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Preface

This is the fifth and final volume of the 7th Edition of the Welding Handbook. This
volume containsrevisionsto severalchaptersthat last appeared in Volume (Section) 10f the
6th Edition of the Handbook. These revisions include symbols for welding, brazing, and
nondestructivetesting; economicsand costestimating;codes and standards; inspection; and
safepractices. The volume alsoincludes new chapters on the design for welding, fixtures and
positioners, automation and control, qualificationand certification, and weld quality. The
information in this volume will be particularlyuseful to engineeringas well as manufactur-
ing and inspection personnel.

The chapter on symbolsis a guide to the use of symbols, not the standard for symbols
that is published separately(AWS A2.4, Symbolsfor Weldingand Nondestructive Testing).
The information on codes and standards includes currently published documents. The
reader should verify the existenceand latest edition of a code or standard before applying it
to a product. Safe practices, the last but perhaps the most important chapter, should be
referred to when planning an installation as well as during equipment installation and
operation.

An index of the major subjects in &l five volumes of the Welding Handbook preceeds
the volume index. It enables the reader to quickly determine the appropriate volume and
chapter in which the desired information can be found.

This volume, like the others, was a voluntary effort by the Welding Handbook
Committee and the Chapter Committees. The Chapter Committee Members and the
Handbook Committee Memberresponsible for achapter are recognizedon the titlepage of
that chapter. Other individualsalso contributed in avariety of ways, particularlyin chapter
reviews. All participants contributed generously of their time and talent, and the American
Welding Society expresses herewith its appreciation to them and to their employers for
supporting the work.

The Welding Handbook Committee expresses its appreciation to Richard French,
Deborah Givens, Hallock Campbell, and other AWS Staff Members for their assistancein
the production of this volume.

The Welding Handbook Committee welcomes your comments on the Handbook.
Please address them to the Editor, Welding Handbook, American Welding Society, 550
N.W. LeJeune Road, P.O. Box 351040, Miami, FL 33135.

J.R. Condra, Chairman W.H. Kearns, Editor
Welding Handbook Committee Welding Handbook
19811984
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Design for Welding

GENERAL CONSIDERATIONS

OBJECTIVES

A weldment is an assembly that has the
component partsjoined by welding. It may bea
bridge, a building frame, an automobile or truck
body, atrailer hitch, a piece of machinery, or an
offshore tubular structure.

Thebasic objectives of weldmentdesign' are
ideally to provide a weldment that

(1) Will perform its intended functions.

(2) Will have the required reliability and
safety.

(3)Iscapable of being fabricated, inspected,
transported, and placed in service at minimum
total cost.

Total cost includes costs of the following:

(1) Design

(2) Materials

(3) Fabrication

(4) Erection

(5) Inspection

(6) Operation

(7)Repair
(8) Maintenance

THE DESIGNER

Designers of weldments should have some
knowledge and experiencein the following pro-

1, Thereis similarity between the design of weldments
and brazements except for joint designs and joining
processes. Much information presented here can be
applied to brazement design. Also, see the Welding
Handbook, Vol. 2, 7th Ed., 1978 370-438.

cesses and procedures in addition to the basic
design concepts for the product or structure:

(1) Cutting and shaping of metals

(2) Assembly of components

(3) Preparation and fabrication of welded
joints

(4) Weld acceptance criteria, inspection,
mechanical testing, and evaluation

Designersalso need a general knowledge of
the following subjects2 and their effects on the
design of weldments:

(1) Mechanical and physical properties of
metals and weldments

(2) Weldability of metals

(3) Welding processes, costs, and variations
in welding procedures

(4) Filler metals and properties of weld
metals

(5) Thermal effects of welding

(6) Effects of restraint and stress concen-
trations

(7) Control of distortion

(8) Communication of weldment design to
the shop, including the use of welding symbols

(9) Applicablewelding and safety codesand
standards

Engineers who are responsiblefor designing
welded machineparts and structures need knowl-

2. The listed subjects arecovered in this and the olhet
four volumes ofthe Welding Handbook. 7th Edition,
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edge of several areas related to weldments includ-
ing the following:

(1) Efficient use of sfeel, aluminum, and
other metals in weldments.

(2) Design for appropriate stiffnessor flexi-
bility in welded beams and other structural
members.

(3) Design for torsional resistance.

(4) Effects of thermal strains induced by
welding in the presence of restraints.

(5) Effects of stresses induced by welding in
combination with design stresses.

(6) Practical considerations of welding and
selection of proper joint designs for the appli-
cation.

One common mistake in the design of
weldments is copying the over-all shape and
appearance of acasting or other formthat isto be
replaced by a weldment. The designer should be
aware that weldments are different from castings

Design for Welding| 3

or forgings and can look different. There is no
advantage in shaping a weldment with protru-
sions, separate legs, brackets, and housings that
are used on castings. A weldment should have a
shape appropriate for the intended function.

When a change is made from acasting to a
weldment, both appearance and function may be
improved because weldment design generally
involves amore conservativeand strategicuse of
materials. The motivating force for such achange
isadesire to decrease productioncost by fabricat-
ing the machine, part, or structuremore econom-
ically. Cost, therefore, must be taken into consid-
eration at every step in the design program. The
designer must consider not only the obvious ele-
ments entering into production costs but also all
incidentals from the selection of materials and
methods of fabrication to the final inspection
of the finished product and preparation for
shipment.

PROPERT ES CF METALS

STRUCTURE SENSITIVITY OF
PROPERTIES

The properties of metals can be divided into
three general groups, (1) mechanical properties,
(2) physicalproperties, and (3) corrosion proper-
ties, Othergroups could be added, such as optical
properties and nuclear properties. Table 1.1 pro-
vides a list of the properties of metals, buf not all
are discussed herein. It should be noted that the
specificproperties listed under each generalhead-
ing are divided into structure-insensitiveproper-
ties and structure-sensitiveproperties. This sepa-
ration in properties is commonly made by most
textbooks on metalsto emphasize the considera-
tion that should be given to reported property
values.

Structure-insensitive properties are well
defined properties of a metal. They do not vary
from one piece of metal to another of the same
kind. This is true, at least for most engineering
purposes, and is verified by the data obtained

from standard engineering tests. The structurs-
insensitiveproperties often can be calculated or
rationalized by consideration of the chemical
composition and the crystallographic structure
of the metal? These properties (Table 1.1) com-
monly are listed in handbooks as constants for
the particular metals. Seldom {s any mention
made of the size or condition of the sample upon
which the determination was made.
Structure-sensitiveproperties, on the other
hand, are dependentupon not onlychemical com-
position and crystallographicstructure, but also
the microstructural details that are affected in
subtle ways by the manufacturing and processing
history of the metal. Even the size of the sample
can influence the test results obtained for a
structure-sensitiveproperty. Therefore, different

3. General and welding metallurgy of metals iscovered

in the Welding Handbook, Vol. 1, 7th Ed., 1976
100-151.
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4 | DESIGN FOR WELDING

Table 11
Properties of metals

General Structure-insensitive Structure-sensitive
groups properties properties
Mechanical Elastic moduli Ultimate strength

Yield strength
Fatigue strength
Impact strength
Hardrlless
Ductili
Elastictﬁlmit
Damping capacity
Creep strength
Rupture strength
Physical Thermal expansion
Thermal conductivity
Melting point
Specificheat
Emissivity
Thermal evaporationrate
Density
Vapor pressure
Electrical conductivity
Thermoelectric properties
Magnetic properties Ferromagnetic properties
Thermionic emission
Corrosion Electrochemicalpotential
Oxidation resistance
Optical Color
Reflectivity
Nuclear Radiation absorbtivity
Nuclear cross section

Wavelength of characteristicx-rays

samples of the same kind of metal or alloy will
have essentially identical structure-insensitive
properties, but the structuresensitive properties
ae. likely to vary to some degree because of
differences in the treatmenf and preparation of
the samples.

All of the mechanical properties of metals,
withthe exception of elastic moduli, are structure-
sensitive, as listed in Table 1.1. This suggests that
single values, or even a narrow range of values,
published in a handbook for the strength of a
particular metal or alloy must b¢ accepted with
reservation. It is not uncommon to find that

plates or bars of a metal, which representunusual
sizes or conditions of treatment, may display
significant deviations in mechanical properties
from those published for the metal. Even the
direction in which wrought metal is tested (longi-
tudinal, transverse, or through-thickness) may
givesignificantlydifferentvalues forstrengthand
ductility. Although the physical and corrosion
properties of metals are indicated to be structure-
insensitivefor the most part, itis becoming more
evident that some of the values established for
these properties apply only to common multi-
gained metals.
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MECHANICAL PROPERTIES

Metals are the most useful material for con-
struction because they are generally strong,
tough, and ductile. This combination of proper-
ties is not often found in nonmetallic materials.
Furthermore, in metals, the relative degrees of
strength, toughness, and ductility can be varied
individually by alloy selection or by heat treat-
ment. Joining of metals by welding or brazing
also affects their mechanical properties. The
applied heat, cooling rates, filler metal addition,
and metallurgical structure of thejoint are some
of the factors that affect mechanical properties.*

Metals not only offer many useful proper-
ties and characteristicsin their mechanicalbehav-
ior, but they can also develop a large number of
combinations of these properties. The versatility
of metals with respect to mechanical properties
has encouragedthe selection of the best combina-
tion of properties to facilitate fabrication and to
insure good service performance. Some applica-
tions require considerable thought about base
and fillermetal selectionsand treatment, particu-
larly where fabricating properties differ from the
required service properties. To solve these selec-
tion problems, or to effect a compromise, it is
necessary to examine first the governing proper-
ties and then consider their combined effectupon
the design and service behavior of the weldment.

Modulus of Elasticity

A convenient way of appraising the ability
ofametalto resist elastic stretching (strain) under
stress is by the ratio E between the stressand the
corresponding strain. This ratio is known as
Young’smodulus or the modulus of elasticity. It
iscommonly expressedby the followingformula:

o

£

where
o = the unit stress, psi

E = the unit strain, in./in,

4. The testing and evaulation of welded joints are
discussed in the Welding Handbook, Vol. 1, 7th K.,
1976 154-219,

Design for Welding| 5

This modulus is a constant characteristic of
a metal as measured in polycrystalline metals
during standard tensile, compression, bending,
and other engineering tests in which stress and
strain are correlated. The elastic modulus is a
structure-insensitiveproperty; itis virtuallyunaf-
fected by grain size, cleanliness, or condition of
heat treatment, In fact, the modulus of elasticity
often remains unchanged for a metal even after
substantial alloying additions have been made.
Table 1.2 lists the modulus of elasticity for a
number of metals.

Table 12
Modulus of elasticity of metals
Modulus of
elasticity,
Metal psi
Aluminum 9.0 10°
Beryllium 420
Columbium 15.0
Copper 160
Iron 285
Lead 2.0
Molybdenum 46.0
Nickel 30.0
Steel, carbon & alloy 29.0
Tantalum 270
Titanium 16.8
Tungsten 59.0

The elasticmodulus can be used practically
to indicate how much a tie rod will stretch elasti-
cally when aload is placed upon it, or how much
abeam will deflectelastically when under load. A
frequent use of the elastic modulus in welding,
however, isto determinethelevel of stresscreated
in a piece of metal when it is forced to stretch
elasticallyfor a specified amount. The stresscan
be determined by multiplying the strain by the
elasticmodulus. It is important to point out that
the modulus of elasticity decreases with increas-
ing temperature, and that the change in elastic
modulus with temperature varies with different
metals.

Elastic Limit

Theelasticbehavior of metal reachesa limit
at a level of stress called the elastic limit. This
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6/ DESIGN FOR WELDING

term is more a definition rather than an exact
stress level because the value determined for a
metal is quite structuresensitive and dependent
onstainrate. Theelasticlimitisthe upper bound
of stress where the member will return to its
original dimensions when the load is released.
When the elastic limit is exceeded, permanent
deformation will takeiplace in the member.
Because an engineer usually is interested in
knowing the capability of a metal to carry loads
without plastic deformation, several properties
closely related to the elastic limit have been
defined for guidance. These properties can be
determinedeasily fromastress-strain diagram, as
is commonly plotted for a tensile test, Fig. 1.1.
The curve on a stress-strain diagram first pro-
ceeds as a straight line, A-A" The slope of this
line conforms to the modulus of elasticity for the
metal under test. As the line proceeds upward, a
point is reached where the strain exceeds the
amount predicted by the earlier straight linerela-
tionship. It is difficultto state exactly where the

proportionality ends between stress and strain
becausethe clarity and interpretation of the curve
may vary. The proportional limit on the stress-
strain curve in Fig. 1.1is about 28 ksi, Thisis the
maximum stress at which the strain remained
directly proportional to stress. Some additional
strain may be applied beyond the proportional
limit where the metal still behaves elastically.
However, the upper limit of elastic behavior is
the elastic limit.

Any strain in a metal below the elasticlimit
is recoverable upon removal of the load. When
metal is stressed beyond the elastic limit, the
additional strain is plastic in nature and
represents permanent deformation. As an
example, if the tensile specimen depicted in
Fig. [.1 were loaded to 32 ksi (8,), the specimen
would elongate 0.00125 in./in, of length. Upon
removal of the load, the specimen would not
return to its original length, but would display
a permanent stretch of about 0.00015 in.fin.,
line B-B..
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Fig. 1.1—Typical tensile dress-strain diagram for a metal stressed
beyond the limit of elastic behavior



_AWS UHB-5 CH¥1 %% EE 07842L5 0009L5L & NN

Copyright by the American Welding Society Inc
Sat Jul a5 10:52:38 1997

Yield Strength

The yield strength of a metal is the stress
level at which the metal exhibits a specified devia-
tion from proportionality of stress and strain. A
practicable method of determining the yield
strength of a metal is illustrated in Fig. 1.1. The
line C-C'isdrawn parallel to the elasticline A-A"
from a point on the abscissa representing 0.2
percent(0.0020 in./in,) elongation. The line C-C’
will intersect the stress-strain curve at S, where
the stress level is about 38 ksi, This stress is the
yield strength of the tested metal.

While a 0.2 percent offset yield strength is
commonly used in engineeringdesign, offsets of
0.1 and 0.5 percent are sometimes employed in
the same manner for some metals.

Certain metals, such as low carbon steel,
exhibit a yle/d point which is the stress just above
the elasticlimitwhere an increasein strain occurs
without an increase in stress. The yield point is
generally mentioned only for low strength steels.
Offsetyield strength is the more commonly used
index of load-carrying ability without excessive
plastic strain.

Tensile Strength

The ratio of the maximum load sustained
by a tensile test specimen to the original cross-
sectionalareais called the ultimatetensile sirength
(UTS), which is the value regularly listed for the
strength of a metal. The ultimate tensile strength
represents a convenient value calculated from a
standard engineering test. The "true' tensile
strength of the metal usually is substantially
higher than the reported tensile strength.

After the ultimate strength of a tensile test
specimen is exceeded, the loss in load~carrying
ability is caused by a marked reduction in the
cross section as plastic deformation increases. It
is standard practice to calculatethe tensile stress
on the basis of the original cross section area.
Therefore, the metal appears to decrease in
strength as it nears the breaking point. Actually,
the strength of the metal increases steadily as
plastic strain takes place because of the continu-
ing effect of cold work, and amaximumstrength
is reached just prior to fracture.

Tensile strength values obtained for metals
are influenced by many factors. Tensilestrength

Design for Welding [ 7

isastructuresensitive property, and isdependent
upon chemistry, microstructure, orientation,
grain size, strain history, and other factors. The
sue and shape of the specimen and the rate of
loading can also affect the result. For these rea-
sons, the ultimate tensile strengths of the weld
metal and the heat-affected zone maybe different
from that of the unaffected base metal.

Fatigue Strength

The effect of cyclicloading is an important
aspect of the strength of metalsand weldedjoints.
Fracture cantake place in a metal ata stress level
well below the tensile strength when a load is
applied repeatedly. Fatigue fractures develop as
each application of the applied tensile stress
causes the tip of a crack to advance a minute
amount (stable crack growth). The rate of ad-
vance increasesasthe area of sectionahead of the
crackdecreases with each application of applied
load until the stressat the crack tip causes unsta-
ble crack growth. Then, sudden, completefailure
occurs. Crack growth does not occur when the
net stress at the crack tip is compressive; thus,
while a crack may initiate as a result of tensile
residual stress in combination with fluctuating
compressive stress, the small crack relieves the
residual welding stress and crack growth ceases.

The stress that a metal can endure without
fracture decreases as the number of repeated
stressapplicationsincreases. Thefatigue sirength
is generally defined as the maximum stress that
can be sustained for a stated number of cycles
without failure. Unless otherwise stated, the
stress iscompletelyreversed withineach cycle. As
the desired number of stress repetitions is in-
creased, the corresponding fatigue strength be-
comes smaller. For steel, the fatigue strength is
usually almost constant beyond about two mil-
lion cycles. Many million additional cycles are
required to causea significant reduction in fatigue
strength. The fatigue limit, therefore, practically
becomes the maximum stress or stress range
which the metal will bear for an infinite number
of cycles without fracture. Sucha limiting stress
level is often called the endurance limit. The
Jatigue life, accordingly, is the number of cycles
of stress that can be sustained by a metal under
stipulated conditions.
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Theendurance limits reported for metals in
engineeringhandbooks usually have been deter-
mined with polished round specimens tested in
air. While such data are valid and useful for
design of real members represented by the speci-
men used in the tests, such as finished shafts in
rotating machinery, it may have littlerelevancein
the design of as-welded weldments. Weldments
are characterized by abrupt changesin cross sec-
tion, geometrical and metallurgical discontinui-
ties, and residual stresses.

The life (cycle life) of a welded structural
member subject to repeated variation of tensile
or alternately tensile and compressive stress
primarily within the elasticrange of the material
is principally dependent on the stress range and
joint geometry. Life is defined as the number of
times a member can be subjected to a specific
load prior to the initiation and growth of a
fatigue crack to size where either failure of the
structural componentor collapseof the structure
takes place.

The stress range is the absolute magnitude
of stressvariation caused by the application and
removal of loads. Forvehicularbridges, this load
isusuallya truck ortrain traversingthestructure.
Structural details and joint geometry include the
type ofjoint, the type ofweld, surfacefinish, and
structural details that affect stress amplification
caused by mechanicalnotches. Thedifferencesin
stress concentration effects of joints and structu-
ral details are largely responsibleforthevariation
in life obtained from details and members.

When designing welded built-up members
and welded connections for structures subject to
fatigue loading, the applicable code or standard
goveining the subjectstructure must be followed.
In the absence of a specific code, an appropriate
code or standard for similarstructures should be
used as a design guide.

Localized stresses within a structure may
result entirely from external loading, or there
may be a combination of applied and residual
stresses. Residual stressesper se d o not cycle, of
course, but they may augment or detract from
applied stresses, depending upon their respective
signs. For this reason, it may beadvantageous to
induce, if possible, compressiveresidual stress in
critical areas of a weldment where cyclic tension

stressesare expected. This may be accomplished
by a welding sequence that controls the
residual stresses from welding, or by a localized
treatment that acts to place the surface in
compression.

Thermal stresses also must be considered in
the same light as an applied stress because
thermal cycling can lead to fatigue failure
if the thermal gradients are steep or if the
thermal stresses are concentrated by a stress
raiser.

Therateofrepetitionofloadingisimportant
because it determines the time required for the
number of cyclesthat will cause acrack to initiate
and propagate to a critical length. Weldments in
rotating equipment are particularly prone to
fatigue failure. Pressurevesselscan fail by fatigue
also when pressurization is cyclic and stress
above the fatigue strength is concentrated at
some point.

Designers of weldmentsneed to thoroughly
understand the fatigue characteristics of metals,
particularly in weldments. The most common
cause of fracture in weldments is fatigue. One of
the reasons for this is the frequent presence of
stress raisers (changes in cross section, discon-
tinuities, etc.) that concentrate imposed cyclic
stresses to levels above the fatigue limit of the
metal for the existing conditions.

Ductility

The amount of plastic deformation that an
unwelded or welded specimen undergoes in a
mechanicaltest carried to fracture is considered a
measure of the ductility of the metal or the weld.
Values expressingductilityin various mechanical
tests do not measure any fundamental character-
istic, but merely provide relativevalues for com-
parison of ductilities of metals subjected to the
identical test conditions. The plasticity exhibited
by a specimenis simply the deformation accom-
plished during the yielding process.

Ductility, regardless of the method of mea-
surement, is astructure-sensitive property, and is
affected by many of the conditions of testing. The
sue and shape of the specimen, the ambient
temperature, the rate of straining, metallurgical
structure, and surface conditions allinfluencethe
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amount and location of plasticdeformation prior
to fracture.

Ductility values obtained from precise or
claborate tests are not used directly in design.
Most structures are designed to operate at
stressesbelow the yield strength, and any signifi-
cant deformation usually makes the unit or arti-
cle unfit for service, Ductility values give an in-
dication of the ability of a metal to yield and
relieve high secondary stresses. These values also
may give some idea of the reserve of plasticity
availableto insure against sudden fractureunder
unexpected overloading. However, ductility
values do not necessarily indicate the amount of
plastic deformation that will take place under all
conditions of loading. Most structures are sensi-
tiveto both loadingrate and ambienttemperature.

Fracture Toughness

A metal that isjudged ductile by a standard
tensile test or slow bend test may perform in a
brittle manner when exposed to different condi-
tions in another type of test. The only forecast
that can be made with reasonablecertainty from
tensile or bend test results is that a metal with
very little ductility is not likely to behave in a
ductile fashion in any other type of mechanical
test carried to fracture. A metal that displays
good ductility in a tensile or bend test may or
may not behave in a ductile manner in all other
kinds of mechanical tests. Infact, there havebeen
numerous cases where ductile metals (as judged
by tensile and bend tests) have fractured in ser-
vice with little or no plastic deformation. The
lack of deformation and other aspects of such
failures usually show that little energy was
required to produce the fracture. This general
experience prompts the metallurgistto speak of
thetoughness of metal as a property distinet from
ductility.?

Toughness can be described as the ability of
metal containing an existingsmall crack or other
stress raiser to resist fracture while being loaded

5. For information on fracture toughness, see the
Welding Handbook, Vol. 1, 7th Ed., 1976: 170-185;
and Rolfe, S., et al, Fracture and Fatigue Control in
Structures: Applications of Fracture Mechanics.
Englewood Cliffs, NJ Prentice-Hall, 1977.
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under conditions that are unfavorable forenergy
absorption and plastic deformation. Three con-
ditions markedly influence the behavior of a
metal; namely, (1) the rate of straining, (2) the
nature of the load, that is, whether the imposed
stresses are uniaxial or multiaxial, and (3) the
temperature of the metal.

While many metals can absorb energy and
deform plastically under the simple circum-
stances represented in tensile or bend tests (and
therefore would be judged ductile), a lesser
number of these metals are considered to have
good toughness when tested under conditions of
high stress concentration. Briefly, the toughness
displayed by a metal tends to decrease as (1) the
rate of straining increases, (2) the stressesbecome
multiaxial, and (3) the temperature ofthe metal is
lowered. Weld metal in service easily may be
exposed to one or more of these conditions. Con-
sequently, there is good reason to be concerned
about the toughness of weld metal.

In designing with ductile metals, the fail-safe
load carrying capability of an engineeringstruc-
ture, including the welds, is normally based on a
stress analysis to assure that the nominal stresses
are below the yield strength. Failures that occur
at stresses below the yield strength are broadly
classified as brittle factures. These failures can
result from the effects of critical size discontinui-
ties or crack-like defects in welds or base metal
that do not greatly alter the nominal stress distri-
bution and are customarily neglected in the stress
analysis.

Conditions of high lateral restraint could
cause brittle fracture in a structure because a
discontinuity can greatly decrease the ductility
that may have been predicted on the basis of
smooth tensile specimens. Such lateral restraint
may be caused by relatively large material thick-
ness; a detail design that has been proven satisfac-
tory in service may be unsatisfactory if the pro-
portions are simply extrapolated upward.

It is evident that a complete fracture-safe
analysisrequires proper attention to the role of a
discontinuity. For many classes of structures,
such as ships, bridges, and pressure vessels, ex-
perience with specific designs, materials, and fab-
rication procedures has established a satisfactory
correlation between notch test standards for base



Copyright by the American Welding Society Inc
Sat Jul 05 10:52:58 1997

_AUS WHB-5 CH¥1 %% W 07842L5 000959 3 WM

10 / DESIGN FOR WELDING

and weld metals and acceptable service. The
problem is to insure the soundness and integrity
of a new design.

One of the motivations for the application
of fracture mechanics concepts and tests to
welded joints is the possibilityof designing safely
against the effects of common weld discontinui-
ties. It is widely recognized that welded joints
almost always contain some discontinuities,and
this places the designer using weldedjoints in a
dilemma. The designer likes to think of joints
that are entirely free of flaws, but this is not
realistic. The practical approach is to recognize
that discontinuities are present, and to place a
reasonable limit on their existence. The problem
is how to determine the types and extent of dis-
continuities that are acceptable. While conven-
tional toughness testing procedures cannot deal
directly with this problem, fracture mechanics
tests, where applicable, specifically define a rela-
tionship between flaw size and fracture stress for
a given base metal or weld joint. Thus, the tests
permit a direct estimate of allowable flaw sizes
for different geometrical configurations and op-
erating conditions.

Where structural elements are subject to
cyclical stresses or where other flaw extension
mechanisms are at work, the allowable discon-
tinuity size is further complicated. Fracture
mechanics may be ableto establishthe safe max-
imum flaw size, but this size may not provide a
useful life for elements subject to fatigue or cor-
rosion, or both. For these elements, information
relativeto flaw growth rates is essential.

The specificationof allowableflawsizesand
inspection procedures for flaw detection can be
referred to a rational and logical procedure
rather than one based solely on experience or
opinion. As weldments of more complicated
design and higher strength requirements are
introduced, the designer will need to take an
analytical approach to the problem of weld
discontinuities.

Low Temperature Properties

Lowering the temperature of a metal pro-
foundly affects fracture characteristics, particu-
larly if the metal possesses abody~centered cubic
crystalline structure (carbon steel is an example).

Strength, ductility, and other properties are
changed in all metals and alloys as the tempera-
ture decreasesto near absolute zero.

Theproperties of metals at very low temper-
atures are of more than casual interest. Welded
pressure vessels and other pieces of equipment
sometimes are expected to operate satisfactorily
at temperatures far below room temperature.
Very low temperatures are involved in so-called
cryogenicservicethat entails the storage and use
of liquefied industrial gases, such as oxygen and
nitrogen.

As the temperature is lowered, a number of
changes in properties take place in metals. The
elastic modulus, for example, increases. In gen-
eral, the tensile and yield strengths of all metals
and alloysincreaseas the temperature is lowered.

The ductility of most metals and alloys
tends to decrease as temperature is lowered.
However, same metals and alloys have consider-
able ductility at very low temperatures. Because
of the notch-toughness transition behavior of
carbon and low alloy steels and certain other '
metals, the suitability of metals for low tempera-
ture service isjudged by tests that evaluate pro-
pensity to brittle fracture rather than simpleten-
sile or bend ductility. The favorite specimens for
low-temperature testing are the notched tensile
specimenand the notched-bar impact specimen.
The principal factors that determine the low
temperature behavior of ametal during mechan-
ical testing are (I) crystal structure, (2) chemical
composition, (3)size and shape of the test speci-
men, (4) conditions of manufacture and heat
treatment, and (§) rate of loading. The notched-
bar impact strengths for fivecommon metals are
listed in Table 1.3. Iron and steel suffera marked
reduction in impact strength at low tempera-
tures. The addition of alloyingelements to steel,
especially nickel and manganese, can markedly
improve notch toughness at low temperatures,
while increased carbon and phosphorus can
greatly decrease notch toughness.

Elevated Temperature Properties

The mechanical properties of metals at ele-
vated temperatures are of concern for three rea-
sons. First, many metal sections, employed in
weldments are produced or formed by working
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Table 1.3
Notch-bar impact strengths of metals at low temperatures

Charpy Y-notch impact strength, {t « 1b

Temperature,
°F Aluminum®*  Copper' Nickel® Iron® Titanium'
75 (room temperature) 20 40 90 75 15
0 20 42 92 30 13
=100 22 4 93 2 11
=200 3 46 94 1 9
=320 27 50 95 1 7

a. Face-centered cubic crystal structure.
b. Body-centered cubic crystal structure,
c. Hexangonal close-packed crystal structure.

Source: Linnert, G.E., Welding Metallurgy, Vol. 1, 3rd Ed., Miami: American Welding Society, 1965.

the metal at elevated temperatures. If the metal
does not possess suitable mechanical properties
for these hot working operations, flaws can be
created in the sectionthat may later interferewith
the making of sound welds. Second, most weld-
ing operations involve the application of heat.
Therefore, information may be needed on the
changes in mechanical properties of the base
metal as the temperature rises and fallsto predict
behavior under induced strain during welding.
Even the strength and ductility of the weld metal
as it cools from the solidificationpoint to room
temperature may be useful information. Finally,
the properties of metals at elevated temperatures
are important because many weldments are
exposed to high temperatures either during heat
treatments or while in service.

The strength of a metal decreases as the
temperature is raised. The elastic modulus is
reduced, and plastic deformation mechanisms
are ableto operate morefreely. However, metals
vary considerably in the way that their strengths
and ductilitieschange with temperature. A metal
that is strong at one temperature may be weaker
than other metals at another temperature.

During welding, the temperature of the
metal at the joint rises to the melting point and
fallswhen the heat sourceis removed. If the parts
are restrained, the hot weld metal and heat-
affected zone are subjected to complex thermal
strains. Whether the metal fails (cracks) or dis-
torts badly from shrinkage stressesdependsupon
the various properties of the metal at the varying
temperatures encountered.

Performance of a metal in service at an
elevated temperature is governedby other factors
in addition to strength and ductility. Time
becomes a factor because at high temperatures
metal will creep; that is, the section under stress
will continue to deform even if the load is main-
tained constant. Therate at which a metal creeps
under load increases rapidly with increasing
temperature. Consequently, the time over which
a metal under load will deform too much to be
usable can vary from many years at a slightly
clevated temperature to a few minutes at a
temperature near the melting point.

As would be expected, the creep rates of
metals and alloys differ considerably. If the
temperature and stress are sufficientlyhigh, the
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metal will creep until rupture occurs. The term
creep-ruptureisused to identify the mechanicsof
deformation and failure of metals under stress at
clevated temperatures.

PHYSTCAL PROPERTIES

The physical properties of metals seldom
receive the attention regularly given to mechani-
cal properties in a general treatise on welding.
Nevertheless, the physical properties are an
important aspect of metal characteristics. Often-
times, the welding engineer (and welder) may be
unaware that the success of thejoining operation
depends heavily on a particular physical prop
erty. The physical properties of regular polycrys-
talline metals are not so structure-sensitiveas the
mechanical properties. Constant values usually
are provided for metalsand alloys, and they serve
satisfactorily for most engineering purposes.
Only the physical proper ties that may require
some consideration in designing or fabricating a
weldment are discussed here.®

Thermal Conductivity

Therateatwhichheatis transmitted through
a material by conduction is called thermal con-
ductivity or thermal transmittance. Metals are
better heat conductors than nonmetals, and
metals with high electricalconductivity generally
have high thermal conductivity.

Metals differ considerably in their thermal
conductivities. Copper and aluminum are excel-
lentconductors, which accounts for the difficulty
in attempting to weld these metals using a rela-
tively low-temperature heat source, like an oxy-
acetyleneflame, Conversely, the good conductiv-
ity of copper makes it a good heat sink when
employed asahold down or backing bar. Steelis
arelatively poor conductor, this partly accounts
for the ease with which it can be welded and
thermally cut.

Melting Temperature

The higher the melting point or range, the
larger is the amount of heat needed to melt a
given volume of metal. Hence, the temperature

6. Physical properties of metals are discussed in the
Welding Handbook , Vol. I, 7th Ed. , 1976 71-76.

of the heat source in welding must be well above
the melting range of the metal. However, two
pleces of a metal, such as iron, may be joined with
a metal of lower melting point, such as bronze.
The brazing filer metal wets and adheres to the
steel facesto which it is applied. Welding of two
metals of dissimilar composition becomes in-
creasingly difficult as the difference in melting
ranges widens.

Coefficient of Thermal Expansion

Most metals increase in volume when they
areheated. The coefficient of thermal expansion
is the unit change in linear dimensions of a body
when its temperature is changed by one degree.
The coefficlent alsoservesto indicatecontraction
when the temperature is decreased. Engineers
usually are concerned with changes in length in
metal components, and most handbooks provide
a linear coefficient of thermal expansion rather
than a cosfficient for volume change.

Metals change in volume when they are
heated and cooled during welding. The greater
the increase in volume and localized upsetting
during heating, the more pronounced will be the
distortion and shrinkage from welding. Changes
in dimensions from welding must be considered
during weldmentdesignwhensetting part dimen-
sions and tolerances.

Electrical Conductivity

Metals are relatively good conductors of
electricity. Increasing the temperature of a metal
interferes with electron flow; consequently, elec-
trical conductivity decreases. Adding alloying
elements to a metal or cold working also de-
creases conductivity. These characteristics are
important variables affecting resistance welding
processes.

CORROSION PROPERTIES

The corrosion properties of a metal deter-
mine itsmode and rate of deterioration by chem-
ical or electrochemical reaction with the sur-
rounding environment. Metals and alloys differ
greatly in their corrosion resistance. Corrosion
resistance often is an important consideration in
planning and fabricating a weldment for a par-
ticular service. Therefore, the designer should
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know something about the behavior of weld
joints under corrosive conditions.7

Many times, weld joints display corrosion
properties that differ from the remainder of the
weldment. These differences may be observed
between the weld metal and the base metal, and
sometimes between the heat-affected zone and
the unaffected base metal. Even the surface
effectsproduced by welding, Like heat tint forma-
tion or oxidation, fluxing action of slag, and
moisture absorption by slag particles can be
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important factors in the corrosion behavior of
the weld metal. These considerationsare particu-
larly important in the design and fabrication of
weldments of unpainted weathering steels, includ-
ing the selection of filler metals.

Welds made between dissimilar metals or
with a dissimilar filler metal may be subject to
electrochemical corrosion. Brazed joints can be
particularly vulnerable. Appropriate protective
coatings are required to avoid corrosion in sensi-
tive environments.

DESIGN PROGRAM

A weldment design program starts with a
recognition of a need. The need may be for
improvingan existingmachine orfor building an
entirelynew product ar structure using advanced
design and fabrication techniques. In any event,
many factors must be taken into account beforea
design is finalized. These considerations involve
numerous questions and considerable research
into the various areas of marketing, engineering,
and production.

ANALYSIS CF' EXISTING DESIGN

When designing anentirely new machine or
structure, an attempt should be made to obtain
information on similar units including those of
other manufacturers or builders. If anew design
is to replace a current one, the good and bad
points of the latter should be understood. The
followingquestions can help in determiningthese
points:

(1) What are the opinions of customers and
the sales force about the current design?

7. Types of corrosion and corrosion testing of welds
are discussed in the Welding Handbook, Vol, 1, 7th
Ed., 1976: 200-207.

(2) What has been its history of failures?

(3) What features should be retained, dis-
carded, or added?

(4) What suggestions for improvements
have been made?

(5) Is it over or under designed?

DETERMINATION OF LOAD
CONDITIONS

Theservicerequirements of a weldment and
the conditions of service that might result in
overloading should be ascertained. From such
information, the load on individualmembers can
be determined. As a starting point for calculating
loading, a designer may find one or more of the
following methods useful:

(1) From the motor horsepower and speed,
determinethe torque on a shaft or revolving part.

(2) Calculate the forces on members caused
by the dead weight of parts.

(3) Determine the load on members of a
crane hoist, shovel, lift truck, or similar material
handling equipment from the load required to tilt
the machine.

(4) Use the maximum strength of critical
cables on such equipment to determine the max-
imum loads on machine members.
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(5) Consider the force required to shear a
critical pin as anindication of maximum loading
on a member.

If a satisfactory starting point cannot be
found, design for an assumed load, and adjust
from experience and tests.

MAJORDESIGNFACTORS

In developinga design, the designer should
consider how decisions will affect production
operations, manufacturing costs, product per-
formance, appearance, and customer acceptance.
Many factors far removed from engineering con-
siderations per se become major design factors.
Some of these, along with other relevant rules,
are as follows:

(1) The design should satisfy strength and
stiffness requirements. Overdesigning wastes
materials and increases production and shipping
Ccosts.

(2) The safety factor should not be unrealis-
tically high.

(3) Good appearance may be necessary, but
onlyin areas that are exposed to view, The draw-
ing or specificationsshould specify those welds
that are critical in respect to appearance.

(4) Deep, symmetrical sections should be
used to efficiently resist bending.

(5) Welding the ends of beams rigidly to
supports increases strength and stiffness.

(6) Rigidity may be provided with welded
stiffeners to minimize the weight of material.

(7) Tubular sections or diagonal bracing
should be used for torsion loading. A closed
tubular section & significantly more effective in
resisting torsion than an open section of similar
weight and proportions.

(8) Standard rolled sections, plate, and bar
should be used for economy and availability.

(9) Accessibility for maintenance must be
considered during the design phase.

(10) Standard, commerciallyavailablecom-
ponents should be specified when they will serve
the purpose. Examples are index tables, way
units, heads, and columns.

DESIGNING THE WELDMENT

To a designer familiar only with castings or
forgings, the design of a weldment may, seem

complex because of the many possible choices.
Variety in the possibilitiesfor layout, however, is
one of the advantages o welded design; oppor-
tunities for savingare presented. Certain general
pointers for effectivedesign are as follows:

(1) Design for easy handling of materials,
for ingxpensive tooling, and for accessibility of
thejoints for reliable welding.

(2) Check with the shop for ideas that can
contribute to cost savings.

(3) Establish realistic tolerances based on
end use and suitability for service. Check the
tolerances with the shop. Excessively close toler-
ances and fits may serve no useful purpose, and
may be beyond the ability of the shop to produce
them economically.

(4) Plan the design to minimize the number
of pieces. This will reduce assembly time and the
amount of welding,

Part Preparation

Flame cutting, shearing, sawing, blanking, ,
nibbling, and machining are methods for cutting
blanks from stock material. Selection of the
appropriate method depends on the available
material and equipment and the relative costs.
The quality of edge needed for good fit-up and
the type of edge preparation for groove welds
must also be kept in mind. The following points
should be considered:

(1) Dimensioning of a blank may require
stock allowance for subsequentedgepreparation.

(2) Theextent of welding must be considered
when proposing to cut the blank and prepare the
edge for welding simultaneously.

(3) Weld metal costs can be reduced for
thick plate by specifyingJ-or U-grooveprepara-
tions.

(4) Consider air carbon arc gouging, flame
gouging, or chipping for back weld preparation.

Forming

Forming of parts can sometimes reduce the
costof aweldment by avoiding joints and machin-
ingoperations. Thebase metal composition, part
thickness, over-all dimensions, production vol-
ume, tolerances, and cost influence thechoice of
forming methods. The following suggestions may
be helpful in making decisions in this area:
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(1) Create a corner by bending or forming
rather than by welding two pieces together.

(2) Bend flanges on plate rather than weld-
ing flanges to it.

(3) Use a casting or forging in place of a
complex weldmentto simplify designand reduce
manufacturing costs.

(4) Use a surfacing weld on an inexpensive
component to provide wear resistance or other
properties in place of an expensive alloy com-
ponent.

With some alloys, cold forming may increase
the likelihood of brittle fracture in service, and
heat from welding near the formed area may also
contributeto the problem. The matter should be
investigated before cold forming and welding of
susceptiblematerials is specified in a design.

Weld Joint Design

Thejoint design should be selected primar-
ily on the basis of load requirements. However,
variables in design and layout can substantially
affect costs. Generally, the following rules apply:

(1) Select the joint design that requires the
least amount of weld metal.

(2) Where possible, use a square-groove
joint together with a welding process capable of
deepjoint penetration or of welding within the
groove (electrogas, electroslag, or narrow-gap
welding).

(3) Use the smallest practical root opening
and groove angleto minimize the amount of filler
metal required.

(4) On thick plates, use double instead of
single V- or U-groove welds to reduce the
amount of weld metal and to control distortion.

(5) For comerjoints in steel, specifyadepth
of preparation of the groove to intersect the full
thickness of the material to minimize lamellar
tearing, especially in thicknesses of 2 in. and over.

(6) For T-joints where fatigue is not a pri-
maryconcern, usedouble filletweldsto minimize
through-thicknessshrinkage strains and to spread
the transfer of applied forces.

(7) Use one weld in place of two welds,
where possible, to joint three parts at one
location,

(8) Avoidjoints where it is difficult to obtain
fusion at the root. For example, welds joining
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two surfaces at less than 30 degreesto each other
are unreliable.

(9) Design the assembly and the joints for
good accessibility for welding.

Size and Amount of Weld

Overdesignis a common error, as is over-
welding in production. Control of weld size
begins with design, but it must be maintained
duringthe assemblyand welding operations. The
followingare basic guides:

(I) Specify welds of minimum size and
length but adequate for the forces to be trans-
ferred. Oversize welds may cause increased dis-
tortion and higher residual stress without
improving suitability for service. (They also con-
tribute to increased costs.)

(2) The size of a fillet weld is especially
important because the amount of weld required
increases as the square of the increase in leg
length (equal legs).

(3) For equivalent strength, a continuous
filletweld of a given size is usually less costly than
alarger sized intermittent filletweld. Also, there
are fewer weld terminations that are potential
sites of discontinuities.

(4) Anintermittent fillet weld can'be used in
place of a continuous fillet weld of minimum size
when static load conditions do not require a
continuous weld. An intermittent fillet weld
should not be used under cyclic loading con-
ditions.

(5) To derive maximum advantage of auto-
matic welding, it may be better to use onecontin-
uous weld rather than several short welds.

(6) The weld should be placed in the section
of least thickness, and the weld size should be
based on the load or other requirements of that
section.

(7) Welding of stiffeners or diaphragms
should be limited to that required to carry the
load, and should be based on expected out-of-
plane distortion of the supported components
under service loads as well as during shipment
and handling.

(8) The amount of weldingshould be kept to
a minimum to limit distortion and internal
stresses and, thus, the need and cost for stress-
relieving and straightening.
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Subassemblies

In visualizing assembly procedures, the de-
signer should break the weldment into subas-
sembliesin several waysto determinethe arrange-
ment that offers the greatest cost savings. The
following are advantages of subassemblies:

(1) Two or more subassemblies can be
worked on simultaneously.

(2) Subassemblies usually provide better
access for welding, and may permit automatic
welding.

(3) Distortion inthe finished weldment may
be easier to control.

(4) Large sizewelds may be depositedunder
lesser restraint in subassemblies, which, in turn,
helps to minimize residual stresses in the com-
pleted weldment.

(5) Machining of subassembliesto closetol-
erances can be done before final assembly. If
necessary, stress relief of certain sections can be
performed before final assembly.

(6) Chamber compartments can be leak
tested and painted before final assembly.

(7) In-process inspection and repair is
facilitated.

(8) Handling costs may be much lower.

When possible, it is desirable to construct
the weldment fromstandard sections,so that the
weldingof each can be balanced about the neutral
axis. Welding the mare flexible sections firstfacil-
itates any straightening that might be required
before final assembly,

AXTURES, POSITIONERS, AND
ROBOTS

Welding fixtures, positioners, and robofs
should be used to minimize fabrication time. In
the planning of assemblies and subassemblies,
the designer should decide if the fixture is to be
used simply to aid in assemblyand tacking or if
the entire welding operation is to be done in the
furture. Welding fixtures and positioners are dis-
cussed in Chapter 4; automatic welding machines
and robotic equipment arecovered in Chapter 5.

WELDING PROCEDURES

Although designers may have little control
of welding procedures, they can influence which

procedures are used in production. The following
guidelines can help to effect the ultimate success
of weldment design:

(1) Backingstripsincreasethe speed of weld-
ing when making the first pass in groove welds.

(2) Theuse of low-hydrogensteel electrodes
or welding processes eliminates or reduces pre-
heat requirements for steel.

(3) If plates are not too thick, consider a
joint designrequiring welding only from oneside
to avoid manipulation or overhead welding.

(4) Excessive reinforcement of a weld is
generally unnecessary to obtain a full-strength
joint.

(5) With T-joints in thick plate subject to
tensile loading in the through-thickness direc-
tion, the surface of the plate should be buttered
with weld metal for some distance beyond the
intended weld terminations to discourage lamel-
Tar tearing in susceptiblesteels.

(6)Joints inthicksections should be welded
under conditions of least restraint; for example,
prior to installation of stiffeners.

RESIDUALSTRESSESAND DISTORTION

The magnitude and extent of residual
stresses and the resulting distortion during the
fabrication of a weldment can cause problems
with fit-up and welding operations. Such prob-
lems may offset the quality and soundness of
weldedjoints and ultimately, the serviceability of
the weldment.

Weldment design, welding procedures, and
assembly methods can be beneficial in control-
ling residual stresses and distortion in a com-
pleted structure. Procedures for reducing resid-
ual welding stresses and forcontrollingdistortion
in a weldment are discussed in the Welding
Handbook,Vol. 1, Tth Ed., 1972:265-68,

CLEANING AND INSPECTION

Design specificationscan have some effect
on cleaningand inspectioncosts. The design fac-
tor of safety determines the type and amount of
inspectionrequired. The following shop practices
also affect these costs:

(1) As-welded joints that have uniform
appearance are acceptablefor many applications.
Therefore, the surface of a weld need not be
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machined smooth or flushunless that is required
for another reason. Smoothing a weld is an
expensive operation.

(2) Undesirableoverweldingshould be noted
during inspection because it can be costly and
also contributes to distortion. Corrective action
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should be directed at work in progress rather
than at completed weldments.

(3) The type of nondestructiveinspectionto
beused on weldments must be capable of detect-
ingthe types and sizes of weld discontinuitiesthat
are to be evaluated for acceptability.

DESIGN CONSIDERATIONS

Theperformance of any member of a struc-
ture depends on the properties of the material
and the characteristics of section. If a design is
based on the efficient use of these properties, the
weldment should be functionally good and con-
servative of materials.

Engineers assigned to design welded steel
members need to know (1) how toselectthe most
efficientstructural section and determinerequired
dimensions, and (2) when to use stiffeners and
how to size and place them.

The mathematical formulas for calculating
forces and their effects on sections, and for
determining the sections needed to resist such
forces appear quite forbidding to the novice.
With the proper approach, however, itis possible
to simplify the design analysis and the use of
those formulas. In fact, aswill be explained later,
it is often possible to make correct design deci-
sions merely by examining one or two factors in
an equation, without using tedious calculations.
On the whole, the mathematics of weld designis
nomore complexthan inother engineering fields.

THE DESIGN APPROACH

Considerations other than the engineer’s
wishes may prevail; forexample, when amachine
isto be converted from acast to a welded design.
Management may favor the redesign of one or
more components to weldments,and conversion
of the design over a period of years to an all-
welded product. Gradual conversion avoids the
obsolescenceof facilities and skills,and limitsthe

requirement for new equipment. Available capi-
tal and personnel considerations often limit the
ability of a company when changing to welded
design. Supplementing these considerations is
the need to maintain a smooth production flow,
and to test the production and market value of
the conversion as it is made step by step.

From the standpoint of performance and
ultimate production economics, redesign of the
machine or structure asawhole & preferable. The
designer then is unrestricted by the previous
design, and in many cases is able to reduce the
number of pieces, the amount of material used,
and the labor for assembly. A better, lowercost
product isrealizedimmediately. When the adjust-
ment to changes in production procedures is
complete, the company s in a position to benefit
more fully from welded design technology.

STRUCTURAL SAFETY

A safe welded structure depends upon a
combination of good design practices, good
workmanship during fabrication, and good con-
struction methods. In design, the selection of a
safe load factor or safety factor, whichever
applies, and correct analytical procedures
requires experience and sound engineering
judgement. Deterioration from corrosion or
other service conditions during the life of the
structure, variations in material properties,
potential imperfections in materials and welded
joints, and many other factors also need consid-
eration in design.
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A rational approachto structural safety is a
statistical evaluation of the random nature of all
the variables that determine the strength of a
structure and also the variables that may cause it
to fail. From thesedata, therisk of failure maybe
evaluated and the probability of occurrence kept
at a safe level for the application consideringthe
risk of injury, death, or extensive property
damage.

Thechoice of materials and safestresslevels
in members may not produce the most economi-
cal structure. However, safety must take prece-
dence over cost savings when there is a question
of which should govern. Great skill, care,and
detailed stress analyses are needed when the
designerattempts anew design or structural con-
cept. Laboratory tests of models or sections of
prototype structures should be used to verify the
design.

SELECTING A BASIS FOR WELDED
DESIGN

A redesign of aproduct may be based onthe
previous design or on loading considerations
solely. Following a previous design has the
advantages of offeringa “safe” starting point; the
old design is known to perform satisfactorily.
This approach, however, has disadvantages in
that it stiflescreativethinkingtoward developing
an entirely new concept to solve the basic
problem.

Little demand is made on the ingenuity of
the designer when the welded design is modeled
on the previous product. Tables of equivalent
sectionsor nomographs can be used to determine
required dimensions for strength and rigidity.

A design based on the loading requires
designersto analyzewhat iswanted and come up
with configurations and materialsthat bestsatisfy
the need. They must know or determine the type
and amount of load, and the values for stress
allowables in a strength design, or deflection
allowables in a rigidity design.

DESIGNING FOR STRENGTH AND
RIGIDITY

A design may require strength only, or
strength and rigidity to support the load. All

designs must have sufficient strength so that the
members will not fail by breaking or yielding
when subjected to normal operating loads or
reasonable overloads. Strength designs are com-
mon in road machinery,farm implements, motor
brackets, and various types of structures. If a
weldment design is based on calculated loading,
design formulas for strength are used to dimen-
sion the members.

In certain weldments, such as machine
tools, rigidity as well as strength is important,
because excessive deflection under load would
result in lack of precision in the product. A design
based on rigidity also requires the use of design
formulas for sizing members.

Someparts of aweldment servetheir design
function without being subjected to loadings
much greater than their own weight (dead load).
Typical members are fenders and dust shields,
safety guards, cover plates for access holes, and
enclosures for esthetic purposes. Only casual
attention to strength and rigidity is required in
sizing such members.

DESIGN FORMULAS

The design formulas for strength and rigid-
ity always contain terms representing the load,
the member, the stress, and the strain or defor-
mation. If any two of the first three terms are
known, the others can be calculated. All prob-
lems of design thus resolve into one of the
following:

(1) Finding the internal stress or the defor-
mation caused by an external load on a given
member.

(2) Finding the external load that may be
placed on a given member for any allowable
stress, or defonnation.

(3) Selectinga member to carry agiven load
avci'glout exceedinga specified stress or deforma-

A load is a force that stresses 2 member. The
result is a deformation strain measured by rela-
tive displacements in the member as elongation,
contraction, deflection,or angular twist. A useful
member must be designed to carry acertain type
ofload withinan allowablestress or deformation.
In designing within the allowable limits, the
designershould generally selectthe most efficient



AWUS WHB-5 CHx1: xx ER 07842L5 0009kLLA 4 W

Copyright by the American Welding Society Inc
Sat Jul a5 10:52:38 1997

material and the most efficient section size and
shape. Theproperties of the material and those of
the section determine the ability of amember to
carry a given load.

The design formulas in use, developed for
various conditions and member types, are much
too numerous forinclusionhere. However,some
are used to illustrate specific design problems.
Table 1.4 summarizes the components of design
formulas.® These components are terms that de-
scribe the three basic factors: load, member, and
stress or deformation. The symbols for values

8, The properties of sections for standard structural
shapes are given in the Manual of Steel Cosntruction,
Chicago: American Institute of Steel Construction,
(latest edition), and Engineering Datafor Aluminum
Structures (ED-33), Washington, D.C,! The Alumi-
num Association (latest edition).
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and properties normally used in design formulas
are also given in the table.

The use of design formulas may be illus-
trated by the problem of obtaining adequate stiff-
nessin acantilever beam. The amount of vertical
deflectionat the end of the beam under a concen-
trated load, Fig. 1.2,can bedetermined usingthe
following deflection formula:

Ao (FL3)/(3El)
where
Ao the deflection
F = the applied force or load
L = the length of the beam
Eno the modulus of elasticity of the metal

Z = the area moment of inertia of the
beam section

Table 14

Components of design formulas

(A) Load Components

Methods of application I Types of load Concept Symbol
1. Steady 1. Tension
2, Variable 2. Compression | Force F
3. Cyclic 3. Shear
4. Impact 4, Bending Moment M
5. Torsion Torque T
(B) Member Camponents
Property of material Symbol l Property of section Symbol
1. Tensile strength g, 1. Area A
2. Compressive strength g, 2. Length L1
3. Yield strength o, 3. Moment of inertia 1
4. Shear strength T 4. Section modulus, S
elastic
5. Fatigue strength FS 5. Torsional resistance R
6. Modulus of elasticity E 6. Radius of gyration r, k
(Young’s modulus)
7. Modulus of rigidity G
1n shear
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Table 14 (Continued)

Stress Symbol Strain or deformation Symbol
1. Tensile o, 1, Unit linear E

2. Compressive o, 2. Total

3. Shear T 3. Angular rotation €

AAONNANNAYN

Fg. 1.2—Deflection, A, ofa cantilever beam
under a concentratedload F

It is normally desirable to have the least
amount of deflection. Therefore, E and 1 values
should be as large as possible. The common
structural metal having the highest modulus of
elasticity (E) is steel, with a value of about
30X 106 psi. The other factorrequiring a decision
relative to deflection is 7, the area moment of
inertia. This is a zember (geometrical) property of
the cross section {Table 1.4). Thebeammust have
a cross section with a moment of inertia about
the horizontal axis large enough to limit the
deflectionto a permissible value. A section with
adequate in-plane moment of inertia will satisfy
the vertical deflectionrequirement, whatever the
shape of the section. However, the out-of-plane
stability of the beam may also need consideration
if forcestransverse to the principle axis ortorsion
are involved. The designer must then decide the
shape to use for the bestdesign at lowest cost.

TYPES OF LOADING

As indicatedin Table 14, there are fivebasic
type of loading: tension, compression, bending,
shear, and torsion. When one or more of these
types of loading are applied to a member, they
induce stress in addition to any residual stresses.

Thestresses result in strains or movementswithin
the member, the magnitudes of which are gov-
erned by the modulus of elasticity (E) of the
metal. Some movement always takes place in a
member when the load is applied because of the
stress and strain produced.

Tension

Tensionis the simplesttype of load. It sub-
jects the member to tensilestresses. A straight bar
under a simple axial tension force has no tend-
ency to bend. The axial tensile load causes axial
strains and elongation of the bar. The only
requirement is adequate cross-sectionalarea to
carry the load.

Compression

A compressiveload may require designing
to prevent buckling. Few compression members
fail by crushing or by exceeding the ultimate
compressivestrength of the material. If a straight
compression member, such asthe column in Fig.
1.3 (A), is loaded through its center of gravity, the
resulting stresses are simple axial compressive
stresses. In the case of a slender column, it will
startto bow laterally, asthe load isincreased,at a
stress lower than the yield strength. This move-
ment is shown in Fig. 1.3 (B). As a result of
bowing, the central portion of the column be-
comes increasingly eccentric to the axis of the
force and causes a bending moment on the
column, asshown in Fig. 1.3(C). Under a steady
load, the column will remain stable under the
combined effect of the axial stress and the bend-
ing moment. However, with increasingload and
associated curvature, Fig. 1.3 (D), critical point
will be reached where thecolumn will buckleand
fail. As a column deflectsunder load, a bending
moment can developin semirigid or rigid welded
end connections.
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Fig. 1.3—(A) Straight column with a
compressiveload; (B) column starts to
deflect laterally with increasingload;

(C) bending moment diagram;

(D) increased deflection with higher loading

Two properties of a column are important
to compressivestrength; cross-sectionalarea and
radius of gyration. The area is multiplied by the
allowable compressive stress to amve at the
compressive load that the column can support
without buckling. The radius of gyration indi-
cates, to acertain extent, the ability of thecolumn
to resist buckling. It is the distance from the
neutral axis of the section to an imaginary linein
the cross section about which the entire area of
the section could be concentrated and still have
the same moment of inertia about the neutral
axis of the section. The formula for the radius of
gyration is as follows:

r=(/A)"
where
r = radius of gyration
T = momentof inertiaaboutthe neutral axis
A = cross-sectional area of the member

The worst condition is of concern in design
work and, therefore, itis necessaryto usethe least
radius of gyration relative to the unbraced length.
The smaller of the two moments of inertia about
the x-x and y~y axes is used to obtain the least
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radius of gyration. The slenderness ratio of a
column is the ratio of its length, /, to its radius of
gyration, T.

The design of a compression member is by
trial and error. A trial section is selected, and the
cross-sectionalarea and the least radius of gyra-
tion are determined. A suitable column table
(AISC Manualf Steel Construction, Appendix
A) gives the allowable compressivestress for the
column length and the radius of gyration (//r
ratio). This allowablestressis then multiplied by
the cross-sectionalarea, A, to give the allowable
total compressiveload that may be placed onthe
column. If this value is less than the load to be
applied, the design must be changed to a larger
sectionand tried again. Table 1.5 givesthe AISC
column formulas, and Fig. 14 gives allowable
compressive stresses with various slenderness
ratios.

Table 1.5
Allowable axial compressive stresses (AISC)

(1) When the effectiveslendernessratio, K!/r, is less
than C :

( <K1/r)2)
1 - o
2¢2 ¥

7e” 5 3(Klr) (Kifry
+

3 8¢, 8C?
(2) When the effective slenderness ratio, K//r,
exceeds C,;
12mE
o.= —_—
¢ 23 (Kijr)?
where:

o, 8 allowable compressivestress, psi
K

effective length factor (ratio of the
length of an equivalent pinned-end
member to the length of the actual
member)

"

unbraced length of the member, in.

1}

radius of gyration, in.
en? E/¢r,_)”2
modulus of elasticity, psi

{’1&0 ~ ™~
1]

&
o

minimum yield strength, psi
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Fig. 1.4—Allowable compressive stress for steel columns o fvarious
yield strengths and slendemess ratios

Bending d = distance from neutral axis of bending
Figure 15 illustrates bending of a member to point d, in.

under uniform loading. Loads may also be non- I = moment of inertia about the neutral

uniform or concentrated at specific locations on axis of bending, in¢

the beam. When a member is loaded in bending
within the elastic range, the bending stresses ae.
zero along the neutral axis and increase linearly

Inmost cases, the maximum bending stress
is of greatest interest, in which case the formula

to a maximum value at the outer fibers. The becomes:
bending stress atany distance, d, from the neutral Me M
axis in the cross section of a straight beam, Fig. On= T 5§
1.6, may be found by the formula:
Md where
o= B g, = maximum bending stress, psi
where M = bending moment, Ibf+ in.

¢ = distance from the neutral axis of

¢ = bending stress, tension, or compres- . . .
£ pres bending to the extreme fibers, in.

sion, psi
= 1 1a. 0.4
M = bending moment atthe point of inter- I = moment of inertia, in.
est, Ibf + in. § = section modulus (I/c), in.2
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Fig. 1.5—Bending of a beam with uniform loading

[

Neutral axis

Fig. .6—Bending stress at any point din the
cross section of a straight beam

Asthe bending moment decreasesalongthe
length of a simply supported beam toward the
ends, the bending stresses (tension and compres-
sion)in the beam also decrease. If abeam has the
shape of an I-section, the bending stress in the
flange decreases as the end of the beam is
approached. If a short length of the tension
flange within the beam is considered, a difference
existsinthe the tensile forces Fy and F, atthe two

locations in the flange, as shown enlarged above
the beam in Fig. 1.7.(The tensile force., F, is the
product of the tensile stress, o, and the flange
cross-sectionalarea, A.)

Thedecreasein the tensile force in theflange
results in acorresponding shearing farce between
the flange and the web. This shearing force must
be transmitted by the fillet weldsjoining the two
together. The same reaction takes place in the
upper flange, which is in compression. The
change in tensile force in the lower flange
transfers as shear through the web to the upper
flange, and isequal to the change in compression
in that flange.

A common bending problem in machinery
design involves the deflection of beams. Beam
formulas found in many engineeringhandbooks
are useful for quick approximations of deflec-
tions with common types of beams where the
span is large compared to the beam depth. An
example of a typical beam with applicable form-
ulas is shown in Fig. 1.8, Beams that are sup-
ported orloaded differently have otherapplicable
design formulas. To meet stiffness requirements,
beam depth should be as large as practical.
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Short length of
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Fig. 1.7—Approximate tensile forces on a section of the lower flange of a loadedbeam
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Hg. 1.86—Formulae for a simplysupportedbeam witha uniformlydistributedloadonthe span
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Information concerning the design of a
compression member or column also may apply
to the compression flange of a beam. The lateral
buckling resistance of the compression flange
must also be considered. It should have adequate
width and thickness to resist local buckling, be
properly supported to prevent twistingor lateral
movement, and be subjected to compressive
stresses within allowable limits.

Shear

Figure 1.9 illustrates the shear forces in the
web of a beam under load. They are both hori-
zontal and vertical, and create diagonal tensile
and diagonal compressivestresses.

TIRRRRRENNINEY

JRN

L Horizontal \— Vertical shear

Reaction shear
at support

‘le::"1 o |
Ti_ i

—

f L

e .
Diagonal Diagonal
tension compression

Fig. 1.9—Shear forces in g, web of a
beam under load

The shear capacity of a beam of either an T

or a box cross section is dependent upon the
slenderness proportions of the web or webs. For

virtually all hot rolled beams and welded beams
of similar proportions where the web slenderness
ratio (k/1) is less than 260, vertical shear load is
resisted by pure beam shear without lateral buck-
ling to a level of loading well above that where
unacceptable deflections will develop. Thus, de-
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signis based upon keepingthe shear stresson the
gross area of the web below the allowablevalue
of 0.4 o, to prevent shear yielding.

In plate girders with slender webs, shear is
resisted by plane beam shear up to alevel of stress
which will cause shear buckling. However, webs
subject to shear stress have considerable post-
buckling strength, and current design specifica-
tions take this strength into account. After buck-
ling occurs, the web resistslarger shearloadsby a
Combination of beam shear and diagonal ten-
sion. If the shear span has a length-to-depth ratio
greater than approximately three, the direction
of the diagonal tension becomes too near to the
horizontal for it to be effective, and transverse
stiffenersmust be provided. The stiffenersactina
manner analogous to the compression vertical
members of a Pratt truss.

Theonset ofdiagonalcompression buckling
in a web panel is of negligible structural signifi-
cance because the magnitude of the buckle is
limited by the crossing diagonal tension field.
With properly proportioned transversestiffeners,
the web continues to resist higher levels of shear
loading up to the point where diagonal tension
yielding occurs. The true maximum shear
strength would exist at this point.?

There are a few practical considerations
independent of maximum strength that may
govern a design. For architectural reasons, espe-
cially in exposed fascia girders, the waviness of
the web caused by controlled compression buck-
les may be deemed unsightly. In plate girders
subject to cyclic loading to a level which would
initiate web shear buckling, each application of
the critical load will cause an "oil canning" or
breathing action of the web panels. This action
causesout-of-plane bending stressesat the toes of
web-to-flange fillet welds and the stiffenerwelds.
These cyclicstresses willeventually initiatefatigue
cracking. For these cases, web stressesshould be

limited to the values where shear buckling is
precluded.

9. Reliable criteria for the design of plate and box girder
webs to achieve full maximum strength from beam shear
and tension field action may be found in the Manual of
Steel Construction, Section 5, latest edition, published
by the American Institute of Steel Construction.
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In the case of abeam fabricated by welding,
the unit shear load on the welds joining the
flanges of the beam to the web can be calculated
by the formula:

W, 8 (Vay)/(In)
where

W, = load per unit length of weld.

5
V = external shear force on the member
at this location.

a = cross-sectional area of the flange.

y B distance between the Centerof gravity
of the flange and the neutral axis of
bending of the whole section,

I = moment of inertia of the whole sec-
tionaboutthe neutral axis of bending.

n O number of welds used to attach the
web to the flange.

Torsion

Torsion creates greater design problems for
bases and frames than for other machine mem-
bers. A machine with a rotating unit may subject
the base to torsional loading. This becomes ap-
parent by the lifting of one corner of the base, if
the base is not anchored to the floor.

(A) /)

If torsion is a problem, closed tubular sec-
tions or diagonal bracing should be used, as
shown in Fig. 1.10. Closed tubular sections are
significantly better for resisting torsion than
comparable open sections. Closed members can
easily be made from channel or I-sections by
intermittently welding flat plate to the toes ofthe
rolled sections. The torsion effect on the perime-
ter of an existing frame may be eliminated or the
frame stiffened for torsion by welding in cross
bracing. Torsion problems in structures can be
avoided byjudicious arrangement of membersto
transmit loads by direct stresses or bending
moments.

Torsiamal Resbrance. The torsional resist-
ance of a flat strip or open section (I-beam or
channel)is very low. Thetorsional resistanceofa
solid rectangular section having a width of sev-
eral times the thickness may be approximated by
the followingformula:

b
3

R =

where

R = torsional resistance, in.?

o
o

width of the section, in.

-~
1]

thickness of the section, in.

(B)

Fig. 110—Application of (A) closed tubular sections or (B) diagonalbracing to resist torsion
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The total angular twist (rotation) of a
member can be estimated by the following
formula:

¢ o TI/GR
where
@ = angle of twist, radians
T = torque, Ibf* in.
I = length of member, in.

G = modulus of elasticity in shear, psi
(12 X 108 for steel)

R = total torsional resistance, in4

The unit angular twist, ¢, is equal to the
total angular twist, 8 divided by the length, J, of
the member.

The torsional resistance of a structural
member, such as an I-beam or a channel, is
approximately equal to the sum of the torsional
resistances of the individual flat sections into
which the member can be divided. This is illus-
trated in Table 1.6, listing the actual and calcu-
lated angle of twist of a flat strip and an I-shape
made up of three of the flat strips. The applied
torque was the same for both sections.

Table 1.6
Calculated and actual angle of twist

Anale of twist. degrees

Strip®>  I-section®

Calculated using 2138 7.3
torsional resistance
Actual twist 22 9.5

a. 0.055in. by 21in.
b. Made of three of the strips.

Torsional resistanceincreases markedly with
closed cross sections, such as circular or rectan-
gular tybing. As a result, the angular twist is
greatly reduced because it vanes inversely with
torsional resistance. The torsional resistance R of
any closed box shape enclosingonly one cell can
be estimated by the followingprocedure. Draw a
dotted linethrough the mid-thickness around the
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section, as shownin Fig. 1.11 Thearea enclosed
by the dotted lines is A. Divide the cross section
of the member into convenientlengths, S, having
thicknesses ¢,. Determine the ratios of these in-
dividual lengths to their corresponding thick-
nesses and total them. Torsional resistance is
then obtained from the following formula:

44°
R=———
(S, /1)

| E——IN

pe AA 45,8,
I(S,/1)  2(8:/1) +(Sp/1) + (Sy/t)

Fig. 1. 11—Torsional resistance of a
closed box section

The maximum shear stress in a rectangular
section in forsion is on the surface at the center of
thelongside. Knowingtheunit angular twist, the
following formula will give the maximum shear
stress at the surface of a rectangular part,

016 Tt
= ¢p1G= —
R



e —
AWS WHB-5 C(Hx1l *x W 07842L5 0009L77 5 WM .~

Copyright by the American Welding Society Inc
Sat Jul a5 10:52:38 1997

28 { DESIGN FOR WELDING

where
7 = maximum unit shear stress, psi
')
G = modulus of elasticity in shear, psi
T o applied torque, Ibf+ in.

n

unit angular twist, radians/in.

¢ 0O thickness of the section, in.

R = torsional resistance, in4

Thisformula can be appliedto a flat plate or
a rectangular area of an open structural shape
(channel, angle, I-beam). In the latter case, R is
the torsional resistance of the whole structural
shape.

Diagonal Bracing. Diagonal bracing is very
effective in preventing the twisting of frames. A
simple explanation of the effectiveness of
diagonal bracing involves an understanding of
the directions of the forces involved.

A flat bar of steel has little resistance to
twisting but has exceptional resistance to bend-
ing (stiffness) parallel to the width of the bar.
Transverse bars or open sections at %0° to the
main members are noteffective for increasingthe

(A)

torsional resistanceof a frame because, as shown
in Fig. 1.12(A), they contribute only relatively
lowtorsional resistance. However, ifthe bars are
oriented diagonally across the frame, as in Fig.
1.12(B), twisting of the frame is resisted by the
stiffness of the bars. To be effective, the diagonal
braces must have good stifthess perpendicularto
the plane of the frame.

TRANSFER OF FORCES

Loads create forces that must betransmitted
throughthestructure to suitable places for counter-
action. The designer needs to know how to pro-
vide efficient pathways.

One of the basic rules is that a force applied
transversely to a member will ultimately enter
that portion of the section that liesparallel to the
applied force. Figure 1.15, for example, showsa
lug welded parallel to the length of a beam. The
portion of the beam that is parallel to the applied
force is the web. The force in the lug is easily
transferred through the connectingwelds into the
web. No additional stiffenersor attaching plates ,
are required.

(B)

Fig. 1.12—Frames subjected to torsion with (A) transverserib bracing and
(B) diagonal bracing
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N - T

Fg 7.13—lug weldedparallel to the length of a beam

Suppose, however, that the lug was welded
to the beam flangeat right angles to the length of
the beam, Fig. 1.14(A). The outer edges of the
flange tend to deflect rather than support much
load. This forces a small portion of the weld in
line with the web to carry a disproportionate
share of the load, Fig. 1.14(B), To uniformly
distribute the load on the attachment weld, two
stiffeners can be aligned with the lug and then
welded to the web and to the adjacent flange of
the beam, as shown in Fig. 1.15. The stiffeners
reinforce the bottom flange and also transmit
part of the load to the web of the beam. The
weldslabeled A, B, and Cin Fig, 1,15 must all be
designed to carry the applied force, F.

If a force is to be applied parallel to the
flanges, it would not be acceptableto simplyweld
an attachmentplate to the web of the beam. The
applied force on the attachment could cause
excessive bending of the web, as shown in Fig.
1.16. In such a situation, the plate can be welded
to the flanges of the beam, as in Fig. 1.17 for low
forces, and no forceis transferred to the web. For
large forces, it might be necessary to place a
stiffenerontheoppositesideofthe web, Fig. 1.18.
In this case, both the plate and the stiffener
should be welded to the web as well as to both
flanges. The stiffener is loaded only through the
welds along the web. The fillet welds joining the
plateto the beamflanges must not extendaround
the plate along the edges of the flanges. The

abrupt changes in weld direction can intensify
stress concentrations,

When a force in a structure changes direc-
tion, a force component is involved. This is illus-
trated in Fig. 1.19, a knee of a rigid frame sub-
jected to a bending moment. The compressive
forcein the interiorflanges must change direction
at the knee. To prevent bending of the web and

!

{A)

(B)

Fg. 1.74—(A) 1ug weldedto a flange
transverseto the beam, (B) Load distribution
with unreinforced flange
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Fig. 1.15—Stiffeners transmit a portion of the load from the flange to the web
of the beam through welds A, B, and C

pre—— prm—
S~ \~ - —-4 -— -
1/2F
N I
t F
F
Fig. 1.16—Deflection of beam web Fig. 1.17-Attachment welded to beam
from loaded attachment flanges to avoid web defection
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F

Fig. 1.18—Stiffener on opposite side o€
attachment, welded as shown,
for large loads

Stiffener

Fig. 179—Knee cfrigid frame

failure of the structure, diagonal stiffeners are
placed on both sides of the web at the intersec-
tions of the two flanges. The compressive force
componentin the web and stiffenersbalancesthe
change in direction of the tensile force in the
outer flanges.
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INFLUENCE CF WELDING PROCESS

Most designs for welding are based on the
use of arc welding processes where filler metal is
added in multiple passes, either in a groove to
obtain required penetration or in a fillet weld on
one or both sides of a member.!® Adding filler
metal in a grooveproduces lateral and longitudi-
nal shrinkage between components that can
result in angular distortion about the axis of the
weld and longitudinal bowing ofthejoints. Fillet
welds primarily cause angular distortion. The
amount of shrinkage and distortion depends on
the sizeof the weld in proportion to the thickness
of the components and the degree of restraint
imposed on thejoint during welding and cooling.

When components are restrained from
shrinkage or distortion, high residual stresses
remain in the assembly. Depending on the sizeof
the weld and the level of stresses, additional dis-
tortion can occur during subsequent thermal
stress relieving.

When welding quenched-and-tempered
steels, the heat input must becontrolled to main-
tain the properties of the weld and heat-affected
zone of the base metal. This usually dictates the
use of small weld beads usingrelativelylow weld-
ing currents.

Most welding processes requite the weld
joint to be readily accessibleto the welder and the
welding equipment. Several high<nergy welding
processes sometimes used in production are
unique. When applicable, they offer some added
flexibilityin the design that may not be available
with conventional arc welding processes.

The electron beam welding (EBW) process
can produce narrow, deep-penetration welds
with minimal lateral shrinkage and angular dis-
tortion.!! Electronbeam welds made in restrained
sections have lower residual stresses than welds
made with most other welding processes. The
heat-affected zones of electron beam welds are
normally narrower than those of welds made
with arc welding processes. Quenched-and-

10. Arc welding processes are discussed in the Welding
Handbook, Vol. 2, 7th Ed., 1978.

J1. Electron beam welding is covered in the Welding
Handbook,Vol, 3, 7th Ed,, 1980: 163-215,
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tempered steelscan be welded with minimal deg-
radation of properties. With somedesigns,welds
can be made with the components in the finish-
machined state. Incontrast, components that are
welded with conventional arc welding processes
requireexcess stock allowancefor machiningthe
weldment in those areas that must meet close
dimensional tolerances.

A high-powerlaserbeam can produce welds
with characteristics similar to those made with
the nonvacuum electron beam process,2 How-
ever, equipment costs with both processes must
be considered when specifying these processes.

Thejoint design for electron beam or laser
beam welding consistsof a simplesquare groove.
Fit-up for these processes is critical, and root
openings must be held to a minimum (preferably
metal to metal contact). To obtain the proper
fit-up for welding with these processes, weld
joints must be prepared by machining. Fortu-
nately, welds made with the electron beam or
laser beam normally do not require filler metal
addition. However, With either process, thejoint
must be positioned under the welding head, and
the work or head moved automatically while
maintaining the beam on thejoint.

The electroslag welding process is unique
from a design viewpoint.1* Itisahighdeposition,
efficient process, but it imposes certain limita-
tions or conditions on the designer. However, the
process has some definite advantages where it

can be applied.

The electroslag welding process deposits a
continuous, parallel-sided weld vertically from
one end of the joint to the other end. The weld
has predictable lateral shrinkage, generally less
than that of single or double groove welds, and
essentially no angular distortion. Because of the
high energy input, the weld is considered essen-
tially self-stress relieving.

An electroslagweld is basically a continu-
ous casting. Consequently, the weld generallyhas
a coarse, columnar grain structure, and a wide
heat-affected zone. Impact properties and fatigue
strengths of welded joints in the as-welded and
the stress-relieved conditions may be lower than
with other welding processes. These properties
can beimproved with normalizingand tempering
heat treatments. This process cannot be used
with quenched-and-tempered steels unless the
weld and heat-affected zone receive a full heat
treatment after welding.

Joint preparation for electroslag welding
consists of square flame-cut edges. Weld joint
lengthis not critical,but thejoint must be aligned
and properly furturedto permitcontinuous weld-
ing. In general, it is not practical to weld plate
thicknesses less than 3/4 in. with this process.
Two variations of the electroslagwelding process
are generally used, conventionaland consumable
guide. The specific variation determines joint
accessibility requirements.

DESIGN CF' WELDED JOINTS

TYPES &F JOINTS

The loads in a welded structure are trans-
ferred from one member to another through
welds placed in thejoints. Thetypesofjoints used
in welded construction and the applicable welds

12, Laser beam welding is discussed in the Welding
Handbook, Val. 3, Tth Ed. , 1980:218-32.

13. Electroslag welding is covered in the Welding
Handbook, Vol. 2, 7th Ed., 1978: 22548.

areshown in Fig. 1,20, Theconfigurations of the
various welds are illustrated in Figs. 121, 1.22,
and 1.23. Combinations of welds may be used to
make ajoint, depending on the strength require-
ments and load conditions. For example, fillet
and groove welds are frequently combined in
corner and T-joints,

Welded joints are designed primarily for the
strength and safety required by theservice condi-
tions under which they must perform. The
manner in which the stress will be applied in
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[/

[A) Buttjoint

Fillet
Square-groove
V-groove
Bevel-groove
U-groove
J-groove
Flare-V-groove

(B)Corner joint

4

(C) T-joint

7.

(D) Lap joint

\

~—}-0-30°
(E) Edge joint

Fig. 1.20—Types cfjoints

Applicable welds
Square-groove
V-groove
Bevel-groove
\ U-groove

- Applicable welds
/ Fillet
Plug
Slot
Square-groove
Bevel-groove
Applicable welds
Fillet
Plug
Slot
Bevel-groove
S
- Applicable welds
/ Square-groove
Bevel-groove
V-groove
U-groove
J-groove

J-groove
Flare-V-groove
Flare-bevel-groove
Edge-flange

Braze

Applicable welds

Flare-bevel-groove
Edge-flange
Corner-flange
Spot

Projection

Seam

Braze

J-groove.
Flare-bevel-groove
spot

Projection

Seam

Braze

J-groove
Flare-bevel-groove
spot
Projection

eam
Braze

Edge-flange
Corner-flange
Seam

Edge
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(A) Single-square-grooveweld {B) Single-bevel-grooveweld

(C) Single-V-groove weld (D) Single-V-groove weld (with backing)

(F) Single-U-groove weld

(G) Single-flare-bevel groove weld (H) Single-flare-V-groove weld

Fig. 1.21=Single-groove welds
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(B) Double-bevel-groove weld

(D)PDouble-J-groove weld

(E) Double-U-grooveweld

{G) Double-flare-V-groove weld

{F) Double-flare-bevel groove weld

Fig, 1.22—Double-groove welds
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(A) Single fillet weld

(B) Dauble fillet weld

Fig. 1,23—Fillet welds

service, whether tension, shear, bending, or tor-
sion, must be considered. Differentjoint designs
may berequired depending on whether the load-
ing is static or dynamic where fatigue must be
considered. Joints may be designed to avoid
stress-raisersand to obtain an optimum pattern
of residual stresses. Conditions of corrosion or
erosion require joints that are free of irregulari-
tles, crevices, and other areas that make them
susceptibleto such forms of attack. The design
must reflect consideration of joint efficiency,
which is the ratio of the joint strength to the
base metal strength, generally expressed as a
percentage.

Inaddition to the above, jointsare detailed
for economy and accessibility during construc-

tion and inspection. Among the factors involved
in construction are control of distortion and
cracking, facilitation of good workmanship, and
production of sound welds. Accessibilityduring
construction not only contributes to low costs,
but also provides an opportunity for better
workmanship, fewer flaws, and control of distor-
tion and residual stresses.

GROOVE WELDS

Groove welds of different types are used in
many combinations; the selection of which is
influenced by accessibility, economy, adaptation
to the particular design of the structure being
fabricated, expected distortion, and the type of
welding process to be used.

A square-grooveweld is economical to use,
provided satisfactorysoundness and strength can
be obtained, because it only requires a square
edge on each member for welding. Its use is
limited by the thickness of thejoint.

For thick joints, the edge of each member
must be prepared to a particular geometry to
provide accessibility for welding and ensure ,
desired soundness and strength. In the interest of
economy, thosejoint designs should be selected
with root openings and groove angles that
require the smallest amount of weld metal and
still give sufficient accessibility for sound welds.
The selection of root opening and groove angle
also is greatly influenced by the metals to be
joined, the location of thejoint in the weldment,
and the required performance.

J-and U-groove welds may be used to min-
imize weld metal requirements when the savings
aresufficienttojustify the more costly machining
ofthe edge preparation. Thesejoints are particu-
larly useful in the welding of thick sections. One
disadvantage of J-and bevel-grooveweldsis that
they are difficult to weld soundly when they are
positioned to have a vertical side.

The mostimportant criterion of thestrength
of a groove weld is the amount ofjoint penetra-
tion. Welded joints are usually designed so that
they will be equal in strength to the base metal.
To accomplish this, designs that permit penetra-
tion completely through the members being
joined are mostcommonly used. One of the prin-
ciples of welded design is the selection of joint
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designs that provide the desired degree of joint
penetrafion. .

The details of welding grooves (groove
angle,root face, root opening, etc.) depend upon
the welding process and type of power fo be used,
and the physical properties of the base metal(s)
being joined." Some welding processes charac-
teristically provide deeperjoint penetration than
others. Some metals have relativelyhigh thermal
conductivities or specific heats, or both, Those
metals require greater heat input for welding
than other metals with lower heat absorption,
Examples are aluminum and copper.

Use of a double-welded joint in preference
to a single-weldedjoint canreduce the amount of
welding by 50 percent or more, as indicated by
Fig. 1.24. This also limits distortion when equal
numbers of weld passes areplaced alternately on
each side of the joint.

(A) Single-welded joint

(B) Double-welded joint

Fig. 7.24—Comparison or relative volumes
of filler metal for single- and double-V-
groove welds of equal thicknessand length

14. Groove-weld joint preparations used with various

weldingprocessesand base metals arediscussedin the
Welding Handbook. Vols. 2, 3, and 4, 7th 4., 1978,
1980, and 1982.
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The various types of groove welds have cer-
tain advantages and limitations with respect to
their applications. In the following discussion,
comments on joint penetration or effectivethroat
apply tojoining of carbon steel by shieldedmetal
arc (SMAW), gas metal arc (GMAW), flux
cored arc (FCAW), and submerged arc welding
(SAW). Joint penetration with other processes
and base metals may be different when their
physical properties vary significantly from those
of carbon steel.

Complete Joint Penetration

Groove welds with completejoint penetra-
tion are suitable for all types of loading provided
they meet the acceptance criteria for the applica-
tion. In many cases, a single-groove weld is not
considered to have complete penetration, unless
it was made using a suitable backing strip, or a
back weld was applied.!” In such cases, to ensure
complete penetration with double-groove welds
and single-groovewelds without a backing strip,
the root of the first weld must be back gouged to
sound metal before making a weld pass on the
other side.

Partial Joint Penetration

A partial-joint-penetrationgroove weld has
anunwelded portion at the root of theweld. This
condition may also exist in joints welded from
one side without backing.

The unwelded portions of groove welded
joints constitute a stressraiser having significance
when cyclicloads are applied transversely to the

joint. This fact is reflected in applicable fatigue
criteria. However, when the load is appliedlongi-
tudinally, there is no appreciable reduction in
fatigue strength.

Regardlessofthe rules governingthe service
application of partialjoint-penetration welds,
the eccentricityof shrinkage forces in relation to

IS. Welders with good technique, welding on metals
that havehigh surface tensionwhen molten, are ableto
obtain complete joint penetration without the aid of
backing in single-groovewelds. An appropriatejoint
design and welding process must be used to ensure
complete root penetration and a smoothroot surface.
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the center of gravity of the section can result in
angular distortion on cooling after welding. This
same eccentricityalso tends to causerotation of a
transverse axial load across thejoint. Therefore,
means must be applied to restrain or preclude
such rotation both during fabrication and in
service.

For static loading, the allowable stresses in
partial-joint-penetration groove welds depend
upon the type and direction of loading and appli-
cable code requirements. For steel, the allowable
stress in tension and shear should be limited to
about 30 percent of the nominal tensile strength
of the weld metal. For tension or compression
parallel to the weld axis, the allowablestress can
be the same as that for the base metal. Inno case
shouldtheactual tensile or shear stressin the base
metal next to the weld exceed the allowable for
the base metal.

Square-Groove Welds

Square-groove welds are economical in
preparation and welding. Joint strength depends
upon the amount ofjoint penetration. Adequate
control of welding proceduresand proper inspec-
tion are required to obtain the specified joint
penetration and strength.

With most welding processes when welding
from one side only, complete joint penetration
can be reliably obtained only in thin sections
unless aroot opening and backing strip are used.
With a suitable root opening and backing strip,
joints up to 1/4 in. thickness can be welded by
SMAW, and up to 3/8 in. thicknessby GMAW,
FCAW, and SAW. This type ofjoint should not
be loaded in bending with the root of the weld in
tension, nor subjected to transverse fatigue or
impact loading. Also, it should not be used atlow
temperatures or in corrosive applications.

When welded from both sides, complete
joint penetration can be obtained in sectionsup
to 1/4-in. thickness by shielded metal arc weld-
ing, 3/8-in. thickness by gas metal arc and flux
cored arc welding, and 1/2-in. thickness by sub-
merged arc welding.

Single-V-Groove Welds

Single-V-groovewelds are economical pro-
vided the depth of the groove does not exceed

3/4 in. Groove preparations and welding are
relatively inexpensive.

The strength of the joint depends on the
depth of penetration (effective throat). Joints
with complete penetration arerecommended for
optimum mechanical properties.

Joints welded from one side only should not
beused in bending with the root in tension. Also,
they should not be subjectedto transverse fatigue
nor impactloading unless (1) complete joint pene-
tration is obtained, (2) the backing strip, if used,
is removed, and (3) the root face is machined
smooth, Partially penstrated joints should not be
exposed to corrosive conditions. The effective
throat of such joints is never greater than the
depth of joint preparation for design purposes.

Double-V-Groove Welds

The strength of a double-V-groove weld
depends upon the total joint penetration (effec-
tivethroat). For all types of loading, full strength
joints can be obtained with completejoint pene-
tration provided the root of the first weld is back
gougedto sound metal before commencingweld-
ing on the other side. Partial penetration welds
arerecommended only for staticloads transverse
to the weld axis and for other types of loads
parallel to the weld axis. This type of weld is
economical when the depth of the grooves does
not exceed 3/4 in. Double-V-groove welds with
complete joint penetration may be costly when
thejoint thickness exceeds 1-1/2 in.; double-U-
groove welds may be more economical.

Single-Bevel-Groove Welds

Single-bevel-groovewelds have characteris-
tics similarto single-V-groove welds with respect
to properties and applications. The bevel type
requires less joint preparation and weld metal;
therefore, it is more economical.

Onedisadvantage of this type of weld is that
proper welding procedures are required to obtain
complete fusion with the perpendicular face of
the joint. In the horizontal position, that face
should be placed on the lower side of thejoint to
obtain good fusion.

Double-Bevel-Groove Welds

Double-bevel-groovewelds have the same
characteristics as double-V-groove welds. The



M D7842L5 0009LAA T W

Copyright by the American Welding Society Inc
Sat Jul @5 10:52:38 1997

AWS WHB-5 CHx1

perpendicular joint faces make compelte fusion
more difficult. Also, back gougingthe root of the
first weld may be harder to accomplish.

A double-beveljoint design is economical
when the depth of the groove does not exceed
about 3/4 in.,, and thejoint thicknessis I-1/2 in.
or less for complete penetration.

Single-and Double-J-Groove Welds

J-groove welds have the same characteris-
tics assimilar bevel-groove welds. However, they
may be more economical for thicker sections
because less weld metal is required. Their use
may be limitedto the horizontal position in some
applications.

Single- and Double-U-Groove Welds

U-groove welds and J-groove welds are
used for similarapplications. However,complete
fusion is easier to obtain, and root gouging is
more readily accomplished with U-grooves.

FILLET WELDS

Where the design permits, fillet welds are
used in preference to groove welds for reason of
economy. Fillet welded joints are very simpleto
prepare from the standpoint of edge preparation
and fit-up, although groove welded joints some-
times require less welding.

When the smallest continuous fillet weld
that is practicable to make results in a joint effi-
ciency greater than that required, intermittent
fillet welding may be used to avoid overwelding
unless continuous welding is required by the ser-
vice conditions.

Fillet weld size is measured by the length of
the legs of the largest right triangle that may be
inscribed within the fillet weld cross section as
shown in Fig. 1.25. The effective throat, a better
indication of weld shear strength, is the shortest
distance between the root of the weld and the
diagrammatical weld face. With a concave weld
face, the size of a filletweld is lessthan the actual
leg of the weld. With a convex weld face, the
actual throat may be larger than the effective
throat of the weld. In any case, the strength of a
filletweld is based on theeffective throat and the
length of the weld (effective area of the weld).
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It should be noted that the actual throat
may be larger than the theoretical throat by
virtue ofjoint penetration beyond the root of the
weld. When deep root penetration can be reliably
assured by the use ofautomaticsubmerged arc or
flux cored arc welding, some codes permit the
effectivethroatto betaken asthe size of the weld
for 3/8 in. and smaller fillet welds, and as the
theoretical throat plus 0.11 in. for filletwelds over
3/8 in.

Applications

Fillet welds are used tojoin corner, T-, and
lap joints because they are economical. Edge
preparation is not required, but surface cleaning
may be needed. Fillet welds are generally appli-
cable where stresses are low, and the required
weld size is less than about 5/8 in. If the load
would require a filletweld of 5/8 in. or larger, a
groove weld should be used possibily in combi-
nation with a fillet weld to provide the required
effective throat. Fillet welds may be used in
skewed T- or corner joints having a dihedral
angle between 60 and 135 degrees. Beyond these
limits, a groove weld should be used.

Fillet welds are alwaysdesigned on the basis
of shear stresson thethroat. The maximum shear
stressappears on the effectivearea of the weld. In
the case of steel, the maximum shear stress is
normally limited to about 30 percenf of the
nominal (classification) tensile strength of the
weld metal.

Weld Size

Fillet welds must be large enough to car-
ry the applied load and to accommodate shrink-
age of the weld metal during coolingif crackingis
to be avoided, particularly with highly re-
strained, thick sections. However, the specified
fillet weld size should not be excessive to min-
imize distortion and weldingcosts. Welds in lap

joints cannot exceed in size the thickness of the
exposed edge, which should be visible after
welding.

Fillet welds may be designed with unequal
leg sizes to provide the required effective throat
or the needed heat balance for complete fusion
with unequal base metal thicknesses.
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/\f Convexity
Actual throat N

Leg and size -]

Effective throat — Leg and size
(A) Convex fillet weld 4— Theoretical throat
J\/ .

Concavity —

Actual throat and
effective throat =

Leg

J/ -

Theoreticalth roat_/

(B) Concave fillet weld

Fig. 1.25—Fillet weld size
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Single Fillet Welds

Single fillet welds are limited to low loads.
Bending moments that result in tension stresses
intherootofafillet weld should not be permitted
because of the notch condition. For this reason,
single fillet welds should not be used with lap
joints that can rotate under load. The welds
should not be subjected to impact loads. When
used with fatigue loading, the allowable stress
range must be subject to stringent limitations.

Double Fillet Welds

Smallerdoublefdlet welds are preferredto a
large singlefillet weld. Full plate strength can be
obtained with double filet welds under static
loading. Double fillet welding of comer and T-

joints limits rotation of the members about the
longitudinal axis of thejoint, and minimizesten-
slon stresses attheroot of the welds. These types
of joints can be cyclically loaded parallel to the
weld axes.
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Double-welded lap joints should have a
minimum overlap of about five times the base
metal thicknesses to limit joint rotation under
load.

COMBINED WH.DS

Combined partialjoint-penetration groove
and fillet welds, as shown in Fig. 1.26, are useful
for many joints. Occasionally, this practice is
questioned because of differences in recom-
mended welding electrodes for the two types of
welds. The practice, however, is sound.

SELECTIONOFWELDNPE

The designer is frequently faced with the
question of whether to use filletor groove welds.
Costis a major consideration, Double fillet welds,
Fig. 1.27(A), are easy to apply and require no
special edge preparation. They can be made
using large diameter electrodeswith high welding
currents for high deposition rates.

fig. 1.26—Combined groove- and fillet-welded joints

@) -s—

Fig. 1.27—Comparison o ffillet welds and groove welds

(8) ' (c)
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In comparison, the double-bevel groove
weld, Fig. 1.27(B), has about one half the cross-
sectional area of the ffflet welds. However, it
requires edge preparation and the use of swmll
diameter electrodesto make the root pass.

Referring to Fig. 1.27(C), a single-bevel-
groove weld requires about the same amount of
weld metal asthe double filletweld, Fig. 1.27(A).
Thus, it has no apparent economicadvantage.
There are some disadvantages, The single-bevel
weld requires edge preparation and a low-
deposition rootpass. From a design standpoint,
it does offer direct transfer of force through the
joint, which meansthat itis probably better than
fillet welds under cyclic loading.

Double filletwelds having a legsizeequalto
75 percent of the plate thickness would be suffi-
cient for full strength. However, somecodeshave
lower allowable stress limits than other codes for
fillet welds, and may require alegsize equalto the
plate thickness. The cost of a doublefillet welded
joint may exceed the cost of asingle-bevel-groove
weld in thick plates. Also, if the joint can be

positioned so that the weld can be made in the
flatposition, a single-bevel-grooveweld would be
less expensivethan a double fillet weld.

The construction of curvesbased onthe best
determination of the actual cost ofjoint prepara-
tion, positioning, and welding, such as those
illustrated in Fig. 1.28, is a technique for deter-
mining the plate thicknesses where a double-
bevel-groove weld becomes less costly. The inter-
section of the fillet weld curve with the groove
weld curveis the point of interest. The validity of
the information is dependent on the accuracy of
the cost data used in constructing the curves.

The combined double-bevel-grooveand fil-
let weld joint, shown in Fig. 1.29, is theoretically
afull strength weld. The plate edge is beveled to
60 degrees on both sides to a depth of 30 percent
ofthe thickness of the plate. After the groove on
each side is welded, it is reinforoed with a fillet
weld of equal area and shape. The total effective
throat of weld is equal to the plate thickness. This
partial-joint-penetration weld has only about 60
percent of the weld metal in a full-strength,

20
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Fig. 1.28—Relative costs of fullstrength welds in plate
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double fillet weld, It does requirejoint prepara-
tion, but the wide root face permits the use of
large electrodes and high welding currents. It is
recommended for submerged arc welding to
achieve deepjoint penetration.

/\/

bt ——

0.6t

SN

0.2t ——-—+—-|— 0.20t

Fig. 1.29—Combined graove andfillet welds
with partialjoint penetration but
capable of full strength

Full strength welds are not always required
in a weldment, and economies can often be
achieved by using smaller welds whereapplicable
and permissible. With equal effective throats, a
fillet weld, Fig. 1.30(A), requires twice the weld
metal needed for a 45 degree partial-joint-pene-
tration, single-bevel-groove weld, Fig. 1,30(B).
The latter weld may not be as economical as a
fillet weld, however, because of the cost of edge
preparation. Also, some welding codes limit the
effective throat of this type of weld to less than
the depth of the bevel with certain welding pro-
cesses because of incomplete root penetration.

If a single-bevel-groove weld is combined
with a 45 degree fillet weld, Fig. 1.30(C), the
cross-sectionalarea for the same effectivethroat
is also about 50 percent of the area of the fillet
weld in Fig. 1.30(A). Hexe, the bevel depth is
smaller than it is with the single-bevel-groove

Design for Welding| 83

weld in Fig. 1.30(B). A similar weld with a 60
degree groove angle and anunequal leg fillet, but
with the same effectivethroat, Fig. 1.30(D), also
requires less weld metal than a fillet weld alone.
Thisjoint allows the use of higher welding cur-
rents and larger electrodes to obtain deep root
penetration.

The desired effective throat of combined
groove and fillet welds can be obtained by
adjustment of the groove dimensions and the
fillet weld leg lengths. However, consideration
must be given to the accessibility of the root of
thejoint forwelding, and to stress concentrations
at the toes of the fillst weld. When a partial-joint-
penetration groove weld is reinforced with a fillet
weld, the minimum effective throat is used for
design purposes. The effective throat of the
combined welds is not the sum of the effective
throats of each weld. The combination is treated
as a single weld when determining the effective
throat.

CORNER JOINTS

Comer joints are widely used in machine
design. Typical comer joint designs are illus-
trated in Fig. 1.31. The corner-to-corner joint,
Fig. 1L31(A), is difficult to position and usually
requires fixturing, Small electrodes with low
welding currents must be used for the first weld
pass to avoid excessivemelt-thru. Also, thejoint
requires a large amount of weld metal,

The comer joints shown in Fig. 1.31(B) is
easy to assemble, does not require backing, and
needs only about half of the weld metal required
to make thejoint shown in Fig. 1.31(A). How-
ever, the joint has lower strength because the
effective throat of the weld is smaller. Two fillet
welds, one outside and the other inside, as in Fig.
1.31(C), can provide the same total effective
throat as with the first design but with half the
weld metal.

With thick sections, a partial-joint-penstra-
tion, single-V-grooveweld, Fig. 1.31(D), is often
used. It requires joint preparation. For deeper
joint penetration, a J-groove, Fig. L.31(E), or a
U-groove may be used in preference to a bevel
groove. A fillet weld on the inside comer, Fig.
1L.3I(F), makes a neat and economical corner.
Such afillet weldcanbecombinedwith agroove
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Weld area =0.125 in?
(B)

Weld area = 0.144 in.2
(D)

Fig. 1.30-Comparison of welds with equal effective throats

Fig. 1.31—Typical cornerjoint designs

Copyright by the American Welding Society Inc
Sat Jul a5 10:52:38 1997



T ——
AWS WHB-5 CHx1 #x NN 073842L5 0009694 5 WM

Copyright by the American Welding Society Inc
Sat Jul a5 10:52:58 1997

weld on theoutside ofthejoint when accessto the
inside is limited.

The size of the weld should always be
designed with reference to the thickness of the
thinner member. The joint cannot be stronger
than the thinner member, and the weld metal
requirements are minimized for low cost.

Lamellar tearing at the exposed edges of

Designfar Welding| 45

comer jaintsin thick steel plates must always be
considered duringthedesignphase. Figs. 1.31(D)
and (E) are examples of susceptible designs.
Through-thickness stresses in the base metal
resulting from weld shrinkage are the cause of
lamellar tearing. Recommendations to avoid
lamellar tearing are discussed later under Struc-
tural Tubular Connections, page 67.

SIZING CF' STEEL WELDS

Welds aresized for their ability to withstand
static or cyclic loading. Allowable stresses in
welds for various types of loading are normally
specified by the applicable code or specification
for thejob. They are usually based on a percent-
ageof the tensile orthe yield strength of the metal
(factor of safety) to make sure that a soundly
weldedjoint can supportthe applied load for the
expected service life. Allowablestresses or stress
ranges are specified for various types of welds
under staticandcyclicloads.Theallowablestress
ranges for welded joints subjected to cyclicload-
ing should be based on testing of representative
full-size welded joints in actual or mockup
structures,16

STATIC LOADING

Table 1.7 is an example of allowable static
stresses for steel weld metal. Figure 1.32 illus-
trates the varioustypes of loadingfor the welds in
Table 17.

Complete-joint-penetration groove welds,
illustrated in Figs. 1.32(A), (B), (C), and (D), are
considered full-strength welds because they are
capable of transferring the full strength of the
connected members.

The allowable stressesin such welds are the
same as those in the base metal, provided weld
metal of the proper strengthisused. Incomplete-

16, Allowable unit stresses in welds for building con-
struction from AWS DI1.1-84, Structural Welding
Code — Steel, American Welding Society. 1984,

joint-penetration welds, the mechanical proper-
ties of the weld metal must at least match those of
the base metal. If two base metals of different
strengths are welded together, the weld metal
must at least match the strength of the weaker
base metal,

Partial-joint-penetration groove welds, il-
lustrated in Figs. 1.32(B), (C), @, and (F), are
widely used for economical welding of thick sec-
tions. Such welds can provide required joint
strength and, in addition, accomplish savings in
weld metal and welding time. The fast cooling
rate and increased restraint imposed by thick
sections justify minimum effectivethroat require-
ments for various thickness ranges. Table 1.8
gives suggested minimum effective throat sizes
for partial-joint-penstration groove weldsinsteel.

Various factors must be considered in deter-
mining the allowable stresses on the throat of
partial-joint-penetration groove welds. Joint
configuration is one factor. If a V-, J-, o U-
groove is specified, it is assumed that the root of
the groove is accessible for welding, and that the
effective throat equalsthe depth ofthegroove. If
a bevel groove with a groove angle of 45 degrees
or less is specified for shielded metal arc, gas
metal arc, orflux cored arc welding, the effective
throat {s considered to be 1/8 in. less than the
depth of the groove because of the difficultyin
obtaining root penetration with these processes.
Thisdoesnotapplyto thesubmergedarc welding
process because of its deeper penetration charac-
teristics.
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Table 17
Allowable stressand strength levels for steelwelds in building construction

Type of weld

Stress in weld'

Allowable stress

Regired weld strength level

Completejoint penetration
groove welds

Tension normal to the effective area.

Same as base metal.

Matching weld metal must be used.

Compression normal to the Same as base metal. Weld metal with a strength level

effective area. equalto or one classification (10
ksi) less than matching weld metal
may be used.

Tension or compression parallel Same as base metal.

to the axis of the weld.

Shear on the effective area. 030 nominal tensile strength of weld Weld metal with a strength level

metal (ksi), except shear stress on
base metal shall not exceed 040 yield
strength of base metal.

equal to or less than matching
weld metal may be used.

Partial joint penetration
groove welds

Compression | Joint not designed
normal to the | to bear
effective area. | compression.

050 nominal tensile strength of weld
metal (ksi), except stress on base metal
shall not exceed 0,60 yicld strength of
of base metal.

Joint designed to
bear compression.

Same as base netal .

Tension ar compression parallel to
the axis of the weld.

Same as base metal.

Weld metal with a strength level
equal to or less than matching

Shear parallel to the axis of the weld.

030 nominal tensile strength of weld
metal (ksi), except shear stresson base
metal shall not exceed 0.40yield
strength of base metal.

| weld metal may be used.

Tension normal to the effective area.

030 nominal tensile strength of weld
metal (ksi), except tensile stress on
base metal shall not exceed 0.60 yield
strength of base metal.

DNIGTIM YO NDISEA / 9%
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Table 1.7 (Continued)

Type of weld

Stressin weld'

Allowablestress

Required weld strengthlevel

Fillet welds

Shear on the effective area.

030 nominal tensile strength of weld
metal (ksi), except shear stress on base
metal shall not exceed 040 yield
strength of base metal. ’

Tension or compression paralle]
tothe axis of weld.

Same as base metal.

Weld metal with a strength level
equal to or less than matching
weld metal may be used.

Plugand slot welds

Shear parallel to the faying surfaces
(oneffective area).

0.30 nominal tensile strength of weld
metal {ksi), except shear stress on
base metal shallnot exceed 0.40yield
strength of base metal

Weld metal with a strength level
equal to or less than matching
weld metal may be used.

a The effective weld area is the effective weld length multiplied by the effective throat.

a

usssa

Ly | Swppo i 1of




OO |
AUS WHB-5 CHx1 *x EE 07842L5 0009L97 C WM

48 [ DESIGN FOR WELDING

Butt joint

Beam to column

(A) Complete-joint-penetration groove weld intension

A
N Columnfield - Column ,
splice field
N splice
N N
Partial joint penetration Complete joint penetration

{B} Compression narmal to axis of weld

Fillet welds Groove welds

(C) Tension or compression parallelto weld axis

Hg. 1,32—Fxamples of welds with various types of loading
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/— Weld

z

w7
|

Verticle web splice Longitudinal web splice

(D)Complete-joint-penetrtiongroove weld in shear

Shear Tension
(E) Partial-joint-penetration groove welds

(G) Fillet welds loaded in shear

Fig. 132 (continued)—Examples of welds with various types of loading
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Table 18
Minimum effective throat for
partial-joint-penetrationgroove
welds in steel

Thickness of Minimum effective
basemetal: in. throath, in.
1/8 to 3/16 1/16
Over3/16to 1/4 1/8
Over 1/4to 1/2 3/16
Over 1/2 to 3/4 14
Over 3/4to 1-1/2 5/16
Over I-1/2to 2-1/4 3/8
Over 2-1/4to 6 1/2
Over 6 5/8

a. Thickness of thicker section withunequal thick-
nesses.

b. The effectivethroat need not exceed the thick-
ness of the thinner part.

The allowable shear stress in steel weld
metal in groove and fillet welds is about 30 per-
cent of the nominal tensile strength of the weld
metal,/? Table 1.9 gives the allowable unit loads
on various sizes of steel fdlet welds of several
strength levels, These values are forequal-legfttlet
weldswhere the effectivethroatis 70.7percent of
the weld size. For example, the allowable unit
fioroe on a 1/2-in. fillet weld made with an elec-
trode that deposits weld metal of 70,000 psi min-
imum tensile strength is determined as follows:

Allowable shear stress, y = 0.30(70,000) =
21,000 psi

Unit force, f= 0707 (1/2) (21,000) =
7420 1b/in, of weld

17. Thevalidity oftheratio wasestablished by a series
of fillet weld tests conductedjointly by the American
Institute Of Steel Construction and the American
Welding Society.

Table 19
Allowable unit loads on steel fillet welds

Strength level of weld metal, ksi

60° 70° 80 %0* 100 1102 120
Weld _ .
size, in. Allowable unit load, 10° Ib/in.
1/16 07% 0.930 1.06 119 133 146 1.59
1/8 159 1.86 212 239 265 292 318
3/16 239 278 318 358 3% 438 477
1/4 318 3.71 424 477 530 583 6.36
5/16 3% 464 530 597 663 729 795
3/8 4.77 557 6.36 716 7% 875 954
7/16 557 650 742 835 928 1021 11.14
172 637 742 848 954 1061 1167 1273
5/8 7.96 928 1061 1193 1327 1458 1591
3/4 955 1114 1273 1432 1592 1750 1900
8 114 1299 1485 1670 1857 2041 227
1 12.73 1485 1697 19,00 21.21 2333 2545

a. Fillet welds actually tested by the joint AISC-AWS Task Committee
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The minimum allowable sizes of the first
passes for steel fillet weldsare given in Table 1.10.
Where sections of different thickness are being
joined, the minimum fillet weld sueis governed
by the thicker section. However, the weld size
does not need to exceed the thickness of the
thinner section unless a larger sizeis required by
the load conditions.

Table 110
Recommended minimum fillet weld
sizes for steel

Section Minimum fillet
thickness, in.* weld size, in,
Over1/8 to 1/4 1/8
Over 1/4 to 1/2 3/16
Over 1/2 to 3/4 1/4
Over 3/4 5/16

a. Thickness of thicker section when sections of
unequal thicknesses arejoined.

b. Single-passwelds or first pass of multiple pass
welds. The size of the weld need not exceed the thick-
ness of the thinner section being joined, provided
sufficientpreheat is used to ensure weld soundness.

The minimum fiet weld sizeis intended to
ensure suffictent heat input to reduce the possibil-
ity of cracking in either the heat-affected zone or
weld metal, especially in a restrained joint. The
minimum size applies if it is greater than the size
required to carry design stresses.

CYCLIC LOADING

When metals are subjected to cyclic tensile
or alternating tensile-compressive stress, they
may fail by fatigue. The performance of a weld
under cyclic stress is an important consideration
in structures and machinery, The specifications
relating fatigue in steel structures have been de-
veloped by the American Institute of Steel Con-
struction (AISC), the American Association of
State Highway and Transportation Officials
(AASHTO), and the American Railway Engi-
neering Association (AREA). The applicable
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specifications of these organizations should be
referred to for specific information.

Although sound weld metal may have
aboutthe same fatigue strength as the base metal,
any change in cross section at a weld lowers the
fatigue strength of the member. In the case of a
complete-penettationgroove weld, any reinforce-
ment, undercut, incompletejoint penetration, or
cracking acts as a notch or stress raiser, Each of
theseconditions is detrimental to fatiguelife. The
very nature of a fillet weld provides an abrupt
change in section that limits fatigue life.

The AISC fatigue specifications cover a
wide range of weldedjoints, and also address the
fatigue strength of members attached by welds,
Figure 133 shows various types ofjoints and the
fatigue category of each type. Table 1.11 tabu-
lates the allowable stress ranges for the six stress
categoriesin Fig. 1.33for four fatigue liferanges.
A stressrange is the magnitude of the change in
stress that occurs Wit the application or removal
of the cyclic load that causes tensile stress or a
reversal of stress. Loads that cause only changes
in magnitude of compressivestressdo not cause
fatigue.

Thedata in Table 1.11 appliesto steels hav-
ing yield strengths from 36 ksi (ASTM A36) to
100 ksi (ASTM A514), and to steel weld metal
with tensile strengths of 60 to 120ksi,

In the joint illustration, (Fig. 1.33), M and
W indicate whether the allowable stress range

:p;:&ies to the base ™8 o¢ the weld metal, or
oth.

In every case, the allowable stress must not
exceed the allowable static stress for the base
metal and weld metal, The fatigue formulas are
used to reduce the allowablestress because of the
fluctuating tensile stress conditions. When the
value of Kis high, the maximum calculatedstress
may exceed the allowable static stress; if it does,
the design is controlled by the allowable static
stress.

In Fig. 1.33(B), the allowable fatigue stress
(Category B) in the base metal of a welded
member in bending is really determined by the
fillet welds parallel to the direction of the applied
stress. The reason for this is that discontinuities
orripplesin the weld face would be the initiation
site for fatigue cracks. If stiffeners are used to
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M M&W
Ty R @® TR
Not ground flush; M &W
no radiographic - ©
M
(D) TR ©
Square or
tapered ends
with or without M M
end welds
(E) B R ®] ® " ©®
Notes:
1. Letter at lower left of each sketch identifies 3. Letter inthe circle following TR or S is the
detail (A, ...HH). stress category (Athrough F, see Table 1.11).

2 Box at right indicates the following:
M = stress in metal

W = stress in weld
S = shear

T = tension

R = reversal

4. Curved arrows indicate region of application
of fatigue allowables.

5. Straight arrows indicate applied forces.

6. Grind inthe direction of stressing only.
7.When slope is mentioned, i.e.. 1in2-1/2, it
is always the maximum value. Less slope is
permissible.

Fig. 1.33—Examples of various fatigue categories
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Complete
penetration

Maw

Ground flush
and NDE TR

M
As-welded and
(G) TR @ no NDE TR ©
7
1in2-1/2 \
slope
Ma&aw M&V
Groundflush Groundflush
and NDE TR and NDE ™ @
As-welded and As-welded and
m no NDE TR ) no NDE TR €
partial penetration M&W
(K) TR (L)
. Details attached by M
Partial fillet or groove welds
pentration
_— TR a<2 ©
w 2"<a<a"or12b ©
(M) s®| o a>4"or12b ®

Fig. 1.33 (conk)—Examples of various fatigue categories
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Transition
radius < 2”
M M
™ ®
I M
slot welds M
(@ w®R@| ® 1s®
Plug weld
&2
_
Sl Id W Maw
ot we
(S) s ® R
M
TR R=24"
24" >R=6" (€
g >R=2" (D P/‘\
Fillet welds paraliel - .
Termination ground M Fillet welds only M
smooth to radius R
) ™ C| W G
M
TR R =24
24">R=6"(©
6 >R=2"(D I
longitudinal " I
g Sagnz.nf M M
W) mE| w ™ E

Fig, 133 (cont.)—Examples of various fatiguecalegories




AWS WHB-5 CHx1 *x HE 07842k5 0009704 4 WE

Design far Welding| 55

i \ / _
(AA) s ®| (e.) s®

w w
icc) s ®| (o) s ®

w M&W
{EE) s® | R R @

This also applies to

M connection of any rolled sections M

(GG) TR B (HH) R €

Fig. 1.33(cont,)—Examples of various fatigue categories
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Table 111
Suggested allowable fatigue stress range in steel weldments
Fatigue life range
20,000 to 100,000 to 500,000 to Over
100,000 500,000 2,000,000 2,000,000
Stress Type of
category” Stress range, kst stress

A 60 36 24 24

B 45 275 18 16

Cc 32 19 13 ( llgb Normal, 0,

D 27 . 16 10 7

E 21 125 8 5

F 15 12 9 8 Shear, 7,

a. Referto Fig. 1.33, Note 6.
b. Ai toe of welds on girder webs or flanges.

reinforce a structural shape, as in Fig. 1.33(D),
the allowable fatigue stress in the connected
material isthe calculated stressatthe termination
of the weld or adjacent to it. This stress is
assigned to Category C because of the stress
raisers at the weld terminations.

If intermittent fillet welds are used parallel
to the direction of stress, the allowable fatigue
stress range in the plate adjacent to the termina-
tion of the weld is Category E, as shown in Figs.
1.33(F) and (GG).

Theallowablefatigue conditions forpartial-
joint-penetration groove welds may be deter-
mined by referenceto Figs. 1.33(K), (L), and (M).

According to Figs. 1.33(N) and (O)the
allowable fatigue stress range for a member with
atransverse attachment increasesasthe length of
the attachment decreases, measured parallel to
the axis of the load. Although there may be a
similar geometricalnotch effect or abrupt change
in section in both, it is the stress raiser that is
important. The dimension of the transverse bar
in Fig. 1.33(N) is parallel to the axis of the
member, and the load is so short that very little
load is transferred through the fillet welds into

the bar. Consequently, the fillet welds are not
severe stress raisers. A longer bar attachment
shown in Fig. 1.33(0), however, is sufficiently
long to carry part of the load through the con-
necting fillet welds. The fillet welds are higher
stress raisers and, as a result, the allowable
fatigue strength of the member is lower.

The joint in Fig. 1.33(EE) should not be
confused with that shown in Fig. 1.33(FF). Both
depict transversefillet welds, but the former pro-
vides an allowable fatigue stress in shear for the
throat of the fillet weld. The latter provides an
allowable fatigue stress for the base metal adja-
cent to the fillet weld.

The static strength of a fillet weld loaded
transversely is about one third stronger than a
fillet weld loaded axially. However, the allowable
fatigue stress range for parallel and transversely
loaded fillet welds is the same, namely Category
F. [SeeFigs. 1.33(BB) through (EE)]. The actual
fatigue strength of a transverse fillet weld, Fig.
1.33(DD), is only slightly higher than that of a
parallel filletweld, Fig. 1.33(BB). However,both
have been placed in Category F because natural
scatter in all fatigue testing is probably larger
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than the differencebetween the two cases. Fur-
thermore, unwarranted complexities in design
would result from the cases of obliquely loaded
welds. Although a transverse ffflet-welded T-
joint, Fig. 1.33(EE), might have a slightly lower
fatigue strength than a transverse fillet-welded
lap joint, Fig. 1.33(DD), both are Category F
because of the stress concentration at the root of
the welds.

Figure 1.34 is a modified Goodman design
stress diagram8 for acomplete-joint-penetration,

18. For additional information, refer to Munse, W.H.,
Fatigue of Welded Steel Structures, New York: Weld-
ing Research Council, 1964,
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single-V-grooveweld, as-welded without nonde-
structive examination, Fig. 1.33(H). The fatigue
stress category is C, and the diagram for fatigue
range is 500,000 to 2,000,000 cycles(Table 1.11).
The vertical axis represents the maximum stress,
0 ax and the horizontal axis representsthe min-
imum stress, @, either positive or negative, A
staticload is represented by the 45 degreeline to
the right (K= + 1.0) and a complete reversal by
the 45 degree line to the left (K B - 1.0). The
region to the right of the vertical line (K& 0)
represents tensile minimum stress. The region to
the left of this line renresents cornpressive min-
imum stress. The allowable cyclic stress levels for
weld metals of four strength levels (60, 70, 100,
and 110 psi) are shown in Fig, 1.34.

A514 steel = 2-1/2"
60 AB14 steel > 2-1/2" /770 oide 60 ksi
o E100 welds” 04 ksl
50}
1 S
¥ N
& o = <
x40 ™ 1-K &
bE #‘*
¢ <*
£ 'Ad41 steel .
@ 30 E70 weld 30ksi
£
3
E A36 steel )
% 20f E60 & 22 ksi
P 2 70 welds
()
e
N , 0/
° ot
| |1 I 1 [ i | J
-20 -10 0 +10  +20 430  +40 +50 480

Minimum stress, ksi

Fig. 1.34—Modified Goodman design stress diagram for complete-joint-penetration,
single-V-groove welds, as welded, 500,000 to 2,000,000 cycles
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Thehorizontal axisof Figs. 1.35(A) and (B),
which are modifications of Fig. 1.34, represents
the stress ratio, K, of the stresses. Here, two
additional strength levels of weld metal have
been added, EB0 and E90, along with equivalent
strength levels of steel. Note that in Fig. 1.35(A)
for a stress ratio, K, greater than +0.35, higher
strength steels and weld metals have higher al-
lowablemaximum fatigue stresses, Below astress
ratio, K, of about #0,35, steel welds and base
metalshavethe same allowablemaximum fatigue
stress. However, throughout the entire stress
ratio range, the allowablestressrange is constant.

Figure 1.35(B) represents the same type of
welded joint but with a lower life’ of 20,000 to
100,000 cycles. Here, the higher strength steel
welds and base metals have higher allowable
fatigue stresses over a wider range of fatigue
stress ratios.

The fatigue formulas for maximum normal
or shear stress generally reduce the allowable
stress when fatigue conditions are encountered.
Becausethe resulting allowable maximum fatigue
stress should not exceed the usual static allow-
able stress, the allowable maximum fatigue
stresses are terminated with horizontal lines
representing the permissible static stress for the
particular steel and weld metal use.

These graphs illustrats that when the stress
ratio is lower, the usefulness of a high strength
steelisreduced. When there s areversal of stress
there is generally no advantage in using a high
strength steel for fatigue applications.

RIGID STRUCTURES

In machine design work, the primary design
requirement for some members is rigidity. Such
members are often heavy sections so that the
movement under load will be Within close toler-
ances, The resulting stressesin the members are
very low. Often, the allowable stress in tension
formild steelis 20,000 psi, but a welded machine
base or frame may have a working stress of only
2000 to 4000 psi. In this case, the weld sizes need
to be designed for rigidity rather than load
conditions.

A very practical method is to design the
weld size to carry one-third to one-half of the
load capacityofthe thinner memberbsing joined.

This means that if the base metal is stressed to
onethird to one onehalf of the normal allowable
stress, the weld would be strong enough to carry
the load. Most rigid designs are stressed below
these values. However, any reduction in weld size
below one third of the normal full-strength size
would give a weld that istoo smallin appearance
for general acceptance.

PRIMARY AND SECONDARY WELDS

Welds may be classified as primary and
secondary types. A primary weld transfers the
entire load at the point where it is located. That
weld must have the same strength properties as
the members. If the weld fails, the structure fails.
Secondary welds are those that simply hold the
parts together to form a built-up member. In
most cases, the forces on these welds are low.

When a full-strength, primary weld is re-
quired, a weld metal with mechanical properties
that match those of the base metal must be used.
Generallyitisunnecessaryfor the weld metal and
the base metal compositions to be exactly alike
but they should be similar. An exception is when
the weldment is to be heat treated and the weld
metal must have the same mechanical properties
asthe base metal in service. Although quenched-
and-tempered steel plate is cooled much faster
during manufacture than hot-rolled plate, the
coolingrate is limited somewhatby the thickness.
A weld, onthe other hand, is quenched at a faster
rate by the cold adjacent base metal during weld-
ing than is the base metal during manufacture.
Preheating or high welding heat input, or both,
decrease the cooling rate of the weld metal by
decreasing the temperature gradient.

In welding high strength steels, full-strength
weldsshould not be used unlessthey are required.
High strength steel may require preheat and spe-
cial welding procedures because of itstendency for
weld cracking, especiallyifthejointis restrained.

Secondary welds in high strength steels can
be made with the weld metal of lower strength
than the base metal. Low-hydrogen weld metal
with 70,000 to 90,000 psi minimum tensile
strength is preferred because the likelihood of
cracking is lower than withmatchingweld metal.
In any case, the weld must be sized to provide a

joint of sufficient strength.
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A514 steel = 2-1/2"
AB14 steel > 2-1/2"

60 ksi

2
T

E100 welds 0+ XS

£ 501 Steel 9075, 75 VP,
g 46 ksi
o Steel 80 T.S. 60 Y.P.
8 0] o
% A4§£1’° we‘ds 36 ksi
®© R stee )
3% E70welds |20 <!
8 A36 steel 22 ks
O E - E60 & 70 welds
o = =)
max 1 - K g
5
s

—_ [
s\ 8

S N NN R TR NENN NAUNN SN SN SN SN SN SN NN NN NN SN N |
-1.00 -0.80 -0.60 -0.40 -0.20 0 40.20 +0.40 40.60 +0.80 +0.100

Fatigue stress ratio, K {min stress/max stress) t
Complete Steady
reversal load

(A) Fatigue life of 6,000 to 2,000,000 cycles

l A514 steel = 2-1/2"
E 110 welds ’

60 |- .1/2" 60 ksi
B B4 ksi
< 5ol

8 Steel 90T.S. 75 Y.P,
> E90 welds 45 ksl
173 b
% 40 Steel 30T.S. 60 Y.P. 36 ksi
s | E80 welds sl
2, 30 A441 steel 30 ksi
/'ﬁ - E70 welds

£ A36 steel .
220F  E60& 70 welds 22 ksi
3
=

10F

L 1 1 [l 1 ] 1 11 i (I 1 I 1 i ) 1 1
-1.00 -0.80 -0.60 -0.40 -0.20 0 +0.20 +0.40 +0.60 +0.80 tQ.lI00
Fatigue stress ratio, K {min stress/max stress)
Complete Steady
reversal load

(B) Fatigue life of 20,000 to 100.000 cycles

Fg. 1.35—Maximum fatigue stress for complete-joint-penetration,
single-V-groove welds, as-welded
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A comparison of behaviors of full-strength
and partial-strength welds in quenched-and-
tempered ASTM A514 steel is shown in Fig.
1.36. The fotmer weld is transverse to and the
latter weld is parallel to the tensile load and the
weldment. The plate has a tensile strength of a
110,000 psi, and it is welded with an E11018
coveredelectrode to provide a full strength weld,
Fig. 1.36(A). When the stress is parallel to the
weld axis, Fig. 1.36(B), a weld made with an
E7018 covered electrode (70,000 psi minimum
tensile strength) is adequate so long as there is
sufficient weld to transmit any shear load from
one member to the other.

In the full-strength welded joint, both the
plate and the weld metal have equivalent strengths
and their behavior under load is shown by the
stress strain curve shown in Fig. 1.36(A). If a
transversely loaded test weld were pulled in ten-
sion, it is likely that the plate would neck down
and fail first. The weld would be stronger because
of the reinforcement and the slightly higher
strength of the weld metal and heat-affected zone

as a result of rapid cooling following welding.

In the partial-strength weld loaded axially,
Fig. 1.36(B), both the plate and the weld would
be strained together. As the member is loaded,
the strain increasesfrom 7to 2 on thestress-strain
plot with a corresponding increasein the stressin
both the plate and weld from 7to 3. At this point,
the E7018 weld metal has reached its yield
strength. On further loading, the strain is
increased to 4. The weld metal is stressed beyond
its yield strength at 5, and flows plastically. The
stress in the plate, however, is still below its yield
strength at 6. With stillfurther loading, the strain
will reach Twhere the ductility of the plate will be
exhausted. The plate will fail first because the
weld metal has greater ductility. The weld will
not fail until its unit strain reaches 8.

It is obvious in the example that the 70,000
psi weld metal has sufficient strength to carry
axial load because it carries only a small portion
of the total axial load on the weldment. When a
weld must transmit the total load, it has to be as
strong as the base metal.

E11018 weld
AB14 plate AB14 pIatG
110,000 psi T.S.
E7018 wveld 10%0(')0 psi Y.P.
£110.000 word 70,000 psi T.5. | 18%elong.
Do We A614 plate 60,000 psi Y.P.
110,000 psi T.S. 22% elong.
100,000 psi Y.P. | | 110,000 psI T.S. ]
20% elong. 100,000 psi T.S.
- 18% elong.
A514 plate & A514 plate
E11018 weld E7018 weld
T .
b 1
) P |
§ ¢ ﬁ i =
& @ i |
o

Strain g —=

(A) Full-strength weld

@'d;;\@ Strain € ——@

(B) Partial-strength weld

Fig. 1.36—Stress-strain characteristics of full andpartial strength welds



- ________________________________ ___________________|
B 0784265 0009710 7 W

Copyright by the American Welding Society Inc
Sat Jul @5 10:52:38 1997

AWS WHB-5 CH*1

SKEWED FILLET WELDS

A special condition exists when members
come together at an angle other than 90 degrees,
and fillet welds are to be used to make the con-
nection. Ordinary specificationsfor the weld leg
at some joint angles could result in excessive
waste of weld metal, along with difficulty in de-
positing the weld on the acute side of thejoint,

w2
Dihedralangle , ¢y
135° max

Leg
size

For each weld:

When by =bh, andt=t, +t,:
cos { —
2 b =
, =
cos ﬁ +cos h)
2 2

For minimum total weld metal:

4 =t

t; = ! t !

;= — p = e
a2 2f V2
1+tan (—2 1 +tan 5

Design for Welding/ 61

Figure 1.37 shows skewed fillet welds and
the relationships between the dihedral angle, i,
the leg size, b, and the effective throat, t, of each
weld. Formulas are given to determine the
proper effectivethroat for each weld to deposit a
minimum area, A,, ofweld metal in thejoint. The
leg sizes, b, and b, can be determined for the
respective effective throats.

Dihedral angle
‘ B60° min

‘!, Leg
1 size
|

CoS (ﬂ) + ¢0S (2'2->
2 2
oy
t2tan \ 2
']
2{ 11
1 #tan’ ( 5 )

Atz

Fig. 1.37—Fomulas for analyzing filletweldsjoining skewed T-joints to
minimize weld metal requirements
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TREATING A WELD AS A LINE

When the total length of weld in a connec-
tion is large compared to its effective throat, the
weld canbe assumed to be a linehaving a definite
length and configuration rather than an area.
The proper size of weld required for adequate
strength can be determined using this concept.
Referring to Fig. 1.38, the welded connection is
considered as a single line having the same out-
lire as the connection area. The welded connec-
tion now haslength, not effectivearea. Instead of
determiningthe stresson aweld, which cannot be
done until the weld size is known, the problem
becomes simply one of determining the force per
unit length on the weld.

The property of a welded connection, when
the weld is treated as a line, can be substituted in
the standard designformula used forthe particu-
lar type of load, as shown in Table 1.12 The force

Bending load

per unit length on the weld may be calculated
with the appropriate modified formula.

In problems involving bending or twisting
loads, the needed properties of common structu-
ral joint geometries can be calculated with the
appropriate formulas in Table 1.13. Moment of
inertia, I, section modulus, S, polar moment of
inertia, J,,, and distance from the neutral axis or
center of gravity to the extreme fibers, ¢, are
included.

For any given connection, two dimensions
are needed, width b, and depth @, Section modu-
lus, § is used for welds subjected to bending
loads;polar moment of inertia, J,,,, and distance,
¢, for twistingloads. Section moduli are given for
maximum force at the top and bottom or right
and left portions of the welded connections. For
the unsymmetrical connections shown in Table
1,13, maximum bending force is at the bottom.

Twisting load

I The welded connection

treated as a line

L (noarea)

Fig. 1.38—Treating the weld as a line
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Table 1.12
Formulas for calculating force per unit length on welds
) Standard formulafor Formula for force per
Type of loading unit stress unit length
. . P P
Tension or compression o= — f= —
4 L,
. 4 VA
Vertical shear T — f=
A L,
Bendin, M r M
CI oz — Fy—
¢ S S,
. Te Ic
Torsion 7= — f=
J g

normal stress

shear stress

force per unit length

= concentrated load
verticalshearload

total area of cross section
total length of a Line weld

t

W

g vt Y Q
L

x

~ 0
"

torque on the weld joint

section modulus of an area

section modulus of a line weld

polar moment of inertia of an area
polar moment of inertia of a line weld
moment of inertia

~ S~ O b
<

z

[
o

If there is more than one forceapplied to the
weld, they are combined vectorially. All forces
that arecombined must be vectored ata cornmon
location on the welded joint.

Weld size is found by dividing the resulting
unit force on the weld by the allowable strength
of the type of weld used.

The steps in applying this method to any
welded construction are as follows:

(1) Find the position on the welded connec-
tion where the combined forces are maximum.
There may be more than one combination that
should be considered.

distance from neutral axis to the extreme fibers of a line weld

(2) Find the value of each of the forces on
the welded connection at this position.

(3 Select the appropriate formula from
Table 1.12to find the unit force on the weld.

(4) Use Table 1.13 to find the appropriate
properties of the welded connection treated as a
line.

(5) Combine vectorially all of the unit forces
acting on the weld.

(6) Determine the required weld size by
dividing the total unit force by the allowable
stress in the weld,
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Table 113
Properties & welded connections treated as a line

2
d d
pr—— ...|._x Ix s 2 8y = 6
d=L
r——b—hl
Y 3 3
d d d
! I k= — S, = — Jw=6—(3b2+d2)

P, . o el
| N Y 7 Yo 2
¥
L=2d
d* A+ dgdb+ - d_2(4b+d>
: b I, =Tz('b't1' SXT='G('m XB = 6\ b+d .
_.L b fb+dd b? /b+4d
Iy = s"(m) _b - _(_ sl
x-+ AEC_T.C"TX T s i) w50
d ¢ s b +d® X bd(b2+d2)
/CZ' X8 W= T 70+ )
- & d/2b+d 2 2172
= = = — C, = (C C
CYL—’I ["CVR"I YY) Cxn = 3 (b+d)) 1= G G
Y
L=b+d _ v ) b(b+2d) i T
Cy = T0b+d) Cve =5\ 37a C = (Cxn"tCy)
fe— b — a* d
Y Ik = 5 @+d) Sx= ¢ (6b+d)
= .
s C b <b+2d) b
vy = s\ss— Syp = 5 (b+2d)
 x- ._IZ___X 3\Tb+d 3
v bb+d) b’<b+2d)
l " ep— D e — - — e ——
i Cn = 5573 Cw = =37 S = F\%va
CYL_" LCYR4 il T 2
d b /be2d\ d
Y = 24(= = — f——]}+ — (6b+d
L=2b+d ¢ [C"R +(2)] w= 3 (2b+d) 7
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Table 1.13 (cont.)

b
4 d2 d
Iy =~ (b+d Sx= 3 Ob+d)
] |
X e X d b’ b
1 Iy =—=(b+3d Sy= 3 (b+3d)
+d)? 2, 4Alp2
Y Jw:_(ll__). C :m
L=2(b+d) 6 2
3 \ 2
le—— b d’ [2b+d d d“ f2b+d
Iy = —{ ——— —_— = ——
T ‘ * 3("*2*’/ Sx1 8 3 (b+q) Sxp 3(b+d)
- Gy b3 b £
Xo—- - X Iy = — Svy= o Cr= piad
d ) l
B
- b+d _ b+d
l Yw=3 (b+2d)' 12 G d(b+2d)
+ b 2 12
=b+2d C = ¢ (_2_
& b+ dd d Bid
i (b+d; Sxr = 3 ébed) Sxa-? m-)
v? b d?
Iy = — = - =
¥~ Sv= 3 Cr= Jora)
é( *
24/
& fab+d b’ I
Jw:-—- —— —_— + —
6\btd/) 6 (
d2
Iy =5 (Gb+d) Sx= g Gb+d)
b b2
Iyn ? SY=_3—
2 3 2 212
Jw:-dg- (3b+d)+ b? = (b t;)

L=2(b+d}
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Table 1.13 (cont)

¢ d
Iy = % (6b+d) $x= 7 (6b+d)
b’ 2 .,
Iy = 3 Sy = 3 b
& b 2 4 h1/2
J n?(6b+d)+ ? C = ® :)
L=2(2b+d)
1=wd Sy = wr Jy = 2wr
Y
L=2mr
The following example illustrates the steps The polar moment of inertia:
ip calculating the size of a weld considered as a b (b+2d) 42
line. W= T —— + —(6b+d)
Assume that a bracket supporting an eccen- 3 (2b+d) 12
tric load of 18,000 Ibs is to be fillet welded to the 5
flange of a vertical column, as shownin Fig. 1.39. = = RV R + 107 (30 + 10)
Step 1. The point of maximum combined 3 (10+10) 12

unit forces is at the right ends of the top and
bottom horizontal welds.

Step 2, The twisting force caused by the
eccentric loading is divided into horizontal (f})
and vertical (f,) components. The distance from Torque, T= 18,000 X 10= 180,000 in.* 1b
the center of gravity to the point of combined

385.4in}

Horizontal component of twisting:

stress, e,, is calculated from the formulain Table £, = M2 = (180,000) (10/2) = 2,340 Ib/in.

1.13 for this shape of connection (the fourth Ty 385.4

configuration). Vertical component of twisting:

o zilrd 61D Bl Te, | (800G
¥o2b+d Q@10 20 v T Tame o BT0Mbin

w
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Max combined
forces

Fig. 1.39—Bracket joined to a column face with a fillet weld

Vertical shear force:

P 18000
f, =— = —— = 9001b/in.
L, 20

Step 3. Determine the resultant force:
[f;2 & @& + £

[(2,340)? + (1,750 + 900)*]'/?
3,540 Ib/in.

Step 4, The allowableshearingstress on the
effective area of weld metal having an ultimate
tensile strength of 60,000 psi is as follows (Table
1.7

f,

v

0.30 (60,000)
T = 18,000 psi

-
i

The effective throat:
fV .
E= — = = 0.197 in.
T 18,000

Assuming an equal leg fillet weld, the fillet
weld size:

0.197
S = ® 0T 29,
0,70 0.701

A 5/ 16-in. fillet weld should be specified on
the welding symbol.

Procedures for determining the allowable
eccentric loads for various welded connections
used dnstructural steel construction are given in
the MRl of Steel Construction, published by
the American Institute of Steel Construction.
Appropriate data are presented in tabular form.
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STRUCTURAL TUBULAR CONNECTIONS

Tubular members are being used in struc-
tures such as drill rigs, space frames, trusses,
booms, and earthmoving and mining equip-
ment.'"” They have the advantage of minimizing
deflection under load because of their greater
rigidity when compared to standard structural
shapes. Various types of welded tubular connec-
tions, the component designations, and nomen-
clature are shown in Fig. 1.40.

With structural tubing, there is no need for
cutting holes at intersectionsand, as a result, the
connections canhave highstrength and stiffness.
However, if a connection is to be made with a
complete-joint-penetrationgroove weld, the weld
usually must be made from one side only and
without backing because the size or configura-
tion, or both, will prevent access to the root side
of the weld, Special skill is required for making
tubular connections using complete-joint-pene-
tration welds from one side.

With relatively small, thin-wall tubes, the
end of the brace tube may be partially or fully
flattened. The end of the flattened section is
trimmed at the appropriate angleto abut against
the main member where it is to be welded. This
design should only be used with relatively low
load conditions because the load is concentrated
on a narrow area of the main tube member. The
flattened section of the brace member must be
free of cracks,

WELD JOINTDESIGN

When tubular members are fit together for
welding, the end of the branch member or brace
is normally contoured to the shape of the main
member. The members may bejoined with their
axes at 80 to 110 degrees in the case of T-
connections [Fig. 1.4¥(C)], or at some angle less
than 80 degreesin Y~ and K-connections[Figs.
1.40(D) and (E)]. The tubes may have a circular
or box shape, and the branch,member may be
equal or smaller in size than the main member.

19. The welding of steel tubular structures iscovered by
ANSI/AWS DI.1, Structural Welding Code — Steel,
latestedition, Miami: American Welding Society.

Consequently, the angle between the adjacent
outside tubesurfaces ortheir tangents, in a plane
perpendicular to thejoint (local dihedral angle),
can vary around the joint from about 150 to 30
degrees. To accommodate this, the weld joint
design and welding procedures must be varied
around thejoint to obtain a strong and sound
weld.

Tubular joints are normally accessible for
welding only from outside the tubes. Therefore,
the joints are generally made with single groove
or filletwelds. Groove welds may be designed for
complete or partial joint penetration, depending
upon the load conditions. To obtain adequate
joint penetration, shielded metal arc, gas metal
arc, and flux cored arcwelding aregenerally used
to make tubular joints in structures.

Suggestedgroove designs for completejoint
penetration with four dihedral angle ranges are
shown in Fig. 1.41. The sections of circular and
box connections to which the groove designs
applyareshownin Figs. 1.42(A) and (B) ,respec-
tively. The specified root opening, R, or the
width of aback-up weld, ¥, in Fig. 1.41depends
upon the welding process and the groove angle.

Suggested groove designs for partial-joint-
penetration groove welds for circular and box
connections are shown in Fig. 1.43. The sections
of circular and box connections to which they
apply areshown in Fig, [.44, The joint design for
sideconnectionsin equal box sectionsis shownin
Fig. 145.

An allowance, Z, must be made for incom-
plete fusion at the root of a partial-joint-pentra-
tion weld when establishing the design effective
throat, (E). The allowance depends upon the
groove angle, position of welding, and the weld-
ingprocess. Recommended allowancevalues are
given in Table 1.14 for various groove angles.

Suggested fillet weld details for T-, K- ,and
Y-connectionsin circular tubes areshown in Fig.

146. The recommended allowable stress on the
effective throat of partial-joint-penetration

groove welds and ffflet welds in steel T-, K-, and
Y-connections is 30 percent of the specified min-
imum tensile strength of the weld metal. The
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Heel
- P
4 A \ Corner Branch member
Corner Corner
Heel /.I
Hee! 6‘
side [ ¥side|a, \ L/
el — Side 1 a,
Side /
“Toe
Bra-nch member  corner L| |4 11l Corner L+~ Main member
Main member k ]
Toe Corner
T
oe, » b" ~
(A) Circular sections (B) Box sections
~ (] 19
Maximum limit of ;‘(’)S .zr°“e 8
T-configuration
]
10° ~
Side zone 4tk Side zone Greater than 10° ‘/ ,
l \NL/
i
Toe zone H
90° T
— - .
{C) T-connection (DY-connection
‘\0 —
— &
1
/r\
. ‘\.r/)
7y \ "{-— -
\
L/
1
uc
-1 4
(E) K-connection ® KK @ xav

(F) K-combination connections

Fig. 1.40— Welded tubular connections, components, and nomenclature
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(G) Cross connection
Positive Overtap
Offset eccentricity

1 N

Through
member

(H) Deviations from concentric connections

Interior diaphragm Outside
stiffening .

? e ring
)

Joint can

Crushingload

(I) Simple tubular connections {J) Examples of complex reinforced connections

Transition

f \
/ \ / \ reansition / \

1
1
|

4

+-

\
-
|
!
i
i

[

(K) Flared connections and transitions

L

Fig. 140 (cont.)— Welded tubular connections, components, and nomenclature
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A /"
| { I |
| | | |
I 1 I |
| | I ]
J i J !
] " I |
l, i ! !
 SE————
Matched Stepped

(L) Connection types for box sections

ot pyi]
T "r :
. |
i | B | it ™
! | |
|
; |
-+ C
] D | D
(M)Geometric parameters
Parameter Circular sections Box sections
[ /R b/D
n — a,/D
[See (B)]
Y R/t, D/2t,
T 1/t /%,
e Angle between member center lines
] Local dihedral angle at given point
on welded ioint

Fig. 1.40 (cont,)— Weldedtubular connections, components, and nomenclature
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Euild up v requiced
0 maintain T

:?Eu . w\
EEN\N
N

- L]

¥=180°-135° ¥ = 150°--60° ¥=75°-30° ¥ =37-1/2°-15°
End preparation{w)
max 90 90 {a)
min 45 10° or 10°
45 for¥>105°
FCAW GMAW FCAW GMAW
SMAW FCAW SMAW FCAW w . Wb s
U] 2 m 2) FCAW W max. (&)
SMAW 118in. 22:1/2°=37-1/2
1/4 in, for (1 3/16 in. 16"~ 20-1/2"
Fitup or root ¢>48
opening(R} 5/16 in. for
max 3/16in. 3/16 in. 114in. 18in 30°-37-1/2
min M6, | 18in 116in 1116in.  FCAW 174 in. 25° - 30°
No min No min 3/8 in. 20" =28
ot for 112in. 15'-20
o> 90 ¢>120° I
Joint included 60' for 37127 if
angle 4 v< 105" more use
max
min 372 if
less use © 2w
Completed weld >t/sin ¥
>t =t for but need not >21,
> 90° exceed 1.75t
L >tfsin ¥ >tlsin \Pofor We}d may be
but need not Y 90 built up to
exceed 1.75t meet this

{a} Otherwise as neededto obtain required ¢.

{b} Initial passesof back up weld discounted until width of groove (W} issufficient to assure sound welding; the necessarywidth of
weld grepve (W) provided by back up weld.

Notes:

1. These root details apply to SMAW and FCAW (sell-shielded).

2. These rootdetails apply to GMAW (short circuiting transfer) and FCAW {gas shielded).

Fig. 1.41—Joint designs for complete-joint-penetrationgroove weldsin
simple T-, K-, and Y-tubular connections
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Branch member

Area for
Detail Aor B

Area for Detail B—/ _/ \" Area for

Main member Detail C or D

(A) Circular sections

Heel—
Detail B, C, or D
Fig. 1.41

Root face

Toe— . )
Detail A or B depending on ¢ 010 0.10in.
Fig. 1.41 .
Corner ¢
transition 9

{see Note) 1

Point of tangency,
in line with inside
of branch tube

Lo iy
Detail B Fig. 1.41
(See alternate Detail B for
matched box connections)
Note:
Joint preparation for welds at corner shall provide a smooth transition from one detail to another.
Welding shall be carried continuously around corners, with corners fully built up and all starts

and stops within flat faces.

(B) Box sections

Fig. 7.42—orations of complete-joint-penetrationgroove weld designs
on tubular connections
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z
z
45° min
{ L £ X {
. 1-1/2t |___
——I 1-1/2t I-—- —’l 1172t I‘_ min
¢ > 105° 105" > ¢ >90°

90° > > 75°

A1 /2t
E

wﬁ EA1 /2t
/ ¢/>\ 45° min ‘
{ {

Sketch for angular 1-1/2t I . ]

definition min Varies > l 1 n11£12t I'_

150" = ¢ = 30° Transition 80° > ¢ > 30"
90" >¢ = 300 Heel

Notes:

1. t=thickness of thinner section.

2. Bevelto feather edge except in transition and heel zones.

3. Rootopening: Oto 3/16 in.

4, Effectivethroat =E where E=1t.

5. Joint preparation for corner transitions shall provide a smooth transition from one detail to
another. Welding shall be carried continuously around corners, with corners fully built up and all
starts and stops within flat faces.

Fig, 1.43—Joint designs for partial-joint-penetrationgroove welds in
simple T-, K-, and Y-tubular connections
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L Side \ Transition

(A) Circular connection

7 7 C
& Corner £ side Corner

transition transition

(B) Box connection

Fig. 1.44—Applicable locations o fpartial-joint-penetration groove weld designs
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stress on the adjoining base metal should not
exceed that permitted by the applicable code.

A welded tubular connection is limited in
strength by four factors:

(I) Local or punching shear failure

(2) Uneven distribution of load on the
welded connection

(3) General collapse

(4) Lamellar tearing

<-tb->|

(E)

S

Corner radius 2 2t

1-1/2t;, min or as
required for flush faces

(whicheveris less)

AN\~

tC
Side

Fig. 1.45—Joint design for the sides of
connectionsin equal box sections

LOCAL FAILURE

Where a circular or stepped-box T-, K-, or
Y~connection (Fig. 1.40) is made by simply weld-
ing the branch member to the main member,
local stresses ata potential failure surface through
the main member wall may limit the useable
strength of the welded joint. The shear stress at
which failure can occur depends upon both the
geometry of the section and the strength of the

main member. The actual localized stress situa-
tion is more complex than simple shear; it
includes shell bending and membrane stress as
well. Whatever the mode of main member fail-
ure, the allowable punching shear stress is a con-
servative representation of the average shear
stress at failure in static tests of simple welded
tubular connections. The method for determin-
ingthe punchingshearstressin the main member
is given in AWS DI.I, Structural Welding
Code—Steel, latest edition.

Thetermpunching shear tends to be confus-
ing because punching indicatespushing in rather
than pulling out. However, the forces capable of
pulling a connection apart would be equal to the
forces capable of pushing a connection apart,
should the latter be feasible. Thetermpunching
relatesthe phenomenon to preexisting analytical
experience.

Theactual punching shear stressin the main
member caused by the axial force and any bend'
ing moment in the branch member must be
determined and compared with the allowable
punching shear stress. The effective area and
length of the weld as well as its section modulus
must be determined to treat the axial force and
bending moment on the joint. Thesejoint prop-
erties are factored into the stress and force calcu-
lations as described in A WS DI.1, Structural
Welding Code—Steel.

UNEVEN DISTRIBUTION OF LOAD

Anothercondition that canlimit the strength
of a welded connection is uneven distribution of
load on the weld. Under load, some bending of
the main member could take place, which might
cause uneven distribution of the force applied to
the weld. As a result, some yielding and redistri-
bution of stresses may have to take place for the
connection to reach its design load. To provide
for this, welds in T-, K-,and Y-connections [Rigs.
1.4C), (D), and (E)] must be capable, at their
ultimate breaking strength, of developing the
lesserof (1) the yield strength ofthe branch mem-
ber or (2) the ultimate punching shear strength of
the shear area of the main member. The locations
of these are illustrated in Fig. 147. This particu-
lar part of the design is best handled by working
with terms of unit force (pounds per linear inch).
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Table 1.14
Allowance for incomplete fusion at the root of partial-joint-penetration groove welds

Position of welding: Vor OH® Position of welding:  H or F*
Groove angle, ¢ Process” Z%, in. Process® Z°% in.
SMAW 0 SMAW 0
FCAW 0 FCAW (1}
@ =60° FCAW-G 0 FCAW-G 1}
GMAW NA® GMAW 0
GMAW-S 0 GMAW-S 0
SMAW 1/8 SMAW 1/8
FCAW 178 FCAW 0
60° >¢ = 45" FCAW-G 1/8 FCAW-G 0
GMAW NA°® GMAW 0
GMAW-S 1/8 GMAW-S 1/8
SMAW 114 SMAW 1/4
FCAW 1/4 FCAW 1/8
45° > ¢ = 30° FCAW-G 3/8 FCAW-G 1/4
GMAW NA® GMAW 1/4
GMAW-S 3/8 GMAW-S 1/4

Tp

Postion of welding: F = Flat; Ha Horizontal; V = Vertical; OH = Overhead.
Processes: FCAW B Self shielded flux cored arc welding

GMAW-= Spraytransferor globular transfer

FCAW-G = Gas shielded flux cored arc welding GMAW-Sa Short circuiting transfer

Refer to Fig. 1.43.
NA = Not applicable.

aa

Theultimate breakingstrength, Fig. 1.47(A),
offffletweldsand partial-joint-penetrationgroove
weldsis computed at 2.67 times the basic allowa-
ble stress for 60 ksi and 70 ksi tensile strength
weld metal and at 2.2 times for higher strength
weld metals.

The unit force on the weld from the brace
member at its yield strength, Fig. 1.47(B), is as
follows:

f; = Tyty
where
f; = unit force, [b/in,
o, = yield strength of brace, psi

t, = thickness of brace, in.

The ultimate shear on the main member
shear area, Fig. 1.47(C), at failure is as follows:

f= 187t
where

fy O ultimate unit shear normal to the weld,
Ib/in,

7, = allowable shear stress, psi
t = thickness of the main member, in.

The unit shear force per in. on the weld, f;,
is:

fy @ fy/sin § or 1.8 7,t/sin &

where 4 is the angle between the axes of the two
members.
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Edge may be cut

back to facilitate
throat thickness

Side zone -/ Hee! zor& I Toe

1 e
_uLl.

—] — f—

Side
Notes:
1. t =thickness of thinner part
2. L = minimum size =t
3. Root opening 0 to 3/16 in.
4. ¢ =15° rin.

Fig. 1.46—Fillet weld details for circular T-, K- and Y-connections
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GENERAL COLIAPSE

As noted previously, the strength of the
connection also depends on what might be P
termed general collapse. The strength and stabil- e
ity of the main member in a tubular connection 4 4
should be investigated using the proper technol- /  Fy e
ogy and in accordance with the applicable design  mm mm mm s
code. Ifthe main member has sufficient thickness
required for punching shear and this thickness
extends beyond the branch members for a dis-
tance of at least D/ 4, general collapseshould not
be a limiting factor.

LAMINATIONS AND LAMELLAR
TEARING

In tubular connections where the branch
member is welded to the outside surface of the
main member, the capacity to transmit through-
thickness Stresses is essential to the proper func-
tioning of the joint. Laminations (preexisting
planes of weakness) or lamellar tears (cracks
parallel to the tube surface caused by high local-
ized through-thicknessthermal strains induced at

Weld

restrained comer and T-joint welds) may impair (B) Brace member et yield strength
this capacity.

Consideration of the problem of lamellar )
tearing must include design aspects and welding 7/ )
procedures that are consistentwith the properties s /
of the connected material. In connections where /- //\
lamellar tearing might be a problem, considera- 4 ¢ / é

. R . . . 9
tion should be given in design to provide for e i }
maximum component flexibility and minimum — T — 444 oo T
weld shrinkage strain. t R

The following precautions should help to
minimize the problems of lamellar tearing in
highly restrained welded connections during fab- = h

rication. Itis assumed that procedures producing fa /4 fs sin @
low-hydrogen weld metal would be used in any [
case. Weld 1
(I) On comer joints, where feasible, the — 17 fe—
bevel should be on the through-thickness :
member. Unit Iength of weld
(2) The size of the weld groove should be (C) Ultimate shear on the main member
kept to a minimum consistent with the design, sheer area at failure

and overwelding should be avoided,
(3) Subassemblies involving comer and T-
joints should be fabricated completely prior to
final assembly of connections. Final assembly Fig. 147—Loads on welded
should preferably be at butt joints. tubular connections

Copyright by the American Welding Society Inc
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(4) A predetermined welding sequence
should be selected to minimize overall shrinkage
of the most highly resfrained elements.

(5) The lowest strength weld metal avail-
able, consistent with designrequirements, should
be used to promote straining in the weld metal
rather than in the more sensitivethrough-thick-
ness direction of the base metal.

(6) Buttering with low-strength weld metal,
peening, or other specialweld procedures should
be considered to minimize through-thickness
shrinkage strains in the base metal.

(7) Material with improved through-thick-
ness ductility should be specified for critical
connections.”

In critical joint areas subject to through-
thickness direction loading, material with pre-
existinglaminations and large metallicinclusions
should be avoided. In addition, the following
precautions should be taken:

(1) The designer should specify ultrasonic
inspection, afterfabrication or erection, or both,
of those specific highly-restrained connections
that could be subject to lamellar tearing and
which are critical to the structural integrity.

(@ The designer must consider whether
minor weld flaws or base metal imperfectionscan
be left unrepaired without jeopardizing structu-
ralintegrity. Gouging and repair welding will add
additional cycles of weld shrinkage to the con-

20. Improved quality steel does not eliminate weld
shrinkage and, by itself, will not necessarily avoid
lamellar tearing in highly restrained joints, Thus, it
should not be specified in the absence of comprehen-
sive design and fabrication considerations.

nection, and may result in the extension of exist-
ing flaws orthe generation of new flaws by lamel-
lar tearing.

(3) When lamellar tears are identified and
repair is deemed advisable, rational considera-
tionshould be given to the proper repalr required,
A special welding procedure or achange in joint
detail may be necessary.

FATIGUE

The design of welded tubular structures sub-
ject to cyclic loading is handled in the same
manner as discussed previously. The specific
treatment may vary with the applicable code for
the structure.?! Stress categories are assigned to
various types of pipe, attachments to pipe, joint’
designs, and loading conditions. The total cyclic,
fatigue stressrange for the desired servicelife of a
particular situation can be determined.

Fatigue behavior canbe improved by oneor
more of the following actions:

Ma capping layer can be added to provide
a smooth contour with the base metal,

(2) The weld face may be ground transverse
to the weld axis.

(3) Thetoe ofthe weld may be peened witha
blunt instrument to cause local plastic deforma-
tion and to smooth the transition between the
weld and base metals.

21, Suchcodesinclude ANSI/AWS D1.1, Structural

Welding Code—Steel, and API RP 24, Recom-
mended Practice for Planning, Designing, and Con-
structing Fixed Offshore Plaiforms, 11th Ed.,Dallas:
American Petroleum Institute, 1980.
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ALUMINUM

DESIGNING FOR WELDING

The methods employed to design structures
inaluminum are generallythe same asthoseused
with steel or other metals,22 The methods and
stress values recommended for structural alumi-
num design are set forth in the Specificationsfor
Aluminum Structures, Construction Manual
Series, published by The Aluminum Association.

Aluminum is available in many product
forms and shapes, both cast and wrought. The
designercantake advantage ofthe light weight of
aluminumby utilizing available aluminum struc-
tural forms. Proper engineering design minim-
izesthe number ofjoints and amount of welding
without affectingproduct requirements. This, in
turn, provides for good appearance and proper
functioning of the product by limiting distortion
caused by heating. To eliminate joints, the
designer may use castings, extrusions, forgings,
orbent or roll-formed shapes to replacecomplex
assemblies. Special extrusions that incorporate
edge preparations for welding may provide sav-
ings in manufacturing costs. Typical designs are
shown in Fig. 1.48. An integral lip can be pro-
vided on the extrusion to facilitate alignment or
serve as a weld backing, or both.

For economical fabrication, the designer
should employ the least expensivemetal-forming
and metal-working processes, minimize the
amount of welding required, and place welds at

judicious locations of low stress. A simpleexam-
ple is the fabrication of an aluminum tray, Fig.
1.49. Instead of using five pieces of sheet and
cight welds located at the corners, Fig. 1.49(A),
such a unit could be fabricated from three pieces
of sheet, one of which is formed into the bottom
and two sides, Fig. 1.49(B). This reduces the
amount of welding.

Further reduction in welding could be

achieved by additional forming, as in Fig.

22. Weldingrequirementsapplicable to welded alumi-
num structures are given in 4 ¥S//.4 WSD1.2, Struc-
rural Welding Code—Aluminum, latest edition, pub-
lished by the American WeldingSociety.
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STRUCTURES

1.49(C). However, some distortion would likely
take place in the two welded sides because all of
the weldsare in those two planes. Therefinement
of adesign to limit only the amount of welding
could lead to problems in fabrication, end use, or
appearance. Therefore, the extent of welding
should not be the single consideration in weld-
ment design.

WELD JOINTS

Butt, lap, T-, edge, and comerjoints may be
used in aluminum design. For structural applica-
tions, edge and comerjoints should be avoided
because they are harder to fit, weaker, and more
prone to fatigue failure than the other joints.
However, they are commonly used insheet metal
fabrications.

Butt Joints

Butt joints are generally easy to design,
present good appearance, and perform better
under cyclic loading than other types of joints.
However, they require accurate alignment and
usually require joint edge preparation on thick-
nesses above I/4 in. to permit satisfactory root
penetration. In addition, back chipping and a
back weld are recommended to ensure complete
fusion on thicker sections.

Sections of different thicknesses may be
butted together and welded. However, it isbetter
to bevel the thicker section before welding, as
shown in Fig. 1.50, to reduce stress concentra-
tion, particularly when the joint will be exposed
to cyclic loading in service.

When thin aluminum sheets are to be
welded to thicker sections, it is difficult to obtain
adequate depth of fusion in the thicker section
without melting away the thin section, This diffi-
culty can be avoided byextrudingor machininga
lip on the thicker section equal in thickness to
that of the thin part. If the. thicker section is an
extrusion, a welding lip can be incorporated in
the design as described previously. This ar-
rangement improves the heat balance across the
joint.
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Fig. 1.48—Typical extrusion designs incorporating desiredjoint geometry, alignment, and
reinforcement

Lap Joints

Lap joints are used more frequently on
aluminum alloys than is customary with most
other metals. In thicknesses up to 1/2 in., it is
more economical to use single-lap joints with
fillet welds on both sides rather than butt joints
welded with complete joint penetration. Lap
joints requirenoedge preparation, areeasytofit,
and require less jigging than butt joints. The
efficiency of lap joints ranges from 70 to 100
percent, depending on the base metal composi-
tion and temper. Preferred types of lapjoints are
shown in Fig. 1.51.

Lap joints docreate an offsetin the plane of
the structureunlessthe members are in the same
plane and strips are used on both sides of the

joint. Those with an offset tend to rotate under

load. Lapjoints may be impracticalif thejoint is
not accessibleon both sides. In farge structures, it
may be more economical to weld a butt joint
from oneside in the flat position than to weld one
side of a lap joint in the overhead position
(Fig. 1.51).

T-Joints

T-joints seldom require edge preparation
because they are usually connected by fillet
welds. The welds should havecomplete fusionto
orbeyond the root (comer) of thejoint. A single-
ordouble-bevelgrooveweld in combination with
fillet welds may be used with thicknesses above
3/4 in. to reduce the amount of weld metal.
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Fig. 1.49—Designs for an aluminum tray

T-joints are easily fitted and normally require no
back chipping. Necessaryjigging is usually quite
simple.

A T-joint with a single fillet weld is not
recommended. Although the joint may have
adequate shear and tensile strength, it is very
weak whenloaded with the root of the filletweld
in tension. Small continous filletwelds should be
used on both sides of thejoint, rather than either
large intermittent fillet welds on both sides or a
large fillet weld on one side. Continous fillet
welding is recommended for better fatigue life
and for avoiding crevice corrosion and crater
cracks. Suggestedallowableshear stresses in fillet
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3toBh
h

Fig. 1.50—Beveling the thicker member to
reduce stress concentration at the weld

Fig. 1.51—Preferredtypes of lap pints

welds €orbuildingand bridge structures are given
in the Specification for Aluminum Structures
published by The Aluminum Association.

JOINTDESIGN

In general, the design of welded joints for
aluminum is quite consistent with the recom-
mendations for steel joints, 2 However, smaller

23. Suggested groove weld joint designs are given in
the Welding Handbook, Vol. 4, 7th Ed., 1982 334 ff,
and in ANSI/ AWS D1.2, Structural Welding Code—
Aluminum, latest edition, published by the American
Welding Society.
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root openings and larger groove angles are
generally used because of the higher fluidity of
aluminum under the welding arc and the larger
gas nozzles on welding guns and torches. The
excellent machinability of aluminum makes J-
and U-groove preparations economicalto reduce
weld metal volume, especially on thick sections.

EFFECTS OF WELDING ON STRENGTH

Aluminum alloys are normally used in the
strain-hardened or heat-treated condition, or a
combination of both, to take advantage of their
high strength-to-weight ratios. The effects of
strain hardening or heat treatment are negated
when aluminum is exposed to the elevated
temperatures encountered in welding. The heat
of welding softens the heat-affected zone in the
base metal. The extent of softening is related to

the section thickness and heat input. The soft
heat-affected zone must be considered in design;
its orientation with respect to the direction of
stress and its proportion of the total crosssection
determines the allowableload on thejoint.

The variation in tensile or yield strength
across a welded joint in aluminum structures is
illustrated in Fig. 1.52. With plate, the extent of
decreased properties is considered to be a 2-in.
wide band With the weld in the center. When
joining sheet gages with an automatic welding
process, the band will be narrower. The orienta-
tion of the band with respect to the direction of
stress and its proportion of the totalcross section
determine its effect on the allowable load on the
joint. The. minimum mechanical properties for
welded aluminum alloys are givenin the Specifi-
cation for Aluminum Structures published by
The Aluminum Association.

* l-_1in.——‘-~1in.-—|
E 1
o
3 | { '
o . Actual distribution—"1 I
° L a |l
>
]
o
g Distribution N
= | assumed for design
/' Centerline of weld
i
1 [ J ] A
3 2 1 0 1 2 3

Distancefrom weld centerline, in.

Fig. 1.52—Distribution of tensile or yield strength across a weld in aluminum
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Transverse welds in columns and beams
should be located at points of lateral support to
minimize the effects of welding on buckling
strength. The effects of longitudinal welds in
structural members can be neglected if the soft-
ened zone is less than 15 percent of the total
cross-sectional area. Circumferential welds in
piping or tubing may reduce bending strength;
longitudinal welds usually have little effect on
buckling strength when the heat-affected zone is
a small percentage of the total area of cross
section.

With the proper choice of filler metal, a
weldmentof a heat-treatable aluminum alloy can
be solution heat treated and aged after welding.
The welded assembly will regain substantiallyfull
strength with some loss in ductility. This is
the best method of providing maximum weld
strength, but it is usually uneconomical or
impractical because of the size of the fumace
required, cost of heat treating, or the resultant
distortion caused by the quenching operation.

Itmay be practical, attimes, to weld a heat-
treatable alloy in the solution-treated condition
and age after welding. This can increase the
strength over that in the as-welded condition
while avoiding the distortion problem associated
with solution heat treating.

Thereis no method of overcomingsoftening
in nonheat-treatable alloys, other than further
rolling or stretching of the parts after welding,
and this is seldom practical.

The weakest location in a welded assembly
is the annealed heat-affected zone. Tensilespeci-
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mens will fail either in the weld metal or in the
heat-affected zone even though a recommended
fier metal was used and the weld was sound,
In general, with the use of recommended
fillermetal, the minimum as-welded strengths of
nonheat-treatable alloys are the annealed
strengths of the base metals. The minimum as-
welded strengths of heat-treatable alloys have
been established by testing a large number of
welds and statisticallyanalyzingthe results.

STRESS DISTRIBUTION

Where weldsare located in criticalareasbut
donot cover the entire cross section, the strength
of the section depends on the percentage of the
cross-sectionalarea affected by the heat of weld-
ing. When members must bejoined at locations
of high stress, it is desirable that the welds be
parallel to the principal member and to the main
stress in that member. Transverse welds should
be avoided. Forexample, longitudinal weldsthat
join a web to aflange of an I-beam usually have
very little effect on the strength of the member
because most of thebeam cross sectionhas origi-
nal base metal properties.

Frequently, welds are more highly stressed
atthe ends than inthe central portions. To avoid
using thicker sections, areas of high stresses in
welds can be minimized by sniping. This consists
of beveling the end of a member fo limit stress
concentration in the weld at that end. The weld,
however, should wrap around the end of the
member. This type of member termination is
illustrated in Fig. 1.53.

Fig. 1.53—Beveling the end of the member and welding around the
end to limit stress concentration
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In many weldments, it is possible to locate
the welds where they Will not be subjectedto high
stresses. It is frequently possibleto make connec-
tions between a main member and accessories
such as braces by welding at the neutral axis or
other point of low stress. Joints of low efficiency
may be reinforced, but this involvesan additional
cost.

SHEAR grrenGTH OF FILLET WELDS

The shear strength of fillet welds is con-
trolled by the composition of the fffler metal.
Typicalshear strengths of longitudinal and trans-
verse fillet welds made with several aluminum
filler metals are shown in Figs. 1.54 and 1.55,
respectively. The highest strength filler metal is
alloy 5556. Use of a high-strength filler metal
permits smaller welds. For example, assume a
longitudinal filet weld having a strength of 4000
1b/in, is desired. If 5356 filler metal is used, a
1/4-in. filletweld can be applied in a single pass.
However, if 4043 filler metal is used, it would
require a 3/8-in. filletweld that probably would
need to be deposited with three weld passes. The
use of the stronger filler metal has obvious eco-
nomic advantage.

The minimum practical fillet weld sizes
depend on the thickness of the base metal and the
welding process. The minimum sizes are about
the same as those specified for steel (Table 1.10).
Where minimum weld sizesmust beused, a filler
metal with the lowest suitable strength for the
applied load should beselectedto take advantage
of its ductility.

By applying the appropriate safetyfactorto
the shear strength of a fier metal, the designer
candetermine the allowableshearstressin  fillet
weld. Appropriate factors of safety and allow-
able shear stresses in ffflet welds for aluminum
structures are given in the Specification for
Aluminum Structurespublished by The Alumi-
num Association.

FATIGUE STRENGTH

The fatigue strength of welded aluminum
structures follows the same general rules that
apply to fabricated assemblies of other metals.
Fatigue strengthisgoverned by the peak stresses
at points of stress concentration, rather than by

nominal stresses. Eliminating stress rakers to
reduce the peak stresses tends to increase the
fatigue life of the assembly,

Averagefatiguestrengths of as-weldedjoints
in four aluminum alloys are shown in Fig. I.56.
These are average test results for butt joints in
3/8-in, plate welded by one of the inert gas
shielded metal arc welding processes. Specimens
were welded on one side,back gouged, and then
back welded. The stress ratio of zero means that
the tensile stress went from zero to the plotted
value and back to zero during each cycle. Other
weldable alloys of intermediate static strengths
perform in similar fatigue tests with generally
proportional intermediate curves.

The fatigue strengths of the various alloys
are markedly different and below 10* cycles the
designer may prefer one alloy over another for a
particularapplication. However, above 10° cycles,
the differences among various alloys are very
small. A solution to fatigue problems in the 10°
cycle range and above is primarily found in a
change of designrather than by achange of alfoy,

The designershould utilize symmetryin the
assembly for balanced loading, and should avoid
sharp changes in direction, notches, and other
stress raisers. The fatigue strength of a groove
weld maybe significantlyinereased by suchmeans
as removing weld reinforcement or by peening
the weldment. If such procedures are not practi-
cal, the weld reinforcement should fair into the
base metal gradually to avoid abrupt changesin
thickness. With welding processes that produce
relatively smooth weld beads, there is little or no
increasein fatigue strength gained by smoothing
the weld faces. The benefit of smooth weld beads
canbe nullified by excessivespatter during weld-
ing. Spatter marks sometimescreate severe stress
raisers in the base metal adjacent to the weld.

Whilethe residual stressesfrom welding are
not considered to affect the static strength of
aluminum, they can be detrimental in regard to
fatigue strength. Several methods can be em-
ployed to reduceresidual welding stressesinclud-
ing shot peening, multiple-pin gun peening,
thermal treatments, and hydrostatic pressurizing
of pressure vessels beyond the yield strength.
Shot peening or hammer peening is beneficial
when it changes the residual stresses at the weld
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Specimen
Filler
metal
14,000 5556
12,000 |- 5183
= le————5 356
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Fig. 1.54— Typicalshear strengths of longitudinalfillet welds with
various aluminum filler metals
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Shear strength, Ibs/in.

Specimen
Filler
metal
22,000 - |¢——— 5556
3 5183
20,000
18,000 |- [+—————5356
16,000 -
14.000 b . pe———5554
12,000 |-
N H———— 4043
10,00C
8.000
L ———— 1100
6,000 |~
4,000 |-
2,000
| I I | 1 ] | | | S | [

V] 1/8 1/4 3/8 1/2  5/8 3/4
Fillet weld size, in.

Fig 1.55—Typical shear strengths of transversefillet welds with
various aluminum filler metals
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Fig. 1.56—Fatigue test results of buttjoints in four aluminum alloys,
3/8 in. thickshieldedgas arc welded plates

face from tension to compression for a depth of
0.005t0 0.030inch, Shot peening may morethan
doublethe life of direct-tension fatigue test spec-
imens with longitudinal butt joints.

Thermal treatments fo relieve residual
stresses are beneficial for increasing the fatigue
characteristicsas well asthe dimensional stability
of a welded aluminum assembly during subse-
quentmachining, Inthe case of nonheat-treatable
alloys,such as the S00¥ series, thermal treatments
for the various alloys can relieveup to 80 percent
of the residual welding stresses withlittledecrease
in the static strength of the base metal. Heat-
treatable alloys are not so well suited to thermal
treatments for relieving residual stressesbecause
temperatures that are high enough to cause sig-
nificant reductions in residual stress alsotend to

substantially diminish strength properties. How-
ever, a reduction in residual welding stresses of
about 50 percent is possible if a decrease in
strength of about 20 percent can be tolerated.

EFFECT CF" SERVICE TEMPERATURE

The minimum tensile strengths of alumi-
num arc welds at other than room temperature
are given in Table 1.15. The performance of
welds in nonheat-treatable alloys followsclosely
those of the annealed base metals.

Most aluminum alloys lose a substantial
portion of their strength at temperatures above
300°F, Certain alloys, such as Type 2219, have
better elevated temperature properties, but there
are definitelimitations onapplications. The 5000
series alloys with magnesium content of 3.5per-
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Table 115
Minimum tensile strengths at various temperatures of arc-welded buttjoints
in aluminum alloys

Ultimate tensile strength, ksi

Base alloy Filler
designation metal ~-300°F  -200°F -100°F 100°F  300°F*  500° F*
2219-T37° 2319 48.5 40.0 36.0 5.0 31.0 19.0
2219-T62° 2319 64.5 59.5 5.0 50.0 38.0 2.0
3003 ER1100 275 21.5 175 14.0 9.5 5.0
5052 ER5356 3.0 31.0 2.5 25.0 21.0 10.5
5083 ER5183 - 545 46.0 40.5 40.0 — —
5086 ERS5356 48.0 0.5 ®.5 5.0 — —
5454 ER5554 440 37.0 32.0 3.0 26.0 15.0
5456 ER5556 56.0 475 4.5 2.0 — —
6061-T6" ER4043 345 300 26.5 24.0 20.0 6.0.
6061-T6" ER4043 55.0 495 46.0 20 315 7.0
a. Alloysnot listed at300° F and 500° Fare not recommendedfor use at sustained operatingtemperatures of
over 150° F.
b. As welded.

c. Heat treated and aged after welding.

cent or higher are not recommended for use at  vesseltankage forhandling cryogenic liquids and
sustained temperatures above 150°F, Alloy 5454  gases.

with its comparable filler metal ER5554 is the . .
strongest 3000 series alloy recommended for such Metric Conversion Factors

applications as hot chemical storage and tank te=0.56 (tp - 32)
trailers. 1in. =254 mm

Aluminum is an ideal material for low 1in./min = 0.2 mm/s
femperature applications. Most aluminumalloys lin.'1bf@ 011N mor0.11]
have higher ultimate and yield tensile strengths at 1ftbfa 1.3 N mor 1.36J
temperatures below roamtemperature. The 5000 11bf/in, = 175N/m
series alloys have good strength and ductility at 11b/ in? =277 Mg/m®
very low temperatures together with good notch 1psi = 689 kPa
toughness. Alloys 5083 and 5456 have been used [ ksi = 6.89 MPa
extensively inpipelines,storagetanks, and marine 1hp = 746W
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PURPOSE
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Standard symbols are used to indicate
desired welding and brazing information on
engineeringdrawings. They are used universally
to convey the designrequirements to the shop in
aconcise manner. Forexample, a symbolcan be
used to specify the type of weld, groove design,
welding process, face and root contour, sequence
of welding, length of weld, effective throat, and
other information. However, there are cases
where all information cannot be conveyed by a
symbol alone. Supplementary notes or dimen-
sional details, or both, aresometimesrequired fo
provide the shop with complete requirements.
The designer must be sure that the requirements
are fully presented on the drawing or specifica-
tions.

Nondestructive examination requirements

for welded or brazed joints can also be called
out with symbols. The specific inspection
methods' to be used are indicated on the sym-
bols. The appropriate inspectionmethods depend
upon the quality requirements with respect to:
discontinuities in welded or brazed joints.

The complete system of symbols is des-
cribed in AW:S A2.4, Symbolsfor Welding and
Nondestrucfive Testing, 1979 Edition, published
by the American Welding Society. This publica-
tion (latest edition) should be referred to when
actually selecting the appropriate symbols for
describing the desired joint and the inspection
requirements. In practice, most designerswill use
only a few of the many available symbols. The
information presented here describes the funda-
mentals of the symbols and how to apply them.

WELDING SYMBOLS

BASIC WELD SYMBOLS

Theterms weldsymboland weldingsymbol
have different meanings. A weld symbol, Fig. 2.1,
indicates the required type of weld (or braze).
The welding symbol, Fig. 2.2, includes the weld
symboland supplementary information. A com-
plete welding symbol consists of the following
clements:

(1) Referenceline (always shown horizontal-

ly)

(2) Arrow

(3) Basic weld symbol

(4) Dimensions and other data
(5) Supplementary symbols

1. Nondestructivetestingmethods,procedures, and the
type of discontinuities that each method will reveal are
discussed in AWS B0, Guide for Nondestructive
Inspectiond Welds, and WeldingInspection, Second
Edition, 1980, published by the American Welding
Society,



- _________________________________________________________________|
AWS WHB-5 CHx2 *xx EE07442L5 0009740 9 WA

Symbolsfor Welding, Brazing, and Nondestructive Examination | 95

I Groove l

Copyright by the American Welding Society Inc
Sat Jul @5 10:53:57 1997

Square Scarf \ Bevel

Fiare- Flare-
v bevat

I 74 VA N
AT 277N

NIV lacl.ac
i Nl B A e

Plug Spot
Fillet or or Seam
slot projection

Back Filange
ar Surfacing
backing Edge Corner

O .=
_.@._ .‘.@:.-
__O_- -ﬁ-

B AN

. . T
N

[ N

Note: The dashed lineis not part of the basic weld symbol, but representsa reference line (see Fig. 2.2).

fig. 2.1—Basic weld symbok

(6) Finish symbols

(7) Tail

(8) Specification,process, or otherreferences

Allelementsneed not be used unessrequired
for clarity.

LOCATIONCE ELEMENTS

The elements of a welding symbol have
standard locations with respect to each other
(Fig. 2.2).

Location Significance of Arrow

The arrow element in a welding symbol in
conjunction with the reference line determines
the arrowsside and ather side of a weld, asshown
in Fig. 2.3(A).

The symbol depictingan arrow side weld is
always placed below the reference line, Fig.
2.3(B). The arrow side is always closest to the
reader when viewed from the bottom of the
drawing. The weld symbol depicting an other
side weld is placed above the reference ling, i.e.,

away from the reader, Fig. 2.3(C), Welds on both
sides of ajoint are shown by placing weld sym-
bols on both sides of the reference line, Fig.
2.3(D).

Some weld symbols have no arrow or other
side significance. However, supplementarysym-
bols used inconjunctionwith these weld symbols
may have such significance. For example, weld-
ingsymbolsfor resistancespotand seam welding
have no side significance, Fig 2.3(E).

References

When a specification, process, test, or other
reference is needed to clarify a welding symbol,
the reference is placed in a tail on the welding
symbol, as shown in Fig. 2.3(F). The letters CJP
inthe tail of the arrow are used to indicate that a
complete~joint-penetration weld is required. The
type weld orjoint preparation may be optional.
The tail may be omitted when no speclfication,
process, or other reference is required with a
welding symbol.
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Finish symbol

Contour svmbol

Root opening; depth of filllng

for plugand siot welds

Effective throat

Depth of preparation;size or

strength for certain welds

Specification, process,
or other reference—,

Tail
{Tail omitted
when refer‘;nce

{BOTH|SIDES}

N)

Basic weld symbol
or detail reference

OTHER
SIDE

(ARROW

Number of spot or
prajection welds

Elements in this
area remain as
j4————— shown when tail ——————=|

Grooveangle; included
angle of countersink
for plug welds
Length of weld
/ Pitch {center-to-center

spacing) of welds
Field weld symbol

Arrow connecting ref-
erence line to arrow
side member of joint

SIDE

Weld-all-around symbol

\— Reference line

and arrow are

reversed

Fig. 2.2—Standard location of elements of a weldingsymbol

DIMENSIONS

Dimensions of a weld are shown on the
samesideof the referenceline asthe weld symbol.
The size of the weld is shown to the feft of the
weld symbol,and the length of the weld is placed
on the right. If a length is not given, the weld
symbol applies to that portion of the joint
between abrupt changes in the direction of weld-
ing or between specified dimension Lines. If a
weld symbol is shown on each side of the refer-
enceline, dimensions must be given for eachweld
even though both welds are identical,

Either US Customary or SI units may be
used when specifying dimensions. However, only
one of the two should be used for a product or
project. Examples of dimensioning for typical
fillet welds are shown in Fig. 2.4.

If a weld in ajoint is to be intermittent, the
length of the incrementsand the pitch (center-to-
center spacing)areplaced to the right of the weld
symbol, Fig. 2.5.

The location on the symbol for specifying
grooveweld root opening, grooveangle, plug or

slot weld filling depth, the number of welds
required in a joint, and other dimensions are
shownin Fig. 2.2. Additionalinformationonthe
dimensioning of welds can be found in AWS
A2.4, Symbols for Welding and Nondestructive
Testing, latest edition.

SUPPLEMENTARY SYMBOLS

Figure 2.6 shows supplementary symbols
that are used on a welding symbol. They com-
plement the basic symbols and provide addi-
tional requirements or instructions to the welding
shop.

Weld-All-Around Symbol

A weld that extends completely around a
joint is indicated by the weld-all-around symbol.
Figure 2.7 shows examples of its use. The weld
can be in more than one plane, Fig. 2.7(C). This
symbolshould not be used if more than onetype
of weld is required to make the joint.

Field Weld Symbol

Field welds aremade at the erection site, not
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Other side Other side Other side
[Arrow side Arrow side ) Arrow side
Arrow Fside Other side Arrow side Arrow side
Other side side

(A) Arrow and other side of a weld

e N TRV

{B) Weld on arrow side

{C) Weld on other side

/_L
K ¥
RS\A>——6_/

(D) Weld on both sides

e

(E) No arrow or other side significance

e <

{F) Welding symbol with reference

Fig. 2.3—Significance of arrow
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3/8 6 0.2 6
1/4 6 0.2 6

Dimensions in inches

“__ 6\ 160
8 |/ 150

Dimensionsin mm

Fig. 2.4— Weld size and length

inthe shop or at the place of initial construction.
Each of these welds is designated by a field weld
symbol (flag) that is always placed above the
reference line and pointed away from the arrow
toward the tail, Fig. 2.8.

Melt-Thru Symbol

The melt-thru symbol is used to show com-
plete joint penetration (CJP) with root rein-
forcement onthe back side of welds to be made
from one side only. The reinforcement is shown
by placingthe melt-thru symbol on the sideof the
reference line opposite the weld symbol, as
shown in Fig. 2.9(A). The height of root rein-
forcement can be specified to the left of the sym-
bol, as shown in Fig. 2.9(B), if the amount of
reinforcement is critical. Control of the rein-
forcement height must be practical with the spec-
ified joint design and welding process.

Backing and Spacer Symbols

A backing symbol is placed above or below
the reference line to indicate that a backing ring,
strip, or consumable insert is to be used in mak-
ingthe weld. It must be used in combination with
agrooveweld symbolto avoid interpretation asa
plug or slot weld. A welding symbol for a typical

joint with backing is shown in Fig. 2.10(A). Itisa

combination of a groove weld symbol on one
sideof the reference line and a backing symbolon
the opposite side. An R may be placed within the
backing symbol if the backing is to be removed
after welding, The backing type, material, and
dimensions should be specified in a note.

A welding symbol for a typicaljoint with a
spacer strip inserted in the root of the joint is
shown in Fig. 2.1(B). It is a modified groove
weld symbol having a rectangle within it. The

material and dimension of the spacer strip should
be specifiedin anote.

Contour Symbol

A contour symbol is used on a welding
symbol to indicate the shape ofthe finished weld.
Welds that are to be made approximately flat,
convex, or concave without subsequent finishing
are represented by adding the flush, convex, or
concavecontour symbol to the weld symbol, Fig.
2.11(A). Weldsthat are to be finished by mechan-
ical means are depicted by adding both the
appropriatecontour symbol and the user’s stand-
ard finish symbol to the weld symbol, Fig.
2.11(B).

CONSTRUCTION OF SYMBOLS

Bevel-, J-, and flare-bevel-groove, fillet, and
comer-flangeweld symbolsare constructed with
the perpendicular leg always to the left. When
only one member of ajoint is to be prepared for
welding, the arrow is pointed with a definite
break toward that member unless the prepara-:
tion is obvious. The arrow need not be broken if
either member may be prepared. These features
are illustrated in Fig. 2.12. Suggestedsizedimen-
sions for welding symbol elements are given in
AWS A24, Symbolsfor Welding and Nonde-
structive Testing. latest edition.

When a combination ofwelds is to be speci-
fied to make ajoint, the weld symbol for each
weld is placed on the welding symbol. Examples
of such symbols are shown in Fig. 2.13.

MULTIPLE REFERENCE LINES

Two or more reference lines may be used
with a single arrow to indicate a sequence of
operations, see Fig. 2.14(A) and (B). The first
operation is shown on the reference line nearest
the joint. Subsequent operations are shown
sequentially on other reference linesjoining the
arrow. Reference lines may also be used to show
data supplementary to the welding symbol.

TYPES OF JOINTS

A joint is the junction of members or the
edges of members that are to be joined or have
beenjoined. Joining can be done by any number
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2-5

Note:

A

5
G of weld M Symbol

If required by actual length of the joint, the length of
the Incrementof the welds at the end of the joint

note

Desired welds
should be increased fo terminate the weld at the end

of the joint.

(A) Length and pitch of increments
of chain intermittent welding

k—5—s—5— Symbol
F—"""IOV
G of weld Note: If required by actual length of the joint, the length of
the increment of the welds at the end of the joint
Desiredweld should be increasedto terminate the weld at the end
esiredwelds of the joint.
(B) Length and pitch of increments
of staggered intermittent welding
Fig. 2.5—Dimensioning intermittentfillet welds
Examine Backing, Contour
or weld Field spacer, or
all weld consummable|  Flush Convex Concave
around insert or flat
o—| - Y~V — | D |~

Fig. 2.6—Supplementary symbols
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Desired weld .
(A)H-Beamto plate

ST
D 2

Symbol

Desired weld
(B) Stud to plate

2 v
L=

Symbol

Desired weld

(C)Weld in several planes around periphery

Fig, 27— Weld-all-aroundsymbol

Copyright by the American Welding Society Inc
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r

»

-

N

Fig. 28—Field weld symbol

of methods such as adhesives, bolts, screws,
rivets, welds, orbrazes. The five basie joints used
inwelding and brazing are butt, comer, lap, edge,
and T-joints. These joints and the applicable
welds to join them are shown in Fig. 2.18.

PROCESSES

Letter designations are used in the tail of a
welding symbolto indicatethe appropriate weld-
ing or brazing process. Themore frequently used
welding designations are listed in Table 2.1. A
complete listing of designations for welding,
brazing, and allied processes is given in AHS
A24, Symbolsjfor Welding and Nondestructive
Testing, latest edition.

EXAMPLES

Afterthejoint is designed,awelding symbol
can generally be used to specify the required

N

Table 21
Frequently used welding
process designations

Letter

designation Welding process
SMAW Shielded metal arc welding
SAW arc welding
GMAW Gas metal arc welding
FCAW Flux cored are weldin;
GTAW Gas tungsten arc welding
PAW Plasmalarc Wekljéljll%
OFW Oxyfuel gas wel
EBW Electron beam wel%ng
RSW Resistance spot welding
RSEW Resistance seam welding

welding. Figures 2.16 through 2.22 show exam-
ples of welded joints and the proper symbols to
describe them. When the desired weld cannot be
adequately described with the basic weld sym-
bols, the weld should be detailed on the drawing.
Reference is made to the detail on the reference
line.

For asingle-V-grooveweld, both members
are beveled equally to form a groove at thejoint.
Figure 2.16{A) shows such a weld and the
appropriate welding symbol.

I

(A) Placement of melt-thru symbol

=
Desired weld

}_EVB

1/8

Symbol

{B) Reinforcement with melt-thru

Fig. 2.9—Melt-thru symbol

9
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See See
note note

R — Backing removed Note: Materialsand dimensions
after welding of backing as specified
(A] Backing symbol
W See
‘ note
Double-bevel-groove Double-V-groove
Note: Material and dimensions
of spacer as specified
{B) Spacer symbol

Fig. 2 10—Backing and spacer symbols

(A) Contour without finishing
C
A _ﬁhﬂi—/ —H_/
G- Job
G = Grinding M —Machining
C = Chipping
{B) Contour with finishing

Fig. 1.17—Contour symbols

\/P' '\\Té;" <_’%'

Fig. 272— Weldsymbol construction Fig. 2.13—Combined weld symbols

~
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3rd Operation

2nd Operation 2nd
Weld symbol 3rd _VW

(A) Multiple reference line8

7

First

a/4 weld
] r1/8'

7 . |

12 ]

/
N6 Second
I

Desired weld joint

Depth of preparation (arrow side) = 3/4 in.
Depth of preparation (other side) = 1/2 in.
Root opening = 1/16 in.

Groove angle (arrow side) =860°

Groove angle (other side) = 55°

1st _ﬁ/\ Process data
55°
1/2 cIp
374 86
1716
60°

Symbol

Note: BG ™ Back gouge to sound metal
CJP — Complete joint penetration

(B) Application of multiple reference lines

Fig. 214—Multiple reference lines

If a V-shaped groove is to be prepared on
both sides of the joint, the weld is a double-V-
groove type. The symbol for this type of weld is
shown in Fig. 2,16(B).

When a round member is placed on a flat
surface and a weld is made lengthwise along one
side, the weld is asingle-flare-bevel-groovetype.
The weld and the appropriate symbol areshown
in Fig. 2,17(A). Iftwo round members are placed
side by side and welded together lengthwise, the
weld is a single-flare-V-groove type. The weld
and symbol are shown in Fig. 2.17(B), The round
shapes may be bent or rolled plates, pipes, or
tubes.

Fillet Welds

Joints that can bejoined by fiet welds are
lap, comet, and T-types.2 Fillet welds are also
used in conjunction with groove welds as rein-
forcement in corner and T-jaints. Examples of
fiflet weld symbolsare shown in Fig. 2.18.

Plug and Slot Welds
Plug and slot welds aresimilarindesign but

2. A fillet weld has an approximate triangular cross
section andjoins two surfaces at about 90 degrees to
each other. When the surfaces are ata grsater or lesser
angle, the weld should be specified with appropriate
explanatory details and notes.
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Applicable welds
Square-Groove J-Groove

V-Groove Flare-V-Groove

Bevel-Groove Flare-Bevel-Groove

U-Groove Edge-Flange
Braze

Buttjoint

Applicable welds

Fillet Flare-Bevel-Groove
‘ Square-Groove Edge-Flange
V-Groove Cornet-Flange
Bevel-Groove Spot
U-Groove Projection
) J-Groove Seam
Flare-V-Groove Braze

Corner joint

Applicable welds

Fillet J-Groove
Plug Flare-Bevel-Groove
Slot spot
Square-Groove Projection »
Bevel-Groove Seam

Braze

T-joint

Applicable welds
Fillet J-Groove

Plug Flare-Bevel-Groove
Slot spot
Bevel-Groove Projection
Seam
Braze
Lap joint
Applicable welds
Square-Groove Edge-Flange
Bevel-Groove Corner-Flange
V-Groove Seam
U-Groove Edge
J-Groove

Edgejoint

Fig, 2.15—Basic types cfjoints

Copyright by the American Welding Society Inc
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3/8(1/2)/p
l 60°

1/2
Desiredweld Symbol
Depth of preparation— 3/8 in. Root opening — 0 3
Effective throat (always shown in parentheses) — 1/2 in. Groove angle — 60

(A) Single V-groove weld from arrow side

1/8
45°

Symbol

Desiredweld

Depth of preparation (each side) —t/2
Groove angle (eachside) — 45"
Root opening — 1/8 in.

(B) Double V-groove weld

Fig. 216—Singe- and Double-Y-8roove yelds

Copyright by the American Welding Society Inc
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/™

LA~
Desired weld

/™

@

Symbol

(A) Single flare-bevel-groove weld

Desired weld

S(E)

Symbol

(B) Single flare-V-groove weld

Fig. 2.17 —Flare-beyeland flare-V welds

differentin shape. Ineither case. the holeorslotis
made in only one member of thejoint. A plug or
slotweld isnot to beconfused with a fillet weld in
ahole. Plug and slotwelds require definitedepths
of filling. An example of a plug weld and the
weldingsymbol are shown in Fig. 2,19(A), and of
a slot weld and the symbol in Fig. 2.19(B). The
dimensions, spacing,orientation, and location of
slot welds cannot be given on the welding sym-
bol, These data are shown on the drawing or a
detail with a reference to them in the tail of the
welding symbol.

Flange Welds

A flange weld is made onthe edgesoftwo or
more members that are usually light-gage sheet

metal. At least one of the members has to be
flanged by bending it approximately 90 degrees.
Examples of flange welds and welding symbols
are shown in Fig. 2.20.

Spot Welds

A spot weld is made between or upon over-
lapping members. Coalescence may start and
continue over the faying surfaces, or may pro-
ceed from the surface of one member. The weld
cross section (plan view) is approximately circu-
lar. Fusion welding processes that have the capa-
bility of melting through one member of ajoint
and fusing with the second member at the faying
surface may be used to make spot welds. Resist-
ance welding equipment is also used. Examples

QD
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5/16
Symbol
Desired weld
Size of weld — 5/16 in.
(A) Fillet weld with equal legs
,—Pat A
See
(1/4 x 1/2) note

Symbol

Desired weld

Size of vertical leg — 1/4 in.
Size of horizontal leg — 1/2 in.

Note: The 1/4-in. leg appliesto Part A. Weld orientation must be shown on the drawing.
(B) Fillet weld with unequallegs

Fig. 2.18—Fillet welds

of arc and resistance spot welds are shown in Fig.
2.21, together with the proper welding symbols.

Seam Welds

member. The continuous weld may be a single
weld bead or a series of overlapping spot welds.
Seam welds are made with processes and equip-
ment that are similarto those used for spot weld-

Copyright by the American Welding Society Inc
Sat Jul @5 10:23:57 1997

A seam weld is a continuous weld made
between or upon overlapping members. Coa-
lescence may start and occur on the fayingsurfa-
ces, or may proceed from the surface of one

ing. A means of moving the welding head along
the seam must be provided. Examplesof arcand
resistance seam welds and the appropriate weld-
ing symbols are shown in Fig. 2.22.

K
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Desiredweld

)

2

Section of desired weld Symbol

Size — 1in. Depth of filling — 314 in.
Angle of countersink —45° Pitch (center-to-center spacing) —4 in.

Fig. 2,19A—Plug welds

Copyright by the American Welding Society Inc
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See Detail A
Desired weld 172 |8 ee Letal .

Symbol A Sy

7

Sec. A-A
Depth of filling — 1/2 in.

21/2
Detail A

Fig. 219B—Slot welds

Copyright by the American Welding Society Inc
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Desired weld 0.06 R

Symbol
Radius of flange — 0.06 in.
Height of flange above point of tangency = 0.13 in.
Weld thickness — 0.09 In.
(A) Edge-flange weld
0.06+0.13 :
0.09
Desired weld Symbol

Radius of flange — 0.06 in.
Height of flange above point of tangency = 0.13 in.
Weld thicknets ~ 0.09 in.

(B) Corner-flange weld

Fig. 220—Flange welds

Copyright by the American Welding Society Inc
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0.25

SectionA—-A
A

Desiredwelds

Symbol
Size (at faying surface) — 0.25 in.
Number of spot welds =9
Pitch (center-to-center spacing) — 2 in.

Note: Sizecan be given in poundsor newtons per spot rather than the diameter.

(A) Arc spot weld
1/2

[—1/2 1/2——1

A Section A—A
Desired welds

Size (atfaying surface) = 0.25 in.
Number of spot welds = 5

Symbol

Pitch (center-to-center spacing) — 1in,

Distance from center of first spot weld
to edge —1/2 in.
Note: Size can be given in pounds or newtons par spot ratherthan the diameter.

(B) Resistancespot welds

Fig. 2.21—Spot welds

Copyright by the American Welding Society Inc
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GTAW
172 2
|
i
Symbol
3
Desired weld
Size (at faying surface) = 1/2 in. Note: Size can be given in pounds per
Length = 2 in. linear in. or newtons per millimeter.
Pitch (center-tocenter spacing) = 3 in.
(A) Arc seam weld
1—-2/ RSEW
See Notr

N N

Copyright by the American Welding Society Inc
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Ll
etk Sl Dot Il 3 ke -
R el g et s ] 0.30 -
1 1
~ l . L] §
“a—]
| 2 1 2 Section A-A
‘;\q_ of weld
Desired weld
Size (at faying surface) — 0.30 in. Note: If required by actual length of the

Length— 1in.
Pitch (center-to-center spacing) = 2 in.

joint, the length of the increment of
the welds at the end of the joint
should be increased to terminate the
weld at the end of the joint.

{B) Resistance seam weld

Fig. 2.22—Seam welds

[@
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BRAZING SYMBOLS

BRAZED JOINTS

If no special preparation other than clean-
ing is required for making a brazed joint, the
arrow and reference line are used with the braz-
ingprocess designation indicated in the tail. See
Fig. 2,23(A). Application of conventional weld
symbols to brazed joints is illustrated in Figs,
2.23(B) through (H). Joint clearance can bs indi-
cated on the brazing symbol.

BRAZING PROCESSES

Brazingprocessesto be used in construction
can be designated by letters. The com-

YA LATAIIAY,

LA

Desired braze

JN\ M%

7

Y IR N

) SIS,
[\\\ N V\{&

Desired braze

monly used brazing processes and their letter
designations are given in Table 2.2.

Table 22
Letter designations for brazing processes
Process Designation
Diffusion brazing DFB
Dip brazing DB
Furnace brazing FB
Induction brazing IB
Infrared brazing IRB
Resistance brazing RB
Torch brazing B
Process reference
TB must be placec
inthe tall
[N 7.
Jr 9
.
Symbol
Process reference
mustbeplaced fg
in the tail
N \ FIIII LI FE 773

DN

(A] Process designation

Symbol

Fg 223—Application of brazing symbols

[Q



L —————
AUS _WHB-5 CHx2 ** WM 07842k 0009737 & WM

114/ SYMBOLS FOR WELDING, BRAZING, AND NONDESTRUCTIVEEXAMINATION

Cl = Clearance
L = Length of overlap
S — Fillet size

Desired braze . Symbol

(B)Location of elements of brazing symbol

Z0.001 ~0.003

0.001 — 0.003

4 P S 4 Z 4

Desired braze Symbol

(C) Scarfjoint

=
0.001 — 0.003
— 0.06
0.25
4 ; C"___—lf
8.801 —BaA@dd braze Symbol

(D)Lapjoint with fillet

Fig. 223 (cont,)—Application of brazingsymbols

Copyright by the American Welding Society Inc
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ain

0.001 — 0.003— 066+C|
-_Jr_ — 1 _r
T —3T——s£, —0.06 . .
S — Radiusfrom point of tangency
Desiredbraze Symbol

(E) Flare-bevel-groove and fillet

+
<
S
j LSS $ — Radius of tube
Desiredbraze Symbol
{F} Double-flare-bevel-groove and fillets
0.001  0.003
:Z_.“'_ > L FB
6:881 = 8003
Desired braze Symbol

(G) Square-groove

[- 0.002 ~ 0,005 L Fé
0.002 - 0.005

Desired braze Symbol

{H) Teejoint

Fig. 2.23 (cont.)—Application of brazing symbols

xee m

Copyright by the American Welding Society Inc
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NONDESTRUCTIVE EXAMINATION SYMBOLS

Symbols for nondestructive examinations
(NDE) provide means for specifying on engineer-
ing drawings the method of examination to be
used. Nondestructive examination symbols may
be combined with welding symbols by using an
additional reference line or by specifying the
examination method in the tail of the welding
symbol.

EXAMINATIONSYMBOLS

The symbols for the various nondestructive
examination processes are shown in Table 2.3.
The elements of a nondestructive examination
symbol are as follows:

(1) Reference line

(2) Arrow

(3) Basic examination symbol

(4) Examine-all-around symbol

(5) Number of examinations (N}

(6) Examine in field

(7) Tail

(8) Specificationsor other references

The standard locations of these elements
with respect to each other are shown in Fig. 2.24.

Number of examinations

Reference line \ (N}

Type of Type of
examination Symbol | examination Symbol
Acousticemission AET | Penetrant PT
Eddycurrent ET Proof PRT
Leak T Radiographic RT
Magnetic particle  MT Ultrasonic UT
Neutron NRT | Visml vT
radiographic

Significance of Arrow Location

The arrow connects the referencelineto the
part to be examined. The side of the part to which
the arrow points isthe arrow side. The sideoppo-
site from the arrow side is the other side.

Arrow Side Examination

Examinationsto be made on the arrow side
of ajoint are indicated on the NDE symbol by
placing the basic examinationsymbol below the,
reference line, i.e., toward thereader. Fig. 2.25(A)
illustrates this type of symbol.

Length of section
to be examined

Examine
/ in field

E ™ @ / Examine all-
Tail—\ % s ; around symbol
Specification T i
or other E 2 £
reference —// '<.°: 2 2
Basic examination symbol Arrow

fig. 224—Standard location of NDE symbol elements
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Other Side Examination

Examinations to be made on the other side
of thejoint are indicated on the NDE symbol by
placing the basic examination symbol above the
reference line, i.e., away from the reader. This
position is illustrated in Fig. 2.25(B).

Examinations on Both Sides

Examinations that are to be made on both
sides of the joint are indicated by basic NDE
symbols on both sides of the reference Line. See
Fig. 2.25(C).

No Side Significance

When the examination may be performed
from either side or has no mow or other side
significance, the basic examination symbols are
centered in the referenceline. Fig. 2,25(D) shows
this arrangement.

_T\ﬁ

(A) Examine arrow side  {B) Examine other side

L Y 4 — RN\

RT

(C) Examine both sides (D) No side significance

Flg. 2.25-Significance of symbol placement

Radiographic Examination

The direction of radiation may be shown in
conjunction with radiographic (RT) and neu-
tron radiographic (NRT) examination symbols.
The direction of radiation may be indicated by a
special symbol and line located on the drawing at
the desired angle. Figure 2.26 shows the symbol
together with the NDE symbol.

'-.30°

RT

¥
L]

Fig. 2.26—Specifying the direction of
radiographic examinadon

NRT

COMBINED SYMBOLS

Nondestructive examination symbols may
becombined with weldingsymbols, Fig. 2.27(A),
or with each other if a part is to be examined by
two or more methods, Fig. 2,27(B),

Where an examination method with no
arrow or other side significance and another
method that has side significanceare to be used,
the NDE symbols may be combined asshown in
Fig. 2.27(C).

REFERENCES

Specifications or other references need not
be used on NDE symbols when they are de-
scribed elsewhere. When a specificationor other
reference is used with an NDE symbol, the refer-
ence is placed in the tail, Fig. 2.27(D).

EXTENT OF EXAMINATION
Length

To specify the extent of examinations of
welds where only the length of a section need be
considered, the length is shownto the right of the
NDE symbol, Fig. 2.28(A).

Exact Location. To showthe exactlocation
of a section to be examined as well as its length,
appropriate dimensions are shown on the draw-
ing, Fig. 2.28(B).
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MT —UT
MT >

(A) Combined NDE and welding symbols

—PT+ ET—/ —E—\

RT+PT A

RT+LT
(B) Combined NDE symbols

LT+ PRT

T yrer RT
\ ;
Ll - UT_/

LT

(C) Combined side and no-side significant symbols

A 12\ / /354

7 RT ) P X

{D) NDE symbol with reference

Fig. 2.27—Combined nondestructive
examinationsymbols

Partial Examination, When a portion of the
length of aweld or part isto be examined with the
locations determined by a specified procedure.
the percentage of the length to be examinad is
indicated on the symbol, as illustrated in Fig.
2.28(0).

Full Length. Thefulllength of a part isto be
examined when no length dimension is shown on
the NDE symbol.

Number of Examinations

When several examinations are to be made
on ajoint or part at random locations, the

number of examinations is given in parentheses,
as shown in Fig. 2.28(D).

All-Around Examination

Figure 2.28(E) shows the use of the ex-
amine-all-around symbol to indicate that com-
plete examination is to be made of a continuous
joint, such as a circumferential pipejoint.

,/_me /—RT 4

MT 8

(A) Length of examination
— M6 , MT 6
Moy '® ey |~

(B) Exact location of examination

MT 50%

» RT 25%

(C) Partial examination

(9)
S 4
-\- MT 6
(4)

(D} Number of axerninations

—
'—-UT—@\

(E) All-around examination

Fig. 2.28—Fxtent of examination
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Area

Nondestructive examination of areas of
parts is indicated by one of the following methods,
Plane Areas. To indicate aplane area to be
examined on a drawing, the area is enclosed by
straight broken lines with a circle at each

- -
Y- .~ _?
| S e
b-— 9 | ¢

bt
—uT

i (A) Plane areas
]

= E§ MT3

{B] Area of revolution — one side

ET
i /@T
s — '77‘-

rors rrosama =

(C)Area of revolution =™ both sides

Fig. 2.29—Fxamining specifiedareas

change of direction. The type of nondestructive
examination to be used in the enclosed area is

-designatedwiththe appropriate symbol,as shown

in Fig. 2.29(4). The area may be located by
coordinate dimensions.

Areas of Revolution. For nondestructive
examination of areas of revolution, the area is
indicated by using the examine-all-aroundsym-
bol and appropriate dimensions. In Figure
2.29(B), the upper right symbol indicatesthat the
bore of the hub is to be examined by magnetic
particle inspection for a distance of three inches
from the flange face. The lower symbol indicates
anarea of revolution is to be examined radiogra-
phically. The length of the area is shown by the
dimension line.

The symbol shown in Fig. 2.29(C) indicates
that a pipe or tube is to be given an internal proof
examinationand an externaleddy currentexam-
ination. The entire length is to be examined
because no limiting dimensions are shown.

Acoustic Emission

Acoustic emission examination is generally
applied to all ar a large portion of a component,
such as a pressure vessel or a pipe. The symbol
shown in Fig. 2.30 indicates acoustic emission
examination of the component without specific
reference to locations of the sensors.

Fig. 2.30—Acoustic emission

oy
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Economics and Cost Estimating

THE COST

A cost estimate is a forecast of expenses that
may be incurred in the manufacture of a product.
The estimate may include only the manufactur-
ing costs. Otherelements areadded to the manu-
facturingcost to obtain the sellingprice including
administrative expense, handling, warehousing
or storage, and profit. The additional expenses
over manufacturing costs are sometimes called
general and administrative expense.

Cost estimating is different from cost
accounting in that it is a forecast or a scientific
analysis of all the cost factors that enter into the
production of a proposed product. Cost account-
ing is recording, analyzing, and interpreting the
historical data of dollars and hours that were
used to produce a particular product under exist-
ing conditions at a given time. Cost accounting
tells management the effectiveness of current or
past production while cost estimating predicts
the probable costs for making new parts or pro-
ducts, or adopting new processes or operations.

Some purposes and uses of cost estimates
are as follows:

(1) Provideinformationto be used in estab-
lishing the sellingprice for quotation, bidding, or
evaluatingcontracts,

(2) Ascertain whether a proposed product
canbemade andmarketedat a profit considering
existing prices and future competition.

(3) Assemble data for make-or-buy deci-
sions, that is, determine whether parts and
assemblies can be made or purchased from a
vendor more cheaply.

(4) Determinehow much may be invested in
tools and equipment to produce a product or

ESTIMATE

component by one process as compared to
another.

(5) Ascertainthe best and most economical
method, process, and materials for the manufac-
turing of aproduct.

(6) Establish a basis for a cost reduction
program showing savings that are or may be
made by changing methods or processes, or by
the application of value analysis techniques.

(7)Predetermine standards of production’
performance that may be used at the start of
production in the control of operating costs.

(8) Predict the effect of production volume
changes on future profits by the introduction of
automation, mechanization, or other improve-
ments suitable to mass production.

In the ease of new products, the estimate
details should include the first formal process
planning that may later become the basis for the
following:

(1) Establishing personnel requirements to
meet future work plans.

(2) Predictingmaterial needs over the length
of a contract.

(3) Settingthe overall schedule or time table
for meeting company goals.

(4) Specifying the equipment, machines, and
facilities required for production of a proposed
product in the time and quantities required.

ELEMENTS CF" A COST ESTIMATE

All expense items to a company must be
considered in the established selling price. The
general and administrative(G & A) expenses as
well as profit must be added to the manufacturing

122
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costs. The accountingdepartment usually estab-
lishes G & A expenses, and management may
establish the profit. Qnly the manufacturingcost
is of prime interest to a cost estimator.

MANUFACTURINGCOSTS

Manufacturing cost includes direct mate-
rials; direct labor; small tools, jigs, and fixtures;
and factory overhead (OH), sometimes called
burden. Inthe case of weldments or brazements,
the welding or brazing costs are included, as are
thermal cutting costs.

Direct materials are product ingredients
that become a part of the finished product, and
can readily and inexpensively be traced to the
productin terms of units of material per product
made. They also include materials consumed in

Economics and Cost Estimating | 123

manufacturing when the costs per unit can be
accurately estimated.

Direct labor is work that is actually done in
producing a finished articleand is readily charged
to it. This may include inspection labor.

Small tools, jigs, and fixtures are the acczs-
sories used in production processes that are
expendable and readily charged to the product.

Factory overhead, or burden, consists of al
indirectlabor, materials, and otherindirectman-
facturing expenses that cannot be readily allo-
cated to a product on a per part basis. Facilities,
equipment, power, air, utilities, and manufactur-
ing services, such as maintenance, may be a part
of these costs. A portion of the overhead costs
may be fixed, and the remainder may vary with
the production rate (number of parts per unit of
time).

WELDING COSTS

The success of a business IS usually mea-
sured by its profitability, based on the ability of
the company to hold costs to the defined limits
permitted by competitiveselling pricss, Welding
and associated costs can bereadily approximated
foranyjob when the factorsaffectingthose ¢osts
are known and appropriate steps are taken to
determine costs. Welding costs must be accu-
rately determined if they are to be successfully
used in cost estimates for bidding, for setting
rates for incentive programs, or for comparing
welded constructionto a competingprocess.

The procedures for determining brazing,
soldering,and thermal cutting costs are generally
similar to those for welding costs. The elements
that contribute to costs with a specific process
may be somewhat different but the basic con-
cepts for determining costs are the same. There-
fore, the discussion on welding costs iS pertinent
to the other processes.

The procedures for costing the production
of welds and weldments must fit into the general
accounting practices of an enterprise. Costs for
welding will include the same basic elements
common to other manufacturing processes and
activities: labor, materials, and overhead. Each
of these factors has many variables, some of
which are unique or proprietary to a company.
Defining these variables requires the knowledge
and experience of individuals familiar with the
disciplines of engineering, metallurgy, manufac-
turing, and quality control. There are no simple
formulas that will take the place of experience
and knowledge of the welding field in estimating
true welding costs.

The basis for estimating welding costs his-
torically has k e n an evolution of gathering data
and tailoring it to fit the close economicborders
of a particular operation. Gathering and evaluat-
ingdataisacostly and cumbersomechore, With
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the proliferation of computers and application
software, quick and convenientanalysesof many
variables of operation are readily available.
Computerization and data processing have
become an important part in the determination
of costs. Variables generally consideredto obtain
the costs of welding are listed in Table 3.1, and
those for brazing in Table 3.2.

Table 341
Typical variablesfor estimating welding costs

Electrodeor filler wire
Type
Size
Electrode deposition efficiency
Type of joint
Type of weld
Weld size
Type of shielding
Shielding gas flow rate
Flux consumption ratio
Welding current
Arc voltage
Power source efficiency
Welding time
Operator factor
Labor rates
Overhead rate
Filler metal cost
Shieldinggas cost
Flux Cost
Electric power cost
Edge preparation costs
Setup costs
Weld finishing costs
Inspection costs

ELEMENTS IN WELDING COSTS

All cost systemsinclude the same basic ¢le-
ments of labor, materials, and overhead. To
obtain acost for welding, the finite time required
to accomplishaweld is used to determine the cost
of labor, which is added to the costs of materials

and overhead. Overhead costs are usually ob-
tained by apportionment as a percentage of the
labor cost. Whichever system is employed to
estimate a welding cost, each of the basic ele-
ments must be analyzed, and as many of the
operating variables as are known must be in-
cluded for a reliable value.

The welding procedure is the starting point
for estimating a cost for welding. The procedure
will define the welding variables, and provide a
basis forrepeatability and consistencyin produg-

Table 32
Typical variables for estimating brazing costs

Brazing process

Method of application (manual, mechanical,
automatic)

Type of joint
Joint clearance
Length of overlap
Length ofjoint
Filler metal
Type
Form and size
Method of application
Brazing temperature range
Brazing flux or atmosphere
Assembly time
Loading time
Furnace brazing cycle
Heating time
Cooling time
Power or fuel requirements
Unloading time
Postbraze cleaning
Method
Time
In-proass inspection
Labor rates
Overhead rate
Filer metal cost
Flux cost
Atmosphere cost
Electric or fuel cost
Cleaning material costs

F
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tion. Many companieshave standardizedwelding
procedures that are used for various jobs of a
similarnature. A typical weldingprocedure form
isshown in Fig. 3.1. The welding procedure pro-
vides the basic data needed to calculate the cost
of the weld.

Labor Costs

Labor costs are based on the times that it
takes to perform all of the steps in making a
weldment. These times can be grouped into arc
time, handling time, and miscellaneous work-
place time.

Arc time depends on factors controlled by
the powersourceand associated equiptnent, such
aselectrodeor filler wire feed speed, arc voltage,
welding current, travel speed, type of welding
power and polarity. There aremany independent
variables that affect the rate at which the weld is
made, Welding process, joint design, weld size,
electrode type and size, and welding position are
afew of these variables.

Handling time includes al! of the workplace
functions of picking up the part, placing it in a
furture, clamping and positioning it before and
duringwelding, and finally movingthe weldment
to the next location. Handlingtime can be calcu-
lated in an estimate with reasonable accuracy
only for those operations that are repetitive.
Variations in handling time of a nonrepetitive
nature are best included in miscellaneous work-
place time. Input from industrial engineering
may be necessary when analyzinghandlingtime.

Miscellaneous workplace time includes the
many nonrepetitive, nonreccurring times that
cannot easily be measured but must be costed.
This will include elements such as stamping, a p
plying antispatter compound, tack welding run-
off tabs or backing strips in place, movements to
reposition the body between weld passes, and
any variabletime increment not directly involved
in making the weld.

Material Costs

Material costs cover those materials con-
sured in the workplace while making the weld.
For those processes in which filler metal is depos-
ited, the amount of deposited metal can be the
basis of a suitable material cost. This cost will
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reflect deposition efficiency, which is the ratio of
the weight of the weld metal deposited to the
weight of the consumable used. Efficiency of
deposition decreases as aresult of losses such as
stub ends, metal vaporization in the arc, conver-
sion to slag of core wire components, and weld
spatter. Typical deposition efficiencies for var-
iouswelding electrodesand processes are given in
Table 33.

Othermaterial costs includethose. for gases,
fluxes, backing rings or strips, anti-spatter com-
pounds, etc. Gases may be for shieldingfor arc
welding and brazing, or fuel and oxygen for
oxyfuel gas welding, brazing, and soldering.
Fluxes may be those used with submerged arc
and electroslag welding, or those used with braz-
ing and soldering operations.

_Table33
Depasition efficiency for welding processes
and filler metals
Filler metal form Deposition
and process efficiency, %
Covered electrodes, SMAW
14in. long 55to 65
18 in. long 60 to 70
B in. long 65t0 75
Bare solid wire
Submerged arc 95 to 99
Gas metal arc 90 to 95
Electroslag 95to 99
Gas tungsten arc 99
Flux cored electrodes
Flux cored arc 80to 85
Overhead Costs

Overhead is the cost of the many items or
operations in the factory and in the office not
directly assignableto the job or weldment. These
costs are apportioned pro rata among all of the
work going on in the plant or a department. The
main categories may include some or dl of the
following:

(1) Salaries of the plant executives, supervi-
sors, inspectors, maintenance personnel,janitors,
and others that cannot be directly charged to the
individual job or weldment.
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ARC WELDING PROCEDURE SPECIFICATION

Base metal specification
Welding process
Manual or machine welding
Position of welding
Filler metal specification

Filler metal classification
Flux
Weld metal grade' Flowrate
Single or multiple pass
Single or multiple arc
Weldingcurrent
Polarity
Welding progression
Root treatment
Preheat and interpasstemperature.
Postheat treatment

*Applicable only when filler metal has no AWS classification.

WELDING PROCEDURE

Welding pavwer
‘ass | Electrode Travel
no. size AmBﬁFﬁ | VS‘E speed Joint detail

»

This procedure may vary dueto fabrication sequence, fit-up, pass size, etc., within the limitation of variables given in4B,
C orDof AWS D1 _ I(_T) Structural Welding Code.

Procedure no. Manufactureror contractor
Revisionno. Authorized by
Date

Fig. 3.1—Typical welding procedure specification
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(2) Fringe benefits for employees, such as
premiums for life and medical insurance, and
social security and pension fund contributions.

(3) Rent and depreciation of the plant and
facilities.

(4) Depreciation or lease. costs of plant
equipmentincludingwelding machines, handling
equipment, overhead cranes, and dl other equip-
ment that is not charged directly to the job or
specific weldment.

(5) Maintenance cost of the buildings,
grounds, etc.

(6) All taxes on the plant, real estate,
equipment, and payroll.

(7) Heat, light, water, and other utilities
used in the operation of the plant.

(8) Smalltools, such as wrenches, chipping
hammers, and electrode holders.

(9) Safety and fire equipment.

(10) Supporting departments including chemi-
cal and metallurgical laboratories and data proces-
sing.

Al enterprises have some system for han-
dlingand determining overhead costs. Theassign-
ment of overhead costs is usually a function of
the accounting department. Distribution of the
overheadcostswillvarywith the system in use, A
commonly used system prorates the overhead
costs in accordance with the direct labor cost,
which must be accurate. This system is practical
and applicable to plants with labor intensive
operations. In those instances where mechaniza-
tion and robotics areheavily employed, overhead
costs may be assigned on the amount of weld
metal that is deposited, the speed of welding, or
on each weldment.

METHODS FOR DETERMINING
WELDING COSTS

Operator Factor

Operatorfactor or duty cyclein arc welding
is the percentage of actual arc time during a
specified length of time, which may be a minute,
an hour, an 8-hour shift, or some other time
span. The higher the percentage of arc time
(operator factor), the greater is the amount of
weld metal produced, and the higher is the effi-

. cieney of the welding operation. Other opera-
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tions that a welder or machine operator has to
perform, such as part cleaning, fxture loading,
or tack welding, will result in a low operator
factor.

Ahighoperatorfactormay not indicatelow
cost because the welding procedure may require
alargeramount of arctime than is necessary. For
example, it may specify a small electrode when a
larger size could be used, or alarge weld groove
when a smaller one would suffice.

Every effortshould be madeto increasethe
operator factor. A welder’s performance deter-
mines the appearance and quality of the weld;
therefore, every obstacle hampering the welder
shouldbe removed. Work should be planned and
positioned to minimize physical strain and to
ensure maximum comfort and safety.

Changing from the vertical or overhead
position to the flat position, for example, can
significantly increase welding speed. Single-pass
welds on plates can be made at maximum speed
when thejoint is in a flat position with the weld
axis slanting downhill. A 10° slant can increase
welding speeds up to 50 percent.

The operator factoris higher with the use of
positioners and fixtures, and with semiautomatic
orautomaticwelding processeswhere the welder
or machine operatordoes not perform otherjob
elements, such aschippingand electrodechanges.
In the absence of studies or dependable data,
operator factor can be estimated from Table 3.4.
The actual operating factor depends on the type
and size of weld, the welding position, adequacy
of fixturing, location of welding, and other oper-
ating conditions, It may vary from plant to plant
or even part to part if the amount of welding is
significantly different. A more positive determi-
nation of the operating factor is made by time
studies or by the installation of time recorders.

It may be economical to provide a welder
with a helper to set up the work for welding.
Every operation that a welder has to perform,
apart from actual welding, reduces arc time and
thus, the operator factor.

It is not unusual for a welder to spend 50
percent of the time settingup the work for weld-
ing. If a helper and an additional fxture are
added, production may be doubled. The helper
unloads and loads one{ixture while the welder is
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weldingat the other fixtures. With multiple-pass
welds, the helper canremove oxide or slag while
the welder plaees a pass on another weld or at
another location in the samejoint,

Table 34
Operator factor for various welding methods
Method of Operator factor range,
welding percent
Mnal 530
Semiautomatic 10-60
Machine 40-90
Automatic 50-95
Labor Costs

Welding costs are determined by several
methods. The cost of labor is usually based on an
hourly rate that each worker is pald for perfom-
ing thejob. Sometimes, workers are paid by the
number of parts preduced in an hour, called the
piece rate in an incentive system. Hourly paid
employees are usually required to meet certain
standardsof performance, usually based on stand-
ard data of timefor welding in inches per minute.
Time studies are often taken at the workplace to
determine a normal welding time. Other sources
for the data are the welding procedure and the
weld joint design. The welding procedure pro-
vides the process variables, such as travel speed
and electrode type and size. The weld joint design
determines the number of passes, weld size, and
the amount of weld metal to be deposited. The
data are modified accordingto the operator fac-
tors expected.

Labor costs formanual or machine welding
may be expressed as the cost per unit length of
weld. For single-pass welds:

LC=0.2PR/(TS X OF)

where:
LC = labor cost, $/ft
PR = pay rate, $/h
TS = travel speed, in./min
OF = operator factor, decimal value

The travel speed is obtained from the weld-
ing procedure specification. The operator factor
dependsupon the welding process and method of
welding (sse Table 34). The welder's pay rate is
commonly the basic hourly pay plus the cost of
fringe benefits, such as insurance and pay for
holidays and vacation.

For multiple-pass welds:

LCa (PR X WM)/(DR X OF)
where:

LC = labor cost, $/ft

PR = pay rate, $/h

WM= deposited metal, b/ft

DR = depositionrate, Ib/h

OF = operating factor, decimal value

The weight of deposited weld metal may be
calculated or determined by trial welds. Deposi-
tion rate can be obtained from standard data or
by trial welds.

Standard Data

Standard data can be in many forms, but
usually intable' orgraphicform. It may be stored
in a computer memory system and retrieved for
use. Examplesofstandarddata are shown in Fig,
3.2and Table 35. Judicious useof standarddata
is essential in obtaining accurate welding costs.

Tables and graphs that provide final costs
when labor rates areinserted should be used with
caution because. the data may apply to only a
specificset of conditions. For example, the weld
joint design may vary with respect to root open-
ing or groove angle, or the weld reinforcement
may differ, The deposition efficiency of the
selectedelectrodemaybe differentfromthe elec-
trode used in thedataconstruction, or the opera-
tor factor may vary significantly from the value
assigned in the data. The data may be biased to
favor one welding process over another.

1. Standard data for arc welding are given in the
following publications: Standard Datafor Arc Weld-
ing (of steel), Cambridge, England The Welding Insti-
tute, 1975. Procedure Handbook of Arc Welding, 12th
Ed., Cleveland, OH. The Lincoln Electric Co., 1973.

§
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Fig. 3.2—Deposition rate vs welding current for E70T-1 mitd steel electrodes
with CO, shielding
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Material Costs

Filler Metal, Standard data for filler metal
costs in welding are based on the amount of
deposited metal per unit length of weld or per
unit for small weldments. Every weldjoint design
that requires the addition of filler metal has a
geometric cross section. Neglecting weld rein-
forcement, the cross sectional area of aweldjoint
can be approximated by dividing it into one or
more simple geometric areas including rectan-
gles, triangles, and segments of acircle. The area
of weld face reinforcement can be calculated or
assured as a percentage of the total area, for
example, 10 percent for single-groove and fillet
welds, and 20 percent for double-groove welds.

The weight of deposited metal per unit

length can be calculated by multiplyingthe unit
volume by the density of the metal. Forexample:
DM=124AD
where:
D M= deposited metal, Ib/ft
A o cross sectional area of weld, in.2
D = density of thedeposited metal, Ib/in.}
The weight of filler metal required per unit
of weld length is dependent on the deposition
efficiency according to the following formula:
FC=DM| DE
where:
FC o filler metal consumption, Ib/ft
D M =deposited metal, b/t
DE = deposition efficiency (decimal value)
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Table 35
Typical welding conditionsfor single electrode, machine submerged arc welding < steel plate usingone pass (square groove)

-] —S
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{ ! / ¥ J
=~ ry
$tlng /1o — '
cking W
strip
Plate Root Backing strip
thi%mess oocging w Electrode Electrode - -
q t Voltage diam consumption t, min ‘W, min
mm in, mm in. A* Vs mm/s in.jmin mm in, kg/m Ib/ft mm in, mm n
36 10 ga. 16 0-1/16 650 28 m 48 3.2 18 0.104 0.070 3.2 1/8 159 58
438 3/16 1.6 116 850 32 15 36 4.8 316 0.19%4 0.3 48 3116 19.0 34
6.4 1/4 32 1/8 900 B 11 26 4.8 3/16 0248 0.20 64 1/4 254 1
9.5 38 32 1/8 950 33 10 24 56 7/32 0357 024 64 1/4 254 1
127 112 438 316 1100 34 8 18 5.6 132 0685 0.46 95 3/8 254 1

a. DC, reverse polarity {clectrode positive)
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For greater accuracy, representative weld
samples can be made, and weight measurements
can be taken before and after welding. The
amount of weld reinforcement must be within
specification limits. In any case, the amount of
deposited metal may vary in production because
of variations in fit-up and weld reinforcement,
Appropriate allowances should be made for
these variations in the cost estimate.

To determine the cost of the filler metal
consumed in making aweld, the amount of weld
metal deposited must reflect the deposition effi-
ciency or fffler metal yield (see Table 3.3). Depo-
sition efficiency accounts for the lossesfrom stub
ends, slag, vaporization in the arc, and spatter.
The wide variations in deposition efficiencies are
aresult of many factors, some of which are inher-
ent in the type of electrode and welding power
source as well as the experience and skill of the
welder. The amount of stub-end loss can affect
the efficiency significantly. For example, a stub
end of 2 inches reduces the amount of covered
electrode deposited in a weld to less than 87
percent of the original electrode weight. The loss
resulting from the coveringof'a covered electrode
can vary from 10 to 15 percent of the original
weight.

Fillermetal cost can be calculated in several
ways; the most common way is based on the cast
per unit length of weld, &s in the following
formula:

CFa (FPX FC)/ DE

where:
CF = fffler metal cost, $/ft
FP = filler metal price, $/1b
FC o filler metal consumption, Ib/ft
DE = deposition efficiency, (decimal valus)

The filler metal cost is the delivered cost to
the plant,

A method used for calculating the amount
of filler wire or electrode required with a contin-
uous feed system, such as with gas metal arc, flux
cored arc, and submerged arc welding, requires
three simple steps. The first step is to determine
theweight ofelectrodeused per unit of time using
the followingformula:

EWS 60FS| WL
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where:
EW = electrode or wire required, [b/h
FS = feed speed, in,/min

WL = length of electrode or Wire per unit
weight, in./1b

The length of fffler wire per unit weight,
WL ,can be calculated with the following
formula:

WL=1/(4A X D)
where:

A O wire cross sectional area, in.2
D = density of the filler wire, Ib/in.?

Thelength of bare wire (filler metal) per unit
weight for several AWS filler metal classifica-
tions is given in Table 3.6. Similar information
for steel flux cored electrodes is given in Table
37.

An accurate determination of the wire feed
(the melting rate of the electrode) can be simply
done by allowing the wire to feed thru the gun
and measuring the amount of wire fed in 5 to [0
seconds, and multiplying the results by the
appropriate time ratio.

Thesecond step is to determine the welding
travel speed. It may be specified in the welding
procedure or established by trial welds.

The third step is to determine the weight of
electrode wire required per unit length of weld
using the following formula:

FC= EW|(TS)

where:
FC = fillermetal consumption, lb/ft
EW = electrode-wire required, [b/h
TS = travel speed,in./min

The cost of the filler (electrade) wire per foot
of weld is found by multiplying the filler wire
consumption, FC,by the cost per pound of the
filler wire.

Flux. When flux is used, its cost must be
included in material costs. The cost can usually
be related to the weight of deposited filler metal
by aratio, called fluux ratio. With submerged arc
welding, normally one pound of fluxis used with
each pound of electrode deposited, giving a flux
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Table 36
Length per unit weight of bare electrode wire cf various AWS classifications, in./lb
Diam, ER-1100 ERCuAl-AX ERCuSi-A ERCu ERCuNi ERAZXXA 'ERNi-1 ER708-X ER3IXX
in, (Al) (Cu-AT) (Cu-Si) (Cu) (Cu-Ni) (Mg-Zn) (Ni) (Steel) (Sst)
0.020 32400 11600 10300 9800 9950 50500 9900 11100 10950
0.025 22300 7960 7100 6750 6820 34700 6820 7680 7550
0.030 14420 5150 4600 4360 4430 22400 4400 4960 4880
0.035 10600 3780 3380 3200 3260 16500 3240 3650 3590
0.040 8120 2900 2580 2450 2490 12600 2480 2790 2750
0.045 410 2290 2040 1940 1970 9990 1960 2210 2170
0.062 3382 1120 1070 1020 1040 5270 1030 1160 1140
0078 2120 756 675 640 650 3300 647 730 718
0.093 1510 538 510 455 462 2350 460 519 510
0,125 825 295 263 249 253 1280 252 284 279
0.156 530 189 169 160 163 825 162 182 179
0.187 377 134 120 114 116 587 115 130 127
0.250 206 74 66 62 64 320 63 71 70
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Table 37
Inches pet pound of steel flux cored
electrodes
Electrode sue,
in, in./1b
0.045 2400
1716 1250
5/64 1000
3/32 650
7/64 470
0.120 380
1/8 345
5/32 225

ratio of one, For accurate data, welding tests
should be made.

For electroslag welding, the flux ratio is
about 0,05 to 0,10, With oxyfuel gas weldingand
torch brazing, the amount of flux used can be
related to the amount of filler metal consumed.
This ratio is also in the range of 0.05 to 0.10.
The flux cost is determined by the formula:

CF=FPX FCXFR
where:

CF = fluxcost, $/ft

FP = flux price, §/1b

FC = filler metal consumption, 1b/ft
FR = flux ratio

Shielding gas. The cost of shielding gas is
related to welding travel speed or arc time to
make a weld. The gas is used at a specificflow
rate as measured by a flow meter, The gas cost
per foot of weld is calculated as follows:

GC=(GPX RE)[5TS
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where:

GC = gascost, $/ft

GP = gas price, §/{t}

RF = rate of flow, ft3/h
TS O travel speed, in./min

The gas cost per weld is determined as
follows:

GC=(GP X RF X WT)/60
where.:

GC = gascost, $/weld
GP = gas price, $/t
RF = rate of flow, ft*/h
WT = arctime, min

The price of a gas isthedeliveredpriceat the
welding station.

Miscellaneous Materials. Some welding
processes use expendables otherthan fillermetal,
gas, and flux. These other expendables may
include such items as ceramic ferrules and studs
in stud welding, backing strips, and consumable
inserts. These must also be included in material
costs for welding.

Overhead Costs

Overhead costs are those that cannot be
directly charged to a specificjob. They may
include management, facilities, depreciation,
taxes, and sometimes small tools and safety
equipment of general use.

The overhead costs must be distributed to
the welding work in some manner. They are
usually prorated as a percentage of direct labor
costs for thejob. If the overhead costs per foot of
weld are needed, they can be calculated in the
same manner as the labor costs per foot. The
overhead rate (§/h) is substituted for the labor
rate in the appropriate calculations.
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ECONOMICS CF' ARC WELDING
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The arc welding operations using filler
metals are dependent on many economic factors
that are related to the amount of filler metal
consumed to make a weld. Every effort must be
made to reduce the amount of filler metal
required for eachweldjoint, consistentwith qual-
ity requirements. Analyses of the areas of weld
joint design, welding fabrication, welding proce-
dures, and preparation of parts for welding can
provide opportunities for minimizing asts. The
following suggestions should be considered to
minimize welding costs.

WELDMENT DESIGN

(1) Minimize the cross sectional areas of
weldjoints, consistent with quality requirements,
by using narrow root openings, small groove
angles and, if practical, double-groove welds
instead of single-groove welds (see Fig. 3.3).
Changinga V-groove angle from $0° to 60° will
reduce fdler metal needsby 40 percent. Required
joint groove angles and root openings vary for
different alloy system and welding processes.
These dimensions should be considered in the
design phase.

Singlebevel Doublebevel
groove groove

SinglesV Double-V
groove groove

Fig. 3.3—Eifect of joint design on filler metal
requirements

(2) Accurately sizefillet welds. Overwelding
is a very common practice that probably origi-
nates fromabeliefthat additionalweld metal wil
add strength to afillet weld. The effect of over-
welding is clearly Seen in Fig. 3.4 where a prop-
erly made weld is compared to one that has been
overwelded, If a specified 1/4 in. weld is increased
in size only 50 percent, over twice the needed
amount of weld metal is used. Overwelding,
which can increase greatly the cost of welding,
may not be foreseen when the cost estimate is
prepared.

0.070in.2

I-—a/a»l ! 1/4 o

Fig. 3.4—Fffect of overwelding on the weld
melal requirements fora fillet weld

(3) Design for ready access to all welds.
Poorconditionsfor making a weld increase costs
and contribute to poor quality.

@ If a choice is available, select readily
weldablemetals. Metals requiring complex weld-
ing procedures are more expensiveto weld.

(5) Use the proper welding symbols with
specific notation of weld size.

WELDING FABRICATION

(I) Provide the proper equipment for the
process specified in the welding procedure, in-
cluding proper ventilation.
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(2) Provide the correct welding materials
specified in the welding procedures.

(3) Provide accurate fit-up of parts using
fixtures where possible, and inspect the fit-up
before welding.

(4) Overweldingmust be carefully control-
led. It increases the cost of filler metal and the
labortodeposit it,and may be cause for rejection
of the weld on inspection.

(5) Avoid excessive reinforcement on welds
becauseitusesunnecessaryfiller metal and labor.

(6) Use positioning equipment when possi-
ble. Positioning of the weldment for welding in
the flat position greatly increases efficiency and
reduces costs.

(7)Use power tools to remove slag and to
finish the weld surfaces.

(8) Encourage the use of proper amperage
and voltage settings for maximum efficiency.
Excessive welding current or voltage may cause
high spatter loss; low weldingcumnt gives ineffi-
cient rates of deposition.

(9) Inthe case of shielded metal arcwelding,
stub end loss adds significantly to electrodecost.
Encourage welding with electrodes to a min-
imum practical stub end length.

WELDING PROCEDURE

(1) Provide the shop with written, qualified
welding procedures for all welds.

(2) Process selection should be made onthe
besis of the maximum deposition rates consistent
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with weld soundness and availability of equip-
ment.

(3) Filler metal selection, considering both
sue and costs, should be made on the basis of
depositionefficiency even though the initial cost
of afiller metal of high efficiency may be greater
than alternates of lower efficiency.

(4) Specify the longest practical covered
electrode to minimize stub losses.

(5) Purchase bare filler wire or flux cored
electrodein the largest suitable packaging form
available. Largepackaging reduces the base price
of filler metal, and requires fewer interruptionsto
change packages.

MANUFACTURING OPERATIONS

(1) Prepare parts as accurately as needed,
particularly those parts that are bent or formed
to shape.

(2) Prepare parts by shearing or blanking
where possible. This may be more economical
than thermal cutting.

(3) Avoid designsthat requiremachining of
edge preparations for welding.

(@) Evaluateautomaticthermal cuttingequip-
ment. Hand layout and manual cutting are
costly. .

(5) Inspect all paris for accuracy before
delivery to the welding department,

(6) Scheduledelivery of materialsso that all
parts of an assembly arrive at the welding
department as needed.

ECONOMICS OF WELDING AUTOMATION
AND ROBOTICS

Where there is need to reduce costs, invest-
ment in capital equipment can provide the max-
imum benefit for improving a manufacturing
operation. Capital equipment investment can be
a simple refinement, such as replacing shielded
metal arc welding with a continuous wire feed

welding process (gas metal ar¢ or flux cored arc
welding) or substitution of a programmable,
microprocessor-controlled robot for manual
labor. The projected return on investment is the
key for a valid capital expenditure.

All costsand benefits must beidentifed and
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included in a cost analysis. Benefits may include
income from increased sales or savings from a
proposed changeto automated equipment. Other
benefits may include one or more of the follow-
ng:

(1) Increased productivity

(2) Higher product quality resulting in fewer
repairs and field problem

(3)Saferworking conditions for the machine
operator

(@) Improvement in operator factor

(5) A general environment improvement
relatively free from heat, smoke, and radiation

Identitied costs Will cover the initial cost of
the asset plus an annual cost for operating it,
including material costs, gases, and other ex-
penses. Costs must also predict the effect from
inflationary rates and varying interest rates in the
pay back period. Consideration should be given
to the average cost of capital, or time value of
money, and the realized return ifthecapital were
invested elsewhere.

Various factors must be considered when
evaluatingthe economics of investinginautoma-
tion or robotics. Several of these factorsare dis-
cussed below.

PRODUCTION VOLUME ESTIMATES

First and foremost in planning for welding
automation is a firmly established production
volume forecast. A volume of some minimum
size will be required. Thereis a general relation-
ship between production volume and the Unit
cost of equipment, ranging from manual arc
welding power units to automated special-
purpose welding machines, as shown in Fig. 35.
In the case of long production runs, special pur-
pose aufomation is frequently more efficient to
use. However, for relatively short production
runs, flexible, multipurpose automation can be
used to advantage. An example of the latteris a
microprocessor-controller robot. A properly pre-
pared economicanalysis will clearly establish the
numerical data needed to make a proper choice.
Thorough consideration must be given to all
factors relating to the welding operation.

nit co

Special purpose automatic
welding machines

welding
\ machines\

Robotic weldin
equipment

Volume of production

Fig. 3.5—Effect of production volume on
unit cost of manual, robotic, and special
purpose welding equipment

PART GEOVETIRY

Special purpose automation may require
geometric simplicity, such as straight or circular
welds. For example, tubes and pipes are welded
relatively fast and at low cost, in most casts,
because of the simplicity of the geometry. Barts
having complicated geometrical weld paths will
require special purpose equipment that can be
preprogrammed to track the weld path, is espip
ped with a seam tracking device, or is designed
with permanent mechanical motion paths using
cams, gears, and templates. The thickness and
size of the part, and a requirement for mobility
may favor special purpose equipment.

WELDING SITE AND ENVIRONMENT

The welding site and environment will
greatly influence the type of welding equipment
required. Open-airsites requireprotectionagainst
atmospheric elements including rain, snow, pol-
lution, heat, and cold.

Economic considerations not associated
with the welding operation may play a dominant
role in a decisionto automate. In casesinvolving

L]
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welding in nuclear power plants, a high cost
existsforeach day a power plant isshut down for
repairs. With such high downtime costs, the deci-
sionto automafeis based on the speed ofwelding
repair rather than the cost of repair. All other
economic considerations become secondary.

ACCURACY CF' PARTS

Automated welding equipment frequently
requires better component accuracy than would
be needed for manual welding. A welder visually
senses variations in parts and makes corrections
to compensate for them, a difficult task for a
machine to do. Technology is available for
adding sensory systems and adaptive feedback
controlsto a welding machineto correct for joint
location and width. In most cases, component
accuracy can be readily improved within speci-
fied limits by exercisingbetter control of compo-
nent manufacture. The inherent accuracy of the
welding machine is an important factor. Accu-
racy in the components is meaningless if the
welding machine accuracy is not in agreement.

MATERIAL HANDLING

The continuous character of automated
welding requires associated systems for material
handling that many times are integrated to work
in sequencewith the welding machine. Manually-
loaded welding machines are often paced by the
operator, In many cases of automation, ejection
of parts is incorporated in the welding machine.
Conveyors or large containers are used to bring
parts to the machine and to remove them to the
next step in manufacturing.

SAFETY

The consideration for safety requires more
care than usual in operating, setting up, and
maintaining an automated welding machine.
Personnel usually work close to the machine
during setup, programming, and maintenance.
Most automatic welding machines have drive
systems and rapidly moving components. Typi-
cal safety requirements of those machines are a
fail-safe system and easy access to emergency
stop buttons that stop the machine immediately.
In normal production operations, the operator
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and others must be kept remote from the
machine's operating envelope. This requires
guards that may be interlocked with the machine
to prevent careless operation of the machine if a
guard is removed.

DEPOSITION EFFICIENCY

One of the benefits of automation is the
efficiency achieved in filler metal deposition
rates, even with processes normally employed
with manual or semiautomatic welding. As indi-
cated in Fig. 3.6, the automated welding pro-
cesses typically show a 40 percent improvement
over semiautomatic gas metal arc welding
(GMAW) ,and a 250 percent improvement over
shielded metal arc welding (SMAW), Often, the
cost savings derived from welding process
improvement may justify the investment in
automated equipment.

10
sk
& 8f
S
]
a4
2
0 B
Semi- Auto- Auto-
auto- matic matic
matic GMAW  hot-
GMAW wire
GTAW

Fii.6—Expected weld metal deposition rates
for several arc weldingprocesses when
weldingpipe in horizontal fixed (5G) position

OPERATOR FACTOR

Improvement in operator factor can be sig-
nificant with automatic welding equipment. Ref-
erring to Table 34, the operating factor for man-
ual welding processes ranges from 5 to 30
percent, while for automatic welding, the range is
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50 to 100 percent. A signficant but lesser improve-
ment isobtained oversemiautomatic welding (35
percent average operating factor).

WHD JOINTDESIGN

Another benefit that can be realized by the
use of automation is the capability for higher
filer metal deposition rates which, in turn, per-
mits the use of more efficient weld joint designs.
For example, it might be possible with automa-
tionto change from a 60° V-grooveto a square-
groovejoint design, such asthat used fornarrow
gap welding. Such a change may permit a higher
welding speed together with less deposited metal
and smaller variations in weld size.

Smaller variations in weld size will result in
less filler metal being used and in avoidance of
overwelding. Overweldingis a negative factorin
operator and material costs.

OVERALL IMPROVEMENT FACTOR

Several factors have been considered that
may result in increased productivity with auto-
mated equipment. The overallimprovement fac-
tor is the product of those factors includingoper-
ator factor, factor for avoidance of overwelding,
and welding process improvement factor.

Typically, substitution of an automated
GMAW system for semiautomatic GMAW to
produce fietweldscanresultinimprovementby
afactor of about 1.4-for the welding process; the
improvement for overweld reduction s about
2.25; and the operator factor improvement at 30
percent is about 2.5. Overall, automatic GMAW
may be nearly 8 times more productive than
semiautomatic GMAW.

COMBINED OPERATIONS

Automation permits design of equipment to
utilize multiple welding guns or to do other
simultaneous operations, Thus, one or more
weldingguns can be in operation at the sametime
as otheroperations, such asdrilling, scarfing, and
punching. The multifold increasein productivity
can lead to rapid payback for automated
equipment.

INSTALLATION COSTS

There are several resource requirements
which are unique to automated equipment.
Planning must include provisions for adequate
floor space, foundations, special installation
equipment, and utilities. It is not uncommon for
the cost of installingautomated equipment to be
5 percent to 10 percent of the initial cost of the
machine. It is, therefore, important to plan for
these costs and include them in the initial eco-
nomic analyses.

ECONOMICAL EQUIPMENT AND
TOOLING SELECTION

The economic responsibility of the welding
engineerfor welding equipment and tooling costs
is to obtain the minimum cost of these items per
unit of a product over the period of manufacture.
To determine the most effective use of capital,
management must know the percentage return
on investment. The elements to be considered in
these calculations are as follows:

(1) Annual gross savings include the savings
indirect labor, overhead costs, and maintenance
and repair costs expected from the proposed
replacement as compared with the corres-
ponding costs for the present installation.

(2) Direct-labor savings refer only to those
savings in operator costs which can be utilized.

(3) Savings in overhead costs include sav-
ings in only those incremental overhead cost fac-
tors affected by the replacement. Such cost fac-
tors include inspection, service, power costs, and
similaroverheaditems. Depreciationrates should
not be considered in analyzingthe operating cost
factors.

(4 Maintenance and repair costs include
day-today equipment maintenance and normal
repair costs exclusive of major overhaul.

(5)Rate of return on investment refersto the
annual interest on the unpaid balanceof invested
capital. On this basis, the annual capital charge
against the replacement consists & two parts: (1)
the annual amortization or reduction ofthecapi-
tal invested in the equipment and (2) the annual
interest on the unamortized portion of the
investment.
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This concept becomes more meaningful
when viewed as a mortgage taken by manage-
ment on the equipment. Theannual paymentson
this “mortgage” are made by the annual savings
or profit increase. The interest portion of these
equal annual payments is the rate of return to be
realized fromthe investmentin equipment, and is
a measure of the earnings potential of the pro-
posed replacement, as compared with the invest-
ment of that money in the day-today operation
of business. It is @ more fundamental measure
than annual gross savings, since it is directly
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related to the investment and the time period
involved.

The mathematical relationship among the
annual gross savings, the investment, the desired
percentage return on investment, and the period
of capital recovery is expressed by an annuity
(mortgage) formula, which has wide application
to many problems involving the time-interest
consideration of money.

Typical formulae used in the cost justifica-
tion of new equipment and tooling are given in
Table 3.8.

ECONOMICS OF NEW JOINING PROCESSES

One method of reducing manufacturing
costs is the adoption of a more economicaljoin-
ing process when production requirements war-
rant investment in new equipment. Friction,
high-frequency resistance, nonvacuum electron
beam, laser beam, and ultrasonic welding are
some processes that might be considered during
the design or redesign phase to replace existing
welding or brazing operations. As with other
industrial processes, the successful selection and
implementation of these processes requires a log-
ical and systematicapproach. They may provide
an alternative to the known processes, and there
Will be tradeoffs to consider for a particular
application. The process selectiondecisionmust
be well planned if the processes represent non-
conventional technology that requires adifferent
approach than that for familiar manufacturing
techniques.

The decision to use a new joining process
must be made with great care. The selection for
the first application is critical because future
usage and acceptance in afactory may be greatly
influenced by the success or failure of the first
application.Many early industrialusers of rdbots,
for example, either installed the robots in inap-
propriate applications or overestimated the bene-
fits that would result from using them.

In assessing the feasibility of a new process
for a particular manufacturing operation, a
potential user must first determine if the basic
capabilities of the process are compatible with
the requirements of the operation and capable of
performingit. Secondly,the new process must be
compared with alternative processes to deter-
mine if the processcan perform the task better, at
a lower cost, and with better quality than any
alternatives. For assessing process capabilities,
the following factors should be considered:

(1) Bgee of operation to be performed

(2) Nature of the material to bejoined

(3) Geometry, thicknesses, and fit-up of
paris

(4) Quality requirements

(5) Processingspeed or parts per unit of time

(6) Economic requirements: initial invest-
ment costs, operation costs, and payback period

(7) Safety requirements: enclosures, shield-
ing, and other safety costs

(8) Past experiencewith other similarlycon-
trolled equipment, such as numerical-or compus-
ter-controlled machine tools

(9) Material handling requirements with a
new process and higher production rates

Once the decision is made to purchase new
joining equipment, a specific type and model
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Table 3.8
Typical formulae for determining economic equipment selection

A. Mathematical Analyses for Economic EquipmentSelection
(1) Calculationfor Replacement of Production Machines

Lst X = number of years required for the new machine to pay for itself
C, = cost of new machine installed and tooled
R, = scrapvalue of old machine
R, = probablescrap value of new machine at end of its useful life
K, = presentbook value of old machine'
P, o labor and machine cost per unit on old machine
P, = labor and machine cost per unit on new machine
N, = estimated annual output on new machine
I = annual allowance on investment, percent
D = annual allowance for depreciationand obsolescence,percent
7 = annual allowance for taxes, percent
M = annual allowance for upkesp, percent
Then:

(cn - Rn) + (Ko - a)
NPy— Py — C(I+ D+ T+ M)

a. The present book value of the old machine is determined by the straight-line equation

C, —R,
K, =C,— Y, P
Y,
Where:
C, = costof old machine installed and tooled
Y, = present age of old machine
Y, = original estimated old machine life
R, = original estimated scrap value of old machine (this may or may not equal present value)

(2) Whichof Two Suitable Machinesto Select
Lat G first cost first machine, installed
first cost second machine, installed
number of pieces produced per year by first machine
number of pieces produced per year by second machine
labor cost per year on first machine
labor cost per year on second machine
percentage labor burden per year on first machine
percentage labor burden per year on second machine
annual allowance on investment, percent
annual allowance for depreciationand obsolescance on first machine, percent
annual allowance for depreciationand obsolescenceon second machine, percent
annual allowance for taxes and insurance, percent
annual allowance for upkeep on first machine, percent
annual allowance for upkeep on second machine, percent
annual cost of power for first machine
annual cost of power for second machine
cost per unit of production of first machine
cost per unit of production of second machine
saving in floor space per year of first machine over second machine, dollars
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Table 3.8 (continued)
Then:
X= E+LtlBeCQItDeTeM)y— 1#
N
etlelhec{(ltde T+m)

n

(3) Number of YearsRequiredfor Complete Amortization of Investment out of Savings
1

s_c(1+g+ T+ M) civh

Number of years =

b, Should theuseofthe first machine result in a loss rather than a savings in floor-space cost per year, the
sign before U must be changed to. plus (1).

B. Mathematical Analyses for Economic Fixture Selection
These formulas are particularly applicable when fixturing for smell fixed-produstion rates.

Let N number of pisces manufactured per year
firstcostoftixture

annual allowance for interest on investment, percent
annual allowance for repairs, percent

annual allowance for taxes, percent

annual allowance for depreciation, percent
yearlycostofsetup

savingin labor cost per unit

percentage of overhead applied on labor saved
number of years required for amortization of investment out of earnings
(1) Number of Pieces Requiredto Pay for Fixture

CI+T+D+M)+§
al.1)
(2) Economic Investment in Fixturesfor Given Production
Na(l+1)—S
1+T+D+M
(3) Number of Years Required for a Fixtureto Pay for Iself *
C
Na(l+0) —CQI+ T+ M)— S

e o jp 10 nqw

M-n P38 —0

must be selected. Thisrequires contacting suppli-
ers, attending trade shows, requesting demon-
strationsand trial welds for evaluation, and stud-
ying comparative manufacturer's literature. An-
other option is to visit shops with similar equip-
ment in operation, relyingon their experiencefor
advice.

Upon purchase of the equipment, planning
should provide for installation and implementa-
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tion. Sometimes, mary company personnel are
not prepared to accept a new process as a stand-
ard manufacturing tool. Therefore, education
must be included in the planning and providedin
the implementation stage. This will include semi-
nars, sending personnel to the manufacturer's
plant for training, and involving both manage-
ment and factory personnel in the implementa-
tien process.
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ECONOMICS CF' BRAZING AND SOLDERING

Brazing and soldering processes generally
require the use of filler metal. Many filler metals
for these processes are costly because they con-
tain noble or rare elements to provide desired
joint properties. Every effort must be made to
minimize the amount of fier metal for each
joint, consistent with the quality level required.
The amount of filler metal requiredis dependent
on a number of factors. Analyses ofjoint designs,
fabrication techniques, procedures, and opera-
tions in preparation and finishing of parts can
provide information leading to reduction of
costs,

JOINTDESIGN

Many variables must be considered in the
design of brazed and soldered joints. From the
mechanical standpoint, the joints must be capa-
ble of carrying the design loads. Rules applying
to concentratedloads, stress congentration, static
loading, and dynamic loading are the same as
with other machined or fabricated parts.

The design of a brazed or soldered joint
doeshavespecificrequirements that must be met.
Some of the important factors are as follows:

(1) Compositions. The compositions of the
base and filler metals must be compatible. The
properties of the filler metal in the joint must be
considered when designing for a given service
condition, as well as the cost of the fifler metal.

(2) Type and Design of Joint. There are two
basictypes ofjoints used in brazing and soldering
operations, the lap joint and the butt joint.
Excessive overlap in a lap joint is generally a
cause for excessive costs. Butt joints are less
expensivein the use of filler metal but may lack
strength, and may require costly preparation and
fixturing.

(3) Service Requirements. Mechanical per-
formance, electrical conductivity, pressure tight-
ness, corrosion resistance, and service tempera-
ture are some factors to be considered in service.
Economics are affected by these requirements,
such as the case of brazing an electrical joint
where a highly conductivebut costly filler metal
is needed.

(4) Xint Clearance or Fit-tp. Improper
joint clearance or fit-upcan affect costs by requir-
ing excessive amounts of filler metal or repair of
defectivejoints.

PRECLEANING AND SURFACE
PREPARATION

Clean, oxide-freesurfaces are imperative to
ensuresoundjoints of uniform quality. The costs
of precleaning and surface preparation generally
includechemical and labor costs. Selection of a
cleaning method depends on the nature of the
contaminant, the base metal, the required surface
condition, and thejoint design.

ASSEMBLY AND FIXTURING

The cost of assembly tooling and fixturing’
plus the added processing times for fucturing of
assemblies make it advantageousto design parts
that arecasily assembled and self-fixtured, Some
methods employed to avoid fixtures are resist-
ance welding; arc tack welding; interlocking tabs
and slots; and mechanical methods, such as stak-
ing, expanding, flaring, spinning, swaging,
knurling, and dimpling.

TECHNIQUES OF BRAZING AND
SOLDERING

Many variables affect the cost of making a
soundjoint with brazing and soldering processes
(see Table 39. Offundamentalimportance is the
technique selected, based on the following factors:

(I) Selection of base metal

(2) Joint design

(3) Surfacepreparation

@ Fixturing

(5) Selection of flux or atmosphere

(6) Selection of fifler metal

(7)Method of heating

These factors, singly or in combination,
have a direct bearing on the costs of the opera-
tion. A correctly applied technique based on
sound engineeringwill result in a quality product
at minimum cost. The desired goal is to heat the
joint or assemblyto brazing temperature as uni-

¥
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formlyand as quickly as possible, while avoiding
localized overheating. Mechanized equipment
must be of suitable construction to provide
proper control of temperature, time, and atmos-
phere. In many cases, consideration must be
given to thermal expansion of the base metal to
preserve correctjoint clearance while the assem-
bly is raised to the brazing temperature.

INSPECTIONAND QUALITY
CONTROL

Inspection methods have different costs for
a particular application. Two basic cost factors
that should be considered in the selection of a
nondestructive testing method are the cost and
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availability of the equipment, and the cost of '

performing the inspection. Visual inspection is
usually the least expensive, but it is limited to the
detection of filler metal discontinuities at the
edges of thejoint. In general, the costs of radio-
graphic and ultrasonic testing are greater than
the less complicated visual and liquid penetrant
methods of inspection.

The selection of the proper method of
inspection is complex. The method must be cap-
able of meeting the inspection standards estab-
lished in the purchase specifications, usually ref-
erring to a specific code or standard. It is
suggested that the expertise of a qualified non-
destructive testing engineer or technician be utit-
ized in the planning stages.

ECONOMICS OF THERMAL CUTTING

Oxyfuel gas and plasma arc cutting are
commonly used for shape cutting of parts from
sheet and plate.? Oxyfuel gas cutting (OFC) is
generally limited to carbon and low alloy steels.
Specialprocess modificationsarerequired to cut
high alloy steels. Plasma arc cutting (PAC) can
be used to cut any metal. Most applications are
for carbon steel, aluminum, and stainless steel.
Both processes can be used for stack cutting,
plate beveling, shape cutting, and piercing.

Shape cutting machines for PACand OFC
ate similarin design. Generally, plasma arcshape
cutting machines can operate at higher travel
speedsthan similar OFC machines.

Carbon steel plate can be cut faster with
plasma arc cutting than with OFCprocesses in
thicknesses below 3 in. if the appropriateequip

2, For information on oxyfuel gas and plasma arc
cutting, refer to the Welding Handbook, Vol. 2, Tth
., 459-516.

mentis used. For thicknesses under 1 in., PAC
speeds can be up to five times those for OFC.
Over 1-1/21n. thickness, the selection of PAC or
OFC will depend on other factors such as
equipment costs, load factor, and applications
for cutting thinner steel plates and nonferrous
metals.

The economic advantages of PAC, as com-
pared to OFC, are more likely to be apparent
where long, continuous cuts are made on a large
number of pieces. This type of cutting might be
used in shipbuilding, tank fabrication, bridge
construction, and steel service centers. The com-
parative economy of short cut lengths, which
requirefrequent starts, will depend on the number
of torches that can be used practically in multiple
piece production.

Some linits on the number of PACtorches
that canoperatesimultaneouslyare () the power
demand on the plant utility lines, (2) the limited
visibility imposed on the operator by lens shade
requirements for high current PAC, and (3) the

1
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potentialdamage to the equipment and material
from delayed detection of a torch malfunction.
Therefore, for simultaneously cutting several
small shapes from a carbon or stainless steel
plate, the reliability of a P A C installationmust be
compared to a similar OF C installation.
The qualifying variables required to deter-
mine thermal cutting costs include:
(1) Available operating equipment
(a) Typeofcontrol, numerical or photo-
electric
(b) Machine speed range and per-
formance capabilities
(2) Availablecutting process
(a) Oxyfuel gas
(b) Plasma arc .
(3) Number of cutting heads available for
each process
(@) Cutting head minimum spacing and
maximum travel
(5) Maximum equipment availability
(6) Available operating and material
handling personnel
(7) Available part programming or tem-
plate preparation equipment
(8) Available material
(@ Grade
B Chemistry
(©) Length
(d) Width
(e) Thickness
() Number of plates
(9) Material handling capabilities
(a) Crane
(b) Conveyor
(© Number of cutting tables
(10) Partsto be cut
(@ Quantity
(b) Length and width for separation
(c) Areaperpart
(d) Number ofinside cutoutsper part
(e) Total linear inches of cut per part
(11) Fuel gas type for OFC
(12) Power available for PAC
(13) Cost per foot of cut, or per part, for:
(a) Fuel gas
(b) Oxygen
(c) Nitrogen
(d) Argon and hydrogen

(e) Electricty

(® Oxyfuel gas torch consumables

(g) Plasma arc consumables

(h) Directlabor —machine operator

(i) Directlabor = material handler

() Direct labor — programmer or
template maker

(&) Incremental overhead — opera-
tor and equipment

() Incremental overhead — material
handler

(m) Incremental overhead — program-
mer or template maker

(n) Equipment maintenance

(o) Miscellancous expenses —
torches, cutting table slafs, slag disposal, etc.

(p) Material

(14) Torch on-time duty cycle

(15) Material utilization

(16) Material handling efficiency

(17) Scrap part allowance

The variables associated with cost estimat-
ing will produce an infinite number of possible
combinations. The net effect of the variables can
be divided into three categories:

(1) Consumables required for a quantity
of parts

(2) Programming or template time re-
quired per part regardless of quantity

(3) Operating costs per hour

Consumables include all gases, expendable
torch tip parts, and electricpower. Programming
or template preparation cost, once established,
may be prorated over the total parts required.
Once accounted for, this one time cost can be
eliminated on subsequent production runs of the
same parts.

Per-hour operating costs will dramatically
affect the per-part cost. These costs include
incremental overhead, direct labor, prorated
maintenance and miscellaneous expenses, and
equipment power usage.

If choicescan be made in favor of PAC over
OFC or of multiple torch operation over single
torch operation, or both, they will show the most
dramaticeffecton theper-partcost. Inthecaseof
steelusing OFC, the alloy content will affect the
cutting speed, which may have a significant effect
on the per-part cost.

&
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To illustrate the cost allocation for OFC
and PAC, the following model will be used:
Material
Grade — AISI 1020 hot-rolled steel
Thickness — 1 in.
Plate Size —84 in. x 240 in.
Piece Part
Quantity required == 50 each
Width for torch spacing —12.5 in.
Length for repeat rows —24.5 in.
Number of insidecutouts per part — 1
Combined linear inches of cut per
part —80in,
Time required to make the tape pro-
gram (on a per-piece basis) —0.5h
Equipment
CNC controlled gantry
Number of OF Ctorches available— 6
Number of PAC torches available —6
Fuel gas used —natural gas
PAC torch —waterinjectiontype with
nitrogen plasma, 600 A maximum
Personnel Available
Machine operator — 1
Material handler — 1
Programmer — 1
Consumable Costs
Average oxyfuel gas tip — $11.50
Average plasmaarc electrode —$22.00
Average plasma arc nozzle — $22.00
Natural gas — $0.64/ 100{t?
Oxygen — $1.00/100 ft}
Nitrogen —$1.00/ 100 fi3
Electric power —$0.078/kwh
Personnel Costs
Direct labor operator —$9.35/h
Direct labor material handler —
$8.15/h
Direct labor programmer —$9.75/h
Incremental overhead, operator and
machine —$25.00/h
Incrementaloverhead, material handler
—$8.00/hr
General Expenses
Machine maintenance based on 1 shift
operationat 50 percent torch “on™time
—$3.001h
Miscellaneous expenses including
torches, cutting table slats, etc, — $2.00/h
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Based on typical cutting speeds, expected
service lives of cutting accessories,gas consump-
tion, material handling capabilities, and power
requirements, the cost distribution effects of the
various possible cutting torch combinations are
shown in Fig. 3.7.

The consumables required per-foot-of-cut
remain constant whether one or more torches are
used to complete the required cut. The use of
multipletorches reducesthe time to complete the
cutting requirement and, therefore, reduces the
per-hour operating costs.

The process selection, OFC or PAC, will
affect the per-hour operating cost due to the
difference in cutting speeds. The consumables
required also change with the process, giving
different per-foot-of-cut bases. Both processes,
however, have a constant consumables required
per foot of cut regardless of the number of
torches used.

The remaining variable is the cost asso-
ciated with the preparation of the NC part pro-
gram for a specific part or group of parts. This is
a one-time cost, and will be distributed over the
quantity of parts required. If the part geometry is
unique and only one piece is required then the
entirecost of preparingthe NC part program will
be reflected in the cost of that piece. Therefore,
one-of-a-kind piece parts may be considerably
more expensive to process than a quantity of
identical parts.

The common denominator for per-hour
operatingcost is combined cuttingspeed. Increas-
ingthe number of cuttingheads used simultane-
ously or selecting the faster cutting process, or
both, will reduce the per-piece part cost. This will
notresultin a linearcostreduction, however, due
to material handling considerations.

There will be a combined cutting speed
where one person will be unable to remove cut
piece parts as fast as the machine can cut them.
At this point, the machine torch "on" time must
not be increasedunless anassistantis provided to
help load plate and unloadcut parts. It is reason-
able to expect a higher torch “on” time with both
the machine operator and the material handler
workingtogether. Asthecombined cutting speed
is increased, eventually a point is again reached
wherepartscannotbeunloadedandplatesloaded

R
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Fig. 3.7—Cost and time comparisons forthermal cutting 1-inch AlSI 1020 steelplate

onto the cutting tables fast enough to keep up
with the cutting machine. At this point, it is
unlikely that the machine torch “on” time will be
increased.

Adding more people to the group will have
little effect unless additional cutting tables with
material handling equipment are avilable. The
material handling bottleneck must be addressed
to improve throughput capabilities as the com-
bined cutting speed crosses this threshold.

Providing that a material handling bottle-
neck does not exist, a higher torch “on™ time will
generally offset the directand indirectlabor costs
for the material handling assistant.

As the per-houroperating cost isreduced by
increased combined cutting speed, the consuma-
ble costs become more apparent. The costs for
consumables Will normally be higher for PAC
thanfor OFC. Asthe material thickness increases,

the power or current requiredfor PAC increases,
and the life expectancy of the consumablehard-
ware will decrease. If the material can be cut
using either OF C or PAC, the consumables cost
per-part quantity for PAC will normally be two
to five times as much asfor OFC, Because of this,
the magnitudeofthe reductionin per-hour oper-
ating costs resulting from increasing the number
of cutting heads Will be less apparent for PAC
than for OFC. This becames more noticeable as
the are current and the material thickness increase.

The cost per 100 feet of cut based on the
model graph (Fig. 3.7) gives an advantageto four
OFCtorches at $27 per 100 ft. asopposed to two
PAC torches at $31 per 100 ft. However, the
scheduled machine time for the production run
favorsPAC at | hour over OFC at 1.3 hours. If
machine capacity presents a problem, the deci-
sion likely would be to sacrifice the per-part cost
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in favor of the increased throughput capability.
A change in one or more variables may
affect the economic conditions. An example is
illustrated in Fig. 3.8 for cutting 0.5-in. thick
AISI 1020 steel plate. The only change from the
previous model is the reduced plate thickness.
Steel of 0.5 in. thicknesscanbecut with PACata
much higher speed than 1-in. thick plate (103 vs
30 in./min), while the difference in OFC speed
may be only 22vs 18in./min. Other advantages
of the thinner plate include reduced arc current
and increased nozzle and electrode lives. A pos-
sible disadvantage lies in an increased commit-
ment to material handling. A bottleneck may
occuras soon as two plasmaarc torches areused

to simultaneously cut parts.

The cost per 100 feet of cut gives a cost
advantageto six OF C torches at $15.32over two
PAC torches at $16.00. However, the scheduled
machine time for the production run favors
plasma arc at 40 minutes over oxyfuel at 44
minutes.

Any general statementswill only apply to a
specific set of conditions. A detailed analysis of
specific models will be required to determine
accuratelythe economics and estimated costs of
thermal cutting. The proliferation of computers
and applicationsoftware offers quick and conve-
nient analysis of operating variables,

Hours of machinetime required
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Fig. 3.86—Cost and time comparkons for thermalcutting 0.5-in. AlSI 1020 steel plate
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Metric Conversion Factors

1in. =254 mm

1in2 = 645 mm?
Iin,/min = 042 mm/s
1in./Ib = 55.9 mm/ kg
1ft/1b = 0.67 m/kg
11t/ = 0.472 L/ min

11b/ft = 1.5 kg/m
11b/h=0454 kg/h
11b/in3 =277 x 104 kg/m?
$1/fi= $3.28/m

$1/1t3 = $35.31/m?
$1/1bo$2.21/kg
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Fixtures and Positioners

FIXTURES

GENERAL DESCRIPTION

A fixture is a device for holding pacts in
their correct positions during assembly. It is
sometimes referred to as ajig. For welding and
brazing, a furture generally locates the parts to
provide the specified joint geometry for subse-
quentjoining.

When making a small number of assem-
blies, temporary fixturingmay be used, provided
specified dimensions can be maintained. Such
fixturing may consist of bars, clamps, spacers,
etc. Parts may be positioned with rules, squares,
and other measuring devices. For quantity pro-
duction, designand constructionof accurateand
durablefurturesis justified for economicalassem-
bly or precise part location, or both.

DESIGN

There are only a few standard commercial
welding furtures. Examples ate fucturesfor weld-
ing linear seams in sheet and tubing, as shown in
Fig. 4.1, and clampingfixturesto align pipe sec-
tions while welding the circumferential joints,
Fig. 4.2.

When designing a special fixture, commer-
cial tool and die components and clampsshould
be used wherever practical. For like assemblies, a
fixture may sometimes be designed to accom-
modate two or more sizes by repositioning cer-
tain locators on the furture.

Desirablefeatures of fixtures for welding or
brazing include, but are not limited to the
following:

(1) All joints in the assembly must be conve-
nient and accessiblewhile the parts are furtured.

150

(2) Fixtures should be strong and suffi-
cientlyrigid foraccurate location of parts, proper
alignment of jaints, and resistance to distortion.

(3) A fixture should be easily manipulated
into the optimum position for thejoining opera-
tion; balancing of a loaded furture may be
advisable.

(4) For economic reasons, the fixture need
not provide greater accuracy of part position
than required by specifications.

(5) The fixture design should be as simple
and inexpensiveas practical, while performingits
functions properly.

(6) Tack welding or staking and welding or
brazing may be done in a single fixture, Where
appropriate, the assemblymay beremoved from
the furture for final welding or brazing,

(7) Fixtures should permit expansion and
contraction of parts without binding, in at least
one plane, to minimize stressing of the assembly
during the joining operation.

(8) Clamps, cams, rams, and other moving
componentsshould be quick-acting. Screws and
moving parts should & protected from flux and
spatter.

(9) Fixture design must permit easy and
rapid unloading of the completed assembly.

(10) A fixture shouldbe mounted on a posi-
tioner, spindle, wheels, or another deviceto place
the assembly in the optimum position for weld-
ing or brazing.

(11) Fixtures must be designed so that the
operators are protected from pressure and pinch
points that may cause injury. Controls for air,
hydraulic, and electricallyoperated furturecom-
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ponents must be inoperable while the fixture is
being loaded and unloaded.

When designing a fixture, the designer
needs certain information concerning the assem-
by including the following:

(1) Manufacturing drawings of the compo-
nent parts and assembly, and accessibility to
acinal parts

(2) Engineering specifications for the as-
sembly

(3) Joining (welding or brazing) procedure
specifications

(4 Manufacturing operations documenta-
tion

(5) Production requirements and schedule

From these documents, the designer can
determine the requirements for the fixturing
including the following:

(1) Type of fucturing

(2) Tolerance and distortion requirements
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of the assembly
(3) Joining process to be used
(@) Accessibility to thejoint duringjoining
(5) Limitations on fucture materials
(6) Service life
(7) Number of fixtures needed to meet pro-
duction requirernents

APPLICATIORNS

Permanent fixtures are normally used for
production when their costs can be justified by
savings in operating costs. Fixtures may be
needed when close dimensional tolerances must
be maintained duping assembly even with low
production. Fixture costs must be planned and
included in the project cost estimate. Self-fixtur-
ingjoint designsshouldbe used where possible to
minimize fixturing requirements, Even with such
joint designs, fixturing may be needed to main-
tain aligninent of parts.
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Fig, 4.2—External clamping fixture to align pipe joints for welding

WELDING FIXTURES

Design Considerations

Welding fixtures may be used with manual,
machine, or automatic welding. Arc welding
(exceptelectrogas welding) is best done in the flat
position to take advantage of high deposition
rates. Therefore, a fixture should place thejoint
inthe flatposition for welding wherever possible.
If thejoints are located in several planes, provi-
sions should be made to repositionthe furtureso
that most or all of thejoints can be welded in the
flatposition. Jointsmust bereadily accessible for
welding from one or both sides, as required.

With machine or automatic welding, the
work may move and the welding torch or gun
remain stationary or vice versa. With circumfer=
entialjoints, the work is normally rotated horiz-
ontally under a fixed arc welding head. An
exception is welding bosses or pins to large,

horizontal surfaces. The vertical boss or pin is
placed on the stationarysurfaceand the welding
torch rotates around the boss or pin to produce a
fiet weld in the horizontal position. Long linear
joints are normally welded with the work sta-
tionary white the welding head moves along the
joint.

The welding procedures for an assembly
must be established before comuriencing fixture
design. The welding gun or torch design must
also be known to avoid interference between it
and the fixture during welding.

In someapplications, provisions are needed
in the welding fixture to control root face con-
tour. A nonconsumable backing is commonly
used to do this, The backing may be made of
either ceramicblocks, a bed of flux, or a copper
bar with the desired groove in the surfacenext to
the joint. A water-cooled copper bar may be
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appropriate for high production, but not for
quench-hardenable steels. Inert gas may be
directed to the root of thejoint from passages in a
copper bar backing bar to minimize oxidation.
In any case, the welding arc must not impinge on
the nonconsumable backing.

A clamping arrangement is generally re-
quired to hold the parts in proper alignment and
against a backing, particularly with sheet gages
(see Fig. 4.1). The edges to bejoined are clamped
against a backing by two rows of nonmagnetic
hold-down fingers.

If the weldingprocedurecalis for tack weld-
ing, clamps may be needed only to hold align-
ment during this operation. With some designs,
the assembly can be tack welded in the fixture
and then removed for welding provided distor-
tion can be held to acceptable limits.

Arc Blow

Current flowing in a welding fixture may
produce magnetic fields near the welding arc.
These fields may cause the arc to deflect from
axial alignment with theelectrode. This behavior
is known as arc blow. It results in erratic arc
action and inconsistent joint penetration. Dadng
the fucture design phase, precautions should be
taken to avoid potential causes of arc blow.
Some points to be considered are as follows:

(1) Fixture materials located within 1to 2in,
of thejoint must be nonmagnetic.

(2) Steel in other locations on fixtures
should be low carbon or austeniticstainless type
to avoid residual magnetism of the fmture.

(3) The amount of steel in the fucture on
each side of but near to the joint should be
approximatelyequal.

(4) Space for run-off tabs at the ends of the
seam, when required, should be provided in the
fixture.

(5) The work lead connection should be at
the starting end of linear joints.

Examples of Welding Fixhmres

Welding fixture designs may range from
simple, manually operated types to large, com-
plicated air or hydraulicoperated types. A simple
fmtureforaligning nozzlesin acylindricaltank is
shownin Fig. 4.3(A), ®,and (C).In View A, the
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tank is located axially in the fixture by a pin
entering one nozzle port and then the tank is
clamped in position. The tank and clamp are
rotated 90 degrees against a stop, as shown in
View B. The nozzle, held in a chuck, is moved
fromaboveinto the port for welding, as shownin
View C. The gas metal arc welding gun is
mechanically rotated about the nozzle to make a
horizontal fitlet weld between the parts.

A large internal welding fixture for aligning
circumferentialjoints in 260-in. diameter cases is
shown in Fig. 44. The segmented alignment
shoes are pressed against the inside diameter of
thejoint by hydraulic cylinders.

BRAZING FIXTURES

General Considerations

Assembly of parts for brazing depends on
the brazing process to be used, the materials
beingjoined, and the configurationof individual
details in a brazed component. Components to
bejoined must be assembled in a fired position
relativeto each other and maintained in position
throughout the brazing cycle. Surfaces to be
joined must be properly spaced to provide the
desiredjoint clearance at room temperature and
atbrazing temperature. The method of assembly
and fixturing for brazing can be critical.

The design of parts that areeasily assembled
and self-fixturing during brazing is economical
because the costs of assembly fixtures plus pro-
cessing time for loading and unloading brazing
fixtures areavoided. Sheet metal structures often
areheld together for brazingby intermittentspot
welds, rivets, or thin metal straps. Positioningof
parts by welding methods requires the use of a
flux or an inert atmosphere at welded areas to
prevent surface oxidation that would inhibit
brazing fdler metal flow. Aluminum sheet struc-
tures are sometimes held together for brazing
with interlocking tabs and slots.

Assembly Methods

Cylindricalparts, tubing, and solid members
can be assembled for brazing by a number of
methods. The method should, if possible, pro-
vide a uniform joint clearancethat can be main-
tained throughout the brazing operation. Some
of the methods employed for assembling ¢ylin-

e\
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drical parts are staking, expanding or flaring,
spinning or swaging, knurling, and dimpling.

More complex structures usually require
elaborate assemblymethods. Onerequirement is
that a structure being brazed must have accepta-
ble braze joint clearance at brazing temperature
consistent with the brazing filler metal, the base
metal, and the brazing process used. Joint clear-
ances can be maintained using shims of wire,
ribbon, or screen that are compatible with the
base metals.

Examples of methods used to position parts
forbrazing without the use of fixtures are shown
in Fig. 4.5. In some cases, assemblies with self-
fixtured joints may require the use of fixtures
because of the complexity of the parts, location
of the brazed joints, or the distribution of the
mass. Fixturing may consist of clamps, springs,
support blocks, channels, rings, etc., to keep
parts in proper attitude for brazing. Mild steel,

stainlesssteel, machinable ceramics,and graphite
are often used for fixturing, Brazing of complex
shapes often needs fixtures to locate part details
and to maintain surface contours.

Fixture Materials

Selectingthe fixture design best suited for a
particular brazing application requires consider-
ation. of furture material. The choice must be
based on (1) the brazing method to be used, (2)
the base metals in the assembly, and (3) the
required brazing temperature and atmosphere.
When brazing in a vacuum, the only limitations
on fucture materials are that they be stable at
brazing temperature, possess compatiblethermal
expansion properties, and do not outgas and
contaminate the brazing atmosphere.

Whenever metal fixtures are used foe braz-
ing, fixture surfaces contacting the part being
brazed should be adequately protected to prevent

{A) Tank located by pin in nozzle port

Fig. 4.3—Finture for welding a nozzie In a tank




L ———————
AWS WHB-5 CHxU4 xx EE 07A4ck5 0009839 5 H&

Fixturesand Positioners | 155

e MR

{C) Nozzle lowered into port for welding

Fg. 4;3 (Cont.)—Fixture for welding a nozzle in a tank
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Fig, 4.4—Laige internal hydranlic fixture for
circumferential welds in 260-in.
diameter cases

brazing the part to the fixture. Brazing fucture
materials must not interact with the brazing
atmosphere to produce undesirable reactions
detrimentalto filler metal flow or to the mechan-
ical properties of the base metal.

Inmost cases, unheated fixtures are made of
carbon steel, stainless steel, nonferrous alloys,
and nonmetals. These fixtures are used for posi-
tioning the components for tack welding. They
need not be massive or heavy, but should be
sturdy enough to position components propstly
as required by the brazement design.

Fixtures for short production runs at mod-
erate temperatures are commonly made of low
carbon steel. Carbon steel is economical but it
has low strength at brazing temperatures. For
long production runs, stainless steel and heat
resistant alloys are preferred for fucture con-
struction.

Fixtures used in furnace brazing-at high
temperaturesmust have good stability at temper-
ature and the ability to cool rapidly. Most metals

arenot stable enough to maintain tolerancesdur-
ing a high temperature brazing cycle. Therefore,
ceramics or graphite is used €or hot fixturing,
Ceramics, due to their high processing cost, ars
limited to small fuctures and for spacerblocks to
maintainjoint clearanceduring brazing of small
components.

Graphite has good thermal conductivity,
good dimensional stability, but low abrasion
resistance. It diffusesinto somemetalsat brazing
temperatures, and reacts with water vapor in a
hydrogen atmosphereto produce contaminants.

Siliconcarbidejs 1 oused for braze fixtur-
ing, but it has lower thermal conductivity than
graphite and the samedetrimental characteristics.
Molybdenum and tungsten may be used, but
they are high in costand must not be heated in an
oxidizing atmosphere.

Induction brazing often requires that the
fixture be located in proximity to the inductor, In,
such cases, the choice of materials for the fixture
is limited to those that remain relatively unaf-
fected by the magnetic field. Nonmetals, such as
graphite and ceramics, are commonly wed. The
use of metals readily heated by induced currents
should be avoided,

In chemical bath dip brazing, fixtures must
be free of moisture to avoid explosion. Fixture
materials must not absorb moisture when ex-
possd to the atmosphere. The buoyancy effect of
the molten salt must be considered, and the fix
ture material must not react with the salt bath.

The high thermal expansions of aluminum
and magnesium require that fixtures for braze-
ments of these metals be designed to provide for
expansion and contraction of the assembly dur-
ing heating and cooling. Springs are sometimes
used to permit such movement. High tempera-
ture nickel alloy springs are preferred because
they have good characteristics in the 1000°-
1200°F brazing temperature range, and good
corrosion msistance.

Fixture Design

Applicationsrequiring brazingfixturesvary
widely. Therefore, it is difficult to be specific
about fucture designs. However, somebasic rules
to follow when designing brazing furturesare as
follows:
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Fig. 4.5—Typical self-fixturing methods for brazed assemblies

Copyright by the American Welding Society Inc
Sat Jul a5 10:35:33 1997



AUS WHB-5 CH¥Y ** EE 07842L5 0009842 5 mW

Copyright by the American Welding Society Inc
Sat Jul 05 10:55:33 1997

158/ FIXTURES AND POSITIONERS

(D) Keep fixturedesignsimple. Use thin sec-
tions consistent with rigidity and durability re-
quirements. Fixtures for torch brazing must not
interfere with the torch flame, the brazer's view,
orthe application of the brazingfiler metal to the
joint.

(2) Avoid theuse of bolts or screwsin heated
furtures. Thesefasteners tend to relax upon heat-
ing and often pressure weld in place. If used, the
threads should have loose fit, and be coated with
a magnesia-alcoholmixture to prevent sticking.

(3) Design springs or clamps to withstand
brazing temperatures when used in heated areas.

(4) Fabricate furnace brazing fixtures with
components of uniform thicknesses for even
heating. Avoid heavy sections.

(5) Avoid the use of dissimilar metalswhere
differences in thermal expansion could affect
assembly dimensions. An exception is where
expansion differences are used advantageously.

(6) Subject a fixture to the brazing environ-
ment and temperature before itis used for braz-
ing hardware to ensure stability and to relieve
stresses.

(7) Where practical, use nickel alloys con-
taining aluminum and titanium for fixture com-
ponents because they develop protective oxides
upon heating in air. These oxides inhibit wetting
by molten brazing filler metals.

(8) Do not specify fixture materials that
might react at elevated temperatures with the
assembly being brazed while they are in intimate
contact. For example, nickel alloys are generally
unsatisfactory fixture materials for furnace braz-
ing titanium, or vice versa, because a nickel-
titanium eutectic forms at about 1730°F,

Furnace brazing of assemblies that require
close tolerances, such as contoured shapes, re-
quires very stable fixturing. Metal fixturing nor-
mally lacks the stability required for repeated
heating and cooling. Therefore, ceramicfixturing
is often used for holding close tolerances. Casta-
ble ceramics, such as fused silica, are excellent.
They possess superior dimensional stability, and
can be cast to close tolerances without machin-
ing. Their primary drawbacks are poor thermal
conductivity and porosity that tends to absorb
moisture. Usually a baking cycle to remove mois-
tute isrequired before each use. Alumina is also

used for braze fixturing, but it is diffficult to
fabricate to close tolerances, hard to machine,
and has poor thermal shock properties.

Furpace Brazing Fixtures

Components of fixtures should be asthin &
possible for rapid heating, consistent with re-
quired rigidity and durability. The number of
contacts between the fixture and the brazement
should be a minimum, consistent with proper
support. Point or line contact is preferable to
area contact. Even with a minimum number of
contacts between a fucture and the components
to be brazed, it is sometimesdifficultto prevent
filler metal from flowingand wettingnearby con-
tacts. If a contact area between a fixture and a
componentmust be large, acontact material that
resists wetting must be used.

In general, fixtures external to the assembly
should expand fasterthan the assemblyand inter-
nal fixtures more slowly. For applications where
tight clamping is required, the reverse is true. To
equalize the load from shrinkage on the braze-
ment during cooling,systems of levers, cams, and
weights can be used. Wedges and weights often
provide good joint follow-up when the brazing
filler metal melts and flows in thejoints.

Induction Brazing Fixtures

Most assemblies that ate brazed by induc-
tion require some fixturing, even though compo-
nents may be held securelytogether mechanically
before being positioned in the inductor, Fixtures
can range from a simple locating pin to hold the
assembly in the center of the inductor to an
elaborate clamping and holding arrangement.
Every assemblymust be considered separatelyin
relation to its fixturing requirements. Fixture
design is influenced not only by the size and
shape of the assembly, but also by its production
rate. Functions of a fixture may include support-
ing the assembly, positioningthe assembly in the
inductor, and holding the assembly securely
together during the brazing cycle until the filler
metal has solidified.

Selection of materials for furtures is espe-
cially important. If all components of a fucture
are sufficientlyremote from the inducfor (several
inches away) to be unaffected by its magnetic

s
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field, materialsusedforfixturesfor other brazing
processes are suitable. If al or part of a furtureis
within about 2 in. of the inductor or the leads to
the inductor, the fixture must be made of anon-
metallic material and preferably, one that is heat-
resistant. Several such materials are commer-
cially available, including heat-resistant glass,
ceramics, quartz, and plaster. When use of a
metal near the inductor or the leads is unavoida-
ble, aluminum, copper, and brass are the pre-
ferred metals. Water-cooled fixtures may be
necessary.

Dip Brazing Fixtures

Assemblies with self-fixtured joints minim-
ize fituring requirements during dip brazing. A
fixture should not touch any joint being brazed
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to avoid the risk of brazing the assembly to the
furture.

Fixturing of assemblies can create problems
including distortion, difficulty in maintaining
dimensionaltolerances, and the necessity of heat-
ing the added mass of the fixture. However, these
difficultiescan be overcome by proper fixture
designincluding use of springs, fixture construe
tion of a material having thermal expansion
characteristics compatible with those of the base
metal, and attention to maintenance of toleran-
ces during brazing.

The fixture materials must be compatible
with the molten salt and brazing flux, and have
reasonably long lives. The furture design must
provide for draining of molten salt when the
fixture is removed from the bath.

POSITIONERS

GENERAL DESCRIPTION

A positioner is a mechanical device that
supports and moves a weldment to the desired
position for welding and other operations. In
some cases, a positioner may move a weldment
as welding progresses along ajoint. A welding
fixturemay be mounted on a positioner to place
the fiture and weldment in the most advantage-
ous positions for loading, welding, and unloading.

Some assemblies may be furtured on the
floor and the joints tack welded to hold the
assembly together. Then, the weldment is re-
moved from the fixture and mounted on a posi-
tioner for welding thejoints in the best positions
for economical production.

A weldment on a positioner may be reposi-
tioned during welding or upon completion for
cleaning, machining a specified weld contour,
nondestructive inspection, and weld repairs.

ECONOMIC CONSIDERATIONS

There are both positive and negative con-
siderations fortheu sofpositioners for welding.

They are primarily governed by welding and
handling costs.

Deposition Rates

The highest deposition rates in arc welding
can be obtained when welding is done in the flat
position because gravity keeps the molten metal
in thejoint. The next best positionis the horizon-
tal. The overall result of positioning of weld-
ments should be lower welding costs.

Welder Skill

It takes less skill to arc weld in the flat
position than in other welding positions because
it is easier for the welder to control the molten
weld pool. Therefore, welding labor costs should
belower when the assemblycan be easily manip-
ulated for weldingjoints in the flat position.

Operator Factor and Set-Up Costs
Operatorfactor is the ratio of arc time to
total time that a welder applies to a weldment.
When the welder must manually reposition a
weldment, wait for a crane operator to move it,

[
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or weld in positions other than flat, the operator
factor willbe lowerand welding costs higherthan
when a positionera used. Operator factor should
be higher when a weldment can be rapidly positi-
oned forwelding. However, labor costs for safely
loading and unloading a heavy weldment on a
positioner, or for repositioninga weldment with
acrane or other lift must also be considered.

For relatively short, small welds, it may be
more economicalto weld thejoints in fixed posi-
tions than to repositionthe weldment for ease of
welding. The welding costs may be somewhat
higher but the overall labor costs may be lower
because of savingsin handlingcosts. The cost of
positioning equipment and handling must be
offset by labor savings.

Weld Quality

Ingeneral, a qualified welder should be cap-
able of producing welds with fewer defectsin the
flat positionthan in other welding positions. The
result is fewer repairs. Also, a joint can be filled
with fewer passes by taking advantageof the high
depositionrates in the flat position. Welds made
with a minimum of passes generally have lower
welding stressesand associated distortion. How-
ever, heat input limitations must be observed
with some alloy steels.

TYPES CE' POSITIONING

Positioning can be done with one, two, or
three different motions. One motion is rotation
about one axis. This is normally accomplished
with turning rolls or headstock and tailstock
arrangements, both of which rotate the assembly
about a horizontal axis.

Two motion positioning isacombination of
rotation and tilting. It is normally accomplished
with a positionerthat has a tiltingtable as well as
rotation. Three motion positioning is accomp-
lished by adding vertical movement with an ele-
vatingdevicein the machine base, thus providing
rotation, tilt, and elevation.

TURNING ROLE

Turning rolls are used in sets, as shown in
Fig, 4.6. Each set consists of one powered roll
and one or more idler rolls, eachroll having two
or more wheels. Turning roll design is quite sim-

ple; a set of rolls normally consists of a fabricated
steel frame, wheels, drive train, drive motor, and
controls. Simplicity of design offers low initial
cost as well as low maintenanceand repair costs.
Standard models can be used for many appli-
cations.

Turning rolls can be manufactured to spe-
cific requirements, such as wheel construction
and surface composition, weldment weight and
diameter, special motions, and unitized frames.

Usage of turning rolls is normally limited to
rotation of a cylindrically shaped weldment
about its horizontal axis. Noncylindrical assem-
blies can also be rotated on turning rolls using
specialround furturing to hold the assembly. The
fixtures rest on the turning rolls.

Turning rolls can position a seam for man-
ual, semiautomatic, or machine welding in the
flat position. With machine welding, circumfer-
ential welds maybe rotated under a fixed welding
head. Longitudinal welds can be made with a
welding head mounted on a traveling carriage ot
manipulator.

HEADSTOCK - TAILSTOCK
POSITIONERS
General Description

A headstock is a single-axis positioning
device providing complete rotation of a vertical
table about the horizontal axis. This device pro-
vides easy access to all sides of a large weldment
for welding in the flat position and for other
industrial operations.

A headstock is sometimes used in conjunc-
tion with a tailstock, as shown in Fig. 47. A
tailstock is usually of the same configurationas
the headstock, but it is not powered. A simple
trunnion, an outboard roller support, or any
other free-wheelingsupport structure best suited
tothe configurationof the weldment may be used
in place of a tailstock.

In all instances, precise installation and
alignment of a headstock-tailstockpositioner is
essential so that the axes of rotation are aligned.
Otherwise, the equipment or the weldment may
be damaged.

Generally, the concept and application of
headstock-tailstock positioners are much the
same as lathes used in machine shop operations.

(WS
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Fig. 4.6—Tuming rolls

However, in welding fabrication, the applica-
tions can be more versatilewith the use of special
fixturesand the addition of horizontal orvertical
movement, or both, to the bases of the headstock
and tailstock.

A headstock may be used independently for
rotating weldments about the horizontal axis
provided the overhanging load capacity is not
exceeded with this type of usage. An example is

the welding of elbows or flanges to short pipe
sections.

Applications

Headstock-tailstock positionen are well
suited €orhandling large assemblies for welding.
Typical assemblies are structural girders, tiuck
and machinery frames, truck and railroad tanks
and bodies, armored tank hulls, earthmoving
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Fig. 4.7—Headstock-tailstock positioner

and farm equipment components, pipe fabrica-
tion, and large transformer tanks. A headstock-
tailstock positioner is sometimesused in conjunc-
tion with one ormore weldinghead manipulators
or other machine welding equipment. Approp-
riate fixtures and tooling are needed with a
headstock-tailstockpositioner.

Sound engineeringprinciples and common
sense must be applied in thejoining of an assem-
bly held in a headstock-tailstock positioner.
Most long and narrow weldments supported at
the ends tend to sag under their own weight or
distort slightly as a result of fabrication, Rigid
mounting of a weldment between the two posi-
tioner tablesis to be avoided when the headstock

and tailstock are installed in fixed locations. Dis
tortion from welding may damage the equipment
when the weldment is rotated.

A flexible connection must be provided at
each end of a clamping and holding fixture
designed to accommodate a weldment between
the headstock and tailstock tables. A universal
joint or pivot trunnion in the fixture is recom-
mended to compensate for tolerances in the
weldrnent components.

Consideration must be given to the inertia
of rotation of a large weldment when selecting
the proper capacity of the headstock. The larger
the polar moment of inertia, the greater is the
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required torque to start and stop rotation.) When
one ormore more componentsof aweldment are
at considerable distances from the rotational
axis, the flywheel effact created by this condition
can have serious effects on the headstock drive
and gear train, Under such circumstances, rota-
tion speed should be lowto avoid excessivestart-
ing, stopping, and jogging torque, and possible
damage to the drive train.

Where usages involveweldments with a sig-
nificant portion of the mass located at some
distancefromthe rotation centerline, it is advisa-
ble to select a headstock capacity greater than
that normally needed for symmetricalweldments
of the same mass.

Features and Accessories

Toprovide versatilityto headstock-tailstock
positioners, many features and accessories canbe
added. The following are the more common
variations used with this equipment:

(1) Variable speed drive

(2) Self~entering chucks

(3) Automatic indexing controls

(4) Powered elevation

(5) Power and idler travel Camiages with
track and locking devices

(6) Through-holetables

(7)Powered tailstock movement to accom-
modate varying weldment lengths and to facili-
tate clamping

(8) Digital tachometers

TURNTABLE POSITIONERS

Description

A turntable is a single-axis positioning
devicethat providesrotation of ahorizontal table

1. The unbalanced torque required to accelerats or
decelerate a rotating body is related to the polar
moment of inertia of the body and the angular acceler-
ation by the following equation:

T,=Jya
where
T, = unbalanced torque

Jyy = polarmoment ofinertiaofthemassabout
the axis of rotation

a = accelerationor deceleration, radians /s/s
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or platform about a vertical axis, thus allowing
rotation of a workpiece about that axis. They
may range in sizefrom a smallbench unitto large
floor models. See Fig. 4.8.

Fig. 4.6—A typical turntablepositioner

Applications

Turntable positionem are availablein capac-
itiesfrom 50 Ib to 500 tons and larger. They are
used extensively for machine welding, scarfing
and cutting, cladding, grinding, polishing, as-
sembly, and nondestructive testing. Turntables
can be built in a “lazy susan” concept to index
several assemblies on a common table. Several
smaller turntables are mounted on the main table
together with an indexing mechanism.

Features and Accessories

A turntable positionercan beequipped with
a number of optional features and accessories.
The following are some popular adaptations:

(1) Constant or variable speed drive

(2) Manual rotation of the table

(3) Indexing mechanism

@) Tilting base

(5) Travel carriage and track

(6) Through hole in the center of the table

(7)Digital tachometer

TILTING-ROTATING POSITIONERS

General Description

Where versatility in positioning is required
for shop operations, a tilting-rotatingpositioner
is recommended. In most cases, the positioner
table can be tilted through an angle of 135
degrees including the horizontal and vertical
positions. The turntable mechanism is mounted
on an assembly that is pivoted in the main frame
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of the machineto provide atilt axis. Thetilt angle
is Limited by the design of the frame, Two som-
mon configurations of geardriven tilting posi-
tioners differ by the limitation imposed bythe tilt
mechanism.

A flat-135° positionercantilt the table from
the horizontal through the vertical to 45 degrees
past the vertical. A typical positioner of this type
is shown in Fig. 4.9.

To provide clearance for the table and
weldment when tilted past the vertical position,
the base may be mounted on legs which enable
the positioner to be raised to an appropriate
height for the load to clear the floor.

The other common configurationfor gear-
driven tilting positioners is the 45°-90° design.
This type can tilt the table from %0 degrees for-
ward through the horizontal to 45 degrees back-
ward, A typical 45°-90° positioner is shown in
Fig. 4.10. This design is most common in large
sizes, and is available in capacities from about
40,000 to several million pounds.

The basic capacity rating of a positioner is
based on (1) the total load (combined weight of
the workpiece and the fituring), and (2) the
location of the center of gravity (CG) of the
combined load. Two dimensions are used to
locate the CG of the combined load: (1) the
distance firam the positioner table surface to the
CG of the combined load, and (2) the distance
from the axis of rotation to the CG of the com-
bined load, referred to as ecesntricity (ECC).
Thus, it is common practice to rate a positioner
for a given combined load at a given CG and
ECC. Theload that canbe placed on a positioner
will be less than the rated basic capacity if the CG
of the load is further than 12 in. from either axis.

Thereisabroad overlapin basic capacityof
the two common types of positioners. The selec-
tion depends upon the application.

A positioner can have two functions. One
function is to position or place the weldment
where the welds canbe made in the flat position
and are easily accessible for welding. The other

2. The center of gravity of abody is that point where
the body would be perfectly balanced in all positions if
it were suspended at that location.

function is to provide work travel for welding
with a stationary welding head.

If work travel is intended, the drive system
for rotation must have variable speed, Com-
monly, travel about the rotation axis is used to
make circumferential welds. The tilt axis is less
frequently used for work travel, and is usually
equipped with a constant speed drive.

Drop-Center Tilting Positioners

For special work when it {3 advantageous
to use the tilt drive for work travel, a tilting
positioner of special design can be used. An
example of usingwork travelabout thetilt axisis
the fabrication of hemispherical pressure vessel
headsfromtapered sections. The welding fucture
is mounted on the positioner table so that the
center of a {ixtured head coincideswith the posi-
tionertilt axis. Rotation around the tilt axis must
be provided for welding the meridian seams.

The drop-center variation of the 45°-90°
positioner is particularly useful for this applica-
tion. In aconventionally designed positioner, the
surface of the table is not on the tilt axis but is
offset by a distance called inherent overhang.
This distance may vary from a few inches to I8
inches depending on positioner size.

Forrotationaboutthetilt axis, thecenterof
the hemispherical head must coincide with that
axls, Thisoften poses problems in mounting such
a weldment on a standard tilting positioner
because of is inherent overhang.

To avoid this difficulty, a drop-cznter posi-
tioner isused. It is usuallyof the 45°-90° configu-
ration, but the trunnion assembly is modified so
that the tilt axis lies in or below the plane of the
table face, Then, a hemispheric head can be
mounted so the center is on the tilt axis. The
arrangement of a hemisphere on atypical drop-
center positioner is shown in Fig. 411.

The maximum size of weldments that can
be handled on adrop center positionar is [imited
by the distance between the verticalside members
of the base. Also, this type of positioner requires
more floor space than aconventional positioner
with the same table size because the tilt journals
must be outside the table rather than beneath it.
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Fig. 4.10—Typical 45°-99° tifting positioner
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Hemisphere

Tilt ax-ils —\

Rotation axis —/

Fig, 411—Amangement of a hemispherical head on a drop-center tilting positioner

Powered Elevation Positionem

When a positioner is intended for general
purpose applicationinaweldingshop, a flat-135°
positioner with powered elevation generally is
recommended because it is more versatile than a
45°-90° positioner. The ability to raise the chassis
of aflat-135° positioner to permit fuli tilting of
large weldments is particularly useful. A stan-
dard positioner must be raised and lowered with
a shop crane while the positioner is unloaded.
Thislimitation is avoided when g powered eleva-
tion positioner is used for the application. The
positioner,loaded or unloaded, can be raisedand
lowered under power with integral rack and pin-
ion orjackscrew drives. A typical poweredeleva-
tion positioner is shown in Fig. 4.12. Powered
elevationpositionen arethe most versatile of the
gear driven types, but they are the most costly.
They are availablewith capacities up to about 60
tons.

Figure4.13 shows how a powered elevation
positioner can b¢ used in the fabrication of a
flanged cylinder. In View A, the axis of the spool
is horizontal and the girth welds are made. The
operator then tilts the table up 45 degrees and

makes the first fillet weld in the optimum posi-
tion, shown in View B. In View C ,the chassis is
elevated and the table tilted down 45 degrees to
make the second fillet weld.

Special Positionem

There are a number of variations of the
basictilt-plus-rotationpositionen that areuseful
for specific applications. A sky hook positioner,
shown in Fig. 4.14, is basically a turntable
mounted on the end of a long arm. The arm is
attached to aheadstock that provides tiltingcap-
ability. This configuration provides unlimited
rotation aboutboth the tilt and the rotation axes.

A positioner can be part of an automatic
weld station to provide movement of the weld-
ment during welding. Positioners can be inte-
grated with welding robots to provide additional
programmable axes for the robot system.

SAFETY

The use of medhenical positioners rather
than manual labor to position weldments during
welding should reduce the likelihood of injury
during the operation. For safety, a weldment
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Fig, 4.12—A typical powered elevation positioner with the weldment in a 135 degree position

must be firmly mounted on apositioner sothat it
will not move or fall off during welding and allied
operations.

The weldment or the furture may be bolted
or welded to the positioner table. In either case,
the fastening means must be strong enough to
hold the work secureunder any condition of tilt
or rotation. The reaction loads at the fastening
locations must be calculated or estimated to
ensure that the load is secured by fasteners of
proper design. Methods for attaching a weld-
mentor furture to a positioner table arediscussed
later.

Positioners are designed to be stable when
loaded within their rated capacity, but may be
unstable if overloaded. Tilting positionem may
be unstable duringtilting because of theinertiaof
the load. Injury to personnel or damage to
equipment could be serious if an overloaded
positioner suddenlytipped during operation. For
this reason, positioners must be fastened to the
floor or other suitable foundation for safe opera-
tion. The instructions provided by the manufac-
turer concerning foundation design and fasten-

ing methods must be carefully followedto assurs
a safe installation.

Overloading of positionen, which is fre-
quently practiced by users, cannot be condoned.
It ispossibleforauser to mount an overloadona
positioner table, tilt it to the %0 degree position,
and be unable to return the table to the flat
position because of insufficient power. Shop
management must make every effort to ensure
that the equipment is operated within its rated
capacity to assure safe operation and long life. It
is imperative to accurately determine the load,
center of gravity, and eccentricity to avoid over-
load. The safety features needed in positioning
equipment include thermal- or current-limiting
overload protection ofthe drive motor, low volt-
age operator controls, a load capacity chart, and
emergency stop controls.

The areasurrounding the work station must
be clear to avoid interference between the weld-
ment and other objects in the area. Sufficient
height must be provided for weldments to clear
the floor. Manual or powered elevation in posi-
tioner bases is recommended for this purpose.
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Fig. 4.13—Welding a flangedcylinder with a
powered elevation positioner

When using powered weldment clamping
fixtures, a safety electrical interlock should pre-
vent rotation (or elevation where applicable)
until the clamping mechanism is fully locked to
theweldmentcomponents. The use of proximity
and limit switches is also advisable, especially in

the positioning of oversized loads to avoid over-
travel or collision of the weldment with the £loor
or other obstructions.

TECHNICAL CONSIDERATIONS
Center of Gravity

Correct use of a positioner depends on
knowing the weights of the weldment and fix-
ture, if used, and the location of the center of
gravity (CG)of the total load. The farther the
center of gravity of the load is from the axis of
rotation (ECC), the greater is the torque required
to rotate the load. Also, the greater the distance
from the tablesurfaceto the CG, the larger is the
torque required to tilt the loed.

Consider a welding positioner that has the
worktable tilted to the vertical position. Figure
4,15(A) shows the worktable with no load. In
Fig. 4.15(B), a round, uniform weldment has
been mounted on the worktable concentric with
the axis of rotation. The center of gravity coin-*
cides with the axis of rotation. The torque
required to maintain rotation of the weldment is
only that needed to overcome friction in the
bearings. However, tarque is required to acceler-
ate or decelerate the weldment.

In Fig. 415C), an irregular weldment is
mounted with its center of gravity offset fromthe
rotation axis. In this case, torque is required to
rotate the weldment, and is equal to the weight
multiplied by the offset distance (moment amm).
If a 5000-{b weldrnent has its center of gravity
located 10 in. from the rotation axis, it will
require a minimum torque of 50,000 Ibf * in. to
rotate it. The positioner must have enough drive
capacity to provide this torque.

The same consideration would apply to a
vessel being rotated by turning rolls. If the center
of gravity of the vessel is not on the rotation axis,
the turning ralls must provideenough tractionto
transmit the required torque for rotation.

Location of the center of gravity of the load
is also important in the tilting action of welding
positioners. When the loaded tableis in the verti-
al position, the load exerts atorque around the
tilt axis as shown in Fig. 4.16. The torque (J) is
equalto the weight (W) of the load multiplied by
the distance from its center of gravity to the tilt
axis of the positioner. The tilt axis of most con-
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f Fg. 4.76—A sky hook posiioner
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Fig. 4.15--Fffect of location of the lpad center of gravity on rotational torque

Copyright by the American Welding Society Inc
Sat Jul a5 10:35:33 1997



Copyright by the American Welding Society Inc
Sat Jul a5 10:35:33 1997

AUS WHB=5 CH¥Y4 *x BE 07842L5 0009854 1 B

170/ FIXTURES AND POSITIONERS

S

Fig, 4, 76~Eifect of lpcation of boad cenler of gravity on &t torque

ventional positioners is located behind the table
face for a length called the inherent overhang
(I0). This length must be added to the distance
(D) between the center of gravity of the load and
the table face when calculating the tilt torque
with the following equation:

T =WwW{0+D)
where
T = tilttorque, Ibf* in,
W = weight of the load, Ib
IO = inherent overhang, in.

D = distanes from the table to center of
gravity of the load, in.

Manufacturers of pasitioners usually attach
arating table to their positioners that specifies the
torque ratings in tilt and rotation, the inherent
overhang, and the load capacity at various dis-
tances between the center of gravity of the load
and the table. An example of such a table is
shown in Fig. 4.17,

For turningrolls, the tractive effort required
to be supplied by the rolls can be caleulated with
the following formula:

TE= WD|R
where
TEQD tractiveeffort, Ib
W = weight of the load, Ib

D = the distance from the axis of rotation
of the load to the center of gravity, in.

R = radius of the load or holding fixture, in,

The tractive effort rating of the rolls should
be about twice the calculated value to allow for
drag and misalignment.

Do select a proper positioner for a given
weldment, the location of the center of gravity
has to be known to determine the required
torque. This can often be obtained from the
engincering office, but if not, it can be calculated
or be determined experimentally from a sample
weldment,

The center of gravity of a symmetrical
weldment of uniform density is at the geometric

Fig. 4.97~Typical nameplate for a
tilting positioner
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cer er. For ex mple, the center of gravity of a
cylinder is located on the center axis at the mid-
point of the length.

Calculating the Center of Gravity, The En-
ter of gravity with respect to mutually perpendic-
ular X, ¥, and Z axes of a nonsyminetrical
weldment can be determined by dividing it into
simple geometricshapes. The center of gravity of
each shape is calculated by formulas found in
standard mechanical engineering or machinery
handbooks. The location of thecenter of gravity
of the total weldment with respectto selected X,
Y, and Z axes is determined by a transfer formula
of the form:

Aa +Bb; +Co, ...,
A+B+C+. . ...

y:

where

y = distance from the X axis to the com-
mon center of gravity

ADO weight of shape A
B = weight of shape B
Co weight of shape C

a,0 distance from X axis to center of grav-
ity of A

b, = distance from X axis to center of grav-
ity of B

¢, = distance from X axis to center of grav-
ityof C

Additionalcalculationsasrequired aremade
to determine the location of the common center
of gravity fromthe ¥ and Z axes. Theshop must
be able to physically locate the positions of the
selested X, ¥, and Z axes with respect to the
weldment.

Finding the Center of Gravity by Experi-
mentation, There are two practical methods of
findingthe center of gravity without the need for
calculations in the shop. The first method can be
used to find the center of gravity of small box-
shaped weldments, The weldment is balanced on
a rod under one flat surface, as shown in Fig,
4.18(A). A vertical line is made oR thp weldment
above the rod. The weldment is rotated to an
adjacent flat surfaceand the procedurerspeated,
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Fig. 4,18(B). The center of gravity lies on a line
passing through the intersection of the two lines.
The location of the center of gravity in a third
direction can be found by repeating the proce-
dure with aflatsurfaceperpendiculartothe other
two.

2

(a)

&
g Gl 2

{8

Flg. 4.18—Method of finding the center
of gravity by halancing on a red
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In the second method of experimentally
finding the center of gravity, a hoist can be used,
The center of gravity of the weldment will settle
under asingle lifting point. When a plumb bob s
suspended from the lift hook, a chalk mark along
the line will pass through the center of gravity, as
shown in Fig. 4.19(A). A second lift from a dif-
ferent point on the weldment will establish a
second linethat pinpoints the center of gravity at
the intersection of the two Lires, Fig. 4.19(B).
(The marks from the balancing bar method were
left on the weldment to show that both methods
indicate the center of gravity at the same loca-
tion.) A scale also might be used during lifting to
obtainthe weight of the weldment.

Attachment of the Weldment

With any type of positioning equipment
involvinga rotating ortiltingtable, the weldment
must be fastened to the table, In the case of
horizontal turntables, fastening serves only to
prevent the weldment from being accidentally
dislodged from the table. Where the positioner
table will be usedin positions other than horizon-
tal, the fastening means must firmly hold the
weldment to the table in any work position.

When the positioner table is horizontal, as
in Fig. 4.20(A), the only force tending to move
the weldment from the table is the centrifugal
force of rotation. Attachment requirements are
minimal at low rotation speeds. As the table is
tilted, the weldment tends to slide off the table
because a component of the weight acts parallel
to the table, Fig. 4,20(B). The attachments must
havesufficient strength inshearto preventsliding
of the weldment. The shearing force increasesas
the table tilt angle increases, and is equal to the
weight of the weldment at 80° tilt, Fig. 4.20{C).

During tilting, a point is reached where the
weldment would rotate about lower fasteners if
not restrained by upper fasteners. The restraint
results in tensile force on the upper fasteners[F;
and F, in Figs. 4.20(C) and (D)}: The amount of
tensile force depends on the weight and geometry
of the weldment, oy

The moment of the weldment about the (8)
lower fasteners Pis the product of the weight ¥/
and the horizontal distance x between the center Fig, 4.19—/ethod of locating the center
of gravity and the lower fasteners. As the tilt of gravity with a hoist

N’

W
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Fig. 4.20—Effects o tilting and weldmentgeometry on positioner fastener requirements

angleincreases,the horizontal distanceincreases.
The weight moment is balanced by the moment
of the tensile force on the upper fasteners.

Assume that the weldments in Figs. 4,2(C)
and (D) have equal weights, ¥, but the one in
(D) is longer and narrower than the onein (C),
Theforce, F,in both cases, can be determined by
the followingequation:

F = Wxly
where
X = horizontal distancebetween P and CG

y 0O vertical distance between P and F

In the two cases, x, is greater than x;, and y,
is less than y,. Therefore, F, is greater than £,
Accordingly, the attachments for the weldment
in Fig. 4.20(D) must be stronger than those in
Fig. 4,20(C). In both cases, all attachments must
have sufficient strength to withstand both the
shearing force and the tensile force.

There are two common methods employed
to hold a weldmenf to apositioner table: bolting
and welding. Most tables are provided with slots
for mounting bolts and some manufacturers
supply T-nuts which match the slots. The largest
bolts that will fit the slots should always be used
to avoid failure of the attachment. As a general
rule, a weldment with similar base dimensions
and height can be safely mounted using four
bolts of a diameter that is slightly less than the
slot width in the table. If a weldment isunusually
tall with respect to its base dimensions, the force,
F, on the mounting bolts should be calculated as
described previously, The distance y should be
the minimum bolt spacing to be used. The caleu-
lation assumesthat allthe load is on a singlebolt,
and is therefore conservative. Generally, neither
the table nor the workpiece are flat, which makes
this assumption valid.

The mounting bolts, properly tightened,
will normally provide adequate shear resistance
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to prevent the weldment from sliding off the
table. If there is any doubt that the load is ade-
quately contained against sliding, steel stop
blocks should be placed against the base of the
weldment and tack welded to the fable.

A weldment can be fastened to the table
with temporary welds. The required size and
length of each tack weld to carry the applied
force, F, or shear load, orboth should be deter-
mined as described in Chapter 1 of this Volume.
Whenthe job is completed, the tack welds are cut
looseafterthe table is returned to the flat position
orafter the weldment is adequatelysupported by
shoring or a hoist.

If welding directly to the positioner table is
objectionable, a waster plate can be securely
bolted to the table and the weldment welded to
the plate. The waster plate can bereplaced, when
necessary.

Work Lead Connection

Welding positioners that support a weld-
menton rotating members should provide some
means of carrying the welding current from the
weldment to a point on the chassis where the
work lead is connected. It would be impractical
to continually relocate the work lead on the
weldment as the table is rotated.

Two common methods for conductingweld-
ing current from the table to the base are sliding
brushes and bearings. Either method can be satis-
factory if properly designed, constructed, and
maintained.

Slidingbrushes are usually made of copper-
graphite matrix, graphite, or copper. Several
units are employed in parallel to provide ade-

quate current capacity. The brushes are spring-
loaded to bear against a machined surface on a
rotating element. For proper operation, the
brushes and rotating surface must be clean, the
brushes must have the proper length, and the
spring load must be adequate. Brushes should
not be lubricated.

Conducting bearings must be properly de-
signed and adequately preloaded. If the bearing
preload is lost by mechanical damage, improper
adjustment, or overheating of the spindle, the
bearings can be damaged by internal arcing
between bearing surfaces. In normal usage, this
system requires little maintenance.

The user’s work lead connections must be
adequate in size and properly attached to the
positioning equipment in accordance with the
manufacturer’s instructions.

Poor connections in the welding circuit will
cause explicable fluctuations in arc length, vary-
ing joint penetration, orchangesin bead shape. If
the positioner rotating connection is suspected, it
can be checked by measuring the voltage drop
under actual arcwelding conditions. Thevoltage
drop should be low (0.1 to 0.25V), but more
important, it should be constant. The cause of
excessive voltage drop or fluctuation across the
connection must be determined and corrected.

Metric Conversion Factors

11b=0.454 kg

1° = 0.0175 radians
1in. =254 mm
{1Ibf*in. =0.113N*m
1 ton = 907 kg

L
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INTRODUCTION
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MEANING CF AUTOMATION

The term automation in manufacturing
implies that some or all of the functions or steps
in an operation are performed automatically by
mechanical or electronic devices. Some opera-
tions may beautomated to adegree but with cer-
tain functions or steps performed manually (par-
tial automation). Other operations may be fully
automatic with all functions and steps performed
by the equipment in proper sequence without
adjustment by an operator (total automation).
Loading and unloading of automaticequipment
may be done manually or mechanically.

Automation can be applied to many weld-
ing processes, brazing, soldering, thermal cut-
ting, and auxiliary operations. Automatic equip-
ment maybe designed to accommodate a specific

. assembly or family of similar assemblies with

minor adjustments (fixed automation). On the
otherhand, the equipment maybe flexibleinthat
the sequence of functions or steps can be readily
programmed to perform the same operation on

different components or assemblies (flexible
automation),

WHEN TO USEAUTOMATION

Regardless of the degree of sophistication,
the objectives of automation are to reduce manu-
facturingcosts by increasingproductivity, and to
improve product quality and reliability by reduc-
ing or eliminating human errors. Other possible
benefitsincludereductions in overallfloor space,
maintenance, and inventory. More balanced and
controlled production scheduling often results
from a consistentlyuniform high quality output.

Automation can be. a success or failure
dependingon the application. A successful appli-
cation requires careful planning economic justi-
fication, and the full cooperation and support of
management, product designers, manufacturing
engineers, labor, and maintenance. Major fac-
tors that should be carefully analyzed to deter-
mine if automation is feasible include the pro-
duct, plant and equipment, and costs.'

FUNDAMENTALS OF WELDING AUTOMATION

Automation involves morethan equipment
or computer controls, it is a way of organizing,
planning, and monitoring a production process.
The procedures, systems, and production con-
trols for the manual welding that is to 3¢ replaced

are usually insufficient for automatic welding,

Most manual welding methods rely heavily upon
the knowledge, skill,andjudgement of the welder.

1. The economicsof welding automationand robotics

are discussed in Chapter 3.

178
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To successfully produce sound welds auto-
matically, the equipment must be able while
making a weld to perform in much the same
manner as a welder or welding operator. Auto-
matic welding equipment is not intelligent, nor
can it make complex judgements about welds.
Nevertheless, methods and procedures for auto-
matic welding must anticipate and deal with
judgemental factors. Many of the topics that
should be considered when acquiring automatic
welding equipment and in developing automatic
welding procedures, methods, and production
controls are discussed here.

MACHINE WELDING

In machine welding, the operation is done
by the welding equipment, not a welder, under
the constant observation and control of a weld-
ing operator. The equipment may or may not
perform the loading and unloading of the work.
The work may be stationary while a welding
head is moved mechanically alongthe weldjoint,
of the work may be moved under a stationary
welding head.

Machine welding can increase welding pro-
ductivity by reducing operator fatique, and by
increasing the consistency and quality of the
welds. Theequipmentshould control the follow-
ing variables when arc welding:

(1) Initiation and maintenance of the weld-
ing arc

(2 Feeding of the filler metal into thejoint

(3) Travel speed along thejoint

In machine welding, the welding operator
must be near to the point of welding to closely
observe the welding operation. The operator
interacts continuously with the equipment to
assure proper placement and quality of the weld
metal. Machine weldingshould provide the weld-
ing operator with sufficienttime to monitor and
control the guidance aspects of the operation as
well as the welding process variables. Weld qual-
ity can be enhanced as aresult of proper control
of process variables. Additionally, a smaller
number of weld starts and stops with machine
weldingreduces the likelihood of certain types of
weld discontinuities.

Machine welding devices generally fit into
one of the following categories:
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(1) Machine carriages

(2) Welding head manipulators

(3) Side-beam carriages

(4) Specialized welding machines

(5) Positioners, turntables, and turning
rolls.?

Thesetravel devices provide means for mov-
ing an automatic welding head relative to the part
beingwelded or vice versa. Machine welding can
be used with most fusion welding processes.

Machine Carziages

A welding machine carriage provides rela-
tively inexpensive means for providing arc mo-
tion. A typical carriagerides on a linear track or
curved track of the same contour as the joint to
be welded, as shown in Fig. 5.1. Somecarriages
are specifically designed to ride on the surface of
material being welded in the flat position, and
some use the material for joint guidance, The
travel speed of the carriage is a welding variable,
and uniformity is important to weld quality.
Tractorsarcused primarily for weldingin the flat
or horizontal position.

Fig. 5.1-~Welding machine carriage with a
submerged arc welding head

2. Positioners, turntables, and turning rolls are dis-
cussed in Chapter 4.
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Welding carriages may be employed for
welding in the horizontal, vertical, or overhead
positions. Others maybe designed to followirreg-
ularjoint contours. They employ a special track
upon which the welding carriage is mounted.
Since the welding operator must continually
interact with the controls, the carriage controls
and the welding controls are typically placed
within easy reach of the operator. This type of
welding equipment is used for cylindrical and
spherical tanks, aircraft and missile assemblies,
etc. The rigidity with which the welding carriage

is held to the track and the uniformity of travel
are critical to good performance.

Welding Head Manipulators

A welding head manipulator typically con-
sists of a vertical mast and a horizontal boom
that carries an automatic welding head. A large
welding head manipulator carrying a twin sub-
merged arc welding unit is shown in Fig. 5.2.
Manipulatorsusually have power formoving the
boom up and down the mast, and in most units
the mast will swivel on the base. In some cases,

Fig. 5.2—Welding head manipulator carrying a twin submerged arc welding unit
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the welding head may move by power along the
boom, while in others the boom itself may move
horizontally on the mast assembly.

It is essential during operation that the
boom or welding head move smoothly at speeds
that are compatible with the welding process
being used. The carriage itself must also move
smoothly and at constant speedsifthe manipula-
tor is designed to move along tracks on the shop
floor. In selecting and specifying a welding
manipulator, it is important to determine the
actual weight to be carried at the end of the
boom. Itis essentialthat the manipulator be rigid
and deflection minimized during the welding
operation.

Automation and Control | 18]

Welding manipulators are among the most
versatile types of machine welding equipment
available, They are used to position the welding
head for longitudinal, transverse, and circular
welds. Heavy duty manipulators are specifically
designedto support the weight of the operator as
well as that of the welding equipment. All of the
welding and manipulating controls are placed at
the operator station (Fig, 5.2),

Side-Beam carriage

A side-beam carriage consists of a welding
carriage mounted on a horizontal beam, =
shown in Fig. 5.3. It provides powered linear
travel for the welding head.

Fig. 5.3—Side-beam carriage with gas metal arc welding head
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The powered welding carriage supports the
welding head, filler wire feeder, and sometimes,
controls for the operator. Typically,the welding
head on the carriage is adjustable for vertical
height and transverse position.

During operation, the welding process is
monitored by the welding operator. Welding
position is manually adjusted to followjoints that
are not in good alignment. Travel speed of the
side-beam carriage is adjusted by the operator to
accommodate different welding procedures and
variations in part fit-up.

Special Welding Machines

Specialized welding machines are available
with custom workholding devices, torch travel
mechanism, and other specificfeatures. Applica-
tions includeequipment for makingeircumferen-
tial and longitudinal welds on tanks and cylind-
ers, welding piping and tubing, fabricatingflanged
beams, welding studs or bosses to plates, and for
performing special maintenance work, such as
the rebuilding of track pads for crawler type
tractors.

One common type of special welding ma-
chine rotates a welding head around the axis ofa
relatively small diameter part, such as the spud
on a tank or a boss on a plate, as shown in Fig.
54. The welding gun makes a fillet weld joining

the boss to the plate. These machines are quickly
adjustable for different sizes of spuds or bosses.

AUTOMATIC WELDING

Automatic welding is done with equipment
that performsan entirewelding operation without
adjustment of the controls by awelding operator.
An automatic welding system may or may not
perform the loading and unloading of the com-
ponents. A typical automatic arcweldingmachine
that welds a bracket to atube is shown in Fig. 5.5.

The equipment and techniques currently
used in automatic welding are not capable of
controlling the operation completely. A welding
operator is required to oversee the process. An
important aspectof automatic welding isthat the
operator need not continuously monitor the
operation. Compared to machine welding, this
tends to increase productivity, improve quality,
and reduce operator fatigue.

A welding operator, although not directly
controlling the welding process, requires several
skills to operate and interact with automatic
equipment. The operator is responsible for the
proper operation of acomplex electromechanical
system,and must recognize variations from nor-
mal operation. Deductive skills may be required
if the welding operator cannot directly view the
actual welding process.

Fig. 5,4—Joining bosses to a plate part hy automatic gas metal arc welding
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Fig. 5.5—Automatic arc welding machine for joining a bracket to a tube

All of the elements required for machine
welding are utilized in an automatic welding sys-
tem. Continuous filer wire feeding, where used,
arc movement, and workpiece positioning tech-
nology are basic to automatic welding. Auto-
matic welding requires welding fixtures to hold
the component parts in position with respect to
each other.? The welding fixtures are usually
designed to hold one specific assembly and, by
minorvariation, may allow for a family of similar
assemblies. Because of the inherent high cost of
design and manufacture, the use of welding fix-
tures is economical only in high volume produc-
tion where large numbers of identical parts are
produced on a continuous basis.

Automatic welding also requires that the
parts to be joined be prepared ina consistent and
uniform manner. Barts must be uniform if the
resultant welds are to be uniform. Therefore, part
preparation for automatic weldingisusually more
expensivethan for manual or machine welding.

3. Welding Fixtures are discussed in Chapter 4.

Automaticweldingrequires a complex weld-
ingcycle controller that must provide for control
of the welding operation as well as the material
handling equipment and component fixturing.
The controller must precisely time a complex
sequence of operations.

The successful application of automatic
welding offers the following advantages:

(1) Consistent weld quality

(2) Reduced variable welding costs

(3) Predictable welding production rates

(4) Integration with other automatic opera-
tions on the weldment

(5) Increased productivity as a result of
increased welding speeds and filler metal deposi-
tion rates

Automatic welding has limitations, includ-
ing the following:

(1) Capital investment requirements are
much higher than for manual or machine weld-
ing equipment.

(2) Dedicated fixturing is required formu-
rate part location and orientation.

(O
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(3) Elaborate arc movement and control
devices with predetermined welding sequenceare
required.

(4) Production requirements must be large
enough to justify the costs of equipment and
installation, the training of programmers, and
the maintenance of the equipment.

The welding machine controller is the pri-
mary element of an automatic welding system.
Many automatic welding controllers are net-
works of electrical and electromechanical hard-
ware including relays, switches, contacts, timers,
rheostats, potentiometers, pushbuttons, and
lights. Recent designs make use of microproces-
sors and minicomputers for automatic welding
control. A microprocessor panel is shownin Fig.
5.6. Softwareis usedin place of the former com-
plex electromechanicalhardware.

FLEXIBLE AUTOMATED WELDING

Inflexibleautomated welding, a numerical
control or computer control program replaces
complex fixturing and sequencing devices of
fixed automated welding. The welding program
can be easily changed to accommodate smalllot
production of several designs that require the
same welding process, while providing produc-
tivity and quality equivalent to automatic weld-
ing. Small volume. production of similar parts
canbe produced automatically in a shorttime. A
flexiblesystem can be easily reprogrammed fora
new part.

An industrial robot is the most flexible of
the automated systems used in manufacturing
operations. A robot is essentially a mechanical
devicethat can be programmed to perform some
task of manipulation or locomotion under auto-

Flg. 5,6-—Microprocessor panel for 2 welding machine



AUS WHB-5 CH*5 xx W 07842L5 00098LE 1 M

Automation and Controll 185

matic control. A welding gun or torch can be
mounted ona “wrist” at the end of the robot arm.

Robots may be designed with various mo-
tion systems; two common systems, articulated
(jointed) and rectilinear, are shown in Fig. 5.7.
The choice of robot design depends upon the
applications for which a robot is to be used.

An automated work station is composed of
various pieces of equipment, totally integrated by
a singlecontrol. A typical station incorporates a
robot arm, a robotic work positioner, a welding
process package, and required fixturing to hold
the parts for welding.

A welding robot can be programmed to
follow a predetermined path duplicating a seam
in an assembly to be welded. With someequip
ment, this is done by moving the welding torch
along the weld joint. Signalsare sent back to the
robot controller that it can memorize the taught
motion. Afterthejobis completed,certain robots
provide for copying of the welding program for
future production of that weldment. Inaddition
to controlling the welding torch path, some
robots can also set and change welding variables.

If distortion is a significant factor or the
piece parts are not accuratelyprepared orlocated,
the weldjoint may be outside of the programmed
location. To compensate for mislocation, the
flexible or robotic welding system may require
sensoryfeedbackto correctthe program. Sensors
can provide information to the robot controller
to make real-time adaptive corrections to the
programmed path. Currently, a limited number
of sensorsand adaptive controls are availablefor
use with certain welding processes. Most of these
are adaptive for joint tracking only.

Flexible automation for welding can elimi-
nate the need for complicated customized fir-
tures, and it is finding increased acceptance in
low volume production. The inherent flexibility
of robotic systems can accommodate several dif-
ferent types of weldments at the same work sta-

tion. Furthermore, flexible welding automation (B)Rectilinear robot
can be interfaced with other automatic manufac-
turing operations. Fig. 5.7—Robotic motion systems
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EXTENT OF AUTOMATION

The extent to which automation should be
employed is governed by four factors:

(1) Product quality

(2) Production levels

(3) Manpower

(4) Investment

The importance of these factors will change
with the application and with the type of indus-
try. The decisions on how much and when to
automate can best be evaluated by examining
each factor.

PRODUCT QUALITY
Process Control

A weld is usually considered a critical ele-
ment of a fabricated component if failure of the
weld would result in serious injury or death, or
extensive damage to and loss of service of a
welded structure. For such welds, thicker sections,
additional consumables, welding process devel-
opment, proper part preparation, adequate super-
vision, or extensiveinspection andtesting maybe
specified to assure the required product quality.

Automated welding can significantly im-
prove product quality while reducing costs. By
regulating and controlling process variables, the
possibility of human error is reduced. Automa-
tion also allows the welding operator to devote
attention to other factors that can improve weld
quality. Automation of critical welds is common
in the aerospace, nuclear, and construction indus-
tries. Weldingautomationisalsobeingappliedin
many other industries.

Product Improvement

As market pressures dictate the need for
higher quality, and often at lower cost, the long
term viability of a manufacturer can hinge upon
welding automation. Often, reductions in repair
and scrap made possible through automation
can financiallyjustify conversion to automation.
A reduction in the repair and scrap costs from
about 10 percent to about 1 percent is not
uncommon. The financial benefits of quality

products and customer satisfactionare more dif-
ficultto measure. At best, they can translate into
someincreasein market share. At worst, they can
stillmean the survival of the business in the midst
of increased competition.

PRODUCTION LEVELS

Production Volume and Changeover
Time

A major factor in measuring utilization of
an automated weldingsystem is the percentage of
time the system is kept productive. Where high
production levels are required for a single or a
limited number of parts, fixed automation is
appropriate. Flexible automation should be con-
sidered if frequent model or engineering changes
are anticipated. Where production volumes are
limited,flexible automation shouldbe considered
to produce small batches of components in eco-
nomical lot sizes.

Answers to the followingquestions are use-
ful when analyzing the potential cost savings of
an automatic welding installation:

(1) How many welders are currently work-
ing or projected to be working on the assemblies
of interest?

(2) How many shifts are involved?

(3) What is the extent of welding and what
sizes of welds are needed on each assembly?

(4) How many assemblies are required per
year?

(5) What is the frequency of changeovers
(based on production batch size, model changes,
engineeringchanges, etc.)?

Floor Space

Plant floorspace is a part of product costs.
Frequently, manual welding fabrication requires
a relatively large amount of floor space because
of the number of workers required forthe op¢ra-
tions, A reduction in floor space for a welding
operation or an increase in output in the same
floor space may be an important consideration.
Therefore, automation of welding operations
should be considered where floorspaceis limited.

-

&
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Inventory

Flexible welding automation can generate
considerable savings through increased rate of
internal inventory turn-over, Savings can be
realized through reductions in the amount of
work in process and the inventory of finished
components. These reductions can lead to addi-
tional savingsin floor space. Flexibleautomation
allowsschedulingof smallerlot sizesas aresult of
reduced tooling and set up costs.

Testing and Weld Development Gsts

When automation is being evaluated, a
weldingdevelopmentand testingprogram shoutd
be undertaken to ensure that optimum welding
performance is obtained from the proposed
investmentin capital equipment. The investment
in development and testing programs should be
proportional to the expected capital outlay.

MANPOWER

Human and Environmental Factors

Manual welders are frequently required to
perform a skilled trade in a hostile environment:
noisy, dirty, and hot. Welding fumes and gases
are a potential health hazard asis the possibility
of being burned. Arc welding automation per-
mits the welding operator to work outside of the
hazardous environment. Additionally, welding
automation can relieve the operator of repetitive,
monotonous, and tiring tasks. Automation di-
rectly improves welding productivity.

Availability of Manpower

Welding shops are often limited in skilled
manpower. Skilled welders are normally in de-

PLANNING FOR

Planning is a necessary prerequisiteto suc-
cessful application of automation. Such planning
includes the identification and in-depth analysis
of potentially successful applications as well as
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mand and receive relatively high labor rates. Op-
eration of automated welding equipment by semi-
skilled operators can lead to labor cost savings.

Education and Training

The introduction of automation and tech-
nology to the manufacturing operation requires
education and training of personnel. Introduc-
tion of machine welding usually does not mate-
rially change the skills required in the shop.
However, the technology of automatic and flexi-
ble weldingsystems may require planned educa-
tion and training programs, These programs
should cover the required skillsto setup, operate,
and maintain the equipment and a basic under-
standing of the technologybeing introduced. The
availability of trained personnel or personnel
capable of being trained materially affects the
cost of automation.

INVESTMENT

A cost-benefit analysis should be made of
potential welding automation projects. The dis-
counted cash flow techniqueis generally accepted
in the metal working industry. This technique
uses a proforma annual cash flow for the
expected life of the system. Typically, a ten-year
life is more than adequate to assess the financial
impact of a welding automation system.

The estimated savings and costs that will
result from the project should be clearly identi-
fied. Weldingusually affects manufacturing costs
both upstream and downstream from the actual
welding step. Financial justification requires a
review of the financial condition of the company,
including availability and cost of capital.

AUTOMATION

planning for the implementation of the selected
automated welding systems. Companies often
form automation teams to manage and perform
therequired planning and implementation tasks.
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The team should study all pertinent factorscon-
¢erning planning, procurement, installation,and
startup of the automation project.

PRODUCT DESIGN

Designing for Automation

Most weldments are not designed for effi-
cient automatic welding. Considerable savings
can be realized by reviewing a weldment design
to optimize it for automation. The costs and
benefits of redesign should be included in the
financial analysis of a project.

Tolerances and Bt Fit-Up-

Part tolerances and joint fit-up are impor-
tant in automatic welding. The dimensional
accuracy of the parts, so Iong as they are within
functional tolerances, is not nearly as important
as the consistency. If the weld joint geometry is
consistent, automatic welding can be done with-
out the need for adaptive feedback controls. The
manufacturing processes used in the preparation
of component parts must be reviewed for consis-
tency. Costs of improving component consis-
tency must be included in the financial analysis.

Processing and Scheduling

The procedures and scheduling in most
shops were initially developed for manual weld-
ing. Conversion to automation requires new
procedures and schedulingto maximize produc-
tivity. A detailed review of subassembly designs
and component scheduling is in order. Often, an
entire family of assembliescan be fabricated with
one flexible automatic welding system,
Fixturing

When assemblies are redesigned or proce-
dures are changed for automation, new welding
fixtures are often required? Flexible automation
can significantly reduce the required investment
in new fituring.

There is a substantial differencebetweenthe
fixturing required for fixed automatic welding
and that required for flexibleautomatic welding.
Fixed automatic welding requires customized

4. Fixturing for welding is discussed in Chapter4.

furtures that provide exact weld joint locations.
In flexibleautomation, the softwareprogram can
bedesigned to avoid complex customized fixtur-
ing, Often all that is required for flexible auto-
matic welding is a tack welding fixture.

PROCESSDESIGN

Welding Process Selection and Welding
Procedures

Automation of a welding operation often

requires a change in the weldi rocess. Th
selection ofc an agppropr}}ate well(?l%gp process ang

associated welding consumables is an important
step. Procedures for automatic welding should
be qualified according to the applicable welding

codes orstandard, such as A WS D1.1, Struciural
Welding Code—Sieel,

Selection of Welding Equipment

Automatic welding systems are normally
required to operate at high duty cyclestojustify
the investment. High duty cyclesrequirethe use
of rugged heavy duty welding equipmentdesigned
for continuous operation. Water cooling should
be specified where applicable to avoid overheat-
ing of the welding equipment.

Safety

The welding operator should be prevented
fromentering the work envelopeof an automatic
welding system. However, if this is not possible,
safety interlocks are necessary to prevent injury
when the equipment is operational. The applica-
ble safe practices in Chapter 10 for the welding
process and equipment must be followed when
installing and operating automatic equipment.

FEASIBILITY TESTING

Welding tests are normally conducted to
prove the feasibility of automatic welding. The
test parts may be actual production components
or simulations. When designing weld test speci-
mens, many factors,such as part weight, moments
ofinertia, and surface conditions, may be impor-
tant to the welding process. Some of the more
common test objectives are as follows:

(1) Evaluation of weld quality and con-
sistency
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(2) Determination of welding conditions
and productioncycle times (ineludes set-uptime,
indexing times, welding time, unloading, etc.)

(3) Establishment of working relationships
with equipment manufacturers

(4) Identification of operator skills and
safety requirements

(5) Evaluation of the effects of distortion,
fit-up tolerances, heat buildup, weld spatter, etc.

(6) Provision of welded specimens for test-
ing and evaluation

Feasibility tests can be conducted by the
user, the equipment manufacturer, or a subcon-
tractor. The tests should be conducted in two or
more phases. Initial testing should t¢ performed
by the user to determine the optimum balance
between welding conditions, weld quality, and
component fit-up tolerances. The results should
be provided to the equipment manufacturer for
subsequent testing ofthe automatic equipment.
After installation inthe user’s plant, testing of the
equipment to verify production capability may
be warranted.

FACILITIES
Utilities

Electrical power, air, and water require-
ments for automatic welding equipment are usu-
ally within the ranges of typical machinery used
in a fabrication shop. One exception may be
resistance welding equipment that can require
high electrical power demands.

Where cooling water is required, a recircu-
lating cooling system is recommended to con-
serve water. A compressed air supply may
require filters, driers, or oilers.

Voltage stability in the power lines should
be measured with a recording voltmeter or cecil-
lograph. If voltage fluctuations exceed the range
recommended by the equipment manufacturer,
heavier service lines or a constant voltage trans-
former can be installed.

Location

Thefollowing factors should be considered
in evaluating the location of an automatic weld-,
ing system:
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(1) Safety —clearances,arc radiation expo-
sure, fume control, spatter

(2) Work area conditions — lighting, tem-
perature, humidity, cleanliness, vibrations

The effects of lighting, noise, and smoke on
the operator should be considered. Many auto-
matic welding operations require some observa-
tion by the operator or other attendant workers.
Therefore, working conditions in the area should
b conduciveto stable, reliable performance,

Safety requirements, such as a clear area
around the machine, can normally be determined
from the manufacturer’sspecifications. Collision
hazards include possible contacts with material
handling equipment, fuctures, hand tools, etc.,
and should receive special consideration.

Specifications

User requirements are generally written for
custom designed machines, and the specifica-
tions aremade a part of the purchase (or lease)
order. Manufacturer specificationsare used to
define standard equipment. Specifcations serve
the following purposes:

(I) Definethe performance expectations of
the purchaser and the supplier.

(2) Establishminimum quantitative require-
ments for defining the equipment.

(3) Provide uniform criteria to allow com-
parison of several vendor proposals against the
purchaser’s needs.

(4) Provide support groups (maintenance,
programming, etc.) with an information base in
preparing for delivery of the equipment.

Environment

Strict environmental requirements are not
normally specified for automatic welding equip-
ment. However, extended exposure to a hostile
environment can reduce equipment Lt When
installingautomatic welding equipment, itis best
to provide as much protection as possible. Unlike
conventionalwelding machines, automatic egaip
ment often contains vulnerable electronic and
mechanical devices. A clean environment Wil
help assure good performance and long machine
life. Potentialenvironmental problems with auto-
matic welding equipment are listed in Table 5,1,
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Table 5.1
Potentialenvironmental problems with
automatic welding equipment

Environmental )
factor Potential problem areas
Temperature Electronic and mechani-
Humidity ) cal accuracies
Common moisture  Electronic components
and rust
Salt air Electronic components
and severe corrosion
Vibration Electronicsand servo
Dust and dirt stability
Abrasive Gears, bearings, etc.
Nonabrasive Air-cooled components
Magnetic Collection on solid state
devices

Lighting, noise, fumes, ~Operator efficiency
and smoke

The environment for automatic welding
operations should meet the minimum require-
ments specified by the equipment manufacturer.
A harsh environment can rapidly degrade the
performance of the machine, create costly main-
tenance problems, and shorten the overall useful
life of the system. Considering the cost of auto-
matic welding equipment, investment in provid-
ing a suitable environment is often justified.

PROCUREMENT SCHEDULING

Scheduling the acquisition and installation
of an automatic weldingmachine can be straight-
forward for machines of standard design. These
machines include those that are inventoried and
have been tested with actual production parts by
the manufacturer. On the other hand, custom
designed systems that automate new welding
processes or involveunique and difficultapplica-
tions may require a lengthy debugging period
that can cause scheduling difficulties. A sug-
gested checklist for procurement scheduling is
givenin Table 5.2,

Table 52
Procurement scheduling checklist

1. Identify potential welding applications
2 Estimate potential costs savings

3. Research literature for similarapplication case
histories

4, Identify potential equipment suppliers

5. Perform welding tests to determine feasibility,
and identify limitations

6. Obtain approvals from engineering, manufac-
turing, quality control, and other depart-
ments, as required

7. Prepareequipment and fixturing specifications

8. Obtain budgetary proposals from potential
equipment suppliers

9. Appropriate procurement funds
10. Select an equipment supplier

11. Monitor design, construction, and test of the
equipment by the supplier

12. Install and checkout the equipment
13. Perform pilot production welding tests

14. Turn the equipment over to production

TRAINING AND EDUCATION
Skills Required

The basicjob skills for automatic welding
area good knowledge of the welding process and
training in the programming of automaticequip
ment.

Knowledge ofthe Welding Process. Fixed
automatic or flexibleautomatic welding systems
may not require a trained welder. However, a
skilled welding operator may be required by the
governing welding code or specification. Weld-
ing skills are an asset for applications where the
operator performs a decision making role. Bead
placement in multiple-passarc weldedjoints and
in-process adjustments of welding variables are
examples of duties that may require basic weld-
ing skills.
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Knowledge of Programming. The type and
level of skillrequired to program automatic weld-
ing machines varies widely. Many robots are
programmed on-linein a "teach-learn"mode by
jogging through the desired motions and entering
the welding conditions (speed, current, voltage).
No numerical programming skills and only a
nominal amount of training are required.

Othertypes of automatic welding machines,
in particular those integrated into a computer or
CNCcontrol system, may require numerical con-
trol (NC) programming skills. Programmers
experienced in APT or similar computer lan-
guages may be required.

Maintenance. Maintenance technicians
must be skilled in electronics, mechanical appa-
ratus, and often computer controls.

Training Required

Training is usually required to prepare
operators forautomatic welding,and it should be
provided by the equipment manufacturer. Other
production factors, such as part preparation,
processing procedures, welding procedures, qual-
ity control, and remedial measures may also
require special training.
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The following factors should be considered
in estimating the scope of training required;

(1) Number of controls, gauges, meters, and
displays presented to the operators

(2) Degree of difficulty in criticality of the
setup

(3) Number of steps in the operating pro-
cedure

(4) Degree of operator vigilance required

(5) Responsibility for evaluation of results
(weld quality, distortion, etc.)

(6) Corrective actions that need to be taken
or reported

(7)Required quality level

(8) Potential product liability

(9) Value of parts and completed weldments

Theoperator of a simpleautomatic welding
machine, which has little more than ON and
OFF switches and no variations in procedures,
may not require formal training but only a few
minutes of instruction by a foreman. An elabo-
rate computer-controlled electronbeam welding
machine, suck as the one shown in Fig. 5.8, may
require formal training for the operator, the
responsible engineer, and the maintenance per-
sonnel. On-the-job training can provide the

Fig. 5.8—Computer-controlled, high-vacuuin electron beam welding machine

R
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operator with a functional knowledge of the
machine. However, suchtraining isusually more
costly than classroomtraining.

PRODUCTION CONSIDERATIONS

Space Allocation

Automatic welding equipmentwillrarely fit
into the same floor space as that occupied by a
single manual welding operation, but it usually
replacesseveralwelding stations. To obtain good
production flow, floor spacerequirements forthe
entire operation should be studied in context.
Often, additional space savings may be realized
by automating other operations as well.

Material Handling

Established methods for material and parts
handlingmay not be suitablefor automatic weld-
ing operations. For example, an overhead crane
that is suitable for transferring parts to work
tables for manual welding may be unsatisfactory
for moving parts to an automatic welding
machine.

Automated material handling should be
considered for improvedefficiency, orderly parts
flow, and reduced risk of parts damage. Robotic
material handling offers versatility, but may
exceed the capacity of a simple automated weld-
ingmachine. Custom designed material handling
systems are usually justifiable on high volume,
dedicated production lines.

Flexibility and Expansion

The ability to change or add to the capabil-
ity of an automatic welding system may be
needed by someusers. Examples of changes and
additions that may be considered are as follows:

(I) A change of welding process

(2) An increase in welding power

(3) A change in the program storage medi-
um, for example, from paper tape to floppy disk

(4) Additionto the system of new operating
features or enhancements

(5) Addition of other controlledequipment,
such as positioners, material handling devices,
and markers

(6) Retrofit of new or different adaptive
control sensors (TV cameras, tracking sys-
tem, etc.)

Complications can arise when making
changes or additions to automatic welding sta-
tions. Hardware, software, and electronic com-
ponents of different models, or equipment from
different manufacturersare usually not compati-
ble. (Compatibility will be better achieved when
standards are established for interconnections
and communications between components.)

Shop Acceptance

Improved productivitycan be realized from
a new automatic welding machine if the users
have contributed to the selection and planning
forthesystem. Shop personnel should be advised
in advancethat an automatic weldingmachineis
being considered for a particular operation. Weld-
ing supervisors, welders, maintenance personnel,
and welding inspectors can play an important
rolein makinga transition from manual to auto-
matic welding proceed smoothly. Theycan often
formulate requirements for the machine.

Maintenance

Automaticweldingmachinesare often com-
plex electromechanical systemsthat include pre-
cision mechanisms and components. The equip-
ment can be extremely reliable, when it is treated
properly.

A preventivemaintenance program is essen-
tial for long-term reliability without degradation
of performance. Preventive maintenance activi-
ties may include the following:

(1) Calibration of speeds and other welding
variables (voltage, current, welding wire speed,
etc.)

(2) Routine replacement of finite life com-
ponents (¢.g., guides, hoses, belts, seals, contact
tips, etc.)

(3) Cleaning of critical surfaces (bearings,
optics, and similar items)

(4) Oil changesand lubricationof bearings,
seals, screws, etc.

(5) Replacement of filters

(6) Monitoring of temperature indicators,
flow meters, line voltage, fluid levels, etc.

(7)Inspection of structural componentsand
mechanisms for cracks, loose bolts, worn bear-
ings, evidence of impact or abrasion, etc.

(8) Discussion of operationwith the operator

L
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A good maintenance program should
include:

(1) A file of &l available documentation
(wiring diagrams, manuals, etc.) located near to
the machine

(2) A step-by-step troubleshooting proce-
dure with clearly marked test points for instru-

Automation and Control| 193

mentation

(3) A generous supply of spareparts, suchas
circuit boards, fuses,and valves, located close to
the machine

@) A log of performed maintenance with
details of problems encountered, the symptoms,
and the actions taken to overcome them

RESISTANCE WELDING AUTOMATION

Automation of resistance welding opera-
tions may range from an indexing fixture that
positions assemblies between the electrodesof a
standard resistancewelding machineto dedicated
special machines that perform &ll welding opera-
tions on a particular assembly.’ An example of
the latter type is shown in Fig. 5.9.

When flexibilityis required in an automatic
resistance welding operation to handle various
assemblies, a roboticinstallation isa good choice.
An example is the robotic spot welding line for
automobile bodies shown in Fig. 5,10, Such an
installation can be programmed to spot weld
similar @ bodies for various models,

MATERIAL HANDLING

When applying automation to a resistance
spot welding application, it may be practical to
move either the assembly or the welding gun to
each weld location. Obviously, weight has to be
considered in this decision. A typical resistance
spot weld gun weighs about 50 to 100 Ib, and the
welding cable another 50 Ib. A typical portable
resistance spot welding gun, cable, and power
source are shown in Fig, 5.11.

Moving the Assembly

Joining of relatively thick sheets of low
resistancealloys, such as aluminum, may require
large welding current conductors. Large, heavy

5. Resistance welding processes and equipment are

discussed in the Welding Handbook, Vol, 3, 7th Ed.

welding cables may be required to carry such
high currents and reach from the power sourceto
the welding gun. Such conductors may exceed
the load carrying capability of a robot. Onesolu-
tion is to move the assembly into position and
weld with a stationary or indexing spot welding
machine. Alternatively, the assembly may be
indexed while singlespot welds are made with a
stationary welding machine.

Assemblies that weigh less than 1501b may
be moved with an industrial robot under certain
conditions. Supporting tooling may be required
to prevent damage to the assembly during
movement.

Moving the Welding Gun

In high production spot welding, the time
between welds must be a minimum. At high
welding rates, moving a welding gun of low
weight may be the better approach for welding
relatively large, bulky assemblies.

PRODUCTION REQUIREMENTS
Quantity of Production

In high volume applications, such as auto-
motive or appliance manufacturing, each weld-
ing gun in an automatic installation may make
the same spot welds repeatedly. In low volume
applications, such as aerospace work, a welding
robot can be used to make a number of different
spot welds beforerepeating an operation. A flex-
ible, reprogrammable industrial robot can be
used for both types of applications.
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Fig. 5.9—A dedicated aufomafic resistance welding line
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Production Rates

Typically, production rates of 15 to 30spot
welds per minute can be achieved when the welds
are in close proximity. As distances between spot
welds increase, production rates will depend on
the maximum practical travel speed for the weld-
ing gun or the assembly, whicheveris moved.

Production rate computations should in-
clude the following factors:

(1) Transfer time betwesn weld locations

(2) Timefor the gun or work to stabilize in

position

(3) Weldingcycle time, comprising

(a) Squeeze tirne (typically 0 to 10 cycles)
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(b) Weld time (typically 5 to 20 cycles)
(c) Hold time (0 to 10 cycles)
(4) Fixturing cycle time
(5) Material handling time
Welding cycle time can be optimized using
special programming, such as upsloping the
welding current during the latter portion of
squeeze time. Likewise, welding current down-
slope can be applied during a portion of hold
time. Hold time can be minimized by initiating
the releaseof the gun before the timeis completed,
totake advantageof gun retractiondelay. A prop
erly designed welding cycle ean significantlyre-
duce the total weldingcycletime for the assembly.

Fig. 5.11—Typical portable resistance spot welding machine
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On a typical high production application,a
single welding gun may make 50 spot welds onan
assembly. Increasingthe welding cycletime by so
little as 10 cycles(60 Hz) to improveweld quality
will increase the total cycle time for 50 welds by 8
seconds. Therefore, quality and production rate
canbe a trade-off.

Quality Control

Quality control is an important benefit of
automation. However, weld qualityis dependent
upon process control. An automatic spot weld-
ing machine willrepeat bad welds as well as good
ones.

An automatic spot welding machine can
maintain good spot weld quality with feedback
controlsand appropriateelectrode maintenance.
For example, a robot is normally programmed
to always position the plane of the welding gun
perpendicularto the weld seam. In manual spot
welding, an operator can easily misalign the
welding gun as a result of fatigue, boredom, or
carelessness. This condition may result in im-
proper welding pressure and weld metal expul-
sion from the seam.

When different thicknesses of metal are to
be spot welded with the same welding gun, an
automatic spot welding machine can be pro-
grammed to select a different welding schedule
for each thickness. Weld quality is improved
when the proper welding schedule can beused for
everyjoint thickness.

WELDING ROBOTS
Types of Robots

There are four general geometricclassifica-
tions of industrial robots. Rectilinear (carresian
coordinate)robots have linearaxes, usually three
in number, which move a wrist in space. Their
working zone is box shaped. Cylindrical coordi-
nate rebots have onecircularaxis and two linear
axes. Their workingzone is @ cylinder. Spherical
coordinaterobots employtwo circular axes and
one linear axis to move the robot wrist, Their
working zone is spherical. The fourth classifica-
tion, anihropomorphic(jointed arm)robots util-
ize rotaryjoints and motions similarto ahuman
arm to move the robot wrist. The working zone
has an irrsgular shape.

Allfour robot geometries perform the same
basic function: the movement of the robot wrist
to alocationinspace, Each geometry has advan-
tages and limitations under certain conditions.
(Antropomorphic and rectilinear robots are
favored designs for arc welding.)

Load Capacity

Most robots for spot welding are designed
to manipulateweldinggunsweighing between75
and 150 Ib. Manual spot welding guns are often
counterbalancedusing an overhead support that
can limit positioning of the gun. Robots of suffi-
cient load capacity can move spot welding guns
without counterbalances. Counterbalances may
be needed to supportheavy welding cablesunless
integral spot welding gun-transformer units of
low weight are used.

Accuracy and Repeatability

A robot can repeatedly move the welding
gun to eachweld location and position it perpen-
dicular to the weld seam. It can also replay pro-
grammed welding schedules. A manual welding
operator s less likely to perform as well because
of the weight of the gun and monotony of the
task. However, an operatorcandetect and repair
poor spot welds; current spot welding robots
cannot.

Robot accuracy and repeatability vary with
the manufacturer. Some robot models require
periodic recalibration or reprogramming.

Number of Axes

Spot welding robots should have six or
more axes of motion and be capable of approach-
ing points in the work envelope from any angle.
This permits the robot to be flexible in position-
ing a welding gun to weld an assembly. In the
case of an automobile, a door, a window, and a
roof can all be spot welded at one work station.
Some movements that areawkward for an oper-
ator, such as positioning the welding gun upside
down, are easily performed by a robot.

Reliability
Industrial robots are currently capable of
2000 to 4000 hours of operationbetween failures

with duty cycles of 98 percent or better. Robots
arecapable of operating continuously,so long as

R’
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proper maintenance procedures are followed. On
continuous lines with multiple robots, interrup-
tion of production can be minimized by () instal-
ling backup units in the line, (2) distributing the
work of an inoperative robot to other nearby
robots, or (3) quick replacement of the inopera-
ble robot.

Maintenance

In addition to the recommended mainte-
nance of the robot, maintenanceof the resistance
welding equipment is necessary. Typically, the
following items of an automatic spot welding
machine require periodic maintenance:

(1) Weekly or monthly

(a) Tighten or replace electricalshunts

{b) Replaced frayed or worn .welding
cables

(¢) Repair or replace leaking air or
hydraulic pressure lines

(d) Replace leaking or damaged air or
hydraulic system regulators

(e) Replace welding transformers that
show signs of deterioriation

(2) Hourly or after a specific number of
welds, regrind, repair, or replacethe spotwelding
electrodes

Thefrequencyofelectrodemaintenancecan
be reduced by automatic compensation systems,
such as steppers, that periodically increase the
welding current to compensate for electrode
wear. Welding current upslope can minimize
weld metal expulsion and reduceclectrode wear.

Safety

The operator of a robot can easily avoid
close proximity tojagged edges of parts, moving
conveyors, weld metal expulsion, and other weld-
ing hazards. However, the movement of the
robotarmcreates a dangerous environment. The
workers in the area must be completely pre-
ventedfrom entering the working envelopeofthe
robot. Protective fences, power interlocks, and
detection devices must be installed to assure
worker safety.

RESISTANCE WELDING EQUIPMENT

Automatic welding imposes specific de-
mands on resistance spot welding equipment.
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Often, equipment must be specially designed and
welding procedures developedto meet automatic
welding requirements.

Welding Electrodes

Electrode life is influenced by electrode
force, electrode material, welding schedule, weld-
ing current, and the type of material being
welded. Upslope of welding current can greatly
reduce electrode wear. Progressively increasing
the current after a fixed number of welds can
compensate for mushrooming of the electrodes,
thereby extending electrodelife. Electrode lifeis
also extended by proper positioning of the elee-
trodes on the seam.

Spot Welding Guns

Portable spot welding guns are normally
designed to fit the assembly. Two basic designs
are scissor and C-types.

Pneumatic guns are usually preferred be-
cause of the rapid follow-up and uniform elec-
trode force characteristics. Hydraulic spot weld-
ing guns are normally usedwherespaceis limited
or where high electrode forces are required.
Unfortunately, hydraulic guns do not have the
consistent electrode follow-up characteristics of
pneumatic guns.

Integral transformer-gun units with up to
480V primary can be safely used for automatic
welding. Power consumption is significantly
reduced with these units because of the close
coupling between the transformer and the weld-

ing gun.

CONTROLS
Multiple Schedule Controls

Microcomputer controls are available to
program a number of different welding sche-
dules. An automatic welding machine can be
interfaced to such a control, and programmed to
select the programmed schedule for each spot
weld or group of welds. Applications, such as
automobile bodies and home appliances which
involvewelding various gauges of sheet metal in
various combinations, can benefit from multiple
schedule controls, such as those shown In
Fig. 5.12.
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Supervisory Controls

off-FlangeDetectors. Automatic spot weld
machines can be equipped to detect faulty or
deteriorating process conditions. When teamed
with optional sensory devices, such as off-flange
detectors, automatic spot welding machines can
monitor process conditions.

An off-flangedetector measures thevoltage
between theelectrodes or the power factor. Ifthe
voltage or the power factor is below a set thres-
hold value, the system signals the absence of
material between the electrodes. An off-flange
detector can be used to sense that a particular
spot weld was not made.

Steppers. Steppers can be used to automati-
cally increasethe welding heat after aset number
of spot welds to compensate for electrode mush-
rooming, to signalthe need to replace electrodes,
or to indicate the need for preventive mainte-
nancefunctions on the machine. The devicescan
also be used to measure production rates.

Current Monitoring. A current monitoring
device can indicate contaminated welding elec-
trodes by detecting a predetermined change in
welding current.

Energy Monitoring. Weld energy monitor-
ing is a variation of current monitoring. The
monitor is used to indicate trends or detect dete-
rioration in equipment performance.

Resistance Monitoring. Resistance moni-
toring devices measure the change in electrical
resistancebetweenthe electrodesas an indication
of spot weld formation. When a resistance
change does not occur, it can be inferred that a
spot weld was not formed, and some adjustment
of the welding conditions is warranted. If an
improper resistance change oceurs early in the
welding cyole, the welding current can be termi-
nated to avoid making an unacceptable spot
weld.

Interface Between Components

The conventional interfacebetween an auto-
matic machine control and the spot welding
equipment is through input-output (I/ O) chan-
nels. These channels enable the machine control
to send and receive discretesignals. For example,
an output signalcan be sent from the machine to
aweldingcontrol unit to initiateaweld. An input
signal from the control unit to the machine can

Fig. 5,12—Raster control panel for compuier-conirolfed automaiic welding
of automobile bodies
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signal the machine to continue the operation
sequence. A typical input/output communica-
tion link is as follows:

(1) The machine control sends an output
signal to the welding control unit to initiate the
electrode force and the welding sequence.

(2) The machine control sends an output
signal to select the programmed weld schedule.

(3) The machine control receives an input
signal from the welding control unit signifying
that the control initiated a sequence.

(4) The machine control receives an input
signal from the welding control unit at the com-
pletion of a weld.

(5) The machine control receives an input
signal from a supervisory control to turn on an
alarm or interrupt the machine operation.

(6) The machine control sends an output
signalto the weldingcontrol unit to confirm that
it has received the weld completion signal and is
moving to the next weld location.

(7)The machine control sends an output
signal to asupervisory control to signalwhen the
welding electrodes need to be redressed.

High level communication between auto-
matic machine controls and welding controls is
possible through standard communication lirks.
These communication links permit long distance
communications between central controls, weld-
ingcontrols, machinecontrols, and data acquisi-
tion centers for the followingpurposes:

(1) In-processmaintenance, such as a detec-
tion of a malfunctioning SCR or a missed weld

(2) Continuous in-process monitoring of
current, power, orelectricalresistance for quality
control

(3) Monitoring of equipment status and
condition

(4) Coordination of equipment activities

(5) Production output control of monitoring

(6) In-process modification of programs or
schedules

ACCESSORY EQUIPMENT

Monitors

Weld monitors can provide nondestructive
quality assurance information, If weld quality
data are difficult to obtain through random or
periodic destructive testing, weld monitors may
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be an alternative. Data can be recorded for
review at alater date or as a permanent record.

Monitors canreduce the amount of destruc-
tive testing required. Only welds of questionable
quality need be examined. Monitor data and
periodic destructive testing can provide an effec-
tive quality control program.

Monitoring equipment can perform some
or all of the following functions:

(1) Sense position for detecting the presence
of apart.

(2) Measure welding current or power to
detect long-termchanges to indicate the need for
cable and gun maintenance.

(3) Measure welding voltage to detect the
absence or presence of a part.

(4) Measure resistance or impedance to
detect the formation of a weld.

(5) Sense electrode position to detect move-
ment of electrodes signifying weld formation,

(6) Measure ultrasonic reflection from a
weld to detect weld size for quality control.

(7)Perform acousticemission detection and
analysis of sound emitted from a weld asit forms
to determine weld size or the presence of flaws.

Adaptive Process Control

A welding process is said to be adaptively
controlled when changes in weld integrity are
measured and corrected in real time. The sensors
listed previously for monitors can be used to
detect certain properties of spot welds. These
inputs can be analyzed and acted upon by an
adaptive control program to optimize or correct
the welding schedulevariables. Users of adaptive
controls are cautioned to thoroughly test and
evaluate the controls before abandoning estab-
lished quality control programs.

PROGRAMMING
Assembly Program Development

The first step in the development of a pro-
gram for an assembly is to establish welding
schedules for each proposed material and thick-
ness combination. A robot can be "taught' the
sequence of welding positions with the plane of
the welding gun perpendicular to the seam. The
sequenceofweld positioningshould be chosento
minimizethe repositioningand index time for the

EW)



L ]
AWS WHB-5 CH*5 *x NN 078442L5 0007883 8 H

Copyright by the American Welding Society Inc
Sat Jul @5 10:36:13 1997

200/ AUTOMATION AND CONTROL

the robot. Finally, a travel speed between weld
locations is selected. It should not be too high to
avoid oscillation or overshooting of the elec-
trodes. Appropriate welding schedules are se-
lected and programmed ateach welding position.

Touch-up Programs

Touch-up programs are the editing changes
that are made in welding programs to improve or

ARC WELDING

TYPES G AUTOMATION

Various arc welding processes are used for
automatic welding operations. They include gas
metal arc, flux cored arc, gas tungsten arc,
plasma arc, and submerged arc welding. In most
cases, automatic welding is best confined to the
flatorhorizontal positionsforeasy control ofthe
molten weld pool. Nevertheless, automatic weld-
ing can be done in other positions using special
arc control programming. An example of an
automatic arc welding machine that is pro-
grammed to weld continuously around a pipe
point is shown in Fig. 5.13.

As with resistance welding, either the work
orthe welding gun ortorch maybe moved during
automatic arc welding, depending on the shape
and mass of the weldment and the path of the
joint to be welded. It is easierto make circumfer-
ential welds in piping, tubing, and tanks if the
work can be rotated under a stationary head for
welding in the flat position. Long seams inplate,
pipe sections, tanks, and structural members are
easier to weld by moving the welding gun or
torch along the seam, Another example of an
automatic arc welding machine where the weld-
inggunis moved whilethe work remains station-
ary is shown in Fig. 5.14.

The automatic welding machines shown in
Figs. 54, 55, 5.13, and 5.14 represent fixed

correct automatic operation. Typical reasons for
editing include the following:

(1) Bt dimensional changes

(2) Optimization of welding variables to
improve weld quality

(3) Optimization of gun movements and
speeds to increase production rate

(4) Changes in fixturing location

(5) Correction for movement drift or cali-
bratlon changes

AUTOMATION

automation because they are designed to accom-
modate families of similar assemblies. Where
flexible automation is desirable for arc welding.
several different assemblies, industrial robots are”
commonly used.

ARC WELDING ROBOTS

Robotic arc welding is applicable to high,
medium, and low volume manufacturing opera-
tions under certain conditions. It can be applied
to automation of medium and low volume pro-
duction quantities where the total volume war-
rants the investment. Even job shop quantities
can be welded where the investments in the
equipment and the programming time can be
Justified.

Robot Features

Robots require specialfeatures and capabil-
ities to successfully perform arc welding opera-
tions. Arc welding robots are generallyhigh pre-
cision machines containing electric servomotor
drives and specialinterfaces with the arcwelding
equipment.

An anthropomorphic (jointed arm) robot is
favored for arc welding small parts where the
travel distances between welds are large because
the arm of this type of robot is capable of quick
motion. This robot design also is preferred for
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nonmoveable assemblies that require the robot
to reach around or insideof apart to positionthe
robot wrist.

Rectilinear robots are favored for most
otherarc welding applicationsfor safetymons.
They are particularly suited for applications
where a welding operator is required to be in
close proximity to the welding arc. Rectilinear
robots move slower and in a more predictable
path than anthropomorphic robots.

Number of Axes

Arc welding robots usually have five or six
axes (see Fig. 5.7), and some may be cquipped
with seven axes. A complete robotic work station
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may contain as many as eleven axes of coordi-
nated motion,

Three axes of motion are required to posi-
tion an object in space. The motion may be
circular or linear, but at least two of the axes
must be perpendicularto each other. Three axes
are also required to orient an object at a point in
space, These orientation axes are incorporated in
the wrist of an arc welding robot. A robot Wrist
generallyprovides mutually perpendicular circu-
lar motions.

Arc welding processes that use a consuma-
ble electrode, such as gas metal arcand flux cored
arc welding, have a built-in degree of freedom
because the welding gun can weld in any direc-

Fig. 5.13—Aulomalic arc welding machine for making pipe joints in
the horizonial fixed position
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tion. Hence, a robot with five axes is capable of
positioning the weldinggun with these processes,

Robots can be equipped with additional
axes to extend their working volume. These axes
will be redundant degrees of freedom, and may
ormay not beusablewhiletherobot isinmotion.

Arc welding often involves manipulation of
both the assembly and the welding torch. The
axes needed to manipulate the assembly are
equivalent to those needed to manipulate the
weldinggun, and additional axes will expand the
flexibilityofthesystem. If there are mors than six
unique degrees of freedom, a point in space can
be approached from multiple positions. This
flexibiiity is important in ar¢ welding because
gravity affects the behavior of the molten weld
pool.

Accuracy and Repeatability

The precision with which a robot can
approach an abstract point in space is called
accuracy. Accuracy is required in robots where
the control programs are developednumerically,
It is a measure of the ability of the robot to
reproduce a program that was generated by a
computer or a digitizer, Robots which are
“taught” the programs do not have to be so
accurate because they depend upon mermoriza-
tion and replay.

Repeatability is ameasure of the ability of a
robot to repeatedly approach a point in space.
Arc welding robots must have repeatability, but
accuracy is not mandatory. The more repeatable
arobot is, the larger arethe allowable component
tolerances. The total allowable variation in ar¢
welding is the sum of the robot repeatability, the
component parts variations, and the part posi-
tioning equipment repeatability.

Process Control

To be an efficient arc welding machine, an
industrial robot must be capable of controlling
the arc welding process. As a minimum, the
robot must be able to turn shielding gas on and
off, initiate and terminate the welding sequence,
and select the programmed welding conditions.
Some robots control the welding process by
selectingpreset values. Other, more sophisticated
robots are capable of directly controlling fier
wire feedersand power supplies,and establishing
the process conditions as a part of the robot
program.

Robots that can selectonly preprogrammed
welding conditions place more responsibility
upon the welding equipment manufacturer, the
user, and the operator. Such robots increasethe
costs of the welding equipment and the cost of
interfacing it to the robot. Also, the welding

Fig. 5. 14—An automalic arc welding machine for fillet welding stiffeners to panels
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process variables must be programmed separ-
ately from the robot program. Robots with built-
in process control capabilities usually offer more
flexibility and integrated process control pro-
gramming.

ARC WELDING EQUIPMENT

In general, welding equipment for auto-
matic arc welding is designed differently from
that used for manual arc welding. Automaticarc
welding is normallydone at high duty cycles, and
the welding equipment must be able to operate
under those conditions. In addition, the equip-
ment components must have the necessary fea-
tures and controls to interface with the main
control system.

Arc Welding Power Sources

Automatic arc welding machines may re-
quire power sources different from those used for
manual welding? An automatic welding machine
isusually designed to electronicallycommunicate
with the power source to control the welding
power program for optimum performance.

The main control system can be designed to
program the welding power settingsas a part of
the positioning and sequence program to insure
that the appropriate welding power is used for
each weld. The automatic welding program
becomes the control of quality for the weld.

Welding power sourcesfor automatic weld-
ing must be accurate and have a means for Cali-
bration. Manual welders often adjustthe welding
machine controlsto establishwelding conditions
that are suitableunder changingconditions. On
the other hand, an automatic welding machine
merely replays an established program, and the
elements of that program must be accurately
reproduced every time that it is used.

Welding Wire Feeders

An automatic arc welding machine is easily
designed to directly control a motorized welding
wire feed system. This allows flexibilityin estab-
lishing various welding wire feed rates to suit
specific requirements for an assembly. An auto-

6. Arc welding power sources are discussed in the
Welding Handbook, Vol. 2, 7th K. , 1978.
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matic machine additionally can insure that the
wire feed rate is properly set for each weld
through “memorization” of the setting in the
program. Specialinterfaces are required to allow
the welding machineto control the wire feed rate.
Typically, an analog output is provided from the
welding machine control to interfaceto the wire
feed system. If the welding machine is not
equipped to receive a signal of actual wire feed
rate, the wire feederitself must have speed regula-
tion, A means to calibrate the wire feeder is also
required. Wire feed systems for automatic weld-
ing should have a closed-loop feedback control
for wire speed.

An automatic arc welding machine nor-
mally will use a significantamount of filler wire
when the welding rates and duty cycles are high.
The wire consumption is typically 3 to 4 times
that of manual welding.

Drawing compound and debris on the sur-
face of the welding wire tend to collect and fill
conduit finers and wire guides, necessitatingeasy
access and frequent cleaning. Wire guides and
liners must be designed to minimize buildup of
dirt.

Arc Welding Guns and Torches

The high duty cycle of automatic arc weld-
ing (usually between 75% and 95%) requires a
welding gun or torch that can accommodate the
heat generated by the welding process. Water-
cooled guns and torches are recommended for
this application. Water cooling systems require
maintenance, and suitable flow controls must be
provided.

Flexible welding torch mounts having posi-
tive locating and emergencystop capabilities are
preferred for robotic welding. A welding robot
does not have the ability to avoid collisionswith
objects in the programmed travel path. During
robot programming, the welding gun or torch
may collide with the work. Collisions can cause.
damagetothe robot and the welding gun ortorch.

Flexible mounts with emergency stop capa-
bilities minimize the possibility of damage. Typi-
cally, the mounts are springloaded with two or
more tooling pins to assure proper positioning.
The emergency stop switch is activated when a
collision knocksthe gun ortorch out of position.

A
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Arc Voltage Control

The gas tungsten arc welding process re-
quires real time adjustment of the electrode-to-
work distance to control arc voltage. Automatic
gas tungsten arc welding machines should be
equipped with an adaptive control to adjust arc
voltage. These controls usually sense the actual
arc voltage and reposition the welding torch as
required to maintain a preset voltage.

With gas tungsten arc welding, the arc is
usually initiated with superimposed high fre-
quency voltage or high voltage pulses. Applica-
tion of the high voltage must be incorporated in
the welding program, and welding travel must
not start until the arc has been initiated.

MATERIAL HANDLING

For an automatic welding system to effi-
ciently perform atask, the componentparts must
be reliably brought to the work station. Material
handling systems are often used to move compo-
nent parts into position. Material handling may
be as simple as hand loading of multiple welding
fixtures that are successively moved into the
welding station, or as complicated as a fully
automated automatic loading system.

Part Transfer

A common material handling procedure is
to transfer the component parts into the working
envelope of an automatic welding machine. This
task can be performed by turntables, indexing
devices, or conveyingsystems. Such a procedure
is used for small assemblies where parts are rela-
tively light in weight.

Bart transfer usually requires two or more
fixturing stations, increasingfixturing costs. The
number of transfer stations required is deter-
mined by the relationship between the loading
time, the transfer time, and the welding time.

Robot Transfer

Large assembliesand assembliesthat require
signifcant arc time can be welded by moving or
rotating a robotic arc welding machine into the
welding area, This procedure is usually faster
than moving the assembly, but it requires a rela-
tively large working area.

A welding robot can be transferred between
multiple work stations. This allows production
flexibility, and reduces inventory and material
handling costs. Work stations can be left in place
when not in use whilethe robot is utilized at other
locations.

Some robots can access multiple welding
stations located in a sernicircle. Rectilinearrobots
can move to welding stations that are organized
in a straight line.

Positioners

A positioner can be used to move an assem-
bly under an automatic arc welding head during
the welding operation or to reposition an assem-
bly, as required, for robotic arc welding. The
assembly can be moved so that the welding can
be done in a favorable position, usually the flat
position.

There are two types of positioners for
automatic arc welding. One type indexes an
assembly to a programmed welding position..
The other type is incorporated into the welding
system to provide an additional motion axis. A
positioner can provide continuous motion of the
assembly while the machine is welding, to im-
prove cycle time.

CONTROL INTERFACES

An automatic arc welding system requires
control interfaces for component equipment.
Two types of interfaces are usually provided:
contact closures, and analog interfaces.

Welding Process Equipment

Welding power sources and welding wire
feedersarecontrolled with both electrical contact
closure and analog interfaces. Contact closures
are used to turn equipment on and off. Analog
interfaces are used to set output levels.

Fixtures and Positioners

Fixtures for automatic welding are often
automated with hydraulicor pneumaticclamping
devices. The welding machine often controls the
operation of the clamps. Clamps can be opened
to permit gun or torch access to the weld joint.
Most clamping systems and positioner move-
ments are activated by electricalcontact closures.
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Other Accessories

Accessories, such as torch cleaning equip-
ment, water cooling systems, and gas delivery
equipment, arealso controlled by electrical con-
tact closures. Flow and pressure detectors are
installed on gas and water lines. Signals from
these detectors are fed back to the automatic
welding machine control through contact
closures.

PROGRAMMING

An automatic arc welding system must be
programmed to perform the welding operation.
Programming is the establishment of a detailed
sequenceof steps that the machinemust followto
successfullyweld the assembly to specifications.

Each assembly to be welded requires an
investmentin programming. Programming costs
vary widely depending upon the welding system
being used, the experience of the programmers,
the complexity of the assembly being welded,
and the characteristics of the welding process.
Investment in programming must be taken into
account when determining the economics of
automatic welding. Once an investment is made
for a specificweldment, the program can usually
be stored for future use.

Welding program development involves a
number of steps. The first step is to calibrate the
automatic welding system. Calibration insures
that future use of the program will operate from a
known set point,

The second step is to establish the location
of the assembly with respect to the welding
machine. Often, simple fixturing is sufficient.

The third step is to establish the path to be
followed by the welding gun or torch as welding
progresses. Somerobots can be "taught''the path
while other automatic weldingsystems haveto be
programmed off-line.

The fourth step is to develop the welding
conditions to beused. They must then be coordi-
nated with the work motion program.

The fifth step is to refine the program by
checking and verifying performance. Often, a
program requires editing to obtain the desired
weld joint.
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ACCESSORIES FOR AUTOMATION
Welding Gun Cleaners

Periodic cleaning of gas metal arc and flux
cored arc welding guns is required for proper
operation. The high duty cycle of an automatic
arc welding operation may require automated
gun cleaning, Systemsare availablethat spray an
antispatter agent into the nozzle of the gun.
Additionally, tools that ream the nozzle to
remove accumulated spatter are available. The
cleaning system can be activated at required
intervals by the welding control system.

Handling of Fumes and Gases

Thehighduty cycle of an automatic welding
system can result in the generation of large
volumes of fumes and gases. An appropriate
exhaust systemis highly recommended to safely
remove fumes and gases from the welding area
for protection of personnel.

Seam Tracking Systems

One problem with automatic arc welding
operations is proper positioning of the welding
gun or torch with respect to the welding groove
to produce welds of consistent geometry and
quality in every case. Dimensional tolerances of
component parts, variations in edge preparation
and fit-up, and other dimensional variables can
affect the exact position and uniformity of the
weldjoints from one assemblyto the next. Con-
sequently, some control of the welding gun or
torch position is desirable as welding proceeds
along ajoint.

There areseveral systems available for guid-
ing a welding gun or torch along a joint. The
simplest one is a mechanical follower system
which utilizes spring-loaded probes or other
devices to physically center the torch in thejoint
and followvertical and horizontal part contours.
These systems are, of course, limited to weld
joints with features of sufficient height or width
to support the mechanical followers.

Animprovementover these units are electro-
mechanical devices utilizing lightweight electronic
probes. Such probes operate motorized slides
that adjust the torch position to follow thejoint.
These devices can follow much smaller joint fea-
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tures and operate at higher speeds than pure
mechanical systerns, However, they are limitedin
their ability to trace multiple pass welds and
square-groove welds. Also, they are adversely
affected by welding heat. The welding head of the
automatic welding machine shown previouslyin
Fig. 514 is equipped with elarc-mechanical
seam following and video monitoring, as shown
in Figs. 5,15(A) and (B),

There are seam tracking systems that utilize
arcsensing. The simplestform of these systems is
anarcvoltage control used with the gas tungsten
arc welding process. This control maintains con-

sistenttorch position above the work by voltage
feedback directly from the arc.

More sophisticated versions of the arc seam
tracking systems employ a mechanism to oscil-
late the arc and interpret the variations in are
characteristics to sense the location of the joint,
This information can then be fed back to an
adjustment slidesystemor directlyintoa machine
control to adjustthe welding path, Thse systems,
which depend on arc oscillation, may or may not
be desirable with a particular welding process,
and they can be fimited in travel speed by the
oscillationrequirements. Also, arccharacteristics

Fig. 5.15({A)—An automatic welding machine equipped with video monitoring cameras and
electro-mechanical seam tracking devices
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Fig, 5.15(B)—Control panel for the automatic welding machine showi g the videa screens for
viewing the welding operation
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can vary from processto process, and some tun-
ing may be required to make an arc seam track-
ing systemwork in a given situation. The manu-
facturers should be consulted for details.

The most sophisticated seam tracking sys-
tems are optical types. These types utilize video
cameras or other scanning devicesto develop a
two- or three-dimensional image of the weld
joint. This image can be analyzed by acomputer
system that is capable of determining such
information as thejoint centerline,depth, width,
and possibly weld volume. These systems can be
used for adaptive control of welding variables &
well as seam tracking.

There are several types of optical tracking
systems presently available. One is a two-pass
systemin whichacamera first is moved along the
nominal weld path with the arc off. The system
performs an analysis and correction. Then, a
second pass is made for actual welding. This
system cannot correct for any distortion that

occurs during welding.

A more sophisticated version is a single-pass
or real-time system. Presently, these units look
slightly ahead of the actual operating arc and
feed back data for correction of torch path and
welding variables. These systems have some lim-
itations, such as sharp comers, and they can be
influenced by smoke and arc heat.

Welding Wire Supply

Production rates of automatic arc welding
machines put heavy demands on welding wire
supply systems. Welding wire spools of 60 Ib or
less used for semiautomatic arc welding are not
satisfactory for automatic arc welding. Spools
and drums of 250 16 or more are better choices.

Powered payoff packs that support the
spool and reel the wire from the spool are desira-
ble. These prevent slippage of the welding wire in
the wire feed system, and resultant defects that
can occur in the welds.

BRAZING AUTOMATION

Theimportant variablesinvolved in a braz-
ing process include brazing temperature, time at
temperature, filler metal, and brazing atmos-
phere. Other variables arejoint fit-up, amount of
filler metal, rate and mode of heating, etc.

Many brazedjoints are made automatically
using welding torches. Other processes that may
be automated include furnace brazing (e.g.,
vacuum and atmosphere), resistance brazing,
induction brazing, dip brazing, and infrared
brazing.' Generally, the amount of heat supplied
to thejoint is automated by controlling tempera-
ture and the time at temperature. Brazing filler
metal can be preplaced at the joints during
assembly of components or automatically fed
into thejoints at brazing temperature.

7. Brazingis coveredinthe WeldingHandbook ,Vol. 2,
7th Ed. , 1980 and also the Brazing Manual, 3rd Ed.,
1976, published by the American Welding Society.

Further automation of a process can be
achieved by inclusion of automatic fluxing, in-
line inspection and cleaning (flux removal),
simultaneous brazing of multiple joints in an
assembly, and continuous brazing operations.

Generally, the more automated a process
becomes, the more rigorous must be its economic
justification. Frequently, the increased cost of
automationisjustified by increased productivity.
However, in the case of brazing, a furtherjustifi-
cation may well be found in the energy savings
associated with thejoint heating requirements.

FUNDAMENTALS

Brazingtemperatureis generally dictated by
the base metal characteristic and the type of filler
metal. Generally speaking, filler metals with
higher melting temperaturescorrelatewith higher
joint strengths. However, the actual brazing
temperature must be related to the melting



AUS UHB-5 CH¥5 xx EE 07842L5 00092892 9 M

Copyright by the American Welding Society Inc
Sat Jul @5 10:36:13 1997

temperature and heat treatment response of the
base metal.

Itis standard practice to minimize the time
at brazing temperature. Brazing times of less
than a minute are common. Minimal times at
brazing temperatures are desirable to avoid
excessive fdler metal flow, base metal erosion,
and oxidation.

A major consideration for fillermetal type s
the cost. Obviously, compatibility of the base
metal and fillermetal must be considered. Com-
patibility factors include such things as corrosion
potentials, brittle compound formation, and
base metal wettability,

EQUIPMENT

While manual torch brazing represents the
simplest brazing technique, there is some eco-
nomic justification for this process. First, the
braze joint is visible to the operator who can
adjust the process based on observation. Conse-
quently, the operator representsan in-lineinspec-
tion control. Second, this process directs heat
only to thejoint area versus heating of an entire
assembly when furnace brazing techniques are
used. Whenenergy costs represent a large percent-
age of the cost of a brazejoint, this is an impor-
tant consideration.

The major drawback to torch brazing is, of
course, the fact that it is labor intensive and
consequently represents low productivity. A con-
tinuous belt furnace can alleviate this problem;
however, thejoint is not visible during the braz-
ing operation and energyefficiency is low because
the entire assembly is heated.

Automatic brazing machines can provide
the attributes of both torch and furnace brazing,
that is, energy economy and continuous opera-
tion. Typically, heat is directed to the joint area
by one or more torches. Similar effects can be
obtained by induction heating. A typicalmachine
has provisions for assembly and fixturing, auto-
maticfluxing, preheating (if needed), brazing, air
orwaterquenching,partremoval,and inspection.

Temperature Control

Process control and consistencythat can be
accomplished with automatic equipment are of
primary importance. Temperature controlis crit-
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ical to successful brazing. Whenjoining compo-
nents of different masses, all components must
attain brazing temperature at the same time,
Overheating of a thinner component can cause
molten filler metal to flow onto that component
before it wets the thicker component. This can
reduce the amount of fillermetal availableto fill
thejoint.

Automatic brazing equipment should pro-
vide a correct and predetermined heating pat-
tern. This can be accomplished effectively with
either induction or torch heating. Induction heat-
ing works best on ferrous metal parts, especially
those of symmetrical shape. Induction heating
ooilsmust be designed forefficientlocalized heat-
ing of thejoint area. Fixturing and removal of the
brazed part from the heating coil must also be
considered during coil design.

Torch heating involves the use of a preset
heatingpattern by appropriatelydesigned torches
located at one ormore machine stations. Torches
of various sizes, utilizing different fuel gases
mixed with air or oxygen, may be used. Gas-air
torches, with gentle wrap-around flames, can be
used on many applications. When a pinpoint
localized flame is required or when hotter and
faster heating is desired, oxygen may be used in
place of or in combination with air. The use of
oxygen represents an additional operating cost,
however, and should be considered only when its
cost can be justified by increased production
rates.

Heating T i e

Time at temperature is animportant control
feature of automaticbrazingequipment. Heating
time is a function of the desired production rate
and can be determined in advance. Once the
heating time of an assembly is determined, the
number of heat stations and dwell time at each
canbe allocated among the total number of work
stations. Digital timing equipment can provide
exact control of the dwell or heating time.

Tomaximizeproduction, assembliesshould
be heated only to the temperature at which filler
metal melts and flowsinto the ioint. Holding the
assemblyattemperature beyond this point is not
recommended in most cases because it can pro-
mote excess oxidation and other problems, such

(o
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as volatilization of filler metal constituents and
base metal erosion.

Filler Metal Application

Control of filler metal amounts and Conse-
quentjoint quality is also possible with automatic
brazing equipment. Brazing fitler metal applica-
tion can be effectively controlled with the use of
preplaced shims or wire rings, or with timed
automatic feed of wire to ajoint from a filler wire
feeder. Volume per joint can be controlled to
provide consistency or repeatability that is not
attainable with manual rod feeding.

Flux Application

Control of the amount and coverage of
brazing flmx can be provided by automatic
equipment, Dispensers are available that can
automate this operation. Dispensable fluxes are
available for use in these units, and flow canbe
adjusted to handle avariety of applications.

ADVANTAGES OF BRAZING
AUTOMATION

The main advantages of automatic brazing
are as follows:

(I) High production rates

(2) High productivity per worker

(3) Filler metal savings

(4) Consistency of results

(5) Energy savings

(6) Adaptability and flexibility

Production requirements essentially deter-
minethelevel or amount of automationrequired.

Low production requires only basic equipment,
such as a motorized conveyor transporting as-
sembliesthrough a furnace. High production re-
quirementsmay involveafully automated system
utilizing parts feeding and automaticunloadingof
completed assemblies. This type of equipment is
ableto produce in excess of 1,000 parts per hour.

Automatic brazing equipment can dramati-
cally increase the productivity per worker. As an
example, oneunskilled brazing operator running
an automatic brazing machine is able, in many
cases, to produce asmuch as4 or § highly skilled
manual brazers. This increase in productivity
alone is often enough to justify the purchase of
automatic brazing equipment.

Another feature of automatic brazingequip-
ment that reflects a major cost advantage and
economic justification for purchase is savings in
fffler metal. Instead of feeding extra filler metal
for assurance, as can be the case with manual
brazing, automatic equipment can provide an,
exact and correct amount each and every time.

The advantage of consistentquality produc-
tion is one that should not be overlooked.
Rework or repairs of brazements are expensive,
and canrequireextra operations, The best way to
prevent these problems is to produce a good
brazement the first time. This is expected with
automatic equipment.

Automatic brazing equipment should be
energy efficient. Localizing heat input only to the
joint areais good energy conservation. Utilizing
low cost fuels mixed with compressedor shop air
is effective energy efficiency.

PROBLEMS CF* AUTOMATION

RISK FACTORS
Factory Integration

The introduction of an automatic welding
orbrazing machine can create many problems in
amanufacturing shop. For example, there canbe

incompatibilities with other shop operations,
such as machining, cutting, or forming. Material
handling for automatic operations can present
problems. ks that are often overlooked in
preparation for welding automation include the
following:

L
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Part Programming. The procedure for gen-
eratingand storingmachine programs is usually
new to a welding shop. Unlike CNC machine
tools and other automatic machines where pro-
grams are written off-line by a trained pro-
grammer, some welding robots are programmed
on-lineby teaching or by direct keyboard entry of
a computer language.

Program Proofing. The program for auto-
matic welding or brazing equipment is usually
evaluated using actual production parts. Simu-
lated production parts cannot duplicate the
effects of distortion, heat input, and clamping,
and such parts should only be used in the initial
stages of process development. Decisionsregard-
ing the use of simulationsand the time to switch
to production parts can be difficult. An inexpe-
rienced user should solicit help from the equip-
ment manufacturer or other experts.

Documentation. A system of numbering,
filing, revising, and maintaining operating pro-
grams is required for programmable automatic
welding and brazing machines. Systems for
numericallycontrolled machine tools may not be
suitable for the following reasans:

(I) Weldingand brazing are operations join-
ing two or more parts, whereas machining is
done on a single part,

(2) Welding programs, which are usually
small in terms of data storage, are often formu-
lated into asingle tape for fast, convenient access.
Machine tool programs are usually generated
individually for each operation.

(3) Programs may be edited by personnel
who are not familiar With welding processes.

(4) Several different programs may be re-
quired to compensate for joint fit-up or part
variations with welding and brazing operations.
Machinetoolsusually need only one program for
each part or operation.

(5) The costs of mishandling program doc-
umentation can be large. Expensive materials
canbe ruined using an old or incorrect program.

System Integration

The introduction of automatic welding or
brazing may have widespread impact on com-
pany operations. Several aspects should be
evaluated.
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Design. Special design considerations are
required for automatic welding and brazing.
Joint designs and placements should be selected
to optimize repeatability of joint location and
fit-up. Componentstrengthwith automatic weld-
ing or brazing may be different from that with
manual welding or brazing. Appropriate tests
should be made to determine actual mechanical
properties using the proposed automaticjoining
equipment. Corrosion resistance may also be
affected. Savings in materials and consumables
may be possible through design changes that
recognize the increased consistency and reliabil-
ity of automatic welding or brazing.

Manufacturing Planning. Component se-
quence may need to be changed for automatic
welding or brazing. A few potential changes are:

(1) Periodic destructive or nondestructive
testing and inspectionmay be required for qual-
ity control.

(2) Additional quality control tests, such as
joint fit-up inspection, may be required.

(3) Multiple welding operations may be
combined at a single work station.

(4) Welding or brazing conditions, machine
control programs, and other formulated infor-
mation may need to accompany components Or
be attached to planning sheets.

(5) New process specifications and accep-
tance criteriamay be required.

Fixturing and Positioning, The fituring
and positioningof parts for automatic welding or
brazingcan be differentfrom any previousexpe-
rience of the average fabrication shop. Fixtures
and positioners that are not furnished by the
machine manufacturer with automatic welding
or brazing equipment should be planned and
designed by personnel experienced with the spe-
cificjoining process.

Manufacturing. Automatic welding and
brazing operations should be integrated into
other factory operations. The following items
should be considered:

(1) Operatorjob classification

(2) Operator skills and training

(3) Production backup capability

(4 Component part repeatability

(5) Repair procedures

(6) Intershift communications
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(7) Safety procedure
(8) Consumables and spare parts
(9) Test parts and testing procedures
(10) Maintenance capability
(11) Material handling
(12) Calibration of equipment and proce-
dures
(13) Production support personnel
Inspection and Quality Control. Automatic
weldingoften complicatesinspection. Filletwelds
are preferred for automatic welding, but are diffi-
cult to inspect. Multiple welding operations per-
formed at one station often restrict access for
inspection, and in-process inspection may not be
feasible from operational and economical stand
poinfs. New quality control procedures are usu-
ally required.

Reliability of Equipment

Generally, the reliability of a system is in-
versely proportional to its complexity, and auto-
matic welding and brazing machinesarecomplex
systems. Nevertheless, the inherent precision and
durability of equipment components usually
exceeds the duty requirements because welding
and brazing operations impose light dynamic
machine loads and accuracy requirements com-
pared to machining. The reliability problems in
welding machines are usually related to envir-
onmental conditions of heat, spatter, fume, and
collision. Electroniccomponents require consid-
eration of theelectromagnetic and electricpower
environment.

CONSISTENCY AND PREDICTABILITY

Severalof the many variables that can affect
the quality of welded or brazed joints include the
following

(I) Material variations (thickness, geome-
try, composition, surfacefinish, etc.)

(2) Welding or brazing conditions (voltage,
current, gas flow rates, etc.)

(3) Fixturing (part location, chill bars, ma-
terials, etc.)

(4) Procedures (alignment, preheat, heating
rate, etc.)

(5) Consumabiles (filler metals, gases, etc.)

(6) Machinedesignand operation (bearings,
guides, geat trains, etc.)

VENDOR ASSISTANCE

Reliablesuppliers of automatic weldingand
brazing systems can assist the usersin severalways.

Evaluation and Consulting Services

In general,itis prudentto consultwith other
knowledgeable persons when possible. Equip-
ment manufacturers and engineering consultants
are often more capable of determining the feasi-
bility of a proposed automatic welding or brazing
system than the user. They may be able to cite
examples of similarinstallations and arrange for
plant visits, point out potential problems, and
indicate the need for special equipment.

Testing and Prototype Production

Welding or brazing tests can be performed
onsimpleshapes, such asflat plate or pipe, when
evaluatingautomation feasibility. Prototype pro-
duction parts should be welded or brazed during
equipment acceptance tests to establish produc-
tion readiness. Thesetests canreveal unexpected
problems, which are best solved before produc-
tion commitments are made.

Trainirg and Education

An appropriate school or training program
should be located for training of the equipment
operators. A manufacturer of automaticwelding
or brazing equipment can be asourceof training
programs, Other sources are technical societies,
vocational schools, and colleges or universities.

installation Services

Installation is normally done by or with the
guidanceof the equipment manufaciurer, The instals
lation of foundations, utilities, and interfaces
withotherequipment is usually performed by the
user. Theinstallationprojectshould be thorough-
ly planned in advance of the delivery of theequip
ment. Engineering drawings and installation re-
quirements of the equipment should be obtained
from the manufacturer as early as possible.

Debuggingthe systemcan be a complex pro-
cess and consume more time than expected. The
equipment manufacturer should provide the
needed test equipment and instrumentation to
accomplish the job. The user can help expedite
the task by providing required assistanceto the
manufacturer's start-up personnel.
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Codes and Standards

DEFINITIONS

The purpose of this chapter i$ to familiarize
fabricators and purchasers of welded products
with the basic documents that govern or guide
welding activities. These documents serve to
assure that (1) only safe and reliable welded pro-
ducts will be produced, and (2) those persons
associated with welding operations will not be
exposed to undue danger or other conditions
that would be harmful to their health. Publica-
tions relating only to the manufacture of welding
materials or equipment are not covered in this
chapter. However, those publications may be
referenced in the basic documents, and their rela-
tionship to safety and reliability should not be
underestimated.

The American Welding Society uses the
generalterm standards toreferto documents that
govern and guide welding activities. Standards
describe the technical requirements for a mate-
rial, process, product, system, or service. They
also indicate, as appropriate, the procedures,
methods, equipment, or tests used to determine
that the requirements have been met.

Standards include codes, specifications,
guides, methods, and recommended practices.
These documents have many similarities,and the
terms are often used interchangeably, but some-
times incorrectly.

Codes and specificationsare similar types of
standards that use the verbs skal/l and will to
indicate the mandatory use of certain materials
or actions, or both. Codes differ from specifica-
tions in that their use is mandated with the force
of law by one or more governmental jurisdic-
tions. The use of specificationsbecomes manda-
tory only when they are referenced by codes or
contractural documents.

Guides and recommended practices are
standardsthat areoffered primarily as aids to the
user. They use verbs such as should and may
because their use is usually optional. However, if
these documents are referenced by codes or con-
tractural agreements, their use may become
mandatory. If the codes or agreements contain
non-mandatory sections or appendices, the use
of referenced guides or recommended practices is
at the user's discretion.

The user of a standard should become
acquainted with its scope and intended use, both
of which areusuallyincluded within the Scopeor
Introduction, Tt is equally important, but often
more difficult, to recognize subjects that are not
covered by the document. These omissions may
require additional technical consideration. A
document may cover the details of the product
form without considering special conditions
under which it will be used. Examples of special
conditions would be corrosive atmospheres, ele-
vated temperatures, and dynamic rather than
static loading.

Standards vary intheir method of achieving
compliance. Some have specific requirements
that do not allow for alternative actions. Others
permit alternative actions or procedures as long
as they result in properties that meet specified
criteria. These criteria are often given as min-
imum requirements; for example, the ultimate
tensile strength of a welded specimen must meet
or exceed the minimum tensile strength specified
for the base material.

SOURCES

Private and governmental organizations
develop, issue, and update codes and standards
that apply to their particular areas of interest.
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Table 6.1 lists those organizations of concern to
the welding industry and their current addresses.
The interests of many of these groups overlap
with regard to welding, and some agreements
have been made to reduce duplication of effort.
Many codes and standards that are concerned
with welding, brazing, and allied processes are
prepared by the American Welding Society
(AWS) because these subjects are of primary
interest to the members. Codes and standards
that apply to a particular product are usually
prepared by the group that has overall responsi-
bility. For example, those for railroad freight
cars are published by the Association of Ameri-
can Railroads (AAR). However, freight cars are
basically structures, and the applicable AAR
specification refers to AWS DlI.1, Structural
Welding Code—Steel for the qualification of
welders and welding operators.

Each organization that prepares codes or
standards has committees or task groups per-
form this function. Members of these committees
or groups are specidlists in their field. They pre-
pare drafts of codes and standards that are
reviewed and approved by a larger group. The
review group is selected to include persons with
diverseranges of interests including, for example,
producers, users, and government representa-
tives. To avoid controlorundue influence by one
interest group, agreement must be achieved by a
high percentage of all members.

Thefederal government develops or adopts
codes and standards for items and services that
are in the publicrather than the private domain.
The mechanisms for developing federal or mil-
itary documents are similar to those of private
organizations. Standard-writing committees
usually exist within a federal department or
agency that has responsibility for a particular
item or setvice.

The American National StandardsInstitute
(ANSI) is a private organizationresponsible for
coordinating national standards for use within
the United States. ANSI does not actually pre-
parestandards. Instead, it formsnationalinterest
review groups' to determine whether proposed
standardsare in thepublicinterest. Each groupis
composed of persons from various organizations
concerned with the scope and provisions of a
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particular document. If there is a consensus
regarding the general value of a particular stan-
dard, then it may be adopted as an American
National Standard. Adoption of a standard by
ANSIdoesnot, ofitself, giveitmandatory status.
However, if the standard is cited by a govern-
mental rule or regulation, it may then be backed
by force of law.

Other industrial countries also develop and
issue codes and standards on the subject of weld-
ing. The followingare examplesof othernational
standards designationsand the bodies responsi-
ble for them

BS — British Standard issued by the Brit-

ish Standards Association
CSA— Canadian Standard issued by the
Canadian Standards Association

DIN — West German Standard issued by
the Deutsches Institute fuer Nor-
mung

JIS — Japanese Industrial Standard is-

sued by the Japanese Standards
Association

NF — French Norms issued by the Asso-

ciation FrancaisedeNormalisation

Of these, the Canadian Standards Associa-
tion is discussed in a following section.

There is also an International Organization
for Standardization(ISO). Its goal is the estab-
lishment of uniform standards foruse in interna-
tional trade. This organization is discussed at
more length in a following section.

APPLICATIONS

The minimum requirementsof a particular
code or standard may not satisfy the special
needs of every user. Therefore, a user may find it
necessary to invoke additional requirements to
obtain desired quality.

There are various mechanisms by which
most codes and standards may be revised. These
are used when a code or standard is found to be
be in error, unreasonably restrictive, or not
applicable with respect to new technological
developments. Some codes and standards are
updated on a regular basis, while others are
revised as needed. The revisions may be in the
formof addenda, orthey may be incorporatedin
superseding documents.
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Table 6.1
Sources cf codes and standards of interestto the welding industry

American Association of State Highway and
Transportation fficials (AASHTO)
444 N. Capital St., NNW
Washington, D C 20001
(202} 621-58(

me Bureau of Shipping (ABS)

65 ‘o
New York, NY 10006
(212) 10

American Institute of Steel Construction (AISC)
400N. i iy Ave
cage 1 €06 1
(3 )67 2400
1€ National Standards Institute (ANSI)
14 B ¢
Ne York, NY 10018

(21 354-3 )
American 1 xum | it (API)
1220LS N.Ww.
ngt > 20005
(202) I57-
American Railway Engineering Association
(AREA)

2000 L Street, N.W.
Wi i 1 20036

(202) 835-9336
mericz i 3y 2 Mechanical «  (ASME)
345 East 47th Street
New York, NY 1001
(212) 12
AmericanS¢ i 1Materials (ASTM)
1916 Ra¢ S
Phil: el PA 19103
(215 299

American Water Works Association (
6666 W. Quincy Ave
er, CC1 805 15
(303) 794-7'11

aerican Welding Society (AWS)
550 N.W. LeJeune Road
Miami, FL 33126

(305) 147 9353

Association of American Railroads (AAR)
1920 L Street, N. v
Washington, D 20036
(202) 835-9100

Canadian Standards Association (CSA)
178 Rexdale Blvd.
Rexdale, Ontario
CanadaM 9 W 1R3
(416) 744—4000

Compressed Gas Association (CGA)
1235 Jeff Davis Hwy.
Arlington, VA 22202
(703) 979-0900

International Organization for Standardization
(IS0)
(See American National Standards Institute)

National Board of Boiler and Pressure Vessel In-
spectors (NBBPVI)
1055 Crupper Ave.
Columbus, OH 43229
(614) 888-8320

National Fire Protection Association (NFPA)
Batterymarch Park
Quincy, MA 02269
(617) 328-9290

Naval Publications and Forms Center’
5801 Taber Ave.
Philadelphia, PA 19120
(215) 697-2000

Pipe Fabrication Institute (PFI)
1326 Freeport Rd.
Pittsburgh, PA 15238
(412) 782-1624

Society of Automotive Engineers (SAE)
400 Commonwealth Dr,
Warrendale, P A 15096
(412) T76-4841

Superintendent of Documents”
US. Government Printing Cffiee
Washington, D C 20402
(202) 783-3238

Uniform Boiler and Pressure Vessel laws Society
(UBPVLYS)
2838 Long Beach Rd.
Oceanside, NY 11572
(516) 536-5485

1. Military Specifications
2. Federal Specifications
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If the user has a question about a particular
code or standard regarding either an interpreta-
tion or a possible error, he should contact the
responsible organization.

When the use of a code or standard is man-
datory, whether as aresult of agovernment regu-
lation or a legal contract, it is essential to know
the particular edition of the document to be used.
Itisunfortunate, but not uncommon, to find that
an outdated edition of a referenced document
has been specified,and must be followed to be in
compliance. If there is a question concerning
which edition or revision of a document is to be
used, it should be resolved before commence-
ment of work,

Organizations responsible for preparing
codes and standards that relate to welding are
discussed in the followingsections. The publica-
tions are listed without reference to date of publi-
cation, latest revision, or amendment. New pub-
lications relating to welding may be issued, and
current ones may be withdrawn or revised. The
responsible organization should be contacted for
current information on its codes and standards.

Some organizations cover many product
categories while others may cover only one.
Table 6.2 lists the organizations and the product
categories covered by their documents. The
National Fire Protection Associationis not listed
in the table because its standards are concerned
with safe practices and equipment rather than
with products. The American Welding Society
and the American Petroleum Institute also pub-
lish standards concerned with welding safety.

AMERICAN ASSOCIATION OF STATE
HIGHWAY AND TRANSPORTATION
OFFICIALS

The member agencies of this association,
known as AASHTO, arethe U.S.Department of
Transportation and the Departments of Trans-
portation and Highways of the fifty states,
Washington, D.C., and Puerto Rico. The
AASHTO specifications are prepared by com-
mittees of individualsfrom the member agencies.
These documents are the minimum rules to be
followed by all member agencies or others in
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the design and construction of steel highway
bridges.

Standard Specifications for Highway
Bridges

This AASHTO specification covers the
design and construction requirements for all
types of highway bridges. It refersto the welding
fabrication requirements in the AASHTO
Standard Specificationsfor Weldingof Structu-
ral Steel Highwuy Bridges and the AWS D1.1,
Structural Welding Code—Steel.

Standard Specifications for Welding of
Structural Steel Highway Bridges

This AASHTO specification provides
modifications to the AWS D11, Structural
Welding Code—Steel deemed necessary for use
by member agencies. These are referenced to the
applicable sections of the AWS Code.

Guide Specifications for Fracture Critical
Non-Redundant Steel Bridge Members

Fracture critical, non-redundant members
or components of a bridge are tension members
or components, the failure of which would likely
result in collapse of the structure. The document
assigns the responsibility for specifying those
bridge members or components, if any, that fall
into thefracture critical category. Itrequires that
such members or components be fabricated to
the required workmanship standards only by
organizations havingthe proper personnel,expe-
rience, procedures, knowledge, and equipment.
For example, all welding inspectors and nonde-
structive testing personnel must have demon-
strated competency for assuring quality in com-
pliance with the specifications. The document
alsocontains requirements additional to those in
the Standard Specifications for Welding of
Structural Steel Highway Bridges.

AMERICAN BUREAU OF SHIPPING

The function of the American Bureau of
Shipping (ABS) is to control the quality of ship
construction. Each year, ABS reissues the Rules
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for Building and Classing Steel Vessels. These
rules are applicable to ships that are intended to
have American registration.

To obtain American registration and insu-
rance, a ship must be classified (approved) by an
ABS surveyor (inspector). The survey begins
with a review of the proposed design. Reviews
are also made during and after construction to
verify that construction complies with the ABS
rules. The process is completed with the assign-
mentand registration of a class (numericalidenti-
fication) for the ship.

One section of the ABS Rules addresses
welding, and is divided into the following parts:

Bart 1| — Hull Construction

Part 2 — Boilers, Unfired Pressure Vessels,
Piping, and Engineering Structures

Bart 3 — Weld Tests

The section addresses such topics as weld
design, welding procedures, qualificationtesting,
preparation for welding, production welding,
workmanship, and inspection.

ABS also publishes alist of welding consum-
ables, entitled Approved Welding Electrodes,

Wire-Flux,and Wire-Gas Combinations.These
consumables are produced by various manufac-
turers around the world. They are tested under
ABS supervisionand approved for use under the
ABS rules.

AMERICAN INSTITUTE CF' STEEL
CONSTRUCTION

The American Institute of Steel Construc-
tion (AISC) is anonprofit trade organization for
the fabricated structural steel industry in the
United States. The Institute's objectives are to
improveand advance the use of fabricated struc-
tural steel through researchand engineeringstud-
iesand fodevelop the most efficientand econom-
ical design of structures. The organization also
conducts programs to improve and control pro-
duct quality.

Manual of Steel Construction

This manual covers such topics as the
dimensions and properties of rolled structural
steel shapes; beam, girder, and column design;
and welded connection design. Other topics
include the use of welding symbolsand prequali-
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fied weldjoint designs. Codes and specifcations
that are published by AISC and other organiza-
tions and pertain to certain aspects of structural
steel design and fabrication, but are not covered
by other parts of the manual, are also included in
the manual.

Specification for the Design, Fabrication,
and Erection of Structural Steel for
Buildings

This document specifies, in detail, all prin-
cipalsteps required for the construction of struc-
tural steel buildings. It references the AWS filler
metal specifications,and specifies the particular
filler metal classificationto be used with a weld-
ing process for each type of structural steel.
Requirements for the types and details of fillet,
plug, and slot welds are also included. The speci-
ficationrefersto A WS D 1.1, Structural Welding
Code—Steel for welding procedure and welder
performance qualifications.

Quality Criteria and Inspection Standards

This document covers such subjects as
preparation of materials, fitting and fastening,
dimensional tolerances, welding, surface prepa-
ration, and painting. It discusses the practical
iniplementation of some of the requirements of
other AISC specifications. Typical problemsthat
may be encountered in steel construction and
recommendedsolutions are presented. The weld-
ing section provides interpretations regarding
AISC requirements for prequalification of weld-
ingprocedures, preheating, control of distortion,
and tack welding.

AMERICAN NATIONAL STANDARDS
INSTITUTE

As mentioned previously, the American
National Standards Institute (ANSI) is the coor-
dinating organization for the U.S. voluntary
standards system; it does not develop standards
directly. The Institute provides means for deter-
mining the need for standards, and ensures that
organizationscompetentto fill theseneeds under-
take the development work. Its approval proce-
dures for American National Standards ensure
that all concerned national interests (a consen-
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sus) have an opportunity to participate in the
development of a standard or to comment on its
provisions prior to publication. ANSTis the U.S.

member of nontreaty international standards
organizations, such as the International Organi-
zation for Standardization (ISO), and the Inter-
national Electrotechnical Commission (IEC).

American National Standards, which now
number approximately 10,000 documents, en-
compass virtuallyevery field and every discipline.
They deal with dimensions, ratings, terminology
and symbols, test methods, and performance and
safety specifcations for materials, equipment,
components, and products in some two dozen
fields. These fieldsinclude construction; electrical
and electronics; heating, air conditioning, and
refrigeration; information systems;medical devi-
ces; mechanical; nuclear; physical distribution;
piping and processing; photography and motion
pictures; textiles; and welding.

The American National Standards provide
acommon language that can be used confidently
by industry, suppliers, customers, business, the
public, government, and labor. Each of these
interests has either participated in the develop-
ment of the standards or has been given the
opportunity to comment on their provisions.
However, these standards are developed and
used voluntarily, They become mandatory only
when they are adopted or referenced by a
governmental body.

The ANSI federation consists of compan-
ies, large and small, and trade, technical, profes-
sional, labor, and consumer organizations that
total over 1000 members. The standards are
primarily developed by the member organiza-
tions.

AMERICAN PETROLEUMINSTITUTE

The American Petroleum Institute (API)
publishesdocuments in all areas related to petro-
leum production. Those documents that include
welding requirements are discussed below.

Pipelines and Refmery Equipment

A PI Std 1104, Standardfor Welding Pipe-
lines and Related Facilities. This standard ap-

plies to arc and oxyfuel gas welding of piping
used in thecompression, pumping, and transmis-
sion of crude petroleum, petroleum products,
and fuel gases, and also to the distribution sys-
tems whenapplicable. It presentsmethods for the
production of acceptable welds by qualified
welders using approved welding procedures,
materials, and equipment. It also presents meth-
odsfor the production of suitable radiographs by
qualified techniciansusing approved procedures
and equipment, to ensure proper analysisof weld
quality. Standards of acceptability and repair of
weld defects are also included.

The legal authority for the use of API Std
1104 comes from Title 49, Part 195, Trans-
portation of Liquids by Pipeline, of the United
States Code of Federal Regulations.

RP 1107, Recommended Pipeline Mainte-
nance Welding Practices. The primary purpose
of this recommended practice is safety. It con-
tains prohibitions of practices that are known to
be unsafe, and also warnings about practices for
which caution is necessary. It also includes
methods for the inspection of repair welds, and
for installing appurtenances on loaded piping
systems being used for the transmission of natu-
ral gas, crude petroleum, and petroleum
products.

Thelegal authority for RP | 107comesfrom
referenceto it in ASME B31.4, Liquified Petro-
leum Transportation Piping Systems (described
under the American Society of Mechanical
Engineers). The latter publication, Like AP Std
1104, Standardfor Welding Pipelines and Re-
lated Facilities,is alsoreferenced by Title49, Part
195, Transporiation of Liquids by Pipeline, of
the United States Code of Federal Regulations.

Publ 942, Recommended Practicefor Weld-
ed, Plain Carbon Steel Refinery Fquipment for
Environmental Cracking Service. This publica-
tion proposes actions for protection against hyd-
rogen stress cracking of welds in plain carbon
steel that are exposed, under stress, to certain
aqueous-phase acidic environments, such as
moist hydrogen sulfide.

The Guiddor Inspectionof Refinery Equip
ment. This publication consists of 20 chapters

(Y
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and an appendix, all of which may be purchased
separately from APIL. The appendix, entitled
Inspection of Welding,is the only part that ap-
plies specifically to welding. Its objective is to
guide the user in determining whether welded
joints are of acceptable quality and comply with
both the requirements of the contract or job
specificationsand the prescribed welding proce-
dure specifications.

Storage Tanks for Refmery Service

Std 620, Recommended Rulesfor Design
and Constructionof Large, Welded, Low-Pres-
sure Storage Tanks. Theserules cover the design
and construction of large, field-weldedtanks that
are used for storage of petroleum intermediates
and finished products under pressure of 15 psig
and less.

Std 650, Welded Steel Tanksfor Qil Stor-
age. This standard covers the material, design,
fabrication, erection, and testing requirements
for vertical, cylindrical, welded steel storage
tanks that are above ground and not subject to
internal pressure.

RP 510, Inspection, Rating, and Repair of
Pressure Vessels in Petroleum Refinery Service.
This recommended practice covers the inspec-
tion, repair, evaluation for continued use, and
methods for computing the maximum allowable
working pressure of existing pressure vessels. The
vessels include those constructed in accordance
with Section VIII of the ASME Boiler and Pres-
sure Vessel Code, or other pressure vessel codes.

Safety and Fire Protection

Publ 2009, Safe Practicesin Gas and Elec-
tric Cuttingand Weldingin Refineries, Gasoline
Plants, Cycling Plants, and Petrochemical Plants.
This publication outlines precautionsfor protect-
ing persons from injury and property from dam-
age by fire that might result during the operation
of oxyfuel gas and electric cutting and welding
equipment in and around petroleum operations.

PSD 2200, Repairsto Crude Oil, Liguified
Petroleum Gas, and Products Pipelines. This
petroleum safety data sheet is a guide to safe
practices for the repair of pipelines for crude oil,
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liguified petroleum gas, and petroleum products.

PSD 2201, Welding or Hot Tapping on
Equipment Containing Flammables. Thii. petro-
leum safety data sheet lists procedures for weld-
ing, as well as for making hot taps (connections
while in operation), on pipelines, vessels, or tanks
containing flammables, This data sheet and PSD
2200 are also requirements of ASME B314,
Liquified Peiroleum Transporiation Piping
Systems.

AMERICAN RAILWAY ENGINEERING
ASSOCIATION

The American Railway Engineering Asso-
ciation (AREA) publishes the Manualfor Rail-
way Engineering. This manual contains specifi-
cations, rules, plans, and instructions that
constitute the recommended practices of railway
engineering. Two chapters specificallycover steel
construction. One of these covers the design,
fabrication, and erection of buildings for railway
purposes. The other addresses the same topics
for railway bridges and miscellaneous steel
structures.

AMERICANSOCIETY CE*MECHANICAL
ENGINEERS

Two standing committees of the American
Society of Mechanical Engineers (ASME) are
actively involved in the formulation, revision,
and interpretation of codes and standards cover-
ing products that may be fabricated by welding.
These committees are responsible for preparing
the ASME Boiler and Pressure Vessel Code and
the Codefor Pressure Piping, which are Ameri-
can National Standards.

Boiler and Pressure Vessel Code

The ASME Boiler and Pressure Vessel
Code (BPVC) contains eleven sections. Sections
I, 1,1V, VIII, and Xcover thedesign, construc-
tion, and inspection of boilers and pressure ves-
sels. Sections VI, VII, and XI cover the care and
operation of boilers or nuclear power plant com-
ponents. The remaining Sections I1, V, and IX
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cover material specifications, nondestructive
examination, and welding and brazing qualifica-
tions, respectively.

Section I, Power Boilers covers power,
electric,and miniature boilers; high temperature
boilers used in stationary service; and power
boilersused in locomotive, portable, and traction
service. Section III, Nuclear Power Plant Com-

ponents addresses the various components
required by the nuclear power industry. Section
IV, Heating Boilers applies to steam heating and
hot water supply boilers that are directly fired by
oil, gas, electricity, orcoal. Section VIII, Pressure
Vesselscovers unfired pressure vessels.

Section I, Material Specifcationscontains
the specificationsforacceptable ferrous and non-
ferrous base metals, and for acceptable welding
and brazing filler metals and fluxes. Many of
these specificationsare identical to and have the
same numerical designationas ASTM and AWS
specificationsfor base metals and welding con-
sumables, respectively. Section ¥V, Nondestruc-
tive Examination covers methods and standards
for nondestructive examination of boilers and
pressure vessels.

Section IX, Weldingand Brazing Qualifica-
tions covers the qualificationof (1) welders, weld-
ing operators, brazers, and brazing operators,
and (2) the welding and brazing procedures that
are to be employed for welding or brazing of
boilers or pressure vessels. This section of the
Codeis often cited by other codes and standards,
and by regulatory bodies, as the welding and
brazing qualification standard for other types of
welded or brazed products.

The ASME Boiler and Pressure Vessel
Code is referenced in the safety regulations of
most Statesand majorcities ofthe USA, and also
the Provinces of Canada A number of Federal
agencies includethe Code as part of their respec-
tive regulations.

The Uniform Boiler and Pressure Vessel
Laws Society (UBPVLS) has, as its objective,
uniformity of laws, rules, and regulations that
affect boiler and pressure vessel fabricators,
inspection agencies, and users. The Society
believes that such laws, rules, and regulations
should follow nationally accepted codes and

standards. It recommends the ASME Boiler and
Pressure Vessel Code as the standard for con-
struction and the Inspection Code of the National
Boiler and Pressure Vessel Inspectors (discussed
inafollowing section)asthe standard for inspec-
tion and repair.

The ASME Boiler and Pressure Vessel
Code is unique in that it requires third party
inspection independent of the fabricator and the
user. The National Board of Boiler and Pressure
Vessel Inspectors (NBBPVI) commissions in-
spectors by examination. These inspectors are
employed either by authorized inspection agen-
cies (usually insurance companies)or by jurisdic-
tional authorities.

Prior to building a boiler or pressure vessel,
a company must have a quality control system
and a manual that describes It. The system must
be acceptableto the authorized inspectionagency
and either the jurisdictional authority or the
NBBPVI. Based on the recommendations to
ASME, acode symbol stamp and Certificate of
Authorization may be issued by ASME to the
fabricator. The authorized inspection agency is
also involved in monitoring the fabrication and
field erection of boilers and pressure vessels. An
authorized inspector must be satisfied that all
applicable provisions of the ASME Boiler and
Pressure Vessel Code have been followed before
allowing the fabricator to apply its code symbol
stamp to the unit,

Code for Pressure Piping

The ASME 831, Codefor Pressure piping
presently consists of six sections. Each section
prescribes the minimum requirements for the
design, materials, fabrication, erection, testing,
and inspection of a particular type of piping
system.

831.1, Power Piping covers power and aux-
iliary service systems for electric generation sta-
tions; industrial and institutional plants: central
and district heating plants; and district heating
systems.

B31.2, Fuel Gas piping covers piping sys-
te m for fuel gases such as natural gas, manufac-
tured gas, liquefied petroleum gas (LPG) - air
mixtures above the upper combustible limits,
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LPG in the gaseous phase, or mixtures of these
gases. The covered piping systems, both in and
between buildings, extend from the outlet of the
consumer’s meter set assembly (or point of deliv-
ery)to and includingthe first pressure~containing
valve upstream of the gas utilization device.

831.3, Chemical Plant and Petroleum Re-

Jinery piping covers all piping within the prop

erty limits of facilities engaged in processing or
handling of chemical, petroleum, or related pro-
ducts. Examples are chemical plants, petroleum
refineries,loadingterminals, natural gas process-
ing plants (including liquefied natural gas facili-
ties), bulk plants, compoundingplants, and tank
farms. This section applies to piping systemsthat
handleall fluids, including fluidized solids, and to
all types of service including raw, intermediate,
and finished chemicals; oil and other petroleum
products; gas; steam; air; water; and refrigerants,
except as specifically excluded.

Piping for air and other gases, which is not
now within the scope of existing sections of this
code, maybe designed, fabricated,inspected, and
tested in accordance with the requirements of this
section of the Code. The piping must be in plants,
buildings, and similar facilities that are not
otherwise within the scope of this section.

8314, Liquid Petroleum Transportation
Piping Systems covers piping for transporting
liquid petroleum products between producers’
lease facilities, tank farms, natural gas processing
plants, refineries, stations, terminals, and other
delivery and receiving points. Examples of such
products are crude oil, condensate, natural gaso-
line, natural gas liquids, and Liquefied petroleum
gas.

831.5, Refrigeration Piping applies to re-
frigerantand brine piping foruse at temperatures
as low as -320°F, whether erected on the pre-
nisss or factory assembled. It does not include
(1) self-contained or unit refrigeration systems
subject to the requirements of Underwriters’
Laboratoriesor any other nationally recognized
testing laboratory, (2) water piping, or (3) piping
designed for external or internal pressure not
exceeding 15 psig, regardless of size. Other sec-
tions of the Codemay provide requirementsfor
refigeration piping in their respective scopes.

831.8, Gas Transmission and Distribution
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piping Systems addresses gas compressor sta-
tions, gas metering and regulating stations, gas
mains, and service lines up to the outlet of the
customer’s meter set assembly. Gas storage lines
and gas storage equipment of the closed-pipe
type that is either fabricated or forged from pipe
or fabricated from pipe and fittings are also
included.

Boiler external piping is defined by Section]
of the ASME Boiler and Pressure Vessel Code,
This piping requires a quality controlsystem and
third party inspection similar to those required
for boiler fabrication. Otherwise, the materials,
design, fabrication, installation, and testing for
boiler external piping must meet the require-
ments of B31.4, Power Piping. A fabricatoris not
required to provide a quality control system and
third party inspection for the other piping sys-
tems described previously.

AUsections of the Codefor Pressure piping
require qualification of the welding procedures
and performance of welden and welding opera-
tors to be used in construction. Some sections
require these qualifications to be performed in
accordancewithSectionIX ofthe ASME Boiler
and Pressure Vessel Code, while in others it is
optional. The use of API Std 1104, Standardfor

Welding Pipelines and Related Facilities or
AWS DI10.9, Specification for Qualification of
Welding Proceduresand Weldersor Piping and
Tubing is permitted in some sections as an alter-
native to Section IX. Each section of the Code
should be consulted for the applicablequalifica-
tion documents.

AMERICAN SOCIETY FOR TESTING
AND MATERIALS

The American Society for Testing and
Materials (ASTM) develops and publishes spec-
ificationsfor use in the production and testing of
materials. Thecommitteesthat developthe speci-
ficationsarecomprised of producers and usersas
well as others who have an interest in the subject
materials. The specifications cover virtually all
materials used in industry and commerce with
the exception of welding consumables, which are
covered by AWS specifications.

ASTM publishes an Annual Book of ASTM
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Standards that incorporates new and revised
standards. Itis currently composed of 15sections
comprising 65 volumes and an index. Specifica-
tions for the metal products, test methods, and
analytical procedures of interest to the welding
industry are found in the first three sections,
comprising 17 volumes. Section ! covers iron
and steel products; Section 2, nonferrous metal
products; and Section 3, metal test methods and
analytical procedures. Copies of singlespecifica-
tions are also available from ASTM.
Prefixletters, which are part of each specifi-
cation's alpha-numeric designation, provide a
general idea of the specification content. They
include 4 for ferrous metals, B for nonferrous
metals, and E for miscellaneous subjects includ-
ing examination and testing. When ASME
adopts an ASTM specificationfor certain appli-
cations, either in its entirety or in a revised form,
it adds an S in front of the ASTM letter prefix.

Many ASTM specifications include sup-
By the purehaser THHEY . doeied. Thess sy
include vacuum treatment, additional tension
tests, jmoact tests. or nltrasonic examination.

e producer ot a .. o1 or product is
responsible for compliance with all mandatory
and specified supplementary requirements of the
appropriate ASTM specification, The user of the
material is responsible for verifying that the pro-
ducer has complied with all requirements.

Some codes permit the user to perform the
testsrequired by an ASTM or other specification
to verify that a material meets requirements. If
the results of the tests conform to the require-
ments of the designated specification, the mate-
rial can be used for the application.

Some products covered by ASTM specifi-
cations ar¢ fabricated by welding. The largest
group is steel pipe and tubing. Sometypes of pipe
are produced from strip by rolling and arc weld-
ing the longitudinal seam. The welding proce-
dures generally must be qualified to the require-
ments of the ASME Boiler and Pressure Vessel
Code, or another code.

Other types of pipe and tubing are produced
with resistance welded seams. There are generally
no specificwelding requirements in the applica-
ble ASTM specification. The finished pipe and

tubing must pass specifictests that should result
infailure atthe welded seamifthe weldingopera-
tion is out of control.

Two ASTM specifications cover joints in
piping systems. These are ASTM A422, Stand-
ard Specification for Butt Weldsin Still Tubes

for RefineryService,and ASTM F722, Standard
Specifcationfor Welded Jointsfor Shipboard
Piping Systems.

AMERICAN WATERWORKS
ASSOCIATION

The American Water Works Association
(AWWA) currently has two standards that per-
tain to the welding of water storageand transmis-
sion systems. One of these standards was deve-
loped jointly with and adopted by the American
Welding Society.

C206, Standard for Field Welding of Steel
Water Pipe Joints

This standard covers g1y welding of steel
water pipe. It includes the welding of efrcumfers
ential pipe joints as well as other welding required
in the fabrication and installation of specials and
accessories. The maximum wall thickness of pipe

covered by this standard is 1.25 inch,

D100 (AWS D5.2), Standard for Welded
Steel Elevated Tanks, Standpipes, and Res-
ervoirs for Water Storage

This standard covers the fabrication of
water storage tanks. An elevated tank is one
supported on a tower. A standpipe is a flat-
bottomed cylindrical tank having a shell height
greater than its diameter. A reservoir is a flat-
bottomed cylindrical tank having a shell height
equalto or smallerthan itsdiameter. In addition
to welding details, this standard specifies the
responsibilitiesof the purchaser and the contrac-
tor for such items as the foundation plans, the
foundationitself, water for pressure testing, and
a suitable right-of-way from the nearest public
road for on-site erection.

AMERICAN WELDING SOCIETY

The American WeldingSociety(AWS)pub-
lishes numerous documents coveringthe useand
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quality control of welding. These documents
include codes, standards, specifications, recam
mended practices, and guides. The general sub-
ject areas covered are:

(1) Definitions and symbols

(2) Filler metals

(3) Qualification and testing

(4) Welding processes

(5) Welding applications

(6) Safety

Defmitions and Synbols

AWS A2.4, Symbols for Welding and
Nondestructive Testing. This publication de-
scribes the standard symbols used to convey
welding, brazing, and nondestructive testing
requirementson drawings. Symbolsin this pub-
lication are intended to facilitate communica-
tions between designers and fabrication person-
nel. Typical information that can be conveyed
with welding symbols includestype of weld, joint
geometry, weld size or effective throat, extent of
welding, and contour and surface finish of the
weld.

AWS A3.0, Welding Terms and Defini-
tions, This publication lists and defines the pre-
ferred terms that should be used in oral and
written communications conveying welding,
brazing, soldering, thermal spraying, and ther-
mal cutting information. Nonstandard terms are
also included; these are defined by reference to
the preferred terms.

Filler Metals

The AWS filer metal specifications cover
most types of consumablesused with the various
welding and brazing processes. The specifica-
tions include both mandatory and nonmanda-
tory provisions. The mandatary provisionscover
such subjects as chemical or mechanical proper-
ties, or both, manufacture, testing, and packag-
ing, The nonmandatory provisions, included in
an appendix, are provided as a source of infor-
mation for the user on the classification,daserip-
tion, and intended use of the filler metals covered.

Followingis a current listing of AW S filer
metal specifications.

AluminumandAluminumAlloy Bare Weld-

ing Rods and Electrodes.A WS A5.10
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Aluminum and Aluminum Alloy Covered
Arc WeldingElectrodes, AWS AS.3

Brazing Filler Metal (Ag, AL Au, Co, Cu,
Mg, and Ni alloys), AWS A5.8

Cast Iron, Welding Rods and Covered
Electrodesfor Welding,A WS A5.15

Consumablelnserts, A WS A5.30

Copper and Copper Alloy Bare Welding
Rods and Electrodes, A WS A5.7

Copper and Copper Alloy Covered Elec-
trodes, A WS A5.6

Copper and Copper Alloy Gas Welding
Rods, AWS A5.27

Corrosion-ResbtmgChrontium and-Chrom-
ium-Nickel Steel Bare and Composite
Metal Cored and Stranded Arc Welding
Electrodes and Welding Rods, A WS
A5.9

Corrosion-Resisting Chromiumand Chromi-
um-Nickel Steel Covered Electrodes.
AWS A54

Flux Cored Corrosion-Resisting Chrom-
ium and Chromium-Nickel Steel Elec-
trodes, A WS 45,22

iron and Steel Oxyfuel Gas Welding Rods,
AWS A5.2

Magnesium Alloy Welding Rods and Bare
Electrodes, A WS A5.19

Nickel and Nickel Alloy Bare Welding
Rods and Electrodes, A WS A5.14

Nickel and Nickel Alloy Covered Welding
Electrodes, A WS A5.11

Steel, Carbon, Covered Arc WeldingElec-
trodes, AWS A5.1

Steel, Carbon, Electrodes for Flux Cored
Arc Welding, A WS A5.20

Steel, Carbon, Electrodes and Fluxesfor
Submerged Arc Welding, AWS A5.17

Steel, Carbon, Filler Metals for Gas
Shielded Arc Welding, AWS A5.18

Steels, Carbon and High Strength Low
Alloy, Consumables Usedfor Electro-
gas Weldingof, AWS A5.25

Steels, Carbon and High Strength Low
Alloy, ConsumablesUsed for Electroslag
Welding of, A WS 45.25

Steel, Low Alloy, Covered Arc Welding
Elecirodes, AWS A5.5

Steel, Low Alloy, Electrodesfor Flux Cored
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Arc Welding, A WS A5.29

Steel, Low Alloy, Electrodes and Fluxes
for Submerged Arc Welding, AWS
A5.23

Steel, Low Alloy, Filler Metals for Gas
Shielded Arc Welding, AWS A5.28

Surfacing Welding Rods and Electrodes,
Composite, AWS A5.21

Surfacing Welding Rods and Electrodes,
Solid, A WSA5.13

Titanium and Titanium Alloy Bare Weld-
ing Rods and Electrodes, AWS A5.16

Tungsten Arc Welding Electrodes, AWS
AS5.12

Zirconium and Zirconium Alloy Bare Weld-
ing Rods and Electrodes, AWS A5.24

Most AWS filler metal specificationshave
been approved by ANSI as American National
Standards and adopted by ASME. When ASME
adopts an AWS filler metal specification, either
in its entirety or with revisions, it adds the letters
SFtothe AWS alphanumeric designation. Thus,
ASMESFAS.4 specificationwould be similar, if
not identical, to the AWS A5.4 specification.

AWS also publishes two documents to aid
users with the purchase of filler metals, A WS
A5.01l, Filler Metal Procurement Guidelines
provides methods for identification of fillermetal
components, classificationoflots of fillermetals,
and specification of the testing schedule in pro-
curement documents.

The A WS A5.0, Filler Metal Comparison
Charts assist in determining the manufacturers
that supply filler metals in accordance with the
various AWS specificationsand the brand names.
Conversely, the AWS specification, classifica-
tion, and manufacturer of a filler metal can be
determined from the brand name.

Qualification and Bsting

AWS B2.1, Standardfor Welding Proce-
dure and Performance Qualification. This stand-
ard provides requirements for qualification of
welding procedures, welders, and welding opera-
tors. It may be referenced in a product code,
specification, or contract documents. If a con-
tract document is not specific, certain additional
requirements must also be specified, as listed in
this standard. Applicablebase metals are carbon

and alloy steels, cast irons, aluminum, copper,
nickel, and titanium alloys.

A WS B2.2, Standardfor Brazing Proce-
dure and Performance Qualification. The re-
quirements for qualification of brazing proce-
dures, brazers, and brazing operators for furnace,
machine, and automatic brazing are covered by
this publication. It isto be used when required by
other documents, such a codes, specifications,
or contracts. Those documents must specify cer-
tain requirements applicable to the production
brazement. Applicable base metals are carbon
and alloy steels, cast iron, aluminum, copper,
nickel, titanium, zirconium, magnesium, and
cobalt alloys.

AWS D10.9, Specificatiotfor Qualification
of Welding Procedures and Weldersfor Piping
and Tubing. This standard applies specifically to
qualifications for tubular products. It covers cir-
cumferentialgroove and filletwelds, but excludes
welded longitudinal seams involved in pipe and
tube manufacture. An organization may make
this specifcation the governing document for
qualifying welding procedures and welders by
referencing it in the contract and by specifying
one of the two levels of acceptancerequirements,
One level applies to systems that require a high
degree of weld quality. Examples are lines in
nuclear, chemical, cryogenic, gas, or steam sys-
tems. The other level applies to systemsrequiring
an average degree of weld quality, such as low-
pressure heating, air-conditioning sanitary water,
and some gas or chemical systems.

A WS C2.16, Guide for Thermal Spray
Operator and Equipment Qualification. The
guide provides for the qualification of operators
and equipment for applying thermal sprayed
coatings. It recommends procedural guidelines
for qualification testing. The criteria used to
judge acceptabilityare determined by the certify-
ing agent alone or together with the purchaser.

AWS B4.0, Standard Methodsfor Mechan-
ical Testing o Welds. This document describes
the basic mechanical tests used for evaluation of
weldedjoints, weldability,and hot cracking. The
tests applicable to welded buttjoints aretension,
Charpy impact, drop-weight, dynamic-tear, and
bend types. Bsts for fillet welds are limited to
break and shear designs.
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For welding materials and procedure qui&-
fications, the most commonly used tests are
round-tension; reduced-section tension; face-,
root-, and side-bend; and Charpy impact. Fillet
weld tests are employed to determine proper
welding techniquesand conditions, and the shear
strength of welded joints for design purposes.

AWS C3.2, Standard Methodfor Evaluat-
ing the Strength of Brazed Joints in Shear. This
standard describes a test method used to obtain
reliablebrazedjoint shearstrengths. For compar-
ison purposes, specimen preparation, brazing
practices, and testing procedures must be con-
sistent. Production brazedjoint strengthmay not
be the same as test joint strength if the brazing
practices are different. With furnace brazing, for
example, the actual part temperature or time at
temperature, or both, during production may
vary from those used to determine joint strength.

Processes

AWS publishesrecommendedpracticesand
guides for arc and oxyfuel gas welding and cut-
ting; brazing; resistance welding; and thermal
spraying. The processes and applicable docu-
ments are listed below.

Arc and Gas Welding and Cutting
Air Carbon-ArcGougingandCutting, Rec-
ommended Practicesfor, A WS C5.3
Electrogas Welding, Recommended Prac-
ticesfor, AWS C5.7
Gas Metal Arc Welding, Recommended
Practicesfor, AWS C5.6
Gas Tungsten Arc Welding, Recommended
Practicesfor, AWS C5.5
Oxyfuel Gas Cutting, Operator’s Manual
for, AWS C4.2
Plasma Arc Cutting, Recommended Prac-
ticesfor, AWS C5.2
Plasma Arc Welding, Recommended Prac-
ticesfor, A WS C5,1
Stud Welding,Recommended Practicesfor,
AWSC54

Brazing
Design, Manufacture, and Inspection of
Critical Brazed Components, Recom-
mended Practicesfor, AWS C3.3
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Resistance Welding
Resistance Welding, Recommended Prac-
ticesfor, AWS Cl.1
Resistance Welding Coated Low Carbon

Steels, Recommended Practices for,
AWS CL3

Thermal Spraying
Electric Arc Spraying, Recommended
Practicesfor, AWS C2.17
Flame Spraying of Ceramics, A WS C2.13
Fused Thermal Sprayed Deposits, Rec-
ommended Practicesfor, AWS C2.15
Metallizing with Aluminum and Zinc for-

Protection of Iron and Steel, Recom-
mended Practicesfor, AWS C2.2

Welding Applications
AWS publishes standards that cover var-

ious applications of welding. The subjects and
appropriate documents are listed below.

Automotive

Automotive Portable Gun Resistance Spot
Welding, Recommended Practices for,
AWS D8.5
Automotive WeldingDesign, Recommend-
ed Practicesfor, AWS D8.4

Machinery and Equipment

Earthmoving and Construction Equip-
ment Specification for Welding, A WS
014.3

Industrial and Mill Cranes, Specification

for Welding, AWS Di4.1

Machinery and Equipment, Classification
and Application of Welded Joints for,
AWS014.4

Metal Cutting Machine Tool Weldments,
Specificationfor, AWS DI14.2

Presses and Press Components, Specifica
tionfor Weldingaf, AWS D145

Rotating Elements of Equipment, Specifi-
cationfor, AWS 014.6
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Marine
Aluminum Hull Welding, Guidefor, A WS
D3.7
Steel Hull Welding, Guidefor, AWS D3.5

Piping and Tubing

Aluminum and Aluminum Alloy pipe,
Recommended Practicesfor Gas Shielded
Arc Welding of; AWS D107

Austenitic ChromiumNickel Stainless Steel
Piping and Tubing, Recommended
Practicesfor Welding, AWS D104

Chromium-MolybdenumSteel piping and
Tubing, Recommended Practices for
Welding of; AWS DI10.8 .

Heat Treatment of Welds in Piping and
Tubing, Local, AWS DI10.10

Plain Carbon Steel Pipe, Recommended
Practices and Procedures for Welding,
AWS Di0.12

Root Pass Welding and Gas Purging,
Recommended Practices for, AWS
D10.11

Titanium Piping and Tubing, Gas Tungsten
Arc Welding of; A WS DI10.6

Sheet Metal

AWS D9.1, Specification for Welding o
Sheet Metal covers non-structural fabrication
and erection of sheet metal by welding for heat-
ing, ventilating, and air-conditioning systems;
architectural usages;food-processingequipment;
and similarapplications. Where differentialpres-
sures of more than 120inches of water (4 psig) or
structural requirements are involved, other stan-
dards are to be used.

Structural

AWS D11, Structural Welding Code—
Steel covers welding requirements applicable to
welded structures of carbon and low alloy steels.
Itis to be used in conjunction with any comple-
mentary code or specifcation for the designand
construction of steelstructures. It isnot intended
to apply to pressure vessels, pressure piping, or
base metals less than 1/8 in. thick. There are
sections devoted exclusively to buildings (static
loading), bridges (dynamicloading), and tubular
structures.

AWS D12, Structural Welding Code—
Aluminum addresses welding requirements for
aluminum alloy structures. It is used in conjunc-
tion with appropriate complementary codes or
specificationsfor materials,design, and construc-
tion. The structures covered are tubular designs,
and static and dynamic non-tubular designs.

AWS D13, Specificationfor WeldingSheet
Steel in Structures applies to the arc welding of
sheet and strip steel, including cold-formed
members, that are 0.18 in. or less in thickness.
Thewelding may involve connections of sheet or
strip steel to thicker supporting structural mem-
bers. When sheet steelis welded to primary struc-
tural members, the provisions of 4 WS DLI,
Structural Welding Code— Steel also
apply.

AWS D14, Structural Welding Code—
Reinforcing Steel applies to the welding of con-
crete reinforcing steel for splices (prestressing
steel excepted), steel connection devices, inserts,
anchors, anchorage details, and other weldingin
reinforced concrete construction. Welding may
be done in a fabrication shop or in the field.
When welding reinforcingsteel to primary struc-
tural menbers, the provisions of 4 WS DL.1,
Structural Welding Code—Steel also apply.

Safety
ANSI/ASC 249.1, Safety in Welding and
Cuttingwas developed by the ANSI Accredited
Standards Committee Z49, Safety in Welding
and Cutting, and then published by AWS. The
purpose of the Standard is the protection of
persons from injury and illness, and the protec-
tion of property from damage by fire and explo-
sions arising from welding, cutting, and allied
processes. It specifically covers arc, oxyfuel gas,
and resistance welding, and thermal cutting, but
the requirements are generally applicable to
other welding processes as well. The provisions
of this standard are backed by the force of law
since they are included in the General Industry
Standards of the US. Department of Labor,
Occupational Safetyand Health Administration.
Other safetyand health standardspublished
by AWS include the following:
Electron Beam Welding and Cutting, Rec-
ommended Safe Practicesfor, A WSF2.1

‘e’
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Evaluating Contaminants in the Welding
Environment, A Sampling Strategy
Guide, AWS F1.3

Measuring Fume Generation Rates and
Total Fume Emission for Welding and
Allied Processes,AWS F1.2 )

Preparation for Welding and Cutting of
Containers and Piping That Hxe Held
Hazardous Substances, Recommended
Safe Practicesfor, AWS' F4.1

Sound Level Measurement of Manual Arc
Welding and Cutting Processes, AWS
Fs.l

Thermal Spraying, Recommended Safe
Practicesfor, AWS C2.1

ASSOCIATION OF AMERICAN
RAILROADS

Manual of Standards and Recommended
Practices

The primary source of welding information
relating to the construction of new railway
equipment is the Manual of Standard and
Recommended Practices prepared by the Me-
chanical Division, Association of American
Railroads (AAR). This manual includes specifi-
cations, standards, and recommended practices
adopted by the Mechanical Division. The sec-
tions of the manual that relate to welding are
summarized below.

Section C, Part II, Specifications For
Design, Fabrication, And Construction of
Freight Cars. s specificationcoversthe general
welding practices for freight car construction.
Welding processes and procedures other than
those listed in the document may be used. How-
ever, they must conform to established welding
standards or proprietaty carbuilder’s specifica-
tions, and produce welds of quality consistent
with design requirements and good manufactur-
ing techniques. The welding requirements are
similar to, though not so detailed as those in
AWS DLI, Structural Welding Code—Steel.In
fact, the qualification of welders and welding
operators must be done in accordance with the
AWS Code.

Section C, Part I, Specificationfor Tank
Cars. Tii specification covers the construction
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of railroad car tanks used for the transportation
of hazardous and nonhazardous materials. The
requirements for fusion welding of thetanks, and
for qualifyingweldersand welding procedures to
be used are described in one appendix. A second
appendix describesthe requirements for repairs,
alterations, or conversions of car tanks. If weld-
ing is required, it must be performed by facilities
certified by AAR in accordance with a third
appendix.

The US. Department of Transportation
issues regulations covering the transportation of
explosives, radioactive materials, and other dan-
gerous articles. Requirements for tank cars are
set forth in the United States Code of Federal
Regulations, Title 49, Sections 173,314, 173,316,
and 179, which are included at the end of the
AAR specifications.

Section D, Trucks And Truck Details. The
procedures, workmanship, and qualification of
welders employed in the fabrication of steel rail-
road truck frames are required to be in ac-
cordance with (1) the latest recommendations of
the American Welding Society, (2)the Specifica-
tionsfor Design, Fabrication, and Construction
o Freight Cars,and (3)the weldingrequirements
of the Specificationfor Tank Cars.

Field Manual of Association of American
Railroads Interchange Rules

This manual covers the repair of existing
railway equipment. The USS. railwaynetwork is
made up of numerous interconnecting systems,
and it is often necessary for one system to make
repairs on equipment of another system. The
repair methods are detailed and specificso that
they may be used as the basis for standard
charges between the various railway companies.

CANADIAN STANDARDS
ASSOCIATION

The Canadian Standards Association
(CSA) is a voluntary membership organization
engaged in standards developmentand alsotest-
ing and certification. It is similar to ANSIin the
United States. A CSA CertificationMark assures
buyers that a product conforms to acceptable
standards.



AWS WHB~5 CHxh xx WW 07842L5 0009914 4 WA

Copyright by the American Welding Society Inc
Sat Jul @5 10:36:30 1997

232/ CODES AND STANDARDS

Examples of CSA welding documents are
the following:

Aluminum Welding Qualification Code,
CS4 W47.2

Certification of Companiesfor Fusion
Welding & Steel Structures, CSA W47.1

Codefor Safety in Wekiing and Cutting
(Requirementsfor Welding Operators),
CSAwW117.2

Qualfication Codefor Welding Inspection
Organizations, CSA W178

Resistance Welding Qualification Codefor
Fabricators o Structural Members Used
in Buildings, CSA W55.3

Welded Aluminum Design and Workman-
sh$ (Inert Gas Shielded Arc Processes),
CSA 5244

Welded Steel Construction (Metal Arc
Welding), CSA W59

Welding Electrodes, CSA W48 Series

Weldingof Reinforcing Bars in Reinforced
Concrete Construction. CSA W186

COMPRESSED GAS ASSOCIATION

The purpose of the Compressed Gas Asso-
ciation (CGA) is to promote, develop, represent,
and coordinate technical and standardization
activitiesin thecompressed gas industries, includ-
ing end uses of products, in the interest of effi-
ciency and public safety.

The Handbook o Compressed Gases, pub-
lished by CGA, is a source of basic information
about compressed gases, their transportation,
uses, and safetyconsiderations, and alsothe nies
and regulations pertaining to them.

CGA C-3,Standardsfor WeldingandBraz-
ing on Thin Walled Corntainers is directly related
to the useof welding and brazing in the manufac-
ture of DOT compressed gas cylinders. [t covers
procedure and operator qualification, inspec-
tion, and container repair.

The following CGA publications contain
information on the properties, manufacture,
transportation, storage, handling, and use of
gases commonly used in welding operations:

GIL, Acerykne

G-1.1, Commodity Specifcationfor Acety-
lene

G-4, Oxygen

G-4.3, CommoditySpecificationfor Oxygen

G-5, Hydrogen

G-5.3, CommoditySpecficationfor Hydro-
gen

G-8, Carbon Dioxide

G-6.2, Commodity Specflcationfor Car-
bon Dioxide

G-9.1, CommoditySpecificationfor Helium

G-10.1, CommoditySpecificationfor Nitro-
gen

G-11.1, CommoditySpecificationfor Argon

P-9, The Inert Gases Argon, Nitrogen, and
Helium

Safety considerations related to the gases
commonly used in welding operations are dis-
cussed in the following CGA pamphlets:

P-1, Safe Handling o Compressed Gases in

Containers
SB-2, Oxygen-DeficientAtmospheres
S$B-4, Handling Acetylene Cylindersin Fire
Situations

FEDERAL GOVERNMENT

Severaldepartments of the Federal Govern-
ment, including the General Services Adminis-
tration, are responsible for developing welding
standards or adopting existing welding stan-
dards, or both.

Consensus Standards

The U.S. Departments of Labor, Transpor-
tation, and Energy are primarily concerned with
adopting existing national consensus standards,
but they also make amendments to these stan-
dards or create separate standards, as necessary.
Forexample, the Occupational Safety and Health
Administration (OSHA) of the Department of
Labor issues regulations covering occuptional
safety and health protection. The welding por-
tions of standards adopted or established by
OSHA are published under Title 29 ofthe United
States Code & Federal Regulations, Part 1910
covers general industry, while Bt 1926 covers
the construction industry, These regulations were
derived primarily from national consensus stan-
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dards of ANSI and of the National Fire Protec-
tion Association (NFPA).

Similarly, the U.S. Department of Trans-
portation is responsible for regulating the trans-
portation of hazardous materials, petroleum,
and petroleum products by pipeline in interstate
commerce. Its rules are published under Title 49
of the United States Code of Federal Regula-
tions, Pari 195. Typical of the many national
consensusstandardsincorporated by referencein
these regulations are API Standard 1104 and
ASME B31 .4, which were discussed previously.

The U.S. Department of Transportation is
also responsible for regulating merchant ships of
American registry. [tisempoweredto control the
design, fabrication, and inspection of these ships
by Title 46 of the UnitedStares Code of Federal
Regulations.

The US. Coast Guard is responsible for
performing theinspections of merchant ships, Its
Marine Ehgineering Regulations incorporate
references to national consensus standards, such
asthosepublished by ASME, ANSI, and ASTM.
These rules cover repairs and alterations that
must be performed with the cognizance of the
local Coast Guard Marine Inspection officer.

The US. Department of Energy is respon-
sibleforthedevelopment and use ofstandards by
government and industry for the design, con-
struction, and operation of safe, reliable, and
economic nuclear energy facilities. National con-
sensus standards, such as the ASME Boiler and
Pressure Vessel Code, Sections IIT and 1X, and
A WSDL.I, Structural Welding Code—Steelare
referred to in full or in part. These standards are
supplemented by separate program standards,
known as RDT Standards.

Military and Federal Specifications

Military specifications are prepared by the
Department of Defense, They cover materials,
products, or services specificallyfor military use,
and commercial items modified to meet military
requirements.

Militaryspecificationshave document desig-
nations beginning with the prefix MIL They are
issued as either coordinated or limited-coordina-
tion documents. Coordinated documents cover
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items or services required by more than one
branch of the military. Limited-coordination
documents coveritems or servicesof interest to a
singlebranch. If a document is af limited coordi-
nation, the branch of the military which uses the
document will appear in parentheses in the doc-
ument designation.

Two current military specifications cover
the qualification of welding procedures or welder
performance, or both. Qne is MIL-STD-1595,
Quaiification of Aircraft, Missile, and Aerospace
Fusion Welders. The other, MIL-STD-248,

Welding and Brazing Procedure and Perfor-
mance Qualification, coversthe requirements for
the qualification of welding and brazing proce-
dures; welders; brazers; and welding and brazing
operators. It allows the fabricator to submit for
approval certified records of qualification tests
prepared in conformance with the standards of
other government agencies, ABS, ASME, or
other organizations. Ifs use is mandatory when
referenced by other specificationsor contractural
documents.

MILSTD-1595 establishes the procedure
for qualifying welders and welding operators
engaged in the fabrication of components for
aircraft, missiles, and other aerospace equipment
by fusion welding processes. This standard is
applicable when required in the contracting doc-
uments, or when invoked in the absence of a
specified welder qualification document.

MILSTD-1595 superseded MIL-T-5021,
Tests; Aircraft and Missile Welding Operator’s
Qualification which is obsolete. However, MIL-
T-5021 is stillreferenced by other current govern-
ment specifications and contract documents.
When soreferenced, a contractor has to perform
the technically obsolete tests required by this
Standard.

Federal Specifications are developed for
materials, products, and servicesthat are used by
two or more Federal agencies,one of which is not
a Defense agency. Federal Specifications are
classified into broad categories. The QQ group,
for example, covers metals and most welding
specifications. Soldering and brazing fluxes are
in the O-F group,

Some military and federal specifications
include requirements for testing and approval of
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a material, process, or piece of equipment before
its submissionfor use under the specification. In
such cases, the testing procedure and acceptance
criteria are given in the specification, If the actep-

. tance tests pass the specification requirements,

the material or equipment will be included in the
applicable Qualified Products List (QPL).

In otherspecifications, thesupplieris respon-
sible for product conformance. This is often the
case for welded fabrications. The supplier must
show evidence that the welding procedures and
the welders are qualified in accordance with the
requirements of the specification, and must cez-
tify the test report,

The following Military and Federal Stan-
dards (currently listed in the Department of
Defense Index) address welding, brazing, and
soldering. Thosestandards covering base metals
and welding equipment are not included.

Braze- Welding, Oxyacetylene, of Built-Up
Metal Structures, MIL-B-12672

Brazing Alloy, Copper, Copper-Zinc, and
Copper-Phosphorus, Q- B-630

Brazing Alloy, Gold, Q(-B-653
Brazing Alloy, Silver, QQ-B-554

Brazing Alloy, 82 Gold-Id Nickel, Wire,
Foil, Sheet and Strip, MIL-B-47043

Brazing Alloys, Aluminum and Magne-
sium, Filler Metal. Q@-B-655

Brazing and Annealing of Electromagnetic
(Iron-Cobalt Alloy) Poles to Austenitic
Stainless Steel, Processfor, MILE47291

Brazing & Steels, Copper, Copper Alloys,
Nickel Alloys, Aluminum, and Alumi-
num Alloys, MILE78838

Brazing Sheet, Aluminum Alloy, MIL-
E20148

Brazing, Aluminum, Processfor, MILS
47292

Brazing, Nickel Alloy, General Specifica-
tionfor, MIL-B-$972

Brazing. Oxyacetylene, of Buiit- Up Metal
Structures, MIL-5-12673

Electrode, Underwater Cutting, Tubular,

Ceramic, MS-16857

Electrode, Welding Covered (Ausieniiic
Chromium-Nickel Steel, for Corrosive
and High Temperature Services), M 1L
E-22200/2

Electrode, Welding, Bare, Aluminum Al-
loys, MILE16053

Electrode, Welding,Bare, Copperand Cop
per Alloy, MIL-E-23765/3

Electrode, Welding, Bare, High Yield Sieel,
MILE19822

Electrode, Welding, Bare, Solid, Nickel-
Manganese-Chromium-Molybdenum
Alloy Steel for Producing HY-130 Weld-
ments far As- Welded Applications,
MILE-24355

Electrode, Welding, CarbonSteel, and Alloy
Steel, Bare, Coiled, MIL-E-18193

Electrode, Welding, Copper, Silicon-De-
oxidized, Solid, Bare, MILE45829

Electrode, Welding, Covered, Aluminum
Bronze, MILE278

Electrode, Welding, Covered, Austenitic
Steel (19-9 Modified)for Armor Appli-
caiions, MILE 13080

Electrode, Welding, Covered, Bronze, for
General Use, MILE13191

Electrode, Welding, Covered, Coated,
Aluminum and Aluminum Alloy,
MIL-E-15597

Elecirode. Welding, Covered, Copper-
Nickel Alloy, MIL~E-22200/4

Elecirode, Welding, Covered, Low-Hydro-
gen, and Iron Powdered Lovw-Hydrogen,
Chromium-Molybdenum Alloy Steel and
Corrosion-Resisting Steel, MIL-
E-22200/3

Electrode, Welding, Covered, Low Alloy
Steel (Primarily for Aircraft and Wea-
pons), MIL-E-6843

Electrode, Welding, Covered, Low-Hydro-
gen, Heat-neatable Steel. MILES697

Electrode, Welding, Covered, Mild Steel,
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Electrode, Welding, Covered, Molybden-
um Alloy Steel Application, MIL-E-
22200/7

Electrode, Welding, Covered, Nickel Base
Alloy, and Cobalt Base Alloy, MILE
22200/3

Electrode, Welding, Mineral Covered, Iron-
Powder, Low-Hydrogen Medium and
High Tensile Steel, As- Weldedor Stress-
Relieved Weld Application, MILE-
22200/ 1

Electrode, Welding Mineral Covered,Iron-
Powder, Law-Hydrogen, High Tensile
Low Alloy Steel-Heat-Treatable Qnly,
MILE2220015

Electrode, Welding, Mineral Covered, Low-
Hydrogen, Chromium-Molybdenum Al-
loy Steel and Corrosion Resisting Steel,
MILE16589

Electrode, Welding, Mineral Covered, Low
Hydrogen, Medium and High Tensile
Steel, MIL-E-22200/6

Electrode. Welding,Mineral Covered, Low-
Hydrogen or Iron-Powder, Low-Hydro-

. gen, Nickel-Manganese-Chromium-

Molybdenum Alloy Steelfor Producing
HY-130 Weldmentsfor As Welded Ap-
plication, MIL-E-22200/9

Electrode, Welding, Surfacing, Iron Base
Alloy, MIL-E19141

Electrodes (Bare) and Fluxes (Granular),
Submerged Arc Welding, High- Yield
Law Alloy Steels, MILE-22749

Electrodes and Rods - Welding, Bare,
Chromiumand Chromium-Nickel Steels,
MIL-E-19933

Electrodesand Rodr- Welding, Bare, Solid,
General Specificationfor, MIL-E-23765

Electrodes and Rods - Welding, Bare,
Solid, Mild and Alloy Steel, M 1L
E23765(1

Electrodes and Rods- Welding,Bare, Solid,
Low Alloy Steel, MILE2376212

Electrodes, Cuttingand Welding, Carbon-
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Graphite, UncoafedandCopper-Coated,
MILE-17777

Electrodes, Welding, Covered, General
Specificationfor, MILE-22200

Electrodes, WeldingMineral Covered, Iron-
Powder, Low-Hydrogen-8 Nickel-
Chromium-Molybdenum-VanadiumA/-
loy Steelfor Producing HY-130 Weld-
ments to be Heat Treated, MIL-E-
22200/ 11

Electrodes, Welding Mineral Covered, Low-
Hydrogen, Iron-Powder for Producing
HY-100 Steel Weldments for A s Welded
Applications, MIL-E-22200{ 10

Fabrication Welding and Inspection of
Hyperbaric Chambersand Other Critical
Land Based Structures, MIL-STD-1693

Fabrication Welding and Inspection, and
Casting Inspection and Repairfor Ma-
chinery, Piping and Pressure Vessels In
Ships o the United States Navy, MIL
STD-278

Fabrication, Welding, and Inspection o
HY-130 Submarine Hull, MIL-STD-1681

Flux, Aluminum and Aluminum Alloy,
Gas Welding, MIL-F-6939

Flux, Brazing, Silver Alloy, Low Melting
Point, OF-499

Flux, Galvanizing, MIL-F-19197

Flux, Soldering (Stearine Compound 1C-
3) MIL-F-12784

Flux, Soldering, Liquid (Rosin Base),
MIL-F-14256

Flux, Soldering, Paste and Liquid, O-F-506

Flux, Soldering, Rosin Bare, General Pur-
pose, MIL-F-20329

Flux, Welding(For Copper-Baseand Cop
per-Nickel Alloys and Cast Iron),
MIL-F-16136

Fluxes, Welding (Compositions), Sub-
merged Arc Process With Type B, Elec-
trodes, Carbon and Low Alloy Steel
Application, MIL-F-19922
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Fluxes, Welding, Submerged Arc Process
Carbon and Low Alloy Steel Applica-
tion, MIL-F-18251

Rod, Welding, Copper and Copper Alloy,
MIL-R-19631

Rod, Welding, Copper and Nickel Alloy,
QC-R-571

Rod, Welding, High Strength, MIL-R-
47191

Solder Bath Soldering o Printed Wiring
Assemblies, MIL-S-46844

Solder, Lead-Tin Alloy, MIL-S-12204
Solder, Low-Melting Point, MIL-S-627

Solder, Tin Alloy, Lead-Tin Alloyand Lead
Alloy, QO-S-571

Soldering of Electrical Connections and
Printed Wiring Assemblies, Procedure
for, MIL-STD-1460

Soldering of Metallic Ribbon Lead Mate-
rials to Solder Coated Conductors. Pro-
cessfor Reflow, MIL-446880

Soldering Process, General Specification
for, MIL-S-6872

Soldering, Manual Type, High Reliability,
Electrical and Electronic Equipment,
MIL-S-45743

Welded Joint Design, MIL-STD-22

Welded Joint Designs, Armored-Tank Type,
MIL-STD-2]

Welder Performance Qualflcation. Aero-
space, MIL-STD-1595

Welding and Brazing Procedure and Per-

formance Qualflcation, MIL-STD-248

Welding of Aluminum Alloys, Processfor,
MILW-8604

Welding o Armor, Metal-Arc, Maml,
Wiih Austenitic Electrodes,for Aircraft,
MITr1v41

Welding o Electronic Circuitry, Process
for, MIL-W-46870

Weldingd HomogeneousArmor by Metal
Arc Processes, MILW-46086 (MR)

Welding of Magnesium Alloys, Gas and
Arc, Manualand Machine Processesfor,
MILW-18326

Welding Procedures for Constructional
Steels, MIL-STD-1261 (MR)

Welding Process and Welding Procedure
Requirementgor Manufacrure o Equip
ment Ulilizing Steels, MIL- W-52574

Welding Rod and Wire, Nickel Alloy High
Permeability, Shielding Grade, M I L W-
47192

Welding Rods and Electrodes, Preparation
for Delivery of;,M 1L W-10430

WeldingSymbols(ABCA-323), Q-STD-323

Welding Terms and Definitions (4BCA-~
324), O-STD-324

Welding, AluminumAlloy Armor, M 1 LW-
45206

Welding, Arc and Gas, for Fabricating
Ground Equipment for Rockets and ,
Guided Missiles, M 1L W-47091

Welding, Flash, Carbon and Alloy Steel,
MIL- W-6873

Welding, Flash, Standard Low Carbon
Steel, M1 LW-62160

Welding, Fusion, Electron Beam, Process
for, MIL W-46132

Welding, Gas Metal-Arcand Gas Tungsten-
Arc, Aluminum Alloys, Readily Weld-
able for Structures, Excluding Armor,
MILW-45205

Welding, Gas, Steels, Constructional, Readi-
ly Weldable,for Low Stressed Joints,
MIL-STD-1183

Welding, High Hardness Armor, MILSTD
1185

Welding, Metal Arc and Gas, Steéls, and
Corrosion and Heat Resistant Alloys,
Processfor, MIL-W-8611

Welding, Repair, o Readily WeldableSteel
Castings (Other Than Armor) Metal
Are, Manual, M1L W-13773

Welding, Resistance, Electronic Circuit
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Modules (Asg), M 1L W-8939

Welding Resistance, Spot and Projection
for Fabricating Assemblies of Carbon
Steel Sheets, M 1L W-46154

Welding, Resistance,Spotand Seam, M1 L
W-6858

Welding, Resistance, Spot. Seam, and Pro-
Jection, for Fabricating Assemblies of
Low-Carbon Steel, ML W-12332

Welding, Resistance, Spot, Weldable
Aluminum Alloys, MIL- W-45210

Welding, Spot, Hardenable Steels, MIL~
W-45223

Welding, Spot, Inert-Gas Shielded Arc,
MIL W-27664

Welding, Stud, Aluminum, MIL-W-45211

Weldment, Aluminum and Aluminum
Alloy, MIL- W-22248

Weldment, Steel, Carbon and Low Alloy
(Yield Strength 30,000-60,000 psi),
MIL-W-21157

INTERNATIONAL ORGANIZATION
FORSTANDARDIZATION

The International Organization for Stan-
dardization (ISQ) promotes the development of
standardsto facilitatethe international exchange
of goods and services. It is comprised of the
standards-writingbodies of more than 80 coun-
tries, and has adopted or developed over 4000
standards. Several of these standardsare related
to welding, The following are typical:

IS02401-1972, Coveredelectrodes-Deter-
minationaof theefficiency, metal recovery
and deposition cogfficient

1803041-1975, Weldingrequirements-Cat-
egoriesaf servicerequirementsfor welded
Joints
180 3088-1973, Weldingrequirements-Fao
torsto be consideredin specifying require-
ments for fusion welded joints in steel
(technicalinfluencingfactors)

180 3834-1978, Welding - Factorsto be con-
sidered when assessing firms usingweld-
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ing as aprime means of fabrication
IS0 6520-1982, Classification of imperfec-

tions in metallicfusion welds, with ex-
planations

The American National StandardsInstitute
is the designated U. S.representative to ISO. ISO
standards and publications are available from
ANSL

NATIONAL BOARD CF" BOILERAND
PRESSURE VESSEL INSPECTORS

The National Board of Boiler and Pressure
Vessel Inspectors (NBBPVI), often referred to as
the National Board, represents the enforcement
agencies empowered to assure adherence to the
ASME Boiler and Pressure Vessel Code. Its
members are the chief inspectors or otherjuris-
dictional authorities who administer the boiler
and pressure vessel safety laws in the various

jurisdictions of the United States and provinces
of Canada.

The National Board is involved-in the
inspection of new boilers and pressurevessels. It
maintains a registration systemfor use by manu-
facturers who desire or are required by law to
register the boilers or pressure vessels that they
have constructed. The National Board is also
responsible for investigating possible violations
of the ASME Boiler and Pressure Vessel Code
by either commissioned inspectors or manu-
facturers.

The National Board publishes a number of
pamphlets and forms concerning the manufac-
ture and inspection of boilers, pressure vessels,
and safety valves. It also publishes the National
Board Inspection Code for the guidance of its
members, commissioned inspectors,and others.
The purpose of this codeis to maintain the integ-
rity of boilers and pressure vessels after they have
been placed in service by providing rules and
guidelinesfor inspection after installation,repair,
alteration, or rerating. In addition, it provides
inspection guidelines for authorized inspectors
duringfabrication of boilers and pressure vessels.

In some states, organizationsthat desire to
repair boilers and pressure vessels, must obtain
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the National Board Repair (R) stamp by applica-
tion to the National Board. The fixm must qual-
ify all welding procedures and welders in accord-
ance with the ASMFE Boiler and Pressure Vessel
Code, Section IX, and the results must be
accepted bytheinspection agency. The firm must
also have and demonstrate a quality control sys-
tem similarto, but not so comprehensive as that
required for an ASME code symbol stamp.

NATIONAL FIREPROTECTION
ASSOCIATION

The mission of the National Fire Protection
Association(NFPA) is the safeguardingof man
and his environment from destructive fire
through the use of scientific and engineering
techniques and education. NFPA standards are
widely used asthe basis of legislationand regula-
tion at all levels of government. Many arerefer-
enced in the regulations of the Occupational
Safetyand Health Administration(OSHA).The
standards are also used by insuranceauthorities
for risk evaluation and premium rating.

Installation of Gas Systems

NFPA publishes several standards that
present general principles for the installation of
gas supply systems and the storage and handling
of gases commonlyused in welding and cutting.
These are:

NFPA 50, Bulk Oxygen Systems at Con-
sumer Sites

NFPA 504, Gaseous Hydrogen Systems at
Consumer Sites

NFPA 51, Design and Installation of Oxy-
gen-Fuel Gas Systems for Weldingand
Cutting and Allied Processes

NFPA 54, National Fuel Gas Code

NFPA 58, Storage and Handling of Lique-
fied Petroleum Gases

Users should check each standard to see if it
appliesto their particularsituation. Forexample,
NFPA 51does not apply to a system comprised
of atorch, regulators, hoses, and singlecylinders
of oxygen and fuel gas. Such a systemis covered

by ANSIIASC 249.1, Safefy in Welding and
cutting.

Safety
NFPA publishes several standards which

relate to the safe use of welding and cutting
processes. These are:

NFPA 51B, Fire Prevention in Use of
Cutting and Welding Processes

NFPA 91, Installation of Blower and Ex-
haust Systems for Dust, Stock, and Vapor
Removal or Conveying

NFPA 306, Conirol of Gas Hazard on
Vessels to be Repaired

NFPA 31, Cleaning Small Tanks and
Containers

NFPA 410, Standard on Aircraft Mainte-
nance

Again, the user should check the standards to,
determine those that apply to the particular
situation.

PIPE FABRICATION INSTITUTE

The Pipe Fabrication Institute (PFI) pub-
lishesnumerous documents foruse by the piping
industry. Some of the standards have mandatory
status becausethey are referencedin one or more
piping codes. The purpose of PFI standards is to
promote uniformity of piping fabrication in
areas not specifically covered by codes. Other
PFI documents, such as technical bulletins, are
not mandatory, but they aid the piping fabricator
in meeting the requirements of codes. The follow-
ing PF1 standards relate directly to welding:

ES1, End Preparationand Machined Back-
ing Ringsfor Butt Weld

ES7, Minimum Length and Spacing for
Welded Nozzles

ESI19, Preheat and Postheat Treatment of
Welds

ES21, Manual Gas Tungsten Arc Root
Pass Welding End Preparation and Dimen-
sional Joint and Fit Up Tolerances

ES26, Welded Load Bearing Attachments
to Pressure Retaining Piping Materials

food

PR L
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ES27, Visual Examination- The Purpose,
Meaning, and Limitation of the Term

ES28, Recommended Practicefor Welding
of Transition Joints Between Dissimilar
Steel Combinations

SOCIETY CF AUTOMOTIVE
ENGINEERS

The Society of Automotive Engineers (SAE)
is concerned with the research, development,
design, manufacture, and operation of all types
of self-propelled machinery. Such machinery
includes automobiles, trucks, buses, farm ma-
chines, construction equipment, airplanes, heli-
copters, and space vehicles. Related 'areas of
interest to SAE are fuels, lubricants, and engi-
neering materials.

Automotive Standards

Several SAE welding-related automotive
standards are written in cooperation with AWS.
These are:

HS J1156, Automotive Resistance Spot
WeldingElectrodes, Standardfor, (AWS
D8.6)

HSJ1188, Automotive Weld Quality-Resis-
tance Spot Welding, specification for,
(AWS D8.7)

HS J1196, Automotive Frame Weld Quality
Arc Welding, Specification for, (AWS
PRAR)

Aerospace Material Specifications

Material specifcations are published by
SAE for use by the aerospace industry. The
Aerospace Material Specifications(AMS) cover
fabricated parts, tolerances, quality control pro-
cedures, and processes. Welding-related AMS
specifications are listed below. The appropriate
AWS filler metal classification or a common
trade name followssome of the specifications,in
parentheses, for clarification.

Processes
2664  Brazing—Silver, for Use up to
800°F (425° C)
2665  Brazing—for Use Up to 400°F
(205°C)

2666

2667

2668

2669

2670

2671

2672

2673

2675
2680

2681

2685

2689

2690

2694

Flux
3410
3411

3412
3414
3415

3416
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Brazing—Silver, High Temper-
ature

Brazing—Silver, For Flexible
Metal Hose—600° F (3150C) Max
Operating Temperature

Brazing—Silver, For Flexible
Metal Hose—400° F 20(° C) Max
Operating Temperature
Brazing-Silver, For Flexible
Metal Hose—80(° F (425° C) Max
Operating Temperature
Brazing—Copper Furnace, Car-
bon and Low Alloy Steels

Brazing—Copper Furnace, Cor-
rosion and Hear Resistant Steels
and Alloys

Brazing—Aluminum
Brazing—Aluminum Molien Flux
(Dip)

Brazing—Nickel Alloy

Electron Beam Welding for
Fatigue Critical Applications

Electron Beam Welding

Welding, Metal Arc, Inert Gas,
Nonconsumable Electrode
(GTAW Method)

Fusion Welding, Titanium and
Titanium Alloys

Welding (Parallel Gap) of Micro-
electric Interconnections to Thin
Film Substrates

Repair Welding of Aerospace
Castings

Flux—Brazing, Silver

Flux—Brazing, Silver, High Tem-
perature

Flux—Brazing, Aluminum
Flux— Welding, Aluminum

Flux— Aluminum Dip Brazing,
103(° F Fusion Point

Flux— Aluminum Dip Brazing,
1080° F Fusion Point

Je
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3430  Paste, Copper Brazing— Water
Thinning

Aluminum Alloys
4184  Wire, Brazing—10Si 4Cu (4145)

4185  Wire, Brazing—12Si (4047)
4188  Welding Wire

4188/1  Welding Wire, 45Cu 0.704g
0.30Mn 0,25Mg 0.257i
(A201.0)

418312 Welding Wire, 4.6Cu 0.35Mn
0.25Mg 0.22T0 (4206.0)

4188/3  Welding Wire, 5.081 1.2Cu
0.50Mg (C355.0)

418814  Welding Wire, 7.0Si 0.30Mg
(A356.0)

418815  Welding Wire, 7.081 0.52Mg
(357.0)

4189  Wire, Welding—4.18i 0.2Mg
(4643)

4190  Wire, Welding—5.28i (4043)

4191  Rod and Wire, Welding—6.3Cu
0.3Mn 0.18Zr 0.15T¢ 0.10V (ER
2319)

MagnesiumAlloys

4395 Wire, Welding—9Al 2Zn (ER
AZ924)

4396  Wire, Welding—3.3Ce2.5Zn0.7Zr
(ER EZ334)

Brazing and Soldering Filler Metals
4750  Solder—Tin-Lead 45Sn 55Pb

4751  Solder— Tin-Lead, Eutectic, 635n
37Pb

4755  Solder—Lead-Silver, 94Pb 5.5Ag

4756  Solder—97.5Pb 1.54g 1Sn

4764  Brazing Filler Metal— Copper,
52.5Cu 38 Mn 9.5Ni, 1615°-1700° F
(880°-925° C) Solidus-Liquidus
Range

4765  Brazing Filler Metal, Silver—
56Ag 42Cu 2.0Ni, 1420°-1640° F

4766

4767

4768

4769

4770

4771

4772

4773

4774

4775

4776

(770" 895" C) Solidus-Liquidus
Range (BAg-13a)

Brazing Filler Metal, Silver-
85Ag 15Mn, 176(°P-178(° F (960°-
9700C)

Brazing Filler Metal, Silver—
92.5Ag 7.2Cu 0.22Li, 1435°-
1635°F (780°-890° C) Solidus-
Liquidus Range (BAg-19)

N
Brazing Filler Metal, Silver—
354g 26Cu 21Zn 18C4, 1125°-
1295° F (605°-700° C) Solidus-
Liguidus Range (BAg-2)

Brazing Filler Metal—Silver,
45A4g 24Cd 16Zn 15Cu, 1125°-
1145° F (605°-620° C) Solidus-
Liquidus Range (BAg-1)

Brazing Filler Metal— Silver,
50Ag 18Cd 16.5Zn 15.5Cu, 116(P«
1175°F (625°-635° C) Solidus-
Liquidus Range (BAg-14)

Brazing Filler Metal— Silver,
50Ag 16Cd 15.5Zn 15.5Cu 3.0Ni,
1125°-1295° F (630°-690° C) Solid-
us-Liguidus Range (BAg-3)

Brazing Filler Metal—Silyer,
544g 40Cu 5.0Zn 10N, 1325°-
I1575°F (720°-855° C) Solidus-
Liquidus Range (BAg-13)

Brazing Filler Metal, Silver, 60Ag
30Cu 108n, 1115°-1325°F (600°-
720° C) Solidus-Liquidus Range
(BAg-18)

Brazing Filler Metal, Silver, 634g
28.5Cu 6.08n 2.5Ni, 1275°-1475° F
(690°-800° C) Solidus-Liquidus
Range (BAg-21)

Brazing Filler Metal, Nickel, 73Ni
4.381 14Cr 3.1B 4.5Fe, 1790°-
1970° F (975°-1075° C) Solidus-
Liquidus Range (BNi-1)

Brazing Filler Metal, Nickel, 73 N1
4,581 14Cr 3.1B 4,5Fe, (Low Car-
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4777

4778

4779

4780

4782

4783

4784

4785

4786

4787

bon) 1790°-1970° F (975°-1075° C)
Solidus-Liquidus Range (BNi-IA)
Brazing Filler Metal, Nickel, 82Ni
4,58t 7.0Cr 3.1B 3.0Fe, 1780°-
18300F (970°-1000° C) Solidus-

Liquidus Range (BNi-2)

Brazing Filler Metal, Nickel, 92Ni
4.58i 3.1B, 180(°-1900° F (98(°-
1040" C) Solidus-Liquidus Range
(BNI-3)

Brazing Filler Metal, Nickel, 94Ni
3581 1,88, 1800°-1950° F (980°-
1065° C) Solidus-Liquidus.Range
(BNi-4)

Brazing Filler Metal, Manganese,
66Mn I6Ni 16Co 0.80B, 1770°-
1875°F (963°-1025° C) Solidus-
Liquidus Range

Brazing Filler Metal, Nickel, 7INi
108i 19Cr, 1975°-2075° F (1080°-
1135° C) Solidus-Liguidus Range
(BNi-5)

Brazing Filler Metal, High Tem-
perature, 50Co 8081 19Cr 17Ni
4.0W 0.80B, 2050°-2100° F (1120°-

g,zog_ g Solidus-Liquidus Range

Brazing Filler Metal, High Tem-
perature, 50 4u 25 Pd 25Ni, 2015°-
2050° F (1160°-1120° C) Solidus-
Liguidus Range

Brazing Filler Metal, High Tem-
perature, 30Au 34Pd 36Ni, 2075°-
2130° F (1135°-1165° C) Solidus-
Liquidus Range (BAu-5)

Brazing Filler Metal, High Tem-
perature, 70Au 8Pd 22N, 1845°-
1915° F (1005°-1045° C) Solidus-
Liquidus Range

Brazing Filler Metal, High Tem-

sy %oéfjﬁ&féﬁ, tis Fpet

ature (BAu-4

Titantum Alloys

4951

Wire, Welding

Codes and Standards [ 241

4953 Wire, Welding—5Ak2.55n

4954 Wire, Welding—6AMYV

4955 Wire, Welding—8Al-1Mo-1V

4956  Wire, Welding—6Al-4V, Extra
Low Interstitial, Environment
Controlled

Carbon Steels

5027  Wire, Welding—1{.05Cr 0.55Ni
1,0Mo 0,07V (0.26-0.32C), Vac-
uum Melted, Environment Con-
trolled, Packaged (WAC)

5028 Wge, Welding—1.05Cr 0.55Ni
1.OMo 0.07V (0.34-0.40C), Vac-
uum Melted, Environment Con-
trolled, Packaged (WAC)

5029  Wire, Welding—0.78Cr 1.8NI!
0.35Mo 0,207 (0.33-0.38C), Vac-
uum Melted, Environment Con-
trolled, Packaged

5030  Wire, Welding—Low Carbon

5031  Welding Electrodes, Covered,

Steel—0.07-0.15C (E6013)

Corrosion and Heat Resistant Steels and Alloys

3675

5676
5677

5679

3680

5681

3683

5684

5691

5694

Wire, Welding—70Ni15.5Cr 7Fe
3.0T8 2.4Mn

Wire, Welding—80Ni 20Cr

Electrodes, Covered Welding—
75Ni 19.5Cr 1.6 (Cb+Tu)

Wire, Welding—73Ni13.5Cr 8Fe
22 (Cb+Ta)

Wire, Welding—18.5Cr 11Ni 0.40
(CbtTa)

Electrodes, Covered Welding—
19.5Cr 10.5N1 0.60 (Cb+Ta) (E347)
Wire, Welding—75Ni 15.5Cr 8Fe

Electrodes, Covered, Alloy, Weld-
ing—72Ni 15Cr 9Fe 28 (Cb+Ta)
(ENiCrFe-1)

Electrodes, Covered, Steel, Weld-
ing—18Cr 12.5Ni 2.2Mo (E316)

Wire, Welding—27Cr 21.5Ni
(ER310)

L
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5695  Electrodes, Covered Welding— 5797  Electrodes, Covered, Welding—
25Cr 20Ni (E310) 31.5Co 20Cr 10N ISW (L-603)
5774  Wire, Welding—16.5Cr 4.5Ni 5798  Wire, Welding, Alloy—47.5Ni
2.9Mo 0.IN (AM350) 22Cr 1.5Co 9.0Mo 0.60 W 18,5 Fe
5775  Electrodes, Welding, Covered— (Hastelloy X)
16.5Cr 4.5Ni 2.9Mo 0.IN (AM- 5799  Electrodes, Covered, Welding—
350) 48Ni 22Cr 1.50Co 9.0Mo 0.60W
5776 Wire, Welding—12.5Cr (410) 185Fe (ENiCr-Mo-2)
5777  Electrodes, Coated Welding 5800 Wire, Welding—S54Ni 19Cr 11Co
Steel—12.5Cr (E410) 10Mo 3.2Ti 1.5A41 0.0068 Vacu-
5778 Wire, Welding—72Nil5.5Cr 24Ti um Melted (Rene 41)
1 (CbtTa) 0.7A] 7Fe 5801  Wire, Welding—39Co 22Cr 22Ni
5779  Electrodes, Covered Welding— \ 14.5W 0.07La (Haynes 188)
75Ni 15Cr 1.5 (Cb+Ta) 1.9Ti 5804 Wire, Welding—15Cr 25.5Ni
03541 5.5Fe 1.3Mo 2.2T¢ 0.0068 0.30V (A-
5780  Wire, Welding—15.5Cr 4.5Ni 286)
2.9Mo 0.10N (AM355) 5805  Wire, Welding—15Cr 25.5Ni
5781  Electrodes, Welding Covered— 1.3Mo 2.2T0 0.006B 0.30V Vacu-
15.5Cr 4.5Ni 2.9Mo0 0.IN (AM- um Induction Melted (4-286)
333) 5812 Wire, Welding—15Cr 7.INi 2.4+
5782 Wire, Welding—20.5Cr 9.0Ni Mo 1Al VacuumMelied (WPH1S5-
0.50Mo L5 W 12 (Cb+Tg) 0.20T% 7Mo- VM)
(19-9%] Mo) 5817 Wire, Welding—13Cr 2Ni 3W
5783 Electrodes, Covered Welding— (Greek Ascoloy)
. 8N 0. 1.5 g
;2;0;‘,)8;;";93’ 0Mo 1% 10 5821  Wire, Welding—I2.5Cr, Ferrite
. . . Control Grade (410 Mod)
5784  Wire Welding, Corrosionand Heat . ) i
Resistant 29Cr 9,5Ni (29-9) 5823 I”gge’ ,Tjjd’:}%;,’ 1.80 2.8Ni
5785  Electrodes, Covered Welding— 00 LMo
28.5Cr 9.5Ni (E312) 5824 Wire, Welding—17Cr 7.INi 1Al
5786  Wire, Welding—62.5Ni 5.0Cr (17-7PH)
24.5Mo 3.3F¢ (Hastelloy W) 5825  Wire, Welding— 16334.8N10.22
5787 Electrodes, Covered Welding— (Co+Ta) 3.6Cu
63NI5Cr24.5Mo0 5.5 Fe (ENiMo-3) 5826  Wire, Welding—15Cr 5,INt 0.30
5789 Wire, Welding—S54Co 25.5Cr (Cb+Ta) 3.2Cu (17-4PH)
10.5Ni 7.5W (Stellite 31) 5827  Electrodes, Welding, Covered
5794 Wire, Welding—31Fe 20Cr 20Ni Steel—16.4Cr 4.8Ni (.22 (Co+
20Co 3Mo 2.5W 1 (Cb+Ta) (N- Ta) 3.6Cu (17-4PH)
135) 5828  Wire, Welding— 57Ni 19.5Cr
5795  Electrodes, Covered, Welding— 13.5Co 4.2Mo 3.ITi [.4A4l
31Fe 20Cr 20Ni 20Co 3.0Mo 2.5W 0.006B Vacuum Induction Melt-
1.0 (Cb+Ta) (N-155) ed (Waspaloy)
5796  Wire, Welding,Aloy—352Co 20Cr 5829  Wire, Welding—5356Ni 19.5Cr

10Ni ISW (L-605)

18Co 2.5TV 1.5A] Vacuum Induc-
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tion Melted (Nimonic 90)

5832 Wire, Alloy, Welding—352.5Ni
19Cr 3.0Mo 5.1 (CbtTa) 0.90TY
0.50A41 18Fe, Con. Elect. or Vac.
Induct. Melted (718)

5837 Wire, Welding, Alloy— 62Ni
21.5Cr 9.0Mo 3.7 (Cb+Ta) (625)

5838 Wire, Welding, Alloy—65Ni 16Cr
15M0 0.30A1 0.06 La (Hastelloy S)

5840  Wire, Welding—13Cr 8,0NJ
2,3Mo 1.1A1l, Vacuum Melted
(PHI13-8Mo)

Low Alloy Steels

6457  Wire, Welding—0.95Cr 0.20Mo
(0.28-0.33C) Vacuum Melted
(4130)

6458  Wire, Welding—0.658i 1,25Cr
0.50Mo 0.30V (0,.28-0.33C),
Vacuum Melted

6459  Wire, Welding—1.0Cr 1.0Mo
0.12V (0.18-0.23C) VacuumInduc-
tion Melted

6460  Wire, Welding—0.758i 0.62Cr
0.20Mo 0.10Zr (0.10-0.17C)

6461  Wire, Welding— 0.950 0.20V
(0.28-0.33C) Vacuum Melted
(6130)

6462  Wire, Welding—0.95Cr 0.20V
(0.28-0.33C) (6130)

6463  Wire, Welding—18.5Ni 8.5Co
5.25Mo 0727V 0.104], Vacuum
Melted, Environment Controlled
Packaging

6464  Electrodes, Covered Welding—
1.5Mo 0.20V (0.06-0.12C)
(E10013)

6465  Wire, Welding—2.0Cr 10Ni 8,0Co
1,0Mo 0.02A41 0.06¥ Vacuum
Melted, Environment Controlled
Packaging (HY180)

6466~ Wire, Welding Corrosion Re-
sistant 5.2Cr 0.55Mo (502)

6467  Electrodes, Covered Welding

Codes and Standards | 243

Steel—3Cr 0.55Mo (E502)

6468  Wire, Welding—1,0Cr 10Ni 3.8Co
0.45Mo0 0,08V (0.14-0.17C)
Vacuum Melted, Environment
Controlled

SAE Aecrospace Recommended Practices
of interest are:

ARP 1317, Electron Beam Welding

ARP 1330, Welding of Structures for
Ground Support Equipment

ARP 1332, Wave Soldering Practice

AR P 1333, Nondestructive Testing o Elec-
tron Beam Welded Joints in Titanium
Base Alloys

Unified Numbering System

The Unified Numbering System (UNS)
provides a method for cross referencing the dif-
ferent numbering systemsused to identifymetals,
alloys, and welding fffler metals. With UNS, it is
possibleto correlate over 3500 metals and alloys
used in a variety of specifications, regardless of
the identifying number used by a society, trade
association, producer, Or user.
UNS is produced jointly by SAE and
ASTM, and designated SAE H3J1086/ ASTM
D836, It cross references the metal and alloy
designations of the following organizations and
systems:
AA (Aluminum Association) Numbers
ACI (Steel Founders Society of America)
Numbers

AISI (American Iron and Steel Institute)-—
SAE (Society of Automotive Engineers)
Numbers

AMS (SAE Aecrospace Materials Specifi-

cations) Numbers
ASME (American Society of Mechanical
Engineers) Numbers

ASTM (American Society for Testing and
Materials) Numbers

AWS (American Welding Society) Numbers

CDA (Copper Development Association)
Numbers
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Federal Specification Numbers
MIL (Military Specifications) Numbers

SAE (Society of Automotive Engineers)
Numbers

Over 500 of the listed numbers are for weld-
ing and brazing filler metals. Numbers with the
prefix Ware assigned to welding filler metals that
are classified by deposited metal composition.

MANUFACTURERS' ASSOCIATIONS

The following organizations publish litera-
ture which relates to welding. The committees
that write the literature are comprised of repre-
sentatives of equipment or material manufactur-
ers. They do not generally include users of the
products, Although some bias may exist, there is
much useful information that can be obtained
from this literature. The organization should be
contacted for further information.

The Aluminum Association
818 Connecticut Avenue N.W.
Washington, D.C. 20006

American Iron and Steel Institute
1000 16th Street N.W.
Washington, D,C, 20036

Copper Development Association, Inc.
57th Floor, Chrysler Building

405 Lexington Avenue

New York, New York 10017

Electronic Industria Association
2001 Eye Street N.W.
Washington, D.C. 20006

National Electrical Manufacturers Associ-
ation

2101 L Street N.W.

Washington, D.C. 20037
