for a specific aspect of welding
simulation—the 3-D transient approach—in
order to obtain high-quality results. It relates
to the simulation of line welds produced by
fusion welding processes such as arc or beam
welding as well as by respective process combi-
nations. It presupposes the occurrence of a
quasi-stationary process regime that is reached
during welding. A further prerequisite is that
the nonstationary regimes at the weld start and
end must be reproducible and fit for the simula-
tion. Such simulations deal with the subdomain

of structure simulation (Fig. 1), which serves to
calculate the thermomechanical phenomena in
fusion welding, namely the structural tempera-
ture field and the ensuing distortions and stres-
ses, also referred to as computational weld
mechanics (Ref 4). It additionally concerns
individual aspects of materials simulation if
phase transformation of the material is taken
into account, which implies that couplings
between structure and material simulation are
well within the scope of the procedure.
The following sections refer to 3-D transient

(time-dependent) numerical welding simula-
tions. Furthermore, the recommendations given
for deviations and limits are true for possible
high-quality results. Depending on the applica-
tion case and the intended conclusions of a sim-
ulation task, a lower accuracy may sometimes
be sufficient to obtain the simulation statements
required, so that it is possible to deviate from
the prespecified details in order to save time
and effort, which must be decided by the user.
For special calculation tasks, an even higher
accuracy may be needed, for example, for cal-
culation of phenomena in the direct vicinity of
the weld pool, such as cracking behavior. With
the current state-of-the-art in commercially
available welding simulation software, various
tasks can already be modeled not only in a
research environment but also with industry-
related applications (Ref 1, 6).
This article concentrates on the necessary

basics for such simulations and gives an over-
view of the specific aspects to be considered
for such a simulation project. These include
the required material properties, the experimen-
tal data needed for validation of the simulation
results, the simplifications and assumptions as
a prerequisite for modeling, and finally the ther-
momechanical simulation itself. The article
concludes with some information about the sen-
sitivity of the material properties data with
respect to the simulation results, providing hints
about the central challenge of having the right
material properties at hand for a specific simu-
lation task.



Required Material Properties and
Measurement Techniques

One of the most important challenges of a
high-quality simulation of the thermomechanical
phenomena in fusion welding is the lack of
temperature- and phase-dependent material
properties that are needed as input data. For most
modern alloys, these data are not yet available
from the supplier or in the literature. Conse-
quently, an experimental determination of the
values is often required in order to obtain high-
quality simulation results. One remaining aspect
is the inevitable scatter of the experimental data,
especially at relatively high temperatures. These
uncertainties can havemajor effects on the subse-
quently calculated temperatures and distortions
(Ref 7–9). Furthermore, the correct measurement
of the necessary properties is a demanding task
with respect to time, costs, and accuracy, espe-
cially at elevated temperatures and for alloys
with phase transformation. Some measurement
techniques that are suitable for this task, as well
as the corresponding equipment, are described
in this section.
As previously stated, the numerical welding

simulation requires a wide range of material

properties as input data. Considering the tem-
perature field calculation, the required thermo-
physical properties are:

� Density, r
� Specific heat capacity, CP

� Thermal conductivity, l

Instead of the specific heat capacity and den-
sity, the enthalpy of the alloy can also be used,
because of the mathematical relationship of
these properties, which is described in detail
in Ref 10. Information about the application
of enthalpy in welding simulation can also be
found in Ref 11. For calculation of distortions
and stresses, the required thermomechanical
properties are:

� Yield strength, Rp0.2

� Hardening behavior
� Young’s modulus, E
� Thermal expansion, a
� Poisson’s ratio, n

All of these properties must be expressed
with temperature dependencies from room tem-
perature to the solidus temperature and above.
The calculated temperatures can easily reach

values of 2500 �C (4530 �F) and more, and
the numerical approach presupposes available
data for all the temperatures that occur. From
an experimental point of view, measurement
at these temperatures is usually extremely diffi-
cult or even impossible, especially for the ther-
momechanical properties. A common practical
compromise is to measure properties from room
temperature to approximately 0.8 TSolidus of the
alloy. In addition to this wide temperature
range, alloys with phase transformation must
identify phase dependencies (e.g., ferrite, aus-
tenite, bainite, martensite), including the con-
tinuous cooling transformation (CCT) diagram.
The measurement of the required material

properties involves a thermophysical and a ther-
momechanical part. During all experiments,
one must take care that the rising temperatures
do not affect the surface of the material. To pre-
vent scaling that can influence the accuracy of
optical detection methods, all measurements
should be done under an inert atmosphere. For
the thermophysical data, one special aspect
must be taken into account. The material used
in the automotive industry, as well as in other
industries, is often coated (galvanized) with
zinc to prevent corrosion. These coatings must
be removed prior to measurement, because a
clean and matte surface is necessary for correct
measurement of the thermal diffusivity, k(T),
using a laser flash method. The density and spe-
cific heat capacity can be determined using
commercially available equipment and standard
specimen preparation. After the experiments, a
calculation of the thermal conductivity as input
for the simulation is done using the gathered
data in combination with Eq 1:

�ðTÞ ¼ kðTÞ � rðTÞ � CPðTÞ (Eq 1)

Measurement of thermomechanical material
properties must be done with consideration of
two important aspects that are characteristic
for welding. Depending on the welding tech-
nique and the specimen thickness, the heating
and cooling rates can be very high. While the
heating rate has a direct influence on the strain
rates and therefore the yield strength and hard-
ening behavior of the material, the cooling rate
is an important factor for the phase-transforma-
tion effects of an alloy and the corresponding
thermal expansion.
Tensile tests for the determination of the

yield strength and hardening behavior must be
executed with both a quasi-static and at least
one higher strain rate. This is necessary in order
to reflect the influence on the mechanical prop-
erties caused by the higher strain rates, as men-
tioned previously. The value for the expected
higher strain rate can be approximated by using
Eq 2:

_e ¼ aðTÞ � _T ¼ aðTÞ ��T

�t
(Eq 2)

For example, the temperature rate for laser
beam welding with high power and velocity

Fig. 1 Subdomains of welding simulation showing the main target and coupling factors. Adapted from Ref 5
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can easily reach _T¼ 4000K=s (7200 �F/s). With
an assumed averaged thermal expansion coeffi-
cient of ast = 1.3 � 10�5/K (7.2 � 10�6/�F) for
steel and aal = 2.5 � 10�5/K (1.4 � 10�5/�F)
for aluminum alloys, the strain rates during
laser beam welding can be estimated to values
of _est ¼ 0:05=s and _eal ¼ 0:1=s in correspon-
dence with literature values (Ref 12). These
values must be adapted to the welding tech-
nique that is to be simulated and are also the
values that should be considered for tensile
tests with higher strain rates. For other pro-
cesses, such as gas metal arc welding (GMAW)
or tungsten inert gas (TIG) welding, different
heating rates are typical.
In the measurement setup of a tensile test at

elevated temperatures, some special character-
istics must be known that are based on specific
thermomechanical effects which only occur
under special conditions. Here, in particular,
the Portevin-LeChatelier effect is of interest
because it can cause a stress-strain behavior
that is somewhat different than the overall
behavior of the alloy.
At certain alloy-dependent conditions with a

special combination of specimen temperature
and given strain rate, metallurgical effects can
cause problems with machine usage while run-
ning in force-control mode. In such cases, the
measured curves can show a steplike behavior
because of the Portevin-LeChatelier effect,
where the atomic diffusion in the material has
the same velocity as the movement of the dislo-
cations. The movement of the dislocations is
locked, resulting in fluctuation of the material
flow and stiffness of the specimen. This leads to
difficulties in the force control of the testing
machine, observable in the tensile test plots
as a high scatter in the recorded curves, as
shown in Ref 13, and can be overcome using the
distance-control mode. Consequently, the testing
machine should be run in distance-control rather
than force-control mode for all tensile tests at
elevated temperatures.
The Young’s modulus of the alloys should

not be derived from tensile test results. Espe-
cially with rising temperatures and higher strain
rates, the gradient at the beginning of the data
curves normally shows very high scatter.
Instead of using tensile test results (which are
the basis of the original definition of Young’s
modulus), this value can be measured much
more accurately with an ultrasonic device based
on monitoring the signal after an ultrasonic
excitation of the material. This approach yields
good results even for high temperatures. Never-
theless, the extracted values should be cross-
checked later with available tensile test results
up to approximately 0.5 TSolidus of the consid-
ered alloy. The temperature-dependent mea-
surement of Poisson’s ratio is not necessary
when doing a distortion calculation because
the influence on the results is negligible, and a
room-temperature value is sufficient for a weld-
ing simulation (Ref 7, 13).
As stated, the cooling rates have a direct

influence on the phase-transformation behavior

and the corresponding thermal expansion. This
fact must be accounted for in the measurement
of the thermal expansions, that is, the dilato-
metric curves of the alloys. One typical param-
eter for the weldability of alloys is the cooling
time between temperatures of 800 and 500 �C
(1470 and 930 �F), the so-called t8/5 time. Dur-
ing high-power welding processes with a con-
centrated heat input, such as laser beam
welding, extremely low t8/5 times of less than
a second are possible and must also be reached
in the experiments. As for the tensile tests, the
welding technique has a significant influence
on the cooling rates, too, and leads to different
t8/5 times, for example, for GMAW or TIG pro-
cesses. More information about the measure-
ment of dilatometric curves and the analysis
of the generated data can be found in the next
section.
While the correct measurement of the mate-

rial properties data is one very important task
for a welding simulation project, it is neverthe-
less only the first part of generating a dataset
suitable for simulation of the thermomechanical
phenomena in fusion welding. The second part
consists of the plausibility check of the moni-
tored raw data as well as comparison with scat-
ter bands of comparable alloys from published
literature or previously executed experiments.
This second part is explained in the following
section.

Analysis of Material Properties
Input Data

One necessary step after the experimental
determination of the material properties

necessary for the simulation task is the analysis
of these data to ensure the correctness of themea-
surements and to check their appropriateness for
a numerical welding simulation. This is impor-
tant because the material property data have a
strong and direct influence not only on the result
quality but also on the convergence behavior of
the numerical calculation and, as a result, on the
overall computation time (Ref 14).
The cross check of the measurement data

with scatter bands from literature values is
shown exemplarily in Fig. 2 for the specific
heat capacity of three alloys; further informa-
tion about the alloy contents and the material
characteristics can be found in Ref 14. Both
the austenitic steel H400 (EN 1.4376) and the
dual-phase steel DP-W 600 (EN 1.0936) are
well within the scatter bands for high-alloy
steel and mild steel, respectively. The data
show only minor scatter; the progression of
the graphs is smooth. The curve for Ecodal 608
(EN-AW 6181, AlMgSi alloy group with pre-
cipitation hardening) shows some characteris-
tics that must be investigated. The general
behavior is consistent with the data for pure
aluminum and AlMgSiCu taken from Ref 15
and 16. Nevertheless, the deviations in certain
temperature intervals are significant.
The local minimum in the temperature range

between 200 and 300 �C (390 and 570 �F) is
caused by an extensive precipitation of Mg2Si
particles and the subsequent dissolution. Ana-
lyses show that this local minimum of the spe-
cific heat capacity has only small effects on
the calculated temperature field and the follow-
ing macroscopic mechanical behavior and can
be neglected (Ref 13). As stated previously,
such local effects in the material data curves

Fig. 2 Comparison of experimentally determined specific heat capacity, C
P
, and literature values. Adapted from Ref

5, 15, 16
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can have a major effect on the convergence and
computation time. Other examples for a similar
nonlinear behavior are the specific heat capac-
ity peak of the phase transformation or the
latent heat of fusion. If the peaks must be con-
sidered in the material dataset because their
influence cannot be neglected, one possible
solution is to stretch extremely steep or step-
wise peaks over a slightly larger temperature
interval. The effects on the result quality are
negligible, but the convergence behavior is
much improved in most cases; that is, depend-
ing on the steepness of the gradient, a factor
of up to 2 to 3 (typical values of approximately
factor 1.5) in the calculation time can be
observed.
As stated in the description of the measure-

ment techniques, the strain-rate effect during
tensile tests can be significant due to the high
strain rates during welding. The combined
effect of the temperature and the strain rate on
the yield strength can be checked in accordance
with Eq 3, proposed by Makhnenko (Ref 17):

syðTÞ
sy;0ðTÞ ¼

_e
_e0

� �mðTÞ
(Eq 3)

Here, the parameters are the yield strength
syðTÞ at temperature T and strain rate _e, as well
as the yield strength sy;0ðTÞ at the quasi-static
strain rate _e0. The temperature- and alloy-
dependent exponent, mðTÞ, is a measure for
the dependence of the yield strength syðTÞ dur-
ing a variation of the strain rates. A high value
of the exponent mðTÞ stands for a high depen-
dency of the yield strength from the strain rate.
Figure 3 shows the extracted measurement

data in comparison with literature values from

Makhnenko (Ref 17). In Fig. 3(a), the strain-rate
influence for the dual-phase steel DP-W 600
becomes significant for temperatures above 500
�C (930 �F), while the yield strength of the aus-
tenitic steel H400 is independent of the strain rate
up to 700 �C (1290 �F). The values for Ecodal 608
(Fig. 3b) show that the strain-rate effect becomes
visible for temperatures above 300 �C (570 �F).
The information gathered using Eq 3 indicates
that the tensile tests at elevated temperatures
must be executed with different strain rates for
temperatures above 500 �C (930 �F) for DP-
W 600, 700 �C (1290 �F) for H400, and 300 �C
(570 �F) for Ecodal 608.
The thermal expansion of a specimen under-

going high heating and cooling rates is nor-
mally measured with a special dilatometric
device, for example, a Gleeble machine. Here,
t8/5 times of approximately 3 s for a thin-sheet
metal specimen can be reached with passive
cooling via the clamping devices. In contrast,
the extremely low t8/5 times of less than a sec-
ond during laser beam welding necessitate an
active cooling that can be done using a direct
inert gas spray on the specimen. As shown in
the following paragraphs, this behavior results
in challenges for optical measurement of the
lateral contraction of the specimen and leads
to deviations in the monitored dilatometric
curves. The thermal expansion experiments
must be conducted with a variation of the t8/5
time in order to monitor the phase transforma-
tion correctly and to obtain the correct temper-
ature intervals of the transformation. The
appearance of a small hysteresis between both
cycles, caused by the very short heating and
cooling of the specimen, is normal and, in most
cases, inevitable.

The experimental raw data for thermal
expansion are shown exemplarily for DP-W 600
in Fig. 4(a). Monitoring of the thermal expan-
sion was done with a laser-based optical device
to record both the expansion in the longitudinal
direction of the specimen and the perpendicular
longitudinal axis. The heating branch of the
curves shows no noteworthy deviations for all
four measurements. In contrast, in the cooling
branch between 900 and 400 �C (1650 and
750 �F), the curves for all cooling times except
t8/5 = 3.1 s are deviated. The reason is that
active cooling of the specimen with inert gas
causes flickering effects, that is, an optical devi-
ation of the gas flow due to steep changes in the
temperature of the gases, resulting in a different
refraction index. While necessary to reach the
high cooling rates, here the cooling gas inter-
feres with the optical measurement of the
specimen.
Therefore, for use in numerical simulation,

the cooling branches of the curves achieved
with active cooling must be corrected using
the general characteristic of the t8/5 = 3.1 s
curve with passive cooling. Coming from the
high-temperature region of the curve, the gradi-
ent of the austenite expansion coefficient can be
elongated until transformation takes place at
approximately 400 �C (750 �F) (Fig. 4b). These
corrected curves can now also be used to eval-
uate the required transformation temperatures
Ar1 and Ar3 for the correct description of the
CCT behavior. Using the standardized method
in Ref 18 leads to the derived values given in
Fig. 4(b).
The exemplary analysis of the measure-

ment data gives an overview of the possible
scatter of the material properties. A detailed

Fig. 3 Comparison of exponent m for measured data and literature values in (a) steels and (b) aluminum alloys. Adapted from Ref 17
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plausibility check of the data is needed to
derive a high-quality material property dataset
from the raw data of the measurements and is
strongly recommended. The analysis methods
help to identify possible systematic measure-
ment errors. The temperature-dependent

thermophysical and thermomechanical material
properties for three different alloys are given as
a result of the preceding measurements and
plausibility checks and are represented in a
ready-to-use format for a numerical welding
simulation in Ref 14.

Experimental Data for Validation of
Thermal and Mechanical Results

Based on the current state-of-the-art in weld-
ing simulation, experimental validation of cal-
culated results is imperative for the attainment
of high-accuracy results (Ref 4, 5). This is also
stated in a recently developed guideline about
the execution and documentation of a numeri-
cal welding simulation (Ref 3). A missing vali-
dation and an unsuitable result display often
make it impossible to judge the result quality
and therefore transfer the conclusions to
other tasks and make good use of the research
results, or to compare them with similar ana-
lyses. Consequently, the presented workflow
includes some general rules and specific aspects
about how to validate a simulation and how to
display the results. For the scope pointed out
in the beginning, respective experimentally-
determined data are required. Generally, it must
be ensured that the experiments as well as the
measurements are conducted based on the
state-of the-art and that the experimental result
is not influenced more than a minimum degree
by the measurements.
Temperature Field. For the experimental

validation of the temperature field calculation,
the basic required information is the 3-D weld
pool geometry, that is, the cross section trans-
verse to the welding direction and the weld
pool length on the top and bottom sides of the
specimen, respectively. For all cases, a quasi-
stationary process regime is a prerequisite.
Whereas the molten and heat-affected zone
areas and shapes transverse to the welding
direction can be determined directly from
macrosections, the measurement of the weld
pool length is more sophisticated. Possible
direct measurement methods are digital images
taken by a high-speed video camera or by ther-
mal imaging techniques, but, in most cases, an
indirect measurement is done with thermocou-
ples by way of the temperature cycles. Here, a
time-dependent measurement of the component
temperatures in the direct weld vicinity for at
least two points in linear arrangement trans-
verse to the welding direction is adequate to
allow mapping of the temperatures and temper-
ature gradient. The data recording should start
shortly before running the welding process
and last until the specimen has completed cool-
down to ambient temperature. This is normally
done at the specimen top side and, if necessary,
at the specimen bottom side, for example, when
the thickness of the specimen leads to a temper-
ature gradient in the thickness that is not negli-
gible. During all thermocouple measurements,
at least 50% of the solidus temperature in �C
of the investigated material should be reached
at the nearest measuring spot. Thermocouples
with a wire diameter that is compatible with
the welding process and a scanning frequency
that permits reliable mapping of the peak and
the achieved maximum temperature in the tem-
perature-time history must be used.

Fig. 4 Measured thermal expansion for DP-W 600 for various t8/5 times. (a) Raw data. (b) Corrected curves for high
cooling rates and transformation temperatures. Adapted from Ref 18

834 / Fundamentals of Weld Modeling



Distortion. An experimental validation of the
component distortions and residual stresses is
needed to ensure the correct behavior of the ther-
momechanical part of the simulation model. The
specimen support and the clamping conditions of
the real part must be resembled in the simulation
model aswell. To have information for validating
the general qualitative behavior of the welding
simulation model, a time-dependent measure-
ment of thewelding distortions is needed for later
comparison with the calculated results. It should
run for the entire welding time and the following
cooling time until reaching nearly ambient tem-
perature, parallel to the temperature field mea-
surements. A measurement of the longitudinal
and transverse distortions is always necessary; it
is strongly recommended for the angular distor-
tions. Any rigid body displacements should be
avoided beforehand or taken out of the calcula-
tion with the help of differential measurements,
respectively. Examples of common measuring
techniques are inductive displacement transdu-
cers or opticalmethods such as the 3-Dgray-level
correlation method. Additionally, coordinate-
measuring machines can be used to monitor the
status before and after welding; this is often done
for special reference points or mounting dimen-
sions of industrial parts.
Residual Stresses. The component residual

stresses are the second aspect of the validation
of thermomechanical simulation results. In
comparison with the calculated distortions, they
offer additional information about the simula-
tion result quality. Whereas the calculated dis-
tortions of a welded specimen may be
qualitatively and quantitatively satisfactory
while neglecting the phase-transformation
behavior of a material, the residual-stress state
normally is strongly dependent on the transfor-
mation characteristics of an alloy. This is espe-
cially true for the local areas near the weld
seam. Consequently, validation of the residual-
stress state ensures a high-quality simulation
result. The measurement of the residual stresses
must be done after a complete cooling of the
specimen to room temperature. To map the
stress gradient in the weld seam and heat-
affected zone, at least three points in linear
arrangement transverse to the welding direction
are recommended. Here, both the longitudinal
and transverse directions should be considered.
Possible measurement techniques are the hole-
drilling method or diffraction methods such as
x-ray, synchrotron, or neutron diffraction (Ref
19). An additional measurement using strain
gages is also possible and can provide valuable
transient information of the thermal strains. The
information is also summarized in Table 1.

Workflow for Thermomechanical
Welding Simulation

The major challenge in modeling of thermo-
mechanical phenomena in fusion welding is to
meet the industrial requirements for welding

simulation software (Ref 1). On one hand, in-
house codes or multipurpose finite-element
analysis products, such as ANSYS, Abaqus, or
Marc, are very flexible and enable simulation,
with various degrees of complexity, of most
welding processes. Nevertheless, the prerequi-
site expert knowledge and the computational
costs increase exponentially with the complex-
ity of the simulation. On the other hand, special
simulation software, such as Sysweld, has been
designed with a particular focus on welding. In
such programs, many tools are available, for
example, a tool to consider solid-state transfor-
mations or a tool for the heat source, and so on.
This software is very powerful and enables
good results in a reasonable calculation time.
However, it is mainly implemented in research
institutions; a wide industrial application is not
yet established. In most cases, the time to solu-
tion, that is, the preprocessing, calculation, and
postprocessing times, hinder an industrial appli-
cation. Even with a short calculation time,
the pre- and postprocessing times can last up
to several weeks for a single simulation task.
A friendly and intuitive user interface could
decrease the time significantly and make possi-
ble an industrial application of welding simula-
tion (Ref 6). (For a summary of simulation
programs for welding and other metals proces-
sing applications, see Appendix A, “Software
for Computational Materials Modeling and
Simulation,” in Metals Process Simulation,
Vol 22B, of ASM Handbook, 2010.)
The general workflow for a welding simula-

tion, according to the stated approach, is shown
in Fig. 5. It consists of the experimental and
material properties data, setup of the simula-
tion, temperature field, calculation of the distor-
tions and stresses, and finally, postprocessing in
combination with cross-checking of the results.
All single steps are explained in detail in the
following sections.
A simplified phenomenological heat-source

model is normally used to represent the heat

of the welding process. Because this model is
not a process model but an abstract parameter-
ized mathematical model, it must be calibrated
in an iterative way so that the resulting temper-
ature field and fusion zone fit well with the
experimental data (Ref 21). Good agreement
with the simulated and experimental thermal
results is a prerequisite to achieving a high-
quality mechanical simulation of distortions
(Ref 5). The implementation of welding simula-
tion in the automotive sector, a key industry for
the application of various production simulation
approaches, has been investigated in Ref 22.
Some examples for automotive welded assem-
blies are a front axle carrier (Ref 23), rear axle
carriers (Ref 24, 25), a gear wheel (Ref 26), and
some fuel injector components (Ref 27, 28),
which have been investigated with various tech-
niques, software, and accuracy.

Setup of Simulation, Simplifications,
and Assumptions

A complete, self-consistent welding simula-
tion that includes all relevant physical aspects
is not yet available, although various mathemat-
ical descriptions are available for different
aspects of welding (Ref 5, 29, 30). However,
many couplings are still unknown or not
described mathematically, and incorporation of
all aspects would result in a very complicated
model that is not realistically solvable. Further-
more, the available computational capacities
would be limiting for such a complex and
demanding task. However, not all aspects must
be known with absolute certainty for reliable
calculation and clarification of individual
effects (Ref 4, 31, 32). Welding simulations
using finite elements have the ability to separate
the influence of the various metallurgical para-
meters and their effect on the calculated results.
To assess the relevance and quality of the

achieved simulation results, a detailed descrip-
tion of essential information about the entire

Table 1 Experimental data for validation

Information Explanatory notes

Weld pool geometry Information about the three-dimensional geometry of the weld pool—mainly cross section and
length on top and bottom sides

Component temperatures in
weld vicinity

Time-dependent measurement starting shortly before running the welding process and until
completed cooling to room temperature

Measurement at two or more points, in linear arrangement transverse to the welding direction,
for mapping of the temperature gradient

Measurement at the specimen top side; if needed, at the specimen bottom side as well
At least 50% of the solidus temperature in �C of the investigated material should be reached.

Component distortions Time-dependent measurement starting shortly before running the welding process and until
completed cooling to room temperature

Measurement of longitudinal and transverse distortion is always necessary; measurement of
angular distortion is strongly recommended.

Additional measurement of reference points or mounting dimensions is recommended.
Rigid body displacements should be avoided or taken out of the calculation with the help of
differential measurements.

Component residual stresses Measurement after completed cooling of the component at three points (at least) in linear
arrangement transverse to the welding direction to allow mapping of the stress gradient

Additional transient measurement of the thermal strains using strain gages is also advisable.
Longitudinal and transverse directions should be considered.
Measurements should be carried out specifically in the weld vicinity and directly in the weld.
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simulation is indispensable. The essential infor-
mation concerns the exact designation of the
welding process to be simulated, relevant sim-
plifications and assumptions for the desired
results, applied boundary conditions, material
properties used, and heat sources, in addition
to general information about the simulation
project, such as the software package and ver-
sion as well as solver settings that deviate from
the standard, with a brief explanation.
Simplifications and Assumptions. The sim-

plifications and assumptions that were made for
the simulation task should be given in the order
of their importance. In most cases, there are
simplifications of the welded part geometry,
for example, deviations between the ideal
computer-aided design geometry and the real
part because of production processes or the
observed weld reinforcement after welding.
This also includes the possible use of a partial
model while taking advantage of mirror or rota-
tional symmetry to save computation time.
Finally, the relevant information about the
meshed model should be given, namely, the
number of nodes and elements applied, with
the element base function or element type and
the minimum element length in the areas where
the maximum thermal and mechanical loads are
applied. An overview picture plus zoomed pic-
tures of important regions, such as a more
dense mesh in the weld seam area, complete
the data (Fig. 6). One important aspect is the
possible influence of the mesh structure on the
calculation results; here, the correct meshing
strategy has a big influence on both the calcula-
tion time and result quality (Ref 33, 34).
Two other very important aspects are the

consideration of previous process steps, such
as primary forming or metal shaping, which
have an influence on the residual-stress state,
and assumptions made for the material proper-
ties, such as homogeneous and isotropic charac-
teristics or neglect of segregations. The
information about the consideration of the
given real physical processes and their cou-
plings, such as the neglect of weld pool fluid
flow or the neglect of keyhole formation during
laser beam welding, is also important. Further
data referring to potential simplifications can
be found in the literature (Ref 7, 32, 33, 35).
Boundary Conditions. Considering the

boundary conditions used in the simulation,
there are several important pieces of informa-
tion to be stated. For the thermal aspects, the
respective ambient temperature is needed. Fur-
thermore, consideration of the conductive, con-
vective, and radiative heat transfer between
individual components and fixtures in the mod-
eled system as well as across the system bound-
aries must be given to ensure a consistent heat
transport and cooling behavior in the model.
From the mechanical point of view, the bound-
ary conditions include the support of the speci-
men and the applied clamping conditions with
respect to the clamping position and area,
clamping and unclamping time, and clamping
force, which can be modeled in different ways,

for example, as a spring constant at individual
nodes or with complex contact algorithms.
Material Properties. The thermophysical

and thermomechanical material properties and
the corresponding transformation behavior are
a central aspect of a qualitatively-high welding
simulation. The exact designation of the real
alloy used in the experiments, for example,
the alloy number and the actual chemical com-
position, as well as the material dataset used in
the simulation must be mentioned. The simula-
tion dataset is especially important because it is
common to take an available dataset for a

comparable alloy and adapt the data to the spe-
cial alloy in the experiment by using some
additional measurements of the actual material.
Information about the temperature dependence
and, when applicable, the phase-transformation
behavior is required, including the CCT dia-
gram as well as the solidus temperature, which
is necessary for validation of the transverse
weld pool geometry. An indication of the refer-
ence source of the material characteristics or a
graphical and tabular representation, respec-
tively, of the material properties data is strongly
recommended; see Ref 14 for an example.

Fig. 5 General workflow for a transient, three-dimensional numerical welding simulation of the temperature field,
distortions, and stresses. Adapted from Ref 20

Fig. 6 Example for the correct display of the meshed simulation model. Half model, sheet thickness = 1.5 mm
(0.06 in.), approximately 15,000 nodes and 20,000 elements. Closeup of weld seam area is shown at left.

Adapted from Ref 20
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If the investigated alloy undergoes a phase
transformation during heating and cooling, this
effect can be integrated in welding simulations.
In such a case, a thermal-metallurgical calcula-
tion is first completed using the thermal proper-
ties of the material, the calculated temperature
field derived and validated from the welding
experiments, and the CCT behavior formalized
mathematically. The thermal-metallurgical cal-
culation data are then used as an input to the
mechanical calculation, which determines stres-
ses and strains according to the transient
and spatial distribution of the previously calcu-
lated temperatures in the model. It is noted
that this one-way coupling, also referred to as
weak coupling, does not account for the effect
of stress on phase-transformation behavior.
Furthermore, there is no interaction between
the latent heat generated by solid-state phase
transformations and the calculated temperature
field. More detailed information about phase-
transformation models and the influence of
material property data on simulation results
can be found in the literature (Ref 7–9, 36–45).
Heat Source. Finally, the applied heat

source resembling the real heat input of the val-
idation experiments must be given. There are
different types of heat sources available that
are sometimes combined to match the valida-
tion data; here, the most important fact is the
statement of the approach that was chosen for
the current task. A summary of the given
aspects can be found in Table 2.

General Aspects

Based on the state-of-the art, the welding tem-
perature field generationmay be accomplished in
various ways. A manual iterative approach may
be adopted for heat-source parameter fitting.
Alternatively, automated procedures may be
drawn upon, as described in Ref 46 to 49. Both
the numerical and analytical computational
methods are basically equivalent with specific
regard to the result. The correct spatial and tran-
sient representation of the real temperature field
of welding is solely essential in any such
approach. For validation of the simulation and
representation of the calculated results, the fol-
lowing general aspects should be observed.
The values that are given and discussed

should preferably be in SI units, and given rules
of current standards regarding the graphical dis-
play must be respected (Ref 50). For every
value that will be compared, the exact measur-
ing point and time must be stated for a clear
correlation of the position in the component as
well as the simulation results, for example, the
distance to the weld seam center for thermocou-
ples. An interpolation between the nodes of the
meshed model may be necessary. In the actual
comparison, the positions for evaluation of the
experiment and simulation must coincide in
the range of experimental data scatter. Addi-
tionally, all scales and ranges of values that
are important for the representation must be

indicated, especially the overall specimen
dimensions, plate thickness for macrosections,
and ranges of values for contour plots. In case
of low absolute values, a scaling factor is often
used for better visualization in the representa-
tion of the calculated results, for example, the
overall distortion. This factor must be given if
applicable.
For all comparisons of experimental and sim-

ulation data, the values must be displayed in a
common chart. This is especially required for
the weld pool geometry, temperature cycles,
transient behavior of the distortions, and resid-
ual stresses. Details for each individual aspect
are given in the following sections. Any time-

dependent data should be given with adequate
resolution of both the time domain of actual
welding and the time domain of subsequent
cooling to at least 100 �C (212 �F) in order to
display any deviations.
The differences between calculated

results and measured data must be given
in absolute numbers in an order of magnitude
consistent with the value and may additionally
be expressed as a percentage. When an experi-
mentally determined scatter band is repre-
sented, the indication of the deviation may be
omitted if the calculated results lie within the
respective scatter band. See Table 3 for a
summary.

Table 2 Setup of the simulation

Information Explanatory notes

Welding process Exact designation of the welding process to be simulated
Simplifications of geometry Details on accomplished simplifications of geometry compared to the real component

and their implementation in component mesh generation
Indication of applied symmetry
boundary conditions

Use of a partial model to save computation time for mirror or rotational symmetry

Generation of the component mesh Overview and detail meshes of the weld area and further relevant areas, where
appropriate

Indication of the number of nodes and elements as well as the applied element base
function or element type

Indication of the minimum element edge length in the area of maximum load, i.e.,
normally the weld area

Consideration of previous process
steps

Details on the consideration of the component history and the associated influences on
the component

Simplifications of the material Details on simplifications and assumptions concerning the material characteristics for
the simulation

Applied material characteristics Exact alloy designation or material number, respectively, of the materials used for the
simulation

Indication of the temperature dependence and, where applicable, the phase dependence,
including time-temperature transformation diagram as well as solidus temperature

Indication of the reference source of the material characteristics or graphical and tabular
representations, respectively, of data required for the simulation

Consideration and couplings of
physical processes

Details on considered physical phenomena as well as applied couplings between them

Thermal boundary conditions Indication of the ambient temperature
Consideration of the conductive, convective, and radiative heat transfer between
individual components and fixtures in the modeled system as well as across the
system boundaries

Mechanical boundary conditions Details on the support of the specimen and the applied clamping condition with respect
to the position, area, clamping and unclamping time, and clamping force

Applied heat source Statement about the chosen approach for the heat source
General information Applied software and version number

Table 3 General aspects for validation and result display

Information Explanatory notes

Indication of the position and time of the
measured values

Exact measuring point and time must be stated for a clear correlation of the
position in the component and the model

Position for evaluation of the experiment and
simulation

Position for evaluation of the experiment and simulation must coincide in the
range of scatter of the experimental data. Interpolation nodes of the meshed
model may be necessary.

Indication of the scales and ranges of values All scales and ranges of values that are important for the representation must be
indicated.

Indication of any applied increase factor in
the representation

In case of low absolute values, the applied scaling factor used for better
visualization must be given.

Plotting of measured values and simulation
results in a common chart

Plotting of simulation results and measured values in a common diagram for
direct comparison

Representation of time dependencies Time-dependent data must be given with adequate resolution for both the time
of actual welding and the cooling time to at least 100 �C (212 �F).

Indication of differences between calculated
results and measured data

Differences between calculated results and measured data must be given in
absolute numbers in an order of magnitude consistent with the value and may
additionally be expressed as a percentage.

When an experimentally determined scatter band is represented, indication of
the deviation can be abandoned, if the calculated results lie within the
respective scatter band.
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Temperature Field Simulation

In the given approach for modeling of
thermomechanical phenomena in fusion weld-
ing, the temperature field simulation is the first
step. For validation of the temperature field
simulation and representation of the calculated
results, the following factors should be
observed.
Temperature Deviations. Two main aspects

must meet the quality requirements: the temper-
ature cycles, with the corresponding tempera-
ture gradient in the direct vicinity of the weld
seam, and, at the same time, with identical
heat-source parameters, the weld pool geome-
try. The first step is the check of the ambient
temperature in the simulation, which must
match the experiments. Any deviations must
be justified. The correct calculation of the tem-
perature increase from the moving heat source
is, in most cases, not a challenge and normally
shows very little deviation. For the maximum
temperature, there are several aspects that
must be considered. First, the maximum time
step must be small enough to generate a well-
developed peak; that is, the peak must be
covered by several data points. Second, a com-
parison between the measured and calculated
maximum temperatures should not exceed a
deviation of 50 K (90 �F). Considering the
cooling behavior, the difference between the
relevant temperature gradients in the measure-
ments and calculation, for example, t8/5 or
t12/9 time, and so on, depending on the material
and the application, should be less than 10%.
Weld Pool Geometry. Representation of the

weld pool geometry is the second important
aspect when validating the temperature field
calculations. To have all the important informa-
tion at hand, it is valuable to have a representa-
tion of the calculated weld pool geometry in the
form of a contour plot, along with the solidus
temperature. A comparative representation in
one graph, showing the calculated weld pool
geometry in the left half and the macrosection
in the right half, combined with a marking of
the weld pool contour, helps to judge the result
quality. The scaling of both pictures should be
identical to that of the macrosection from the
experiment. The maximum deviation of the
weld pool area or the characteristic weld seam
shape, respectively, should generally not
exceed 10%. An example picture for the tem-
perature field validation is shown in Fig. 7.
An alternative display method, in the case of
asymmetric weld pool geometry, is a marking
of the weld pool contour in the macrosection
and a plot of the identical contour in the repre-
sentation of the calculated weld pool geometry.
Additionally, for both cases, an indication of
the weld pool area in the cross section in mm2

as well as the deviations between experiment
and simulation (e.g., for penetration depth, weld
width on the top and bottom sides, and so on)
should be given in the accompanying descrip-
tive text or in a table. Table 4 is a summary
of the statements.

Fig. 7 Example for correct display of temperature field validation. H400 (EN 1.4376), 3 kW neodymium: yttrium-
aluminum-garnet laser beam bead-on-plate weld, sheet thickness = 1.5 mm (0.06 in.), v

weld
= 6.5 m/min

(256 in./min). Adapted from Ref 20

Table 4 Validation and result display of the temperature field calculation

Information Explanatory notes

Room temperature Comparison between measured room temperature and room temperature entered into
the simulation

Maximum temperature of the
temperature-time histories

Comparison between measured and calculated maximum temperatures of the
temperature-time histories

Maximum deviation should not exceed 50 K (90 �F)
Temperature gradient during cooling to
room temperature

Comparison between the relevant temperature gradients in the measurements and the
calculation

Maximum deviation should be less than 10%.
Representation of the weld pool
geometry

Representation of calculated weld pool geometry in the form of a contour plot along
with solidus temperature as an isotherm

Comparative representation in one graph
Scaling identical to macrosection from the experiment
Maximum deviation of the weld pool area or characteristic weld formation
parameters is 10%.

Fig. 8 Example for correct display of longitudinal distortion validation. H400 (EN 1.4376), 3 kW neodymium:
yttrium-aluminum-garnet laser beam bead-on-plate weld, sheet thickness = 1.5 mm (0.06 in.), v

weld
= 6.5

m/min (256 in./min). Adapted from Ref 20
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Mechanical Simulation

Distortion calculation is the second step in
the approach for modeling of thermomechani-
cal phenomena in fusion welding. Here, the
qualitative and quantitative aspects of the
results must be compared. Hence, the necessary
information is the calculated quantitative value
of the distortion in the longitudinal, transverse,
and angular directions or the change of specific
points in the model, such as distances between
reference points. Additionally, the qualitative
behavior of these distortions over time in an
appropriate diagram, together with experimen-
tal data as stated in the general rules section,
is important for the validation of the correct
general distortion behavior of the simulation
model. Figure 8 shows an example for the dis-
play of distortion results. The summary for the
aspects is given in Table 5.
Residual Stress. The completion of a numer-

ical welding simulation includes not only the
temperature and distortion behavior but also
the accompanying thermal and residual stresses.
If these stresses are used for validation, the fol-
lowing aspects will be observed. A prerequisite
for an analysis of the calculated residual stres-
ses is an admissible position for evaluating the
data. Because of possibly false calculated stres-
ses in node areas with obstruction of individual
or all degrees of freedom, any evaluation in the
direct vicinity of modeled fixtures or clamping
should be avoided.
The quantitative value of the residual stresses

in the observed directions after completed cool-
ing of the component to room temperature is
best visualized in a diagram showing the dis-
tance to the weld seam or component edges;
see Fig. 9 for an example. The determination
of the values must be done analogously to the
restraint conditions prevailing at the time of
measurement during the experiment, that is,
any clamping or unclamping of the specimen.
In these diagrams, the weld seam area should
be marked if appropriate in order to give infor-
mation about the position and size of the weld
seam and heat-affected zone area in combina-
tion with the stresses.
For both the measured values and the simula-

tion, the local resolution attained in each case
must be taken into account. This resolution
is dependent on various factors, such as the
measuring-dot diameter in x-ray residual-stress

analysis, the drill hole diameter and strain gage
measuring surface in the application of the
hole-drilling method, or the element edge
length in the simulation. Table 6 shows a sum-
mary of the information.
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4. D. Radaj, A. Lundbäck, and L.-E. Lindg-
ren, Verification and Validation in Compu-
tational Welding Mechanics, Mathematical

Modelling of Weld Phenomena, Vol 8, H.
Cerjak, H.K.D.H. Bhadeshia, and E.
Kozeschnik, Ed., Verlag der Technischen
Universität Graz, 2007, p 1039–1051

5. D. Radaj, Fachbuchreihe Schweißtechnik,
Vol 143, Eigenspannungen und Verzug
beim Schweißen: Rechen und Meßverfah-
ren, DVS-Verlag, Düsseldorf, 2002

6. W. Perret, R. Thater, U. Alber, C.
Schwenk, and M. Rethmeier, Approach to
Assess a Fast Welding Simulation in an
Industrial Environment—Application for
an Automotive Welded Part, Int. J. Auto.
Technol. (IJAT), in publication

7. C. Schwenk, M. Rethmeier, K. Dilger, and
V. Michailov, Sensitivity Analysis of
Welding Simulation Depending on Mate-
rial Properties Value Variation, Mathemati-
cal Modelling of Weld Phenomena, Vol 8,
H. Cerjak, H.K.D.H. Bhadeshia, and
E. Kozeschnik, Ed., Verlag der Technischen
Universität Graz, 2007, p 1107–1128

8. J. Caron, C. Heinze, C. Schwenk, M.
Rethmeier, S.S. Babu, and J. Lippold, Sen-
sitivity Analysis of Martensite

Table 5 Validation and result display of the
distortion calculation

Information Explanatory notes

Quantitative value after
completed cooling to
room temperature

Comparison of calculated and
measured distortion

Shape of the quality profile Plotting of the time-dependent
calculated and measured
distortions in a common
diagram
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Variation der Werkstoffkennwerte,” Ph.D.
thesis, BAM-Dissertationsreihe,Vol 26,
Technical University of Berlin, Berlin,
2007

14. C. Schwenk and M. Rethmeier, Tempera-
ture Dependent Material Properties for
Welding Simulation—Measurement, Anal-
ysis, Exemplary Data, Weld. J., in review

15. F. Richter, Die wichtigsten physikalischen
Eigenschaften von 52 Eisenwerkstoffen,
Stahleisen-Sonderberichte, Vol 8, Verlag
Stahleisen mbH, Düsseldorf, 1973

16. F. Richter, Physikalische Eigenschaften von
Stählen und ihre Temperaturabhängigkeit—
Polynome und Graphische Darstellungen,
Stahleisen-Sonderberichte, Vol 10, Verlag
Stahleisen mbH, Düsseldorf, 1983

17. W.I. Makhnenko, “Calculation Methods for
the Investigation of the Kinetics of Weld-
ing Residual Stresses and Deformations,”
Kiev, 1976 (in Russian)

18. Aufstellung von Zeit-Temperatur-Umwan-
dlungsschaubildern für Eisenlegierungen,
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Safe Welding Practices*
American Welding Society

HEALTHANDSAFETYCONSIDERATIONS
are paramount in all welding, cutting, brazing,
and related processes. No activity is satisfactorily
completed if personal injury or property damage
occurs. This article presents an overview of the
rules, regulations, and techniques that are imple-
mented tominimize the safety hazards associated
with welding, cutting, and allied processes. It
examines safety management, the protection of
personnel and the work area, process-specific
safety considerations, and robotic safety.
The limited scope of this discussion

precludes an exhaustive examination of the
health and safety considerations related to
all welding processes, particularly those
involving sophisticated technology. Additional
safety and health information relating to the
various welding processes is presented in
the American National Standard “Safety in
Welding, Cutting, and Allied Processes,” ANSI
Z49.1 (Ref 1), and in Safety and Health
Fact Sheets (Ref 2), the latter of which is avail-
able electronically at http://www.aws.org.
(At the time of the preparation of this
article, the referenced codes and other
standards were valid. If a code or other standard
is cited without a date of publication, it
is understood that the latest edition of the
document referred to applies. If a code or other
standard is cited with the date of publication,
the citation refers to that edition only, and it
is understood that any future revisions or
amendments to the code or standard are not
included; however, as codes and standards
undergo frequent revision, the reader is encour-
aged to consult the most recent edition.) Further
process-specific information is published in
Welding Processes, Volume 2 of the American
Welding Society’s (AWS) Welding Handbook,
8th edition (Ref 3). The reader is encouraged
to consult these sources and others listed in
the References and Selected References at the
end of this article.

Safety Management

According to estimates made by the U.S.
Department of Labor, Occupational Safety and
Health Administration (OSHA), over 30 million
U.S. workers are potentially exposed to one or
more chemical hazards from approximately
650,000 hazardous chemical products in the
workplace. As these numbers increase with the
growing workforce and the introduction of
hundreds of new products annually, this situa-
tion poses a serious problem for exposed work-
ers and their employers (Ref 4). Of these
workers, an estimated 562,000 are at risk for
exposure to chemical and physical hazards
associated with welding, cutting, brazing, and
related activities. Risks include injury from
explosion, asphyxiation, electrocution, falling
and crushing, and weld flash (burn to the eyes)
as well as health hazards associated with over-
exposure to fumes, gases, or radiation produced
or released during welding and related activ-
ities. These include lung disease, heavy metal
poisoning, and metal fume fever, among others
(Ref 5).
The “Occupational Safety and Health Act” of

1970 (Ref 6) was promulgated to ensure safe
and healthy working conditions for all workers
by providing for the transmission of informa-
tion, training, education, and research in the
field of occupational health and safety. OSHA’s
current standards for welding, cutting, and braz-
ing in general industry and construction are
based on the 1967 American National Stan-
dards Institute (ANSI) standard Z49.1 and the
National Fire Protection Association’s (NFPA)
“Standard for Fire Prevention in Use of Cutting
and Welding Processes,” NFPA 51B-1962
(Ref 7). Although these standards have under-
gone several revisions, the OSHA rules pre-
sented in the latest edition of Subpart Q of
Title 29 of Code of Federal Regulations
(CFR) 1910 (Ref 8) have not been updated.

Management Support

In compliance with the provisions of Title 29
CFR 1910, management must demonstrate its
commitment to personnel safety and health by
providing direction and support to an effective
safety and health program. Management must
clearly state safety guidelines and require that
everyone—including management—follow safe
practices consistently.
Moreover, in accordance with the provisions

originally established in ANSI Z49.1:1967 and
NFPA 51B:1962, management must designate
approved areas where welding and cutting opera-
tions can be performed safely. When welding
operations must be performed elsewhere, man-
agement must assure that proper safety proce-
dures are established and followed to protect
personnel and property. (The term management
refers to “all persons who are responsible for
welding operations such as owners, contractors,
and others,” as defined in Ref 1.)
Management is also responsible for ensuring

that only approved welding, cutting, and allied
equipment is used in the workplace. This equip-
ment includes torches, regulators, welding
machines, electrode holders, and personal pro-
tective devices. Management must provide ade-
quate supervision to ensure that all equipment
is properly used and maintained (Ref 1).
Contractors hired by management to perform

welding operations must employ trained, quali-
fied personnel. Management must inform con-
tractors about any hazardous conditions that
may be present in the work area.

Hazard Communications

The “Hazard Communication Standard,” 29
CFR 1910.1200 (Ref 4), which is included in
the “Occupational Safety and Health Act,”
requires employers to inform personnel of
potential hazards in the workplace and provide

* This article is reprinted by permission of the American Welding Society from Welding Science & Technology, Vol 1, Welding Handbook, 9th ed., American Welding Society, Miami, FL,
2001. It was prepared by the Welding Handbook Chapter Committee on Safe Practices, consisting of D.G. Scott, Consultant, Chair; K.L. Brown, The Lincoln Electric Company; M. Cooper,
Premier Industries; R.C. DuCharme, Consultant; R.F. Gunow, Vacmet, Inc.; J.D. McKenzie, Emhart Automotive; C.F. Padden, Consultant; D.K. Roth, RoMan Manufacturing, Inc. (affiliations
circa 2011).



training regarding the safe handling of hazard-
ous materials. This standard addresses physical
hazards, such as flammability and the potential
for explosion, as well as acute and chronic
health hazards. The “Hazard Communication
Standard” requires that all chemicals produced,
imported, or used in U.S. workplaces be evalu-
ated and that hazard information be transmitted
to affected employers and exposed employees
by means of precautionary information on con-
tainers and material safety data sheets (MSDSs)
and training (Ref 4).
The “Hazard Communication Standard”

identifies many welding consumables as haz-
ardous materials. When welders (in this article,
the term welder is intended to include all weld-
ing and cutting personnel as well as brazers and
solderers) and other equipment operators are
properly taught safe practices, they work more
safely and cause fewer accidents. Users must
be trained to read and understand all safety doc-
umentation before work begins. This documen-
tation includes precautionary information, such
as that presented in Fig. 1, and the manufac-
turers’ safety instructions for the use of materi-
als and equipment, including MSDSs.
Material safety data sheets, which manufac-

turers, suppliers, and importers are required to
provide customers under the “Hazard Communi-
cation Standard,” 29 CFR 1910.1200 (Ref 4),
identify products that could cause health hazards
and provide information on each hazardous
chemical, including its physical and chemical
characteristics, potential effects, and recommen-
dations for protective measures. Material safety
data sheets also provide the permissible exposure

limit established by OSHA, another exposure
limit such as the threshold limit value established
by the American Conference of Governmental
Industrial Hygienists (ACGIH), or any other
limit recommended by the manufacturer.
All employers, including those who use

welding consumables, must make applicable
MSDSs readily available to their employees as
well as train them to read and understand their
contents. The MSDSs used in the welding
industry contain important information about
the ingredients in welding electrodes, rods,
and fluxes; the composition of fumes that may
be emitted during use; and means to protect
the welder and others from potential hazards.
A sample MSDS is presented in Fig. 2.

Training

As mandated by the provisions of the “Occu-
pational Safety and Health Act,” thorough
and effective training is an essential aspect of
a safety program. Therefore, in addition to
providing access to all applicable government
and industry standards, management must
ensure that all personnel are properly trained
in the safe operation and maintenance of all
equipment. For example, personnel must be
instructed to position themselves away from
gases or fume plumes while performing weld-
ing or cutting operations. (The term fume plume
refers to the smokelike cloud containing minute
solid particles that arises directly from the area
of melting metal. Unlike gases, fumes are
metallic vapors that have condensed to a solid.
They are often associated with a chemical reac-
tion such as oxidation.)
Personnel must also be trained to recognize

safety hazards in all situations and environments.
If they are to work in an unfamiliar situation or
environment, they must be thoroughly briefed
on the potential hazards involved. For example,
welders who work in confined areas that are
poorly ventilated must be thoroughly trained in
the proper ventilation practices and be cognizant
of the adverse consequences of not using them
(see the section “Welding in Confined Spaces”
in this article). Moreover, employees should be
trained to question their supervisors before initi-
ating any type of welding or cutting operation if
they believe that the safety precautions for a
given task are inadequate or misunderstood.
In sum, training must be provided to ensure

that all personnel have knowledge of the safety
rules that apply for the practices of welding and
circumstances they may encounter in the work-
place and are familiar with the risks and conse-
quences that may arise should these rules be
ignored or violated.

Protection of the Work Area

Good housekeeping is essential in ensuring
safe and healthy working conditions. Welders

and supervisors must keep work areas and loca-
tions such as passageways, ladders, and stair-
ways clean and clear of obstructions. Because
welders shield their vision with necessary eye
protection, and those passing by a welding sta-
tion must shield their eyes from the flame or
arc radiation, vision is limited. Because eye
protection interferes with their vision, welders
and passersby can easily trip over objects on
the floor. Therefore, management must lay out
the production area so that gas hoses, cables,
mechanical assemblies, and other pieces of
equipment do not cross walkways or interfere
with routine tasks.
Safety rails, harnesses, or lines must also be

provided to keep workers away from restricted,
potentially hazardous areas and prevent falls,
whether work is being carried out at floor level
or in an elevated location.

Hazard Notification and the Positioning
of Equipment

In accordance with ANSI Z49.1:1999, notifi-
cation signs should be posted to designate
welding areas where eye protection must be
worn. Because unexpected events such as fire
and explosions can occur in industrial environ-
ments, all escape routes must be identified and
kept clear to allow for an orderly, rapid, and
safe evacuation (Ref 1).
Thus, materials and equipment must not be

stored in evacuation routes. Equipment,
machines, cables, hoses, and other apparatus
should always be situated in such a manner so
as not to present a hazard to personnel in passa-
geways, on ladders, or on stairways. If an evac-
uation route must be blocked temporarily, the
employees who normally use that route must
be informed of the obstructions and trained to
use another route to evacuate the premises.

Machinery Safeguarding

All personnel must be protected from injuries
that may be caused by the machinery and equip-
ment they operate as well as other machinery
operating in the work area. Inasmuch as welding
helmets and dark filter lenses restrict vision,
welders may be more susceptible than other
workers to injury from unseen, unguarded
machinery. Therefore, moving components and
drive belts must be equipped with guards to pre-
vent physical contact. Rotating and automatic
welding machines, fixtures, and welding robots
must also be outfitted with appropriate guards or
sensing devices to prevent operation when per-
sonnel are in the hazard area.
During the repair of machinery by means of

welding or brazing, the power supply to the
machine must be disconnected, locked out,
and tagged out to prevent inadvertent operation
and injury. (When a piece of machinery is
locked out, a locking device that prevents the
switch, valve, or other mechanism from being

Fig. 1 Minimum precautionary information for arc
welding processes and equipment. Adapted

from Ref 1
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opened has been installed. When a piece of
machinery is tagged out, a tag reading “DAN-
GER” or “WARNING” along with a short mes-
sage has been attached to the locking device.
The message includes the name and contact
information of the person who is responsible
for the lock out of the machinery.) Welders
assigned to work on equipment whose safety
devices are disengaged should fully understand

the hazards involved and the steps necessary to
avoid accidental injury.
If the pinch points on resistance welding

machines, robots, automatic arc welding
machines, fixtures, and other mechanical equip-
ment are not properly guarded, they can result
in serious injury. To avoid injury with such
equipment, a machine should be activated only
when the workers’ hands are at safe locations.

Otherwise, the pinch points must be suitably
guarded mechanically. During equipment main-
tenance, pinch points should be blocked to pre-
vent them from closing in case of equipment
failure. In very hazardous situations, an observer
should be stationed to prevent the power from
being turned on during maintenance. The topic
of the protection of personnel servicing auto-
matic equipment is addressed in Ref 10 and 11.

Fig. 2 Sample material safety data sheet. Adapted from Ref 9
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Metalworking equipment should be carefully
safeguarded so as to prevent welders from acci-
dentally falling into or against it while working.

Protective Booths

According to the provisions of ANSI
Z49.1:1999, workers and others in areas adja-
cent to welding and cutting areas must be pro-
tected from radiant energy and hot spatter by
flame-resistant screens or shields or by suitable
eye and face protection and protective clothing.
Appropriate radiation-protective, semitranspar-
ent materials are permissible. Operations per-
mitting, workstations should be separated by
noncombustible screens or shields. Protective
booths with semitransparent shielding are
shown in Fig. 3. Booths and screens should per-
mit air circulation at floor level as well as above
the screen (Ref 1).

Wall Reflectivity

In areas where arc welding or cutting is rou-
tinely performed, the walls and nearby reflec-
tive surfaces must be painted with a finish
having low reflectivity of ultraviolet (UV) radi-
ation, such as those formulated with titanium
dioxide or zinc oxide (Ref 12). Color pigments
may be added, provided they do not increase
reflectivity. The use of pigments that are based
on powdered or flaked metals is not recom-
mended, because these reflect a large amount
of UV radiation. As an alternative, welding cur-
tains can be used to minimize reflectivity
(Ref 1).

Public Exhibitions and Demonstrations

Persons conducting exhibits and public
demonstrations of arc or oxyfuel gas welding
or cutting processes are responsible for the
safety of demonstrators and the public. All
welding and welding-related equipment used
in trade shows and other public events must
be installed by or under the supervision of a
qualified individual at a site that is located and
designed to ensure viewing safety. (The term
qualified person denotes “a person who by rea-
son of training, education, and experience is
knowledgeable in the operation to be performed
and is competent to judge the hazards
involved,” according to Ref 1.) Electric cables
and hoses must be routed away from the audi-
ence to avoid possible electric shock or tripping
hazards. Exhibitors must also provide protec-
tion against fires from fuels, combustibles, and
overheated apparatus and wiring. Fire extin-
guishers must be on hand, and combustible
materials must be removed from the area or
shielded from flames, sparks, and molten metal
(Ref 1).
Appropriate protection for demonstrators,

observers, and passersby is mandatory. Overex-
posure to welding fumes and gases must be
controlled by the use appropriate ventilation.
Individuals must also be shielded from flames,
sparks, molten metal, and harmful radiation. A
protective, moveable, transparent screen can
be used to permit the audience to observe a
welding operation under safe viewing condi-
tions. After welding is completed, the screen
can be moved to allow the audience to observe
the completed weld (Ref 1).

Personal Protective Equipment

The use of personal protective equipment
(PPE) is required by OSHA to reduce the risks
of exposure to hazards when administrative
measures are not feasible or effective in reduc-
ing these risks. Employers are required to iden-
tify all potential hazards in the workplace and
determine whether PPE should be used to pro-
tect workers. Title 29 CFR 1910.132 stipulates
that employers must establish general proce-
dures, in the form of a PPE program, to provide
employees protective equipment and training in
how to use it (Ref 13).
Of particular importance in the welding

industry are burns, a serious potential hazard
during all welding, brazing, soldering, and cut-
ting operations. Operators and others in the
work area must always wear eye, face, hand,
foot, and body protection to prevent burns from
UV and infrared radiation, sparks, and spatter.

Eye, Face, and Head Protection

Protective equipment for the eyes, face, and
head must be used by employees who perform
tasks that may produce dust, flying particles,
or molten metal; those who are exposed to
extreme heat, physical or chemical irritants, or
intense radiation and light, such as that created
by welding arcs and lasers; and those who may
be struck on the head by tools or falling objects.
The PPE for the eyes, face, and head includes

welding helmets (Ref 14), face shields, welding
goggles, and spectacles (Ref 15). In accordance
with the specifications of ANSI Z49.1:1, the
bodies of welding helmets and shields must be
composed of material that is noncombustible,
thermally and electrically insulating, and
opaque to radiation. The lenses in helmets,
shields, and goggles must have protective outer
covers to protect the wearer from welding spat-
ter. To protect against flying debris, lift-front
helmets must incorporate inner impact-resistant
safety lenses or plates (Ref 1).
Filter lenses must be selected in accordance

with the ultraviolet, luminous, and infrared
transmittance requirements specified in “Prac-
tice for Occupational and Educational Eye and
Face Protection,” ANSI Z87.1 (Ref 15). The
shade used must be in accordance with “Lens
Shade Selector,” ANSI/AWS F2.2 (Ref 16).
Table 1 presents suggested shade numbers of
filter lenses for various welding, brazing, sol-
dering, and thermal cutting processes.
Individuals who have special eye conditions

should consult a health care provider for spe-
cific information about the use of protective
equipment. Contact lens use is permitted,
provided lenses are worn in combination with
the appropriate safety eyewear, except when
the industrial environment presents the proba-
bility of exposure to intense heat, significant
chemical splash, an extremely particulate atmo-
sphere, or where such use is prohibited by spe-
cific regulation (Ref 2).Fig. 3 Protective screens between workstations
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Process-Specific Requirements. Specific
PPE requirements for the common welding pro-
cess are discussed as follows. These processes
include arc welding and cutting, oxyfuel gas
welding and cutting, submerged arc welding,
torch brazing and soldering, and resistance
welding, among others.
Arc Welding and Cutting. To protect against

arc rays, sparks, and spatter, welding helmets
or hand shields that have appropriate filter
lenses and cover plates must be used by
welders, welding operators, and nearby person-
nel when viewing a welding arc. Protective eye-
wear must also be used during all arc welding
and cutting operations. Worn under the welding
helmet during arc welding activities, this eye-
wear must have full, conforming side shields
to protect against potentially hazardous rays or
the flying particles generated by grinding or
chipping operations. Protective eyewear with
clear or colored lenses may be used, depending
on the intensity of the radiation that personnel
may be exposed to from adjacent welding or
cutting operations while their welding helmets
are raised or removed (Ref 1).
Oxyfuel Gas Welding and Cutting and

Submerged Arc Welding. Safety goggles
with filter lenses and full, conforming side shields

must be worn while performing operations using
the oxyfuel gas welding and cutting processes.
During submerged arc welding operations, an

arc welding helmet is not needed because the arc
is covered by flux and is therefore not readily visi-
ble. However, because the arc occasionally flashes
through the flux covering the arc zone, the opera-
tor should wear safety goggles at all times.
Resistance Welding and Other Processes.

Personnel engaged in resistance, induction, salt
bath, dip, and infrared processes must wear
safety spectacles and a face shield to protect
their eyes and face from spatter. Filter lenses
are not necessary but may be used for comfort.
In resistance welding and other processes

that may produce sparks and spatter, suitable
protection against flying sparks must be
provided. Protective devices include shields
made of a suitable fire-resistant material or
approved personal protective eyewear. How-
ever, because resistance welding operations
vary, each operation must be evaluated individ-
ually with respect to the use of PPE.
Torch Brazing and Soldering. Safety specta-

cles with appropriate filter lenses and with or
without side shields are recommended for use
during the performance of torch brazing and
soldering. As with oxyfuel gas welding and

cutting, a bright yellow flame may be visible
during torch brazing and soldering. Therefore,
filters similar to those used for oxyfuel gas
welding and cutting should be used for torch
brazing and soldering operations.

Hand, Foot, and Body Protection

Protective gloves, sturdy shoes or boots, and
heavy clothing like that shown in Fig. 4 should
be worn to protect the whole body from

Table 1 Guide for shade numbers

Process

Electrode size

Arc current, A Minimum protective shade Suggested shade number (comfort)(a)mm in.

Shielded metal arc welding 2.5 Less than 3=32 Less than 60 7 . . .
2.5–4 3

32
– 5
32

60–160 8 10

4–6.4 5
32
–¼ 160–250 10 12

6.4 More than ¼ 250–550 11 14
Gas metal arc and flux cored arc welding . . . . . . Less than 60 7 . . .

. . . . . . 60–160 10 11

. . . . . . 160–250 10 12

. . . . . . 250–500 10 14
Gas tungsten arc welding . . . . . . Less than 50 8 10

. . . . . . 50–150 8 12

. . . . . . 150–500 10 14
Air carbon arc cutting
Light . . . . . . Less than 500 10 12
Medium . . . . . . 500–1000 11 14

Plasma arc welding . . . . . . Less than 20 6 6–8
. . . . . . 20–100 8 10
. . . . . . 100–400 10 12
. . . . . . 400–800 11 14

Plasma arc cutting
Light(b) . . . . . . Less than 300 8 9
Medium(b) . . . . . . 300–400 9 12
Heavy(b) . . . . . . 400–800 10 14

Torch brazing . . . . . . . . . . . . 3 or 4
Torch soldering . . . . . . . . . . . . 2
Carbon arc welding . . . . . . . . . . . . 14

Plate thickness

. . . . . . Suggested shade number (comfort)(a)mm in.

Oxyfuel gas welding
Light Under 3.2 Under ½ . . . . . . 4 or 5
Medium 3.2 to 12.7 to ½ . . . . . . 5 or 6
Heavy Over 12.7 Over ½ . . . . . . 6 or 8

Oxygen cutting
Light Under 25 Under 1 . . . . . . 3 or 4
Medium 25 to 150 1 to 6 . . . . . . 4 or 5
Heavy Over 150 Over 6 . . . . . . 5 or 6

(a) As a rule of thumb, the user should start with a protective shade that is too dark to see the weld zone. Then, a lighter shade that provides sufficient visibility of the weld zone without going below the minimum number can be
selected. In oxyfuel gas welding or cutting, in which a torch produces a high-yellow light, it is desirable to use a filter lens that absorbs the yellow or sodium line in the visible light of the (spectrum) operation. (b) These values
apply where the arc is clearly seen. Experience has shown that lighter filters may be used when the arc is hidden by the workpiece. Adapted from Ref 1

Fig. 4 Typical protective clothing for arc welding
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welding sparks, spatter, and radiation (Ref 1).
Hand and arm injuries that may occur in the
welding industry include burns, bruises, abra-
sions, cuts, and chemical exposure. To protect
the hands, sturdy, flame-resistant gloves made
of leather or other suitable material must
always be worn during welding, cutting, and
related processes. Dry leather gloves in good
condition not only protect the hands from burns
and abrasion but also provide insulation from
welding current electrical shock. Gloves with
special linings should be used to protect against
high radiant energy.
The specifications for protective footwear are

found in the American National Standard “Per-
sonal Protection—Protective Footwear,” ANSI
Z41 (Ref 17). This standard specifies require-
ments with respect to toe and metatarsal protec-
tion, impact and compression resistance, sole
puncture resistance, conductivity, and static
dissipation.
Body protection shields welding personnel

from intense heat; splashes of molten metal;
impacts from materials, machinery, and tools;
hazardous chemicals; and radiation. Clothing
treated with nondurable flame-retardant chemi-
cals must be retreated as recommended by the
manufacturer. Welding personnel should avoid
wearing any clothing or shoes made of syn-
thetic or plastic materials, which can melt and
may cause severe burns. Outer clothing should
be kept reasonably free of oil and grease, espe-
cially in an oxygen-rich atmosphere. Cuffless
pants and covered pockets are recommended
to avoid spatter or spark entrapment. Pockets
should be emptied of flammable materials, and
cuffless pant legs should be worn outside of
shoes. A cap providing protection for the hair
is recommended. In addition, flammable hair
preparations such as hair spray should not be
used (Ref 1).
Special protective clothing must be worn by

personnel performing overhead welding or
when special circumstances warrant additional
protection. This clothing includes aprons, leg-
gings, suits, capes, sleeves, and caps, all of
which must be made of durable, flame-resistant
materials (Ref 1).

Hearing Protection

Hearing loss is one of the leading occupa-
tional illnesses in the United States. Occupa-
tional exposure to excess noise is a recognized
stressor that can affect both behavior and phys-
ical well being. Excessive noise, particularly
continuous noise at high levels, can cause tem-
porary or permanent full or partial hearing loss
as well as hypertension. To protect workers
from exposure to excessive noise, OSHA regu-
lates allowable noise exposure levels in “Gen-
eral Industry Standards,” Title 29 CFR
1910.95 (Ref 8).
In welding, cutting, and allied operations,

noise may be generated by the process or the
equipment, or both (Ref 18). Air carbon arc

and plasma arc cutting tend to have high
noise levels. Engine-driven generators some-
times emit a high noise level, as do some
high-frequency and induction welding power
sources. Therefore, appropriate noise-limiting
devices should be used to protect against possi-
ble hearing loss. Properly fitted, flame-resistant
earplugs should also be worn when sparks or
hot spatter could land in the ears.

Respiratory Protection

In areas where natural or mechanical ventila-
tion is not adequate (see the section “Ventila-
tion” in this article), respiratory protective
equipment must be used (Ref 19). When the
use of respiratory protective equipment is
required by the job, a program must be estab-
lished to identify and implement the appropri-
ate equipment.
Either dust/mist/fume respirators or any of

the new series of respirators approved by
National Institute for Occupational Safety and
Health (NIOSH) can be used for protection
against metal fumes as long as the proper respi-
rator type (e.g., half-mask, full-face, or pow-
ered air respiratory protection) is selected
based on the calculated hazard ratio for the con-
taminant of concern. (According to Ref 20,
NIOSH promulgated 42 CFR 84 in July 1995,
which modified the requirements for particu-
late—dust/mist and dust/mist/fume—respira-
tors. The dust/mist and dust/mist/fume
classifications were replaced by nine new clas-
ses of respirators, categorized as the N-, R-,
and P-series. The N-series respirators are not
resistant to oils, which can degrade the filter
media. The R-series respirators are more resis-
tant to oils, while the P-series are significantly
more resistant to oils. Production of the previ-
ous series of respirators ceased in July 1998,
although distributors were allowed to sell either
series until supplies were depleted, and OSHA
and the Mine Safety and Health Administration,
or MSHA, have allowed their use as long as
they are available and properly maintained.)
A powered air-purifying respirator is shown in
Fig. 5.
Some welding materials (fluxes, welding

rods, and residual cleaning and degreasing
compounds, for example) may contain harmful
materials or release gases and vapors for which
filter respirators do not provide adequate pro-
tection. In these cases, a chemical cartridge/par-
ticulate, gas mask/particulate, or airline
respirator should be used. As a general rule, a
NIOSH-approved air-supplied respirator should
be the only choice as adequate protection when
the contaminants themselves or their concentra-
tions have not been identified (Ref 20).
It is also important to note that according to

the “Respiratory Protection Standard,” OSHA
29 CFR 1910.134, respirators must not be
passed from one worker to another without
sanitizing the equipment (Ref 1). According to
NIOSH, the service life of all filters is limited

by considerations of hygiene, damage, and
breathing resistance. All filters should be
replaced whenever they are damaged or soiled
or they cause noticeably increased breathing
resistance (Ref 21).
Considering that protection against fumes

and gases is essential in the field of welding
and its allied processes, this topic is discussed
in greater length in the following section.

Protection Against Fumes and Gases

Many welding and welding-related processes
generate gases and fumes that may be harmful.
Fumes are composed of airborne particles of
base metal, welding consumables, or coatings
that may be present on the workpiece. Welders,
welding operators, and all others in the work
area must therefore be protected from overex-
posure to fumes and gases produced during
welding, brazing, soldering, and cutting opera-
tions. The term overexposure is defined as
exposure that may pose a health risk and
exceeds the permissible limits specified by a
government agency such as OSHA in Title 29
CFR 1910.1000 or other recognized authority,
such as the ACGIH in its 1999 publication
TLVs and BEIs: Threshold Limit Values for
Chemical Substances and Physical Agents,
Biological Exposure Indices (Ref 22).
The potential short- and long-term health

effects of overexposure to welding fumes and
gases can include nausea, headache, dizziness,
dermatitis, chronic or acute systemic poisoning,

Fig. 5 Powered air respiratory protection
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metal fume fever, pneumoconiosis, irritation of
the respiratory tract, and possibly cancer.
Proper ventilation (see the section “Ventila-

tion” in this article) usually provides
protection against excess exposure. When expo-
sure would exceed permissible limits with
the available ventilation, respiratory protection
must be used. Fume protection must be
provided not only for the welding and cutting
personnel but also for others in the area. It is
important to note that individuals who have
special health problems may have unusual sen-
sitivity that requires even more stringent pro-
tection than that specified by a recognized
authority.

Exposure Factors

Many factors contribute to the amount of
fume exposure that may occur during arc weld-
ing. The most important factor is the position of
the welder’s head with respect to the fume
plume. When the head is in such a position that
the fume envelops the face or helmet, exposure
levels can be very high. Thus, welders must
be trained to keep their heads to one side of
the fume plume. In some cases, the work can
be positioned so the fume plume rises to one
side.
Welding personnel can also reduce fume

exposure by the kind of welding helmet they
wear. The extent to which the helmet curves
under the chin toward the chest affects the
amount of fume exposure. However, it is
important to note that the welding helmet alone
is not considered an adequate respiratory pro-
tection device.
The amount of fume exposure also depends

on the kind of ventilation used. Ventilation
may be local, in which case the fumes and
gases are extracted near the point of welding,
or general, in which case the air from a portion
of the shop is changed or filtered. The appropri-
ate type of ventilation to use depends on the
welding process, the material being welded,
and other shop conditions. Adequate ventilation
is necessary to maintain the personnel’s expo-
sure to fumes and gases within the recom-
mended limits.
The size of the welding or cutting work

area is also important. As a rule, fume exposure
inside a tank, pressure vessel, or other confined
area tends to be higher than that which occurs
in a high-bay fabrication area. The size of the
work area also affects the background fume
level, which depends on the number and type
of welding stations, type of ventilation, and
the duty cycle for each station.
The type of base metal being welded influ-

ences both the constituents and the amount of
fume generated. Surface contaminants or coat-
ings may contribute significantly to the poten-
tial fume hazards. Paints containing lead and
platings containing cadmium emit hazardous
fumes during welding and cutting. Galvanized
material emits zinc fume.

Sources of Fumes and Gases

Fumes and gases are usually a greater con-
cern in arc welding than in oxyfuel gas weld-
ing, cutting, or brazing. Welding arcs may
generate a larger volume of fume and gas, and
a greater variety of materials are usually
involved in arc welding. Special concerns
related to arc welding and cutting, resistance
welding, and oxyfuel gas welding and cutting
are discussed in the following paragraphs.
Arc Welding and Cutting Fumes and

Gases. The fumes and gases produced during
arc welding and cutting operations are not sim-
ple to classify. Their composition and quantity
depend on a number of factors. These include
the welding process employed, the composition
of the base metal, the consumables used, the
coatings on the workpiece (e.g., paint, galvaniz-
ing, or plating), and the contaminants in the
atmosphere (e.g., halogenated hydrocarbon
vapors resulting from cleaning and degreasing
activities), among others (Ref 1).
In welding and cutting, fume is a product of

the vaporization, oxidation, and condensation
of the components in the consumable and, to
some degree, the base metal. The electrode,
rather than the base metal, is usually the major
source of fume. However, significant fume con-
stituents can originate from the base metal if
this contains alloying elements or is covered
with a coating that is volatile at elevated tem-
peratures. The composition of the fume usually
differs from the composition of the electrode or
consumable. The products of the volatilization,
reaction, or oxidation of the consumables are
reasonably expected fume constituents, as is
material from base metals, coatings, and atmo-
spheric contaminants.
Various gases are also generated during

welding. Some are a product of the decomposi-
tion of fluxes and electrode coatings. Others are
formed by the action of arc heat or UV radia-
tion emitted by the arc on atmospheric constitu-
ents and contaminants. Still others may come
from the external gas shielding that is an inher-
ent part of some welding processes. Potentially
hazardous gases include carbon monoxide, oxi-
des of nitrogen, ozone, and phosgene, or other
decomposition products of chlorinated hydro-
carbons, as well as fluorides. Helium and argon,
although chemically inert and nontoxic, can
cause asphyxia and dilute the atmospheric oxy-
gen concentration to harmfully low levels. Car-
bon dioxide and nitrogen can also cause
asphyxiation.
Welding arcs, especially gas-shielded arcs

using high levels of argon and helium, emit
UV radiation. Ultraviolet radiation can produce
ozone from the oxygen in the surrounding air,
even at some distance from the UV source.
Photochemical reactions between this UV radi-
ation and chlorinated hydrocarbons can result in
the production of phosgene and other decompo-
sition products. Welding arcs can also produce
carbon monoxide and nitrogen oxides. Arc heat
is responsible for the formation of nitrogen

oxides from atmospheric nitrogen. Hence,
nitrogen oxides may be produced by a welding
arc or other high-temperature heat sources.
Carbon monoxide forms when an arc decom-
poses carbon dioxide and inorganic carbonate
compounds. Levels can be especially significant
when carbon dioxide is used as the shielding
gas.
The quantity and chemical composition of air

contaminants vary substantially from process to
process due to the wide range of variables
inherent in each process. During arc welding,
the arc energy and temperature depend on the
process and the welding variables used in that
process. Therefore, fumes and gases are gener-
ated in varying degrees in different welding
operations.
Consequently, reliable estimates of fume and

gas composition cannot be made without con-
sidering the nature of the welding process and
chemical system being examined. For example,
aluminum and titanium are normally arc
welded in an atmosphere of argon or helium
or a mixture of the two gases. The arc creates
relatively little fume but may emit intense UV
radiation that can produce ozone. The inert
gas shielded arc welding of steels also creates
a relatively low fume level.
However, the arc welding of steel in oxidiz-

ing environments generates considerable fume
and can produce carbon monoxide and oxides
of nitrogen. These fumes generally consist of
discreet particles of complex oxides containing
iron, manganese, silicon, and other metallic
constituents, depending on the alloy system
involved. Chromium and nickel compounds
are found in fumes when stainless steels are
arc welded. Some covered and flux cored elec-
trodes are formulated with fluorides. The fumes
associated with these electrodes can contain
significantly more fluorides than oxides.
The generation rate of fumes and gases dur-

ing the arc welding depends on numerous vari-
ables, including the following:

� Welding current
� Arc voltage and length
� Mode of metal transfer
� Shielding gas
� Welding process
� Consumables

These variables are interdependent and can
have a substantial effect on total fume genera-
tion. They are examined in detail as follows.
Welding Current. Although fume-generation

rates generally increase with welding current,
the increase varies depending on the process
and the type of electrode used. Certain covered,
flux cored, and solid wire electrodes exhibit a
disproportional increase in the fume-generation
rate with increasing current. Several studies
have shown that fume-generation rates with
covered electrodes are proportional to the weld-
ing current raised to a power (Ref 23). For
E6010 electrodes, the exponent is 2.24, whereas
for E7018 electrodes, it is 1.54.

Safe Welding Practices / 851



The relationship between flux cored and solid
electrode fume-generation rates and the weld-
ing current is more complex. Welding current
levels affect the type of metal droplet
transfer. As a result, fume-generation rates can
decrease with increasing current until a mini-
mum is reached. At this point, fume generation
increases in a somewhat proportional fashion.
An increase in current can also increase the

emission of UV radiation from the arc. There-
fore, the generation of gases formed photoche-
mically by this radiation (e.g., ozone) can be
expected to increase as the welding current is
increased. Measurements of ozone concentra-
tion during gas metal arc and gas tungsten arc
welding have shown such behavior.
Arc Voltage and Length. Arc voltage is

directly related to arc length. For a given arc
length, there is a corresponding arc voltage.
The voltage is mostly dependent on the type
of electrode, welding process, and power sup-
ply used. In general, increasing the arc voltage
(arc length) increases the fume-generation rate
for all open arc welding processes. The levels
of generation differ somewhat for each process
and electrode type.
Mode of Metal Transfer. When steel is joined

by means of gas metal arc welding using a solid
wire electrode, the resulting mode of metal
transfer depends on the current and voltage
used. At a low welding current and voltage,
short-circuiting transfer takes place; that is, dro-
plets are deposited during short circuits
between the electrode and molten weld pool.
As the current and voltage are increased, the
mode of metal transfer changes to the globular
type, in which large globules of metal are pro-
jected across the arc into the weld pool. At high
currents and with argon-base shielding, the
mode of transfer shifts to spray mode, in which
fine metal droplets are serially propelled rapidly
across the arc.
The fume-generation rate also appears to fol-

low a transition. The fume rate is relatively
high during short-circuiting transfer because of
arc turbulence. As the transition current is
approached in an argon-rich shielding gas, the
fume rate decreases and then increases again
as spray transfer is achieved. In the spray
region, the rate of fume generation is propor-
tional to the welding current.
It has been shown, moreover, that the use of

pulsed arc transfer during gas metal arc welding
results in the generation of significantly less
welding fume as compared to conventional
gas metal arc welding. This mode of transfer
produces a controlled droplet size with a lower
average welding current. Thus, the use of this
mode can be an effective way of reducing and
controlling exposure to welding fume emis-
sions, particularly when implemented in con-
junction with local exhaust ventilation that has
been properly designed for the application
(Ref 24).
For other welding processes, the type of

metal transfer varies little with current and

voltage. In these cases, fume generation is
approximately proportional to the changes in
current.
Shielding gas must be used in gas metal arc

welding. It is also required in flux cored arc
welding when certain electrodes are used. The
type of shielding gas used affects both the com-
position of the fume and its generation rate.
It also affects the kind of gases found in the
welding environment. For example, the fume-
generation rate is higher with carbon dioxide
shielding than with argon-rich shielding. The
rate of fume formation with argon-oxygen or
argon-carbon dioxide mixtures increases with
the oxidizing potential of the mixture.
For welding processes in which inert gas

shielding is used—gas tungsten arc or plasma
arc welding, for example—the fume-generation
rate varies with the type of gas or gas mixture.
More fume can be generated with helium than
with argon shielding.
By-product gases also vary with the compo-

sition of the shielding gas. The rate of forma-
tion of ozone depends on the wavelengths and
intensity of the UV rays generated in the arc.
Ozone is more commonly found with argon-
rich gases than with carbon dioxide. Nitrogen
oxides are present in the vicinity of any open
arc process, and carbon monoxide is commonly
found around carbon dioxide-shielded arcs.
Welding Process. Studies conducted on the

relative fume-generation rates of the consum-
able electrode processes for welding on mild
steel have shown definite trends. Considering
the ratio of the weight of fumes generated per
weight of metal deposited, covered electrodes
and self-shielded flux cored electrodes produce
the most fume. Gas shielded flux cored electro-
des produce less fume, whereas solid wire elec-
trodes produce an even lower amount. The
submerged arc welding process consistently
produces the lowest amount of fumes because
the fume is captured in the flux and slag cover.
Consumables. Within a specific process, the

fume rate depends on the composition of the
consumables. Some components of covered
and flux cored electrodes are designed to
decompose and form protective gases during
welding. Hence, they generate relatively high
fume levels.
Many constituents of covered and flux cored

electrodes are proprietary. Therefore, two elec-
trodes with identical AWS classifications may
have substantially different fume-generation
rates because they are produced by two differ-
ent manufacturers. One way that can be used
to compare electrodes is to obtain the MSDS
for the product composition to determine spe-
cific fume-emission characteristics.
Resistance Welding Fumes and Gases. In

resistance welding, fumes and gases as well as
airborne particulates can be generated by the
materials being welded and the electrodes used.
Adequate ventilation must be provided to main-
tain exposure levels below the allowable limits
set by CFR Title 29, Chapter XVII, Part 1910.

For more information on resistance welding
fumes and gases, the reader is encouraged to
consult Section 10 of “Recommended Practices
for Resistance Welding,” AWS C1.1M/
C1.1:2000 (Ref 25).
Oxyfuel Gas Welding and Cutting Fumes

and Gases. The temperatures encountered in
oxyfuel gas welding and cutting are lower than
those found in electric arc processes. Conse-
quently, the quantity of fumes emitted is
normally lower. The gases formed are the reac-
tion products of fuel-gas combustion and of the
chemical reactions between the gases and other
materials present. The fumes emitted are the
reaction products of the base metals, coatings,
filler metals, fluxes, and the gases being used.
In the oxyfuel gas cutting of steel, the fumes
produced are largely oxides of iron.
Fume constituents that present a greater haz-

ard may be expected when coatings such as gal-
vanizing, paint primers, or cadmium plating are
present. The gases of greatest concern include
oxides of nitrogen, carbon monoxide, and car-
bon dioxide. Oxides of nitrogen may be present
in especially large amounts during the oxyfuel
gas cutting of stainless steels using either the
chemical flux or the iron powder process.

Ventilation

The bulk of fumes emitted during welding
and cutting consists of small particles that
remain suspended in the atmosphere for a con-
siderable length of time. Thus, the concentra-
tion of fume in a closed area can build up
over time, as can the concentration of any gas
evolved or used in the process. Many particles
eventually settle on the walls and floor. How-
ever, because fume is produced faster than it
settles, fume concentration must be controlled
by ventilation.
Adequate ventilation is the key to fume and

gas control in the welding environment
(Ref 1). Ventilation is adequate when fumes
and gases are kept from breathing zones and
the general area. Natural, mechanical, or respi-
rator ventilation must be provided for all weld-
ing, cutting, brazing, and related operations.
The ventilation must ensure that concentrations
of hazardous airborne contaminants are main-
tained below recommended levels. These levels
must be no higher than the allowable levels spe-
cified by OSHA or other recognized authority.
Welders must always take precautions to

keep their breathing zone away from the fume
plume, even when a sampling of the atmo-
sphere indicates that the concentrations of con-
taminants do not exceed permissible limits. Air
movement should always flow laterally from
either side of the welder. Lateral airflow makes
it easier for the welder to keep out of the plume
and to keep fumes and gases out of the welding
helmet. Air should not blow toward the face or
back of the welder because it may force the
fume into the breathing zone (Ref 1).
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Many ventilation methods are available.
They range from natural convection to loca-
lized devices, such as air-ventilated welding
helmets. Additional ventilation methods include
natural ventilation; general area mechanical
ventilation; overhead exhaust hoods; portable
local exhaust devices; downdraft, crossdraft,
and water tables; and extractors built into the
welding equipment.
General ventilation occurs naturally out-

doors and indoors when the shop doors and
windows are open. In most cases, general venti-
lation is more effective in safeguarding person-
nel in adjacent areas than in protecting the
welders in the immediate area. According to
CFR Title 29 CFR 1910 (Ref 26), when all of
the following conditions are present, natural
ventilation often keeps contaminant concentra-
tions within permissible levels:

� A work area of more than 284 m3 (10,000
ft3) for each welder is provided.

� Ceiling height is above 5 m (16 ft).
� Welding is not performed in a confined area.
� The general welding area is free of parti-

tions, balconies, or other structural barriers
that significantly obstruct cross ventilation.
(In this case, the term general welding area
refers to a building or a room in a building,
not a welding booth or screened area used
to provide protection from welding
radiation.)

� Toxic materials with low permissible expo-
sure limits are not deliberately present as
constituents (the employer should refer to
the MSDS).

When natural ventilation is insufficient, fans
may be used to force and direct the required
amount of air through a building or work room.
The effectiveness of general ventilation,

whether natural or forced, is dependent on the
design of the system. Ventilation introducing
fresh air and exhausting contaminated air must
be arranged in work areas so that the welding
fumes and gases are carried away, not concen-
trated in dead zones. In some cases, the fresh
air supply may be located so that incoming
fresh air provides the required protection for
the welders and personnel in the general area.
If this is not possible, general mechanical venti-
lation may need to supplement local ventilation
to keep the background level of airborne con-
taminants at acceptable levels.
Local Ventilation. Although general ventila-

tion can be used to control contamination levels
in the work area, it does not usually provide
sufficient local ventilation to protect personnel.
Local exhaust ventilation is usually the most
effective way of providing protection at work-
stations. Local ventilation, which provides effi-
cient, economical fume control, can be
accomplished with various methods, including
the following:

� Fixed open or enclosing hood
� Moveable hood with a flexible duct

� Crossdraft or downdraft table
� Water table
� Gun-mounted fume-removal equipment

The fixed open or enclosing hood has at least
a top and two sides. It must have sufficient air-
flow and velocity to keep contaminant levels at
or below permissible limits (Ref 22). The mov-
able hood, with a flexible duct, is positioned by
the welder as close to the point of welding as
practicable. This hood should allow sufficient
airflow to produce a maximum velocity of 30
m/min (100 ft/min) in the zone of welding. An
air velocity of 31 m/min (100 ft/min) will not
disturb the torch gas shield during gas shielded
arc welding if adequate shielding gas flow rates
are used. Higher air velocities may disturb the
gas shield and render it less effective. This
method of providing local ventilation is shown
in Fig. 6.
Air flow requirements range from 4 m3/min

(150 ft3/min), when the hood is positioned 100
to 150 mm (4 to 6 in.) from the weld, to 17
m3/min (600 ft3/min) at 250 to 300 mm (10 to
12 in.) from the weld. These requirements are
particularly applicable for bench work but
may be used for any location, provided the
hood is moved as required.
Another method of achieving local ventila-

tion is the crossdraft or downdraft table. A
crossdraft table is a welding bench with the
exhaust hood placed to draw air laterally across
the table. A downdraft table has a grill as a
work surface and an exhaust hood below that
draws the air downward and away from the
welder’s head.

The water table is another technique used to
provide local ventilation of the work area. Used
for oxyfuel gas and plasma arc cutting opera-
tions, this cutting table fills with water to near
to the bottom or in contact with the bottom sur-
face of the workpiece. A great deal of the fume
that emerges from the cut is captured in the
water.
Gun-mounted fume-removal equipment,

often used with self-shielded flux cored arc
welding, extracts the fumes at the point of
welding, creating an almost smokeless environ-
ment. The exhaust rate must be set so that
it does not interfere with the shielding gas pat-
tern provided by the welding process. Virtually
all the fume produced by the flux cored
arc welding process can be collected using a
gun-mounted fume-removal device. A fume-
extracting torch for gas metal arc welding is
shown in Fig. 7.
Where permissible, air cleaners that can effi-

ciently collect submicron particles may be used
to recirculate a portion of ventilated air that
would otherwise be exhausted. However, it is
important to note that some air cleaners do not
remove gases. Therefore, the filtered room air
must be monitored to prevent the accumulation
of harmful gas concentrations.

Special Ventilation Situations

Some situations are potentially more hazard-
ous than routine welding circumstances. Situa-
tions requiring special ventilation include
welding in a confined space or welding with
certain materials. These are discussed in the
following sections.
Welding in Confined Spaces. The terms

confined spaces and permit-required confined
space are employed by OSHA to refer to those
workspaces that hinder employees’ activities
while entering, performing operations, or exit-
ing, and those spaces that both hinder employ-
ees’ activities and pose health or safety
hazards, respectively (Ref 27). The American
National Standard “Safety in Welding, Cutting,
and Allied Processes,” ANSI Z49.1:1999,
defines the term as a small or restricted space
in which poor ventilation may exist due to the

Fig. 6 Movable hoods positioned near the welding arcs
Fig. 7 Fume-extracting gas metal arc welding torch.

Courtesy of Abicor Binzel

Safe Welding Practices / 853



size or shape of the space (Ref 1). Welding per-
sonnel who work in confined spaces are apt to
be exposed to serious health and safety hazards,
such as asphyxiating or flammable atmo-
spheres. Examples of confined spaces are small
rooms, furnaces, ship compartments, reactor
vessels, and storage tanks.
Ventilation in confined spaces must ensure

sufficient oxygen for life support. In addition,
it must keep airborne contaminants at or below
the recommended limits in breathing atmo-
spheres and prevent the accumulation of flam-
mable mixtures (Ref 28). Inasmuch as
ventilation must also prevent the occurrence of
oxygen-enriched atmospheres, oxygen levels
should remain between 19.5 and 23.5% per vol-
ume (natural air contains approximately 21%
oxygen by volume). Only clean, respirable air
must be used for ventilation; the use of pure
oxygen, other gases, or mixtures of gases for
ventilation purposes is prohibited (Ref 1).
Without an adequate supply of the proper con-

centration of oxygen, welders may asphyxiate,
become unconscious, and possibly die without
apparent warning symptoms. It should be noted
that in confined areas, oxygen-enriched atmo-
spheres—especially those with more than 25%
oxygen—also pose other hazards. Materials that
burn normally in air may flare up violently in
such atmospheres. Therefore, clothing may burn
fiercely; oil- or grease-soaked clothing or rags
may catch fire spontaneously; and paper may
flare into flame, all of which may cause severe
or even fatal burns.
Confined areas must be tested for toxic or

flammable gases and vapors and adequate oxy-
gen supply prior to entry and during occupancy.
The tests should be conducted with instruments
approved by the U.S. Mine Safety and Health
Administration (MSHA). It is also advisable
that a continuous monitoring system with audi-
ble alarms be used. It is important to note that
these same safety precautions apply to other
areas as well. Gases that are heavier than
air—argon, methylacetylene-propadiene, pro-
pane, and carbon dioxide, for example—may
accumulate in pits, tank bottoms, low areas,
and near floors. Gases that are lighter than
air—helium and hydrogen, for example—may
accumulate in tank tops, high areas, and near
ceilings (Ref 1).
If proper ventilation cannot be ensured, per-

sonnel lacking the proper training and PPE
must never enter the confined work area. The
welders, cutters, and other personnel who do
work in such areas must wear an approved pos-
itive-pressure air-supplied breathing apparatus
that is self-contained. (Air-supplied respirators
and hose masks must be approved by MSHA
or other recognized agency.) They must also
have an emergency air supply lasting at least
5 min in the event that the main air source fails.
Another person wearing similar safety equip-
ment should also be present. When work is car-
ried out in confined areas in atmospheres that
are immediately hazardous to life and health,
attendants knowledgeable in rescue procedures

must be stationed outside of the area. Each
attendant must have his or her own self-
contained breathing device (Ref 1).
Besides testing atmospheric conditions,

workers in confined space must take additional
precautions. Because compressed gas cylinders
could leak gases or volatiles, they must be
located outside confined areas. Welding power
sources must also be placed outside of any con-
fined space to reduce the hazard of electric
shock and asphyxiation from engine exhaust.
Personnel must be able to exit quickly in the
event of an emergency. Those using safety belts
and lifelines must ensure that this equipment is
worn properly so that it does not become
entangled or jammed while they are attempting
to exit (Ref 1).
The operation of brazing furnaces also poses

potential hazards. These furnaces, which are a
type of confined space, use a variety of atmo-
spheres (vacuum, inert gas, flammable gas, or
flammable gas combustion products, for exam-
ple) to exclude oxygen. Thus, among the
hazards presented are the accumulation of haz-
ardous fumes or gases in the work area, the
development of explosive mixtures of flamma-
ble gas and air, and the asphyxiation of person-
nel (Ref 1).
Welding of Containers and Piping. The

welding or cutting of containers and vessels
also presents special risks. (In accordance with
Ref 29, the following types of containers
require specialized safety considerations:
containers that can be entered by personnel;
containers that have held radioactive sub-
stances; containers that have held compressed
gases; containers that have held explosive sub-
stances; ship tanks, bunkers, or compartments;
gasometers or gas holders for natural and man-
ufactured gases; outside, above-ground vertical
petroleum storage tanks; and containers holding
flammable substances that must be repaired
while in service. For safe practices specific to
these container types, the reader is advised to
consult the latest edition of this standard and
any other applicable regulatory and industry-
specific codes and guidelines.) Fires, explo-
sions, and health hazards can result if the
objects contain combustible, reactive, or toxic
materials. Thus, the precautions for confined
spaces must be observed. All containers should
be considered unsafe for welding and cutting
unless they are judged clean or rendered safe
by a qualified person. Additionally, the immedi-
ate area outside and inside the container should
be cleared of all obstacles and hazardous

materials (Ref 26, 29). When repairing a con-
tainer in place, the welder must never allow
hazardous substances released from the floor
or the soil beneath the container to enter. The
required personal and fire protection equipment
must also be available, serviceable, and in posi-
tion for immediate use.
One method used to weld containers safely

involves filling the container with an inert
medium such as water, gas, or sand. When
using water, the level should be kept to within
a few inches from the welding point. The space
above the water should be vented to allow the
heated air to escape. When employing inert
gas, the responsible individual must know how
to produce and maintain a safe atmosphere dur-
ing welding, including the percentage of inert
gas required in the tank to prevent fire or
explosion.
Gases generated during welding must be dis-

charged safely and in an environmentally
friendly manner in accordance with government
rules and regulations. This is especially impor-
tant when welding inside containers, where
workers must prevent pressure buildup. When
needed, testing for gases, fume, and vapors
should be conducted periodically to ensure that
recommended limits are maintained during
welding.
Low-Allowable-Limit Materials. Certain

materials sometimes present in consumables,
base metals, coatings, or atmospheres for weld-
ing, cutting, or brazing operations have permis-
sible exposure limits at or below those specified
by the authority having jurisdiction. These con-
stituents include antimony, arsenic, barium,
beryllium, cadmium, chromium, cobalt, copper,
lead, manganese, mercury, nickel, selenium,
silver, and vanadium (Ref 1). Table 2 presents
the base and filler metals that may release some
of these materials in fume during welding, cut-
ting, and allied operations.
The manufacturer’s MSDSs, which should be

supplied, can be consulted to determine if any
of these materials are present in the welding
filler metals and fluxes being used. It is best to
remember, however, that hazardous materials
may also be present in base metals, coatings,
or other sources in the work area. Radioactive
materials under the jurisdiction of the Nuclear
Regulatory Commission require special
consideration.
When any of these materials is encountered

as a designated constituent in welding,
brazing, or cutting operations, special precau-
tions must be taken to ensure that atmospheric

Table 2 Possible hazardous materials emitted during welding or thermal cutting

Base or filler metal Emitted metals or their compounds

Carbon and low-alloy steels Chromium, manganese, vanadium
Stainless steels Chromium, manganese, nickel
Manganese steels and hardfacing materials Chromium, cobalt, manganese, nickel, vanadium
High-copper alloys Beryllium, chromium, copper, lead, nickel
Coated or plated steel or copper Cadmium(a), chromium, copper, lead, nickel, silver

(a) When cadmium is a constituent in a filler metal, a precautionary label must be affixed to the container or coil. Source: Ref 1
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contaminants remain at or below permissible
levels for human exposure. Unless atmospheric
tests under the most adverse conditions establish
that exposure is within acceptable concentra-
tions, certain precautions are necessary—both
indoors and outdoors. Whenever any materials
with a low allowable limit are encountered in
indoor operations, local exhaust mechanical ven-
tilation must be used.When beryllium is encoun-
tered indoors, respiratory protection in addition
to local exhaust ventilation is essential. In
confined spaces, local exhaust ventilation and
respiratory protection must be used, and all per-
sonnel in adjacent areas must be similarly pro-
tected (Ref 1).
Additionally, personnel must refrain from

consuming food in areas where fumes contain
materials with very low allowable exposure
limits. To prevent the ingestion of these con-
taminants, welding personnel should also prac-
tice good personal hygiene, such as washing
their hands before touching food.
Fluorine and Zinc Compounds. The inhala-

tion of the fumes and gases from fluorine com-
pounds can be hazardous. These compounds
can also burn the eyes and skin on contact.
Thus, local mechanical ventilation or respira-
tory protection must be provided when welding,
brazing, cutting, or soldering operations in con-
fined areas involve fluxes, coatings, or other
material containing fluorine compounds.
In open spaces, the need for local exhaust

ventilation or respiratory protection against
fluorine compounds depends on the circum-
stances. Local exhaust ventilation is not neces-
sary when air samples taken in breathing
zones indicate that all fluorides are within
allowable limits. However, local exhaust venti-
lation is always desirable when fluorine com-
pounds are used in fixed-location or stainless
steel production welding.
Zinc compounds, which may be present in

consumables, base metals, or coatings, can pro-
duce nausea, dizziness, or metal fume fever
(sometimes referred to as Galo fever). There-
fore, the same safety procedures for fumes con-
taining fluorine compounds also apply to fumes
containing zinc compounds.
Cleaning Compounds. Inasmuch as clean-

ing compounds may be hazardous or flamma-
ble, they often require special ventilation
precautions. The manufacturer’s instructions
should be carefully followed before welding
or cutting on cleaned materials (Ref 1).
Chlorinated Hydrocarbons. Degreasing or

cleaning involving chlorinated hydrocarbons
must be carried out in an area where the vapors
from these operations are prevented from enter-
ing the atmosphere in the vicinity of the molten
weld metal or the welding arc. When these
vapors enter the atmospheres of arc welding
operations, a reaction produces highly toxic
phosgene gas, which has an irritating, objec-
tionable odor. Low levels of exposure can cause
nausea, dizziness, and weakness, whereas high
exposure levels can cause serious health
impairment or even death (Ref 1).

Cutting of Stainless Steel. Because stainless
steel contains chromium and nickel compounds,
the fume emitted during cutting operations may
be hazardous. Symptoms of overexposure to
fumes containing these compounds may include
headaches, nausea, and dizziness. Therefore,
when cutting stainless steel using oxyfuel gas,
gas shielded arc, or plasma arc cutting, local
mechanical ventilation should be implemented
to remove the fumes emitted. In underwater
plasma arc cutting, the water captures most of
the fume.

Air Sampling and Measurement of
Exposure

When ventilation is questionable, the only
manner in which to ensure that airborne con-
taminant levels are within the allowable limits
is to take air samples of the breathing zone.
When an operator’s actual on-the-job exposure
to welding fume and gases is to be sampled,
the guidelines provided in “Methods for Sam-
pling Airborne Particulates Generated by Weld-
ing and Allied Processes,” ANSI/AWS F1.1
(Ref 19), must be adhered to. This document
describes the techniques used to obtain an accu-
rate breathing zone sample of welding fume for
a particular welding operation. Both the amount
and composition of the fume can be determined
in a single test using the method described.
Multiple samples are recommended for
increased accuracy, one of which must be col-
lected inside the welder’s helmet, if one is
worn.
The ACGIH and OSHA have established

allowable limits of airborne contaminants,
referred to as threshold limit values (TLVs) or
permissible exposure limits, respectively. The
TLV is the concentration of an airborne sub-
stance to which most workers may be repeat-
edly exposed, day after day, without adverse
effect. The threshold limit value-time weighted
average (TLV-TWA) is used to adapt TLVs to
normal workplace conditions. The TLV-TWA
is the time-weighted average airborne substance
concentration to which nearly all personnel
may be repeatedly exposed without adverse
effect during a normal 8 h workday or 40
h workweek. TLV-TWA values should be used
as a general guide for controlling health
hazards, not as a sharp, clear division between
safe and hazardous concentrations of airborne
substances. Revised annually, the TLVs may
or may not correspond to OSHA’s permissible
exposure limits for the same materials. In many
cases, current ACGIH values for welding mate-
rials are more stringent than OSHA levels.

Safe Handling of Compressed Gases

The gases used in welding and cutting opera-
tions are packaged in containers that are
referred to as cylinders (Ref 30). The gas cylin-
ders used in welding operations contain gas that

is pressurized at approximately 17,237 kPa
(2500 psig) or higher. Gases at these pressures
must be handled properly to prevent damage
to the cylinders. Mishandling may result in
leaks or explosions, causing damage, injury, or
death (Ref 1).
Only cylinders constructed and maintained in

accordance with U.S. Department of Transpor-
tation (DOT) specifications can be used in the
United States. The use of other cylinders is ille-
gal and may be extremely hazardous. Cylinders
requiring periodic retest under DOT regulations
may not be filled unless the retest is current
(Ref 31).

Filling Cylinders and Mixing Gases

According to the provisions of ANSI
Z49.1:1999 (Ref 1) and “Safe Handling of
Gas in Containers,” CGA P-1-1999 (Ref 31),
cylinders may be filled only by the owner or
individual authorized by the owner. Mixing
gases and filling one cylinder from another are
hazardous; therefore, the mixing and transfilling
should not be attempted by anyone who is not
qualified and authorized to perform this activ-
ity. Combustible or incompatible combinations
of gases must never be mixed in cylinders
(Ref 1).

Labeling

Before using gas from a cylinder, welding
personnel must carefully read the label, which
provides the chemical or trade name of the con-
tents in accordance with regulations. The label
is the only proper notice of the cylinder’s con-
tents. Other means of marking—including cyl-
inder color, banding, or shape—must not be
used because they may vary among manufac-
turers, geographical areas, or product lines and
could be misleading. If the label is illegible or
no label is affixed to the cylinder, the contents
must not be used and the cylinder must be
returned to the supplier (Ref 1).

Storage and Usage

Gas cylinders and other containers must be
stored in accordance with all state and local
regulations and the appropriate standards issued
by OSHA and the Compressed Gas Association
(CGA). Safe handling and storage procedures
are discussed in detail in the CGA’s Handbook
of Compressed Gases (Ref 30) and “Safe
Handling of Gas in Containers,” CGA P-1
(Ref 31).
Numerous precautions must be taken in the

use and storage of gas cylinders. Cylinders
must be stored in areas where they are protected
against tampering and exposure to extreme
temperatures. Storage temperatures must not
fall below –30 �C (–20 �F) or exceed 52 �C
(125 �F). They must also be stored at an ade-
quate distance from welding activities to pre-
vent exposure to slag, sparks, or flames;
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alternatively, fire-resistant shields must be used.
The rough handling of gas cylinders should be
avoided; therefore, cylinders must be protected
from bumps, falls, falling objects, and weather
and must never be dropped. In addition, cylin-
ders must be stored away from passageways,
elevators, or stairs where they may be struck,
knocked over, or damaged by vehicles.
Cylinders containing acetylene and liquefied

gas must always be stored and used in the
upright position. Other cylinders are preferably
stored and used in the upright position. More-
over, cylinders must always be secured to pre-
vent them from falling during storage and use.
During transport by motor vehicle, they must
be secured according to U.S. DOT regulations.
During lifting, they must be hoisted using the
proper cradle or platform, not electromagnets
or slings. Any of these exposures, misuses, or
abuses could cause damage to cylinders and
severe consequences (Ref 1, 31).
Due to the inherent risks of fire and explo-

sion, gas cylinders must never be welded.
Cylinders must never be used as work rests or
rollers. Moreover, they must not be allowed to
become part of an electrical circuit, because
arcing may result. Cylinders containing the
shielding gases used in conjunction with arc
welding must not be placed where they may
become part of an electrical circuit. To prevent
arcing or interference with valve operation,
items such as electrode holders, welding
torches, cables, hoses, or tools must not be
stored on gas cylinders. Arc-damaged gas
cylinders may leak or rupture, thereby injuring
and possibly killing anyone nearby (Ref 1).
Many cylinders have a valve protection cap to

protect the cylinder valve. This cap should
always be in place except when the cylinder is
in use. The cylinder should never be lifted by
the valve protection cap, because the threads that
secure these protection caps may not be capable
of supporting the full weight of the cylinder.
The caps should always be threaded completely
onto the cylinders and hand-tightened.
Gas Withdrawal. Many gases in high-

pressure cylinders are filled to pressures of
13,790 kPa (2000 psig) or more. Unless the
equipment to be used with a gas is designed
to operate at full-cylinder pressure, an approved
regulator must be used to reduce pressure by
withdrawing gas from a cylinder or manifold.
Simple needle valves should never be used. A
pressure-relief or safety valve that is rated to
function at less than the maximum allowable
pressure of the welding equipment should also
be employed as a backup in case the regulator
fails. The valve is designed to prevent equip-
ment failure at pressures in excess of working
limits. The equipment involved in the with-
drawal of gas from cylinders is discussed in
more detail as follows.
Cylinder Valves. Valves on cylinders con-

taining high-pressure gas, particularly oxygen,
must always be opened slowly. If the valves
are opened too rapidly, the high temperature
associated with adiabatic recompression can

occur. In the case of oxygen, the heat can ignite
the valve seat, which, in turn, may cause the
metal to melt or burn. To avoid injury, welding
personnel must open the cylinder valve outlet
while standing to one side of the outlet, not in
front of it.
Before a gas cylinder can be connected to a

pressure regulator or a manifold, the valve out-
let must be cleaned of dirt, moisture, and other
foreign matter by wiping it with a clean, oil-
free cloth. Then, to prevent dirt or dust from
entering the regulator, the valve is opened for
an instant and closed immediately—a proce-
dure known as cracking the cylinder valve. Fuel
gas cylinders must never be cracked near
sources of ignition (i.e., sparks and flames), in
confined spaces, or while operators are smok-
ing. In addition, before a regulator is connected
to a gas cylinder, the regulator must be drained
of gas pressure. After shutting down the opera-
tion, the cylinder valve must be closed (Ref 1).
The outlet threads on cylinder valves are

standardized for specific gases so that only reg-
ulators or manifolds with similar threads can be
attached (Ref 32). Preferably, the valves on
low-pressure fuel gas cylinders should be
opened using no more than one turn. This usu-
ally provides adequate flow and allows the
valve to be closed quickly in the event of
an emergency. In contrast, high-pressure cylin-
der valves must usually be opened fully to
backseat the packing and prevent packing leaks
during use.
The cylinder valve should be closed after

each cylinder use and when returning an empty
cylinder to the supplier. This prevents hazard-
ous gas leaks that may develop and remain
undetected while the cylinder is unattended. It
also prevents the back flow of contaminants
into the cylinder. It is advisable to return cylin-
ders to the supplier with approximately 172 kPa
(25 psi) of contents remaining. This practice
prevents possible contamination of the cylinder
by the atmosphere during shipment.
Pressure-relief devices are intended to pro-

tect cylinders that are subjected to a hostile
environment, such as fire or other source of
heat that may raise the pressure within the
cylinders. These safety mechanisms are
designed to relieve the pressure in gas cylinders
to within safe limits. Only trained personnel are
allowed to adjust cylinder pressure-relief
devices. The available types of pressure-relief
devices, their maintenance, and application are
addressed in “Pressure-Relief Device Stan-
dards—Part I: Cylinders for Compressed
Gases,” CGA S-1.1 (Ref 33).
Regulators. A pressure-reducing regulator

must always be used when withdrawing gas
from cylinders for use in welding or cutting
operations. All gas regulators must meet the
requirements specified in “Standard for Gas
Pressure Regulators,” CGA E-4 (Ref 34), and
other code regulations.
Pressure-reducing regulators must be used

only for the gas and pressure specified on the
label affixed to the cylinder, although the

cylinder valve outlet threads may be the same
as those on other gas cylinders. Threaded con-
nections should never be forced onto the regu-
lator. An improper fit between the gas cylinder
and the regulator or between the regulator and
hose constitutes an improper—and unsafe—
combination of devices. Before a cylinder is
used, all threads and the regulator connection
glands must be inspected for dirt or damage.
If a hose or cylinder connection leaks, the con-
nection must not be forced with excessive
torque. Damaged regulators and components
must be repaired by properly trained mechanics
or returned to the manufacturer for repair.
A suitable valve or flowmeter should be used

to control gas flow from a regulator. The regu-
lator internal pressure must be drained before
the regulator is connected or removed from a
gas cylinder or manifold. An adapter must not
be used to change the cylinder connection,
because this increases the risk of using an inap-
propriate or contaminated regulator. For
instance, gases that are contaminated with oil
can deposit an oily film on the internal parts
of the regulator. This film can contaminate
oil-free gas or, in the case of oxygen, can cause
fire or explosion. Further details are specified in
CGA’s “Standard Connections for Regulator
Outlets, Torches, and Fitted Hose for Welding
and Cutting Equipment,” CGA E-1 (Ref 35).
Manifold Piping Systems. A manifold is

used when gas is needed without interruption
or at a higher delivery rate than can be supplied
from a single cylinder. A manifold and its com-
ponents must be leaktight and designed for a
specific gas and operating pressure. The com-
ponents of the manifold must be used for the
gas and pressure for which they are approved
only. Oxygen and fuel gas manifolds must meet
additional specific design and safety require-
ments (Ref 36).
Manifold piping systems must incorporate an

appropriate overpressure relief valve unless the
system is specifically designed and constructed
to withstand full cylinder or tank pressure.
A pressure-relief device should be sufficient
to prevent the overpressurization of the
weakest element of the system. To be effective,
a pressure-relief device such as a relief valve or
bursting disc must be isolated from other pro-
tective devices (such as another relief valve)
and located in every section of the system that
may be exposed to the full force of the supply
pressure. However, welding personnel should
beware of relying solely on pressure-reducing
regulators. Some pressure regulators have inte-
gral safety-relief valves designed for the protec-
tion of the regulator only. These alone should
not be relied on to protect the downstream sys-
tem, however.
In cryogenic piping systems, relief devices

must be located in every section of the system
that could trap liquefied gas. Upon warming,
such liquids vaporize to gas, and in a confined
area, gas pressure can increase dramatically.
Pressure-relief devices protecting fuel-gas pip-
ing systems or other hazardous gas systems
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must vent gas in safe locations. Piping and fit-
tings for manifolds carrying acetylene or
methylacetylene-propadiene (MPS) must not
consist of any unalloyed copper or alloys con-
taining 70% or more copper. Acetylene and
MPS react with copper under certain conditions
to form unstable copper acetylide, a compound
that may detonate under shock or heat.
In addition, each fuel gas cylinder lead

should incorporate a back flow check valve
and a flash arrester. Back flow check valves
should also be installed in each line at each sta-
tion outlet where both fuel gas and oxygen are
provided for a welding, cutting, or preheating
torch. Back flow check valves must be exam-
ined periodically for tightness in accordance
with the manufacturer’s instructions (Ref 37).

Oxygen

Although oxygen is nonflammable, it vigor-
ously accelerates combustion in flammable
materials. Therefore, oxygen cylinders and
liquid-oxygen containers must be stored away
from combustibles and fuel-gas cylinders. Oil,
grease, and combustible dusts may spontane-
ously ignite on contact with pure oxygen.
Hence, all manifold systems and apparatus
manufactured expressly for oxygen service
must be kept free of any combustibles. Oxygen
valves, regulators, and apparatus must never be
lubricated with oil. If lubrication is required,
the type of lubricant and the method of apply-
ing the lubricant should be specified in the man-
ufacturer’s literature. If these indications are
not specified, the device should be returned to
the manufacturer or authorized representative
for service. Valves, piping, or system compo-
nents not expressly manufactured for oxygen
service must be cleaned and approved for oxy-
gen service before use in an operation (Ref 38).
It is also important to note the difference

between pure oxygen and air. Pure oxygen sup-
ports combustion much more vigorously than
air, which contains only 21% oxygen. Thus,
pure oxygen should never be used as a substi-
tute for compressed air; otherwise, raging fires
and explosions may occur. For example, pure
oxygen must never be used to power com-
pressed air tools, which are typically lubricated
with oil. Similarly, pure oxygen must never be
used to blow dirt from workpieces and clothing,
which are also often contaminated with oil,
grease, or combustible dust. Only clean cloth-
ing should be worn when working with oxygen
systems. In addition, pure oxygen must never
be used to ventilate confined areas. This would
create an oxygen-rich atmosphere that could be
ignited by a chemical reaction or separate igni-
tion energy in conjunction with a fuel.
Information regarding special procedures for

oxygen cylinders is provided in Section 10 of
ANSI Z49.1:1999 (Ref 1). Additional informa-
tion is available in “Oxygen,” CGA G-4 (Ref
39), and “Torch Standard for Welding and Cut-
ting,” CGA E-5 (Ref 40).

Fuel Gas

Fuel gases commonly used in oxyfuel gas
welding and cutting are acetylene, MPS, natural
gas, propane, and propylene. Hydrogen is also
used in a few applications. Gasoline, which
vaporizes in the torch, is sometimes used as a
fuel for oxygen cutting. These gases should
always be referred to by name, not by the
generic term gas. The rate of withdrawal of fuel
gases from cylinders must never surpass that
recommended by the manufacturer (Ref 1).
Acetylene and MPS require special precau-

tions. Acetylene possesses the lowest explosive
limit of all the fuel gases. When acetylene is
stored in cylinders, it is dissolved in a solvent
so that it can be safely maintained under pres-
sure. In the free state, acetylene must never be
used at pressures higher than 103 kPa (15 psig)
because it can decompose with explosive vio-
lence. Moreover, neither acetylene nor MPS
should be used in contact with silver, mercury,
or alloys containing 70% or more copper. These
gases react with these metals to form unstable
compounds that may detonate under shock or
heat. For this reason, the valves on fuel gas
cylinders must never be opened to clean the
valve outlet near possible sources of flame igni-
tion or in confined areas (Ref 41).
Hydrogen also requires special attention.

Hydrogen flames may be difficult to see or
invisible. Because of this lack of visibility, the
torch and flame should be handled with extreme
care because the body, clothes, or combustibles
may easily be exposed to hydrogen flames.
Fuel gases used for brazing furnace atmo-

spheres must be burned or vented to a safe loca-
tion. Before filling a furnace or retort with fuel
gas, the equipment must first be purged with a
nonflammable gas, such as nitrogen or argon,
to prevent the formation of an air-fuel mixture
that could explode.
Preventing Fuel-Gas Fires. Fuel-gas sys-

tems can cause fire hazards. Most fuel gases
in cylinders are in liquid form or dissolved in
liquids. Therefore, gas cylinders should always
be used in the upright position to prevent liquid
surges into the system.
One source of fire in welding and cutting is

the ignition of leaking fuel by sparks or spatter.
The best procedure for avoiding fire from a fuel
gas or liquid is to prevent leaks in the manifold
system. All fuel systems should be checked
carefully for leaks upon assembly and at fre-
quent intervals thereafter. Fuel-gas cylinders
should frequently be examined for leaks, espe-
cially at fuse plugs, safety devices, and valve
packing.
If a leak is discovered around the valve of a

fuel gas cylinder, the packing nut must be tight-
ened or the valve must be closed (Ref 1). If the
fuel leak cannot be stopped, the cylinder should
be removed by trained fire personnel to a safe
location outdoors. The supplier should also be
notified. A warning sign should be posted, and
no smoking or other sources of ignition should
be permitted in the area. In case of fire, the fire

alarm should be activated, and trained fire per-
sonnel should be summoned immediately.
One of the most effective means of

controlling a fuel fire is to shut off the fuel
valve, if accessible. A fuel gas valve should
never be opened beyond the point necessary to
provide adequate flow, which is usually no
more than one turn of the handle. This practice
makes it possible for the valve to be shut off
quickly in an emergency. If the immediate
valve controlling the burning gas is inaccessi-
ble, another upstream valve may cut off the
flow of gas.
A small fire near a cylinder safety device or

valve can be controlled using water, wet cloths,
or fire extinguishers. If a large fire at a fuel-gas
cylinder occurs, the fire alarm should be
sounded, and all personnel should be evacuated
from the area. The cylinder should be kept wet
and cool by fire personnel with a heavy stream
of water. It is usually better to allow the fire to
continue to burn and consume all issuing gas
rather than attempt to extinguish the flame.
Otherwise, although the flames have been
extinguished, the escaping gas may reignite,
with explosive violence (Ref 1).

Shielding Gas

Argon, helium, nitrogen, and carbon dioxide
and their mixtures in cylinders and manifold
systems are used for shielding with some weld-
ing processes. All of these, except carbon diox-
ide, are used as brazing atmospheres. These
gases are odorless and colorless, and they can
displace the air needed for breathing. For this
reason, confined areas filled with these gases
must be well ventilated before personnel are
permitted to enter.
Should there be any question regarding the

presence of these gases in a work area, the area
must be monitored for adequate oxygen con-
centration with an oxygen analyzer. If an ana-
lyzer is not available, air-supplied respirators
must be worn by personnel entering the area.
In addition, containers filled with these gases
must not be placed in confined spaces, as
pointed out previously (see the section “Weld-
ing of Containers and Piping” in this article).

Cryogenic Liquids

Cryogenic cylinders and tanks are used to
store at very low temperatures those liquids that
evaporate at room temperature. The cryogenic
liquids used for commercial purposes include
oxygen, nitrogen, and argon, although other
gases may also be handled similar to cryogenic
liquids. The cylinders and tanks used for
storing cryogenic liquids are usually double-
walled. They are evacuated and insulated
between the walls. Designed to keep tempera-
tures low and minimize heat increase, these
liquid-gas containers hold a greater amount of
gas for a given volume than high-pressure gas
cylinders.
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For safety, these containers must be handled
carefully. They must always be maintained
in an upright position and transported only in
cylinder-handling trucks specifically designed
for the transport of these containers. In addi-
tion, they must not be rolled on a bottom edge,
as is often done with high-pressure cylinders.
Overpressurization could cause an explosion.
If these cylinders are handled improperly, the

inner or outer cylinder wall can rupture, causing
a loss of vacuum and a rapid rise of internal
pressure. When this occurs, the cylinder protec-
tive devices are designed to activate, allowing
the contents to escape. These cylinder protec-
tion devices must never be tampered with.
A visible frosting on the container exterior is a

sign of damage to the internal walls or fittings.
Whenever this frosting appears, the gas supplier
must be notified, and personnel should keep clear
until the frost disappears. Generally, when the
frost disappears, the contents have evaporated
and any internal pressure has been relieved.
Cryogenic liquid, which is a gas at room

temperature, evaporates before exiting the cyl-
inder by passing through a vaporizer system,
warming the gas to atmospheric temperature.
In some cases, however, the user may want to
withdraw the contents in liquid form. Should
this extremely cold liquid contact the skin, it
may cause burns similar to those caused by
hot substances. Contact with the liquid can also
result in severe frostbite. Therefore, to prevent
bodily contact from these cold liquids, users
must wear protective clothing. An adequate
face shield and loose-fitting insulated gloves
that can be quickly removed in case of an expo-
sure emergency are essential.
The properties of many materials at room

temperature change drastically at cryogenic liq-
uid temperatures. Many metals, including car-
bon steel, and most elastomers, such as
rubber, become extremely brittle. When cryo-
genic liquids are to be withdrawn from cylin-
ders, the transfer line must be made of
materials that maintain satisfactory properties
at these low temperatures.
It is also important to note that liquid oxygen

may react with explosive violence on contact with
asphalt or similar bituminous materials. Thus, liq-
uid oxygenmust not be allowed to come into con-
tact with these materials. Liquid-oxygen tanks
must always be installed on concrete pads—never
on asphalt or similar bituminous materials.
Further information on this topic is provided

in “Safe Handling of Cryogenic Liquids,” P-12
(Ref 42), “Safe Handling of Liquefied Nitrogen
and Argon,” CGA AV-5 (Ref 43), and “Stan-
dard for Cryogenic Liquid Transfer Connec-
tions,” CGA V-6 (Ref 44).

Protection Against Electromagnetic
Radiation

Electromagnetic fields, UV radiation, and
infrared radiation are produced by most arc

welding and cutting processes as well as by
electron beam welding; laser beam welding;
and torch welding, cutting, brazing, or solder-
ing. Although radiation is invisible, it can inflict
injury. The most common injuries resulting
from exposure to radiation are skin burns and
eye damage.
Two types of radiation—ionizing and non-

ionizing—can be produced during welding
operations. Ionizing radiation, produced by
electron beam welding, can be maintained
within acceptable levels with shielding around
the welding area. During the grinding of
thoriated tungsten electrodes for gas tungsten
arc welding, a local exhaust system must be
used to prevent the inhalation of the dust, which
is radioactive. Respiratory protection should
also be used, if necessary. Otherwise, users
should follow the instructions on the manufac-
turer’s MSDS for the thoriated tungsten elec-
trode. Protection against nonionizing radiation
includes the use of safety glasses with UV pro-
tective side shields in addition to a welding hel-
met with the correct filter plate. In addition, the
skin must be protected with adequate hand and
body PPE, as specified by ANSI Z49.1:1999
(Ref 1, 2).

Electrical Safety

Most welding and cutting operations employ
some type of electrical equipment. For exam-
ple, even oxyfuel gas cutting machines use
motor drives, controls, and various other elec-
trical systems. In the absence of precautionary
measures, personnel may be injured or even
killed by electric shock in welding and cutting
operations. Some electrical accidents, such as
those caused by lightning, are unavoidable;
however, the majority can be avoided with the
proper training and safety precautions.
A good safety training program in electrical

safety is essential. Before working with any
electrical application, employees must be fully
instructed in electrical safety by a competent
professional. As a minimum, this training
should include the points covered in part II of
ANSI Z49.1:1999 (Ref 1).
Electric shock occurs when an electric cur-

rent of sufficient magnitude passes through the
body. The severity of the shock depends pri-
marily on the amount of current, the duration
and path of flow, and the individual’s state of
health. The amount of current depends upon
the applied voltage, which causes the current
to flow, and the resistance of the body path.
The frequency of the current may also be a fac-
tor when alternating current (ac) is involved.
Currents greater than approximately 5 mA

are considered primary shock currents because
they are capable of causing direct physiological
harm. Steady-state currents less than 5 mA are
considered secondary shock currents, which
are capable of causing involuntary muscular
reactions without normally causing direct phys-
iological harm. Most people begin to feel a

tingle from the current at 0.5 mA; therefore,
this point is referred to as the perception
threshold.

Sources of Electric Shock

Electric shock can originate from natural
sources or from equipment. Shock from
natural sources is exemplified by that caused
by lightning-induced voltage surges in power
distribution systems. Even earth grounds can
attain high potential relative to true ground dur-
ing severe transient phenomena due to power
line faults or lightning strikes, although
such circumstances are rare. Most electrical
equipment can present a hazard of shock if
improperly installed, used, or maintained. Thus,
for purposes of safety, all equipment must be
installed, operated, maintained, and repaired
by qualified personnel. Worn, damaged, or
inappropriate cables must not be used.
In welding and cutting activities, most elec-

trical equipment is powered from ac sources
of 115 to 575 V or by engine-driven generators.
Most welding operations require less than 100
V. Some arc cutting methods use power sources
that operate at more than 400 V, while electron
beam welding machines operate at up to
approximately 150 kV. These levels warrant
precautions because fatalities can result even
with equipment that operates at less than 80 V.
In the welding industry, most instances of

electric shock occur because of accidental con-
tact with bare or poorly insulated conductors.
Therefore, welders must take precautions
against contacting bare elements in the welding
circuit and primary circuits.
When performing welding operations in elec-

trically hazardous conditions, personnel must
take special care to prevent electric shock.
Examples of electrically hazardous conditions
are wet or damp areas; restricted work areas
that force personnel to work in an uncomfort-
able position, making contact with conductive
parts; and areas in which contact with conduc-
tive elements is likely (Ref 1).
Water or moisture typically reduces electrical

resistance, often creating more severe electrical
hazards. When arc welding or cutting in damp
or wet conditions—including conditions creating
heavy perspiration—welding personnel must
wear dry, nonconductive gloves and clothing in
good condition to prevent electrical shock.
Welders should also be protected from electri-
cally conductive surfaces, including the earth,
by means of rubber-soled shoes or an insulating
layer such as a rubber mat or dry wooden board,
which is preferred. Under such hazardous condi-
tions, welders can also employ a semiautomatic
direct current (dc) power source, a dc manual
shielded metal arc power source, or an arc weld-
ing power source with reduced voltage control.
The use of these power sources can reduce the
possibility of electric shock.
When welders are required to work in a

cramped kneeling, sitting, or lying position,
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they should implement the same precautions
discussed previously. The hazards posed by
making contact with conductive elements can
be minimized by insulating the parts in the
operator’s vicinity (Ref 1).
As a general safety precaution, rings and

other jewelry should be removed before weld-
ing, to decrease the possibility of electric shock.

Equipment Selection

In addition to the use of proper clothing and
body protection, operators can reduce the possi-
bility of electric shock by selecting and using
the proper equipment. Operators should use
the correct equipment designed for each job
and situation. All equipment must meet the
applicable standards, such as “Transformer-
Type Arc Welding Machines,” UL 551 (Ref
45), and other standards issued by the National
Electrical Manufacturers Association, such as
“Electric Arc Welding Power Sources,” ANSI/
NEMA EW 1 (Ref 46).
As previously mentioned, if a significant

amount of welding and cutting work is per-
formed under electrically hazardous conditions,
the use of automatic machine controls that
reduce the no-load (open-circuit) voltage to a
safe level is recommended. When special weld-
ing and cutting processes require open-circuit
voltages higher than those specified in ANSI/
NEMA EW 1 (Ref 46), adequate insulation
and operating procedures must be provided to
protect personnel from these higher voltages.

Installation

Personnel installing electrical equipment
must follow the requirements of the National
Fire Protection Association’s (NFPA) “National
Electric Code (NEC),” ANSI/NFPA 70 (Ref
47), and other local codes. These codes
describe necessary disconnects, fusing, and the
different types of incoming power lines, among
other topics. All electrical equipment should be
installed in an area that is clean and dry. If
installation in a clean, dry area is not possible,
the equipment should be adequately safe-
guarded from dirt and moisture.
Terminals for welding leads and power

cables must be shielded from accidental contact
with personnel or metal objects, such as vehi-
cles and cranes. Connections between welding
leads and power supplies may be guarded uti-
lizing dead-front construction using receptacles
for plug connections, terminals located in a
recessed opening or under a nonremovable
hinged cover, insulating sleeves, or other equiv-
alent mechanical means (Ref 1).

Grounding

The workpiece and the frame or chassis of all
electrically powered machines must be placed
or connected to a good electrical ground, such
as a grounded metal floor or platen. They can

also be connected to a properly grounded build-
ing frame or other satisfactory ground. Special
radio-frequency grounding may also be neces-
sary for arc welding machines equipped with
high-frequency arc-initiating devices and arc
stabilizers (Ref 46). Chains, wire ropes, cranes,
hoists, and elevators must never be used as
grounding connectors or as carriers of welding
current (Ref 1).
It is important to note that the work lead is

not the grounding lead. The work lead connects
the work terminal on the power source to the
workpiece. A separate lead is required to
ground the workpiece or power source work
terminal. Thus, great care must be taken when
connecting the grounding circuit to avoid dou-
ble-grounding. Otherwise, the welding current
may flow through a connection intended only
for grounding, and the welding current may be
of higher magnitude than the grounding con-
ductor can safely carry.
Portable control devices such as push buttons

must not be connected to circuits having
operating voltages above approximately 120
V. Exposed metal parts on portable control
devices operating on circuits above 50 V must
be grounded by a grounding conductor in the
control cable. Controls using intrinsically safe
voltages below 30 V are recommended.

Connections and Cables

Electrical connections must be tight and
clean to prevent local heating; therefore, they
must be checked periodically. Magnetic work
clamps must be free of an accumulation
of metal particles and spatter on contact sur-
faces. Coiled welding leads should be spread
out before use to avoid overheating and damage
to the insulation. When jobs alternately
require long and short leads, insulated cable
connectors should be used so that the idle
lengths can be disconnected when they are not
needed (Ref 1).
Equipment, cables, fuses, plugs, and recepta-

cles must be used within their current-carrying
and duty-cycle capacities. The operation of
apparatuses above the current rating or the duty
cycle causes overheating and the rapid deterio-
ration of insulation and other parts. When weld-
ing with short leads or low voltages, or both,
the actual welding current may be higher than
that shown by the indicators on the welding
machine. General-purpose welding machines
are likely to render high currents when they
are used with processes that use low arc volt-
age, such as gas tungsten arc welding.
Welding lead cable should be flexible and

designed especially for the rigors of welding
service. The insulation on cables used with high
voltages or high-frequency oscillators must pro-
vide adequate protection. The cable manufac-
turer’s recommendations and precautions must
be followed. Cable insulation must be main-
tained in good condition, and cables must be
repaired or replaced promptly when necessary.

Operation

To ensure overall safe operation, welding
personnel must be knowledgeable of the codes
and standards related to their responsibilities.
Personnel must have access to written rules
governing the safe operation of equipment.
These rules must be strictly followed (Ref 1).
Welders must not allow the energized metal

parts of electrodes, electrode holders, or torches
to touch their bare skin or any wet apparel. Elec-
trode holders must not be cooled by immersion
in water, and electrode-holder insulation must
be kept in good condition. Before using water-
cooled welding guns or holders, welders must
inspect them for any water leaks and condensa-
tion, which would compromise safety. In addi-
tion, welders must not drape or coil the
welding leads around their bodies (Ref 1).
During operation and work interruptions,

welding circuits must be de-energized to avoid
electric shock while the electrode, torch, or
gun is being changed or adjusted. The only
exception is shielded metal arc welding,
during which the welding circuit need not be
de-energized while electrodes are changed.
However, when the circuit is energized in
shielded metal arc welding, covered electrodes
must be changed with dry welding gloves,
never with bare hands. De-energizing a circuit
is always desirable for optimum safety, even
with covered electrodes (Ref 1).
At the end of an operation or when leaving

the workstation for an appreciable time, opera-
tors must turn a welding machine off. Similarly,
when the machine is to be moved, the input
power supply must be disconnected at the
source. When equipment is not in use, exposed
electrodes must be removed from the holder to
eliminate the hazard of accidental electrical
contact with workers or conducting objects.
Semiautomatic welding guns must be placed
so that the gun switch cannot be operated acci-
dentally (Ref 1).

Modification and Maintenance

Defective electrical equipment or safety
hazards must be reported to the supervisor as
soon as these are identified. Faulty equipment
must not be used until it has been serviced by
authorized personnel and its safety has been
assured. Only qualified personnel are permitted
to modify and maintain electrical equipment.
Welding machines require numerous modifica-
tion and maintenance procedures. Typical pro-
cedures are listed below (Ref 1):

� Commutators on rotating welding machines
must be kept clean to prevent excessive
arcing.

� Rectifier welding machines must be inspected
frequently for accumulations of dust or lint
that may interfere with ventilation.

� Louvers and internal electrical coil ventilat-
ing ducts require inspection for the accumu-
lation of dust and lint.
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� Welding machines may be blown out occa-
sionally with clean, dry, compressed air at
low pressure unless prohibited by the manu-
facturer. Adequate safety precautions, such
as the proper eye protection, must be
observed.

� The use of air filters in the ventilating sys-
tems of electrical components is not recom-
mended unless these are provided by the
welding machine manufacturer. If used, fil-
ters should be inspected as recommended
by the manufacturer, because the reduction
of air flow from dust accumulating on the
air filter can cause internal components to
overheat and fail altogether.

� Machines that have become wet must be
thoroughly dried and properly retested
before being operated.

� All input connections must be checked.
� All grounding connections must be verified.

Multiple-Arc Welding Operations

Increased hazard of electrical shock exists
when several welders are working on a large
metal structure, such as a building frame or
ship, that is part of the return welding circuits.
Proper electrical contact must exist at all joints
in the structure. Sparking or heating at any
point in the structure renders it unsuitable as a
return circuit.
When two or more welders working on the

same structure are likely to touch the exposed
parts of more than one electrode holder simulta-
neously, the welding machines must be
connected to minimize the hazard of shock.
Ideally, all dc welding machines should be
connected with the same polarity. A test lamp
or voltmeter can be used to determine whether
the polarities are matched. It is also preferable
to connect all single-phase ac welding
machines to the same phase of the supply cir-
cuit with the same instantaneous polarity. These
precautions minimize the potential difference in
polarity between electrode holders.
In some cases, the preferable connections

may not be available. Welding may require
both dc polarities, or supply circuit limitations
may necessitate the distribution of ac welding
machines among the phases of the supply cir-
cuit. In these cases, the no-load voltage
between electrode holders or welding guns
may be twice the normal voltage. Because of
the increased voltage, the welders and other
personnel in the area must be instructed to
avoid simultaneous contact with more than
one electrode holder, welding gun, or installed
electrode (Ref 1).

Special Precautions for Pacemaker
Wearers

Inasmuch as pacemakers are electrical in oper-
ation, their functioning may be compromised by
the presence of the strong electromagnetic fields

produced by electric arc welding and cutting.
Therefore, the wearers of pacemakers or other
electronic equipment vital to life must consult a
physician and the manufacturer regarding possi-
ble hazards before performing these operations.
Pacemaker wearers who have been cleared to

perform welding and cutting activities must
observe special precautions. Welding current
settings higher than necessary should not be
used by pacemaker wearers. Welding cables
should be kept close together and positioned
to one side of the welder. Repeated, short spurts
of welding should be avoided; 10 s should be
allowed to transpire between welds. Pacemaker
wearers should not work alone and must stop
welding and seek immediate medical attention
if they feel ill (Ref 2).

Fire Prevention and Protection

Most precautions against electrical shock are
also applicable to the prevention of electrical
equipment fires, which may be caused by over-
heating electrical components, sparks, or spatter
from welding or cutting operations, or the mis-
handling of fuel in overheated engine-driven
equipment. For engine-driven equipment, fuel
systems must be in good condition. Otherwise,
the ignition system, electrical controls, spark-
producing components, or engine heat may start
a fire. Leaks must be repaired promptly.
Engine-driven machines must be turned off
before refueling, and any fuel spills should be
wiped up and fumes allowed to dissipate before
the engine is restarted.
In most welding, cutting, and allied pro-

cesses, a high-temperature heat source is pres-
ent. Open flames, electric arcs, molten metal,
sparks, and spatter are ready sources of igni-
tion. Sparks and spatter can pass through or
lodge in cracks, holes, and other small openings
in floors and walls, often causing fires. Because
sparks can travel up to 10.7 m (35 ft) from their
source and fall much greater distances, floors
must always be free of combustible materials
for a radius of at least 10.7 m (35 ft) around
the work area (Ref 2).
Without the proper protective shields, weld-

ing or cutting too close to combustibles
increases the risk of fire. The materials most
commonly ignited are combustible floors, roofs,
partitions, and building contents including
trash, wood, paper, textiles, plastics, chemicals,
and flammable liquids and gases. Outdoors, the
most common combustibles are dry grass and
brush.
The best protection against fire is to perform

welding and cutting away from combustibles in
specially designated areas or noncombustible
enclosures. Combustibles should always be
removed from the work area. Combustibles that
cannot be removed from the area, including
combustible walls, ceilings, doorways, win-
dows, cracks, and other openings, should be
covered with tight-fitting flame-resistant mate-
rial. Alternatively, the work area itself can be

enclosed with portable flame-resistant screens.
Combustible floors must be protected with
damp sand, sheet metal, or water. If water is
used, measures must be taken to protect person-
nel from experiencing electric shock. Appropri-
ate fire-extinguishing equipment must be
available for immediate use in the work area
(Ref 1).
Personnel should refrain from welding or

cutting in atmospheres that contain hazardously
reactive or flammable gases, liquids, vapor, or
dust. Moreover, heat should not be applied to
a container that has held an unidentified sub-
stance or combustible material or to a work-
piece covered with an unidentified substance
or flammable coating (Ref 2).
The fuel for engine-driven equipment must

be carefully stored and handled. The equipment
manufacturer’s instructions should be followed
because the fuels and vapors commonly found
in welding and cutting areas are combustible
and can be explosive under some conditions.
Examples of such fuel gases are acetylene and
propane. All fuel-gas cylinders, hoses, and
apparatus must be carefully inspected for leaks.
Welders must also be alert for the traveling
vapors of flammable liquids. Vapors are often
heavier than air and can travel along floors
and in depressions for a considerable distance
from the location where the flammable liquid
is stored. In addition, light vapors can travel
along ceilings to adjacent rooms.
When welding or cutting material on or adja-

cent to a metal wall, ceiling, or partition, heat
that is conducted through the metal can ignite
combustibles on the opposite side. Therefore,
combustibles on the other side of the barrier
must be moved to a safe location. If this cannot
be accomplished, a fire watcher (see the section
“Fire Watchers” in this article) must be sta-
tioned to monitor the combustibles.
Welding, brazing, or cutting must not be per-

formed on any material having a combustible
coating or internal structure. This is the case
with certain walls, ceilings, floors, and plat-
forms. Moreover, hot scrap or slag must not
be placed in containers holding combustible
materials. After the operation has been com-
pleted, the work area should be inspected for
fires for at least 30 min. Personnel should be
alert for conditions that may warrant an exten-
sion of this period. Supervisory personnel
should also inspect the area before leaving.

Fire Watchers

According to the provisions of ANSI
Z49.1:1999 (Ref 1) and “Fire Prevention during
Welding, Cutting, and Other Hot Work,” NFPA
51B (Ref 48), fire watchers—qualified personnel
who are trained in fire detection, the fire-report-
ing process, and emergency rescue proce-
dures—must be situated in areas where welding
or cutting operations are being performed and
where a fire may start. Fire watchers must also
be posted when any of the following are present:
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� Combustibles within 10.7 m (35 ft) of weld-
ing or cutting operations

� Wall or floor openings that expose combusti-
ble materials within a radius of 10.7 m
(35 ft)

� Metal walls, ceilings, roofs, or pipes adja-
cent to which materials that are likely to
ignite by means of radiation or conduction
are located

� Ship work that poses a fire hazard to an adja-
cent compartment

Fire watchers are allowed to perform additional
duties, provided these do not distract them from
detecting fires.

Hot-Work Authorization

When welding, cutting, or similar hot-work
operations are to be performed in an area not
designated for these activities, the hot-work
authorization system is used to alert area super-
visors to the extraordinary hazard of fire. (The
term hot work is defined in Ref 1 as “any work
involving burning, welding, or similar opera-
tions capable of initiating fires or explosions.”)
The authorization, which is usually written,
should incorporate a checklist of safety precau-
tions, including an inspection of fire extinguish-
ers; the establishment of fire watches, if
necessary; a search for flammable materials;
and safety instructions for area personnel who
are not involved in the hot work (Ref 1).

Explosion Prevention

When certain gases, vapors, and dusts are
mixed with oxygen or other elements in certain
proportions, they can cause explosions and
fires. The heat, sparks, and spatter produced
during welding and related activities may cause
otherwise low-volatile materials to produce
flammable vapors. All of these materials must
be kept in leaktight containers or be well
removed from the work area.
Welding, brazing, soldering, or cutting

activities should never be carried out in an
atmosphere containing flammable material. Per-
sonnel must also refrain from placing any
operating equipment that can produce heat or
sparks near these flammables. Inasmuch as
some welding operations involve the risk of
explosion, personnel must always wear proper
PPE.
Containers must be vented before applying

heat. Heat must not be applied to a container
that has held an unknown material, a combusti-
ble substance, or a substance that may form
flammable vapors upon the application of heat
(Ref 29). The container must first be thoroughly
cleaned or filled with an inert gas. In addition,
heat should never be applied to a workpiece
covered by an unknown substance or to a sub-
stance that may form flammable or toxic vapors
when heated.

Process-Specific Safety
Considerations

Broad safety guidelines for most welding,
cutting, brazing, or soldering processes have
been addressed earlier. The precautions and
procedures unique to particular processes are
discussed in this section. All applicable precau-
tions and guidelines discussed subsequently
must be considered as part of a safety program
in the workplace.

Oxyfuel Gas Welding and Cutting

Acetylene, MPS, natural gas, propane, pro-
pylene, and hydrogen are commonly used in
oxyfuel gas welding and cutting. In addition,
gasoline is sometimes used as a fuel for oxygen
cutting. As mentioned previously, these fuels
should always be referred to by name, not by
the generic term gas.
Oxygen equipment— including cylinders

and pipelines—must not be used interchange-
ably with any other gas. Failure to comply with
this measure may result in spontaneous com-
bustion or explosion as a result of the contami-
nation of the oxygen apparatus with
combustible substances (Ref 1).
Torches. Only welding and cutting torches

that have been approved by the authority with
jurisdiction must be used in oxyfuel gas weld-
ing and cutting operations. Oxyfuel gas torches
must meet appropriate government regulations
and the requirements stipulated in “Torch Stan-
dard for Welding and Cutting,” CGA E-5 (Ref
40). Torches should be kept in good working
order and serviced at regular intervals by the
manufacturer or qualified technicians. A torch
must be used only with the fuel gas for which
it was designed. The fuel-gas and oxygen pres-
sures should be those recommended by the
torch manufacturer. Torches must be inspected
for leaking before lighting, and frequent leak
testing should be performed when the equip-
ment has been employed in such a way as to
induce leaks (Ref 1).
To minimize the hazard of burns on the

hands and fingers, the manufacturer’s recom-
mendations must be followed when lighting
and extinguishing the torch. The torch should
be lighted only with a friction lighter, pilot
light, or similar ignition source. Matches, ciga-
rette lighters, or welding arcs must never be
used as a source of ignition. The manufacturer’s
specifications must also be followed regarding
the sequencing of operations while lighting,
adjusting, and putting out torch flames (Ref 1).
Hoses. Only those hoses that have been spe-

cified for use in oxyfuel gas welding and cut-
ting systems may be used. Hoses used in
oxyfuel gas service must be manufactured in
accordance with the standard “Specifications
for Rubber Welding Hose,” ANSI/RMA IP-7
(Ref 49). Hoses must be in good condition
and free of oil and grease. Worn, leaking,
defective hoses must be repaired or replaced.

In the United States, red hose with left-hand
threaded fittings is typically used for fuel gas,
while green hose with right-hand threaded fit-
tings is used for oxygen. (Hose connections
must comply with requirements stipulated in
Ref 35.) To permit color recognition and ensure
adequate ventilation, when parallel lengths of
hose are strapped together, no more than 100
mm (4 in.) of any 300 mm (12 in.) section of
hose should be taped. The hose colors used
internationally are specified in “Welding—
Rubber Hoses for Welding, Cutting, and Allied
Processes,” ISO 3821 (Ref 1, 50).
Only the proper ferrules and clamps should

be used to secure hose to fittings. Long runs
of hose should be avoided. Excess hose should
be coiled to prevent kinks and tangles, but it
should not be wrapped around cylinders or cyl-
inder carts while in use.
Backfire and Flashback. The term backfire

refers to the momentary retrogression of the
flame back into the torch tip, causing the tip
flame to disappear and then reappear. This is
accompanied by a pop or bang, depending on
the size of the tip. In severe cases, the hot com-
bustion products within the tip may be forced
back into the torch and even the hoses. Back-
fires occasionally ignite the inner liner of the
hose and result in burnthrough of the hose wall,
especially when using oxygen. Such backfires
can result in injury. In addition, when the hose
ruptures, the gases flow out of the tube into
the atmosphere until the valve at the tank is
closed.
The term flashback describes a phenomenon

that is usually characterized by a whistling or
squealing sound. Flashback is initiated by a
backfire in which the flame continues to
burn inside the equipment instead of being re-
established at the tip. This causes a very rapid
internal heating that can easily destroy the
equipment. This rapid heating may also cause
sparks to issue from the tip. Flashback should
be extinguished by turning off the torch valves
as quickly as possible. Different manufacturers
recommend shutting off either the fuel or oxy-
gen first, but the most important concern is to
shut both valves quickly.
Backfires and flashbacks are not ordinarily a

concern when the manufacturer’s instructions
have been followed. When they do occur, the
operator allowed the tip to become overheated
by flame backwash, forcing the tip into the
work, or providing insufficient gas flow for
the size of the tip. If frequent backfires or flash-
backs occur, the work should be stopped, and
the equipment or operation should be
investigated.
To prevent backfires and flashbacks, hose

lines should always be purged before oxyfuel
gas equipment is lighted. Purging flushes out
any combustible oxygen-fuel or air-fuel gas
mixtures in the hoses. Hoses are purged by
opening either the fuel or the oxygen valve on
the torch and allowing the gas to flow for sev-
eral seconds to clear the hose of any possible
gas mixtures. That valve is then closed, and
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the other valve is opened to allow the other gas
to flow for a similar period. The purge stream
must not be directed toward any flame or other
source of ignition. Torches must not be purged
in confined areas because accumulated, highly
concentrated gas may explode.
Hose-Line Safety Devices. When they are

installed and operating properly on hose lines,
reverse-flow check valves and flashback arrest-
ors can prevent the reverse flow of gases and
flashbacks into hoses. These safety devices
must be used, inspected, and maintained strictly
in accordance with the manufacturer’s instruc-
tions and recommendations (Ref 1).
Regulators. Pressure-reducing regulators

must be approved according to the specifica-
tions of “Standard for Gas Pressure Regula-
tors,” CGA E-4 (Ref 34). These regulators
must be used for the gases and pressures speci-
fied on their labels only. Inlet connections must
be made in accordance with Compressed Gas
Cylinder Valve Outlet and Inlet Connections,
ANSI/CGA V-1 (Ref 32), and all connections
must be inspected for leaktight performance
before use. Regulators must not be used inter-
changeably among designated gas applications.
To minimize the possibility of fire, oxygen reg-
ulators must be drained of gas before they are
connected to a manifold or a cylinder, and
valves must always be opened slowly (Ref 1).
Shutdown Procedures. When oxyfuel gas

operations are finished, the equipment must
always be completely shut down, with the gas
pressures drained from the system and all cylin-
der supply valves closed. The equipment must
not be left unattended until the shutdown has
been completed.
Ventilated Storage. Oxyfuel gas cylinders

or equipment connected to cylinders must
always be stored in well-ventilated areas, rather
than in confined areas, such as unventilated
cabinets. Even small gas leaks in confined areas
can create mixtures that may cause disastrous
explosions. For the same reason, gas cylinders
should never be transported in enclosed vehi-
cles, particularly in closed vans or the trunks
of automobiles.

Arc Welding and Cutting

The potential hazards of arc welding and cut-
ting, discussed in detail earlier, necessitate pre-
cautions that must be followed. Potential
hazards encountered in arc welding and cutting
include electric shock, asphyxiation, fumes and
gas, infrared and UV radiation, burns, fire,
explosion, and noise. Noise levels during arc
cutting operations can be very high, and pro-
longed exposure can cause hearing impairment.
A certified safety specialist or industrial hygien-
ist can be consulted to measure occupational
exposure levels in the work area and make
recommendations. Whenever necessary,
approved ear protection, such as ear plugs or
muffs, must be provided for operators and
others in the area.

Plasma arc cutting is a particularly noisy pro-
cess and one that also emits a great deal of
fume. Two common accessories can be used
in the mechanized plasma arc cutting of plate
to aid in fume and noise control. One method
is the water table, discussed earlier in the sec-
tion “Local Ventilation.” This is a cutting table
filled with water to the bottom surface of the
plate or above the plate. In the latter case, cut-
ting is done under water using a special torch
to minimize noise and reduce radiation. The
high-speed gases emerging from the plasma
jet produce turbulence in the water, conse-
quently trapping most fume particles in the
water.
Another accessory designed to reduce noise

is the water muffler, a nozzle attached to a spe-
cial torch body that produces a curtain of water
around the front of the torch. The water muffler
is always used in conjunction with a water
table. The combination of a water curtain at
the top of the plate and a water table contacting
the bottom of the plate encloses the arc and cre-
ates a noise-reducing shield, attenuating noise
by roughly 20 dB. These accessories should
not be confused with cutting variations using
water injection or water shielding, however.

Resistance Welding

When selecting resistance welding equip-
ment, personnel safety must be a consideration.
All equipment must be installed by qualified
personnel under the direction of a technical
supervisor in accordance with the “Electrical
Standard for Industrial Machinery,” NFPA 79
(Ref 51) and the “National Electric Code,”
NFPA 70 (Ref 47) or its equivalent. Operators
must be properly trained to operate all resis-
tance welding equipment safely.
Machinery Safeguarding. Devices that

initiate a resistance welding operation—push
buttons, foot switches, retraction, and dual-
schedule switches on portable guns, for exam-
ple—must be arranged or guarded to prevent
inadvertent activation (Ref 1). One or more
emergency stop buttons must be provided on
all welding machines that require three or more
seconds to complete a sequence and have
mechanical movements that can be hazardous
to personnel if the guards are removed. It
should be verified that the installation and use
of these emergency stop buttons do not in them-
selves create additional hazards (Ref 1).
Stationary Equipment. All gears, chains,

operating linkages, and belts used with welding
equipment must be guarded in accordance with
ANSI safety standards for mechanical power
transmission devices. It is crucial that the oper-
ator’s hands be kept be away from the point of
operation. On stationary single-ram welding
machines, an appropriate device must be used
to prevent the hands from making contact with
the point of operation during the machine cycle
unless the size of the workpiece, its configura-
tion, or fixture keeps both of the operator’s

hands away from the point of operation. Appro-
priate safety apparatus includes latches, two-
handed controls, machine guards, or fixtures to
prevent the hands from passing under the point
of operation, and presence-sensing equipment.
Similar precautions must be taken if the opera-
tor’s hands must pass under the point of opera-
tion during a multigun welding machine
operation (Ref 1).
Portable Equipment. All suspended portable

welding gun equipment, except the gun assem-
bly, must be fail-safe. It must incorporate a sup-
port system that is capable of withstanding the
total impact load in case any component of
the supporting system should fail. Cables,
chains, and clamps are satisfactory support sys-
tem components (Ref 1).
Moving holder mechanisms on portable

welding equipment require additional precau-
tions. A moving holder mechanism that enters
the gun frame must be designed to ensure that
no sharp shear points could cause injury to fin-
gers. If shear points are present, appropriate
guarding must be provided. If adequate guard-
ing from shear cannot be accomplished, the
use of two handles—one for each hand—is per-
mitted, provided each handle has one or two
operating switches at appropriate holding
points. These handles and operating switches
must be positioned a safe distance away from
any shear or pinch point to prevent contact
when the hands are on the controls (Ref 1).
Electrical Considerations. All external

weld-initiating control circuits must operate at
or below 120 V ac for stationary equipment.
Portable equipment must operate at or below
36 V ac root mean square. In addition, resis-
tance welding equipment and control panels
containing capacitors used for stored-energy
resistance welding involving high voltages
(above 550 V ac) must be suitably insulated
and protected by complete enclosures. All
doors on this equipment must have suitable
interlocks and contacts wired into the control
circuit. These interlocks or contacts must be
designed to interrupt power and short circuit
all capacitors when the panel is open. As an
added safety measure ensuring absolute dis-
charge of all capacitors, a manual switch or
suitable positive device must be installed in
addition to the mechanical interlocks or con-
tacts. It is important to note that because the
panel box itself is considered an enclosure, the
capacitors inside it require no additional protec-
tion when all other safety requirements have
been met (Ref 1).
To prevent unauthorized access to live por-

tions of equipment, all electrical resistance
welding equipment must be locked or inter-
locked, including all doors and access panels
on resistance welding machines and remote
control panels that are accessible at floor level.
A door or access panel is considered locked
when a key, wrench, or other instrument is
required to open it. Control panels that are
located on overhead platforms or in separate
rooms must be locked, interlocked, or guarded
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by a physical barrier or a sign, except when the
equipment is undergoing service. In addition,
panel doors must always be closed (Ref 1).
On large welding machines that have a

platen, electrically interlocked safety apparatus
such as pins, blocks, or latches must be
provided when the platen or the head can move.
When activated, this safety device must break
the energizing circuit. The device itself must
prevent movement of the platen or head under
static load. Although more than one device
may be required, depending on the machine
size or accessibility, each device alone must
be capable of sustaining the full static load
involved (Ref 1).
To ensure the safety of personnel in the area,

protection from flying sparks and molten metal
must be provided by a guard of suitable fire-
resistant material or approved protective eye-
wear. For flash welding equipment, flash guards
of suitable fire-restraint material must be
provided to control flying sparks and molten
metal. In addition, for proper electrical safety,
resistance welding equipment must have appro-
priate grounding. The welding transformer sec-
ondary may be grounded by either permanent
grounding of the welding secondary circuit
or by connecting a grounding reactor across
the secondary winding with reactor tap(s)
to ground. As an alternative on stationary
machines, an isolation contactor can be
arranged to open both sides of the line to the
primary of the welding transformer (Ref 1).
It is important to remember that because

resistance welding operations vary, each opera-
tion must be evaluated individually to provide
proper protection.

High-Frequency Welding

Injuries from high-frequency welding power,
especially at the upper range of welding fre-
quencies, tend to produce severe localized sur-
face tissue damage. These injuries are not
likely to be fatal, however, because the current
flow is shallow and does not penetrate deeply
into the body.
On the other hand, high-frequency welding

generators, which emit lethal voltages ranging
from 400 to 20,000 V in either low or high fre-
quency, can cause fatal injuries. Thus, proper
care and safety precautions must be taken while
working on high-frequency welding generators
and their control systems. Units must be
equipped with safety interlocks on access doors
and with automatic safety grounding devices to
prevent equipment operation when access doors
are open. The equipment must not be operated
with the panels or high-voltage covers removed
or with the interlocks and grounding devices
blocked. (This equipment should not be con-
fused with high-frequency arc stabilization
equipment, which is used in gas tungsten arc
welding.)
The output high-frequency primary leads

must be encased in metal ducting and should

not be operated in the open. Induction
coils and contact systems must always be
properly grounded for operator protection.
High-frequency currents are more difficult to
ground than low-frequency currents, and
grounding lines must be kept short and direct
to minimize inductive impedance. The mag-
netic field from the output system must not
induce heat in adjacent metallic sections, which
could cause burns or fires.
High-frequency welding stations often emit a

loud, steady whine that can cause permanent
hearing loss. Ear protection is essential under
these circumstances.

Electron Beam Welding

The standards “Recommended Practices for
Electron Beam Welding,” ANSI/AWS C7.1
(Ref 52), and “Safety in Welding, Cutting, and
Allied Processes,” ANSI Z49.1 (Ref 1), stipu-
late general safety requirements that must be
followed strictly at all times while performing
electron beam welding. The primary hazards
associated with electron beam welding equip-
ment are electric shock, x-radiation, fumes and
gases, and damaging visible radiation. Thus,
precautionary measures must be taken at all
times. These hazards are discussed as follows.
Electric Shock. Electron beam welding

machines operate at voltages that are much
higher than those employed in other welding
processes. Electron beam equipment is typi-
cally operated at voltages above 20 kV. These
voltages can cause fatal injury regardless of
whether the machine is labeled as being a
low-voltage or a high-voltage device. Even
though the manufacturers of electron beam
welding equipment produce machines that are
well insulated against high voltage, precautions
must be taken with all systems when high volt-
age is present. The manufacturer’s instructions
should be followed for proper equipment opera-
tion and maintenance.
The x-radiation generated by electron beam

welding machines is produced when electrons
traveling at high velocity collide with matter.
The majority of x-rays are produced when the
electron beam impinges upon the workpiece.
Substantial amounts are also produced when
the beam strikes gas molecules or metal vapor
in the gun column and work chamber. Produ-
cers and users must follow procedures that
adhere to regulations established by Underwri-
ters Laboratories and OSHA, providing firm
rules for permissible x-ray exposure levels.
Electron beam welding and cutting equip-

ment must be properly shielded to block out
x-radiation or reduce it to acceptable levels
(Ref 1). The steel walls of the chamber are gen-
erally adequate protection in systems up to 60
kV, assuming proper design. High-voltage
machines use lead lining to block x-ray emis-
sion beyond the chamber walls. Leaded glass
windows are employed in both high- and low-
voltage electron beam systems. The shielded

vacuum chamber walls normally provide ade-
quate protection for the operator.
If a system does not have a vacuum, a radia-

tion enclosure must be provided to assure the
safety of the operator and others in the work
area. Instead of lead, thick walls of high-density
concrete or other similar material may be used,
especially for large radiation enclosures on non-
vacuum installations. Special safety precautions
should also be implemented to prevent person-
nel from accidentally entering or becoming
trapped inside the enclosure during equipment
operation.
A complete x-ray radiation survey of the

electron beam equipment should always be
made at the time of installation and at regular
intervals thereafter. This survey must be con-
ducted by qualified technicians to ensure initial
and continued compliance with all radiation
regulations and standards applicable to the site
where the equipment is installed. The results
should be documented and posted (Ref 1).
Fumes and Gases. Nonvacuum and

medium-vacuum electron beam systems can
produce ozone and oxides of nitrogen in harm-
ful concentrations as well as other types of air-
borne contaminants in concentrations above
acceptable levels. Therefore, adequate area ven-
tilation must reduce the concentrations of air-
borne contaminants around the equipment to
within permissible exposure limits. Proper
exhausting techniques should also be employed
to maintain permissible residual concentrations
in the area.
High-vacuum electron beam chambers are

unlikely to produce ozone and oxides in harm-
ful concentrations because of the small amount
of air in the chamber.
Personnel must consult the pertinent MSDSs

before welding unfamiliar material or using
unfamiliar cleaning products (Ref 1).
Visible Radiation. Because the electron

beam welding process produces visible, UV,
and infrared (IR) radiation, direct viewing of
the process can be hazardous to the eyesight.
Therefore, adequate optical protection must be
provided against UV and IR radiation by the
installation of leaded glass in the viewing ports.
In addition, visible light must be reduced to a
comfortable level by means of the appropriate
filters (Ref 1).

Laser Beam Welding and Cutting

The basic hazards associated with laser oper-
ation are eye damage, including burns of the
cornea or retina, or both; skin burns; electrical
shock; respiratory system damage from hazard-
ous materials emitted during operation; and
chemical hazards, including contact with cryo-
genic coolants.
Laser manufacturers are required to qualify

their equipment with the U.S. Bureau of Radio-
logical Health. Electrical components must
comply with the standards issued by the
National Electrical Manufacturers Association.
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The use of lasers is governed by OSHA require-
ments. In all cases, the “American National
Standard for Safe Use of Lasers,” ANSI
Z136.1, should be adhered to (Ref 53). In addi-
tion, a laser safety officer (LSO)—responsible
for the protection of personnel and the enforce-
ment of laser safety regulations—must be pres-
ent at all installations performing laser welding
and cutting (Ref 2).
Eye and Skin Hazards. Laser beams can

readily inflict eye injury. With laser beams
operating at visible or near-infrared wave-
lengths, even a 5 mW beam can inflict retinal
damage. Thus, the use of safety glasses is
essential. Glasses appropriate to the specific
laser system must be used. Safety glasses sub-
stantially transparent to visible light but opaque
to specific laser beam outputs are available.
Selective filters for ruby, neodymium: yttrium-
aluminum-garnet (Nd:YAG), and other laser
systems are also available. Ordinarily, transpar-
ent materials such as glass are opaque to longer
infrared wavelengths, such as those produced
by carbon dioxide lasers, so clear safety glasses
with side shields may be used with these sys-
tems. In this case, the only light reaching the
eye is from the incandescence of the workpiece.
Nevertheless, plasma generation at high powers
can cause extreme brilliance, so filter lenses
should be used for viewing the operation.
According to the specifications of ANSI

Z136.1 (352), laser protective eyewear—
whether plain or prescription—must be labeled
with the optical density and the wavelengths
for which protection is provided. This standard
also requires that protection be afforded against
secondary radiation. Protection against UV
light, which may leak into the work area,
should also be provided by the eyewear (Ref 2).
To prevent skin burns, welding personnel

must always avoid all contact with laser beams.
The burns these produce can be deep and
very slow to heal. All laser beams used for
welding and cutting are visible only when they
impinge on a solid, so workers must take spe-
cial precautions to avoid accidental exposure.
As a preventive measure, the laser beams can
be enclosed, or a safety device can be used to
prevent operation of the beam unless its path
is unobstructed.
Electrical Hazards. Because lasers have

high voltages and large capacitor storage
devices, the possibility of lethal electric shock
is always present during laser beam welding.
Hazards range from those inherent in any con-
ventional electrical power source to those com-
mon to lasers in general and those unique to the
particular laser beam welding and cutting pro-
cess. As a general precaution, electrical system
enclosures should have appropriate interlocks
on all access doors and provisions for dischar-
ging capacitor banks before entry. All laser
equipment should also be appropriately
grounded. The manufacturer’s recommended
safety procedures must be followed at all times.
Respiratory Hazards. Although the fumes

and gases produced during laser beam welding

and cutting are often not visible, they pose
potentially serious respiratory hazards. Hazard-
ous products may be generated from the inter-
action of the beam and the workpiece, making
adequate ventilation and exhaust provisions
for laser work areas necessary. For example,
the plastic materials used for “burn patterns”
to identify beam shape and distribution in
high-power carbon dioxide laser systems can
generate highly toxic vapors if irradiated in an
oxygen-lean atmosphere. In deep-penetration
welding, fine metal fume can arise from the
joint. In addition, intense plasma generation
can produce ozone.
The LSO must ensure that all laser-generated

air contaminants are characterized in accor-
dance with applicable regulations. When expo-
sure exceeds acceptable levels as established
by Title 29 CFR 1910, Subpart Z and the appli-
cable ACGIH standards, the LSO may require
the implementation of control measures such
as exhaust ventilation systems, respiratory pro-
tection, or process isolation (Ref 53).
Chemical Hazards. Many hazardous chemi-

cals and gases are used in laser welding and
cutting operations. These include toxic or cor-
rosive gases such as chlorine, fluorine, hydro-
gen chloride, and hydrogen fluoride.
Cryogenic gases can cause injuries due to freez-
ing because of their extremely low tempera-
tures. Safety hazards are also associated with
the use of laser dye compounds. Manufacturers’
MSDSs should always be consulted, and appro-
priate measures must be taken to ensure person-
nel safety in all cases.

Friction Welding

The risks posed by friction welding include
mechanical hazards, heat, and spatter. To mini-
mize the risk of injury, friction welding
machines should be equipped with appropriate
mechanical guards and shields. They should
also have two-hand operating switches and
electrical interlocks to prevent machine opera-
tion when the operator or others have access
to the work area, rotating drive, or force
system.
Friction welding machines are similar to

machine tool lathes in that one workpiece is
rotated by a drive system, and to hydraulic
presses in that one workpiece is forced against
the other. Thus, operating personnel should
wear the eye protection and safety apparel that
is commonly used for machine tool operations.
Also, the applicable OSHA standards should
be strictly observed.

Explosion Welding

Explosives and explosion devices are an inte-
gral part of explosion welding. If these devices
are misused, they can cause injury, death, prop-
erty damage, and destruction. Although these
materials are inherently hazardous, safe prac-
tices can minimize the risks associated with

their handling. For this reason, explosive mate-
rials must be used only by trained personnel
who are experienced in their safe handling.
Handling and safety procedures must comply

with all applicable federal, state, and local
regulations. The U.S. Bureau of Alcohol,
Tobacco, and Firearms; the Hazardous Materi-
als Regulation Board of the U.S. Department
of Transportation; OSHA; and the Environmen-
tal Protection Agency have federal jurisdiction
on the sale, transport, storage, and use of explo-
sives. Many state and local governments
require a blasting license or permit, and some
cities have special requirements for explosives.
Other organizations also provide safety edu-

cation for the handling of explosives. The Insti-
tute of Makers of Explosives distributes
educational publications to promote the safe
handling, storage, and use of explosives. The
NFPA also provides recommendations for the
safe manufacture, storage, handling, and use
of explosives (Ref 54).

Ultrasonic Welding

Ultrasonic welding may pose the risk of
mechanical hazards, electric shock, heat, and
burns. In high-power ultrasonic equipment,
high voltages are present in the frequency con-
verter, the welding head, and the coaxial cable
connecting these components. Thus, the equip-
ment should not be operated when its panel
doors are open or its housing covers are
removed. Door interlocks are normally installed
to prevent the introduction of power to the
equipment when its high-voltage circuitry is
exposed. Because the cables are fully shielded,
they should present no hazard if properly
connected and maintained.
Because of the hazards associated with

clamping force, operators must not place hands
or arms in the vicinity of the welding tip when
the equipment is energized. In accordance with
OSHA regulations, the equipment must have
two palm buttons for manual operation. These
must be pressed simultaneously to initiate a
weld cycle, and both must be released before
the next cycle can begin. For automated sys-
tems in which the weld cycle is sequenced with
other operations, protective guards should be
installed to protect operators. As a further pre-
caution, the welding stroke can be set to the
minimum that is compatible with workpiece
clearance.

Thermite Welding

Thermite welding is a process that uses the
thermochemical reaction between metal oxide
and aluminum to produce the heat to form a
weld. Moisture in the thermite mix, whether in
storage, in the crucible, or on the workpieces,
can rapidly emit steam during the chemical
reaction for thermite welding. This may cause
the ejection of molten metal from the crucible.
To minimize the risk of steam formation, the
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thermite mix should be stored in a dry place,
the crucible should be dry, and moisture should
not be permitted to enter the system prior to or
during welding.
The preheating required for the thermite pro-

cess should be carried out using the safety pre-
cautions applicable to oxyfuel gas equipment
and operations. The work area should be free
of materials that may be ignited by sparks or
small particles of molten metal. The area
should also be well ventilated to prevent the
buildup of fumes and gases from the thermite
reaction. Starting powders and rods should be
protected against accidental ignition.
Personnel should use appropriate PPE to

shield against hot particles or sparks. Full-face
shields with filter lenses for eye protection,
headgear, gloves, and safety boots should be
used. Clothing should not have pockets or cuffs
that may catch hot particles.

Brazing and Soldering

The hazards encountered in brazing and sol-
dering operations are similar to those associated
with the welding and cutting processes (Ref
55). Personnel and property must be protected
against gases, fumes, hot materials, electrical
shock, radiation, and chemicals (Ref 56, 57).
Because hazardous materials may be present
in the fluxes, filler metals, coatings, and atmo-
spheres used in brazing, the MSDSs should be
consulted as a prerequisite to any job.
Hazardous and Explosive Gases and

Fumes. Brazing and soldering operations may
be performed at temperatures that induce some
elements in the filler metal to vaporize into
fumes and gases. Some of these elements are
hazardous. These include cadmium, beryllium,
zinc, mercury, and lead. Thus, it is essential
that adequate ventilation be provided to protect
personnel from inhaling the gases and fumes
emitted during brazing or soldering. Brazing
fluxes may also contain chemical compounds
of fluorine, chlorine, and boron. These com-
pounds are harmful if they are inhaled or come
into contact with the eyes or skin. Ventilation
methods used to avoid these hazards were
described earlier (see the section “Ventilation”
in this article).
Flammable gases, such as combusted fuel

gas, hydrogen, and disassociated ammonia, are
sometimes used as atmospheres for furnace
brazing operations. Before introducing such
atmospheres, the furnace or retort must be
purged of air by safe procedures recommended
by the furnace manufacturer. These gases may
emanate from furnace purging and brazing
operations. Thus, adequate area ventilation
must exhaust and discharge explosive or haz-
ardous gases to a safe location. Local environ-
mental regulations should be consulted when
designing the exhaust system.
In dip brazing and soldering, the parts to be

immersed in the bath must be completely dry.
Any moisture on the parts instantly creates

steam. The expanding steam may then cause
an explosion, expelling the contents of the dip
pot and creating a serious burn hazard. If sup-
plementary flux is necessary, it must be ade-
quately dried to remove all moisture and water
of hydration to prevent the hazard of explosion.
Solder Flux. Some fluxes, such as rosin, pet-

rolatum, and reaction types, emit considerable
smoke, the amount depending on the soldering
temperature and the duration of heating. Other
fluxes emit fumes that are hazardous if inhaled
in large quantities. The prolonged inhalation
of halides and some of the newer organic fluxes
must be avoided. Aniline fluxes and some of
the other amines also emit harmful fumes that
can cause dermatitis. The fluorine in flux is also
hazardous to health. It causes skin burns and
can be fatal if ingested.
The ACGIH has established the safe TLV for

the decomposition products of rosin-core solder
at 0.1 mg/m3 aliphatic aldehydes, measured as
formaldehyde. Suitable ventilation must be
provided to meet this requirement. When venti-
lation is insufficient to reduce contaminants or
the implementation of ventilation is not feasi-
ble, personnel must use the appropriate
approved respiratory protective equipment.

Thermal Spraying

All thermal spraying processes involve the
deposition of molten metallic or nonmetallic
materials to coat an object. These processes
use modifications of oxyfuel, arc, and plasma
energy sources to create the high temperatures
and projectile velocities required to perform
spray operations. These operations present
safety hazards to all individuals in the work
area. Thus, the safe practices described previ-
ously for these processes should be implemen-
ted when conducting thermal spraying
activities with similar equipment. However,
thermal spraying generates dust and fumes to
a greater degree. Additional information may
be found in Ref 58.
Those involved with and in the proximity of

thermal spraying operations must take precau-
tions against dust, fire, electrical shock, arc
radiation, fumes and gases, and noise. Thermal
spray operators must be protected with the
proper eye, respiratory, and bodily protection.
Appropriate protective clothing required for a
thermal spraying operation will vary with the

size, nature, and location of the work
performed.
Dust. Finely divided airborne solids, espe-

cially metal dusts, must be treated as an explo-
sive and inhalation hazard. Therefore, the dust
produced during thermal spraying must be ade-
quately vented out of spray booths. Instead of
bag and filter collectors, a water-wash wet col-
lector is recommended to collect spray dust.
Good housekeeping in the work area prevents
the accumulation of metal dusts, particularly
on rafters, the tops of booths, and in floor
cracks. Paper, wood, oily rags, and other com-
bustibles that could cause a fire in the spraying
area should be removed before the equipment is
operated. Clothing should be fastened tightly
around the wrists and ankles to keep dusts from
contacting the skin. When personnel work in
confined areas, they should wear flame-resistant
clothing and gloves.
Electrical Shock. The high voltages used in

the thermal spraying processes increase the haz-
ard of electrical shock. Thus, general safety
precautions for the avoidance of electric shock
must be implemented to protect personnel.
Radiation. Because thermal spraying pro-

cesses generate both UV and infrared radiation,
helmets, hand shields, face shields, or eye pro-
tection must be used to protect the eyes, face,
and neck at all times. Safety goggles must be
worn to avoid eye damage and burns. Table 3
presents a guide for the selection of the proper
filter shade number for viewing specific spray-
ing operations.
The intense UV radiation of plasma and elec-

tric arc spraying can cause skin burns through
normal clothing. Thus, the protection against
radiation that is used during arc spraying is
practically the same as that employed for arc
welding at equivalent current levels.
Fumes and Gases. Most thermal spraying

operations require operators to wear adequate
respiratory protection. The nature, type, and
magnitude of the fume and gas exposure deter-
mine which respiratory protective device
should be used. All devices used must be
approved by MSHA, NIOSH, or other recog-
nized authority.
Noise. Thermal spraying operations generate

noise in high decibel ranges. Consequently,
noise control programs must be implemented
in accordance with Title 29 CFR 1910.95. In
addition, operators and others in the area should

Table 3 Recommended eye filter plates for thermal spraying operations

Operation Filter shade numbers

Wire flame spraying (except molybdenum) 5
Wire flame spraying of molybdenum 5–6
Flame spraying of metal powder 5–6
Flame spraying of exothermics or ceramics 5–8
Plasma and arc spraying 9–12
Fusing operations 5–6

Note: When cadmium is a constituent in a filler metal, a precautionary label must be affixed to the container or coil. Refer to Section 9 of Ref 1.
Source: Adapted from Ref 3
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wear earmuffs or properly fitted soft rubber
earplugs.

Adhesive Bonding

Because corrosive materials, flammable
liquids, and hazardous substances are com-
monly used in adhesive bonding, adequate
safety precautions must be observed in compli-
ance with all federal, state, and local regula-
tions, including “Air Contaminants,” Title 29
CRF 1900.1000.
Safety Facilities. Management must prop-

erly supervise manufacturing operations to
ensure that proper safety procedures, protective
devices, and protective clothing are employed.
Areas in which adhesives are handled should
be separated from those in which other opera-
tions are performed. In addition to being
equipped with the proper fire protection
equipment, these areas should have ventilating
facilities, a first-aid kit, a sink with running
water, and an eye shower or rinse fountain.
To ensure proper ventilation, ovens, presses,
and other curing equipment should be individu-
ally vented to remove fumes. Vent hoods
should be provided at mixing and application
stations.
All personnel should also practice good per-

sonal hygiene. They should be instructed in
the proper procedures to prevent skin contact
with solvents, curing agents, and uncured base
adhesives. Showers, wash bowls, mild soaps,
clean towels, refatting creams, and protective
equipment should be available. Curing agents
on hands should be cleaned off with soap and
water. Resins should be removed with soap
and water, alcohol, or a suitable solvent. Sol-
vents should be used sparingly; following use,
they should washed off with abundant soap
and water. If an allergic reaction or burning
occurs, prompt medical attention should be
sought.
Personal Protective Equipment. While

working with potentially hazardous adhesives,
personnel must wear plastic or rubber gloves
at all times. Contaminated gloves should never
touch objects that others may touch with their
bare hands. Instead, these gloves should be dis-
carded or cleaned using procedures that remove
the particular adhesive. Cleaning may require
solvents, soap and water, or both. The hands,
arms, face, and neck should be coated with a
commercial barrier ointment or cream, which
provides short-term protection and makes adhe-
sives easier to wash off the skin.
Full-face shields should be worn for eye pro-

tection whenever the possibility of splashing
exists. Otherwise, glasses or goggles should be
worn. In case of irritation, the eyes should be
flushed immediately with water and then
promptly treated by a physician.
Protective clothing should be worn at all

times by those who work with adhesives. Shop
coats, aprons, or coveralls may be suitable, and
they should be cleaned before reuse.

Flammable and Hazardous Materials. To
prevent fires during the storage and use of flam-
mable materials such as solvents, these hazard-
ous materials must be stored in tightly sealed
drums and issued in suitably labeled safety
cans. Solvents and flammable liquids must not
be used in poorly ventilated confined areas.
When solvents are used in trays, safety lids
should be provided. Flames, sparks, or spark-
producing equipment must not be permitted in
the area where flammable materials are being
handled. In addition, fire extinguishers should
be readily available.
Factors to be considered in identifying

the types of precautionary measures that
should be implemented while working with
hazardous materials include the frequency and
duration of exposure, the degree of hazard asso-
ciated with a specific adhesive, the solvent or
curing agent used, the temperature at which
the operations are performed, and the potential
evaporation surface area exposed at the
workstation.
For most personnel, preventing skin contact

with an adhesive should be an adequate safety
measure. It is mandatory that protective equip-
ment, barrier creams, or both be used to avoid
skin contact with certain types of formulations.
However, others may suffer severe allergic
reactions produced by direct contact with or
the inhalation or ingestion of phenolics,
epoxies, and most catalysts and accelerators.
The eyes or skin may become sensitized over
a long period of time even though no signs of
irritation are visible. Once personnel become
sensitized to a particular adhesive, they may
no longer be able to work in its vicinity because
of allergic reactions.
Proper safety rules must be observed to pre-

vent the careless handling of adhesives and
thereby prevent exposure to hazardous materi-
als. For example, personnel performing adhe-
sive bonding with potentially hazardous
materials should avoid contact tools, door-
knobs, light switches, or other objects that
may become contaminated.

Safety in Robotic Operations

The hazards associated with robotic welding,
cutting, and allied process are those generally
related to equipment (e.g., faulty power
sources, protective devices, control circuits,
and so on), installations (human errors during
setup, ergonomics, maintenance, mounting,
positioning, loose objects, and so forth), and
the robot system itself or its interaction with
other equipment and persons (e.g., moving
components that cause trapping or crushing,
hazardous atmospheres, inadvertent operation,
and so forth) (Ref 59).
Personnel must be safeguarded against

hazards during all stages of robotic system
implementation—design and development,
installation and integration, verification, opera-
tion, and maintenance. Safeguarding is the

responsibility of those involved in all of these
stages. In addition, the user must ensure that
all personnel are trained in robotic system oper-
ation and that the appropriate safeguarding
devices are installed and functioning. Aware-
ness signals (signs, lights, floor markers, horns,
and beepers, for example) and barriers should
be used in conjunction with safeguarding
devices (Ref 59).
The welding process equipment may

have specific additional safety requirements
regarding barriers, guarding, and precautionary
labels. The safety requirements of the welding
process that is performed by the robotic
system must be implemented. In addition,
the testing and startup of robots and robotic
systems must be performed according to the
specifications of “American National Standard
for Industrial Robots and Robot Systems—
Safety Requirements,” ANSI/RIA R15.06-
1999 (Ref 59).
Inasmuch as robotic installations vary signif-

icantly from application to application, they
must be scrutinized individually for specific
safety hazards. During the design stage and
again upon completing the final configuration
and setup of an installation, the user or integra-
tor must perform a risk assessment of the instal-
lation. This assessment involves a task and
hazard identification as well as a risk estima-
tion. The selection of the appropriate safe-
guards is based on the information collected
and documented as part of the risk assessment
(Ref 59).
Among the safeguarding devices that

may be used to protect personnel are barriers;
two-hand controls; and presence-sensing
devices, including area scanning systems, sin-
gle and multiple safety beams, safety mats,
and safety light curtains or screens (Ref 59).
Figure 8 shows several typical robotic
installations.
With respect to personnel training, the user

must ensure that individuals who program,
teach, operate, or maintain robots are properly
trained in the tasks performed by the robot,
the hazards presented by the system, health
and safety procedures, and the purpose and
function of safeguarding devices. Training must
include general and emergency workplace
safety procedures, industry codes and standards,
vendor safety information, and lockout and tag-
out procedures. Maintenance personnel must be
trained in emergency operations as well as in
the hazards related to process variables and
materials, preventive maintenance, trouble-
shooting, faulty safety devices, and communi-
cation systems. Retraining is required to
ensure safe operation following personnel or
system changes or an accident (Ref 59).
For detailed information regarding the safety

regulations governing robotic operations, the
reader is encouraged to consult the “American
National Standard for Industrial Robots and
Robot Systems—Safety Requirements,” ANSI/
RIA R15.06-1999, the primary industry stan-
dard (Ref 59).
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Welding Fuels and Shielding Gases
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Table 1 Properties of fuel gases

Property Acetylene Hydrogen Methane Methyl acetylene propadiene Propane Propylene Natural gas

Symbol C2H2 H2 CH4 CH3C:CH (MPS) C3H8 (LP gas) C3H6 (PRY) MET
Molecular weight 26.036 2.016 16.042 40.07 44.094 42.078 Similar to methane
Specific gravity of gas (air = 1) 0.91 0.069 0.55 1.48 1.56 1.48 0.56
Specific volume of gas (at 60�F and 1 atm), ft3/lb 14.5 192.0 23.6 8.85 8.6 9.5 23.6
Specific gravity of liquid . . . . . . . . . 0.576 0.507 0.527 . . .
lb/gal of liquid at 60�F . . . . . . . . . 4.80 4.25 4.38 . . .
Density of gas, lb/ft3 0.0680 0.0052 0.0416 0.113 0.115 0.105 0.0424
Boiling point (at 1 atm)

�F �119.2 �422.9 �258.6 �9.6 �43.8 �53.9 �161
�C �84 �252 �161 �23.1 �42.1 �47.7 �107

Flame temperature (neutral)
In oxygen, �F 5,600 4,800 5,000 5,300 4,600 5,250 4,600
In oxygen, �C 3,100 2,650 2,775 2,925 2,550 2,900 2,550
In air, �F 4,700 4,000 3,525 3,200 3,840 3,150 3,525
In air, �C 2,600 2,200 1,950 1,760 2,100 1,730 1,950

Ratio of oxygen to fuel gas required for combustion 1 : 1 0.5 : 1 1.75 : 1 2.5 : 1 3.5 : 1 4.5 : 1 2 : 1
Ratio of air to fuel gas required for combustion 11.9 2.38 9.52 21.83 24.30 21.83 10.04
Gross heat of combustion

Btu/lb 21,600 52,800 23,000 21,000 21,500 22,000 24,000
Btu/ft3 1,500 344 1,000 2,500 2,500 2,400 1,000

Flammable limits in air (by volume), % 2.5–81 4–75 5.3–15 2.4–11.7 2.2–9.5 2.0–10.3 5.3–14

Source: Ref 1

Table 2 Summary of shielding gases and mixtures and their use

Shielding gas Gas reaction GMAW and FCAW(a) GTAW and PAW(b)

Pure gases
Argon (Ar) Inert Nonferrous All metals
Helium (He) Inert Nonferrous Al, Mg, Cu, and alloys
Carbon dioxide (CO2) Oxidizing Mild and low-alloy steels, some stainless steels Not used

Two-component mixtures
Argon mixtures

Ar + 20–50% He Inert Al, Mg, Cu, and alloys Al, Mg, Cu, and alloys
Ar + 1–2% CO2 Oxidizing Stainless and low-alloy steels Not used
Ar + 3–5% CO2 Oxidizing Mild, low-alloy, and stainless steels Not used
Ar + 20–30% CO2 Slightly oxidized Mild and low-alloy steels, some stainless steels Not used
Ar + 2–4% He Reducing Not used Nickel and alloy and austenitic stainless steels

Helium mixtures
He + 25% Ar Inert Al and alloys, Cu and alloys Al and alloys, Cu and alloys

CO2 mixtures
CO2 + up to 20% O2 Oxidizing Mild and low-alloy steels Not used
CO2 + 3–10% O2 Oxidizing Mild and low-alloy steels Not used

Three-component mixtures
Helium mixtures

He + 75% Ar + 25% CO2 Inert Stainless steel and low-alloy steels Not used
Argon mixtures

CO2 + 3–10% O2 + 15% CO2 Oxidizing Mild steels Not used

(a) GMAW, gas metal arc welding; FCAW, flux cored arc welding. (b) GTAW, gas tungsten arc welding; PAW, plasma arc welding



Summary of Fusion Welding Processes

Table 1 Fusion welding and cutting processes

Process Heat source

Power source and

polarity Mechanics

Shielding or

cutting agent

Typical applications

Industrial useMetals Thickness range

Electroslag
welding

Resistance heating
of liquid slag

Alternating or
direct current

Automatic; joint set up vertically;
weld pool and slag contained
by water-cooled shoes; filler
wire fed into slag pool and
melted by resistance heating;
no arc

Slag Carbon, low-alloy
and high-alloy
steel

50 mm (2.0 in.)
and upward

Welding thick sections for
press frames, pressure
vessels, shafts, etc.; foundry
and steelworks applications;
general engineering

Submerged arc
welding

Arc Alternating or
direct current

Automatic or semi-automatic; arc
maintained in cavity of molten
flux formed from granular
material

Slag and self-
generated gas

Carbon, low-alloy,
and high-alloy
steels; copper
alloys

1 mm (0.04 in.)
and upward
(but
generally
over 10 mm,
or 0.4 in.)

Downhand or horizontal
vertical joints suitable for
automatic welding; boilers,
pressure vessels, structural
steel; horizontal joints in
storage tanks

Manual metal
arc welding
(coated
electrodes)

Arc Alternating or
direct current;
electrode
positive or
negative

Short lengths of wire coated with
flux; manual operation

Slag and self-
generated gas

All engineering
metals and alloys
except pure Cu,
precious metals,
low-melting and
reactive metals

1 mm (0.04 in.)
and upward

All fields of engineering

Gas metal arc
welding (flux
cored wire)

Arc Direct current;
electrode
positive

Flux is enclosed in tubular
electrode of small diameter;
automatic or semi-automatic;
wire fed continuously through
a gun with or without a gas
shield

Slag and gas,
either self-
generated or
from external
source
(normally
CO2)

Carbon steel 1 mm (0.04 in.)
and upward

Sheet metal welding; general
engineering

Gas metal arc
welding (solid
wire)

Arc Direct current;
electrode
positive

As above but using solid wire;
free-flight metal transfer

Argon or
helium,
argon-O2 or
argon-CO2

Nonferrous metal;
carbon, low-alloy
or high-alloy steel

2 mm (0.08 in.)
and upward

Welding of high-allow and
nonferrous metals; pipe
welding; general engineering

Arc Direct current;
electrode
positive

As above but in short-circuiting
metal-transfer mode

Argon-O2,
argon-CO2, or
CO2

Carbon and low-alloy
steel

1 mm (0.04 in.)
and upward

Sheet metal; root pass in pipe
welding; positional welding

Pulsed arc Direct current;
electrode
positive; 50–100
Hz pulse
superposed on
low background
current

Pulse detaches drop at electrode
tip and permits free-flight
transfer at low current

Argon, argon-
O2, or argon-
CO2

Nonferrous metals;
carbon, low-alloy,
and high-alloy
steels

1 mm (0.04 in.)
and upward

Positional welding of relatively
thin carbon or alloy steel

Gas welding Oxyacetylene flame . . . Manual; metal melted by flame
and filler wire fed in separately

Gas (CO, H2,
CO2, H2O)

Carbon steel, copper,
aluminum, zinc,
and lead; bronze
welding

Sheet metal
and pipe up
to approx. 6
mm (0.24
in.)

Sheet metal welding, small-
diameter pipe

Gas cutting Oxyacetylene/
oxygen flame

. . . Oxygen jet injected through
flame oxidizes and ejects metal
along the cutting line

Oxygen Carbon and low-alloy
steel

. . . Cutting and bevelling plate for
welding; general engineering
applications

Gas tungsten arc
welding

Arc Alternating current
with
stabilization for
aluminum,
magnesium, and
alloys; direct
current;
electrode
negative for
other metals

Manual or automatic arc
maintained between
nonconsumable tungsten
electrode and work; filler wire
fed in separately

Argon, helium,
or argon-
helium
mixtures

All engineering
metals except Zn
and Be and their
alloys

1 to approx.
6 mm (0.04
to 0.24 in.)

Nonferrous and alloy steel
welding in all engineering
fields; root pass in pipe
welds

Pulsed gas
tungsten arc
welding

Arc Direct current;
electrode
negative with
low-frequency

Low-frequency pulse allows
better control over weld pool
behavior; high-frequency pulse
improves arc stiffness

Argon As above 1 to approx. 6
mm (0.04 to
0.24 in.)

Automatic gas temperature
welding of tubes or tubes to
tubesheets to improve
consistency of penetration or

(continued)

Source: Ref 1



Table 1 (continued)

Process Heat source

Power source and

polarity Mechanics

Shielding or

cutting agent

Typical applications

Industrial useMetals Thickness range

(1 Hz) or high-
frequency
(1 kHz) current
modulation

(high frequency) prevent arc
wander

Plasma welding Arc Direct current;
electrode
negative

As for gas tungsten arc, except
that arc forms in a chamber
from which plasma is ejected
through a nozzle; improved
stiffness and less power
variation than gas tungsten arc
welding

Argon, helium,
or argon-
hydrogen
mixtures

As above Usually up to
approx. 1.5
mm (0.6 in.)

Normally low-current
application where gas
tungsten arc lacks stiffness;
also used at higher currents
in keyholing mode for root
runs

Plasma cutting Arc Direct current;
electrode
negative

As for welding but higher current
and gas flow rates

Argon-H2 All engineering
metals

1 mm (0.04 in.)
and upward

Used particularly for stainless
and nonferrous metal but
also carbon and low-alloy
steel

Stud welding Arc Direct current;
electrode
negative for
steel, positive
for nonferrous

Semiautomatic or automatic; arc
drawn between tip of stud and
work until melting occurs and
stud then pressed onto surface;
weld cycle controlled by timer

Self-generated
gas plus
ceramic
ferrule around
weld zone

Carbon, low-alloy,
and high-alloy
steel; aluminum;
nickel and copper
alloys require
individual study

Stud diameters
up to approx.
25 mm (1.0
in.)

Shipbuilding, railway, and
automotive industries;
pressure vessels (for
attaching insulation); furnace
tubes and general
engineering

Spot, seam, and
projection
welding

Resistance heating at
interface of lapped
joint

Alternating
current;
transformer with
low-voltage,
high-current
output

Lapped sheet clamped between
two copper electrodes and
welded by means of high-
current pulses; weld may be
continuous (seam) or
intermittent (spot and
projection)

Self-shielded
plus water for
resistance
welding Mo,
Ta, and W

All engineering
metals except Cu
and Ag; Al
requires special
treatment

Sheet metal up
to approx.
6 mm
(0.24 in.)

Automobile and aircraft
industries; sheet metal
fabrication in general
engineering

Electron beam
welding

Electron beam Direct current;
10–200 kV;
power generally
in range 0.5–10
kW; workpiece
positive

Automatic welding carried out in
vacuum; beam of electrons
emitted by cathode focused on
joint; no metal transfer

Vacuum (�10�4

mm Hg)
All metals except
where excessive
gas evolution and/
or vaporization
occurs

Up to approx.
25 mm (1.0
in.) normally
but may go
to 100 mm
(4.0 in.)

Nuclear and aerospace
industries; welding and
repair of machinery
components such as gears

Laser welding Light beam None As for electron beam except
different energy source

Helium As for electron beam Up to 10 mm
(0.4 in.)

Potentially as for electron
beam; cutting nonmetallic
materials

Thermit welding Chemical reaction None A mixture of metal oxide and
aluminum is ignited, forming a
pool of superheated liquid
metal, which then flows into
and fuses with the joint faces.

None Steel, austenitic CrNi
steel, copper,
copper alloys,
steel-copper joints

Normally up
to 100 mm
(4.0 in.)

Welding rails and copper
conductors to each other
and to steel

Source: Ref 1

Table 2 General characteristics of arc welding processes

Characteristic

Arc welding processes

Shielded metal Flux cored Submerged Gas metal Gas tungsten

Part (assembly)

Material All but Zn All steels All steels All but Zn All but Zn
Preferred material Steels Low-C steels Low-C steels Steels; non-heat-treatable Al; Cu All but Zn
Thickness, minimum, mm (1.5)3 1.5 5 0.5 0.2

Single pass maximum 8–10 3–6 40 5 5
Multiple pass maximum >25 >15 >200 >25 >6
Unequal thickness Difficult Difficult Very difficult Difficult Difficult

Distortion(a) A–B A–C A–B B–C B–C
Jigging needed Minimum Minimum Full Variable Variable
Deslagging for multipass Yes Yes Yes No No
Current

Type Alternating or direct Direct (reverse polarity) Alternating or direct Direct (reverse polarity) Alternating or direct (straight polarity)
Volts(b) 40 or 70 # 40 or 70 # 25–55 20–40 or 70 # 60–150
Amperes 30–800 30–800 300–2500 70–700 100–500

Cost

Equipment(a) D B–D B–C B–C B–C
Labor(a) A A–D B–D A–C A–C
Finishing(a) A–B A–C A–C B–D B–E

Production

Operator skill(a) A A–D C–D A–D A–D
Welding rate, m/min (1–6 kg/h) 0.02–1.5 0.1–5 0.2–15 0.2–1.5
Operation Manual All Automatic All All

Note: Values in parentheses may be obtained by special techniques. (a) Comparative ratings, with A indicating the highest value, E the lowest. (b) Down arrow indicates dropping voltage. Source: Ref 2
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Table 3 Process selection guide for arc welding carbon steels

Usability Cost factors Weld-metal quality Effect on base metal General comments

Shielded metal arc welding (SMAW):

Very adaptable, all-position
process. Can be used outdoors.
Gives excellent joint
accessibility. Very portable.
Can be used on carbon steels
down to 18 gage. Joint
preparation is required on
thicknesses over 3.2 mm (⅛
in.). Unlimited upper
thickness, but other processes
(GMAW, FCAW, or SAW) are
usually more economical.

A low-deposition-rate process (up
to 9 kg/h, or 20 lb/h) with low
deposit efficiency (typically
65%). Low operator factor.
Equipment cost is low and
spare parts are minimal.
Welding speeds are generally
low. Housekeeping is required
to deslag and dispose of flux
and electrode stubs.

Strongly dependent on the skill of
the welder. Lack of fusion or
slag inclusions are potential
problems. The relatively small
beads usually result in a high
percentage of refining in
multipass welds, and very good
toughness is achievable with
some electrodes.

Low heat inputs can cause rapid
heat-affected zone (HAZ)
cooling. Flux coatings are a
potential source of hydrogen.

Very versatile, low-cost process.
Especially strong on
nonroutine or repair jobs.
Usually not economical on
standard thick welds or on
repetitive jobs that can be
mechanized

Gas metal arc welding (GMAW):

An all-position process in the
short-arc or pulsed mode.
Moderately adaptable, but use
limited outside where loss of
shielding is possible. Usable on
steel down to <0.25 mm (0.010
in.) thick. Above 4.8 mm (3/16
in.), requires joint preparation.
No upper limit of plate
thickness

Deposition rates (to 16 kg/h, or
35 lb/h) are higher than
SMAW. Deposition efficiency
(90–95%) and operator factor
(typical 50%) are also higher.
Equipment and spare parts cost
are moderate to high (pulsed-
arc power supplies are higher
cost). Welding speeds are
moderate to high (buried-arc
CO2 can weld at over 2540
mm/min, or (100 in./min).
Cleanup is minimal.

Very good quality. Porosity or
lack of fusion can be a
problem. Less tolerant of rust
and millscale than flux-using
processes. Very good
toughness is achievable.

Generally a low-hydrogen
process

Relatively versatile. Equipment
more costly, complex, and less
portable than SMAW. Easily
mechanized. A clean process
with higher deposition rates
and efficiencies than SMAW

Flux cored arc welding (FCAW):

All-position process. Equipment
similar to GMAW, but self-
shielded version has better
portability and is usable
outdoors. Minimum plate
thickness is 18 gage. Self-
shielded material above 6.4
mm (¼ in.) requires joint
preparation. With CO2

shielding, materials above 13
mm (½ in.) require joint
preparation. There is no upper
limit on plate thickness.

Deposition rates (up to 18 kg/h,
or 40 lb/h) are higher than
GMAW. Deposition
efficiencies (80–90%) are
lower, but operator factors
(50%) are similar to GMAW.
Equipment cost is moderate.
Good out-of-position
deposition rates can be
achieved with conventional
power sources. Welding speeds
are moderate to high. Slag and
spatter removal and disposal is
required.

Good quality. Weld metal
toughness is fair to good (best
with basic electrodes). Slag
inclusions are a potential
problem.

Flux core can contribute
hydrogen.

Relatively versatile (self-shielded
version can be used outside).
Higher deposition rates than
GMAW (higher fumes also).
Welds easily out-of-position.
Readily mechanized

Gas tungsten arc welding (GTAW)/plasma arc welding (PAW):

An all-position process with fair
joint accessibility. Limited
outdoor use. Can weld very
thin material in all positions;
GTAW—<0.13 mm (0.005 in.)
min thickness, joint prep. over
3.2 mm (⅛ in.), PAW—<0.13
mm (0.005 in.) min thickness,
joint prep. over 6.4 mm (¼ in.).
No upper limit on thickness but
other processes are more
efficient

Low deposition rates (up to 5.4
kg/h, or 12 lb/h) but high
deposition efficiency (99%). If
automated, the operator factor
is high. Equipment and spare
parts cost is moderate to high,
depending on complexity
(PAW is slightly more
expensive). Cleanup is
generally unnecessary due to
no flux or spatter.

High quality but requires clean
plate. Excellent toughness
possible due to small bead size
(high refined weld metal, finer
grain size)

A low-hydrogen process. Low
heat inputs can cause rapid
HAZ cooling.

Extremely good welds in all
positions. Requires more
preparation. Low deposition
rates limit process to thinner
plates.

Submerged-arc welding (SAW):

Limited to flat and horizontal
position. Semiautomatic
version has some adaptability,
but process is most often
mechanized and has limited
portability. Minimum material
thickness is 1.6 mm (1/16 in.)
(mechanized). Joint
preparation is required on
material above 13 mm (½ in.)
thick. The process lends itself
to welding thick materials.

Deposition rates are very high
(over 45 kg/h, or 100 lb/h, with
multiwire systems). Deposition
efficiency is 99%, but that does
not include the flux (a 1:1 flux-
to-wire ratio is common).
Because the process is usually
mechanized, operator factors
are high. Cost is moderate for
single-wire systems. High
welding speeds are achievable.
Higher housekeeping costs
result from the need to handle
the slag and unfused flux.

Very good. Good weld-metal
toughness is possible. Handles
rust and millscale well with
proper flux selection. High-
dilution process

Higher heat inputs can result in
large HAZ and possible
deterioration of baseplate
properties (especially
quenched and tempered plate).
Flux is a source of hydrogen.

A high-deposition, high-
penetration process, but thin
material can be welded at high
speeds. Easily mechanized.
Natural for welding thicker
plates. Housekeeping and
position limitation can be a
problem.

(continued)

872 / Reference Information



REFERENCES

1. J.F. Lancaster, Metallurgy of Welding, 5th
ed., Chapman & Hall, 1993

2. J.A. Schey, Introduction to Manufacturing
Processes, 2nd ed., McGraw-Hill, 1987

Table 3 (continued)

Usability Cost factors Weld-metal quality Effect on base metal General comments

Electrogas welding (EGW)/electroslag welding (ESW):

Limited to vertical or near-
vertical. O.K. outside. Fair
portability. Used on plate 9.5
to 102 mm (⅜ to 4 in. thick).

High joint-completion rate. High
deposition efficiency (solid
wires 99%, cored wires lower).
High operator factor. High
equipment and set-up costs

Large columnar grain structure
results in only fair toughness.
High dilution of baseplate (up
to 35% for EGW, up to 50%
for ESW)

High heat input results in large
HAZ and grain growth. Not
recommended for quenched
and tempered steels unless
reheat treatment is to be done.
Slow weld cooling allows
hydrogen to escape weld area.

High joint-completion rate but
limited to vertical. Used
mainly on long, vertical welds.
High heat input can limit
baseplates.

Stud arc welding:

All-position. O.K. outside. Fair
portability. Used on plate 1.0
mm (0.04 in.) and above. No
joint preparation required

Equipment cost is moderate. Minimal weld size. Usually fine-
grained due to fast cooling.
Weld structure is as-cast.

Causes rapid cooling of HAZ Specialized process for attaching
studs to steel plate. Usually
more economical than drilling
and tapping
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Weldability of Ferrous and
Nonferrous Alloys

WELDABILITY refers to the ease of weld-
ing a material under the imposed fabrication
conditions to perform satisfactorily during ser-
vice. All metals can be welded to themselves
by at least one of the fusion welding processes.

A fusion weld cannot be made between dissim-
ilar metals unless they have metallurgical solu-
bility; otherwise, brittle compounds may form.
Solid-state welding processes, which do not
involve melting and solidification, are suited

to welding dissimilar metals or joining heat-
sensitive alloys such as precipitation-hardening
aluminum alloys. Tables 1 to 4 summarize the
general weldability of ferrous and nonferrous
alloys by common fusion welding processes.

Table 1 General weldability of specific metals and alloys by arc welding processes

Base metals welded

Welding processes

Shielded metal arc Gas tungsten arc Plasma arc Submerged arc Gas metal arc Flux cored arc

Aluminum C A A No A No
Copper-base alloys

Brasses No C C No C No
Bronzes A A B No A No
Copper C A A No A No
Copper nickel B A A No A No
Nickel silver (Cu-Ni-Zn) No C C No C No

Iron
Cast, malleable nodular C No No No C No
Wrought iron A B B A A A

Lead No B B No No No
Magnesium No A B No A No
Nickel-base alloys

Inconel A A A No A No
Nickel A A A C A No
Monel A A A C A No

Precious metals No A A No No No
Steels

Low-carbon steel A A A A A A
Low-alloy steel B B B B B B
High- and medium-carbon steel C C C B C C
Alloy steel C C C C C C
Stainless steel (austenitic) A A A A A B
Tool steels No A A No No No

Titanium No A A No A No
Tungsten No B A No No No
Zinc No C C No No No

Metal or process rating: A, recommended or easily weldable; B, acceptable but not best selection or weldable with precautions; C, possibly usable but not popular or restricted use or difficult to weld; No, not recommended or
not weldable. Source: Ref 1



Table 2 Weldability of cast irons

Weld processes(a) Procedure Remarks

Gray cast iron MMA, MIG, TIG, oxyacetylene. Filler rods 3.5C-3Si-
0.6P

Ferritic gray irons are readily welded, but complex
irons are difficult to weld. Increasing silicon above
2% also decreases weld-ability. Preheat to
400–600 �C (750–1110 �F) or to 1000 �C (1830 �F)
with 60/40 brass filler (bronze welding). Preheat to
avoid hard, brittle deposit. Difficult to machine
unless preheated. Prone to cracking—cool slowly
and/or stress relieve at 600 �C (1110 �F) when hot.
Can also peen when red hot

Complications in weld-metal and heat-affected
zones. Massive free carbide and martensite in weld
deposit. Welding used in repair of castings and
production of welded assemblies. Filler materials
are cast iron, low-carbon steel, nickel-base alloys,
copper-base alloys

Ductile irons Most fusion processes Welding should be done on fully annealed material.
Composition affects weld quality. For MIG, a
60Ni-4Fe filler is best. Preheat to 250 �C (480 �F).
Interpass 80–100 �C (175–212 �F).

(b)

Malleable cast iron
(ferritic and pearlitic)

Use low-hydrogen rods. Can be successfully brazed or
soldered

Preheat or other procedures to minimize heat buildup.
Heat concentration should be held to a minimum.
Very important to clean before welding to avoid
porosity and low joint strength

(b)

Welding not recommended

Chilled and white cast irons

Corrosion-resistant cast
irons (high Si, high
Cr, high Ni) and heat-
resistant cast irons

Welding confined to minor repair of castings subject
to availability of filler materials. For more
extensive welding, properties of material should be
determined.

(b)

Iron-nickel-chromium
heat-resisting alloys
(e.g., PH Incoloy,
800, 802, 901)

TIG most widely used, especially in thin sections.
Also manual arc (<12 mm, or 0.5 in., thickness) is
used. MIG is employed where TIG is not practical.
Submerged arc is employed for thick sections,
provided a suitable flux is available. Fillers are
employed to produce weld metal of similar
composition to the base metal.

Heat input kept low. Rapidly cool to maintain weld
ductility. Precipitation-hardenable alloys containing
Al, Ti, Ni are very difficult to weld. Can obtain
high joint efficiency up to 2.5 mm (0.10 in.)
thickness. Sensitive to cracking and require preweld
and postweld heat treatment and selection of most
suitable filler material. Solid-solution-strengthened
alloys are more easily welded.

Usual range of temperature, 1200–1400 �C
(2190–2550 �F). Limits the selection of filler
materials and possible pre- and postweld treatment

(a) MMA, manual metal arc; MIG, metal inert gas; TIG, tungsten inert gas. (b) Cast irons are less weldable than carbon steel owing to higher carbon and silicon content leading to lower ductility. More metallurgical complica-
tions occur in weld metal and heat-affected zones. Massive free carbide and martensite occur in weld deposit. Filler materials are cast iron, low-carbon steel, nickel-base alloys, copper-base alloys. With MIG, base wire elec-
trodes of low-carbon steel and nickel-base alloys are also used. Adapted from Ref 2

Table 3 Weldability of steels

Steel type Preheat, �C (�F) Interpass, �C (�F) Hold cool, �C (�F) Postweld, �C (�F) Remarks

Mild steel . . . . . . . . . . . . Excellent weldability—no precautions necessary
with rutile and basic electrodes

Vanadium steel . . . . . . . . . . . . Low-carbon-grade electrodes. Minimum heat
input 30 kJ/mm (760 kJ/in.) for 30 mm (1.2 in.)
thickness, unless preheating or low-hydrogen
electrodes are employed

C-Mn steel (0.15–0.025 C) 100–200 (212–390) . . . . . . . . . For thick sections, low-hydrogen electrode, high
heat input, and preheat. For thin sections, no
preheat required

C-Mn steel (<0.2 C, <1.4 Mn) 100–250 (212–480) . . . . . . . . . For thick sections, low-hydrogen electrode, high
heat input, preheat. For thin sections, no
preheat required

Medium-carbon steel 250–350 (480–660) . . . . . . . . . High heat input. Low-hydrogen electrodes
High strength, low alloy, low
carbon (HSLA)

250–300 (480–570) . . . . . . . . . High heat input. Low-hydrogen electrodes

Carbon-molybdenum 150–300 (300–570) . . . . . . 650–700 (1200–1290) Filler as parent metal
Medium carbon and low alloy 200–350 (390–660)

thick 150 (300)
thin

200–350 . . . 550–600 (1020–1110) Filler rod lower carbon than parent metal. Make
test welds with highly hardenable low-alloy
steels

Chromium-molybdenum steels 250–300 (420–570) . . . . . . Normalize 870–980 (1600–1800)
Temper 680–770 (1260–1420)
Anneal 840–900 (1545–1650)
Stress relieve 700–730 (1290–

1350)

Filler as parent metal, but lower Cr. Postweld
treatment depends on properties.

Cryogenic steels (9Ni, 5Ni) . . . . . . . . . . . . Electrodes 50Ni-16Cr/Fe, electrodes 25Cr-20Ni
Fe-25Cr-12Ni Fe. Preheat/postweld not
required up to 50 mm (2.0 in.) thickness

Martensitic stainless steels (AISI
410, AISI 420)

250 (480)
250 (480)

250–350 (480–660)
250–350 (480–660)

80–100 (175–212)
150–180 (300–355)

700–750 (1290–1380)
700–750 (1290–1380)

No special precautions if C <0.1%. Austenitic
fillers or fillers for matching strength. Require
preheat to avoid H2 cracking. Tendency to
harden when cooled from high temperatures

Martensitic stainless 440 . . . . . . . . . . . . Welding not recommended
Ferritic stainless steels 200 (390) . . . . . . Anneal after welding 700–850

(1290–1560)
Limited transformation to martensite via austenite
can occur. Grain growth. Two factors reduce

(continued)

Adapted from Ref 2
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Table 3 (continued)

Steel type Preheat, �C (�F) Interpass, �C (�F) Hold cool, �C (�F) Postweld, �C (�F) Remarks

ductility. Most weldable grades contain Al, Nb
to retain ferrite

Precipitation-hardened stainless
steel alloy W

. . . . . . Good weldability. If joint strength not required
equal to parent metal, use 18Cr-8Ni-type filler.
For precipitation-hardened joint, use similar
composition and precipitate harden after
welding.

Precipitation stainless steel types:
17-4 PH, 15-5 PH, 17-7 PH,
15-7 Mo

. . . . . . . . . 650–870 (1200–1600) then
refrigerate or cold work

Good weldability. Weld in annealed condition.
Filler depends on mechanical properties
required. Can be precipitation-hardened
stainless steel. Postweld treatment precipitates
carbides and martensite.

Austenitic stainless steels (301,
302)

. . . . . . . . . . . . Arc welding not recommended. Flash welding
possible

Austenitic stainless steel types:
303, 304 L, 304, 305, 309, 310,
314, 316, 321, 347

Not recommended 950–1150 (1740–2100) If
undertaken—or stress relieve
below 650 �C (1200 �F)
(to avoid weld decay)

Excellent weldability. Filler materials of similar
composition but higher alloy content. Weld

cracking is avoided by ensuring that the weld
contains 5–10% ferrite. Weld decay

(chromium carbide precipitation) leads to loss
of corrosion resistance. Minimized by C
<0.03% or add Nb. Ti (stabilized steel) and pay
regard to postweld heat treatment. Heat-

affected zone liquation cracking: Low energy
input. Fine grain size. Ferrite �5%

Maraging steels . . . . . . . . . Age after welding at
500 �C (930 �F)

Soft martensite matrix. No risk of
decarburization, distortion, or cracking. Very
poor weldability

Adapted from Ref 2

Table 4 Weldability of nonferrous metals

Material Welding processes(a) Preheat, �C (�F) Postweld, �C (�F) Remarks

Aluminum alloys

Series 1000, pure Al MIG, TIG, gas
resistance, laser

Thick sections only Most welds left in as-welded
condition

Readily weldable, sheets and pressings

Series 2000, Al-Cu Resistance Thick sections only As welded or(b) Not normally fusion welded
Series 3000, Al-Mn MIG, TIG, gas

resistance, laser
Thick sections only As welded Readily weldable, building and transport applications

Series 4000, Al-Si Thick sections only As welded Not normally welded
Series 5000, Al-Mg MIG, TIG,

resistance, gas,
laser

Thick sections only As welded Readily weldable, high-strength welded applications

Series 6000, Al-Mg-Si Resistance, MIG,
TIG

Thick sections As welded or reheated(b) Widely welded but welds have low strength and care
must be taken to avoid cracks

Series 7000, Al-Zn-Mg Resistance, MIG,
TIG

Thick sections As welded or reheated(b) Can be welded, structures with high mechanical strength
through age hardening

Series 8000, Al-Li MIG, TIG, laser,
electron beam

Thick sections As welded or reheated(b) Can be welded, careful choice of filler wire to avoid
cracking

Copper and copper alloys

Tough pitch copper, deoxidized copper MIG, TIG, electron
beam, resistance,
MIG, MMA

For arc welding, preheat thick
sections up to 700 �C
(1290 �F) and conserve heat
with insulating blanket

. . . Difficult to weld—high-temperature weakness, porosity,
low weld ductility(c)

High-conductivity copper MIG, TIG, electron
beam, resistance,
MIG, MMA

Same as tough pitch Cu . . . More suitable for welding, especially with copper
fillers(c)

Brass (<20% Zn) MIG, TIG 250–400 (480–750) Stress relief Good weldability
Brass (20% <Zn <40%) Resistance 250–400 (480–750) . . . Excessive zinc or 2% Pb gives hot shortness (weld-metal

cracking). Zinc causes porosity. Use oxidizing
conditions

High-tensile brass (additions Pb-Fe
+ Al)

. . . 250–400 (480–750) . . . Susceptible to lead and sulfur embrittlement. Aluminum
impedes coalescence of liquid metal

Phosphor bronze (Cu5–8%Sn) TIG, resistance,
MIG, electron
beam

Heavy sections 175–290 �C
(350–555 �F)

Peen at 480–500�C (895–930 �F)
then rapid cool for maximum
ductility

Relatively good weldability

Gunmetal (5–10%Sn,2–5%Zn) TIG, resistance,
MIG, electron
beam

Same as phosphor bronze Same as phosphor bronze Hot cracks and porosity (avoid overheating or joint
stressing). Greater than 2% Pb gives hot shortness

9% Sn Resistance good, arc
welding fair

. . . . . . Welding not recommended at or above 9% Sn

Silicon bronzes (Cu3%Si1%Mn) TIG, MIG,
resistance

Preheat 20–65 �C (70–150 �F) . . . Can be welded by arc, resistance methods. Avoid
stressing joints. Filler as parent metal

(continued)

(a) MIG, metal inert gas; TIG, tungsten inert gas; MMA, manual metal arc (b) Heat treatable aluminum alloys may be re-heat treated after welding. (c) If metal of identical composition is not required, use fillers of silicon or
phosphor bronze or brazing. (d) Strong reactivity of refractory metals requires thorough protection. Weld pool is prone to recrystallization and low ductility.
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Table 4 (continued)

Material Welding processes(a) Preheat, �C (�F) Postweld, �C (�F) Remarks

Aluminum bronzes (Cu-5%Al, Cu-10%
Al, 5%Fe, 5%Ni)

TIG, resistance,
MIG, electron
beam

20–150 (70–300) . . . Good weldability

Nickel silver (10–18%Ni, 25%Zn) TIG, resistance 20–110 (70–230) Not required Good weldability
Cupronickel (Cu-10NiFe, Cu-30NiFe) TIG, MIG, MMA Not normally required Not required Readily weldable, argon gas
Copper beryllium (1.0–2.75% Be, 2.5–
0.2% Ni)

Electron beam . . . . . . Increasing beryllium decreases weldability. Poor heat
conductors. Toxic fumes

Nickel alloys

Commercial-purity nickel, nickel-
copper (Monels), nickel-
molybdenum-chromium (Hastelloys),
nickel-chromium (Inconel 600, 625)

TIG, MIG, manual
arc, electron beam

Not normally required Necessary to avoid intergranular
corrosion

Solution-hardened nickel alloys: low-ductility
temperature range; avoid stressing welds. Particularly
susceptible to hot shortness with Pb, S. Danger of
oxide formation. Generally good weldability.
Generally more viscous than steel except Hastelloys.
This should be allowed for in joint designs.

Nickel-chromium-cobalt-aluminum-
titanium (Nimonics)

TIG, MIG Anneal in inert atmosphere
before welding

Resolution treat and age after
welding (some alloys can be
solution treated before and
aged after welding)

Precipitation-hardened alloys. Susceptible to heat-
affected zone cracking

Titanium alloys

Commercially pure grades and alpha
alloys

TIG, MIG, electron
beam, resistance
pressure, flash butt

Weld in annealed condition Stress relieve 400–650 �C (750–
1200 �F)

Highly reactive, requires good shielding. No filler is used
below 2.5 mm (0.10 in.) thickness. Otherwise parent
metal or commercial-purity titanium is used.

Ti-6Al-4V TIG, electron beam,
resistance
pressure, flash butt

2 h at 538 �C (1000 �F) Complete
aging during stress relief

Air-hardenable alloys (Ti-4Al-4Mo-
0.5Si-2-4Sn, Ti-2.25Al-11Sn-Si, Ti-
2.25Al-11Sn-5Zr-Si, Ti-6Al-5Zn-
Mo-Si, Ti-6Al-6V-2Sn)

Air-hardenable alloys. Welding not recommended

Ti-13V-11Cr-3Al beta alloy Electron beam,
resistance
pressure, flash butt

Cold work and fully reheat treat Low-strength welds, ductile as welded

Other alloys

Lead and zinc-lead alloys Gas resistance, TIG Equal to base metal in corrosion resistance and strength.
Lead easy, Pb-Sb more difficult. Zinc difficult. Fillers
of parent metal

Molybdenum and tungsten alloys Electron beam, TIG 150 (300) for TIG-welded
tungsten alloy

Brittle—avoid restraint on joints. 0.05% oxygen in argon
arc. Grain growth occurs(d)

Niobium, tantalum, tantalum alloys
with up to 15%, Hf, Mo, W, Re

TIG, electron beam Stress relieve 1 h at 816 �C (1500
�F)

Broadly similar to titanium. Can weld tantalum alloys to
give very high room-temperature bend strength(d)

Zirconium TIG Weld in annealed condition Stress relieve 400–650 �C
(750–1200 �F)

Zirconium requires even better protection (chamber) than
titanium(d)

Beryllium Electron beam
pressure welding,
TIG

Brittle—avoid restraint on joints. 0.05% oxygen TIG.
Grain growth occurs. Satisfactory joints obtainable

Magnesium TIG, resistance Heat thin sections to prevent
cracking 260–380 �C
(500–715 �F) depending on
alloy recommendations

Stress relieve anneal wherever
possible, particularly when
likely to be exposed to wet or
corrosive environments

Weldable but prone to stress corrosion in alloys
containing aluminum. Ce, Th are used in MgZnZr
alloy to improve weldability. Welding of alloys
containing zinc only satisfactory with thorium or rare
earth additions

(a) MIG, metal inert gas; TIG, tungsten inert gas; MMA, manual metal arc (b) Heat treatable aluminum alloys may be re-heat treated after welding. (c) If metal of identical composition is not required, use fillers of silicon or
phosphor bronze or brazing. (d) Strong reactivity of refractory metals requires thorough protection. Weld pool is prone to recrystallization and low ductility.
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Preheat and Postweld Heat Treatment
Temperatures for Selected Steels

Table 1 Recommended preheat and interpass temperatures for selected carbon steels

AISI-

SAE

steel

specif-

ications

Recommended welding condition

Carbon

range(a), %

Thickness range

Minimum preheat and interpass

temperature Postweld heat treatment

Peening may

be necessary

Low hydrogen

Other than

low hydrogen
Desirable or

optional

Temperature range

mm in. �C �F �C �F �C �F

1008,
1010,
1011,
1012,
1013

Within
specification

	50 	2 Ambient(b) Ambient(b) Optional 590–675 1100–1250 . . .
>50 to 100 >2 to 4 38 100 65 150 Optional 590–675 1100–1250 Yes

1015,
1016

Within
specification

	50 	2 Ambient(b) Ambient(b) Optional 590–675 1100–1250 . . .
>50 to 100 >2 to 4 38 100 93 200 Optional 590–675 1100–1250 Yes

1017,
1018,
1019

Within
specification

	50 	2 Ambient(b) Ambient(b) Optional 590–675 1100–1250 . . .
>50 to 100 >2 to 4 38 100 121 250 Optional 590–675 1100–1250 Yes

1020,
1021,
1022,
1023

Within
specification

	50 	2 Ambient(b) 38 100 Optional 590–675 1100–1250 . . .
>50 to 100 >2 to 4 93 200 149 300 Optional 590–675 1100–1250 Yes

1024,
1027

0.18–0.25 	25 	1 Ambient(b) 38 100 Optional 590–675 1100–1250 . . .
>25 to 50 >1 to 2 38 100 93 200 Optional 590–675 1100–1250 . . .
>50 to 100 >2 to 4 93 200 149 300 Optional 590–675 1100–1250 Yes

0.25–0.29 	13 	½ 10 50 65 150 Optional 590–675 1100–1250 . . .
>13 to 25 >½ to 1 65 150 149 300 Optional 590–675 1100–1250 . . .
>25 to 50 >1 to 2 121 250 149 300 Optional 590–675 1100–1250 . . .
>50 to 100 >2 to 4 149 300 177 350 Optional 590–675 1100–1250 Yes

1025 Within
specification

	25 	1 Ambient(b) Ambient(b) Optional 590–675 1100–1250 . . .
>25 to 50 >1 to 2 Ambient(b) 38 100 Optional 590–675 1100–1250 . . .
>50 to 100 >2 to 4 38 100 93 200 Optional 590–675 1100–1250 Yes

1026,
1029,

0.25–0.30 	25 	1 Ambient(b) 38 100 Desirable 590–675 1100–1250 . . .
>25 to 50 >1 to 2 38 100 93 200 Desirable 590–675 1100–1250 Yes

1030 >50 to 100 >2 to 4 93 200 149 300 Desirable 590–675 1100–1250 Yes
0.31–0.34 	13 	½ Ambient(b) 38 100 Desirable 590–675 1100–1250 . . .

>13 to 25 >½ to 1 38 100 93 200 Desirable 590–675 1100–1250 . . .
>25 to 50 >1 to 2 93 200 149 300 Desirable 590–675 1100–1250 Yes
>50 to 100 >2 to 4 121 250 177 350 Desirable 590–675 1100–1250 Yes

1035,
1037

Within
specification

	13 	½ Ambient(b) 38 100 Desirable 590–675 1100–1250 . . .
>13 to 25 >½ to 1 38 100 93 200 Desirable 590–675 1100–1250 . . .
>25 to 50 >1 to 2 93 200 149 300 Desirable 590–675 1100–1250 Yes
>50 to 100 >2 to 4 149 300 205 400 Desirable 590–675 1100–1250 Yes

1036,
1041

0.30–0.35 	13 	½ 38 100 93 200 Desirable 590–675 1100–1250 . . .
>13 to 25 >½ to 1 65 150 149 300 Desirable 590–675 1100–1250 . . .
>25 to 50 >1 to 2 121 250 149 300 Desirable 590–675 1100–1250 Yes
>50 to 100 >2 to 4 149 300 177 350 Desirable 590–675 1100–1250 Yes

0.36–0.40 	13 	½ 65 150 93 200 Desirable 590–675 1100–1250 . . .
>13 to 25 >½ to 1 93 200 149 300 Desirable 590–675 1100–1250 . . .
>25 to 50 >1 to 2 149 300 177 350 Desirable 590–675 1100–1250 Yes
>50 to 100 >2 to 4 177 350 205 400 Desirable 590–675 1100–1250 Yes

0.41–0.44 	13 	½ 93 200 149 300 Desirable 590–675 1100–1250 . . .
>13 to 25 >½ to 1 149 300 177 350 Desirable 590–675 1100–1250 . . .
>25 to 50 >1 to 2 177 350 205 400 Desirable 590–675 1100–1250 Yes
>50 to 100 >2 to 4 205 400 230 450 Desirable 590–675 1100–1250 Yes

1038,
1039,

0.34–0.40 	13 	½ 38 100 93 200 Desirable 590–675 1100–1250 . . .
>13 to 25 >½ to 1 93 200 149 300 Desirable 590–675 1100–1250 . . .

1040 >25 to 50 >1 to 2 121 250 177 350 Desirable 590–675 1100–1250 Yes

(continued)

(a) Ranges are inclusive. (b) Ambient above �12 �C (10 �F). (c) Due to lead content, manufacturing operations involving elevated temperatures in the range of those encountered in gas cutting or welding should be carried out
with adequate ventilation. (d) Hold at temperature for 1 h after welding is completed. Source: Ref 1



Table 1 (continued)

AISI-

SAE

steel

specif-

ications

Recommended welding condition

Carbon

range(a), %

Thickness range

Minimum preheat and interpass

temperature Postweld heat treatment

Peening may

be necessary

Low hydrogen

Other than

low hydrogen
Desirable or

optional

Temperature range

mm in. �C �F �C �F �C �F

>50 to 100 >2 to 4 149 300 205 400 Desirable 590–675 1100–1250 Yes
0.41–0.44 	13 	½ 65 150 121 250 Desirable 590–675 1100–1250 . . .

>13 to 25 >½ to 1 93 200 149 300 Desirable 590–675 1100–1250 . . .
>25 to 50 >1 to 2 149 300 177 350 Desirable 590–675 1100–1250 Yes
>50 to 100 >2 to 4 205 400 230 450 Desirable 590–675 1100–1250 Yes

1042,
1043

Within
specification

	13 	½ 93 200 149 300 Desirable 590–675 1100–1250 Yes
>13 to 25 >½ to 1 121 250 149 300 Desirable 590–675 1100–1250 Yes
>25 to 50 >1 to 2 149 300 177 350 Desirable 590–675 1100–1250 Yes
>50 to 100 >2 to 4 205 400 230 450 Desirable 590–675 1100–1250 Yes

1044,
1045,
1046

Within
specification

	13 	½ 149 300 177 350 Desirable 590–675 1100–1250 Yes
>13 to 100 >½ to 4 205 400 230 450 Desirable 590–675 1100–1250 Yes

1048,
1049,
1050,
1052,
1053

0.43–0.50 	25 	1 93 200 149 300 Desirable 590–675 1100–1250 Yes
>25 to 50 >1 to 2 149 300 177 350 Desirable 590–675 1100–1250 Yes
>50 to 100 >2 to 4 205 400 230 450 Desirable 590–675 1100–1250 Yes

1108,
1109,
1110

Within
specification

	50 	2 Ambient(b) Not recommended Optional 590–675 1100–1250 . . .
>50 to 100 >2 to 4 38 100 Not recommended Optional 590–675 1100–1250 Yes

1116,
1117,

Within
specification

	25 	1 Ambient(b) Not recommended Optional 590–675 1100–1250 . . .

1118,
1119

>25 to 100 >1 to 4 93 200 Not recommended Optional 590–675 1100–1250 Yes

1132,
1137,
1139,
1140,
1141,

0.27–0.30 	13 	½ 10 50 Not recommended Optional 590–675 1100–1250 . . .
>13 to 25 >½ to 1 38 100 Not recommended Desirable 590–675 1100–1250 . . .
>25 to 50 >1 to 2 93 200 Not recommended Desirable 590–675 1100–1250 Yes
>50 to 100 >2 to 4 121 250 Not recommended Desirable 590–675 1100–1250 Yes

0.31–0.35 	13 	½ 38 100 Not recommended Desirable 590–675 1100–1250 . . .
1144, >13 to 25 >½ to 1 65 150 Not recommended Optional 590–675 1100–1250 . . .
1145, >25 to 50 >1 to 2 121 250 Not recommended Desirable 590–675 1100–1250 Yes
1146, >50 to 100 >2 to 4 149 300 Not recommended Desirable 590–675 1100–1250 Yes
1151 0.36–0.40 	13 	½ 65 150 Not recommended Desirable 590–675 1100–1250 . . .

>13 to 25 >½ to 1 93 200 Not recommended Desirable 590–675 1100–1250 . . .
>25 to 100 >1 to 4 149 300 Not recommended Desirable 590–675 1100–1250 Yes

1132,
1137,
1139,
1140,
1141,
1144,
1145,
1146,
1151

0.41–0.45 	13 	½ 93 200 Not recommended Desirable 590–675 1100–1250 . . .
>13 to 25 >½ to 1 149 300 Not recommended Desirable 590–675 1100–1250 . . .
>25 to 100 >1 to 4 177 350 Not recommended Desirable 590–675 1100–1250 Yes

0.45–0.50 	13
>13 to 25
>25 to 100

	½
>½ to 1
>1 to 4

149
205
230

300
400
450

Not recommended
Not recommended
Not recommended

Desirable
Desirable
Optional

590–675
590–675
590–675

1100–1250
1100–1250
1100–1250

. . .

. . .
Yes

1211,
1212,
1213,
1215,
B1111,
B1112,
B1113

Within
specification

	50 	2 Ambient(b) Not recommended Optional 590–675 1100–1250 . . .
>50 to 100 >2 to 4 38 100 Not recommended Optional 590–675 1100–1250 Yes

12L13
(c),

12L14(c)

Within
specification

	50
>50 to 100

	2
>2 to 4

Ambient(b) Not recommended Optional 590–675 1100–1250 . . .
Yes38 100 Not recommended Optional 590–675 1100–1250

1330,
1335,
1340,
1345

0.27–0.33 	13
>13 to 25
>25 to 50

	½
>½ to 1>1 to 2

121
149
177

250
300
350

Not recommended
Not recommended
Not recommended

Desirable
Desirable
Desirable

550–565
550–565
550–565

1025–1050
1025–1050
1025–1050

. . .

. . .
Yes

0.33–0.38 	13 	½ 149 300 Not recommended Desirable 550–565 1025–1050 . . .
>13 to 25 >½ to 1 205 400 Not recommended Desirable 550–565 1025–1050 . . .
>25 to 50 >1 to 2 205 400 Not recommended Desirable 550–565 1025–1050 Yes

0.38–0.43 	13 	½ 177 350 Not recommended Desirable 550–565 1025–1050 . . .
>13 to 25 >½ to 1 230 450 Not recommended Desirable 550–565 1025–1050 . . .
>25 to 50 >1 to 2 290(d) 550(d) Not recommended Desirable 550–565 1025–1050 Yes

0.43–0.49 	13 	½ 205 400 Not recommended Desirable 550–565 1025–1050 . . .
>13 to 25 >½ to 1 260(d) 500 Not recommended Desirable 550–565 1025–1050 . . .
>25 to 50 >1 to 2 315 600(d) Not recommended Desirable 550–565 1025–1050 Yes

1513,
1518,

	0.20 	25 	1 Ambient(b) Ambient(b) Optional 590–675 1100–1250 . . .
>25 to 50 >1 to 2 Ambient(b) 38 100 Optional 590–675 1100–1250 . . .
>50 to 100 >2 to 4 38 100 93 200 Optional 590–675 1100–1250 Yes

(continued)

(a) Ranges are inclusive. (b) Ambient above �12 �C (10 �F). (c) Due to lead content, manufacturing operations involving elevated temperatures in the range of those encountered in gas cutting or welding should be carried out
with adequate ventilation. (d) Hold at temperature for 1 h after welding is completed. Source: Ref 1
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Table 1 (continued)

AISI-

SAE

steel

specif-

ications

Recommended welding condition

Carbon

range(a), %

Thickness range

Minimum preheat and interpass

temperature Postweld heat treatment

Peening may

be necessary

Low hydrogen

Other than

low hydrogen
Desirable or

optional

Temperature range

mm in. �C �F �C �F �C �F

1522,
1525

0.21–0.25 	25 	1 Ambient(b) 38 100 Optional 590–675 1100–1250 . . .
>25 to 50 >1 to 2 38 100 93 200 Optional 590–675 1100–1250 . . .
>50 to 100 >2 to 4 93 200 149 300 Optional 590–675 1100–1250 Yes

1513,
1518,
1522,
1525

0.26–0.29 	13 	½ 10 50 65 150 Optional 590–675 1100–1250 . . .
>13 to 25 >½ to 1 65 150 149 300 Optional 590–675 1100–1250 . . .
>25 to 50 >1 to 2 1165 250 149 300 Optional 590–675 1100–1250 . . .
>50 to 100 >2 to 4 149 300 177 350 Optional 590–675 1100–1250 Yes

1524,
1526,
1527

	0.25 	25 	1 10 50 38 100 Optional 590–675 1100–1250 . . .
>25 to 50 >1 to 2 38 100 93 200 Optional 590–675 1100–1250 . . .
>50 to 100 >2 to 4 93 200 149 300 Optional 590–675 1100–1250 Yes

0.26–0.29 	25 	1 65 150 121 250 Desirable 590–675 1100–1250 . . .
>25 to 50 >1 to 2 121 250 149 300 Desirable 590–675 1100–1250 . . .
>50 to 100 >2 to 4 149 300 177 350 Desirable 590–675 1100–1250 Yes

1536,
1541

	0.35 	13 	½ 38 100 93 200 Desirable 590–675 1100–1250 . . .
>13 to 25 	½ to 1 65 150 149 300 Desirable 590–675 1100–1250 . . .
>25 to 50 >1 to 2 121 250 149 300 Desirable 590–675 1100–1250 Yes
>50 to 100 >2 to 4 149 300 177 350 Desirable 590–675 1100–1250 Yes

0.36–0.40 	13 	½ 65 150 93 200 Desirable 590–675 1100–1250 . . .
>13 to 25 >½ to 1 93 200 149 300 Desirable 590–675 1100–1250 . . .
>25 to 50 >1 to 2 149 300 177 350 Desirable 590–675 1100–1250 Yes
>50 to 100 >2 to 4 177 350 205 400 Desirable 590–675 1100–1250 Yes

0.41–0.44 	13 	½ 93 200 149 300 Desirable 590–675 1100–1250 Yes
>13 to 25 >½ to 1 149 300 177 350 Desirable 590–675 1100–1250 . . .
>25 to 50 >1 to 2 177 350 205 400 Desirable 590–675 1100–1250 Yes
>50 to 100 >2 to 4 205 400 230 450 Desirable 590–675 1100–1250 Yes

1547,
1548

0.43–0.52 	13 	½ 149 300 177 350 Desirable 590–675 1100–1250 . . .
>13 to 100 >½ to 4 205 400 230 450 Desirable 590–675 1100–1250 Yes

(a) Ranges are inclusive. (b) Ambient above �12 �C (10 �F). (c) Due to lead content, manufacturing operations involving elevated temperatures in the range of those encountered in gas cutting or welding should be carried out
with adequate ventilation. (d) Hold at temperature for 1 h after welding is completed. Source: Ref 1

Table 2 Recommended preheat and interpass temperatures for heat treatable steels

Steel designation

Preheat and interpass temperature range for indicated section thickness(a)

At 	13 mm (	½ in.) At 13–25 mm (½–1 in.) At 25–50 mm (1–2 in.)

�C �F �C �F �C �F

Low-alloy steels

1330 175–230 350–450 205–260 400–500 230–290 450–550
1340 205–260 400–500 260–315 500–600 315–370 600–700
4023 �40 �100 95–150 200–300 120–170 250–350
4028 95–150 200–300 120–175 250–350 205–260 400–500
4047 205–260 400–500 230–290 450–550 260–315 500–600
4118 95–150 200–300 175–230 350–450 205–260 400–500
4130 150–205 300–400 205–260 400–500 230–290 450–550
4140 175–230 350–450 230–290 450–550 290–345 550–650
4150 205–260 400–500 260–315 500–600 315–370 600–700
4320 95–150 200–300 175–230 350–450 205–260 400–500
4340 290–345 550–650 315–370 600–700 315–370 600–700
4620 �40 �100 95–150 200–300 120–175 250–350
4640 175–230 350–450 205–260 400–500 230–290 450–550
5120 �40 �100 95–150 200–300 120–175 250–350
5145 205–260 400–500 230–290 450–550 260–315 500–600
8620 �40 �100 95–150 200–300 120–175 250–350
8630 95–150 200–300 120–175 250–350 175–230 350–450
8640 120–175 250–350 175–230 350–450 205–260 400–500

Ultra high-strength steels

AMS 6434 175–230 350–450 230–290 450–550 260–315 500–600
300M 290–345 550–650 290–345 550–650 315–370 600–700
D-6a 230–290 450–550 260–315 500–600 290–345 550–650
H11 mod 315–540 600–1000 315–540 600–1000 315–540 600–1000
H13 315–540 600–1000 315–540 600–1000 315–540 600–1000
HP 9-4-20 (b) (b) (b) (b) (b) (b)
HP 9-4-30 (b) (b) (b) (b) (b) (b)
AF 1410 (b) (b) (b) (b) (b) (b)
HY-180 (b) (b) (b) (b) (b) (b)

(a) Data are for low-hydrogen welding processes and low-hydrogen filler metals. (b) Preheating not required
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Table 3 Recommended preheat and postweld heat treatment of steel pressure vessel and pipe welds

ASTM specification Grade

Thickness

Minimum preheat and interpass

temperature Maximum tensile strength

Postweld heat treatment

temperature range(a)

mm in. �C �F MPa ksi �C �F

Pressure vessel plate steel

A 203 (Ni alloy steel) A (b) (b) 120 250 (c) (c) 595–635 110–1175
B (b) (b) 120 250 (c) (c) 595–635 1100–1175
D (b) (b) 150 300 (c) (c) 595–635 1100–1175
E (b) (b) 150 300 (c) (c) 595–635 1100–1175
F (b) (b) 150 300 (c) (c) 595–635 1100–1175

A 204 (Mo alloy steel) . . . <12.5 <0.5 10 50 485 70 595–720 1100–1325
80 175 >485 >70 595–720 1100–1325

�12.5 �0.5 80 175 (c) (c) 595–720 1100–1325
A 302 (Mn-Mo, Mn-Mo-Ni) A; B <12.5 <0.5 10 50 485 70 595–720 1100–1325

80 175 >485 >70 595–720 1100–1325
�12.5 �0.5 80 175 (c) (c) 595–720 1100–1325

A 353 (9% Ni) . . . (b) (b) 10 50 (c) (c) 550–585 1025–1085
A 387 (Cr-Ni) 11; 12 	12.5 	0.5 10 50 415 60 595–745 1100–1375

>12.5 >0.5 120 250 415 60 595–745 1100–1375
(b) (b) 120 250 >415 >60 595–745 1100–1375

5; 22 (b) (b) 150 300 415 60 675–760 1250–1400
205 400 >415 >60 675–760 1250–1400

Pipe

A 333 3 (b) (b) 150 300 (c) (c) 595–635 1100–1175
7 (b) (b) 120 250 (c) (c) 595–635 1100–1175
8 (b) (b) 10 50 (c) (c) 550–585 1025–1085

A 335 P1 <12.5 <0.5 10 50 485 70 595–720 1100–1325
80 175 >485 >70 595–720 1100–1325

�12.5 �0.5 80 175 (c) (c) 595–720 1100–1325
P5 (b) (b) 150 300 415 60 675–760 1250–1400

205 400 >415 >60 675–760 1250–1400
P11; P12 	12.5 	0.5 10 50 415 60 595–745 1100–1375

>12.5 >0.5 120 250 415 60 595–745 1100–1375
(b) (b) 120 250 >415 >60 595–745 1100–1375

P22 (b) (b) 150 300 415 60 675–760 1250–1400
205 400 >415 >60 675–760 1250–1400

A 672 H75; H80 <12.5 <0.5 10 50 485 70 595–720 1100–1325
80 175 >485 >70 595–720 1100–1325

�12.5 �0.5 80 175 (c) (c) 595–720 1100–1325

(a) For more detailed specifications and requirements on postweld heat treating, heating rates, and localized heat treatment, refer to specifications such as: ASME VIII, Division I, Section UW and UC-56; ASME/ANSI B31.1,
Chapter V, Sections 131, 132, 330, and 331; or British Specification BS2633, Sections 18 and 22. (b) All available sizes per ASTM International specifications. (c) Values vary with size.
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Abbreviations

Å angstrom
ac alternating current
Ac1 temperature at which austenite begins to form

during heating
Ac3 temperature at which transformation of ferrite to

austenite is completed during heating
Aecm, Ae1, Ae3 equilibrium transformation temperatures in steel
AISI American Iron and Steel Institute
AMS Aerospace Material Specification
ANSI American National Standards Institute
AOD argon-oxygen decarburization
API American Petroleum Institute
Arcm temperature at which cementite begins to

precipitate from austenite on cooling
Ar1 temperature at which transformation to ferrite or

to ferrite plus cementite is completed on
cooling

Ar3 temperature at which transformation of austenite
to ferrite begins on cooling

ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
at.% atomic percent
atm atmospheres (pressure)
AWS American Welding Society
bal balance
bcc body-centered cubic
bct body-centered tetragonal
C cementite; coulomb
C heat capacity
CAC carbon arc cutting
CAC-A air carbon arc cutting
CAD/CAM computer-aided design/computer-aided

manufacturing
CAW carbon arc welding
CAW-G gas carbon arc welding
CAW-S shielded carbon arc welding
CBN cubic boron nitride
CCD charge-coupled device
CCT continuous cooling transformation
CE carbon equivalent
cgs centimeter-gram-second (system of units)
cm centimeter
cP centipoise
CP commercially pure
cSt centiStokes
CTE coefficient of thermal expansion
CTOD crack tip opening displacement
CVD chemical vapor deposition
CVN Charpy V-notch (impact test or specimen)
D diameter
da/dN fatigue crack growth rate
dB decibel
DB diffusion bonding; dip brazing
DBTT ductile-to-brittle transition temperature
dc direct current

DCEN direct current, electrode negative
DCEP direct current, electrode positive
DFB diffusion brazing
DFW diffusion welding
diam diameter
DIN Deutsche Industrie-Normen (German Industrial

Standards)
DPH diamond pyramid hardness
DTA differential thermal analysis
e natural log base, 2.71828; charge of an electron
EB electron beam
EBC electron beam cutting
EBW electron beam welding
EDM electrical discharge machining
EDXA energy-dispersive x-ray analysis
EGW electrogas welding
ELI extra-low interstitial
emf electromotive force
EPA Environmental Protection Agency
EPFM elastic-plastic fracture mechanics
EPRI Electric Power Research Institute
Eq equation
ESW electroslag welding
et al. and others
ETP electrolytic tough pitch
eV electron volt
EXB exothermic brazing
exp base of the natural logarithm
EXW explosion welding
f frequency
FCAW flux cored arc welding
fcc face-centered cubic
fct face-centered tetragonal
FEA finite-element analysis
FEM finite-element method
Fig. figure
FRW friction welding
FS furnace soldering
ft foot
FW flash welding
g gram
g acceleration due to gravity
gf gram force
GMA gas metal arc
GMAC gas metal arc cutting
GMAW gas metal arc welding
GPa gigapascal
GTA gas tungsten arc
GTAC gas tungsten arc cutting
GTAW gas tungsten arc welding
h hour
h Planck’s constant (6.626 � 10�27 erg � s)
H Henry
H enthalpy; hardness; magnetic field
HAZ heat-affected zone



HB Brinell hardness
hcp hexagonal close-packed
HHC hot-hollow cathode
HIC hydrogen-induced cracking
HIP hot isostatic pressing
HK Knoop hardness
hp horsepower
HR Rockwell hardness (requires scale designation,

such as HRC for Rockwell C hardness)
HREM high-resolution electron microscopy
HSLA high-strength, low-alloy (steel)
HSS high-speed steel(s)
HTLA heat-treatable low-alloy (steel)
HV Vickers hardness
Hz hertz
I intensity; electrical current
IGA intergranular attack
IGSCC intergranular stress-corrosion cracking
IIW International Institute of Welding
IMO International Maritime Organization
in. inch
IPTS International Practical Temperature Scale
IR infrared
IRS infrared soldering
IS induction soldering
ISCC intergranular stress-corrosion cracking
ISO International Organization for Standardization
J joule
k equilibrium distribution coefficient
k thermal conductivity; Boltzmann constant
K Kelvin
kg kilogram
kgf kilogram force
KIc plane-strain fracture toughness
KISCC threshold stress intensity to produce

stress-corrosion cracking
km kilometer
kN kilonewton
kPa kilopascal
ksi kips (1000 lbf) per square inch
kV kilovolt
kW kilowatt
L longitudinal, liter
lb pound
lbf pound force
LBW laser beam welding
LCL lower control limit
LEED low-energy electron diffraction
LEFM linear elastic fracture mechanics
LME liquid metal embrittlement
LMP Larson-Miller parameter
ln natural logarithm (base e)
LNG liquefied natural gas
log common logarithm (base 10)
m meter
mA milliampere
MC metal carbide
MeV megaelectronvolt
Mf temperature at which martensite formation finishes

during cooling
mg milligram
Mg megagram (metric tonne, or kg � 103)
MIC microbiologically influenced corrosion
min minute; minimum
mL milliliter
mm millimeter

MO multiple operator
MPa megapascal
mpg miles per gallon
mph miles per hour
MRR material removal rate
ms millisecond
Ms temperature at which martensite starts to form

from austenite on cooling
mV millivolt
MV megavolt
N Newton
N number of cycles; normal solution; normal force
NACE National Association of Corrosion Engineers
NASA National Aeronautics and Space Administration
NDE nondestructive evaluation
NEC National Electric Code
NEMA National Electrical Manufacturers Association
NIST National Institute of Standards and Technology
nm nanometer
No. number
OAW oxyacetylene welding
OCV open-circuit voltage
Oe oersted
OFG oxyfuel gas
OFW oxyfuel gas welding
ORNL Oak Ridge National Laboratory
OSHA Occupational Safety and Health Administration
oz ounce
p page
P pearlite
Pa pascal
PAW plasma arc welding
PEEM photoemission electron microscopy
pH negative logarithm of hydrogen-ion activity
PH precipitation hardenable; precipitation hardening
PID proportional-integral-differential
PM planar magnetron
ppb parts per billion
ppm parts per million
ppt parts per trillion
PRE pitting resistance equivalent
psi pounds per square inch
psia pounds per square inch absolute
psig gage pressure (pressure relative to ambient

pressure) in pounds per square inch
PSTM photon scanning tunneling microscopy
PW projection welding
PWAA postweld artificial aging
PWHT postweld heat treatment
PWM pulse width modulation
Q&T quenched and tempered
R roentgen
Ra surface roughness in terms of arithmetic average
RA rosin fully activated; roughness average; reduction

in area
RE rare earth
Ref reference
REF relative erosion factor
rf radio frequency
RH relative humidity
RMA rosin mildly activated
rms root mean square
RPF relative potency factor
rpm revolutions per minute
Rq rms (root mean square) roughness
RS resistance soldering
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RSA rosin superactivated
RSEW seam welding
RSW resistance spot welding
RT room temperature
RW resistance welding
RWMA Resistance Welder Manufacturers Association
s second
S siemens
SAE Society of Automotive Engineers
SAM scanning acoustic microscope/microscopy
SAW submerged arc welding
SCC stress-corrosion cracking
SEM scanning electron microscope/microscopy
SHE standard hydrogen electrode
SI Système International d’Unités
SIR surface insulation resistance
SLAM scanning laser acoustic microscope/microscopy
SLEEM scanning low-energy electron microscopy
SMA shielded metal arc
SMAW shielded metal arc welding
SPA-LEED spot profile analysis-low-energy electron

diffraction
SPC statistical process control
SQC statistical quality control
SRA stress-relief annealing
SSW solid-state welding
STA solution treated and aged
STEM scanning transmission electron microscope/

microscopy
STM/S scanning tunneling microscopy/spectroscopy
SUS Saybolt universal seconds (viscosity)
Sv sievert
SW stud arc welding
t thickness; time

T tesla
T temperature
TB torch brazing
tcp topologically close-packed
TEM transmission electron microscope/microscopy
TGA thermogravimetric analysis
TGSCC transgranular stress-corrosion cracking
TIG tungsten inert gas (welding)
TMCP thermomechanically controlled

process
TS torch soldering
TTT time-temperature transformation
TW thermit welding; thermite welding
UNS Unified Numbering System
USW ultrasonic welding
UTS ultimate tensile strength
UW upset welding
v velocity
V volt
VIM-VAR vacuum induction melted-vacuum arc

remelted
vol volume
vol% volume percent
VPPA variable polarity plasma arc
W watt
WI wettability index
WRC Welding Research

Council
WS wave soldering
WSN weld set number
wt% weight percent
XPS x-ray photoelectron spectroscopy
yr year
Z atomic number
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Metric Conversion Guide

This Section is intended as a guide for
expressing weights and measures in the Sys-
tème International d’Unités (SI). The purpose
of SI units, developed and maintained by the
General Conference of Weights and Measures,
is to provide a basis for worldwide standardiza-
tion of units and measure. For more information
on metric conversions, the reader should con-
sult the following references:

� The International System of Units, SP 330,
1991, National Institute of Standards and
Technology. Order from Superintendent of
Documents, U.S. Government Printing
Office, Washington, DC 20402-9325

� Metric Editorial Guide, 5th ed. (revised),
1993, American National Metric Council,
4340 East West Highway, Suite 401,
Bethesda, MD 20814-4411

� “Standard for Use of the International System
of Units (SI): The Modern Metric System,”
IEEE/ASTM SI 10-1997 Institute of Electri-
cal and Electronics Engineers, 345 East 47th
Street, New York, NY 10017, USA

� Guide for the Use of the International System
of Units (SI), SP811, 1995, National Institute
of Standards and Technology, U.S. Govern-
ment Printing Office, Washington, DC 20402

Base, supplementary, and derived SI units

Measure Unit Symbol

Base units

Amount of substance mole mole
Electric current ampere A
Length meter m
Luminous intensity candela cd
Mass kilogram kg
Thermodynamic temperature kelvin K
Time second s

Supplementary units

Plane angle radian rad
Solid angle steradian sr

Derived units

Absorbed does gray Gy
Acceleration meter per second squared m/s2

Activity (of radionuclides) becquerel Bq
Angular acceleration radian per second squared rad/s2

Angular velocity radian per second rad/s
Area square meter m2

Capacitance farad F
Concentration (of amount of substance) mole per cubic meter mol/m3

Current density ampere per square meter A/m2

Density, mass kilogram per cubic meter kg/m3

Does equivalent, does equivalent index sievert Sv
Electric change density coulomb per cubic meter C/m3

Electric conductance siemens S
Electric field strength volt per cubic meter V/m
Electric flux density coulomb per square meter C/m2

Electric potential, potential difference,
electromotive force

volt V

Electric resistance ohm O
Energy, work, quantity of heat joule J
Energy density joule per cubic meter J/m3

Entropy joule per kelvin J/K

Measure Unit Symbol

Force newton N
Frequency hertz Hz
Heat capacity joule per kelvin J/K
Heat flux density watt per square meter W/m2

Illuminance lux lx
Inductance henry H
Irradiance watt per square meter W/m2

Luminance candela per square meter cd/m2

Luminous flux lumen lm

Magnetic field strength ampere per meter A/m
Magnetic flux weber Wb
Magnetic flux density tesla T
Molar energy joule per mole J/mol
Molar entropy joule per mole kelvin J/mol � K
Molar heat capacity joule per mole kelvin J/m � K
Moment of force newton meter N � m
Permeability henry per meter H/m
Permittivity farad per meter F/m
Power, radiant flux watt W
Pressure, stress pascal Pa
Quantity of electricity, electric charge coulomb C
Radiance watt per square meter

steradian
W/m2� sr

Radiant intensity watt per steradian W/sr
Specific heat capacity joule per kilogram kelvin J/kg � K
Specific energy joule per kilogram J/kg
Specific entropy joule per kilogram kelvin J/kg � K
Specific volume cubic meter per kilogram m3/kg
Specific volume cubic meter per kilogram m3/kg
Surface tension newton per meter N/m
Thermal conductivity watt per meter kelvin W/m � K
Velocity meter per second m/s
Viscosity, dynamic pascal second Pa � s
Viscosity, kinematic square meter per second m2/s
Volume cubic meter m3

Wavenumber 1 per meter 1/m



Conversion factors

To convert from to multiply by

Angle

degree rad 1.745 329 E � 02

Area

in.2 mm2 6.451 600 E + 02
in.2 cm2 6.451 600 E + 00
in.2 m2 6.451 600 E � 04
ft2 m2 9.290 304 E � 02

Bending moment or torque

lbf � in. N � m 1.129 848 E � 01
lbf � ft N � m 1.355 818 E + 00
kgf � m N � m 9.806 650 E + 00
ozf � in. N � m 7.061 552 E � 03

Bending moment or torque per unit length

lbf � in./in. N � m/m 4.448 222 E + 00
lbf � ft/in. N � m/m 5.337 866 E + 01

Current density

A/in.2 A/cm2 1.550 003 E � 01
A/in.2 A/mm2 1.550 003 E � 03
A/ft2 A/m2 1.076 400 E + 01

Electricity and magnetism

gauss T 1.000 000 E � 04
maxwell mWb 1.000 000 E � 02
mho S 1.000 000 E + 00
Oersted A/m 7.957 700 E + 01
O � cm O � m 1.000 000 E � 02
O circular–mil/ft mO � m 1.662 426 E � 03

Energy (impact, other)

ft � lbf J 1.355 818 E + 00
Btu (thermochemical) J 1.054 350 E + 03
cal (thermochemical) J 4.184 000 E + 00
kW � h J 3.600 000 E + 06
W � h J 3.600 000 E + 03

Flow rate

ft3/h L/min 4.719 475 E � 01
ft3/min L/min 2.831 000 E + 01
gal/h L/min 6.309 020 E � 02
gal/min L/min 3.785 412 E + 00

Force

lbf N 4.448 222 E + 00
kip (1000 lbf) N 4.448 222 E + 03
tonf kN 8.896 443 E + 00
kgf N 9.806 650 E + 00

Force per unit length

lbf/ft N/m 1.459 390 E + 01
lbf/in. N/m 1.751 268 E + 02

Fracture toughness

ksi
ffiffiffiffiffiffi

in:
p

Mpa
ffiffiffiffi

m
p

1.098 800 E + 00

Heat content

Btu/lb kJ/kg 2.326 000 E + 00
cal/g kJ/kg 4.186 800 E + 00

To convert from to multiply by

Heat input

J/in. J/m 3.937 008 E + 01
kJ/in. kJ/m 3.937 008 E + 01

Impact energy per unit area

ft.lbf/ft2 J/m2 1.459 002 E + 01

Length

Å nm 1.000 000 E � 01
min. mm 2.540 000 E � 02
mil mm 2.540 000 E + 01
in. mm 2.540 000 E + 01
in. cm 2.540 000 E + 00
ft m 3.048 000 E � 01
yd m 9.144 000 E � 01
mile, international km 1.609 344 E + 00
mile, nautical km 1.852 000 E + 00
mile, U.S. statute km 1.609 347 E + 00

Mass

oz kg 2.834 952 E � 02
lb kg 4.535 924 E � 01
ton (short, 2000 lb) kg 9.071 847 E + 02
ton (short, 2000 lb) kg � 103(a) 9.071 847 E � 01
ton (long, 2240 lb) kg 1.016 047 E + 03

Mass per unit area

oz/in.2 kg/m2 4.395 000 E + 01
oz/ft2 kg/m2 3.051 517 E � 01
oz/yd2 kg/m2 3.390 575 E � 02
lb/ft2 kg/m2 4.882 428 E + 00

Mass per unit length

lb/ft kg/m 1.488 164 E + 00
lb/in. kg/m 1.785 797 E + 01

Mass per unit time

lb/h kg/s 1.259 979 E � 04
lb/min kg/s 7.559 873 E � 03
lb/s kg/s 4.535 924 E � 01

Mass per unit volume (includes density)

g/cm3 kg/m3 1.000 000 E + 03
lb/ft3 g/cm3 1.601 846 E � 02
lb/ft3 kg/m3 1.601 846 E + 01
lb/in.3 g/cm3 2.767 990 E + 01
lb/in.3 kg/m3 2.767 990 E + 04

Power

Btu/s kW 1.055 056 E + 00
Btu/min kW 1.758 426 E � 02
Btu/h W 2.928 751 E � 01
erg/s W 1.000 000 E � 07
ft � lbf/s W 1.355 818 E + 00
ft � lbf/min W 2.259 697 E � 02
ft � lbf/h W 3.766 161 E � 04
hp (550 ft � lbf/s) kW 7.456 999 E � 01
hp (electric) kW 7.460 000 E � 01

Power density

W/in.2 W/m2 1.550 003 E + 03

To convert from to multiply by

Pressure (fluid)

atm (standard) Pa 1.013 250 E + 05
bar Pa 1.000 000 E + 05
in. Hg (32 �F) Pa 3.386 380 E + 03
in.Hg (60 �F) Pa 3.376 850 E + 03
lbf/in.2 (psi) Pa 6.894 757 E + 03
torr (mm Hg, 0 �C) Pa 1.333 220 E + 02

Specific heat

Btu/lb � �F J/kg � K 4.186 800 E + 03
cal/g � �C J/kg � K 4.186 800 E + 03

Stress (force per unit area)

tonf/in.2 (tsi) Mpa 1.378 951 E + 01
kgf/mm2 Mpa 9.806 650 E + 00
ksi Mpa 6.894 757 E + 00
lbf/in.2 (psi) Mpa 6.894 757 E � 03
MN/m2 Mpa 1.000 000 E + 00

Temperature
�F �C 5/9 � (�F � 32)
�R �K 5/9
K �C K�273.15

Temperature interval
�F �C 5/9

Thermal conductivity

Btu � in./s � ft2 � �F W/m � K 5.192 204 E + 02
Btu/ft � h � �F W/m � K 1.730 735 E + 00
Btu � in./h � ft2 � �F W/m � K 1.442 279 E � 01
cal/cm � s � �C W/m � K 4.184 000 E + 02

Thermal expansion(b)

in./in. � �C m/m � K 1.000 000 E + 00
in./in. � �F m/m � K 1.800 000 E + 00

Velocity

ft/h m/s 8.466 667 E � 05
ft/min m/s 5.080 000 E � 03
ft/s m/s 3.048 000 E � 01
in./s m/s 2.540 000 E � 02
km/h m/s 2.777 778 E � 01
mph km/h 1.609 344 E + 00

Velocity of rotation

rev/min (rpm) rad/s 1.047 164 E � 01
rev/s rad/s 6.283 185 E + 00

Viscosity

poise Pa � s 1.000 000 E � 01
stokes m2/s 1.000 000 E � 04
ft2/s m2/s 9.290 304 E � 02
in.2/s mm2/s 6.451 600 E + 02

Volume

in.3 m3 1.638 706 E � 05
ft3 m3 2.831 685 E � 02
fluid oz m3 2.957 353 E � 05
gal (U.S. liquid) m3 3.785 412 E � 03

Volume per unit time

ft3/min m3/s 4.719 474 E � 04
ft3/s m3/s 2.831 685 E � 02
in.3/min m3/s 2.731 177 E � 07

(a) kg � 103 = 1 metric ton or 1 megagram (Mg). (b) Preferred expression is 10�6/F as length units are unnecessary.
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Policy on Units of Measure

By a resolution of its Board of Trustees, ASM International has
adopted the practice of publishing data in both metric and customary
U.S. units of measure. In preparing this Handbook, the editors have
attempted to present data in metric units based primarily on Système
International d’Unités (SI), with secondary mention of the corresponding
values in customary U.S. units. The decision to use SI as the primary sys-
tem of units was based on the aforementioned resolution of the Board of
Trustees and the widespread use of metric units throughout the world.
For the most part, numerical engineering data in the text and in tables

are presented in SI-based units with the customary U.S. equivalents in
parentheses (text) or adjoining columns (tables). For example, pressure,
stress, and strength are shown both in SI units, which are pascals (Pa)
with a suitable prefix, and in customary U.S. units, which are pounds
per square inch (psi). To save space, large values of psi have been con-
verted to kips per square inch (ksi), where 1 ksi = 1000 psi. The metric
tonne (kg � 103) has sometimes been shown in megagrams (Mg). Some
strictly scientific data are presented in SI units only.
To clarify some illustrations, only one set of units is presented on art-

work. References in the accompanying text to data in the illustrations are
presented in both SI-based and customary U.S. units. On graphs and
charts, grids corresponding to SI-based units usually appear along the left
and bottom edges. Where appropriate, corresponding customary U.S.
units appear along the top and right edges.
Data pertaining to a specification published by a specification-writing

group may be given in only the units used in that specification or in dual
units, depending on the nature of the data. For example, the typical yield
strength of steel sheet made to a specification written in customary U.S.

units would be presented in dual units, but the sheet thickness specified
in that specification might be presented only in inches.

Data obtained according to standardized test methods for which the
standard recommends a particular system of units are presented in the
units of that system. Wherever feasible, equivalent units are also pre-
sented. Some statistical data may also be presented in only the original
units used in the analysis.

Conversions and rounding have been done in accordance with IEEE/
ASTM SI-10, with attention given to the number of significant digits in
the original data. For example, an annealing temperature of 1570 �F con-
tains three significant digits. In this case, the equivalent temperature
would be given as 855 �C; the exact conversion to 854.44 �C would
not be appropriate. For an invariant physical phenomenon that occurs at
a precise temperature (such as the melting of pure silver), it would be
appropriate to report the temperature as 961.93 �C or 1763.5 �F. In some
instances (especially in tables and data compilations), temperature values
in �C and �F are alternatives rather than conversions.

The policy of units of measure in this Handbook contains several
exceptions to strict conformance to IEEE/ASTM SI-10; in each instance,
the exception has been made in an effort to improve the clarity of the
Handbook. The most notable exception is the use of g/cm3 rather than
kg/m3 as the unit of measure for density (mass per unit volume).

SI practice requires that only one virgule (diagonal) appear in units
formed by combination of several basic units. Therefore, all of the units
preceding the virgule are in the numerator and all units following the vir-
gule are in the denominator of the expression; no parentheses are required
to prevent ambiguity.
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Glossary of Terms*

A
activated rosin flux A rosin-base flux contain-
ing an additive that increases wetting by the
solder.

actual throat The shortest distance between the
weld root and the face of a fillet weld.

adhesive bonding A materials joining process
in which an adhesive is placed between the
faying surfaces. The adhesive solidifies to
produce an adhesive bond.

air carbon arc cutting (AC-A) An arc cutting
process that melts base metals by the heat
of a carbon arc and removes the molten
metal by a blast of air.

arc blow The deflection of an electric arc from
its normal path because of magnetic forces.

arc brazing (AB) A brazing process that uses
an arc to provide the heat. See carbon arc
brazing.

arc cutting (AC) A group of cutting processes
that melt the base metal with the heat of an
arc between an electrode and the base metal.

air cutting gun (gas metal arc cutting) A
device used in semiautomatic, machine, and
automatic arc cutting to transfer current,
guide the consumable electrode, and direct
the shielding gas.

arc force The axial force developed by an arc
plasma.

arc gouging An arc cutting process variation
used to form a bevel or groove.

arc oxygen cutting A nonstandard term for
oxygen arc cutting.

arc seam weld A seam weld made by an arc
welding process.

arc spot weld A spot weld made by an arc
welding process.

arc spraying (ASP) A thermal spraying pro-
cess using an arc between two consumable
electrodes of surfacing materials as a heat
source and a compressed gas to atomize and
propel the surfacing material to the substrate.

arc strike A discontinuity consisting of any
localized remelted metal, heat-affected
metal, or change in the surface profile of
any part of a weld or base metal resulting
from an arc.

arc welding (AW) A group of welding pro-
cesses that produces coalescence of metals
by heating them with an arc, with or without

the application of pressure, and with or with-
out the use of filler metal.

arc welding electrode A component of the
welding circuit through which current is con-
ducted and which terminates at the arc.

arc welding gun A device used in semiauto-
matic, machine, and automatic arc welding
to transfer current, guide the consumable
electrode, and direct the shielding gas.

as-welded The condition of weld metal, welded
joints, and weldments after welding, but prior
to any subsequent thermal, mechanical, or
chemical treatments.

autogenous weld A fusion weld made without
the addition of filler metal.

automatic welding Welding with equipment
that performs the welding operation without
adjustment of the controls by a welding oper-
ator. The equipment may or may not load
and unload the workpieces. See also machine
welding.

B
back bead A weld bead resulting from a back
weld pass.

backfire The momentary recession of the flame
into the welding tip or cutting tip followed by
immediate reappearance or complete extinc-
tion of the flame.

back gouging The removal of weld metal and
base metal from the other side of a partially
welded joint to facilitate complete fusion
and complete joint penetration upon
subsequent welding from that side.

backhand welding A welding technique in
which the welding torch or gun is directed
opposite to the progress of welding.

backing A material or device placed against the
back side of the joint, or at both sides of a
weld in electroslag and electrogas welding,
to support and retain molten weld metal.
The material may be partially fused or
remain unfused during welding and may be
either metal or nonmetal.

backing bead A weld bead resulting from a
backing pass.

backing filler metal A nonstandard term for
consumable insert.

backing pass A weld pass made for a backing
weld.

backing ring Backing in the form of a ring,
generally used in the welding of pipe.

backing shoe A nonconsumable backing device
used in electroslag and electrogas welding.

backing weld Backing in the form of a weld.
backstep sequence A longitudinal sequence in
which weld passes are made in the direction
opposite to the progress of welding.

back weld A weld made at the back of a single-
groove weld.

balling up The formation of globules of molten
brazing filler metal or flux due to lack of wet-
ting of the base metal.

base material The material to be welded,
brazed, soldered, or cut. See also base metal
and substrate.

base metal The metal to be welded, brazed,
soldered, or cut. See also base material and
substrate.

bead weld A nonstandard term for surfacing
weld.

bevel An angular edge preparation.
bevel angle The angle formed between the
prepared edge of a member and a plane per-
pendicular to the surface of the member.

bevel groove weld A type of groove weld.
bit That part of the soldering iron, usually made
of copper, that actually transfers heat (and
sometimes solder) to the joint.

blacksmith welding A nonstandard term for
forge welding.

block sequence A combined longitudinal and
cross-sectional sequence for a continuous
multiple-pass weld in which separated incre-
ments are completely or partially welded
before intervening increments are welded.

blowhole A nonstandard term for porosity.
bond See bonding force, covalent bond,
mechanical bond, and metallic bond.

bond coat (thermal spraying) A preliminary
(or prime) coat of material that improves
adherence of the subsequent spray deposit.

bonding force The force that holds two atoms
together. It results from a decrease in energy
as two atoms are brought closer to one
another.

bond line The cross section of the interface
between thermal spray deposits and sub-
strate, or between adhesive and adherend in
an adhesive bonded joint.

*Adapted from Glossary of Terms, ASM Handbook, Volume 6, Welding, Brazing, and Soldering, ASM International, 1993.



bottle A nonstandard term for gas cylinder.
boxing The continuation of a fillet weld around
a corner of a member as an extension of the
principal weld.

braze A weld produced by heating an assembly
to the brazing temperature using a filler metal
having a liquidus above 450 �C (840 �F) and
below the solidus of the base metal. The filler
metal is distributed between the closely fitted
faying surfaces of the joint by capillary
action.

braze interface The interface between filler
metal and base metal in a brazed joint.

brazement An assembly whose component
parts are joined by brazing.

brazer One who performs a manual or semiau-
tomatic brazing operation.

braze welding A welding process variation in
which a filler metal, having a liquidus above
450 �C (840 �F) and below the solidus of the
base metal, is used. Unlike brazing, in braze
welding the filler metal is not distributed in
the joint by capillary action.

brazing (B) A group of welding processes that
produce coalescence of materials by heating
them to the brazing temperature in the pres-
ence of a filler metal having a liquidus above
450 �C (840 �F) and below the solidus of the
base metal. The filler metal is distributed
between the closely fitted faying surfaces of
the joint by capillary action.

brazing alloy A nonstandard term for brazing
filler metal.

brazing filler metal The metal that fills the
capillary joint clearance and has a liquidus
above 450 �C (840 �F) but below the solidus
of the base metals.

brazing operator One who operates machine
or automatic brazing equipment.

brittle nugget A nonstandard term used to
describe a faying plane failure in a resistance
weld peel test.

bronze welding A nonstandard term for braze
welding.

buildup A surfacing variation in which
surfacing metal is deposited to achieve the
required dimensions. See also buttering.

burner A nonstandard term for oxygen cutter.
burning A nonstandard term for oxygen
cutting.

burn through A nonstandard term for exces-
sive melt through or a hole.

burn through weld A nonstandard term for a
seam weld or spot weld.

buttering A surfacing variation that deposits
surfacing metal on one or more surfaces to
provide metallurgically compatible weld
metal for the subsequent completion of the
weld. See also buildup.

butt joint A joint between two members
aligned approximately in the same plane.

button That part of a weld, including all or part
of the nugget, that tears out in the destructive
testing of spot, seam, or projection welded
specimens.

butt weld A nonstandard term for a weld in a
butt joint.

C
carbon arc brazing (CAB) A brazing process
that produces coalescence of metals by
heating them with an electric arc bet-
ween two carbon electrodes. The filler
metal is distributed in the joint by capillary
action.

carbon arc cutting (CAC) An arc cutting pro-
cess that severs base metals by melting them
with the heat of an arc between a carbon
electrode and the base metal.

carbon arc welding (CAW) An arc welding
process that produces coalescence of metals
by heating them with an arc between a car-
bon electrode and the base metal. No shield-
ing is used. Pressure and filler metal may or
may not be used.

carbonizing flame A nonstandard term for
reducing flame.

caulk weld A nonstandard term for seal weld.
chain intermittent weld An intermittent weld
on both sides of a joint in which the weld
increments on one side are approximately
opposite those on the other side.

chamfer A nonstandard term for bevel.
chemical flux cutting (FOC) An oxygen cut-
ting process that severs base metals using a
chemical flux to facilitate cutting.

chill ring A nonstandard term for backing ring.
clad brazing sheet A metal sheet on which one
or both sides are clad with brazing filler
metal.

coalescence The growing together or
growth into one body of the materials being
welded.

coated electrode A nonstandard term for cov-
ered electrode.

coating density A nonstandard term for spray
deposit density ratio.

coextrusion welding (CEW) A solid-state
welding process that produces coalescence
of the faying surfaces by heating and forcing
base metals through an extrusion die.

cold crack A crack that develops after solidifi-
cation is complete.

cold soldered joint A joint with incomplete
coalescence caused by insufficient applica-
tion of heat to the base metal during
soldering.

cold welding (CW) A solid-state welding pro-
cess in which pressure is used at room tem-
perature to produce coalescence of metals
with substantial deformation at the weld.
See also diffusion welding, forge welding,
and hot pressure welding.

complete fusion Fusion which has occurred
over the entire base metal surface intended
for welding and between all adjoining weld
beads.

complete joint penetration A penetration by
weld metal for the full thickness of the base
metal in a joint with a groove weld.

complete penetration A nonstandard term for
complete joint penetration.

concavity The maximum distance from the
face of a concave fillet weld perpendicular
to a line joining the weld toes.

cone The conical part of an oxyfuel gas flame
next to the orifice of the tip.

constricted arc (plasma arc welding and cut-
ting) A plasma arc column that is shaped by
a constricting nozzle orifice.

consumable insert Preplaced filler metal that is
completely fused into the joint root and
becomes part of the weld.

contact resistance (resistance welding) Resis-
tance to the flowof electric current between two
workpieces or an electrode and a workpiece.

contact tube A device that transfers current to
a continuous electrode.

convexity The maximum distance from the
face of a convex fillet weld perpendicular to
a line joining the weld toes.

copper brazing A nonstandard term for braz-
ing with a copper filler metal.

cored solder A solder wire or bar containing
flux as a core.

corner-flange weld A flange weld with only
one member flanged at the joint.

corner joint A joint between two members
located approximately at right angles to each
other.

corona (resistance welding) The area some-
times surrounding the nugget of a spot weld
at the faying surface which provides a degree
of solid-state welding.

CO2 welding A nonstandard term for gas metal
arc welding.

covalent bond A primary bond arising from the
reduction in energy associated with overlap-
ping half-filled orbitals of two atoms.

covered electrode A composite filler metal
electrode consisting of a core of a bare elec-
trode or metal-cored electrode to which a
covering sufficient to provide a slag layer
on the weld metal has been applied. The cov-
ering may contain materials providing such
functions as shielding from the atmosphere,
deoxidation, and arc stabilization and can
serve as a source of metallic additions to
the weld.

crack A fracture type discontinuity character-
ized by a sharp tip and high ratio of length
and width to opening displacement.

crater A depression at the termination of a
weld bead.

cutting attachment A device for converting an
oxyfuel gas welding torch into an oxygen
cutting torch.

cutting blowpipe A nonstandard term for cut-
ting torch.

cutting nozzle A nonstandard term for cutting
tip.

cutting tip The part of an oxygen cutting torch
from which the gases issue.

cutting torch (arc) A device used in air carbon
arc cutting, gas tungsten arc cutting, and
plasma arc cutting to control the position of
the electrode, to transfer current, and to con-
trol the flow of gases.

cutting torch (oxyfuel gas) A device used for
directing the preheating flame produced by
the controlled combustion of fuel gases and
to direct and control the cutting oxygen.
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cylinder manifold A multiple header for inter-
connection of gas or fluid sources with distri-
bution points.

D
defect A discontinuity or discontinuities that by
nature or accumulated effect (for example,
total crack length) render a part or product
unable to meet minimum applicable accep-
tance standards or specifications. This term
designates rejectability. See also discontinu-
ity and flaw.

deposit (thermal spraying) A nonstandard
term for spray deposit.

deposited metal Filler metal that has been
added during welding.

deposition efficiency (arc welding) The ratio
of the weight of deposited metal to the net
weight of filler metal consumed, exclusive
of stubs.

deposition efficiency (thermal spraying) The
ratio of the weight of spray deposit to the
weight of the surfacing material sprayed,
usually expressed in percent.

deposition sequence A nonstandard term for
weld pass sequence.

depth of fusion The distance that fusion
extends into the base metal or previous pass
from the surface melted during welding.

diffusion bonding A nonstandard term for dif-
fusion brazing and diffusion welding.

diffusion brazing (DFB) A brazing process
that produces coalescence of metals by heat-
ing them to brazing temperature and by using
a filler metal or an in situ liquid phase. The
filler metal may be distributed by capillary
action or may be placed or formed at the fay-
ing surfaces. The filler metal is diffused with
the base metal to the extent that the joint
properties have been changed to approach
those of the base metal. Pressure may or
may not be applied.

diffusion welding (DFW) A solid-state weld-
ing process that produces coalescence of the
faying surfaces by the application of pressure
at elevated temperature. The process does not
involve macroscopic deformation, melting,
or relative motion of the workpieces. A solid
filler metal may or may not be inserted
between the faying surfaces. See also cold
welding, forge welding, and hot pressure
welding.

dilution The change in chemical composition
of a welding filler metal caused by the
admixture of the base metal or previous weld
metal in the weld bead. It is measured by the
percentage of base metal or previous weld
metal in the weld bead.

diode laser a semiconductor laser. A p-n junc-
tion semiconductor with a resonator cavity
that is capable of emitting electromagnetic
radiation in the wavelength range of 0.180
mm to 1 mm, by radiative recombination in
the semiconductor.

diode pumped solid state (DPSS) laser: also
known as DPSSL, employs diodes to pump/
excite the solid state lasing gain medium

such as a ruby crystal, a Neodymium doped
Yttrium Aluminum Garnet (Nd:YAG) crys-
tal, a Ytterbium doped silica core fiber (Yb:
fiber) or a Ytterbium doped Yttrium Alumi-
num Garnet crystal (Yb:YAG) thin disk laser

dip brazing (DB) A brazing process using the
heat furnished by a molten chemical or metal
bath. When a molten chemical bath is used,
the bath may act as a flux. When a molten
metal bath is used, the bath provides the filler
metal.

dip soldering (DS) A soldering process using
the heat furnished by a molten metal bath
which provides the solder filler metal.

direct current electrode negative (DCEN)
The arrangement of direct current arc weld-
ing leads in which the workpiece is the posi-
tive pole and the electrode is the negative
pole of the welding arc.

direct current electrode positive (DCEP) The
arrangement of direct current arc welding
leads in which the workpiece is the negative
pole and the electrode is the positive pole
of the welding arc.

direct current reverse polarity A nonstandard
term for direct current electrode positive.

direct current straight polarity A nonstandard
term for direct current electrode negative.

discontinuity An interruption of the typical
structure of a weldment, such as a lack of
homogeneity in the mechanical, metallurgi-
cal, or physical characteristics of the material
or weldment. A discontinuity is not necessar-
ily a defect. See also defect and flaw.

double-bevel-groove weld A type of groove
weld.

double-flare-bevel-groove weld A weld in
grooves formed by a member with a curved
surface in contact with a planar member.

double-flare-V-groove weld A weld in grooves
formed by two members with curved
surfaces.

double-J-groove weld A type of groove weld.
double-square-groove weld A type of groove
weld.

double-U-groove weld A type of groove weld.
double-V-groove weld A type of groove weld.
double-welded joint A fusion-welded joint that
is welded from both sides.

downhand A nonstandard term for flat
position.

drag (thermal cutting) The offset distance
between the actual and straight line exit
points of the gas stream or cutting beam
measured on the exit surface of the material.

E
edge-flange weld A flange weld with two mem-
bers flanged at the location of welding.

edge joint A joint between the edges of two or
more parallel or nearly parallel members.

edge weld A weld in an edge joint.
edge weld size The weld metal thickness
measured at the weld root.

effective throat The minimum distance minus
any convexity between the weld root and
the face of a fillet weld.

electric arc spraying A nonstandard term for
arc spraying.

electric bonding A nonstandard term for
surfacing by thermal spraying.

electric brazing A nonstandard term for arc
brazing and resistance brazing.

electrode See welding electrode.
electrode extension For gas metal arc welding,
flux cored arc welding, and submerged arc
welding, the length of unmelted electrode
extending beyond the end of the contact tube.

electrode force The force between the electro-
des in making spot, seam, or projection
welds by resistance welding.

electrode holder A device used for mechani-
cally holding the electrode while conducting
current to it.

electrode indentation (resistance welding)
The depression formed on the surface of
workpieces by electrodes.

electrode lead The electrical conductor
between the source of arc welding current
and the electrode holder.

electrogas welding (EGW) An arc welding
process that produces coalescence of metals
by heating them with an arc between a con-
tinuous filler metal electrode and the work.
Molding shoes are used to confine the molten
weld metal for vertical position welding. The
electrodes may be either flux cored or solid.
Shielding may or may not be obtained from
an externally supplied gas or mixture.

electron beam cutting (EBC) A cutting pro-
cess that uses the heat obtained from a con-
centrated beam composed primarily of high-
velocity electrons which impinge upon the
workpieces; it may or may not use an exter-
nally supplied gas.

electron beam gun A device for producing
and accelerating electrons. Typical compo-
nents include the emitter (also called the
filament or cathode), which is heated to pro-
duce electrons via thermionic emission; a
cup (also called the grid or grid cup); and
the anode.

electron beam welding (EBW) A welding pro-
cess that produces coalescence of metals with
the heat obtained from a concentrated beam
composed primarily of high-velocity elec-
trons impinging on the joint.

electroslag welding (ESW) A welding process
that produces coalescence of metals with
molten slag that melts the filler metal and
the surfaces of the workpieces. The weld
pool is shielded by this slag, which moves
along the full cross section of the joint as
welding progresses. The process is initiated
by an arc that heats the slag. The arc is then
extinguished by the conductive slag, which
is kept molten by its resistance to electric
current passing between the electrode and
the workpieces.

end return A nonstandard term for boxing.
erosion (brazing) A condition caused by disso-
lution of the base metal by molten filler
metal resulting in a reduction in the thickness
of the base metal.

884 / Reference Information



explosion welding (EXW) A solid-state weld-
ing process that affects coalescence by
high-velocity movement together with the
workpieces produced by a controlled
detonation.

F
face reinforcement Weld reinforcement at the
side of the joint from which welding was
done. See also root reinforcement.

faying surface That mating surface of a mem-
ber that is in contact with or in close proxim-
ity to another member to which it is to be
joined.

ferrite number An arbitrary, standardized
value designating the ferrite content of an
austenitic stainless steel weld metal. It should
be used in place of percent ferrite or volume
percent ferrite on a direct replacement basis.

fiber laser: a solid state laser in which the
active (lasing) medium is a doped optical
fiber. See also diode pumped solid state
laser

filler metal The metal to be added in making a
welded, brazed, or soldered joint. See also
brazing filler metal, consumable insert, sol-
der, welding electrode, welding rod, and
welding wire.

filler wire A nonstandard term for welding
wire.

fillet weld A weld of approximately triangular
cross section joining two surfaces approxi-
mately at right angles to each other in a lap
joint, T-joint, or corner joint.

fillet weld break test A test in which the speci-
men is loaded so that the weld root is in
tension.

fillet weld leg The distance from the joint root
to the toe of the fillet weld.

fillet weld size For equal leg fillet welds, the
leg lengths of the largest isosceles right trian-
gle that can be inscribed within the fillet
weld cross section. For unequal leg fillets,
the leg lengths of the largest right triangle
that can be inscribed within the fillet weld
cross section.

fillet weld throat See actual throat, effective
throat, and theoretical throat.

firecracker welding A variation of the shielded
metal arc welding process in which a length
of covered electrode is placed along the joint
in contact with the workpieces. During the
welding operation, the stationary electrode
is consumed as the arc travels the length of
the electrode.

fisheye A discontinuity found on the fracture
surface of a weld in steel that consists of a
small pore or inclusion surrounded by an
approximately round, bright area.

flame cutting A nonstandard term for oxygen
cutting.

flame propagation rate The speed at which a
flame travels through a mixture of gases.

flame spraying (FLSP) A thermal spraying
process in which an oxyfuel gas flame is
the source of heat for melting the surfacing
material. Compressed gas may or may not

be used for atomizing and propelling the
surfacing material to the substrate.

flange weld A weld made on the edges of two
or more members to be joined, usually light
gage metal, at least one of the members
being flanged.

flange weld size The weld metal thickness
measured at the weld root.

flare-bevel-groove weld A weld in a groove
formed by a member with a curved surface
in contact with a planar member.

flare-V-groove weld A weld in a groove
formed by two members with curved
surfaces.

flash Material that is expelled from a flash weld
prior to the upset portion of the welding
cycle.

flash butt welding A nonstandard term for
flash welding.

flash coat A thin coating usually less than 0.05
mm (0.002 in.) in thickness.

flash welding (FW) A resistance welding pro-
cess that produces coalescence at the faying
surfaces of a butt joint by a flashing action
and by the application of pressure after heat-
ing is substantially completed. The flashing
action, caused by the very high current densi-
ties at small contacts between the parts, for-
cibly expels the material from the joint as
the parts are slowly moved together. The
weld is completed by a rapid upsetting of
the workpieces.

flat position The welding position used to weld
from the upper side of the joint; the face of
the weld is approximately horizontal.

flaw A near synonym for discontinuity but with
an undesirable connotation. See also defect
and discontinuity.

flow brightening (soldering) Fusion of a
metallic coating on a base metal.

flux Material used to prevent, dissolve, or facil-
itate removal of oxides and other undesirable
surface substances.

flux cored arc welding (FCAW) An arc
welding process that produces coalescence
of metals by heating them with an arc
between a continuous filler metal ele-
ctrode and the work. Shielding is provided
by a flux contained within the tubular
electrode. Additional shielding may or may
not be obtained from an externally supplied
gas or gas mixture. See also flux cored
electrode.

flux cored electrode A composite filler
metal electrode consisting of a metal tube
or other hollow configuration containing
ingredients to provide such functions as
shielding atmosphere, deoxidation, arc stabi-
lization, and slag formation. Minor amounts
of alloying materials may be included in the
core. External shielding may or may not be
used.

flux cover (metal bath dip brazing and dip
soldering) A layer of molten flux over the
molten filler metal bath.

flux oxygen cutting A nonstandard term for
chemical flux cutting.

forehand welding A welding technique in
which the welding torch or gun is directed
toward the progress of welding.

forge welding (FOW) A solid-state welding
process that produces coalescence of metals
by heating them in air in a forge and by
applying pressure or blows sufficient to cause
permanent deformation at the interface. See
also cold welding, diffusion welding, hot
pressure welding, and roll welding.

friction welding (FRW) A solid-state
welding process that produces coalescence
of materials under compressive force
contact of workpieces rotating or moving
relative to one another to produce heat and
plastically displace material from the faying
surfaces.

furnace brazing (FB) A brazing process in
which the workpieces are placed in a furnace
and heated to the brazing temperature.

furnace soldering (FS) A soldering process in
which the workpieces are placed in a furnace
and heated to the soldering temperature.

fused spray deposit (thermal spraying) A
self-fluxing spray deposit that is subsequently
heated to coalescence within itself and with
the substrate.

fusion The melting together of filler metal and
base metal (substrate), or of base metal only,
which results in coalescence. See also depth
of fusion.

fusion face A surface of the base metal that
will be melted during welding.

fusion welding Any welding process that uses
fusion of the base metal to make the weld.

fusion zone The area of base metal melted as
determined on the cross section of a weld.

G
gap A nonstandard term for joint clearance and
root opening.

gas brazing A nonstandard term for torch
brazing.

gas cutter A nonstandard term for oxygen
cutter.

gas cutting A nonstandard term for oxygen
cutting.

gas cylinder A portable container used for
transportation and storage of a compressed
gas.

gas gouging A nonstandard term for oxygen
gouging.

gas laser A laser in which the lasing medium is
a gas.

gas metal arc cutting (GMAC) An arc cutting
process in which metals are severed by melt-
ing them with the heat of an arc between a
continuous filler metal electrode and the
workpiece. Shielding is obtained entirely
from an externally supplied gas.

gas metal arc welding (GMAW) An arc weld-
ing process that produces coalescence of
metals by heating them with an arc between
a continuous filler metal electrode and the
workpieces. Shielding is obtained entirely
from an externally supplied gas.

gas pocket A nonstandard term for porosity.
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gas regulator A device for controlling the
delivery of gas at some substantially constant
pressure.

gas shielded arc welding A general term used
to describe flux cored arc welding (when
gas shielding is employed), gas metal arc
welding, and gas tungsten arc welding.

gas torch A nonstandard term for cutting torch
and welding torch.

gas tungsten arc cutting (GTAC) An arc cut-
ting process in which metals are severed by
melting them with an arc between a single
tungsten electrode and the workpiece. Shield-
ing is obtained from a gas.

gas tungsten arc welding (GTAW) An arc
welding process that produces coalescence
of metals by heating them with an arc
between a tungsten electrode (nonconsum-
able) and the workpieces. Shielding is
obtained from a gas. Pressure may or may
not be used, and filler metal may or may
not be used.

gas welding A nonstandard term for oxyfuel
gas welding.

globular transfer (arc welding) The transfer
of molten metal in large drops from a con-
sumable electrode across the arc. See also
short circuiting transfer and spray transfer.

gouging The forming of a bevel or groove by
material removal. See also arc gouging, back
gouging, and oxygen gouging.

groove angle The total included angle of the
groove between the workpieces.

groove face That surface of a joint member
included in the groove.

groove radius The radius used to form the
shape of a J- or U-groove weld.

groove weld A weld made in a groove between
the workpieces.

groove weld size The joint penetration of a
groove weld.

groove weld throat A nonstandard term for
groove weld size.

ground connection An electrical connection of
the welding machine frame to the earth for
safety. See also workpiece connection and
workpiece lead.

ground lead A nonstandard term for workpiece
lead.

gun See air cutting gun, arc welding gun, elec-
tron beam gun, resistance welding gun, sol-
dering gun, and thermal spraying gun.

H
hammer welding A nonstandard term for cold
welding and forge welding.

hard solder A nonstandard term for silver-base
brazing filler metals.

heat affected zone That portion of the base
metal that has not been melted, but whose
mechanical properties or microstructure have
been altered by the heat of welding, brazing,
soldering, or cutting.

high frequency resistance welding A group of
resistance welding process variations that
uses high frequency welding current to

concentrate the welding heat at the desired
location.

horizontal fixed position (pipe welding) The
position of a pipe joint in which the axis of
the pipe is approximately horizontal, and
the pipe is not rotated during welding.

horizontal position (fillet weld) The position
in which welding is performed on the upper
side of an approximately horizontal surface
and against an approximately vertical
surface.

horizontal position (groove weld) The posi-
tion of welding in which the weld axis lies
in an approximately horizontal plane and
the weld face lies in an approximately verti-
cal plane.

horizontal rolled position (pipe welding) The
position of a pipe joint in which the axis of
the pipe is approximately horizontal, and
welding is performed in the flat position by
rotating the pipe.

hot crack A crack that develops during
solidification.

hot pressure welding (HPW) A solid-state
welding process that produces coalescence
of metals with heat and application of pres-
sure sufficient to produce macrodeformation
of the base metal. Vacuum or other shielding
media may be used. See also diffusion weld-
ing and forge welding.

hydrogen brazing A nonstandard term for any
brazing process that takes place in a hydro-
gen atmosphere.

I
impulse (resistance welding) A group of
pulses occurring on a regular frequency sepa-
rated only by an interpulse time.

inclined position The position of a pipe joint in
which the axis of the pipe is at an angle of
approximately 45� to the horizontal, and the
pipe is not rotated during welding.

inclined position (with restriction ring) The
position of a pipe joint in which the axis of
the pipe is at an angle of approximately 45�
to the horizontal, and a restriction ring is
located near the joint. The pipe is not rotated
during welding.

included angle A nonstandard term for groove
angle.

induction brazing (IB) A brazing process in
which the heat required is obtained from the
resistance of the workpieces to induced elec-
tric current.

induction soldering (IS) A soldering process in
which the heat required is obtained from the
resistance of the workpieces to induced elec-
tric current.

induction welding (IW) A welding process
that produces coalescence of metals by the
heat obtained from the resistance of the
workpieces to the flow of induced high fre-
quency welding current with or without the
application of pressure. The effect of the high
frequency welding current is to concentrate
the welding heat at the desired location.

inert gas A gas that normally does not combine
chemically with the base metal or filler
metal. See also protective atmosphere.

inert gas metal arc welding A nonstandard
term for gas metal arc welding.

inert gas tungsten arc welding A nonstandard
term for gas tungsten arc welding.

infrared brazing (IRB) A brazing process in
which the heat required is furnished by infra-
red radiation.

infrared soldering (IRS) A soldering process
in which the heat required is furnished by
infrared radiation.

intergranular penetration The penetration of
a filler metal along the grain boundaries of
a base metal.

interpass temperature In a multipass weld, the
temperature of the weld metal before the next
pass is started.

iron soldering (INS) A soldering process in
which the heat required is obtained from a
soldering iron.

J
J-groove weld A type of groove weld.
joint The junction of members or the edges of
members which are to be joined or have been
joined.

joint clearance The distance between the fay-
ing surfaces of a joint. In brazing, this dis-
tance is referred to as that which is present
before brazing, at the brazing temperature,
or after brazing is completed.

joint efficiency The ratio of the strength of a
joint to the strength of the base metal,
expressed in percent.

joint penetration The depth a weld extends
from its face into a joint, exclusive of
reinforcement.

joint root That portion of a joint to be welded
where the members approach closest to each
other. In cross section, the joint root may be
either a point, a line, or an area.

joint type A weld joint classification based on
the five basic arrangements of the component
parts such as butt joint, corner joint, edge
joint, lap joint, and T-joint.

K
kerf The width of the cut produced during a
cutting process.

L
lamellar tear A terracelike fracture in the base
metal with a basic orientation parallel to the
wrought surface. It is caused by the high
stress in the thickness direction that results
from welding.

land A nonstandard term for root face.
lap joint A joint between two overlapping
members in parallel planes.

laser A device that produces a concentrated
coherent light beam by stimulating electronic
or molecular transitions to lower energy
levels. Laser is an acronym for light amplifi-
cation by stimulated emission of radiation.
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laser beam cutting (LBC) A thermal cutting
process that severs materials by melting or
vaporizing them with the heat obtained from
a laser beam, with or without the application
of gas jets to augment the removal of
material.

laser beam welding (LBW) A welding process
that produces coalescence of materials with
the heat obtained from the application of a
concentrated coherent light beam impinging
upon the joint.

lead burning A nonstandard term for the weld-
ing of lead.

liquation The separation of a low melting con-
stituent of an alloy from the remaining con-
stituents, usually apparent in alloys having a
wide melting range.

locked-up stress A nonstandard term for resid-
ual stress.

longitudinal crack A crack with its major axis
orientation approximately parallel to the
weld axis.

M
machine welding Welding with equipment that
performs the welding operation under the
constant observation and control of a welding
operator. The equipment may or may not
load and unload the workpieces. See also
automatic welding.

macroetch test A test in which the specimen is
prepared with a fine finish and etched to give
a clear definition of the weld.

manual welding A welding operation per-
formed and controlled completely by hand.
See also automatic welding, machine weld-
ing, and semiautomatic welding.

mask (thermal spraying) A device for protect-
ing a substrate surface from the effects of
blasting or adherence of a spray deposit.

mechanical bond (thermal spraying) The
adherence of a spray deposit to a roughened
surface by the mechanism of particle
interlocking.

melt-through Visible root reinforcement pro-
duced in a joint welded from one side.

metal arc cutting (MAC) Any of a group of
arc cutting processes that serves metals by
melting them with the heat of an arc between
a metal electrode and the base metal. See
also gas metal arc cutting and shielded metal
arc cutting.

metal cored electrode A composite filler metal
electrode consisting of a metal tube or other
hollow configuration containing alloying
materials. Minor amounts of ingredients and
fluxing of oxides may be included. External
shielding gas may or may not be used.

metal electrode A filler or nonfiller metal elec-
trode used in arc welding or cutting that con-
sists of a metal wire or rod that has been
manufactured by any method and that is
either bare or covered.

metallic bond The principal bond that holds
metals together and is formed between base
metals and filler metals in all welding pro-
cesses. This is a primary bond arising from

the increased spatial extension of the valence
electron wave functions when an aggregate
of metal atoms is brought close together.
See also bonding force and covalent bond.

metallizing A nonstandard term for thermal
spraying.

metallurgical bond A nonstandard term for
metallic bond.

metal powder cutting (POC) An oxygen cut-
ting process that severs metals through the
use of powder, such as iron, to facilitate
cutting.

MIG welding A nonstandard term for flux
cored arc welding and gas metal arc
welding.

mixing chamber That part of a welding or cut-
ting torch in which a fuel gas and oxygen are
mixed.

molten weld pool A nonstandard term for weld
pool.

multiport nozzle (plasma arc welding and
cutting) A constricting nozzle containing
two or more orifices located in a configura-
tion to achieve a degree of control over the
arc shape.

N
neutral flame An oxyfuel gas flame in which
the portion used is neither oxidizing nor
reducing. See also oxidizing flame and reduc-
ing flame.

nontransferred arc (plasma arc welding and
cutting, and plasma spraying) An arc estab-
lished between the electrode and the con-
stricting nozzle. The workpiece is not in the
electrical circuit. See also transferred arc.

nozzle A device that directs shielding media.
nugget The weld metal joining the workpieces
in spot, roll spot, seam, or projection welds.

nugget size (resistance welding) The diameter
of a spot or projection weld or width of a
seam weld measured in the plane of the fay-
ing surfaces.

O
orifice gas (plasma arc welding and cutting)
The gas that is directed into the torch to sur-
round the electrode. It becomes ionized in the
arc to form the plasma and issues from the ori-
fice in the torch nozzle as the plasma jet.

oven soldering A nonstandard term for furnace
soldering.

overhead position The position in which weld-
ing is performed from the underside of the
joint.

overlap The protrusion of weld metal beyond
the weld toes or weld root.

overlap (resistance seam welding) The portion
of the preceding weld nugget remelted by the
succeeding weld.

overlaying A nonstandard term for surfacing
oxidizing flame An oxyfuel gas flame
having an oxidizing effect due to excess
oxygen. See also neutral flame and reducing
flame.

oxyacetylene welding (OAW) An oxyfuel gas
welding process that produces coalescence

of metals by heating them with a gas flame
or flames obtained from the combustion of
acetylene with oxygen. The process may be
used with or without the application of pres-
sure and with or without the use of filler
metal.

oxyfuel gas cutting (OFC) A group of cutting
processes used to sever metals by means of
the chemical reaction of oxygen with the
base metal at elevated temperatures. The nec-
essary temperature is maintained by means of
gas flames obtained from the combustion of a
specified fuel gas and oxygen. See also oxy-
gen cutting.

oxyfuel gas spraying A nonstandard term for
flame spraying.

oxyfuel gas welding (OFW) A group of weld-
ing processes that produces coalescence by
heating materials with an oxyfuel gas flame
or flames, with or without the application of
pressure, and with or without the use of filler
metal.

oxygas cutting A nonstandard term for oxygen
cutting.

oxygen arc cutting (AOC) An oxygen cutting
process used to sever metals by means of
the chemical reaction of oxygen with the
base metal at elevated temperatures. The nec-
essary temperature is maintained by an arc
between a consumable tubular electrode and
the base metal.

oxygen cutter One who performs a manual
oxygen cutting operation.

oxygen cutting (OC) A group of cutting pro-
cesses used to sever or remove metals by
means of the chemical reaction between oxy-
gen and the base metal at elevated tempera-
tures. In the case of oxidation-resistant
metals, the reaction is facilitated by the use
of a chemical flux or metal powder. See also
chemical flux cutting, metal powder cutting,
oxyfuel gas cutting, oxygen arc cutting and
oxygen lance cutting.

oxygen cutting operator One who operates
machine or automatic oxygen cutting
equipment.

oxygen gouging An application of oxygen cut-
ting in which a bevel or groove is formed.

oxygen grooving A nonstandard term for oxy-
gen gouging.

oxygen lance A length of pipe used to convey
oxygen to the point of cutting in oxygen
lance cutting.

oxygen lance cutting (LOC) An oxygen cut-
ting process used to sever metals with oxy-
gen supplied through a consumable lance.
The preheat to start the cutting is obtained
by other means.

oxygen lancing A nonstandard term for oxygen
lance cutting.

oxyhydrogen welding (OHW) An oxyfuel
gas welding process that produces coales-
cence of materials by heating them with a
gas flame or flames obtained from the com-
bustion of hydrogen with oxygen, without
the application of pressure and with or with-
out the use of filler metal.
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P
parallel welding A resistance welding second-
ary circuit variation in which the secondary
current is divided and conducted through
the workpieces and electrodes in parallel
electrical paths to simultaneously form multi-
ple resistance spot, seam, or projection
welds.

parent metal A nonstandard term for base
metal.

partial joint penetration Joint penetration that
is intentionally less than complete.

penetration A nonstandard term for joint pene-
tration and root penetration.

percussion welding (PEW) A welding
process that produces coalescence at the
faying surface using the heat from an arc
produced by a rapid discharge of electrical
energy. Pressure is applied percussively dur-
ing or immediately following the electrical
discharge.

pilot arc (plasma arc welding) A low current
continuous arc between the electrode and
the constricting nozzle to ionize the gas and
facilitate the start of the welding arc.

plasma arc cutting (PAC) An arc cutting pro-
cess that severs metal by melting a localized
area with a constricted arc and removing the
molten material with a high velocity jet of
hot, ionized gas issuing from the constricting
orifice.

plasma arc welding (PAW) An arc welding
process that produces coalescence of metals
by heating them with a constricted arc
between an electrode and the workpiece
(transferred arc) or the electrode and the con-
stricting nozzle (nontransferred arc). Shield-
ing is obtained from the hot, ionized gas
issuing from the torch which may be supple-
mented by an auxiliary source of shielding
gas. Shielding gas may be an inert gas or a
mixture of gases. Pressure may or may not
be used, and filler metal may or may not be
supplied.

plasma metallizing A nonstandard term for
plasma spraying.

plasma spraying (PSP) A thermal spraying
process in which a nontransferred arc of a
plasma torch is utilized to create a gas
plasma that acts as the source of heat for
melting and propelling the surfacing material
to the substrate.

plenum chamber (plasma arc welding and
cutting, and plasma spraying) The space
between the inside wall of the constricting
nozzle and the electrode.

plug weld A weld made in a circular hole in
one member of a joint, fusing that member
to another member. A fillet-welded hole is
not to be construed as conforming to this
definition.

polarity See direct current electrode negative
and direct current electrode positive.

porosity Cavity type discontinuities formed by
gas entrapment during solidification.

postheating The application of heat to an
assembly after welding, brazing, soldering,
thermal spraying, or thermal cutting. See also
postweld heat treatment.

postweld heat treatment Any heat treatment
after welding.

powder cutting A nonstandard term for chemi-
cal flux cutting and metal powder cutting.

precoating Coating the base metal in the joint
by dipping, electroplating, or other applica-
ble means prior to soldering or brazing.

preform Brazingorsolderingfillermetal fabricated
in a shape or form for a specific application.

preheat A nonstandard term for preheat
temperature.

preheat current (resistance welding) An
impulse or series of impulses that occur prior
to and are separated from the welding
current.

preheat temperature A specified temperature
that the base metal must attain in the weld-
ing, brazing, soldering, thermal spraying, or
cutting area immediately before these opera-
tions are performed.

pressure-controlled welding A resistance
welding process variation in which a number
of spot or projection welds are made with
several electrodes functioning progressively
under the control of a pressure-sequencing
device.

pressure gas welding (PGW) An oxyfuel gas-
welding process that produces coalescence
simultaneously over the entire area of faying
surfaces by heating them with gas flames
obtained from the combustion of a fuel gas
and oxygen and by the application of pres-
sure, without the use of filler metal.

pretinning A nonstandard term for precoating.
procedure qualification The demonstration
that welds made by a specific procedure can
meet prescribed standards.

procedure qualification record (PQR) A doc-
ument providing the actual welding variables
used to produce an acceptable test weld and
the results of tests conducted on the weld to
qualify a welding procedure specification.

process A grouping of basic operational ele-
ments used in welding, cutting, adhesive
bonding, or thermal spraying.

projection welding (PW) A resistance welding
process that produces coalescence by the heat
obtained from the resistance to the flow of
the welding current. The resulting welds are
localized at predetermined points by projec-
tions, embossments, or intersections.

protective atmosphere A gas or vacuum enve-
lope surrounding the workpieces used to pre-
vent or facilitate removal of oxides and other
detrimental surface substances.

puddle A nonstandard term for weld pool.
pull gun technique A nonstandard term for
backhand welding.

pulse (resistance welding) A current of con-
trolled duration of either polarity through
the welding circuit.

R
random intermittent welds Intermittent welds
on one or both sides of a joint in which the
weld increments are made without regard to
spacing.

reaction flux (soldering) A flux composition in
which one or more of the ingredients reacts
with a base metal upon heating to deposit
one or more metals.

reaction stress A stress that cannot exist in a
member if the member is isolated as a free
body without connection to other parts of
the structure.

reducing atmosphere A chemically active pro-
tective atmosphere which at elevated temper-
ature will reduce metal oxides to their
metallic state.

reducing flame A gas flame having a reducing
effect due to excess fuel gas. See also neutral
flame and oxidizing flame.

reflowing A nonstandard term for flow
brightening.

reflow soldering A nonstandard term for a sol-
dering process variation in which preplaced
solder is melted to produce a soldered joint
or coated surface.

residual stress Stress present in a member that
is free of external forces or thermal gradients.

resistance brazing (RB) A brazing process in
which the heat required is obtained from the
resistance to electric current flow in a circuit
of which the workpiece is a part.

resistance butt welding A nonstandard term
for flash welding and upset welding.

resistance seam welding (RSW) A resistance
welding process that produces coalescence
at the faying surfaces of overlapped parts
progressively along a length of a joint. The
weld may be made with overlapping weld
nuggets, a continuous weld nugget, or by
forging the joint as it is heated to the welding
temperature by resistance to the flow of the
welding current.

resistance soldering (RS) A soldering process
in which the heat required is obtained from
the resistance to electric current flow in a cir-
cuit of which the workpiece is a part.

resistance spot welding (RSW) A resistance
welding process that produces coalescence
at the faying surfaces of a joint by the heat
obtained from resistance to the flow of weld-
ing current through the workpieces from
electrodes that serve to concentrate the weld-
ing current and pressure at the weld area.

resistance welding (RW) A group of welding
processes that produces coalescence of the
faying surfaces with the heat obtained from
resistance of the work to the flow of the
welding current in a circuit of which the
work is a part, and by the application of
pressure.

resistance welding electrode The part(s) of a
resistance welding machine through which
the welding current and, in most cases, force
are applied directly to the work. The
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electrode may be in the form of a rotating
wheel, rotating bar, cylinder, plate, clamp,
chuck, or modification thereof.

resistance welding gun A manipulatable
device to transfer current and provide elec-
trode force to the weld area (usually in refer-
ence to a portable gun).

reverse polarity A nonstandard term for direct
current electrode positive.

roll welding (ROW) A solid-state welding pro-
cess that produces coalescence of metals by
heating and by applying sufficient pressure
with rolls to cause deformation at the faying
surfaces. See also forge welding.

root A nonstandard term for joint root and weld
root.

root bead A weld that extends into or includes
part or all of the joint root.

root edge A root face of zero width. See also
root face.

root face That portion of the groove face adja-
cent to the joint root.

root gap A nonstandard term for root opening.
root opening The separation at the joint root
between the workpieces.

root penetration The depth that a weld extends
into the joint root.

root radius A nonstandard term for groove
radius.

root reinforcement Weld reinforcement oppo-
site the side from which welding was done.

root surface The exposed surface of a weld
opposite the side from which welding was
done.

S
scarf joint A form of butt joint.
seal coat Material applied to infiltrate the pores

of a thermal spray deposit.
seal weld Any weld designed primarily to pro-
vide a specific degree of tightness against
leakage.

seam weld A continuous weld made between or
upon overlapping members, in which coales-
cence may start and occur on the faying sur-
faces, or may have proceeded from the outer
surface of one member. The continuous weld
may consist of a single weld bead or a series
of overlapping spot welds. See also arc seam
weld and resistance seam welding.

secondary circuit That portion of a welding
machine that conducts the secondary current
between the secondary terminals of the weld-
ing transformer and the electrodes, or elec-
trode and workpiece.

self-fluxing alloys (thermal spraying)
Surfacing materials that wet the substrate
and coalesce when heated to their melting
point, without the addition of a flux.

semiautomatic arc welding Arc welding with
equipment that controls only the filler metal
feed. The advance of the welding is manually
controlled.

series welding A resistance welding secondary
circuit variation in which the secondary cur-
rent is conducted through the workpieces
and electrodes or wheels in a series electrical

path to simultaneously form multiple resis-
tance spot, seam, or projection welds.

set down A nonstandard term for upset.
shadow mask A thermal spraying process vari-
ation in which an area is partially shielded
during thermal spraying, thus permitting
some overspray to produce a feathering at
the coating edge.

sheet separation (resistance welding) The gap
surrounding the weld between faying sur-
faces, after the joint has been welded in spot,
seam, or projection welding.

shielded metal arc cutting (SMAC) A metal
arc cutting process in which metals are sev-
ered by melting them with the heat of an
arc between a covered metal electrode and
the base metal.

shielded metal arc welding (SMAW) An arc
welding process that produces coalescence
of metals by heating them with an arc
between a covered metal electrode and the
workpieces. Shielding is obtained from
decomposition of the electrode covering.
Pressure is not used, and filler metal is
obtained from the electrode.

shielding gas Protective gas used to prevent
atmospheric contamination.

short circuiting transfer (arc welding) Metal
transfer in which molten metal from a con-
sumable electrode is deposited during
repeated short circuits. See also globular
transfer and spray transfer.

shoulder A nonstandard term for root face.
shrinkage stress A nonstandard term for resid-
ual stress.

shrinkage void A cavity type discontinuity
normally formed by shrinkage during
solidification.

silver alloy brazing A nonstandard term for
brazing with a silver-base filler metal.

silver soldering A nonstandard term for braz-
ing with a silver-base filler metal.

single-bevel-groove weld A type of groove
weld.

single-flare-bevel-groove weld A weld in a
groove formed by a member with a curved
surface in contact with a planar member.

single-flare-V-groove weld A weld in a groove
formed by two members with curved surfaces.

single impulse welding A resistance welding
process variation in which spot, projection, or
upset welds are made with a single impulse.

single-J-groove weld A type of groove weld.
single-port nozzle A constricting nozzle con-
taining one orifice, located below and con-
centric with the electrode.

single-square-groove weld A type of groove
weld.

single-U-groove weld A type of groove weld.
single-V-groove weld A type of groove weld.
single-welded joint A fusion welded joint that
is welded from one side only.

skull The unmelted residue from a liquated
filler metal.

slag inclusion Nonmetallic solid material
entrapped in weld metal or between weld
metal and base metal.

slot weld A weld made in an elongated hole in
one member of a joint fusing that member to
another member. The hole may be open at
one end. A fillet weld slot is not to be con-
strued as conforming to this definition.

slugging The act of adding a separate piece or
pieces of material in a joint before or during
welding that results in a welded joint not
complying with design, drawing, or specifi-
cation requirements.

soft solder A nonstandard term for solder.
solder A filler metal used in soldering that has
a liquidus not exceeding 450 �C (840 �F).

soldering (S) A group of welding processes
that produces coalescence of materials by
heating them to the soldering temperature
and by using a filler metal having a liquidus
not exceeding 450 �C (840 �F) and below
the solidus of the base metals. The filler
metal is distributed between the closely fitted
faying surfaces of the joint by capillary
action.

soldering gun An electrical soldering iron with
a pistol grip and a quick heating, relatively
small bit.

soldering iron A soldering tool having an
internally or externally heated metal bit usu-
ally made of copper.

solder interface The interface between filler
metal and base metal in a soldered joint.

solid-state welding (SSW) A group of welding
processes that produces coalescence at tem-
peratures essentially below the melting point
of the base metal without the addition of a
brazing filler metal. Pressure may or may
not be used.

spacer strip A metal strip or bar prepared for a
groove weld and inserted in the joint root to
serve as a backing and to maintain the root
opening during welding. It can also bridge
an exceptionally wide root opening due to
poor fit.

spit A nonstandard term for flash.
split pipe backing Backing in the form
of a pipe segment used for welding round
bars.

spool A filler metal package consisting of a
continuous length of welding wire in coil
form wound on a cylinder (called a barrel)
which is flanged at both ends. The flange
contains a spindle hole of smaller diameter
than the inside diameter of the barrel.

spot weld A weld made between or upon over-
lapping members in which coalescence may
start and occur on the faying surfaces or
may proceed from the outer surface of one
member. The weld cross section (plan view)
is approximately circular. See also arc spot
weld and resistance spot welding.

spray deposit The coating or layer of surfacing
material applied by a thermal spraying
process.

spray deposit density ratio (thermal spray-
ing) The ratio of the density of the spray
deposit to the theoretical density of a
surfacing material, usually expressed as a
percent of theoretical density.
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spray transfer (arc welding) Metal transfer in
which molten metal from a consumable elec-
trode is propelled axially across the arc in
small droplets. See also globular transfer
and short circuiting transfer.

square-groove weld A type of groove weld.
stack cutting Thermal cutting of stacked metal
plates arranged so that all the plates are sev-
ered by a single cut.

staggered intermittent weld An intermittent
weld on both sides of a joint in which the
weld increments on one side are alternated
with respect to those on the other side.

standoff distance The distance between a noz-
zle and the workpiece.

stick electrode A nonstandard term for covered
electrode.

stick electrode welding A nonstandard term
for shielded metal arc welding.

stickout A nonstandard term for electrode
extension.

stopoff A material used on the surfaces adja-
cent to the joint to limit the spread of solder-
ing or brazing filler metal.

straight polarity A nonstandard term for direct
current electrode negative.

stranded electrode A composite filler metal
electrode consisting of stranded wires that
may mechanically enclose materials to
improve properties, stabilize the arc, or pro-
vide shielding.

stress relief cracking Intergranular cracking in
the heat affected zone or weld metal that
occurs during the exposure of weldments to
elevated temperatures during postweld heat
treatment or high temperature service.

stress relief heat treatment Uniform heating
of a structure or a portion thereof to a suffi-
cient temperature to relieve the major portion
of the residual stresses, followed by uniform
cooling.

stringer bead A type of weld bead made with-
out appreciable weaving motion. See also
weave bead.

stub The short length of welding rod or con-
sumable electrode that remains after its use
for welding.

stud arc welding (SW) An arc welding process
that produces coalescence of metals by heat-
ing them with an arc between a metal stud, or
similar part, and the other workpiece. When
the surfaces to be joined are properly heated,
they are brought together under pressure.
Partial shielding may be obtained by the use
of a ceramic ferrule surrounding the stud.
Shielding gas or flux may or may not be
used.

stud welding A general term for joining a
metal stud or similar part to a workpiece.
Welding may be accommodated by arc,
resistance, friction, or other processes with
or without external gas shielding.

submerged arc welding (SAW) An arc weld-
ing process that produces coalescence of
metals by heating them with an arc or arcs
between a bare metal electrode or electrodes
and the workpieces. The arc and molten

metal are shielded by a blanket of granular,
fusible material on the workpieces. Pressure
is not used, and filler metal is obtained from
the electrode and sometimes from a supple-
mental source (welding rod, flux, or metal
granules).

substrate Any material to which a thermal
spray deposit is applied.

surface expulsion Expulsion occurring at an
electrode-to-workpiece contact rather than
at the faying surface.

surfacing The application by welding, brazing,
or thermal spraying of a layer or layers of
material to a surface to obtain desired proper-
ties or dimensions, as opposed to making a
joint.

surfacing material The material that is applied
to a base metal or substrate during surfacing.

surfacing metal The metal that is applied to a
base metal or substrate during surfacing.
See also surfacing material.

surfacing weld A weld applied to a surface, as
opposed to making a joint, to obtain desired
properties or dimensions.

sweat soldering A soldering process variation
in which two or more parts that have been
precoated with solder are reheated and
assembled into a joint without the use of
additional solder.

synchronous timing (resistance welding) The
initiation of each half cycle of welding trans-
former primary current on an accurately
timed delay with respect to the polarity
reversal of the power supply.

T
tacker A nonstandard term for a tack welder.
tack weld A weld made to hold parts of a weld-
ment in proper alignment until the final
welds are made.

theoretical throat The distance from the begin-
ning of the joint root perpendicular to the
hypotenuse of the largest right triangle that
can be inscribed within the cross section of
a fillet weld. This dimension is based on the
assumption that the root opening is equal to
zero.

thermal cutting (TC) A group of cutting pro-
cesses that melts the base metal. See also
arc cutting, electron beam cutting, laser
beam cutting, and oxygen cutting.

thermal spraying (THSP) A group of
processes in which finely divided metallic
or non-metallic surfacing materials are
deposited in a molten or semimolten con-
dition on a substrate to form a spray
deposit. The surfacing material may be in
the form of powder, rod, or wire. See also
arc spraying, flame spraying, and plasma
spraying.

thermal spraying gun A device for heating,
feeding, and directing the flow of a surfacing
material.

thermal stress Stress resulting from nonuni-
form temperature distribution.

thermit crucible The vessel in which the ther-
mit reaction takes place.

thermit mixture A mixture of metal oxide and
finely divided aluminum with the addition of
alloying metals as required.

thermit mold A mold formed around the work-
pieces to receive the molten metal.

thermit reaction The chemical reaction
between metal oxide and aluminum that pro-
duces superheated molten metal and a slag
containing aluminum oxide.

thermit welding (TW) A welding process
that produces coalescence of metals by heating
them with superheated liquid metal from a
chemical reaction between a metal oxide and
aluminum, with or without the application of
pressure. Fillermetal is obtained from the liquid
metal. (Note: The ASM Handbook uses the
spelling “thermite welding.”)

thermocompression bonding A nonstandard
term for hot pressure welding.

throat of a fillet weld See actual throat, effec-
tive throat, and theoretical throat.

throat of a groove weld A nonstandard term
for groove weld size.

TIG welding A nonstandard term for gas tung-
sten arc welding.

tinning A nonstandard term for precoating.
T-joint A joint between two members located
approximately at right angles to each other
in the form of a T.

toe crack A crack in the base metal at the toe
of a weld.

torch brazing (TB) A brazing process in which
the heat required is furnished by a fuel gas flame.

torch soldering (TS) A soldering process in
which the heat required is furnished by a fuel
gas flame.

torch tip See cutting tip and welding tip.
transferred arc (plasma arc welding) A
plasma arc established between the electrode
and the workpiece.

transverse crack A crack with its major axis
oriented approximately perpendicular to the
weld axis.

twin carbon arc brazing A nonstandard term
for carbon arc brazing.

U
U-groove weld A type of groove weld.
ultrasonic coupler (ultrasonic soldering and
ultrasonic welding) Elements through which
ultrasonic vibration is transmitted from the
transducer to the tip.

ultrasonic soldering A soldering process varia-
tion in which high frequency vibratory
energy is transmitted through molten solder
to remove undesirable surface films and
thereby promote wetting of the base metal.
This operation is usually accomplished with-
out a flux.

ultrasonic welding (USW) A solid-state weld-
ing process that produces coalescence of
materials by the local application of high fre-
quency vibratory energy as the workpieces
are held together under pressure.

underbead crack A crack in the heat affected
zone generally not extending to the surface
of the base metal.
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undercut A groove melted into the base metal
adjacent to the weld toe or weld root and left
unfilled by weld metal.

underfill A depression on the weld face or root
surface extending below the adjacent surface
of the base metal.

upset Bulk deformation resulting from the
application of pressure in welding. The upset
may be measured as a percent increase in
interface area, a reduction in length, a per-
cent reduction in lap joint thickness, or a
reduction in cross wire weld stack height.

upset butt welding A nonstandard term for
upset welding.

upset distance The total loss of axial length of
the workpieces from the initial contact to the
completion of the weld. In flash welding, the
upset distance is equal to the platen move-
ment from the end of flash time to the end
of upset.

upset welding (UW) A resistance welding pro-
cess that produces coalescence over the entire
area of faying surfaces or progressively along
a butt joint by the heat obtained from the resis-
tance to the flow of welding current through
the area where those surfaces are in contact.
Pressure is used to complete the weld.

V
vacuum brazing A nonstandard term for vari-
ous brazing processes that take place in a
chamber or retort below atmospheric pressure.

vertical position The position of welding in
which the weld axis is approximately
vertical.

vertical position (pipe welding) The position
of a pipe joint in which welding is performed
in the horizontal position and the pipe may or
may not be rotated.

V-groove weld A type of groove weld.

W
wave soldering (WS) An automatic soldering

process where workpieces are passed through
a wave of molten solder. See also dip
soldering.

wax pattern (thermit welding) Wax molded
around the workpieces to the form desired
for the completed weld.

weave bead A type of weld bead made with
transverse oscillation.

weld A localized coalescence of metals or non-
metals produced either by heating the materi-
als to the welding temperature, with or with-
out the application of pressure, or by the
application of pressure alone, with or without
the use of filler metal.

weldability The capacity of a material to be
welded under the imposed fabrication condi-
tions into a specific, suitably designed struc-
ture and to perform satisfactorily in the
intended service.

weld axis A line through the length of the weld,
perpendicular to and at the geometric center
of its cross section.

weld bead A weld resulting from a pass. See
also stringer bead and weave bead.

weld bonding A resistance spot welding process
variation in which the spot weld strength is
augmented by adhesive at the faying surfaces.

weld brazing A joining method that combines
resistance welding with brazing.

weld crack A crack located in the weld metal
or heat affected zone.

welder One who performs manual or semiauto-
matic welding operation.

welder performance qualification The dem-
onstration of a welder’s ability to produce
welds meeting prescribed standards.

weld face The exposed surface of a weld on the
side from which welding was done.

welding A materials joining process used in
making welds.

welding blowpipe A nonstandard term for
welding torch.

welding current The current in the welding
circuit during the making of a weld.

welding cycle The complete series of events
involved in the making of a weld.

welding electrode A component of the welding
circuit through which current is conducted
and that terminates at the arc, molten con-
ductive slag, or base metal. See also arc
welding electrode, flux cored electrode,
metal cored electrode, metal electrode, resis-
tance welding electrode, and stranded
electrode.

welding ground A nonstandard term for work-
piece connection.

welding leads The workpiece lead and elec-
trode lead of an arc welding circuit.

welding machine Equipment used to perform
the welding operation; for example, spot
welding machine, arc welding machine, and
seam welding machine.

welding operator One who operates machine
or automatic welding equipment.

welding position See flat position, horizontal
fixed position, horizontal position, horizontal
rolled position, inclined position, overhead
position, and vertical position.

welding procedure The detailed methods and
practices involved in the production of a weld-
ment. See alsowelding procedure specification.

welding procedure specification (WPS) A
document providing in detail the required
variables for a specific application to ensure
repeatability by properly trained welders
and welding operators.

welding rod A form of welding filler metal,
normally packaged in straight lengths, that
does not conduct electrical current.

welding sequence The order of making the
welds in a weldment.

welding tip That part of an oxyfuel gas welding
torch from which the gases issue.

welding torch (arc) A device used in the gas
tungsten and plasma arc welding processes
to control the position of the electrode, to
transfer current to the arc, and to direct the
flow of shielding and plasma gas.

welding torch (oxyfuel gas) A device used in
oxyfuel gas welding, torch brazing, and torch
soldering for directing the heating flame

produced by the controlled combustion of
fuel gases.

welding wheel A nonstandard term for resis-
tance welding electrode.

welding wire A formofwelding fillermetal, nor-
mally packaged as coils or spools, that may or
may not conduct electrical current depending
upon the welding process with which it is used.
See also welding electrode and welding rod.

weld interface The interface between weld
metal and base metal in a fusion weld,
between base metals in a solid-state weld
without filler metal or between filler metal
and base metal in a solid-state weld with
filler metal, and in a braze.

weld line A nonstandard term for weld
interface.

weldment An assembly whose component parts
are joined by welding.

weld metal That portion of a weld that has
been melted during welding.

weldor A nonstandard term for welder.
weld pass A single progression of welding or
surfacing along a joint or substrate. The
result of a pass is a weld bead, layer, or spray
deposit.

weld pass sequence The order in which the
weld passes are made.

weld penetration A nonstandard term for joint
penetration and root penetration.

weld pool The localized volume of molten
metal in a weld prior to its solidification as
weld metal.

weld puddle A nonstandard term for weld pool.
weld reinforcement Weld metal in excess of
the quantity required to fill a joint. See also
face reinforcement and root reinforcement.

weld root The points, as shown in cross sec-
tion, at which the back of the weld intersects
the base metal surfaces.

weld size See edge weld size, fillet weld size,
flange weld size, and groove weld size.

weld tab Additional material on which the
weld may be initiated or terminated.

weld throat See actual throat, effective throat,
and theoretical throat.

weld toe The junction of the weld face and the
base metal.

wetting The phenomenon whereby a liquid
filler metal or flux spreads and adheres in a
thin continuous layer on a solid base metal.

wiped joint A joint made with solder having a
wide melting range and with the heat sup-
plied by the molten solder poured onto the
joint. The solder is manipulated with a
hand-held cloth or paddle so as to obtain
the required size and contour.

work connection A nonstandard term for work-
piece connection.

work lead Anonstandard term forworkpiece lead.
workpiece The part being welded, brazed, sol-
dered, or cut.

workpiece connection The connection of the
workpiece lead to the workpiece.

workpiece lead The electrical conductor
between the arc welding current source and
the workpiece connection.
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    7050Al-T76 198 

    7050-T651 196 197 

    7075Al 198 199 

    AA1100 197 

    AA2024 482 

    AA2195 197 

    AA5754 465 473 488 

    AA6061 197 533 

    AA6063 197 533 

    AA6066 533 

    AA6111 473 

    AA7075 197 482 673 

    Alclad alloys 482 

    Al-Li-Cu 198 

    AZ31 199 

    cold roll welding 718 

    EBW 532 

    EDBM-deposited 2291 aluminum 542 

    FRW 644 

    FSW tool applications 665 

    full-penetration welds 532 

    laser cutting 615 617 

    laser welding of 571 

    liquation cracking 139 

    PW  426 

    RSEW 482 

    seam welding 444 

    texture 197 

    UAW 733 

    weldments 139 

    wide-lap seam welding 444 

Aluminum-base alloys 426 644 683 

Aluminum-lithium alloys 684 708 
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Amatol 697 

American Conference of Governmental 

 and Industrial Hygienists threshold 

 limit values 568 

American Conference of Governmental 

 Industrial Hygienists (ACGIH) 846 855 865 

American National Standard for Industrial 

 Robots and Robot Systems— Safety 

 Requirements 866 

American National Standards Institute (ANSI) 

    EBW 863 

    EBW specifications 539 

    H35.2 661 

    LBW 566 

    Z41 850 

    Z49.1 301 845 863 

    Z49.1:1 848 

    Z49.1:1967 845 

    Z49.1:1999 846 848 853 855

 857 860 

    Z49.1-99 358 

    Z87.1 848 

    Z136 566 567 

    Z136.1 327 566 567 568

  864 

    Z136.1 clause 4.3.1.2. 567 

American Society of Mechanical Engineers 

 (ASME) 260 539 

American Society of Mechanical Engineers (ASME) 

 Boiler and Pressure Vessel code 554 

American Welding Society (AWS) 

    A5.1 304 

    A5.3 304 

    A5.4 304 

    A5.5 304 

    A5.6 304 

    A5.11 304 

    A5.13 304 
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American Welding Society (AWS) (Cont.) 

    A5.20 333 

    A5.21 304 

    A5.22 334 

    A5.29 333 

    C6.2 642 

    filler-metal specification 351 

    integrated weld modeling 745 

    master chart 13 

    rotary friction welding 646 

    SMAW electrodes 303 

    Standard Welding Procedure Specifications 260 

    weld process classes 572 

    welding and allied processes 13 

Ammonium nitrate (NH4NO3) 691 

AMS 2680 539 

AMS 2681 539 

AMS-STD-1595 539 

AMS-W-6858A 427 

ANFO 697 

Angle welding 691 

Angular distortion 162 

Angular friction welding 24 25 

Angular velocity 646 

Annular-projection welding 209 214 430 

Annular-projection welds 424 

Anode  17 

    arc welding 242 

    EBW 514 

    GTAW 250 

ANSI/AWS 

    A5.9 339 

    A5.14 339 

    A5.17 339 

    A5.23 339 

    A5.23/A5.23M 339 

    C7.1 863 

    F2.2 848 
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ANSI/AWS (Cont.) 

    Z49.1 284 307 317 353 

ANSI/CGA V-1 862 

ANSI/NEMA EW 1 859 

ANSI/NFPA 70 859 

ANSI/RIA R15.06- 1999 866 

ANSI/RMA IP-7 861 

ANSYS 835 

ANSYS 10.0 793 

Appliance industry, CDSW 392 

Applied Metrics 499 

Applied plastic (inherent) strain 152 

Arata beam (AB) test 550 

Arbegast’s flow-partitioned model 195 

Arc blow 

    definition of 882 

    GMAW 84 

    GTAW 346 

    power sources (arc welding) 278 

    SAW 337 340 343 

    SMAW 307 

    SW  385 

Arc brazing (AB) 882 

Arc cutting (AC) 882 

Arc force 253 302 311 318

  882 

Arc gouging 266 267 272 882 

Arc oxygen cutting 882 

Arc physics 

    GMAW 254 

    GTAW 249 

Arc plasma 296 

Arc power 37 

Arc radiation 

    GMAW 317 

    GTAW 353 

    HLAW 327 

    safe welding practices 846 865 
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Arc radiation (Cont.) 

    SAW 335 343 

Arc seam weld 882 

Arc sensing 287 

Arc spot weld 767 775 882 

Arc spraying (ASP) 882 

Arc stabilizers 45 51 

Arc strike 84 882 

Arc tracer spectroscopy 289 

Arc transfer efficiency 37 

Arc voltage control (AVC) 357 

Arc welder 305 

Arc welding 

    fundamentals 

        arc, nature of 242 

        arc shielding 242 

        limitations, overcoming 243 

        overview 241 

    heat source, modeling of 36 

    heat utilization efficiency 33 

    historical development 

        commercial arc welding (USA) 244 

        electrodes 245 

        new welding methods 244 

        overview 243 

        postwar developments 247 

        rapid advance, years of 246 

        slow growth, era of 245 

        World War I 245 

    modes of 17 

    overview 241 

    power sources. See Power sources (arc welding) 

    processes 

        consumable electrode arc welding 18 

        nonconsumable electric arc welding 18 

        overview 18 

    processes, characteristics of 871 

Arc welding (AW) 882 
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Arc welding electrode 304 882 

Arc welding gun 882 

 See also welding guns 

Arc welding process control 

    control of arc welding. 

        adaptive control 290 

        distributed, hierarchical control 291 

        intelligent control 290 

        multivariable control 291 

        overview 290 

    introduction 285 

    modeling 289 

    overview 285 

    sensing 

        acoustical signals 289 

        arc sensing 287 

        arc tracer spectroscopy 289 

        imaging optics 288 

        nonimaging optics 287 

        temperature measurements 288 

        ultrasonic techniques 289 

    system parameters 286 

    system requirements 285 

Arc welding processes, definition of flow-partitioned model 16 

Arc welding processes, design 

 considerations for 266 

    appendix 273 

Arc-assisted laser welding 322 

Arc-augmented laser welding 321 

ArcelorMittal 615 

Arc-outs 533 

Argon  18 

    arc welding 242 

    FCAW 330 

    GTAW 251 350 

    shielding gases 296 297 298 597 

Armor plate 246 

Artificial intelligence 290 
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Asbestos 49 

ASME Boiler and Pressure  

 Vessel Code (BPVC) 539 

Assist gases (laser cutting) 612 613 

ASTM A 264 697 

ASTM A 578 697 

ASTM G48 test 120 

As-welded 

    definition of 882 

    EGW 365 

    ESW 376 377 

    low-carbon steels 701 

    RSW 439 

    titanium friction welded joints 644 

A-TIG 355 

Atomic bonding 217 

Atomic hydrogen 165 

Atoms (welding) 7 

Austenite 134 

Austenite grain growth 126 

Austenitic stainless steels 115 319 

Austin Company, The 245 

Autogenous weld 

    beam welding 551 

    definition of 882 

    dilution in fusion welding 115 118 

    GTAW 351 

    laser welding 571 

    PAW 361 

    single-crystal nickel-base superalloys 754 

Automatic voltage compensation (AVC) 407 

Automatic welding 

    definition of 882 

    FCAW 330 331 

    historical development 246 

    SAW 335 

    self welding practices 846 

    SMAW 304 
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Automatic welding (Cont.) 

    weld joint design 267 

Automatic welding heads 243 

Automobile industry 4 29 

    CDSW 392 

    FCAW 330 

    flange-joint lap seam welds 444 

    frequent electrode tip dressing 463 

    FW  449 

    high-frequency, multibeam processes 546 

    integrated weld modeling 745 

    LBW 572 

    PW  427 

    RSW 415 

    USW 201 

    welding simulation 835 

AWS 3-5 567 

AWS A5.XX 361 

AWS B4.0 642 

AWS C1.1-66 493 

AWS C1.1M/ C1.1:2000 852 

AWS C1.1M/C1:2000 427 

AWS C7.1 518 

AWS C7-3 539 

AWS D1.1 269 

AWS D17.1 539 

AWS D17.2 427 

AWS D8.1M:2007 427 

AWS D8.7 487 

AWS D8.9:2000 427 

AWS D8.9:2002 427 

AWS D8.9-97 493 

AWS/SAE D8.9M 470 

Axial grains 100 

B 

Back bead 882 

Back gouging 272 882 
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Back weld 882 

Back-diffusion 107 

Backfire 861 882 

Backhand welding 882 

Backing 265 267 286 321

  362 882 

Backing bars 272 350 375 

Backing bead 882 

Backing filler metal 882 

Backing pass 882 

Backing ring 882 

Backing shoe 882 

Backing weld 882 

Backscattered electrons 509 549 627 

Backstep sequence 882 

Bad  652 

Balling up 882 

Ball-to-sheet welds 425 

Banded feature 189 

Bar coils 705 

Base material 9 882 

Base metal 487 882 

Base-metal zone 55 

Basicity index 47 338 

Bead weld 882 

Bead-on-plate welding 77 251 

Beam parameter product (BPP) 508 510 610 

Beam spot 515 531 

Beam switch 582 585 

Beam welding 39 

Bearing maintenance 481 

Bell Laboratories 508 

Bend test 

    2T bend test 139 

    guided-bend tests 263 

    UAM 736 

    unguided 650 

Beryllium alloys 685 
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Beryllium copper alloys 483 

Bevel  882 

Bevel angle 11 271 882 

Bevel groove weld 267 882 

Beveled joints 336 

Biot-Savart law 768 

Biringuccio, Vannoccio 243 

Bit  882 

Blacksmith welding 882 

Blind holes 531 

Block sequence 882 

Blowhole 377 882 

Bobbin tool 671 

Body-centered cubic (bcc) b phase 140 

Bond  882 

Bond line 

    DB  219 683 

    definition of 882 

    metallographic inspection 433 

    PW  432 

    resistance butt welding 398 

    solid-state resistance welding 209 210 211 215

  216 

    stage III: interface migration 220 

    UAM 739 

Bonded fluxes 49 

Bonding force 882 

Bondline strain 171 175 177 209 

Bottle  883 

Boussinesq approximation 768 

Boxing 883 

Brasses 15 483 484 

Braze  883 

Braze interface 883 

Braze joints 10 

Braze welding 10 883 

Brazement 883 

Brazer  883 
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Brazing (B) 9 25 883 

Brazing alloy 25 883 

Brazing filler 11 

Brazing filler metal 883 

Brazing furnaces 26 854 

Brazing operator 883 

Brightness (use of term) 508 

Brittle fracture 163 184 493 561 

Brittle nugget 883 

Brody-Flemings model 107 

Bronze welding 883 

Bronzes 483 484 

Buckling distortion 162 165 

Buildup 883 

Built-up beams 162 

Bulge test 736 

Bulk resistivity 423 426 792 

Buoyancy force 89 626 748 768 

Burn through 249 883 

Burn through weld 883 

Burner 883 

Burning 883 

Butt joints 

    versus corner and T-joints (EBW) 526 

    definition of 266 883 

    EBW 524 

    general design aspects 10 11 

    grooves, recommended  

 proportions for 273 

    HLAW 325 

    LBW design 570 

    PAW 362 

Butt weld 272 448 668 702

  883 

Butt welding 

    CW  714 

    GMAW 319 
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Butt welds 

    Al-Mg-Si alloys 814 

    RW  398 

    SAW 336 

Buttering 883 

Butt-lap joints 10 

Button 883 

C 

Cables 412 

Cadmium telluride (CdTe) detectors 222 

Calcium fluoride (CaF2) 371 

Cantilever hooks 6 

Capacitive discharge (CD) 213 402 403 429 

Capacitor bank 705 

Capacitor discharge stud welding 

 (CDSW) 391 

Carbides 

    continuous heating transformation diagrams 125 

    EGW 377 

    FSW tool designs 665 

    inclusion formation 44 751 

    similar materials, joining 181 

    solid-state transformations 373 

    welding fundamentals 16 

Carbon 

    sensitivity to 132 

    solid-state resistance welding 210 

Carbon additions 110 

Carbon arc air scarfing 281 

Carbon arc brazing (CAB) 883 

Carbon arc cutting (CAC) 883 

Carbon arc welding (CAW) 883 

Carbon dioxide (CO2) lasers 

    focusing characteristics 608 609 610 

    HLAW 325 

    laser deposition processes 587 

    LBW 556 561 564 572 
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Carbon dioxide (CO2) lasers (Cont.) 

    ROW 719 

    wood cutting 618 

Carbon dioxide, shielding gases 296 

Carbon equivalent (CE) 126 132 307 443 

Carbon equivalent (Ceq) 421 

Carbon equivalent number (CEN) 748 

Carbon monoxide(CO) 613 

Carbon segregation 210 

Carbon steel flux cored electrodes 330 

Carbon steels 

    A36 116 

    DB  683 

    FCAW 331 

    FRW 183 644 

    preheat and interpass temperatures 878 

    process selection guide 872 

Carbonizing flame 883 

Carl Zeiss Company 507 

Carman-Kozeny equation 767 

Cartesian coordinate 4 746 748 773

  790 

Cartesian coordinate system 4 

Cast iron 

    solid-state transformations 129 

    weldability of 875 

Cathode 17 

    arc welding 242 

    EBW 514 

Caulk weld 883 

Ceramic arc shields 383 

Ceramics 

    adhesive bonding 7 

    aluminum 644 

    brazing 10 13 26 

    copper 666 

    copper alloys 666 

    EBW 22 
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Ceramics (Cont.) 

    electron beam tooling 531 

    exothermic reactions 16 

    FRW 644 

    FSW 181 665 

    FSW tool designs 665 

    joining processes (overview) 3 5 

    laser deposition processes 587 591 

    mechanical joining 5 

    metallizing 678 

    nonfusion (solid-state) welding 24 

    oxide ceramics 685 

    RW  397 

    shielding the weld 350 

    soldering 10 13 

    solid-state welding 25 

    ultrasonic testing 222 

    UW  201 

    welding 9 11 

CFR Title 29 CFR 1910 852 

Chain intermittent weld 883 

Chamfer 450 883 

Charpy V-notch (CVN) 133 330 

Chemical applications 287 

Chemical flux cutting (FOC) 883 

Chemically compatible 4 

Chicago Bridge and Iron Company 246 

Chill  11 

Chill ring 883 

Chill zone 96 97 

Chisel tests 446 

Chubu Steel 615 

Chuck  385 

Clad brazing sheet 883 

Cladding. See also Laser deposition processes 

    3-D laser cladding 592 

    coaxially-fed powder cladding 590 
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Cladding (Cont.) 

    explosive cladding. See Explosion welding (EXW) 

 GMAW 319 

    laser cladding 103 592 594 747

  748 

    weld cladding 264 

Clausius-Clapeyron equation 783 

Clyne-Kurz model 108 

CMSX-4 104 105 

CO2 beam delivery 582 

CO2 effects, surface tension 92 

CO2 gas lasers 508 509 510 

CO2 laser welding 584 

CO2 laser-GMAW hybrid welding 780 

CO2 welding 883 

Coalescence 883 

Coated electrode 883 

Coated steels 

    dross formation 616 

    mash seam welding 482 

    organic 447 

    RSEW 440 443 445 446 

    RSW 415 420 

    seam welding current 480 

    steels 421 

    terne-coated 478 

    zinc-coated 413 420 471 

Coating density 883 

Coaxially-fed powder cladding 590 

Cobalt-base alloys 

    DB  685 

    FRW 644 

Coextrusion welding (CEW) 701 702 883 

Coffin, Charles 243 

Cold crack 883 

Cold cracking 134 453 

Cold Metal Transfer (CMT) 257 

Cold pressure welding. See Cold welding (CW) 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Cold shuts 531 532 533 

Cold soldered joint 883 

Cold weld 

    HFRW 462 

    NDE detection 462 

    quality control 713 

    resistance welding processes 462 

    resistance-welded joints 490 499 

Cold weld effect 225 

Cold weld riveting 715 

Cold welding (CW) 

    applications 713 

    bond strength, modeling 712 

    bonding mechanisms 711 

    definition of 883 

    indentation 714 

    nonfusion (solid-state) welding 24 

    overview 711 

    process variants 

        butt welding 714 

        cold weld riveting 715 

        extrusion 715 

        indentation 714 

        rolling 713 

        shear welding 715 

    quality control 713 

    surface preparation, alternative 

 methods 712 

Cold wire feeding 352 

Colegrove and Shercliff model 672 

Collet  385 

Color pigments 848 

Columnar-to-equiaxed transition (CET) 103 104 

Combination welder 305 

Combustion synthesis reactions 16 

Combustion synthesis welding processes 14 

Commissariat Energie Atomique (CEA) 507 

Complete fusion 264 327 542 883 
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Complete joint penetration 270 883 

Complete penetration 375 883 

Compound scanning technique 226 

Compressed Gas Association (CGA) 

    CGA AV-5 857 

    CGA AV-6 857 

    CGA E-1 856 

    CGA E-4 856 857 862 

    CGA E-5 857 861 

    CGA P-1-1999 855 

Computational fluid dynamics (CFD) 147 773 774 

Computational kinetics (CK) 753 

Computational thermodynamics (CT) 753 

Computational weld mechanics 757 819 830 

Computed tomography (CT) 629 

Computer beam control 518 

Computer tomography (CT) 551 

Computer-aided design and manufacturing 

 (CAD/CAM) modeling 587 592 593 

Computer-aided design (CAD) 540 734 

Computerized numerical control (CNC) 

    EBW 517 518 536 

    electron beams, nontraditional 

 applications 543 

    laser deposition processes 587 593 

    split or multibeam processing 545 

    UAM 732 

Concavity 326 327 601 883 

Conduction mode 21 

Conduction-mode electron beam welds 90 

Cone 

    definition of 883 

    FSW 187 

    FSW tool designs 666 667 

    GMAW 84 

    GTAW 251 253 

    LBW 561 

    solid-state resistance welding 213 214 
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Cone (Cont.) 

    welding processes 14 15 

Confined spaces 853 

Conjugate gradient (CG) 785 

Constant current (CC) control 407 

Constant current/constant  

 voltage (CC/CV) 279 

Constant shear 190 235 

Constant voltage (CV) 255 277 

Constitutional liquation 128 

Constitutional supercooling 60 96 99 100

  103 754 

Constricted arc (plasma arc welding 

 and cutting) 883 

Consumable electrode arc welding 18 

Consumable electrodes 18 

Consumable insert 264 265 883 

Contact resistance (resistance welding) 883 

Contact tip to work distance (CTWD) 337 

Contact tube 18 883 

Contact-tip-to-work distance 340 

Continuous cooling transformation 

 (CCT) diagram 750 830 832 837 

Continuous dynamic recrystallization 

 (CDRX) 198 199 

Continuous heating transformation 

 diagrams 125 

Continuous seam welds 727 

Control circuit 411 

Convexity 883 

Cooling shoes 365 

Copper 

    DB  685 

    FSW tool applications 666 

    PW  427 

    RSEW 483 

    seam welding 444 
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Copper alloys 

    C11000 533 

    DB  685 

    FRW 644 

    FSW tool applications 666 

    laser cutting 617 

    PW  427 

    RSEW 483 

    seam welding 444 

Copper brazing 883 

Copper vapor lasers 620 

Cored solder 883 

Corner joint 11 883 

Corner joints 

    definition of 267 

    EBW 525 

    grooves, recommended proportions for 274 

Corner-flange weld 525 883 

Corona (resistance welding) 142 883 

Cosmetic pass 519 

Coulomb forces 7 

Coulomb’s friction 190 

Coulomb’s friction law 203 

Covalent bond 883 

Covered electrode 245 883 

Covered electrode welding. 

 See Shielded metal arc welding (SMAW) 

Covered “stick” electrode 242 

Cr2O3  50 617 

Crack  55 883 

Crack propagation 143 268 756 

Crack tip opening displacement (CTOD) 135 

Crater  242 883 

Creep 

    creep resistance 139 233 332 

    DB  682 686 687 

    integrated weld modeling 756 

    weld pool 827 
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Creep, soft-interlayer solid-state welds 330 

Creep resistance 139 233 332 754 

Crimps 6 

Crossdraft table 853 

Cross-tension strength (CTS) 417 

Cross-tension test 416 490 492 

Cross-wire welding 209 424 432 

Curie temperature 457 

Current range test 433 

Cutting attachment 883 

Cutting blowpipe 883 

Cutting nozzle 883 

Cutting tip 883 

Cutting torch (arc) 883 

Cutting torch (oxyfuel gas) 883 

CV transformer 279 280 

CV/pulse mode 84 

Cylinder manifold 884 

D 

Damping 401 

Davy, Sir Humphrey 243 

de Benardos, Nikolas 243 

de Meritens, Auguste 243 

Deborah number 827 

Deep-penetration-mode welding 558 

DeepTIG for GTAW 355 

DeepTIG PEC 356 

Defects 

    definition of 884 

    design aspects in prevention of 

        lamellar tearing 268 

        overview 268 

        solidification cracks 268 

    tunnel defect 223 

Deformation 

    2-D small- and large deformation 

 analysis 149 
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Deformation (Cont.) 

    3-D small- and large deformation 

 analysis 149 

    DB  218 

    plastic 24 204 

    USW 202 204 

Degaussing coils 535 

Dendrite core compositions 107 

Dendrite spacing 105 107 

Densimet 666 

Deoxidation 44 

Department of Defense 539 

Department of Energy 745 

Deposit (thermal spraying) 884 

Deposited metal 47 884 

Deposition efficiency (arc welding) 884 

Deposition efficiency (thermal spraying) 884 

Deposition sequence 884 

Depth of fusion 298 314 884 

Design for joining (use of term) 10 

Destructive testing 713 

Destructive testing (resistance-welded joints) 

    dynamic mechanical tests 

        fatigue tests 492 

        impact test 493 

        overview 492 

    manual testing 490 

    metallographic examinationfriction     494 

    overview friction law  489 

    quasi-static mechanical tests 

        combined tension and shear test 492 

        cross-tension test, 490 492 

        tensile-shear test 492 

        U-tension test 492 

Deutsches Museum of Technology 507 

Device 3 

DIABEAM system 551 

DictTra software 752 
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Die burns 450 

Diffraction 

    EBW 149 

    electron backscattered diffraction imaging 735 

    focused laser beams 509 

    laser beam diameter 563 

    laser beams 509 

    laser micro-welding 628 

    of neutrons 160 

    residual stresses, measuring 755 

    spot size 629 

    thermomechanical phenomena in fusion welding 835 

    TOFD technique 226 

Diffusion 7 

Diffusion bonding (DB) 884 

    ceramic-ceramic joints 687 

    ceramic-metal joints 

        applied pressure 686 

        bonding temperature 686 

        overview 685 

        surface roughness 687 

    creep 682 686 687 

    dissimilar-metal combinations 

        ferrous alloys 685 

        ferrous-to-nonferrous alloys 685 

        nonferrous alloys 685 

    interface aids 220 

    mechanism of 

        overview 218 

        stage I: microasperity deformation 218 

        stage II: diffusion-controlled mass 

 transport 219 

        stage III: interface migration 220 

        surface roughness 219 

    noble metals 685 

    nonferrous alloys 

        aluminum-base alloys 683 

        beryllium alloys 685 
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Diffusion bonding (DB) (Cont.) 

        cobalt-base alloys 685 

        copper alloys 685 

        nickel-base alloys 685 

        reactive metals 684 

        refractory metals 684 

    overview 24 217 682 

    oxide ceramics 685 

    oxides, surfaces containing 218 

    process 217 

    process variants 

        HIP 683 

        liquid-phase process 682 

        solid-phase process 682 

        SPF/DW technique 683 

    steels 

        carbon 683 

        high-strength 683 

        low-alloy 683 

        stainless steels 683 

Diffusion brazing (DFB) 884 

Diffusion welding (DFW) 24 884 

 See also Diffusion bonding (DB) 

Dilution 884 

Dilution (fusion welding) 

    fusion zone composition and 115 

    fusion-zone microstructure and properties 

        overview 119 

        stainless steel, deposition on carbon or 

 low-alloy steel 119 

        superaustenitic stainless steels, joining 119 

    introduction 115 

    welding parameters, influence of 117 

Dimensionless groups 67 

Diode laser 884 

Diode pumped solid state (DPSS) laser 884 

Diode-pumped Nd:YAG lasers 508 

Dip brazing (DB) 884 
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Dip pot 26 

Dip soldering (DS) 884 

Direct current electrode negative (DCEN) 

    arc stabilizers 45 

    definition of 884 

    GMAW 309 

    GTAW 36 37 

    PAW 359 

    polarity 313 

    SMAW 302 

Direct current electrode positive (DCEP) 

    definition of 884 

    GMAW 38 255 309 

    GTAW 36 250 

    HLAW 324 

    PAW 359 

    polarity 313 

    SMAW 302 

    spray transfer 311 

Direct current reverse polarity 

 (DCRP) 17 19 884 

Direct current straight polarity (DCSP) 17 884 

Direct metal deposition (DMD) 592 

Direct weld parameters (DWP) 

    arc welding process control 286 

    modeling 289 

    rotary friction welding 646 

Direct-diode lasers 588 590 

Direct-drive rotary friction welding 

    dissimilar materials 644 

    nonferrous 

        aluminum-base alloys 644 

        cobalt-base materials 644 

        copper-base materials 644 

        nickel-base materials 644 

        reactive metals 644 

        refractory metals 644 

    overview 641 
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Direct-drive rotary friction welding (Cont.) 

    parameter qualification 643 

    procedure qualifications 642 

    steels 

        carbon steels 644 

        stainless steels 644 

    tooling 642 

Direct-drive welding 24 25 

Directed-energy fusion welding 

    EBW 22 

    LBW 23 

    overview 21 

Disc laser welding 584 

Disc lasers 508 

Discontinuity 189 884 

Discontinuous dynamic recrystallization 

 (DDRX) 198 199 

Disk laser 325 561 

Distortion. 

    fusion welding 151 

    integrated weld modeling 754 

    joint control 11 

    modeling of thermomechanical phenomena 

 in fusion welding 835 839 

    residual stresses and.  

 See Residual stresses and distortion 

    weld joint design 268 

    welding  256 

Double-bevel-groove weld 884 

Double-Electrode GMAW 257 

Double-ellipsoid heat-input model 146 

Double-ellipsoid model 149 

Double-flare-bevel-groove weld 884 

Double-flare-V-groove weld 884 

Double-J-groove weld 884 

Double-square-groove weld 884 

Double-U-groove weld 884 

Double-V-groove weld 884 
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Double-welded joint 884 

Dovetail-and-groove joints 6 

Downdraft table 853 

Downhand 388 532 590 884 

Downslope power 518 519 

Downslope time 466 

DP 600 steel 470 

DP 780 steel 495 

DP-W 600 832 833 

Drag (thermal cutting) 884 

Drag angle 323 

Drop (use of term) 83 

Droplets 

    detachment 256 

    ESW 367 

    FCAW 330 

    GMAW 83 256 

    laser droplet welding 633 

    temperature 85 

    transfer modes 83 

    velocity 85 

Dross formation 612 616 

Dry welding 307 

Dual-feed (push-pull) feed units 315 
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Lasers (use of term) 507 

Lasing gases 612 

Latent heat of fusion 75 

Lateral-drive system 725 

Lawrence Livermore National Laboratory 

 (LLNL) 551 
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Lead burning 887 

Ledeburite 129 

Lenticular structure 143 

Levenberg-Marquardt (LM) 785 

Lichtenberg, G. 243 

Lifshitz-Slyozov-Wagner (LSW) equation 800 810 

Lift  382 

Light amplification by stimulated emission 

 of radiation (laser) 606 

Lincoln Electric Company, The 244 245 247 

Linear (reciprocating) friction welding 24 25 

Linear (vibration) friction welding 24 25 

Linear void density (LVD) 735 

Linear weld density (LWD) 205 735 

Liquation cracking 139 377 

Liquidation 887 

Local brittle zones (LBZs) 135 136 

Local thermodynamic equilibrium (LTE) 252 

Locked out 846 

Locked-up stress 887 

Locking (Morse) taper 728 

London Naval Treaty (1930) 246 

Longitudinal crack 887 

Longitudinal distortion 162 

Longitudinal stresses 160 

Lorentz force. guide 92 626 

Lorentzian curve 251 

Low-alloy nickel-base alloys 427 

Low-alloy steels 

    DB  683 

    FSW tool applications 666 

    HAZ 753 

Low-carbon steel welds 161 

Low-carbon steels 

    FCAW 331 

    RSEW 474 

    SAE 1005 474 
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    SAE 1010 474 

    SAE 1015 474 

    stress-relieving treatments 164 

    studs 381 

Low-pressure electron beam welding 750 

M 

Machine welding 887 

Macroetch test 887 

Maglay process 374 

Magnesium 

    aluminum alloys 139 184 

    aluminum studs 381 

    diffusion welds 686 

    electrode tip shape 350 

    fluxes 51 

    FSW 189 

    FSW tool designs 673 

    FW  448 

    GTAW 249 347 349 

    HAZ 489 

    laser deposition 589 

    laser roll welding 721 

    metallographic examination 495 

Magnesium (continued) 

    metallurgical compatibility 371 

    metallurgical microstructure evolution, modeling 810 813 815 

    MPW 704 705 708 

    PMZ 487 

    recrystallized grain size 196 199 

    RSEW 445 

    RW  406 482 

    shielding gases 350 565 

    three-dimensional (3-D) lobe diagrams 473 

    tool steels 665 666 

    vacuum welding conditions 529 

    vaporization 571 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Magnesium, arc welding 246 

Magnesium alloys 
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    equipment 705 

    field shapers 706 

    fundamental theory 704 

    high-voltage power supply 706 

    high-voltage switches 706 

    mechanical testing 707 

    metallurgical characterization 707 

    overview 704 

    power system 705 

    process 

        overview 706 

        parameters 707 

    Rogowski coils 706 

    safety guidelines 708 

    summary 709 
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        bar coils 705 

        flat pancake coil 705 

        overview 705 

        solenoid coils 705 

Magnetically-impelled arc buttwelding (MIAB) 18 

Magnetohydrodynamics (MHD) 626 

Maiman, Theodore 508 

Management (use of term) 845 

Manganese 
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    EBW 533 

    EGW 377 

    ESW 371 372 373 
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    fluxes 45 47 48 49

  53 338 

    fumes/gas hazard 353 554 851 

    fusion welding 115 116 

    laser cutting 616 

    mild steels 615 616 

    oxidation potential 300 

    RSW 421 

    safe welding practices 854 

    SAW 49 

    shielding gases 296 

    steel electrodes 314 

    steels 126 127 

Manual metal arc (MMA) welding 137 

Manual welding 252 887 

Marangoni (Ma) numbers 13 774 

Marangoni convection 89 94 

Marangoni flow 626 

Marangoni shear stress 768 

Marc  835 

Marine applications 287 357 375 

Martensite 134 

Martensite (body-centered tetragonal) phase 488 

Mash seam welding 438 439 444 474

  482 

Mask (thermal spraying) 887 

Material safety data sheets (MSDSs) 846 

Mathematical axioms 819 

Mathematical Modeling of Weld Phenomena 746 

Maximum permissible exposure (MPE) level 567 

Mechanical bond (thermal spraying) 887 

Mechanical compatibility 4 

Mechanical fastening 5 

Mechanical interlocking 7 

Mechanical stress relieving 163 

Mechanical system 411 
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Mechanics Handbook (Enderlein) 244 

Medium-frequency direct current (MFDC) 

 controls 407 

Medium-vacuum (EBW-MV) 515 517 518 519

  527 

Melt-in mode 21 

Melting efficiency (use of term) 565 

Melt-through 270 887 

Meredith, Russell 344 

Mesh generation 773 

Metal arc 243 

Metal arc cutting (MAC) 887 

Metal cored electrode 887 

Metal electrode 887 

Metal inert-gas (MIG) welding 247 

Metal powder cutting (POC) 887 

Metal-induced embrittlement 236 

Metallic bond 26 712 887 

Metallizing 678 887 

Metallurgical bond 26 887 

Metal-matrix composites (MMCs) 

    FRW 181 

    FSW tool applications 666 

Methane (CH4) 613 

Method of images 71 

Methylacetylene-propadiene (MPS) 857 

Metric conversion guide 895 

Meyer Werft GmbH 322 

Meyer’s hardness number 793 

Microalloyed steels 127 

Microelectronic welding 727 

Microhardness testing 736 738 

Microjoining 

    beam-material interactions 

        humping 628 
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    future trends 634 

    laser droplet welding 633 

    laser spike welding 632 

    metallurgical consequences 

        cooling/solidification rates, 

 effect on 629 

        diffusion-limited kinetics 630 

        ripples 630 

        surface contamination 630 

        unmixed zone 630 

    microscale physical phenomena 625 

    microweld, definition of 625 

    microwelds 

        driving forces 626 

        other forces 626 

        overview 625 

        resisting forces 626 

    overview 625 

    postweld metrology/inspection 

        handling 631 

        microwelds, visualizing and measuring 631 

        NDE micromethods 631 

    process controls 

        beam scanning versus part motion 631 

        parameter control requirements 631 

    process description 

        beam monitoring 629 

        spot sizes 629 

        suitable equipment 628 

    rapid beam rastering/scanning 632 

    SHADOW technique 632 

    stationary beam/moving workpieces 632 

    transport 
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Microwelding 24 

Midfrequency direct current (MFDC) 411 429 463 

MIG welding 887 

 See also Gas metal arc welding (GMAW) 

Mild steels 

    AE  649 

    cross-wire welding 432 

    double-pendulum test 494 

    FCAW 332 

    GMAW 311 

    laser cutting 615 

    PW  426 

    SMAW 303 

Military applications 287 

Mil-Specs 539 

MIL-W-6858D 427 

Mine Safety and Health Administration, 

 (MSHA) 850 

Mirrors 

    adaptive 612 

    cavity 613 

      CO2 beam delivery 582 

    EBW 535 

    focusing 608 

    folding 609 

    Galvano-scanner mirrors 619 622 631 

    hybrid welding head 326 

    LBW 562 563 567 612 

    optics for beam delivery 580 

    parabolic 582 

    rapid beam rastering/scanning 632 

Mixing chamber 887 

Mode of metal transfer 310 

Molten weld pool 17 887 

Molybdenum 

    AHHS 420 

    DB  683 685 
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    FRW 644 

    FSW tool designs 665 

    GMAW 319 

    high-frequency welding 459 

    high-temperature chromium-molybdenum 

 steels 332 

    low-alloy steels 666 

    multicomponent alloys, modeling of 110 111 

    RW  400 401 

    shielding gases 350 

    solid-state welding processes 644 

    superaustenitic stainless steels (joining) 120 

    titanium alloys 666 

    weld solidification 107 

Monel  617 

Monte Carlo simulation 126 629 750 

Multicomponent alloys, modeling 110 

Multipass welding 

    ESW and EGW 375 

    LBZ 136 

    thermomechanical effects 149 

    transverse shrinkage 162 

Multiple-pass welds 23 247 338 355

  515 527 

Multiple-tier welds 527 

    EBW 527 

Multiport nozzle (plasma arc welding 

 and cutting) 887 

Mushrooming 405 414 463 

N 

Nail head 564 

Nanohardness testing 736 738 
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Narrow-gap improved electroslag welding 

 (NGI-ESW) 374 

Narrow-lap welding. See Mash seam welding 

National Electric Code (NEC) 284 859 

National Electrical Manufacturers 

 Association 858 

National Fire Protection Association 

 (NFPA) 70, Article 630 284 

National Fire Protection Association’s (NFPA) 

    51B  317 860 

    51B-1962 845 

    NFPA 79 862 

    safe welding practices 859 

National Institute for Occupational Safety and 

 Health (NIOSH) 850 

National Joint Council 355 

National Materials Advisory Board 759 

Nd:YAG lasers 325 561 600 

Near-net shape processing 

    applications 591 

    characteristics 591 

    directed powder methods 592 

    future directions for 594 

    powder bed methods 591 

Neodymium: yttrium-aluminum-garnet 

 (Nd-YAG) laser pulses 783 

Neodymium: yttrium-aluminum-garnet 

 (Nd:YAG) lasers 588 

Neodymium-doped yttrium-aluminum-garnet 

 (Nd:YAG) lasers 556 

Neural networks 290 

Neutral flame 15 887 

Newton’s law of viscosity 768 

Newton’s second law of motion 402 

Nickel 

    copper nickels 484 

    DB  685 

    seam welding 444 
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    FRW 644 

    IN622 115 

    IN625 115 117 

Nickel-base filler metal (IN686) 110 111 119 120 

Nickel-base superalloys 139 538 

Ni-Cr-Mo-Gd alloys 108 109 

Nimonic 90 666 

Niobium 644 685 

Nitrogen, shielding gases 297 

Nitrogen absorption (weld modeling) 780 

Nitroguanidine explosive 692 

Noble metals 682 683 

Nonconsumable electric arc welding 18 

Nonconsumable electrodes 18 

Noncontinuous cooling transformation (CCT) 

 diagram 122 123 

Nondestructive Evaluation and Quality 

 Control, Volume 17 of ASM 

 Handbook 1989 548 

Nondestructive evaluation (NDE) 

    EBW 548 

    HLAW 327 

    rotary friction welding 649 

    solid-state welds. See also Solid-state 

 welds, NDE 

        eddy current 223 

        radiography 222 
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    arc welding 247 

    CW  713 

    EBW 525 538 

    EMATs 600 

    FSW 659 

    resistance welded joints 492 

    rotary friction welding 652 

    RSEW 446 

    RW  446 

    UAM 736 

    USW 727 729 

    UW  454 

Nondestructive testing (resistance-welded joints) 

    dynamic resistance 496 

    electric current 496 

    electric voltage 496 

    electrode displacement 497 

    electrode force 497 

    overview 495 

    process signals 495 

    ultrasonic evaluation 

        in-line ultrasonic test monitoring 500 

        overview 498 

        ultrasonic A-scan technique 498 

        ultrasonic B-scan technique 499 

Nonequilibrium 122 

    constitutional liquation 128 

    fusion welding 5 56 

    integrated weld modeling 752 

    nonweldable alloys 541 

    solidification 109 

    solid-state 122 

    weld solidification 96 105 
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Nonequilibrium solidification 109 

Nonferrous alloys law of viscosity 

    DB second law of motion    683 

    weldability of 874 

Nonferrous metals, weldability of 876 

Nonfusion (solid-state) welding 

    diffusion welding/bonding 24 

    EXW 25 

    FRW 25 

    nonfusion pressure welding 24 

    overview 24 

    solid-state deposition welding 25 

    USW 25 

Nonfusion pressure welding 24 

Nonideal explosive 692 

Nonimaging optics 287 

Nonisothermal quasi-neutral plasma (presheath) 771 

Nonthermionic (or field) emission 250 

Nontransferred arc (plasma arc welding and 

 cutting, and plasma spraying) 887 

Nonvacuum (EBW-NV) 515 516 517 519

  527 529 530 

Norway iron 245 

Nozzle 

    definition of 887 

    ESW 372 

Nozzle orifice 

    GMAW 318 319 

    PAW 359 360 363 364 

Nuclear industries 594 685 

Nucleation-based theory 233 

Nugget size (resistance welding) 887 

Nugget zone 196 197 198 

Nuggets 

    definition of 887 

    solid-state resistance welding 209 210 

Nut welding 431 
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Occupational Safety and Health Act of 1970 845 

Occupational Safety and Health Administration 

 (OSHA) 

    29 CFR 1910, Subpart Q 461 

    29 CFR 1910.1200 845 

    29 CFR 1910.134 850 

    chemical hazards 568 

    explosive welding 864 

    HFRW 461 

    laser beam hazards 566 

    permissible exposure limits 855 

    safety management 845 

    ultrasonic welding 864 

    USW 729 

Octaspot welding 672 

Off time 466 

Ohio Supercomputing Center 757 

Ohm’s law 397 

Olsen ball tests 446 

Olszewski, Stanislav 243 

One-way coupling 837 

Open-source codes 767 

Orbital friction welding 24 25 

Organic coated steels 447 

Orifice 

    EBW 529 530 

    gas. See Plasma gas 

    GMAW 318 319 

    laser cutting 614 

    PAW 300 359 360 363 

Orifice gas (plasma arc welding and cutting) 300 319 359 887 

Orowan particles 814 815 816 

Ostwald ripening 127 

Out-of-plane distortion 162 

Oven soldering 887 

Overexposure 850 

Overhead position 887 
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Oxidation cutting 606 611 612 

Oxide ceramics, diffusion bonding of 

    ceramic-ceramic joints 687 

    ceramic-metal joints 685 

        applied pressure 686 

        bonding temperature 686 

        surface roughness 687 

    overview 685 

Oxides, diffusion bonding 218 

Oxidizing flame 15 887 

Oxyacetylene flame 15 

Oxyacetylene welding (OAW) 

    definition of 887 

    development of 241 

    equipment cost 32 

    heat utilization efficiency 33 

    overview 14 

    power density 31 

Oxyfuel gas cutting (OFC) 887 

Oxyfuel gas spraying 887 

Oxyfuel gas welding (OFW) 

    definition of 887 

    flame temperatures 16 

    heat source 35 

    overview 14 

Oxygas cutting 887 

Oxygen 

    safe welding practices 857 

    shielding gases 296 297 

Oxygen, effect of 

    inclusion formation 44 

    interactions 91 

    overview 43 

    pyrochemical reactions, metal transferability 

 during 45 

    shielding gas 46 92 
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Oxygen cutter 887 

Oxygen cutting (OC) 887 

Oxygen cutting operator 887 

Oxygen gouging 887 

Oxygen grooving 887 

Oxygen lance 887 

Oxygen lance cutting (LOC) 887 

Oxygen lancing 887 

Oxyhydrogen welding (OHW) 557 887 

P 

P8TF10 539 

Pacemaker wearers 860 

Paper-covered electrode 245 

Parallel welding 

    definition of 888 

    RSW 413 

Parallel-plate welding 691 

Parent metal 25 888 

Partial differential equations (PDEs) 766 

Partial joint penetration 888 

Partially melted zone (PMZ) law 139 377 487 

Partially mixed zone (PMZ) 116 119 

Partial-penetration groove welds 263 

Particle coarsening 799 

Paste weld. See Cold weld 

Paton Welding Institute 355 

Pavlecka, V.H. 344 

Peak temperature 

    fusion welding 60 72 

    HAZ 123 

    weldment 60 

Peak temperature-cooling time (PTCT) 

 diagram 124 

Peck-piercing 608 

Peclet (Pe) numbers 774 

Peel test 205 433 736 737 
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Peltier effect 398 399 401 

Penetration 888 

Penetration (keyhole) welding process 596 

Penetration depth 74 

Penetration-enhancing compound (PEC) 355 

Perception threshold 858 

Percussion drilling 619 

Percussion welding (PEW) 

    definition of 888 

    overview 20 

Permit-required confined spaces 853 

Personal protective equipment (PPE) 848 

    eye, face, head protection 848 

    hand, foot, body protection 849 

    hearing protection 850 

    process-specific requirements 849 

    respiratory protection 850 

Philips Research Laboratories 318 

Phosphorus 220 

Photovoltaic silicon film 619 622 

Physical compatibility 4 

Pilot arc (plasma arc welding) 318 319 359 360

  888 

Pin tool 664 

Pin tools 656 664 667 670

  672 

Pin-and-tenon welds 424 

Pinch instability theory (PIT) 776 

Pinch points 390 421 847 

Pinhole detection system 550 

Pipe welder 305 

Pipe welds 881 

Planar-magnetron (PM) sputtering 230 234 

Plasma 242 

Plasma arc cutting (PAC) 888 

Plasma arc welding (PAW) 

    advantages 360 

    applications 361 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Plasma arc welding (PAW) (Cont.) 

    components 362 

    definition of 888 

    disadvantages 360 

    equipment 

        electrodes 360 

        overview 360 

        plasma (orifice) 361 

        shielding gases 361 

        welding torches 360 

    joints 362 

    keyhole mode 359 360 361 

    melt-in mode (microplasma mode) 359 

    microplasma (melt-in-mode) 361 

    operation, principles of 

        current modes 359 

        operating modes 359 

        overview 359 

    overview 18 21 359 

    personnel requirements 

        health issues 364 

        safety issues 364 

        skill level 364 

        training 364 

    procedures 

        inspection 363 

        process operating procedure 363 

        troubleshooting 363 

        weld quality control 363 

    shielding gases 300 

Plasma gas 300 319 360 361

  363 770 

Plasma gas metal arc welding. See Gas metal arc 

 welding (GMAW) 

Plasma metal inert gas (MIG) welding. See Gas 

 metal arc welding (GMAW) 

Plasma metallizing 888 

Plasma spraying (PSP) 888 
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    nonfusion pressure welding 24 

    USW 204 

Plastic interlocks 6 

Plastic zone sizes 143 

Plastics 

    laser cutting 618 

    use of term 3 

Plastics welding 25 

Plenum chamber (plasma arc welding and 

 cutting, and plasma spraying) 888 

Plug welds 

    definition of 888 

    EBW 527 

    grooves, recommended proportions for 274 

    residual stresses 160 

    UW  455 

    welding qualification tests 261 263 

Plunge 382 

PM sputter deposition 230 231 234 235 

Poisson’s ratio 204 609 791 826

  831 832 

Polarity 

    arc welding 17 

    DCEN 313 

    DCEP 313 

    definition of 888 

    GMAC 313 

Polycrystalline cubic boron nitride (PCBN) 665 666 

Polycrystalline diamond (PCD) 665 

Polyhedral meshing 774 

Polymers, use of term 3 

Pool shape, fusion welding 99 

Porosity 

    aluminum 483 

    arc welding 246 

    arc welding processes 268 

    butt welding 571 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Porosity (Cont.) 

    conduction-mode welding 558 

    DB  210 215 220 687 

    definition of 888 

    EBW 375 518 519 531

  532 533 

    FCAW 329 330 

    fluid-flow phenomena 93 

    fluxes 43 

    friction surfacing 678 679 

    FSW 186 

    FW  450 453 

    GMAW 18 313 318 319 

    GTAW 346 350 

    HLAW 326 

    lap joint 570 

    laser weld 597 601 

    LBW 558 559 560 565

  626 

    PAW 362 

    PW  430 432 436 

    qualification tests 264 

    resistance welded joints 497 

    rotary friction welding 646 

    ROW 718 

    RW  397 418 421 428

  471 

    SAW 337 343 344 

    shielding gases 297 

    slag viscosity 48 

    SMAW 306 

    solid-state welds 224 

    spray transfer 311 

    SW  383 

    two-pass full-penetration welding 532 

    ultrasonic testing 289 

    weld modeling 766 778 

    weld quality 573 574 
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Postweld heat treatment (PWHT) 

    Al-Mg-Si alloys 807 
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    definition of 888 
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    fusion welding 136 

    FW  450 

    nickel-base superalloys 140 

    welding qualification tests 264 

Powder cutting 888 

Power density 

    arc welding process control 285 

    fusion welding 30 

Power factor 280 

Power sources (arc welding) 

    characteristics 

        inverter-based power sources 279 

        overview 277 

        power factor 280 

        power source efficiency 280 

        with single-phase ac input voltage 278 

        three-phase input machines 279 

    multiple arc (multiple operator) 

        multiple dc+ welders 282 

        overview 281 

        resistance grid systems 281 

    overview 277 

    selection considerations 283 

    short arc GMAW 280 

Prandtl number (Pr) 558 769 774 821

  822 

Precoating. ratio  888 

Preform 543 888 

Preheat 62 888 

Preheat current (resistance welding) 888 

Preheat temperature 62 888 

Pressure gas welding (PGW) 577 888 
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Pressure-controlled welding 888 

Pretinning 888 

Primary bonds 7 9 

Primary rectified dc 429 

Primer 7 

Procedure qualification 260 888 

Procedure qualification record (PQR) 260 265 888 

Process 3 888 

Process control plan (PCP) 538 

Product clamp 728 

Productivity, use of term 241 

Projected (use of term) 83 

Projection weld nuts/studs/screws 424 

Projection welding (PW) 

    advantages 425 

    annular-projection welds 424 

    ball-to-sheet welds 425 

    cross-wire welding 424 432 

    defects, sources of 432 

    definition of 888 

    edge-to-sheet welds 424 

    embossed-projection welding 423 

    equipment 

        electrode followup 428 

        electrode parallelism 428 

        electrodes 429 

        overview 428 

        power supply types 428 

        welder stiffness 428 

    history 

        embossed-projection welding 425 

        modern projection welding 425 

        solid-projection welding 425 

    inspection 433 

    introduction 423 

    limitations 426 

    material property effects 
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        aluminum alloys 426 

        copper 427 

        copper alloys 427 

        low-alloy nickel-base alloys 427 

        overview 426 

        stainless steels 427 

        steels 426 

        titanium alloys 427 

    overview 20 423 

    personnel 430 

    pin-and-tenon welds 424 

    process fundamentals 427 

    process requirements 430 

    projection weld nuts/studs/screws 424 

    quality control 

        current range test 433 

        feedback controller systems 433 

        overview 432 

        peel test 433 

        projection set-down 433 

        shear- or normal-type tensile tests 433 

        torque test 433 

    recommended practices 427 

    resistance mash welds 424 

    safety 434 

    solid-projection welding 423 

    solid-state resistance welding 209 

    solid-steel projection welding 

        annular-projection welding 430 

        cross-wire welding 432 

        nut welding 431 

    specifications 427 435 437 

    steel embossed-projection welding 

        dissimilar-thickness joints 430 

        heavy-gage sheet steels 430 
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    electrical characteristics, effect of 213 

    RW  398 

    system mechanical dynamics, 

 effect of 211 

Protective atmosphere 46 888 

Protective housings 566 

Puddle 888 

Puddle welds 527 

Pull gun technique 888 

Pulse (resistance welding) 888 

Pulse welding (PW) 277 708 

Pulse/constant-voltage (CV) mode 84 

Pulsed arc control 257 

Pulsed gas tungsten arc welding procedure 137 

Pulsed Nd:YAG lasers 561 

Pulsed spray 312 

Pulsed spray source waveforms 315 

Pulse-echo technique 223 

Pulse/pulse mode 84 

Pumpdown time 527 529 

Pure input 496 

Pure iron 93 

Push angle 323 

Push-pin testing 736 737 

Push-pin-type test 205 

Push-pull welding 413 

PWA 16 539 

PWA 1480 103 

Pyrochemical reactions 

    ac mode 45 

    arc stabilizers 45 

    DCEN mode 45 

    delta quantity 45 

    delta quantity, changes in flux 

 composition with 45 

Pyrotechnia (Biringuccio) 243 
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Qualification procedures 260 

Qualified person 848 

Quasi-steady state 55 

Quiet elements 149 

R 

RA1607-077 539 

Radial friction welding 24 25 

Radiation 

    arc  353 

    brazing and soldering 865 

    EBW 517 529 863 

    electromagnet radiation 858 

    GMAW 38 317 327 

    GTAW 36 288 353 

    high-frequency welding 461 

    HLAW 327 

    LBW 23 520 556 

    NDE, solid-state welds 222 

    PAW 364 

    radiography 222 

    safe welding practices 845 848 850 863

  865 

    SAW 335 343 

    THSP 865 

    x-radiation 863 

Radiation, EBW 520 

Radio frequency (RF) pulse 600 

Radiography 222 223 

Radiused (contoured) wheels 439 

Random intermittent welds 888 

Raoultian behavior 175 

Rapid beam manipulation 518 

Rayleigh instability 776 

Rayleigh length/range 510 609 610 611 

Reactance 412 
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Reaction flux (soldering) 888 

Reaction stress 888 

Reactive metals 644 684 

Reducer 11 

Reducing atmosphere 298 416 888 

Reducing flame 15 701 888 

Reference information 

    abbreviations 892 

    ferrous and nonferrous alloys, weldability of 

        arc welding processes 874 

        cast irons 875 

        nonferrous alloys 876 

        steels 875 

    fusion welding processes 870 

    glossary 882 

    metric conversion guide 895 

    shielding gases 869 

    steels, preheat and postweld treatment 

 temperatures 

        carbon steels 878 

        heat treatable steels 880 

        pipe welds 881 

        steel pressure vessel, abbreviations 

    welding fuels 869 

Refill friction stir spot welding (RFSSW) 671 

Reflected radiation sensor (RR) 600 

Reflow soldering 888 

Reflowing 888 

Refractory metals 

    FRW 644 

    FSW tool designs 665 

Reground fluxes 338 

Repair welding 307 

Repelled (use of term) 83 

Residual stress 

    definition of 888 

    integrated weld modeling 754 
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    modeling of thermomechanical phenomena in 

 fusion welding 839 

    thermomechanical effects of fusion 

 welding 149 

    thermomechanical phenomena in fusion 

 welding, modeling of 835 

Residual stresses and distortion 

    analyses of 159 

    brittle fracture 163 

    buckling distortion 162 

    built-up beams, longitudinal distortion 162 

    column 160 

    compressive loading, buckling under 165 

    distortion (weldments) 161 

    environmental effects 165 

    fatigue fracture 165 

    fillet welds, out-of-plane distortion 162 

    formation 158 

    groove weld 

        reaction stresses 160 

        residual welding stresses 160 

        stress distributions 160 
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Stud arc welding (SW) 381 

    overview 18 380 
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Surfacing metal 890 

Surfacing weld 890 

Sweat soldering 890 

Swedish iron 245 

Swept spot friction stir welding (SSFSW) 672 

Swing welding 672 

Synchronous timing (resistance welding) 890 

Synthetic diamond 665 

Synthetic materials, laser cutting 618 

Sysweld 835 

T 

Tabs  561 

Tack weld 890 

Tack welder 305 

Tacker 890 

Tagged out 847 

Tailor-weld blanks 601 602 

Tangent-tube welds 527 

Tantalum 644 685 
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Taxonomy 13 

Tee joints 11 

Temper embrittlement 377 

Tensile testing 388 418 596 660

  686 736 

Tensile-shear test 489 492 494 707

  723 

Tetrahedral meshing 774 

Theoretical throat 890 

Thermal cutting (TC) 890 

Thermal cycle simulator (TCS) 124 

Thermal pinning 125 

Thermal soak-backs 215 

Thermal spraying gun 890 

Thermal spraying (THSP) 10 890 

Thermal stress 55 890 

Thermal transport models 147 

Thermionic emission 250 

Thermit crucible 890 

Thermit mixture 890 

Thermit mold 890 

Thermit reaction 890 

Thermit welding (TW) 16 890 

Thermocompression bonding 727 890 

Thermocouples 289 

Thermoelastoplasticity 148 

Thermomechanical processing (TMP) 141 

Thermomechanically affected zone 

 (TMAZ) 196 197 

Thermoplastics 666 

Thermosonic gold ball bonding 201 

Thinnest outer sheet (TOS) 442 

Thomson, Elihu 245 397 448 

Thomson, William 399 

Thomson effect 250 399 401 

Thoriated electrodes 

    GTAW 349 

    PAW 360 
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Threads (threaded conical pins) 669 

Three-bar analogy 146 

Three-dimensional (3D) elastic-plastic 

 analysis 755 

Three-dimensional (3-D) models 587 

Three-dimensional (3-D) moving-source 

 models 146 

Three-dimensional (3-D) objects 201 

Three-dimensional (3-D) parts 540 

Three-dimensional (3-D) transient models 766 

Three-piece welds 527 

Threshold limit values (TLVs) 855 

Threshold limit value-time weighted 

 average (TLV-TWA) 855 

Throat depth 405 441 

Throat gap 405 

Throat of a fillet weld 890 

Throat of a groove weld 890 

Through-the-arc sensing. See Arc sensing 

TIG welding. See also Gas tungsten arc 

 welding (GTAW) 

    definition of 890 

Time-of-flight diffraction (TOFD) 

 technique 226 

Time-temperature transformation 

 (TTT) diagram 750 

Tinning 890 

Titanium 

    arc sensing 287 

    EGW 376 

    ESW 376 

    FRW 183 644 

    laser welding of 572 

    pulsed-current GMAW 287 

    ROW 717 

Titanium alloys 542 572 708 

    aerospace applications 140 

    DB  217 
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Titanium alloys (Cont.) 

    FSW tool applications 666 

    laser cutting 617 

    laser welding of 572 

    PW  427 

    ROW 717 

    Ti-6Al-2Sn-4Zr-2Mo 537 

    Ti-6Al-4V 235 537 542 543

  572 684 

    Ti-8Al-1Mo-1V 537 

    weldments 140 

Titanium nitride (TiN) 127 

Titanium oxide steels 133 

Title 21 CFR 1040.10 566 

Title 21 CFR 1040.11 566 

Title 29 CFR 1900.1000 866 

Title 29 CFR 1910 845 

Title 29 CFR 1910, Subpart Z 864 

Title 29 CFR 1910.1000 850 

Title 29 CFR 1910.132 848 

Title 29 CFR Chapter XVII, Part 1910 852 

T-joints 

    aluminum 78 

    definition of 267 890 

    EBW 526 

    grooves, recommended proportions for 275 

Toe angle 323 

Toe crack 890 

Tool steels 665 

Top hat 40 

Torch brazing (TB) 849 890 

Torch soldering (TS) 849 890 

Torch tip 861 890 

Torque test 433 

Torsion locks 6 

Touch-and-withdraw method 243 

Townes, C.H 508 

Trace elements 89 90 92 355 
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Trailer shield 352 

Transferred arc (plasma arc welding) 890 

Transistors 3 

Transmission electron microscopy (TEM) 131 629 696 

Transverse crack 755 890 

Transverse electromagnetic mode with m 

 number (TEMmm) 563 

Transverse excited atmospheric CO2 lasers 620 

Transverse shrinkage 162 

Transverse stresses 160 

Travel angle 313 

Travel speed 

    GMAW 313 

    high energy density beam welding 512 

    SAW 343 

Trepanning 619 620 

Triflute tool 672 673 

Trivex tool 672 673 

Truncated cone 214 414 415 432

  666 668 

Tungsten 

    electrodes 249 

    FSW tool materials 665 

    gas tungsten arc welding (GTAW) 18 

Tungsten inert-gas (TIG) process 246. 

 See also Gas tungsten arc welding (GTAW); 

 Gas tungsten arc welding with 

 penetrating-enhancing compounds 

Tungsten inert-gas (TIG) welding 832 

Tunnel defect 223 

Turbulence 769 

TWI slit probing system 551 

Twin carbon arc brazing 890 

Two-dimensional (2- D) steady-state 

 models 766 

Two-layer temper-bead procedure 137 
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U 

U-groove welds 267 890 

UL 551 858 

Ultimate tensile strength (UTS) 231 

    soft-interlayer solid-state welds 232 

Ultrahigh-strength steels 

    4130 160 

    D-6a 160 

    H13 160 

    residual stresses and distortion 161 

Ultrashort high-energy pulses 

 (laser drilling) 620 

Ultrasonic additive manufacturing (UAM) 

    equipment 734 

    high power, impact of 738 

    high-power development 735 

    material properties in 

        mechanical properties of builds 736 

        metallurgical aspects 735 

    microhardness/nanohardness testing 738 

    overview 731 

    procedures 734 

    process consumables 

        base plate 732 

        machine tools 733 

        metal tape 732 

        ultrasonic tooling 733 

    process fundamentals 731 

    push-pin testing 737 

    quality control 739 

    safety 740 

    ultrasonic welding during 

        applications 733 

        consumables 732 

        materials 732 

        overview 731 

        welding parameters 732 

    ultrasonic welding system 731 
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Ultrasonic A-scan technique 498 

Ultrasonic B-scan technique 499 

Ultrasonic consolidation (UC) 201 

Ultrasonic soldering 890 

Ultrasonic spectroscopy 226 

Ultrasonic welding (USW) 725 

    bond formation, mechanisms for 206 

    bond strength 205 

    friction 204 

    heat generation 

        friction coefficient 203 

        surface heat 203 

        volume heat 203 

    material behavior 

        plastic deformation 202 

        thermomechanical hardening rules 202 

    overview 24 25 201 725 

    thermomechanical processes, governing 

 equations 202 

    wedge-reed system 725 

    yield rule 202 

Ultrasound 

    acoustic emission technique 227 

    compound scanning technique 226 

    electromagnetic acoustic transduction 

 technology 227 

    linear phased array 223 

    matrix phased array 223 

    SAM 226 

    solid-state welds 222 224 

    TOFD technique 226 

    ultrasonic spectroscopy 226 

Ultraviolet (UV) light 327 

Ultraviolet (UV) radiation 848 851 852 

Unaltered grain-coarsened (UAGC) zone 135 

Underbead crack 890 

Undercooling, fusion welding 99 

Undercut 298 891 
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Undercutting 

    corner joint welds 526 

    definition of 597 

    electroslag overlays 368 

    filler metals, effect of 671 

    fluid flow phenomena 89 

    joining process 11 

    Maglay process 374 

    magnetic field, effect on 368 

    shielding gases 297 

Underfill 518 891 

Underwater welding 307 

Underwriters Laboratories 863 

United Technologies Corporation 507 

Unzipping 442 

Upper bainite 131 

Upset 

    definition of 891 

    rotary friction welding 646 648 650 

Upset butt welding 891 

Upset distance 891 

Upset welding (UW) 453 

    definition of 891 

    description of 397 453 

    versus flash welding 448 453 

Upsetting 171 

Upslope power 518 

Upslope time 466 

U.S. Bureau of Alcohol, Tobacco, and 

 Firearms 864 

U.S. Department of Transportation (DOT) 855 864 

U.S. Mine Safety and Health 

 Administration (MSHA) 854 

U.S. Mint 718 

U.S. Navy 245 246 357 

U.S. Steel 615 

U-tension test 492 
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V 

Vacuum brazing 891 

Vacuum environment 509 

van der Waals bonding 6 

Vanadium 685 

Vapor pressure 

    EBW 532 

    fluxes 45 

    fusion welding 116 

    keyhole formation 40 92 93 532

  597 778 

    laser weld quality monitoring 597 

    SAW 49 

    weld modeling 779 780 

    welding processes (overview) 15 

Vaporization 

    alloying elements 781 783 

    arc outs 533 

    arc welding process control 285 

    directed-energy fusion welding 21 22 

    EBW 514 

    ESW 371 

    flux  783 

    high-energy-density welding 39 

    keyhole formation 778 779 

    laser cutting 606 

    laser weld quality monitoring 595 596 598 600 

    LBW 507 511 512 558

  559 

    losses 571 

    manganese loss due to 45 

    mass transport, modeling 767 

    penetration-mode HLAW 322 

    PW copper/copper alloys 427 

    safe welding practices 851 

    weld modeling 785 

Variable polarity plasma arc (VPPA) 

 welding process 359 361 362 364 
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Variable-voltage power supply 706 

Variant processes 10 

Venturi effect 620 

Vertical position 265 891 

Vertical position (pipe welding) 891 

V-groove weld 267 891 

Vibration, ultrasonic welding 203 

Virtual process chain 830 

Voids 

    DB  218 219 220 

    FRW 191 

    MPW 707 

    RSW 416 

    shrinkage void 268 428 889 

    soft-interlayer solid-state welds 230 

    solid-state welds 223 

    UAM 734 736 

Volume-of-fluid (VOF) method 776 

Volumetric solid-state phase transformations 147 

von Mises plastic strain 204 

von Mises stress 

    fusion welding 149 

    soft-interlayer solid-state welds 231 232 

von Mises yield condition 149 

von Mises yield criterion 202 

W 

Walk-in workstation 567 

Waspalloy 537 666 

Watanabe number 377 

Water moisture (H2O) 613 

Water muffler 862 

Water table 853 

Water-cooled welding guns 331 

Watts (W) 35 

Wave soldering (WS) 891 

Waveform-controlled welding. See Pulse 

 welding (PW) 
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Wax pattern (thermit welding) 891 

WC-Co 666 

Weak coupling 837 

Wear parameters 287 

Weave bead 264 891 

Wedge-reed system 725 

Weld  891 

Weld (use of term) 266 

Weld axis 262 891 

Weld bead 

    definition of 891 

    heat source, modeling of 39 

Weld bonding 10 11 471 728

  891 

Weld brazing 10 11 891 

Weld cladding 264 

Weld crack 891 

Weld crater/weld finger 71 72 

Weld face 269 891 

Weld line 159 891 

Weld lobe diagrams 

    3-D lobe diagrams 473 

    electrode force, effect of 471 

    overview 469 

    probabilistic boundaries 472 

    process variables, influence of 470 

Weld metal 267 891 

Weld pass 64 891 

Weld pass sequence 891 

Weld penetration 11 891 

Weld pool 

    alloy additions 48 

    arc welding 243 

    creep 827 

    definition of 891 

    fusion welding 31 

    oscillation sensing 287 

    oxygen, effect of 44 
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Weld pool (Cont.) 

    solidification rate 60 

    vibrations 288 

Weld puddle 31 891 

Weld reinforcement 78 165 311 530

  836 891 

Weld root 224 891 

Weld size 269 891 

Weld solidification cracking 754 

Weld solidification (fusion welds) 

    grain structure 99 

    microstructural features 

        overview 96 

        solidification parameters 97 

    nucleation considerations 

        application 98 

        nucleation theory 97 

        overview 97 

    rapid solidification 111 

    substructure formation. See Fusion welds, 

 substructure formation 

Weld tab 891 

Weld throat 268 891 

Weld time 

    downslope time 466 

    hold time 466 

    off time 466 

    squeeze time 465 

    upslope time 466 

    weld time 465 

Weld toe 50 268 322 323

  891 

Weldability 874 891 

Welder 846 891 

Welder performance qualification 891 

Welding. See also individual types; Joining 

 processes 

    aluminum 71 
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Welding (Cont.) 

    annular projection welding 209 

    bead-on-plate welding 69 

    cross-wire welding 209 

    definition of 891 

    direct-drive FRW 180 

    edge projection welding 209 

    embossed projection welding 209 

    groove welding 

        joint geometries, complex 78 

        joint geometries, simple 77 

    inertia-drive FRW 

        axial pressure versus peripheral velocity 181 

        flywheel energy 181 

        overview 180 

        peripheral velocities 181 

    metal movement during 159 

    overview 7 

    parallel welding 413 

    push-pull welding 413 

    series welding 413 

    steel 70 

    thermal stresses during 158 

Welding blowpipe 891 

Welding current 

    definition of 891 

    ESW 368 

    GMAW 312 

    RSW 416 

    RW  463 

    safe welding practices 851 

    SAW 340 

Welding cycle 183 891 

Welding distortion 

    fusion welding 151 

        angular change 151 154 

        buckling distortion 151 154 

        in-plane distortion 151 
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Welding distortion (Cont.) 

        longitudinal bending (bowing or camber 

 distortion) 151 154 

        longitudinal shrinkage 151 154 

        out-of-plane distortion 151 

        rotational distortion 151 154 

        transverse shrinkage 151 154 

    heat flow 56 

Welding efficiency (use of term) 565 

Welding electrode 17 891 

Welding force 464 

Welding fuels 869 

Welding ground 891 

Welding guns 

    air-cooled 331 

    arc (definition of) 882 

    arc welding 247 287 342 

    electro servo welding gun 465 

    FCAW 330 331 

    GMAW 309 313 314 

    LBW 507 

    portable 413 

    RSW 411 412 413 414

  420 

    safe welding practices 859 860 862 

    semiautomatic 859 

    stud welding 380 383 386 

    ultrasonic 726 

    water-cooled 331 859 

Welding inserts 351 

Welding interface 641 690 694 697

  891 

Welding leads 859 891 

Welding machine 

    definition of 891 

    Resistance welding 469 

Welding metallurgy 55 

Welding operator 265 343 536 891 
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Welding personnel, qualification of 

    codes and standards 260 

    overview 260 265 

    performance qualification tests 265 

Welding position 51 891 

Welding procedure 11 891 

Welding procedure qualification record 

 (WPQR) 539 

Welding procedure record 656 

Welding procedure specifications 

 (WPS) 260 265 539 642

  891 

Welding procedures, qualification of 

    codes and standards 260 

    overview 260 

    procedure qualification, limitations on 264 

    purpose of 260 

    qualification documentation 265 

    qualification of 

        qualification tests 260 

        special qualification tests 262 

    responsibility for the task 260 

    standard tests 263 

Welding processes 

    brazing 25 

    classification of 13 

    directed-energy fusion welding 21 

    electric arc fusion welding 16 

    fusion welding, chemically driven 14 

    introduction 13 

    nonfusion (solid-state) welding 24 

    soldering 25 26 

Welding rod 891 

Welding schedules 304 

Welding sequence 359 450 451 517

  519 701 891 

Welding slag 43 

Welding tip 725 891 
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Welding torches 

    Arc  891 

    GTAW 348 

    oxyfuel gas 891 

    PAW 360 

Welding wheel 891 

Welding wire 18 46 319 891 

The Welding Institute of the 

 United Kingdom 186 

Weldment 

    cooling rate 59 

    definition of 891 

    distortion 161 

    parametric effects 

        material type 64 

        overview 64 

        welding speed 64 

    peak temperature 60 

    RSW 40 

    welding distortion 56 

Weldments. See also welding 

    distortion in 161 

    residual stresses and distortion, 

 analyses of 159 

    solid-state transformations. 

 See Solid-state transformations 

    thermal treatment 

        postweld thermal heat treatments 165 

        preheat 165 

Weld-metal (WM) zone 55 

Weld-metal quench effect 307 

Weldor 891 

Weld-puddle motion 37 

Welds. See also Arc welding processes, design 

 considerations for; individual types 

    advancing side 186 

    composite zone 127 

    partially melted zone 127 
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Welds (Cont.) 

    retreating side 186 

    thermal stress analysis of 826 

    true heat-affected zone 127 

    unmixed zone 127 

Welds, numerical aspects of modeling 

    energy equation and heat transfer 820 

    microstructure evolution 825 

    modeling 819 

    overview 819 

    reality, models, and mathematics 819 

    thermal stress analysis 826 

WELDSIM 75 816 

Wet welding 307 

Wetting 50 891 

Widmanstätten ferrite 131 750 

Widmanstätten side plates 130 

Widmanstätten structure 143 

Wine glass beads 559 

Wiped joint 891 

Wire joint, LBW design 570 

Wire melting, GMAW 255 

Wire probing system 550 

Wire welding 

    cross-wire welding 424 432 

    FCAW 19 300 

    fume generation 301 

    GMAW 18 

    self-shielded flux cored arc welding 301 

    solid projection welding 209 

    solid-state welding processes 726 

Wood, laser cutting 618 

Work connection 891 

Work lead 859 891 

Workpiece 15 891 

Workpiece connection 891 

Workpiece lead 891 

WRC-1992 diagram 137 139 140 
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X 

X-65 steels 757 

X-radiation 517 863 

Y 

Y2O3-stabilized tetragonal zirconia 

 polycrystal ceramic (Y-TZP) 687 

YAG lasers 620 

Yb:fiber lasers 556 

Yellow brasses 484 

Young’s modulus 609 627 825 826

  831 832 

Ytterbium: fiber lasers 588 

Ytterbium-doped yttrium-aluminum-garnet 

 (Yb:YAG) disc lasers 556 

Yttrium-aluminum-garnet (YAG) crystal 

 solid-state lasers 508 

Yttrium-aluminum-garnet (YAG) lasers, 

 focusing characteristics 608 

Z 

Zener coefficient 750 

Zigzag line 191 

Zinc  685 

Zinc sulfide (ZnS) 608 

Zirconium 644 685 

    absorptivity 560 

    aluminum welds 103 

    CD stud welding 391 

    CW  715 

    DB oxide ceramics 685 

    DB process 218 

    dissimilar ferrous alloys 685 

    electrodes 349 

    EXW 691 697 

    fluxes 45 

    FOW 701 702 
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Zirconium (Cont.) 

    gas purity 297 

    GTAW 345 

    high-vacuum welding 527 

    HLAW modulus  321 322 

    joints 362 

    PAW 361 

    postweld processing 698 

    ROW 717 

    welding parameters 644 
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