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Preface 

This is the fdth and final volume of the 7th Edition of the Welding Handbook. This 
volume contains revisions to severalchapters that last appeared in Volume (Section) 1 of the 
6th Edition of the Handbook. These revisions include symbols for welding, brazing, and 
nondestructive testing; economics and cost estimating; codes and standards; inspection; and 
safe practices. The volume also includes new chapters on the design for welding, fixtures and 
positioners, automation and controI, qualification and certification, and weld quality. The 
information in this volume will be particularly useful to engineering as well as manufactur- 
ing and inspection personnel. 

The chapter on symbols is a guide to the use of symbols, not the standard for symbols 
that is published separately (AWS A2.4, Symbols for Welding and Nondestructive Testing). 
The information on codes and standards includes currently published documents. The 
reader should verify the existence and 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 all 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 Member responsible for achapter are recognized on the title page of 
that chapter. Other individuals also contributed in avariety of ways, particularly in 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 assistance in 
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 
Welding Handbook Committee Welding Handbook 

W.H. Kearns, Ediror 

1981-1984 
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Design for Welding 

GENERAL CONSIDERATIONS 

OBJECTIVES 
A weldment is an assembly that has the 

component parts joined by welding. It may be a 
bridge, a building frame, an automobile or truck 
body, a trailer hitch, a piece of machinery, or an 
offshore tubular structure. 

The basicobjectives of weldment design' are 
ideally to provide a weldment that 

(1) Will perform its intended functions. 
(2) Will have the required reliability and 

safety. 
(3) Is capable of being fabricated, inspected, 

transported, and placed in service at minimum 
total cost. 

Total cost includes costs of the following: 

(2) Materials 
(3) Fabrication 
(4) Erection 
(5)  Inspection 
(6) Operation 
(7) Repair 
(8) Maintenance 

THE DESIGNER 
Designers of weldments should have some 

knowledge and experience in the following pro- 

I .  There is 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. 

(1) Design 

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

(I) 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 
Designers also need a general knowledge of 

the following subjects2 and their effects on the 
design of weldmentx 

(1) Mechanical and physical properties of 
metals and weldments 

(2) Weldability of metals 
(3) Welding processes, costs, and variations 

(4) Filler metals and properties of weld 

(5) Thermal effects of welding 
(6) Effects of restraint and stress concen- 

(7) Control of distortion 
(8) Communication of weldment design to 

the shop, including the use of welding symbols 
(9) Applicable welding and safety codes and 

standards 
Engineers who are responsible for designing 

welded machine parts and structures need knowl- 

in welding procedutes 

metals 

trations 

2. T h e  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 stiffness or 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 form that is to be 
replaced by a weldment. The designer should be 
aware that weldments are different from castings 

PROPERT 

STRUCTURE SENSITIVITY OF 
PROPERTIES 

The properties of metals can be divided into 
three general groups, (1) mechanical properties, 
(2) physical properties, 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 
specific properties listed under each general head- 
ing are divided into structure-insensitive proper- 
ties and structure-sensitive properties. This sepa- 
ration in properties is commonly made by most 
textbooks on metals to emphasizethe 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 

’ 

~ 

: 
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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 a casting to a 
weldment, both appearance and function may be 
improved because weldment design generally 
involves a more conservative and strategic use of 
materials. The motivating force for such achange 
is adesire to decrease productioncost byfabricat- 
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. 

OF METALS 

from standard engineering tests. The structuw 
insensitive properties often can be calculated or 
rationalized by consideration of the chemical 
composition and the crystallographic structure 
of the meta1.J These properties (Table 1.1) com- 
monly are listed in handbooks as constants for 
the particular metals. Seldom i s  any mention 
made of the size or condition of the sample upon 
which the determination was made. 

Structure-sensitive properties, on the other 
hand, are dependent upon not only chemical com- 
position and crystallographic structure, 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-sensitive property. Therefore, different 

3. General and welding metallurgy of metals iscovered 
in the Welding Handbook, Vol. I,  7th Ed., 1976 
100-151. 
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- 
Table 1.1 

Properties of metals 

General Structure-insensitive 
groups properties 

Structure-sensitive 
properties 

Mechanical Elastic moduli 

Physical Thermal expansion 
Thermal conductivity 
Melting point 
Specific heat 
Emissivity 
Thermal evaporation rate 
Density 
Vapor pressure 
Electrical conductivity 
Thermoelectric properties 
Magnetic properties 
Thermionic emission 

Ultimate strength 
Yield strength 
Fatigue strength 
Impact strength 
Hardness 
Ductility 
Elastic limit 
Damping capacity 
Creep strength 
Rupture strength 

Ferromagnetic properties 

Corrosion Electrochemical potential 

Optical Color 

Oxidation resistance 

Reflectivity 

Nuclear Radiation absorbtivity 
Nuclear cross section 
Wavelength of characteristic x-rays 

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

All of the mechanical properties of metals, 
with theexception ofelasticmoduli, are structure- 
sensitive, as listed inTable 1.1. Thissuggests that 
single values, or even a narrow range of values, 
published in a handbook for the strength of a 
particular metal or alloy must be accepted with 
reservation. It is not uncommon to find that 

plates or bars of a metal, which represent unusual 
sizes or conditions of treatment, may display 
s i m c a n t  deviations in mechanical properties 
from those published for the metal. Even the 
directionin which wrought metal is tested (longi- 
tudinal, transverse, or through-thickness) may 
give significantly different values for strength and 
ductility. Although the physical and corrosion 
properties of metals are indicated to be structure- 
insensitive for the most part, it i s  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.4 

Metals not only offer many useful proper- 
ties and characteristics in their mechanical behav- 
ior, but they can also develop a large number of 
combinations of these properties. The versatility 
of metals with respect to mechanical properties 
has encouraged the selection of thebest combina- 
tion of properties to facilitate fabrication and to 
insure good service performance. Some applica- 
tions require considerable thought about base 
and filler metal selections and 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 effect upon 
the design and service behavior of the weldment. 

Modulus of Elasticity 
A convenient way of appraising the ability 

ofametal to resistelasticstretching(strain)under 
stress is by the ratio E between the stress and the 
corresponding strain. This ratio is known as 
Young’s modulus or the modulus of elasticity. It 
is commonly expressed by the following formula: 

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 Ed., 
1976 154-219. 
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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-insensitive property; it is virtually unaf- 
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 1.2 
Modulus of elasticity of metals 

Metal 

Aluminum 
Beryllium 
Columbium 

Iron 
Lead 
Molybdenum 
Nickel 
Steel, carbon & alloy 
Tantalum 
Titanium 
Tungsten 

Copper 

Modulus of 
elasticity, 
psi 

9.0 X IO6 
42.0 
15.0 
16.0 
28.5 
2.0 

46.0 
30.0 
29.0 
27.0 
16.8 
59.0 

The elastic modulus can be used practically 
to indicate how much a tie rod will stretch elasti- 
cally when aload is placed upon it, or how much 
a beam will deflect elastically when under load. A 
frequent use of the elastic modulus in welding, 
however, i s  to determine thelevel of stress created 
in a piece of metal when it is forced to stretch 
elastically for a specified amount. The stress can 
be determined by multiplying the strain by the 
elastic modulus. 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 
The elastic behavior of metal reaches a limit 

at  a level of stress called the elasric 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 
on stain rate. The elastic limit is the upper bound 
of stress where the member wiU 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 
determined easily 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 line rela- 
tionship. It is difficult to state exactly where the 

50 

40 

3 30 
ui 
t 

20 

10 

0 

proportionality ends between stress and strain 
because the clarity and interpretation of the curve 
may vary. The proportional limit on the stress- 
strain curve in Fig. 1.1 is about 28 ksi. This is 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 elastic limit 
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. 1.1 were loaded to 32 ksi (S2), 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 h/h, , 
line B-B'. 

0 0.0005 0,0010 0.0015 0.0020 0.0026 0.0030 0.0035 
Elongation, in./in. 

Fig. 1.1-Typical tensile dress-strain diagram for a metdstresed 
beyond the limit of elastic behavior 
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Yield Strength 
The yield strength of a metal is the stress 

level at which themetalexhibits aspecified 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' is drawn parallel to the elastic line A-A' 
from a point on the abscissa representing 0.2 

Design for Welding 7 

is a structuresensitive property, and is dependent 
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 percent (0.0020 in,/in.) elongation. The line GC 
will intersect the stress-strain curve at S, where 
the stress level is about 38 ksi. This stre; is the 
yield strength of the tested metal. 

While a 0.2 percent offset yield strength is 
commonly used in engineering design, 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 ayieldpoinf which is thestressjust above 
the elastic limit where an increase in strain occurs 
without an increase in stress. The yield point is 
generally mentioned only for low strength steels. 
Offset yield strength is the more commonly used 
index of loadsanying ability without excessive 
plastic strain. 

Tensile Strength 
The ratio of the maximum load sustained 

by a tensile test specimen to the original cross- 
sectional area is called the ultimate jensilestrengrh 
(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 

The effect of cyclic loading is an important 
aspect of the strength of metals and welded joints. 
Fracture can takeplacehametal at astress 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 increases as the area of section ahead of the 
crackdecreases with each application of applied 
load until the stress at the crack tip causes unsta- 
ble crack growth. Then, sudden, complete failure 
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 
stress applications increases. The fufiguestrengrh 
is generally defined as the maximum stress that 
can be sustained for a stated number of cycles 
without failure. Unless otherwise stated, the 
s t m  is completely reversed withineach cycle. As 
the desired number of stress repetitions is in- 

. 

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 calculate the 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 ofcold work, and amaximumstrength 
is reached just prior to fracture. 

creased, the corresponding fatigue strength be- 
comes smaller. For steel, the fafigue strength is 
usually almost constant beyond about two mil- 
lion cycles. Many million additional cycles are 
required to cause asignifkant reduction in fatigue 
strength. Thefatigue limit, therefore, practically 
becomes the maximum stress or stress range 
which the metal will bear for an infinite number 
of cycles without fracture. Such a limiting stress 
level is often called the endurance limit. The 
futigue Iije, accordingly, is the number of cycles 

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

of stress that can be sustained by a metal under 
stipulated conditions. 
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The endurance limits reported for metals in 
engineering handbooks 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 little relevance in 
the design of as-welded weldments. Weldments 
are characterized by abrupt changes in 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 elastic range of the material 
is principally dependent on the stress range and 
joint geometry. L$e 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 component or collapse of the structure 
takes place. 

The stress range is the absolute magnitude 
of stress variation caused by the application and 
removal of loads. For vehicular bridges, this load 
is usually a truck or train traversing thestructure. 
Structural details and joint geometry include the 
type ofjoint, the type ofweld, surface f i s h ,  and 
structural details that affect stress amplification 
caused by mechanical notches. The differences in 

stresses are 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 cycles that will cause acrack to initiate 
and propagate to a critical length. Weldments in 
rotating equipment are particularly prone to 
fatigue failure. Pressurevessels can fail by fatigue 
also when pressurization is cyclic and stress 
above the fatigue strength is concentrated at 
some point. 

Designers of weldments need 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 stress concentration effects of joints and structu- 
ral details are largely responsible forthevariation 
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 subject structure must be followed. 
In the absence of a specific code, an appropriate 
code or standard for similar structures 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 stresses per se do not cycle, of 
course, but they may augment or detract from 
applied stresses, depending upon their respective 
signs. For this reason, it may be advantageous to 
induce, if possible, compressive residual stress in 
critical areas of a weldment where cyclic tension 

The amount of plastic deformation that an 
unwelded or welded specimen undergoes in a 
mechanical test carried to fracture is considered a 
measure of the ductility of the metal or the weld. 
Values expressing ductility invarious mechanical 
tests do not measure any fundamental character- 
istic, but merely provide relative values for com- 
parison of ductilities of metals subjected to the 
identical test conditions. The plasticity exhibited 
by a specimen is 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 conditicns of testing. The 
sue and shape of the specimen, the ambient 
temperature, the rate of straining, metallurgical 
structure, and surface conditions all influence the 
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amount and location of plastic deformation prior 
to fracture. 

Ductility values obtained from precise or 
elaborate tests are not used directly in design. 
Most structures are designed to operate at 
stresses below the yield strength, and any sign& 
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 
available to 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- 
tive to both loading rate and ambient temperature. 

Fracture Toughness 
A metal that is judged 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. In fact, there have been 
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 metallurgist to speak of 
thetoughness of metal asapropertydistinctfrom 
ducfility.5 

Toughness can be described as the ability of 
metal containing an existing small crack or other 
stress raiser to resist fracture while being loaded 
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under conditions that are unfavorable for energy 
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 stresses become 
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. 

Indesigningwithductile metals, the fail-safe 
load carrying capability of an engineering struc- 
ture, including the welds, is normally based on a 
stress analysis to assure that the nominal streses 
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 alterthe 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; adetail 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 
analysis requires proper attention to the role of a 

Englewood Cks, NJ Prent$-Hall, 1977. correlation between notch test standards for base 
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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 possibility of designingsafely 
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 welded joints 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, specifcally 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 able to establish the 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 
relative to flaw growth rates is essential. 

The specificationof allowable flaw sizes and 
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 a body-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 decreases to near absolute zero. 

The properties 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 
cryogenic service that 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 alloys increase as 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 cerfain other ' 
metals, the suitability of metals for low tempera- 
ture service is judged by tests that evaluate pro- 
pensity to brittle fracture rather than simple ten- 
sile or bend ductility. The favorite specimens for 
low-temperature testing are the notched tensile 
specimen and the notched-bar impact specimen. 
The principal factors that determine the low 
temperature behavior of a metal 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 ( 5 )  rate of loading. The notched- 
bar impact strengths for five common metals are 
listed in Table 1.3. Iron and steel suffer a marked 
reduction in impact strength at low tempera- 
tures. The addition of alloying elements 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, ft 4 Ib 
Temperature, 

O F  Aluminuma Copper' Nickell Ironb Titanium' 

75 (room temperature) 20 40 90 75 15 

0 20 42 92 30 13 

-100 22 44 93 2 I 1  

-200 24 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 Mefallurgy, 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 section that may later interfere with 
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 falls to predict 
behavior under induced strain during welding. 
Even the strength and ductility of the weld metal 
as it cools from the solidification point 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 able to operate morefreely. However, metals 
vary considerably in the way that their strengths 
and ductilities change 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 
falls when the heat source is 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 stresses depends upon 
the various properties of the metal at the varying 
temperatures encountered. 

Performance of a metal in service at an 
elevated temperature is governed by 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. The rate 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 
elevated 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 sufficiently high, the 

, 

.- 
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metal will creep until rupture occurs. The term 
creep-rupture is used to identify the mechanics of 
deformation and failure of metals under stress at 
elevated temperatures. 

PHYSICAL 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 the joining operation 
depends heavily on a particular physical p r o p  
erty. The physical properties of regular polyciys- 
talline metals are not so structure-sensitive as the 
mechanical properties. Constant values usually 
are provided for metals and 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 
Therateatwhichheat istransmitted through 

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

Metals differ considerably in their thermal 
conductivities. Copper and aluminum are excel- 
lent conductors, which accounts for the difficulty 
in attempting to weld these metals using a rela- 
tively low-temperature heat source, like an oxy- 
acetylene flame, Conversely, the good conductiv- 
ity of copper makes it a good heat sink when 
employed as a hold down or backing bar. Steel is 
a relatively 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 
pi~ofametal,suchasuon,maybejoinedwith 
a metal of lower melting point, such as bronze. 
The brazing filer metal wets and adheres to the 
steel faces to 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 

are heated. The coefficient of thermal expansion 
is the unit change in linear dimensions of a body 
when its temperature is changed by one degree. 
Thecoefficient also serves to indicatecontraction 
when the temperature is decreased. Engineers 
usually are concerned with changes in length in 
metal components, and most handbooks provide 
a linear coefficienf of thermal expansion rather , 
than a coefficient 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 weldment design when setting 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- 
creasa conductivity. These characteristics are 
important variables affecting resistance welding 
processes. 

CORROSION PROPERTIES 
The corrosion properties of a metal deter- 

mine its mode 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 
effects produced by welding, Like heat tint forma- 
tion or oxidation, fluxing action of slag, and 
moisture absorption by slag particles can be 

important factors in the corrosion behavior of 
the weld metal. These considerations are 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 
improving an existing machine or for building an 
entirely new product or structureusing advanced 
design and fabrication techniques. In any event, 
many factors must be taken into account before a 
design is finalized. These considerations involve 
numerous questions and considerable research 
into the various areas of marketing, engineering, 
and production. 

ANALYSIS OF EXISTING DESIGN 
When designing an entirely new machine or 

structure, an attempt should be made to obtain 
information on similar units including those of 
other manufacturers or builders. If a new design 
is to replace a current one, the good and bad 
points of the latter should be understood. The 
following questio nscan help in determining these 

(1) What are the opinions of customers and 
points: 

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 
m., 1976: 200-207. 

(2) What has been its history of failures? 
(3) What features should be retained, dis- 

(4) What suggestions for improvements 

(5) Is it over or under designed? 

carded, or added? 

have been made? 

DETERMINATION OF LOAD 
CONDITIONS 

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

(I) From the motor horsepower and speed, 
determine the 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 an indication of maximum loading 
on a member. 

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

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

(1) Design for easy handling of materials, 

M A J O R  DESIGN FACTORS 

In developing a design, the designer should 
consider how decisions will affect production 
operations, manufacturing costs, product per- 
formance, appearance, and customer acceptance. 
Many factors far removed fromengheeringcon- 
siderafions 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 

for &expensive tooling, and for &essibility of 
the joints 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- 
a n a  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. 

costs. 
(2) The safety factor should not be unrealis- part Preparation 

tically high. 
(3) Good appearance may be necessary, but 

only in areas that are exposed to view, The draw- 
ing or specifications should 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 

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 subsequent edge preparation. 

(2) The extent of welding must be considered 
when proposing to cut the blank and prepare the 

’ 

tubular section is 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, commercially available com- 
ponents should be specified when they will serve 
the purpose. Examples are index tables, way 
units, heads, and columns. 

DESIGNING THE WELDMENT 

edge for welding simultaneously. 
(3) Weld metal costs can be reduced for 

thick plate by specifying J- or U-groove prepara- 
tions. 

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

Forming 
Forming of parts can sometimes reduce the 

cost of a weldment by avoidingjoints and machin- 
ingoperations. The base metal composition, part 
thickness, over-all dimensions, production vol- 
ume, tolerances, and cost influence thechoice of 

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

f o d n g  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 two surfaces at less than 30 degrees to each other 
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 weldment to simplify design and 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 somealloys,coldformingmayincrease 
the likelihood of brittle fracture in service, and 
heat from welding near the formed area may also 
contribute to the problem. The matter should be 
investigated before cold forming and welding of 
susceptible materials is specified in a design. 

Weld Joint Design 
The joint design should be selected primar- 

ily on the hasis 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 
deep joint penetration or of welding within the 
groove (electrogas, electroslag, or narrow-gap 
welding). 

(3) Use the- smallest practical root opening 
and groove angle to minimize the amount offiller 
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 comer joints in steel, specify a depth 

are unreliable. 

good accessibility for welding. 

Size and Amount of Weld 
Overdesign is a common error, as is over- 

welding in production. Control of weld size 
begins with design, but it must be maintained 
during the assembly and welding operations. The 
following are 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 
fillet weld of a given size is usually less costly than 
a larger sized intermittent fillet weld. Also, there 
are fewer weld terminations that are potential 
sites of discontinuities. 

(4) An intermittent 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 one contin- 
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 

(9) Design the assembly and the joints for 

of preparation of the groove to intersect the full based on the load or other requirements of that 
thickness of the material to minimize lamellar section. 
tearing, especiallyin thicknesses of 2 in. and over. (7) Welding of stiffeners or diaphragms 

(6) For Tjoints where fatigue is not a pri- should be limited to that required to carry the 
maryconcern, usedouble fillet welds to minimize load, and should be based on expected out-of- 
through-thickness shrinkagestrains and to spread plane distortion of the supported components 
the transfer of applied forces. under service loads as well as during shipment 

(7) Use one weld in place of two welds, and handling. 
where possible, to joint three parts at one (8) The amount of weldingshould be kept to 
location, a minimum to limit distortion and internal 

(8) Avoid joints where it is difficult to obtain stresses and, thus, the need and cost for stress- 
fusion at the root. For example, welds joining relieving and straightening. 
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Subassemblies 
In visualizing assembly procedures, the de- 

signer should break the weldment into subas- 
semblies in several ways to determine thearrange- 
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 in the finished weldment may 
be easier to control. 

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

(5)  Machining of subassemblies to close tol- 
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 
welding of each can be balanced about the neutral 
axis. Welding the more flexiblesections first facil- 
itates any straightening that might be required 
before final assembly, 

FIXTURES, 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 assembly and 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 influenq which 

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

(1) Backing strips increase the speed of weld- 
ing when making the fmt pass in groove welds. 

(2) The use of low-hydrogen steel electrodes 
or welding processes eliminates or reduces pre- 
heat requirements for steel. 

(3) If plates are not too thick, consider a 
joint design requiring welding only from one side 
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- 
Iar tearing in susceptible steels. 

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

RESIDUAL STRESSES AND 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 
welded joints 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 weldingstresses and for controllingdistortion 
in a weldment are discussed in the Welding 
Handbook, Vol. I, 7th Ed., 1972: 265-68. 

CLEANING AND INSPECTION 
Design specifications can have some effect 

on cleaning and inspection costs. The design fac- 
tor of safety determines the type and amount of 
inspection required. The following shop practices 
also affect these costs: 

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

(2) Undesirable overwelding should be noted 
during inspection because it can be costly and 
also contributes to distortion. Corrective action 

should be directed at work in progress rather 
than at completed weldments. 

(3) The type of nondestructive inspection to 
be used on weldments must be capable of detect- 
ing the types and sizes of weld discontinuities that 
are to be evaluated for acceptability. 

DESI C N CON SI DER AT1 ON S 

The performance of any member of a sfnrc- 
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 to select the most 
efficient structural section and determine required 
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, it is possible 
to simplify the design analysis and the use of 
thoseformulas. In fact, as willbe 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 design is 
no more complex than in other engineering fields. 

THE DESIGN APPROACH 
Considerations other than the engineer’s 

wishes may prevail; for example, when amachine 
is to 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 
obsolescence of facilities and skills, and limits the 

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 as awhole is 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 is realized immediately. When the adjust- 
ment to changes in production procedures is 
complete, the company is 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 approach to 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 these data, the risk of failure maybe 
evaluated and the probability of occurrence kept 
at a safe level for the application considering the 
risk of injury, death, or extensive propetty 
damage. 

The choice of materials and safe stress levels 
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 
designer attempts a new design or structural con- 
cept. Laboratory tesfs of models or sections of 
prototype structures should be used to verify the 
design. 

SELECTING A BASIS FOR WELDED 
DESIGN 

A redesign of a product may be based on the 
previous design or on loading considerations 
solely. Following a previous design has the 
advantages of offering al'safe" starting point; the 
old design is known to perform satisfactorily. 
This approach, however, has disadvantages in 
that it stifles creative thinking toward 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 
sections or nomographs can be used to determine 
required dimensions for strength and rigidity. 

A design based on the loading requires 
designers to analyze what is wanted and comeup 
withconfigurationsand materials that bestsatisfy 
the need. They must know or determine the type 

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, famimplements, 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. 

Some parts of aweldment serve their 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) Selecting a member to carry agiven load 
without exceeding a specified stress or deforma- 

and amount of load, and the values for st&s 
allowables in a strength design, or deflection 
allowables in a rigidity design. 

'Ion. 
*load is that stresses amember'The 

result is a deformation strain measured by rela- 
tive displacements in the member as elongation, 
contradon, deflection, or angular twist. A useful 
member must be designed to carry acertain type 
of load within M allowable stress or deformation. 

AND 
RIGIDIN 

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

In designing within the allowable limits, the 
designer should generally select the most efficient 
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material and the most efficient section size and 
shape. The properties of the material and those of 
the section determine the ability of a member to 
cany a given load. 

The design formulas in use, developed for 
various conditions and member types, are much 
too numerous for inclusion here. However, some 
are used to illustrate specific design problems. 
Table 1.4 summarizes the components of design 
formulas8 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 Manualof Steel Cosntrucrton, 
Chicago: American Institute of Steel Construction, 
(latest edition), and Engineering Data for Aluminum 
Srructures (ED-33), Washington, D.C,: The Alumi- 
num Association (latest edition). 

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 obtainingadequatestiff- 
ness in acantilever beam. The amount of vertical 
deflection at the end of the beam under aconcen- 
trated load, Fig. 1.2, can be determined using the 
following deflection formula: 

A (FL3)/(3EI) 
where 

A the deflection 
F = the applied force or load 
L = the length of the beam 
E the modulus of elasticity of the metal 
Z = the area moment of inertia of the 

beam section 

Table 1.4 
Components of design formulas 

(A) Load Components 

Methods of application I Types of load Concept 
~~ 

Symbol 

1. Steady 
2. Variable 
3. Cyclic 
4. Impact Moment 

Torque 

1. Tension 

3. Shear 
4. Bending 
5. Torsion 

F 

M 
T 

(B) Member Components 

Property of material Symbol I Property of section Symbol 

1. Tensile strength ut 

2. Compressive strength uc 

0; 3. Yield strength 
4. Shear strength T 

5. Fatigue strength FS 
6. Modulus of elasticity E 

7. Modulus of rigidity G 
(Young’s modulus) 

in shear 

~~ ~ -~ 

1. Area A 
2. Length L, 1 
3. Moment of inertia I 
4. Section modulus, S 

5. Torsional resistance R 
6. Radius of gyration r, k 

elastic 
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~~ ~~ 

Stress Symbol 

1. Tensile 
2. Compressive 
3. Shear T 

*t 

4 

Table 1.4 (Continued) 

Strain or deformation Symbol 

1, Unit linear E 

2. Total A 
3. Angular rotation e 

7- 

t F  

Fig. 1.2-Deflection, A, of a cantilever beam 
under a concentrated load F 

It is normally desirable to have the least 
amount of deflection. Therefore, E and I values 
should be as large as possible. The common 
structural metal having the highest modulus of 
elasticity (4 is steel, with a value of about 
30 X 106 psi. The other factor requiring adecision 
relative to deflection is I, the area moment of 
inertia. Thisisamember(geometrical) property of 
thecrosssection(Tab1e 1.4). Thebeammust have 
a cross section with a moment of inertia about 
the horizontal axis large enough to limit the 
deflection to a permissible value. A section with 
adequate in-plane moment of inertia will satisfy 
the veriical deflection requirement, whatever the 
shape of the section. However, the out-of-plane 
stability of the beam may also need consideration 
if forces transverse to the principle axis or torsion 
are involved. The designer must then decide the 
shape to use for the best design at lowest cost. 

TYPES OF LOADING 
As indicated in TabIe 1.4, there are five basic 

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. 

The stresses result in strains or movements within 
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 simplest type 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-sectional area to 
carry the load. 

Compression 
A compressive load may require designing 

to prevent buckling. Few compression members 
fail by crushing or by exceeding the ultimate 
compressive strength of the material. If astraight 
compression member, such as the 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 
start to bow laterally, as the load is increased, 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, as shown 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 increasing load and 
associated curvature, Fig. 1.3 (D), acritical point 
will be reached where thecolumn will buckle and 
fail. As a column deflects under load, a bending 
moment can develop in semirigid or rigid welded 
end connections. 
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I 
I 
I 
I 
I 
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I 
I 
I 
I 
I 

i 

I 1 
Fig. t%(A) Straight column with a 

compressive load; (B) column starts to 
deflect laterally with increasing load; 

(C) bending moment diagram; 
(0) increased deflection with higher loading 

Two properties of a column are important 
to compressive strength; cross-sectional area 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 line in 
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 = (I/A)'I2. 

r = radius of gyration 
I = moment of inertia about the neutral axis 
A = cross-sectional area of the member 
The worst condition is of concern in design 

work and, therefore, it is necessary to use the 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 

where 

radius of gyration. The slenderness ratio of a 
column is the ratio of its length, 1, to its radius of 
gyration, r. 

The design of a compression member is by 
trial and error. A trial section is selected, and the 
cross-sectional area and the least radius of gyra- 
tion are determined. A suitable column table 
(AISC Manual of Steel Construction, Appendix 
A) gives the allowable compressive stress for the 
column length and the radius of gyration (I/r 
ratio). This allowable stress is then multiplied by 
the cross-sectional area, A, to give the allowable 
total compressiveload that may be placed on the 
column. If this value is less than the load to be 
applied, the design must be changed to a larger 
section and tried again. Table I .5 gives the AISC 
column formulas, and Fig. 1.4 gives allowable 
compressive stresses with various slenderness 
ratios. 

Table 1.5 
Allowable axial compressive stresses (AISC) 

(1) When the effective slenderness ratio, Kl/r,  is less 
than C,: 

+ -  - -  
3 8 C, 8 C,) 

(2) When the effective slenderness ratio, Kl/r ,  
exceeds C,: 

oc= - 12 rz E 
23 (KI/r)z 

where: 
uc allowable compressive stress, psi 
K = effective length factor (ratio of the 

length of an equivalent pinned-end 
member to the length of the actual 
member) 

I f: unbraced length of the member, in. 
r = radius of gyration, in. 
c, = (2 7? fi/u,)I'2 
E = modulus of elasticity, psi 
o,, : minimum yield strength, psi 
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0 20 40 60 80 100 120 140 160 180 200 
0 

Slenderness ratio, I/r 

fig. 1.4-Allowable compressive stress for steel columns of various 
#Id strengths and slenderness r a h  

Bending 
Figure 1.5 illustrates bending of a member 

under uniform loading. Loads may also be non- 
uniform or concentrated at specific locations on 
the beam. When a member is loaded in bending 
within the elastic range, the bending stresses are. 
zero along the neutral axis and increase linearly 
to a maximum value at the outer fibers. The 
bendingstress at any distance, d,from the neutral 
axis in the cross section of a straight beam, Fig. 
1.6, may be found by the formula: 

Md 
I 
- 

where 
u = bending stress, tension, or compres- 

M = bending moment at the point ofinter- 
sion, psi 

est, Ibf - in. 

d = distance from neutral axis of bending 

I = moment of inertia about the neutral 

In most cases, the maximum bending stress 
is of greatest interest, in which case the formula 
becomes: 

to point d, in. 

axis of bending, in.4 

. 

Mc M 
Urn' - = -  I S  

where 
a,,, = maximum bending stress, psi 
M = bending moment, lbf in. 
c = distance from the neutral axis of 

bending to the extreme fibers, in. 
I = moment of inertia, in .4  

S = section modulus (Ilc), in.' 
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-------__ 
I I  Tension 

I I t-- 
fig. 1.SBending of a beam with uniform loading 

I+ “I 

Fig. 1.6-Bendingstress at anypoint din the 
cross section of a slrdight beam 

As the bending moment decreases along the 
length of a simply supported beam toward the 
ends, the bending stresses (tension and compres- 
sion) in the beam also decrease. If a beam 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 
exists in the the tensile forces F, and F2 at the two 

I 

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-sectional area, A) 

Thedecreasein the tensileforcein theflange 
results in a correspondingshearingforce between 
the flange and the web. This shearing force must 
be transmitted by the fillet welds joining 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 is equal 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 engineering handbooks 
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 or loaded differently have other applicable 
design formulas. To meet stiffness requirements, 
beam depth should be as large as practical. 
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M2 F2= - 
2 d  2d 
Ml F,= - - ___L 

! I 
Uniform 
load 

tit+++++++ i 
11 t t ,  

I 

1 I 

Bending moment 

Fig 1.7-Approximate tensile forces on a section of the lower flange of a loadedbeam 
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M, = - (L -XJ 
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5wL4 
At center, A ,  = - 

384EI 

wx 
A, = - ( ~ 3 - 2 ~ x 2  + 9) 24El 

Atends, 0 = 24EI - wL3 

Fig. l.&Formulae for a simplysupportedbeam with a uniformly distributedloadon thespan 
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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 twisting or 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 compressive stresses. 

Load 

1 Horizontal Vertical shear 
Reaction shear 
at support 

Diagonal 
tension 

---c 
Diagonal 
compression 
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sign is based upon keeping the shear stress on the 
gross area of the web below the allowable value 
of 0.4 uy 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 resists larger shear loads by a 
Combination of beam shear and diagonal ten- 
sion. If the shear span has alength-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 
stiffeners must be provided. The stiffeners act in a 
manner analogous to the compression vertical 
members of a Pratt truss. 

The onset 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 transverse stiffeners, 
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.9 

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 
causes out-of-plane bending stresses at the toes of 
web-to-flange fflet welds and the stiffener welds. 

Fig' 7*p-shear forces in web Of a 
beam under load 

Thesecyclickesses will eventually initiate fatigue 

limited to the values where shear buckling is 
precluded. 

The shear capacity of a ham of either an 1 cracking. For these CaSeS, web stresses should be 
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 
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In the case of a beam 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: 

where 
W, (VaY)/(W 

W, = load per unit length of weld. 
V = external shear force on the member 

= cross-sectional area of the flange. 
distance between the Center ofgravity 
of the flange and the neutral axis of 
bending of the whole +tion. 

= moment of inertia of the whole sec- 
tion about the neutral axis of bending. 

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

at this location. 
a 

y 

I 

Torsion 
Torsion creates greater design problems for 

bases and frames than for other machine mem- 
bers. A machine with a rotatingunit may subject 
the base to torsional loading. This becomes a p  
parent by the lifting of one corner of the base, if 
the base is not anchored to the floor. 

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 by judicious arrangement of members to 
transmit loads by direct stresses or bending 
moments. 

Torsional Resbrance. The torsional resist- 
ance of a flat strip or open section (I-beam or 
channel) isvery low. The torsional resistance of a 
solid rectangular section having a width of sev- 
eral times the thickness may be approximated by 
the following formula: 

bt' 
3 

R =  - 
where 

R = torsional resistance, in." 
b width of the section, in. 
1 thickness of the section, in. 

n 

Fig. 1. IO-Application of (A) closed tubular sections or (B) diagonal bracing to resist torsion 
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The total angular twist (rotation) of a 
member can be estimated by the following 
formula: 

section, as shown in Fig. 1.1 1 I The area enclosed 
by the dotted lines is A. Divide the cross section 
of the member into convenient lengths, S, having 

8 TIIGR 
where 

t9 = angle of twist, radians 
T = torque, Ibf in. 
I = length of member, in. 
G = modulus of elasticity in shear, psi 

(12 x lo6 for steel) 
R = total torsional resistance, in! 
The unit angular twist, $, is equal to the 

total angular twist, 0 divided by the length, 1, 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. 

thicknesses tx. 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: 

4A2 R = -  
1 CS,lt,) 

Table 1.6 
Calculated and actual angle of twist 

Anele of twist. deerees 

Stripa I-sectionb 

Calculated using 21.8 7.3 
torsional resistance 

Actual twist 22 9.5 
Fig. I. 11-Torsional resistance of a 

closed box section a. 0.055 in. by 2 in. 
b. Made of three of the strips. 

Torsional resistance increases markedly with 
closed cross sections, Such as circular Or Kctan- 
gular tubing. AS a result, the angular twist is 
greatly reduced because it vanes inversely with 
torsiond resistance. The torsional resistance R of 
any closed box shape enclosing only one cell can 
be estimated by the following procedure. Draw a 

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

Tr 
T =  @ t G =  - 

R dotted line through the mid-thickness around the 
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where 
7 = maximum unit shear stress, psi 
@ = unit angular twist, radianslin. 
G = modulus of elasticity in shear, psi 
T applied torque, Ibf * in. 
f thickness of the section, in. 

torsional resistance of a frame because, as shown 
in Fig. 1.12(A), they contribute only relatively 
low torsional 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 stiffness perpendicular to 
the plane of the frame. 

R = torsional resistance, in! 
This formula can be applied to a flat plate or TRANSFER OF FORCES - -  

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. vide efficient pathways. 

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 90° to the 
main members are noteffective for increasing the 

Loadscreateforces thatmust betransmitted 
throughthestructure to suitableplaces for counter- 
action. The designer needs to know how to pro- 

One of the basic rules is that a force applied 
transversely to a member will ultimately enter 
that portion of the section that lies parallel to the 
applied force. Figure 1.15, for example, shows a 
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 connecting welds into the 
web. No additional stiffeners or attaching plates , 
are required. 

fig 1.12-Frames subjected to torsion with (A) transverse rib bracing and 
(B) diagonal bracing 
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I 1 
1 I w T 

t 
F 

Fig. 7.13-lug welded parallel to the length of a beam 

Suppose, however, that the lug was welded 
to the beam flange at right angles to the length of 
the beam, Fig. 1.1qA). 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 cany a disproportionate 
share of the load, Fig. 1.1qB). 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 CinFig. 1.1Smustallbe 
designed to :any the applied force, F. 

If a force is to be applied parallel to the 
flanges, it would not be acceptable to simply weld 
an attachment plate 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 force is transferred to the web. For 
large forces, it might be necessary to place a 
stiffener ontheoppositesideofthe 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 weldsjoining the 
plate to the beam flanges must not extend around 
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 
force in the interior flanges must change direction 
at the knee. To prevent bending of the web and 

Fig. 1.74-(A) 1 ug welded to a ilange 
transverse to the beam, (E) Loaddistribution 

with unreinforced flange 
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t 
F 

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 

t 
F 

Fig. 1.16-Deflection of beam web 
from loaded attachment 

I 
F 

Fig. 1.17-Attachment welded to beam 
flanges to avoid web defection 
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Fig. 1.18-Stiffener on opposite side of 
attachment, weMed as shown, 

for large loads 

Ft 

M 

M 

Fig. 1. I9-Knee of rigid 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 
component in the web and stiffeners balances the 
change in direction of the tensile force in the 
outer flanges. 

&sign for Welding 1 3 I 

INFLUENCE OF 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.10 Adding Oler 
metal in a groove produces 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 size of the weld in proportion to the thickness 
of the components and the degree of restraint 
imposed on the joint during welding and cooling. 

When components are restrained from 
shrinkage or distortion, high residual stresses 
remain in the assembly. Depending on the size of 
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 using relatively low weld- 
ing currents. 

Most welding processes requite the weld 
joint to be readily accessible to the welder and the 
welding equipment. Several highenergy welding 
processes sometimes used in production are 
unique. When applicable, they offer some added 
flexibility in 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.1' Electron beam welds made in restrained 
sections have lower residual stresses than welds 
made with most other welding processes. T h e  
heat-affected zones of electron beam welds are 
normally narrower than those of welds made 
with arc welding processes. Quenched-and- 

IO. Arcweldingprwes arediscussed in the Welding 
Handbook, Vol. 2,7th Ed., 1978. 

J 1. Electron beam welding is covered in the Welding 
Handbook, Vol. 3,7th Ed., 1980 169-215. 

, 
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tempered steels can be welded with minimal deg- 
radation of properties. With some designs, welds 
can be made with the components in the finish- 
machined state. Incontrast, components that are 
welded with conventional arc welding processes 
requireexcess stock allowance for machining the 
weldment in those areas that must meet close 
dimensional tolerances. 

A high-power laser beam can produce welds 
with characteristics similar to those made with 
the nonvacuum electron beam process.12 How- 
ever, equipment costs with both processes must 
be considered when specifying these processes. 

The joint design for electron beam or laser 
beam welding consists of a simple square 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 fder metal 
addition. However, With either process, the joint 
must be positioned under the welding head, and 
the work or head moved automatically while 
maintaining the beam on the joint. 

The electroslag welding process is unique 
from adesign vicwpoint.*3 It is a highdeposition, 
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 electroslag weld is basically a continu- 
ous casting. Consequently, the weld generally has 
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 be improved with normalizing and 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 
length is not critical, but the joint must be aligned 
and properly furtured to permit continuous weld- 
ing. In general, it is not practical to weld plate 
thicknesses less than 3/4 in. with this process. 
Two variations of the electroslag welding process 
are generally used, conventional and consumable 
guide. The specific variation determines joint 
accessibility requirements. 

DESIGN OF WELDED JOINTS 

TYPES OF JOINTS 
The loads in a welded structure are trans- 

ferred from one member to another through 
welds placed in the joints. The types ofjoints used 
in welded construction and the applicable welds 

12. Laser beam welding is discussed in the Welding 
Handbook, Vol. 3,7th Ed., 1980: 218-32. 

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

are shown in Fig. 1-20. The configurations of the 
various welds are illustrated in Figs. 1.21, 1.22, 
and 1.23. Combinations of welds may be used to 
make a joint, depending on the strength require- 
ments and load conditions. For example, fillet 
and groove welds are frequently combined in 
corner and T-joints. 

Weldedjoints 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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Applicable welds 
Square-groove J-groove 
V-groove Flare-V-groove 
Bevel-groove Flare-bevel-groove 
U-groove Edge-flange 

Braze 

[A) Butt joinf 
Applicable welds 

Fillet Flare-bevel-groove 
Square-groove Edge-flange 
V-groove Corner-flange 
Bevel-groove Spot 
U-groove Projection 
J-groove Seam 
Flare-V-groove Braze 

(B) Corner joint 
Applicable welds 

Fillet J-groove. 
Plug Flare-bevel-groove 
Slot spot 
Square-groove Projection 
Bevel-groove Seam 

Braze 

(C) T-joint 
Applicable welds 

Fillet J-groove 
Plug 
Slot spot 

Flare-bevel-groove 

Bevel-groove Projection 
Seam 
Braze 

(D) Lap joint 
Applicable welds 

Square-groove Edge-flange 
Bevel-groove Corner-flange 
V-groove Seam 
U-groove Edge 
J-groove 

(E) Edge joint 

Fig. tZU-Types of joints 
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(A) Single-square-groove weld ( 8 )  Single-bevel-groove weld 

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

(E) Single-J-groove weld 

(G) Single-flare-bevel groove weld 

[F) Single-U-groove weld 

(H) Single-flare-V-groove weld 

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

(C) Double-V-groove weld 

(E) Double-U-groove weld 

(F) Double-flare-bevel groove weld 

(D) Double-J-groove weld 

(G) Double-flare-V-groove weld 

Fig, 1.Z-Double-groove welds 
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(6) Dauble fillet weld 

fig. 1.B-FiUet welds 

tion and inspection. Among the factors involved 
in construction are control of distortion and 
cracking, facilitation of good workmanship, and 
production of sound welds. Accessibility during 
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 (A) Single fillet weld 

fabricated, expected distortion, and the type of 
welding process to be used. 

A square-groove weld is economical to use, 
provided satisfactory soundness 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 the joint. 

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, those joint designs should be selected 
with root openings and groove angles that 

service, whether tension, shear, bending, or tor- 
sion, must be considered. Different joint 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-raisers and to obtain an optimum pattern 
of residual stresses. Conditions of corrosion or 
erosion require joints that are free of irregulari- 
ties, crevices, and other areas that make them 
susceptible to 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. 

In addition to the above, joints are detailed 
for economy and accessibility during construc- 

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 the joint in the weldment, 
and the required performance. 

J- and U-groove welds may be used to min- 
imize weld metal requirements when the savings 
are sufficient to justify the more costly machining 
of theedge preparation. These joints are particu- 
larly useful in the welding of thick sections. One 
disadvantage of J- and bevel-groovewelds is that 
they are difficult to weld soundly when they are 
positioned to have a vertical side. 

The most important criterion of thestrength 
of a groove weld is the amount of joint 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 most commonly 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 
penetratip. 

The details of welding grboves (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.14 Some welding processes charac- 
teristically provide deeper joint penetration than 
others. Some metals have relatively high 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-welded joint can reduce 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 are placed 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 thickness and length 

14. Groove-weld joint preparations used with various 
welding processes and base metals are discussed in the 
Welding Handbook. Vols. 2,3, and 4 7 t h  Ed., 1978, 
1980, and 1982. 

The various types of groove welds have cer- 
tain advantages and limitations with respect to 
their applications. In the following discussion, 
comments onjoint penetration or effective throat 
apply to joining of carbon steel by shielded metal 
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 complete joint 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.15 In such cases, to ensure 
complete penetration with double-groove welds 
and single-groove welds without a backing strip, 
the root of the f i t  weld must be back gouged to 
sound metal before making a weld pass on the 
other side. 

Partial Joint Penetration 
A partial-joint-penetration groove weld has 

an unwelded 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 stress raiser having significance 
when cyclic loads are applied transversely to the 
joint. This fact is reflected in applicable fatigue 
criteria. However, when the load is applied longi- 
tudinally, there is no appreciable reduction in 
fatigue strength. 

Regardless of the rules governing the service 
application of partialjoint-penetration welds, 
the eccentricity of shrinkage forces in relation to 

IS. Welders with good technique, welding on metals 
that have highsurface tension when molten,are able to 
obtain complete joint penetration without the aid of 
backing in single-groove welds. An appropriate joint 
design and welding process must be used to ensure 
complete root penetration and a smooth root surface. 
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the center of gravity of the section can result in 
angular distortion on cooling after welding. This 
same eccentricity also tends to cause rotation of a 
transverse axial load across the joint. Therefore, 
means must be applied to restrain or preclude 

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 are recommended for 

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 tensilestrength 
of the weld metal. For tension or compression 
parallel to the weld axis, the allowable stress can 
be the same as that for the base metal. In no case 
should the actual tensile or shear stress in 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 procedures and 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 a root 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 318 in. thickness by 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 at low 
temperatures or in corrosive applications. 

When welded from both sides, complete 
joint penetration can be obtained in sections up 
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-groove welds are economical pro- 

vided the depth of the groove does not exceed 

optimum mechanical properties. 
Joints welded from one side only should not 

be used in bending with the root in tension. Also, 
they should not be subjected to transverse fatigue 
nor impact loadingunless( 1)completejoint pene- 
tration is obtained, (2) the backing strip, if used, 
is removed, and (3) the root face is machined 
smooth, Partially penetratedjoints 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- 
tive throat). For all types of loading, full strength 
joints can be obtained with complete joint pene- 
tration provided the root of the fmst weld is back 
gouged to sound metal before commencing weld- 
ing on the other side. Partial penetration welds 
are recommended only for static loads transvene 
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 
the joint thickness exceeds 1-1/2 in.; double-U- 
groove welds may be more economical. 

Single-Bevel-Groove Welds 
Single-bevel-groove welds have characteris- 

tics similar to 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. 

One disadvantage 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 the joint to 
obtain good fusion. 
Double-Bevel-Groove Welds 

Double-bevel-groove welds have the same 
characteristics as double-V-groove welds. The 
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perpendicular jo,int faces make compelte fusion 
more difficult. Also, back gouging the root of the 
first weld may be harder to accomplish. 

A double-bevel joint design is economkal 
when the depth of the groove does not exceed 
about 3/4 in., and the joint thickness is I-l/2in. 
or less for complete penetration. 

Single- and DoubleJ-Groove Welds 
J-groove welds have the same characteris- 

tics as similar bevel-groove welds. However, they 
may be more economical for thicker sections 
because less weld metal is required. Their use 
may be limited to the horizontal position h some 
applications. 
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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 arcor 
flux cored arc welding, some codes permit the 
effective throat to be taken as the size of the weld 
for 3 / 8  in. and smaller fillet welds, and as the 
theoretical throat plus 0. I1 in. for fillet welds over 
318 in. 

Applications 

Fillet welds are used to join corner, T-, and 
lap joints because they are economical. Edge 
preparation is notrequired, but surface cleaning 
may be needed. Fillet welds are generally appli- 
cable where stresses are low, and the required Single- and Double-U-Groove Welds 

U-groove welds and J-groove welds are 
used for similar applications. 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 simple to 
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 ajoint 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 fillet weld is less than 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 
fillet weld is based on theeffective throat and the 
length of the weld (effective area of the weld). 

weld size is less than about 518 in. If the load 
would require a fillet weld 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 always designed on the basis 
of shear stress on thethroat. The maximum shear 
stress appears on the effective area 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 cooling if cracking is 
to be avoided, particularly with highly re- 
strained, thick sections. However, the specified 
fillet weld size should not be excessive to mh-  
imize distortion and welding costs. 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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-, ,- Convexity 

Actual throat C A Y  . / \J Leg and size +-/ 

I I 
(A) Convex fillet weld Theoretical throat 1 

Actual throat and 
effective throat - 

I / -  I 
Theoretical throat 1 

(B) Concave fillet weld 

Fig.- 1.25-Fillet weld &e 
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Single Fillet Welds 
Single fillet welds are limited to low loads. 

Bending moments that result in tension stresses 
in theroot ofafillet weld should notbe 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 
Smaller double fdlet welds are preferred to a 

large single illlet 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 the joint, and minimizes ten- 
sionstresses at the root of the welds. These types 
of joints can be cyclically loaded parallel to the 
weld axes. 

Double-welded lap joints should have a 
minimum overlap of about five times the base 
metal thicknesses to limit joint rotation under 
load. 

COMBINED WELDS 
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. 

SELECT ION OF WELD N P E  
The designer is frequently faced with the 

question of whether to use fillet or groove welds. 
Cost is amajorconsideration. Double fillet welds, 
Fig. 1.27(A), are easy to apply and require no 
special edge preparation. They can be made 
using large diameter electrodes with high welding 
currents for high deposition rates. 

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

(6)  (C) 

Fig. 1.27-Comparison of fillet welds and groove welds 
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In comparison, the double-bevel groove 
weld, Fig. I.27(B), has about one half the cross- 
sectional area of the ffflet welds. However, it 
requires edge preparation and the use of small 
diameter electrodes to make the root pass. 

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

Double fillet welds having a leg size equal to 
75 percent of the plate thickness would be suffi- 
cient for full strength. However, some codes have 
lower allowable stress limits than other codes for 
fdet welds, and may require aleg size equal to the 
plate thickness. The cost of a double fillet welded 
joint may exceed the cost of a single-bevel-groove 
weld in thick plates. Also, if the joint can be 

positioned so that the weld can be made in the 
flat position, a single-bevel-groove weld would be 
less expensive than a double fillet weld. 

The construction of curves based on the best 
determination of the actual cost of joint 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. Theinter- 
section of the fillet weld curve with the groove 
weld curve is 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-groove and fi- 
let weld joint, shown in Fig. 1.29, is theoretically 
a full strength weld. The plate edge is beveled to 
60 degrees on both sides to a depth of 30 percent 
of the thickness of the plate. After the groove on 
each side is welded, it is reinforced with a fillet 
weld of equal area and shape. The total effective 
throat ofwefd isequal to the plate thickness. This 
partial-joint-penetration weld has only about 60 
percent of the weld metal in a full-strength, 

0 0.5 1 .o 1.6 2.0 
Plate thickness t. in. 

Fig, 1.28-ReIalive costs of full strength welds in plate 
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double fillet weld, It does require joint 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 deep joint penetration. 

Fig. 1.29-Combinedgroove andfillet welds 
with partial joint 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 where applicable 
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. 1.3qB). 
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. 1.3o(C), the 
cross-sectional area for the same effective throat 
is also about 50 percent of the area of the fillet 
weld in Fig. 1.30[A). Here, the bevel depth is 
smaller than it is with the single-bevel-groove 
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weld in Fig. 1.3qB). A similar weld with a 60 
degree groove angle and an unequal leg fillet, but 
with the same effective throat, Fig. 1.35(D), also 
requires less weld metal than a fillet weld alone. 
This joint 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 for welding, and to stress concentrations 
at the toes of the fillet weld. When a partial-joint- 
penetration groove weldis 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 detennining 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-tocorner joint, 
Fig. 1.31(A), is difficult to position and usually 
requires fucturing. Small electrodes with low 
welding currents must be used for the first weld 
pass to avoid excessive melt-thru. Also, the joint 
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 the joint 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-penetra- 
tion, single-V-groove weld, Fig. l,31(D), is often 
used. It requires joint preparation. For deeper 
joint penetration, a J-groove, Fig. 1.31(E), or a 
U-groove may be used in preference to a bevel 
groove. A fillet weld on the inside comer, Fig. 
1,31(F), makes a neat and economical corner. 
Suchafillet weldcanbecombinedwith agroove 

* 
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4* 

.( 
r 0.5 in. 

46" 

Weld area = 0.1 25 in? 
[B) - 

4 '  

Weld area = 0.1 44 In? 
ID) 

Fb. 1.30-Comparison of welds with equal effective throats 

F&. 1.3-TyPcal corner joint designs 
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weld on theoutside ofthejoint when access to 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 

comer joints in thick steel plates must always be 
considered during thedesign phase. 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 Sfruc- 
rural flrbular Connections, page 67. 

SIZING OF STEEL WELDS 

Welds are sized 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 the job. They are usually based on a percent- 
age of the tensile or the yield strength of the me& 
(factor of safety) to make sure that a soundly 
welded joint can support the applied load for the 
expected senice life. Allowable stresses or stress 
ranges are specified for various types of welds 
under staticandcyclicloads. Theallowablestress 
ranges for welded joints subjected to cyclic load- 
ing should be based on testing of representative 
fuU-size welded joints in actual or mockup 
structures.'6 

STATIC LOADING 
Table 1.7 is an example of allowable static 

stresses for steel weld metal. Figure 1.32 illus- 
trates the various types of loading for the welds in 
Table 1.7. 

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

The allowable stresses in such welds are the 
same as those in the base metal, provided weld 
metal of the proper strength is used. Incomplete- 

16. Allowable unit stresses in welds for building con- 
struction from AWS Dl.l-84, Strucrurul Welding 
Code - Steel, American Welding Society. 1984. 
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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), (E), 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 
sectionsjustify minimum effective throat require- 
ments for various thickness ranges. Table 1.8 
gives suggested minimum effective throat sizes 
forptutial-joint-penetrationgroove weldsinsteel. 

Various factors must be considered in deter- 
mining the allowable stresses on the throat of 
partial-joint-penetration groove welds. Joint 
confguration is one factor. If a V-, J-, or U- 
groove is specified, it is assumed that the root of 
the groove is accessible for welding, and that the 
effective throat equals the depth ofthegroove. If 
a bevel groove with a groove angle of 45 degrees 
or less is specified for shielded metal arc, gas 
metal arc, or flux cored arc welding, the effective 
throat is considered to be 118 in. less than the 
depth of the groove because of the difficulty in 
obtaining root penetration with these processes. 
This does not apply to thesubmerged arc welding 
process because ofits deeper penetration charac- 
teristics. 
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Table 1.7 
Allowable stress and strength levels for steel welds in building construction 

Allowable stress 

Same as base metal. 

Same as base metal. 

Required weld strength level 

Matching weld metal must be used. 

Weld metal with a strength level 
equal to or one classification (10 
ksi) less than matching weld metal 
may be used. 

Tension normal to the effective area. 

effective area. 

Type of mld 

Complete joint penetration 
groove welds to the axis of the weld. 

Stress in weld' 

Partial joint penetration 
groove welds 

0.30 nominal tensile strength of weld 
metal (ksi), except shear stress on 
base metal shall not exceed 0.40 yield 
strength of base metal. 

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

Joint designed to 
bear comprcssion. 

Tension or comprcssion parallel to 
the axis of the weld. 

Compression 
normal to the 
effective area. 

Shear parallel to the axis of the weld. 

Joint not designed 
to bear 
compression. 

Tension normal to the effective arca. 1 -  

. I  Same as base mctal. 

0.50 nominal tensile strength of weld 
metal (ksi), exapt  stress on base metal 
shall not exceed 0.60 yield strength of 

Same as base metal. 

~ 

Same as base metal. 

0.30 nominal tensile strength of weld 
metal (ksi), except shear stress on base 
metal shall not exceed 0.40 yield 
strength of base metal. 

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

, weld metal may be used. 

0.30 nominal tensile strength of weld 
maal (hi), cxcept tensile stress on 
base metal shall not exceed 0.60 yield 
strength of base metal. 



z a 
3 0 

Type of weld 

Table 1.7 (Continued) 

Stress in weld' Allowable stress Required weld strength level 

Plug and slot welds 

Fillet welds 

Shear parallel to the faying surfaces 
(on effective area). 

0.30 nominal tensile strength of weld 
metal (ksi). except shear stress on 
base metal shall not exceed 0.40 yield 
strength of base metal 

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

Shear on the effective area. 

to the axis  of weld. 

0.30 nominal tensile strength of weld 

metal shall not exceed 0.40 yield 
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. 
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..... ./:::.. .,.... ..... ..,.. -a- ":: ..... ..:ll:. ,:%- ..... 

Butt joint Beam to column 

(A) Complete-joint-penetration groove weld in tension 

Column field Column , 
splice field 

splice 

Partial joint penetration Complete joint penetration 

(E) Compression nprmal to axis of weld 

A 

t t t 
Fillet welds Groove welds 

(C) Tension or compression parallel to weld axis 

Fig. 1.32-Examp~es of welds with various types of loading 
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Verticle web splice Longitudinal web splice 

(D) Complete-joint-penetrtion groove weld in shear 

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

(F) Shear parallel to weld axis 

(0) Fillet welds loaded in shear 

fig. 1.32 (continutd)-Examples of welds wirh various types of loading 
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Table 1.8 
Minimum effective throat for 

partial-joint-penetration groove 
welds in steel 

Thickness of Minimum effective 
base metal: in. throatb, in. 

118 to 3/16 
Over 3/ 16 to 114 
Over 114 to 112 
Over 112 to 314 
Over 314 to 1-1/2 
Over 1-112 to 2-114 
Over 2-1/4 to 6 
Over 6 

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.17 Table 1.9 gives the allowable unit loads 
on various sizes of steel fdlet welds of several 
strengthlevels. Thesevalues are forequal-legffflet 
welds where the effective throat is 70.7 percent of 
the weld size. For example, the allowable unit 
force on a 1/2-in. fillet weld made with an elec- 
trode that deposits weld metal of 70,oOO psi min- 
imum tensile strength is determined as follows: 

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

Unit force, f = 0.707 (1/2) (21,000) = 
7420 lb/in. of weld 

a. Thickness of thicker section withunequal thick- 
nesses. 
b. m e  effective throat need not exceed the thick- 
ness of the thinner part. 

17. Thevalidity oftheratio wasestablished byaseries 
of fillet weld tests conducted jointly by the American 
InStitUte Of steel Construction and the American 
Welding Society. 

Table 1.9 
Allowable unit loads on steel fillet welds 

Strength level of weld metal, ksi 

6oa 70' 80 90' 100 1108 120 

Weld 
size, in. Allowable unit load, Id Ib/in. 

1/16 0.795 0.930 1 .M 1.19 I .33 1.46 1-59 

118 1.59 1.86 2.12 2.39 2.65 2.92 3.18 

3/16 2.39 2.78 3.18 3.58 3.98 4.38 4.77 

114 3.18 3.71 4.24 4.77 5.30 5.83 6.36 
5/16 3.98 4.64 5.30 5.97 6.63 7.29 7.95 

318 4.77 5.57 6.36 7.16 7.95 8.75 9.54 
7/16 5.57 6.50 7.42 8.35 9.28 10.21 11.14 

112 6.37 7.42 8.48 9.54 10.61 11.67 12.73 

518 7.96 9.28 10.61 11.93 13.27 14.58 15.91 

314 9.55 11.14 12.73 14.32 15.92 17.50 19.09 

718 11.14 12.99 14.85 16.70 18.57 20.41 22.27 

1 12.73 14.85 16.97 19.09 21.21 23.33 25.45 

a. Fillet welds actually tested by the joint AISC-AWS Task Committee 
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The minimum allowable sizes of the first 
passesforsteelfdlet welds aregiveninTable 1.10. 
Where sections of different thickness are being 
joined, the minimum fdet weld sue  is governed 
by the thicker section. However, the weld size 
does not need to exceed the thickness of the 
thinner section unless a larger size is required by 
the load conditions. 

Table 1.10 
Recommended minimum fillet weld 

sizes for steel 

Section Minimum fillet 
thickness, in? weld size, in! 

Over 1/8  to 114 
Over 114 to 1/2 
Over 1/2 to 314 
Over 314 51 16 

a. Thickness of thicker section when sections of 
unequal thicknesses are joined. 
b. Single-pass welds 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 
sufficient preheat is used to ensure weld soundness. 
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specifications of these organizations should be 
referred to for specific information. 

Although sound weld metal may have 
about the 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-penettation groove weld, any reiniorce- 
ment, undercut, incomplete joint penetration, or 
cracking acts as a notch or stress raiser, Each of 
these conditions is detrimental to fatigue life. The 
very nature of a fillet weld provides an abrupt 
change in section that limits fatigue life. 

The AISC fatigue specifications cover a 
wide rangeof welded joints, and also address the 
fatigue strength of members attached by welds, 
Figure 1.33 shows various types ofjoints and the 
fatigue category of each type. Table 1.11 tabu- 
lates the allowable stress ranges for the six stress 
categories in Fig. 1.33 for four fatigue life ranges. 
A stress range is the magnitude of the change in 
s tms  that occurs With 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 compressive stress do not cause 
fatigue. 

The data in Table 1.11 applies to 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 120 ksi. 

In the joint illustration, (Fig. 1.33), Mand 
The minimum f i e t  weld size is intended to indicate the allowable range 

or the weld metal, or ensuresufficient heat input to reducethepossibil- 
ity of cracking in either the heat-affected zone or to the base 

CYCLIC LOADING 
When metals are subjected to cyclic tensile 

or alternating tensilecompressive 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), a d  the American Railway Engi- 
neering Association (AREA). The applicable 

used to reduce the allowable stress because of the 
fluctuating tensile stress conditions. When the 
value of Kis high, the maximum calculated stress 
may exceed the allowable static stress; ifit does, 
the design is controlled by the dowable 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 
or ripples in the weld face would be the initiation 
site for fatigue cracks. If stiffeners are used to 
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,Not ground flush; 

Notes: 
1. Letter at lower left of each sketch identifies 
detail (A, ... HH). 
2. Box at riaht indicates the following: 

3. Letter in the circle following TR or S is the 
stress category (A through F, see Table 1.1 1). 
4. Curved arrows indicate region of application .. 

M = stress in metal 
W = stress In weld 
S = shear 
T = tension 
R = reversal 

of fatigue allowables. 
5. Straight arrows indicate applied forces. 
6. Grind in the direction of stressing only. 
7. When slope is mentioned, Le., 1 in 2-112. it 
is always the maximum value. Less slope is 
permissible. 

F%. 1.33-Examples of various fatigue categorks 
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(1) 

M & W  
Ground flush 
andNDE TR @ 
As-welded and 
no NDE TR @ 

(K) 

Complete 
penetration 

and NDE 

M & W  

TR @ 

M & V  
Ground flush 
andNDE @ 
As-welded and 

(J) I no NDE TR 6 

Partial 
pentration 

(L) 

a 

Details attached by M 
fillet or groove welds 
TR a < 2  @ 

2" < a < 4" or 12 b @ 
a>4"or12b @ 

F&. 1.33 (conk)-Examples of various fathue categories 
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Plug or 
slot welds 

(Ql 

Transition 
radius 5 2” 

IO1 

M 

TR @ (R l  I S  0 

M&\n 
TR @ 

Double- 
bevel- 
groove and 

(11 fillet welds 

Fillet welds only 

fig. 1.33 (conL)-Examples of various fatigue cafegorks 
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IEE) 

This also applies to - 
connection of any rolled sections 

WH) TR 
M 

Fig. 1.33 (cont.)-Examples of various fatigue categories 
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Table 1.11 
Suggested allowable fatigue stress range in steel weldments 

Fatigue life range 
_ _ _ _ _ ~ ~  

20,000 to 100,ooo to 500,000 to Over 
100,OOo 5Q0,OOo 2,@%000 2,000,000 

Stress Type of 
categorya Stress range, ksi stress 

13 ( :",b Normal, us, 

7 
5 E 21 12.5 8 

F 15 12 9 8 Shear, T , ~  

A 60 36 24 

B 45 27.5 18 

C 32 19 

D 27 . 16 10 

a. Refer to 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 is the calculated stress at the termination 
of the weld or adjacent to it. This stress is 
assigned to Category C because of the sfress 
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 tennina- 
tion of the weld is Category E, as shown in Figs. 
1.33(F) and (GG). 

The allowable fatigue conditions for partial- 
joint-penetration groove welds may be deter- 
mined by reference to Figs. 1.33(K), (L), and (M). 

According to Figs. 1.33(N) and (0), the 
allowable fatigue stress range for a member with 
a transverse attachment increases as the length of 
the attachment decreases, measured parallel to 
the axis of the load. Although there may be a 
similar geometrical notch 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 . 3 3 0  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 transverse fillet 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 fiUet 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. [See Figs. 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 fillet weld, 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 difference between 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 
stras diagramla for a complete-joint-penetration, 

single-V-groove weld, 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 1.1 I). 
The vertical axis represents the maximumstress, 
urnax, and the horizontal axis represents the min- 
imum stress, urnin, either positive or negative, A 
static load is represented by the 45 degree line to 
the right (K + 1.0) and a complete reversal by 
the 45 degree line to the left (K - 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 comnressive min- 

Minimum stress, ksi 

fig. 1.34-Modified Goodman design stress diagram for complete-joint-penetra tion, 
single-V-groove welds, as weld&, 500,000 to 2000,000 cyctes 
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The horizontal axis of 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, E80 and EN, along with equivalent 
strength levels of steel. Note that in Fig. 1.35(A) 
for a stress ratio, K, greater than 4.35, higher 
strength steels and weld metals have higher al- 
lowable maximum fatiguestresses. Below astress 
ratio, K, of about M.35, steel welds and base 
metals have the same allowable maximum fatigue 
stress. However, throughout the entire stress 
ratio range, the allowablestress rangeis constant. 

Figure 1.35(B) represents the same type of 
welded joint but with a lower l i e  of 20,OOO to 
100,OOO 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. 
Because the resultingallowable 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 illustrafe that when the stress 
ratio is lower, the usefulness of a high strength 
steel is reduced. When there is a reversal 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 stresses in the members are 
very low. Often, the allowable stress in tension 
for mild steel is 20,000 psi, but a welded machine 
base or frame may have a working stress of only 
2000 to W 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 capacity of the thinner member beingjoined. 

This means that if the base metal is stressed to 
one third to one one half 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 is too small in 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. 
Generally it is unnecessary for 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 
as the base metal in service. Although quenched- 
and-tempered steel plate is cooled much faster 
during manufacture than hot-rolled plate, the 
cooling rate is limited somewhat by the thickness. 
A weld, on the 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 
welds should not be used unless they are required. 
High strength steel may require preheat and spe- 
cial weldingprduresbecause of its tendency for 
weld cracking, especiallyifthejoint is 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,OOO psi minimum tensile 
strength is preferred because the likelihood of 
cracking islower than withmatchingweld metal. 
In any case, the weld must be sized to provide a 
joint of sufficient strength. 
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E60 & 70 welds 22 ksi 

-1.00 -0.80 -0.60 -0.40 -0.20 0 40.20 40.40 40.60 tQ.80 40.100 
Fatigue stress ratio, K(min stress/max stress) t 

Steady 
t 

Complete 
reversal load 

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

A514 steel S 2-1/2" I 
E l  10 welds 6o ksi 

A5 14 steel > 2- 1 /2" El00 welds 54 ksi 

45 ksi 

36 ksi 

30 ksi 

Steel 90 T.S. 75 Y,P. 
E90 welds 

Steel 30 T.S. 60 Y.P. 
E80 welds 

A441 steel 
E70 welds 

-1.00 -0.80 -0.60 -0.40 -0.20 0 t0.20 tQ.40 tQ.60 N.80 tQ.lOO 
Fatigue stress ratio, K (min stresdrnax stress) t 

Steady 
t 

Complete 
reversal load 

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

Fig. 1.35-Maximum fatigue stress for complete-joint-penetraration, 
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 
covered electrode to provide afull strength weld, 
Fig. 1.3qA). 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. 1.3qA). 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, 
thegtrain increases from 1 to2on thestress-strain 
plot with a corresponding increase in the stress in 
both the plate and weld from 1 to3. 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 still further loading, the strain 
will reach 7 where 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. 

A514 plate & 

~ 

Strainc - 
(A) Full-strength weld 

A514 plate 

b 

(B) Partial-strength weld 

F&. 1.36-Stress-strain characteristics of full and partial strength welds 
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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 specifications for 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 the joint, 

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 effective throat 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 14~ 
135O max f 

For each weld: 

t b = -  w 
t = -  or w = 2 t sin (;) 

sin (+) cos (Z) 
0 

f = -=2ttan 
cos (:) = t2 tan (:) uz 

A =  
4 sin (g) cos (5)  

When bl = b, and t = tl + t2: 

cos (?) cos p) 
(3 (3 

t, = t  t2 = t 
cos 1 +cos - 

cos(%) +cos ($) 
/*,\ For minimum total weld metal: 

FI& 1.37-Formulas for analyzing fillet welds joining 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 can be assumed to be a line having adefinite 
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- 
line as the connection area. The welded connec- 
tion now has length, not effective area. Instead of 
determining the stress on a weld, 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 design formula used for the particu- 
lartypeofload,asshowninTable 1.12. Theforce 

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, c, are 
included. 

For any given connection, two dimensions 
are needed, width b, and depth d. Section modu- 
lus, s,, is used for welds subjected to bending 
loads; polar moment of inertia, Jw, and distance, 
c, for twisting loads. 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 
I .  13, maximum bending force is at the bottom. 

~~ Bending load 
Twisting load 

The welded connection 
treated as a line 
(no area) 

Ffg. 13-Treating the weld as a line 
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Table 1.12 
Formulas for calculating force per unit length on welds 

Standard formula for Formula for force per 
Type of loading unit stress unit length 

Tension or compression 

Vertical shear 

Bending 

Torsion 

P 
f = -  

r, 
V f =  - 
4 v  

Tc 
f =  - 

Jw 

cr = normal stress 
r = shearstress 
f = force per unit length 
P = concentrated load 
V = verticalshearload 
A = total area of cross section 
L, = total length of a Line weld 
c = distance from neutral axis to the extreme fibers of a line weld 
T = torque on the weld joint 
S = section modulus of an area 
S, = section modulus of a line weld 
J = polar moment of inertia of an area 
J,,, = polar moment of inertia of a line weld 
I moment of inertia 

Ifthere is more than one forceapplied to the 
weld, they are combined vectonally. All forces 
that arecombined must be vectored at acommon 
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 weIded connee 
tion where the combined forces are maximum. 
There may be more than one combination that 
should be considered. 

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

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

(4) Use Table I I 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 1.13 
Properties of welded connections treated as a line 

d2 
X-- 12 6 s,= - d3 

d 
6 

Jw = - (3b2 + d2) d3 s,= - 3 
d3 
6 

b2 d (b2 t &'I2 

I 
I , =  - 

1,: - s y =  bd c = - 
2 2 

.i 
L =  2d 

I 

L = b + d  

d' 4 b + d  d 4 b t d  
I, = -(-) 12 b t d  SXT = -(-) 6 b t d  

l y =  -(-) b3 b+4d  SYL = 12 b t d  
b2 b t 4 d  

SYR = ,(i z) 
b3 + d3 bd (b2 + d2) Jw= -t 

12 4 (b + d) 

d2 
2 (b t d) c,: - CI = K X T 2  CY,2)"2 

b2 
2 (b + d) CYL = - 
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Table 1.13 (cont.) 

d 
3 

b 
3 

S x =  - (3b+d)  

Sy = - (b t 3d) 

d 
3 

SXT - ( 2 b t d )  Sxs 

d2 c,= - bZ 
6 b t 2d s y =  - b3 

cb d (bz) 
+ 

L = b t 2 d  

d2 4 b t d  
3 b t d  

d 
3 SXT = - ( 4 b t d )  sxe = - (-) 

b d2 
3 c,= - 

2 (b t d) 

Cg= -(-) d 2 b t d  

s y =  - bZ 

2 b t d  

9 
L = 2 (b + d) 

Ix = $ (3btd)  Sx= 3 d (3btd)  

b3 Iy - 
6 

bz s y =  -j- 

(bz t d2)It2 
2 c =  b3 

d2 ( 3 b t d ) t  - 
6 6 

Jw= - 
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Table 1.13 (cont) 

'i 

d2 d 
6 3 

b' 
3 

d2 b3 (b2 + d2)'I2 
J - (6b td ) t  - C = - 

1, = - (6b+d) Sx=  - (6b+d) 

s y =  - b2 
3 Iy = - 

6 3 2 
L =  2 (2b + d) 

i. 
L = 2sr 

The following example illustrates the steps 
in calculating the she of a weld considered as a 
line. 

Assume that a bracket supporting an eccen- 
tric load of 18,OOO Ibs is to be fillet welded to the 
flange of avertical column, as shown in Fig. 1.39. 

Step 1. The point of maximum combined 
unit forces is at the right ends of the top and 
bottom horizontal welds. 

Sfep 2, The twisting force caused by the 
eccentric loading is divided into horizontal (f,,) 
and vertical (fv) components. The distance from 
the center of gravity to the point of combined 
stress, cy., is calculated from the formula in Table 
1.13 for this shape of connection (the fourth 
configuration). 

b ( b + d )  5 ( 5 +  10) 75 
' Y - 2 b + d  (2)(5)+10 20 

- - - - = $75 in. 

The polar moment of inertia: 

b3 ( b +  2d) d2 
J w =  - - + - ( 6 b + d )  

3 (2b+d)  12 

53 (5 + 20) lo2 - + - (30+ 10) - -  - 
3 ( lo+ 10) 12 

= 385.4 in? 

Horizontal component of twisting: 

Torque,T= 18,OOOX lo=  180,000in:Ib 

Vertical component of twisting: 
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10"- 
18,000 Ibs 

Max combined 

fig. 1.39-Bracket jofned to a column face with a fillet weld 

Vertical shear force: 

Step 3. Determine the resultant force: 

f" = [fh' t (f, t fJ2]"2 

= [(2,340)2 t (1,750 t 

= 3,5401b/h. 

Step 4. The allowable shearing s t m  on the 
effective area of weld metal having an ultimate 
tensile strength of 60,OOO psi is as follows (Table 
1.7): 

T = 0.30(60,000) 

T = 18,OOOpsi 

The effective throat: 

= 0.197 in. 
f, 3,5443 (E)= - = - 
T 18,000 

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

(E) 0.197 

0,701 0.701 
s = - = - - - .  = 0.219 in. 

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 in structural steel construction are given in 
the Manual of Steel Conslruction, 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.19 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  intersections and, as a result, the 
connections can have highstrength and stiffness. 
However, if a connection is to be made with a 
complete-joint-penetration groove 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 angle to 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 JOINT DESIGN 
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 be joined with their 
axes at 80 to 110 degrees in the case of T- 
connections [Fig. 1.4O(C)], or at some angle less 
than 80 degrees in 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. Theweldingofsteeltubulatstructures iscovered by 
ANSI/AWS D1.1,SfruciuraI WeIdingCoa2- Steel, 
latest edition, Miami: American Welding Society. 

Consequently, the angle between the adjacent 
outside tubesurfaces or their tangents, in a plane 
perpendicular to the joint (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 the joint 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 fillet welds. 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 arc welding aregenerally used 
to make tubular joints in structures. 

Suggested groove designs for complete joint 
penetration with four dihedral angle ranges are 
shown in Fig. 1.41. The sections of circular and 
box connections to which the groove designs 
apply are shown in Figs. 1.42(A) and (B), respec- 
tively. The specified root opening, R, or the 
width of a back-up weld, W, in Fig. 1.41 depends 
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 inFig. 1.44.Thejointdesignfor 
side connections in equal box sections is shown in 
Fig. 1.45. 

An allowance, 2, 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- 
ing process. Recommended allowance values are 
given in Table 1.14 for various groove angles. 

Suggested fillet weld details for T-, K-, and 
Y-connections in circular tubes areshown in Fig. 
1.46. 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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(A) Circular sections (B) Box sections 

(C) T-connection 

(E) K-connection 

(D) Y-connection 

0 K ( T 4  @ K(T-Y) 
(F) K-combination connections 

Fig. 1.40- Welded tubular connections, components, and nomenclature 
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(G) Cross connection 

member 

Joint can 

(HI Deviations from concentric connections - 
Interior 

-- 

diaphragm Outside 
stiffening ! 
ring 

(I)  Simple tubular connections - 
Crushing load 

(J) Examples of complex reinforced connections 

(K) Flared connections and transitions 

Fig. 1.40 (cont.)- Welded tubular connections, components, and nomenclature 

.. . ..' .' 2. - 
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Circular sections Box sections 
rb/R . b/D 
- a,/D 

[See (B)1 

Matched Stepped 

(L) Connection types for box sections 

Y 

e 
(I 

T 

(M) Geometric parameters 

R/t, I D/2t, 
tb/tc tb’tc 

Angle between member center lines 
Local dihedral angle at given point 

1 . 1  on welded ioint I 

fig. 1.40 (conL)- Welded tubular connections, componen& and nomenclature 
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max 
min 

I I I I 
End preparation (wl I 

90' 900 (01 

45' 1O'or 10' 
45' forC9lO5" 

FCAW I GMAW 
SMAW FCAW 

FCAW 
SMAW 

I I (2) I 
Fitup or root 
opening (R) 

mar 

GMAW I 

3/16 in. 3/16 in. 114 in. 

Wmax. ibl 0 
118 in. 22.1/2--37-1/2 
3116in. 15"-20-112- 

5l16in. for 

118 in. 30*-37-112 
1/16 in. FCAW 114 in. 25"-30' 

310 in. 20' - 25. 
112 in. 15'-20 

I I mil" 

Joint included 
angle 4 I I 60' for 37-112' i f  

'b< 105" more use @ 
I " , I 

(a) Otherwise as needed 10 obtain required e. 
(b] Initial passes of back up weld dlxounted until width of groove 0 issufficient to assure sound welding; the necessary width of 
weld grwve 0 provided by back up weld. 
Notes: 
1. These root details apply to SMAW and FCAW (sell-shielded). 
2. These root details apply 10 GMAW (short circuiting transfer) and FCAW (gas shielded). 

F&. 1.41-Joint designs for complete-joint-penetration groove welds in 
simple T-, K-, and Y-tubular connections 

f- , 
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Area 

Toe- 
Detail A or B 

Branch member *, 

Area for A& 

for Detail B-/ 1 Area for 
Main member Detail C 

(A) Circular sections 

Heel- 
Detail B. C, or D 
Fig. 1.41 
depending on @ 

or D 

transition (see Corner Note) c 
Side- 
Detail E Fig. 1.41 
(See alternate Detail B for 
matched box connections) 

Root face 

Point of tangency, 
in line with inside 
of branch tube 

Alternate 
Detail B 

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 

F&. 7.42-lorations of complete-joint-penetration groove weld designs 
on tubular connections 
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#>105" 105" > I+9 > bo ...... 

900>*>750 

150" >#>30°  Transition 
90" > q5 2 300 

60' > I+9> 30" 
Heel 

Notes: 
1. t =thickness of thinner section. 
2. Bevel to feather edge except in transition and heel zones. 
3. Root opening: 0 to 3/16 in. 
4. Effective throat = E, where E 2 t. 
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--/oint designs for partial-joint-penetration groove welds in 
simple T-, K-, and Y-tubular connections 
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Toe Heel 

Side Transition 

(A) Circular connection 

/ 

L Corner Side Corner 
transition 

(B) Box connection 
transition 

fig. 7.*Appficable locations of partial-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 

(3) General collapse 
(4) Lamellar tearing 

welded connection 

Corner radius 2 24, 

(whichever is less) 

ktC+ 
Side 

Fig. 1.45-loint design for the sides of 
connections in equal box sections 

L O C A L  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 at apotential failuresurfacethrough 
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- 
ing the punchingshearstress in the main member 
is given in AWS DI.1, Structural Welding 
Code-Sreel, latest edition. 

The termpunching shear tends to beconfus- 
ing because punching indicates pushing 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. The termpunching 
relates the phenomenon to preexisting analytical 
experience. 

The actual punching shear stress in 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. These joint prop- 
erties are factored into the stress and force calcu- 
lations as described in A WS D1.1, Structural 
Welding Code-Steel. 

UNEVEN DISTRIBUTION OF L O A D  

Anothercondition that can limitthestrength 
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 
forthis, welds inT-, K-, and Y-connections[Figs. 
1.4O(C), (D), and (E)] must be capable, at their 
ultimate breaking strength, of developing the 
lesser of(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. 1.47. 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 OHa Position of welding: H or F" 

Groove angle, @ Processb 2, in. hocessb z', in. 

SMAW 0 SMAW 0 
FCAW 0 FCAW 0 

tp2600 FCAW-G 0 FCAW-G 0 
GMAW N A ~ .  GMAW 0 
GMAW-S 0 GMAW-S 0 

SMAW 118 
FCAW 0 

SMAW 118 
FCAW 118 

FCAW-G 0 
GMAW 0 GMAW NA 

GMAW-S 118 GMAW-S 118 

600 > 9 2 45" FCAW-G '18, 

SMAW 
FCAW 

GMAW 
45' > 9 2 30' FCAW-G 

GMAW-S 

~ ~- ~~ 

SMAW 
FCAW 

NA' GMAW 

I 14 
114 
318 FCAW-G 

318 GMAW-S 

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

FCAW-G 
c. Refer to Fig. 1.43. 
d. NA = Not applicable. 

GMAW = Spray transfer or globular transfer 
Gas shielded flux cored arc welding GMAW-S Short circuiting transfer 

The ultimate breaking strength, Fig. 1.47(A), 
offffletweldsand partial-joint-penetrationgroove 
welds is 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 qn the weld from the brace 
member at its yield strength, Fig. 1.47(B), is as 
follows: 

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

. 
f2 = 'a' 

where 

f2 ultimateunitshearnormal to theweld, 

r, = allowable shear stress, psi 

t = thickness of the main member, in. 

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

f3 f2/sin 8 or 1.8 rat/sin B 

lb/in. 

f, = UYtb 

where 
is: 

fi = unit force, lb/in. 

uy = yield strength of brace, psi 

tb = thickness of brace, in. 
where 8 is the angle between the axes of the two 
members. 
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Toe zone 

r 

Notes: 
1. t =thickness of thinner part 
2. L = minimum size = t 
3. Root opening 0 to 3/16 in. 
4.4 = 1 6 O  rnln. 

Edge may be cut 
back io facilitate 
throat thickness 

Toe 

Heel 

F&. 1.46-Fillet weld details for circular T-, K-, and Y-connections 
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GENERAL COLLAPSE 
As noted previously, the strength of the 

connection also depends on what might be 
termed general collapse. The strength and stabd- 
ity of the main member in a tubular connection 
should be investigated using the proper technol- 
ogy and in accordance with the applicable design 
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 collapse should 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-thickness thermal strains induced at 
restrained comer and T-joint welds) may impair 
this capacity. 

Consideration of the problem of lamellar 
tearing must include design aspects and welding 
procedures that are consistent with the properties 
of the connected material. In connections where 
lamellar tearing might be a problem, considera- 
tion should be given in design to provide for 
maximum component flexibility and minimum 
weld shrinkage strain. 

The following precautions should help to 
minimize the problems of lamellar tearing in 
highly restrained welded connections during fab- 
rication. It is assumed that procedures producing 
low-hydrogen weld metal would be used in any 
case. 

(1) On comer joints, where feasible, the 
bevel should be on  the through-thickness 
member. 

(2) The she of the weld groove should be 
kept to a minimum consistent with the design, 
and overwelding should be avoided, 

(3) Subassemblies involving comer and T- 
joints should be fabricated completely prior to 
final assembly of connections. Final assembly 
should preferably be at butt joints. 

/ 
1 

/ /' /' 

------ Wd" ----- 

(A) Ultimate strength of welded connection 

(8)  Brace member et yield strength 

/- A 

sin 8 

Weld 

Unit length of weld 
(C) Ultimate shear on the main member 

sheer area at failure 

F& 1.47-Loads on welded 
tubular connections 

.- 
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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 design requirements, should 
be used to promote straining in the weld metal 
rather than in the more sensitive through-thick- 
ness direction of the base metal. 

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

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

(6) Buttering with low-strenah weld metal, 
peening, or other special weld 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- 
existing laminations and large metallicinclusions 
should be avoided. In addition, the following 
precautions should be taken: 

(1) The designer should specify ultrasonic 

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 stress range for the desired service life of a 
particular situation can be determined. 

Fatigue behavior can be improved by one or 
more of the following actions: 

inspection, after fabrication or erection, or both, 
of those specific highly-restrained connections 
that could be subject to lamellar tearing and 

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

which are critical to the structural integrity. 

(2) The designer must consider whether 
minor weld flaws or base metal imperfections can 
be left unrepaired without jeopardizing structu- 
ralintegrity. Gouging and repair welding willadd 
additional cycles of weld shrinkage to the con- 

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

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

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 specilied in the absence of comprehen- 
sive design and fabrication considerations. 

21. Suchcodes include ANSI/A WS DZ.1. Siructural 
Welding Code-Sieel, and API RP 2A, Recorn- 
mended Practicefor Planning, Designing, and Con- 
structing Fixed qfshore PIarforms, 1 I th Ed., Dallas: 
American Petroleum Institute, 1980. 
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ALUMINUM STRUCTURES 

DESIGNING FOR WELDING 
The methods employed to design structures 

in aluminum are generally the same as thoseused 
with steel or other metals.n The methods and 
stress values recommended for structural alumi- 
num design are set forth in the Specflealions for 
Aluminum Structures, Construction Manual 
Series, published by The Aluminum Association. 

Aluminum is available in many product 
forms and shapes, both cast and wrought. The 
designer can take advantage of the light weight of 
aluminum by utilizing available aluminum struc- 
tural forms. Proper engineering design minim- 
izes the number ofjoints and amount of welding 
without affecting product 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, 
or bent 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 expensive metal-forming 
and metal-working processes, minimize the 
amount of welding required, and place welds at 
judicious locations of low stress. A simple exam- 
ple is the fabrication of an aluminum tray, Fig. 
1.49. Instead of using five pieces of sheet and 
eight 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(8). This reduces the 
amount of welding. 

Further reduction in welding could be 
achieved by additional forming, as in Fig. 

22. Weldingrequirements applicable to welded alumi- 
num structures are given in ANSIJA WS DI.2, Siruo 
rural Welding Code-Aluminum, latest edition, pub- 
lished by the American Welding Society. 

1.49(C). However, some distortion would likely 
take place in the two welded sides because all of 
the welds arein those two planes. The refinement 
of a design 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 comer joints 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 in sheet 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 1/4 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 is better 
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- 
cultycan be avoided byextrudingor machining a 
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-TVpcal extrusion designs incorporating desired joint 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, areeasyto fit, 
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 lap joints are 
shown in Fig. 1.51. 

Lapjoints do create an offset in the plane of 
the structure unless the 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. Lap joints may be impractical if the joint is 
not accessible on both sides. In largestnrctures, it 
may be more economicat to weld a butt joint 
from one sidein 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 fusion to 
or beyond the root (comer) of thejoint. A single- 
or double-bevelgroove weld 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. 1.50-Beveling the thicker member to 
reduce stress concentration at the weld 

rnin 

Fig. 1.49-Designs for an aluminum tray 

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

A T-joint with a single fillet weld is not 
recommended. Although the joint may have 
adequate shear and tensite strength, it is very 
weak whenloaded with the root of the fillet weld 
in tension. Small continous fillet welds should be 
used on both sides of the joint, 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. Suggested allowableshear stresses in fillet 

Fig. 1.51-Preferred @pes of lap pints 

welds €or building and bridge structures are given 
in the Speciflcarlon for Aluminum Strucmres 
published by The Aluminum Association. 

JOINT DESIGN 
In general, the design of welded joints for 

aluminum is quite consistent with the recom- 
mendations for steel join1s.Z However, smaller 

23. Suggested groove weld joint designs are given in 
the Welding Handbook, Val. 4,7th Ed., 1982 334 ff, 
and in ANSI/ AWS DI.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 n o d e s  on welding guns and torches. The 
excellent machinability of aluminum makes J- 
and U-groove preparations economical to reduce 
weld metal volume, especially on thick sections. 

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 cross section 
determines the allowable load on the joint. 

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 

WELD,NC ON decreased pro&rties is considered to be a 2-in. 
wide band With the weld in the center. When 

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 uf softening is related to 

I I  

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 given in the Spec$- 
cation for Aluminum Structures published by 
The Aluminum Association. 

- 1  i n . 1  

I 

+ - 1 in. 

E 
2 
9 Actual distribution 

0 
v) 

Q) 
> .- 
0' 

E Distribution 
fi assumed for design 

- ,- 

3 2 1 0 1 2 3 
Distance from weld centerline, in. 

F&. 1.5Z-Disstribufion of tensile or $eld 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 
weldment of a heat-treatable aluminum alloy can 
be solution heat treated and aged after welding. 
The welded assembly will regain substantially full 
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 furnace 
required, cost of heat treating, or the resultant 
distortion caused by the quenching operation. 

It may be practical, at times, 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 overcoming softening 
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. Tensile speci- 

mens will fail either in the weld metal or in the 
heat-affected zone even though a recommended 
f i e r  metal was used and the weld was sound, 

In general, with the use of recommended 
filler metal, 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 statistically analyzing the results. 

STRESS DISTRIBUTION 
Where welds are located in critical areas but 

do not cover the entire cross section, the strength 
of the section depends on the percentage of the 
cross-sectional area affected by the heat of weld- 
ing. When members must be joined 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. For example, longitudinal welds that 
join a web to a flange of an I-beam usually have 
very little effect on the strength of the member 
because most of thebeam cross section has origi- 
nal base metal properties. 

Frequently, welds are more highly stressed 
at the ends than in the 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. 

F& 1.53-Bevefing 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 subjected to high 
stresses. It is frequently possible to 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 involves an additional 
cost. 

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

Average fatiguestrengths of as-welded joints 
in four aluminum alloys are shown h Fig. 1.56. 
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 SHEAR OF F'LLET WELDS 

The shear strength of fillet welds is con- 
trolled by the composition of the fffler metal. 
Typical shear 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 fiuer metal is 
alloy 5556. Use of a high-strength fder metal 
permits smaller welds. For example, assume a 
longitudinal filet weld having a strength of 4OOO 
lb/in, is desired. If 5356 filler metal is used, a 
1/4-in. fillet weld can be applied in a single pass. 
However, if 4043 filler metal is used, it would 
require a 3/8-in. fillet weld 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. IO). 
Whereminimumweld sizes must beused, afiller 
metal with the lowest suitable strength for the 
applied load should beselected to take advantage 
of its ductility. 

By applying the appropriate safety factor to 
the shear strength of a f i e r  metal, the designer 
can determine the allowable shear stress in amlet 
weld. Appropriate factors of safety and allow- 
able shear stresses in ffflet welds for aluminum 
structures are kven in the Specijiaiion for 
Aluminum Structures published by The Alumi- 
num Association. 

FATIGUE STRENGTH 

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 IO4 cycles the 
designer may prefer one alloy over another for a 
particular application. However, above 106cycles, 
the differences among various alloys are very 
small. A solution to fatigue problems in the IO: 
cycle range and above is primarily found in a 
change of design rather than by achange of alloy. 

The designer should utilize symmetry in 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 significantly increased by such means 
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 changes in 
thickness. With welding processes that produce 
relatively smooth weld beads, there is little or no 
increase in fatigue strength gained by smoothing 
the weld faces. The benefit of smooth weld beads 
can be nullified by excessive spatter during weld- 
ing. Spatter marks sometimes create severe stress 
raisers in the base metal adjacent to the weld. 

While the residual stresses from 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 reduce residual welding stresses includ- - .  

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

hg 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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I 

Specimen 

Filler 
metal 

Fillet weld size, in, 

Fig. 1.54- Typical shear strengths of longitudinal fillet welds with 
various aluminum filler metals 
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Specimen 

Filler 
metal 

22,000 5556 

20,000 

16,000 

51 83 

5356 

5554 

4043 

4 1 loo 

0 1/8 1/4 3/8 1/2 5/8 314 
Fillet weld size, in. 

Fig. 1.55-typical shear strengths of transverse fillet welds with 
various aluminum filler metals 
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Minimum stress I Maximum stress 
Stress ratio (SR) = 

I I I I I I 

10 1 02 103 1 04  105 1 06 I 07 108 
Cycles to failure 

Fig. 1.56-Fatigue test result3 of butt joints in four aluminum alloys, 
3/8 in. thick shielded gas arc welded plates 

face from tension to compression for a depth of 
0.005 to 0.030 inch. Shot peening may more than 
double the life of direct-tension fatigue test spec- 
imens with longitudinal butt joints. 

Thermal treatments fo relieve residual 
stresses are beneficial for increasing the fatigue 
characteristics as well as thedimensional stability 
of a welded aluminum assembly during subse- 
quent machining. In the of nonheat-treatable 
alloys, such as the 5OOO series, thermal treatments 
for the various alloys can relieve up to 80 percent 
of theresidualweldingstmses withlittledecrease 
in the static strength of the base metal. Heat- 
treatable alloys are not so well suited to thermal 
treatments for relieving residual stresses because 
temperatures that are high enough to cause sig- 
nificant reductions in residual stress also tend 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 OF SERVICE TEMPERATURE 
T h e  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 follows closely 
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 definite limitations on applications. The 5000 
series alloys with magnesium content of 3.5 per- 

. -  - .  

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:52:58 1997 



!20 / DESIGN FOR WELDING 

Table 1.15 
Minimum tensile strengths at various temperatures of arc-welded butt joints 

in aluminum alloys 

Ultimate tensile strength, ksi 

Base alloy Filler 
designation metal - 3 W F  -200°F -1WF 100aF 3 W F "  500OP 

2219-T37b 2319 48.5 40.0 36.0 35.0 31.0 19.0 
2219-T62' 2319 64.5 59.5 55.0 50.0 38.0 22.0 
3003 ERllOO 27.5 21.5 17.5 14.0 9.5 5 .O 
5052 ER5356 38.0 31.0 26.5 25.0 21.0 10.5 
5083 ER5183 54.5 46.0 40.5 40.0 - - 
5086 ER5356 48.0 40.5 35.5 35.0 - - 
5454 ER5554 44.0 37.0 32.0 31.0 26.0 15.0 

5456 ER5556 56.0 47.5 42.5 42.0 - - 
6061=rSb ER4043 34.5 30.0 26.5 24.0 20.0 6.0. 

6061-T6' ER4043 55.0 49.5 46.0 42.0 31.5 7.0 

a. Alloys not listed at 300" F and 500" Fare not recommended for use at sustained operating temperatures of 
over fMo F. 
b. As welded. 
c. Heat treated and aged after welding. 

cent or higher are not recommended for use at 
sustained temperatures above 1 50°F. Alloy 5454 
with its comparable filler metal ER5554 is the 
strongest5000series alloyrecommended forsuch 
applications as hot chemical storage and tank 
trailers. 

Aluminum is an ideal material for low 
femperature applications. Most aluminum alloys 
have higher ultimate and yield tensilestrengths at 
temperatures below room temperature. The 5000 
series alloys have good strength and ductility at 
very low temperatures together with good notch 
toughness. Alloys 5083 and 5456 have been used 
extensively in pipelines, storage tanks, and marine 

vessel tankage for handling cryogenic liquids and 
g-a 

Metric Conversion Factors 
tc.= 0.56 (tF - 32) 
lm.=25.4mm 
1 in./min = 0.42 mm/s 
1 in. -1bf 0.11 N * rn or0.11 J 
1 ft Ibf 1.36 N - m o r  1.36 J 
1 Ibffin. = 175 N/m 
I lblin? = 27.7 Mg/m3 
1 psi = 6.89 kPa 
I ksi = 6.89 MPa 
1 hp = 746 W 
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2 
Symbols for Welding, Brazing, and 

Nondestructive Examination 

PURPOSE 

Standard symbols are used to indicate 
desired welding and brazing information on 
engineering drawings. They are used universally 
to convey the design requirements to theshop in 
aconcise manner. For example, a symbol can 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, aresometimes required 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 inspection methods depend 
upon the quality requirements with respect to. 
discontinuities in welded or brazed joints. 

The complete system of symbols is des- 
cribed in A WS A2.4, Symbols for 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 designers willuse 
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 
The terms weldsymboland weldingsymbol 

havedflerent meanings. A weld symbol, Fig. 2.1, 
indicates the required type of weld (or braze). 
The welding symbol, Fig. 2.2, includes the weld 
symbol and supplementary information. Acom- 
plete welding symbol consists of the following 
elements: 

(1) Reference line(always shown horizontal- 
ly) 

(2) Arrow 
(3) Basic weld symbol 
(4) Dimensions and other data 
(5) Supplementary symbols 

1. Nondestructive testingmethods, procedures, and the 
type of discontinuities that each method will reveal are 
discussed in AWS B1.0, Guide for Nondestrucrive 
Inspection of Weldr. and Welding Inspectton, Second 
Edition, 1980, published by the American Welding 
Society, 

94 
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I Groove I 

Fillet 
projection 

Seam 

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

fig. 2 I-Badc weld s y m M  

(6) Finish symbols 

(8) Specification, process, or other references 
All elements need not be used unless required 

(7) Tail 

for clarity. 

LOCATION OF 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 arrow side and orher side of a weld, as shown 
in Fig. 2.3(A). 

The symbol depicting an arrow side weldis 
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 wekfis placed above the reference line, 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@). 

Some weld symbols have no arrow or other 
side significance. However, supplementary sym- 
bols used in conjunction with these weld symbols 
may have such significance. For example, weld- 
ing symbols for resistance spot and 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 0 .  The letters CJP 
in the tail of the arrow are used to indicate that a 
complete-joint-penetration weld is required. The 
type weld or joint preparation may be optional. 
The tail may be omitted when no specllication, 
process, or other reference is required with a 
welding symbol. 
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Groove angle; included 
angle of countersink 

Field weld symbol 

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

Root opening; depth of filllng 
for plug and slot welds 

Effective throat 
Depth of preparation; size or 
strength for certain welds 
Specification, process, 
or other reference-,, 

when reference 
is not used) Weld-all-around symbol 

Elements in this 

shown when tail 

reversed 

Fig. 22-Standardlorah’on of ektnenb of a welding symbol 

DIMENSIONS 
Dimensions of a weld are shown on the 

same side of the reference line as the weld symbol. 
The size of the weld is shown to the left 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- 
ence line, dimensions must be given for each weld 
even though both welds are identical, 

Either US Customary or SI units may be 
used when specifyingdimensions. 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 a joint is to be intermittent, the 
length of the increments and the pitch (center-to- 
center spacing) areplaced to the right of the weld 
symbol, Fig. 2.5. 

The location on the symbol for spifying 
grooveweld root opening, groove angle, plug or 

slot weld filling depth, the number of welds 
required in a joint, and other dimensions are 
shown in Fig. 2.2. Additional information on the 
dimensioning of welds can be found in A WS 
A2.4, Symbok 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 
symbol should not be used if more than one type 
of weld is required to make the joint. 

Field Weld Symbol 
Field welds are made at the erection site, not 
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I 

Other side 
/Arrow side 

Other side 

Other side Other side 

Arrow side 

(A) Arrow and other side of a weld 

+ 
(6) Weld on arrow side 

f 

e 
Y 

(C) Weld on other side 

(D) Weld on both sides 

(E) No arrow or other side significance 

,-(-2 +-- 
(F) Welding symbol with reference 

fig. %'-Significance of arrow 

.- 
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Dimensions in inches 

6 160 
6 I/ 150 

Dimensions in 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 on the back side of welds to be made 
from one side only. The reinforcement is shown 
by placing the melt-thru symbol on the side of the 
reference line opposite the weld symbol, as 
shown in Fig. 29(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 thespec- 
i f id  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- 
ing the weld. It must be used in combination wifh 
a groove weld symbol Lo avoid interpretation as a 
plug or slot weld. A welding symbol for a typical 
joint with backing is shown in Fig. 2.10(Aj. It is a 
combination of a groove weld symbol on one 
side of the reference line and a backing symbol on 
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 typical joint with a 
spacer strip inserted in the root of the joint is 
shown in Fig. 2.1qB). It is a modified groove 
weld symbol having a rectangle within it. The 

material and dimension of the spacer strip should 
be specified in a note. 

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 
concave contour symbol to the weld symbol, Fig. 
2.1 I(A). Welds that are to be finished by mechan- 
ical means are depicted by adding both the 
appropriate contour symbol and the user’s stand- 
ard finish symbol to the weld symbol, Fig. 
2.1 I(B). 

CONSTRUCTION OF SYMBOLS 
Bevel-, E, and flare-bevel-groove, fillet, and 

comer-flange weld symbols are 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. Suggested size dimen- 
sions for welding symbol elements are given in 
ANIS A2.4, Symbols for Welding and Nonde- 
structive Testing. latest edition. 

When a combination ofwelds is to be speci- 
fied to make a joint, 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 fmt 
operation is shown on the reference line nearest 
the joint. Subsequent operations are shown 
sequentially on other reference lines joining 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 
been joined. Joining can be done by any number 
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Examine 
or weld Field 

a l l  weld 
around 

,r note 

Symbol 

Note: If required by actual length of the joint, the length of 
the Increment of the welds at the end of the joint 
should be increased l o  terminate the weld at the end 
of the joint. 

Desired welds 

Backing, Contour 
spacer, or 

consummable ' Flush convex Concave 
insert or flat 

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

Symbol 

Note: I f  required by actual length of the joint, the length of 
the increment of the welds a t  the end of the joint 

Desired welds should be increased to  terminate the weld a t  the end 
of the joint. 

(E) Length and pitch of increments 
of staggered intermittent welding 

F&. 2.5-Dimensioning intermittent fillet welds 

F&. 2fGSupplementary symbols 
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Symbol 

Desired weld 
(A) H-Beam to plate 

w 
Desired weld 

(B) Stud to plate 

Symbol 

Desired weld 

(C) Weld in several planes around periphery 

Fig, 27- Weld-all-around symbol 
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Table 2.1 
Frequently used welding 

process designations 

Letter 
designation Welding process 

F&. 28-Field weldsymbol 

of methods such as adhesives, bolts, screws, 
rivets, welds, or brazes. The five basicjoints used 
in welding and brazing are butt, comer, lap, edge, 
and T-joints. These joints and the applicable 
welds to join them are shown in Fig. 2.15. 

PROCESSES 
Letter designations are used in the tail of a 

welding symbol to indicate the appropriate weld- 
ing or brazing process. The more frequently used 
welding designations are listed in Table 2.1. A 
complete listing of designations for welding, 
brazing, and allied processes is given in AWS 
A2.4, Symbols for WeIding and Nondestructive 
Testing, latest edition. 

EXAMPLES 
After thejoint is designed, awelding symbol 

can generally be used to specify the required 

~ 

SMAW 
SAW 
GMAW 
FCAW 
GTAW 
PAW 
O W  
EBW 
RS W 
RSEW 

Shielded metal arc welding 
Submerged arc welding 
Gas metal arc welding 
Flux cored arc welding 
Gas tungsten arc welding 
Plasma arc welding 
Oxyfuel gas welding 
Electron beam welding 
Resistance spot welding 
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 a single-V-groove weld, both members 
are beveled equally to form a groove at the joint. 
Figure 2.1qA) shows such a weld and the 
appropriate welding symbol. 

* 

(A) Placement of melt-thru symbol 

Desired weld Symbol 

(E) Reinforcement with melt-thru 

F&. 29-Melt-thru symbol 
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R - Backing removed Note: Materials and dimensions 
after welding of backing as specified 

(A] Backing symbol 

. .  

Dou ble-V-groove Double-bevel-groove 

Note: Material and dimensions 
of spacer as specified 

(6) Spacer symbol 

F&. 2 10-Backing and spacer symboh 

* G 

G - Grinding 
C - Chipping 

(A) Contour without finishing + C 

M -Machining 

(B) Contour with finishing 

Fig. 1.17-Contour symbols 

C -w C 

Fig. 2.72- Weld symbol construcfion fig. 2 13-Combhed weld symbols 
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3rd Operation ist -A Process data 

(A) Multiple reference line8 

First 
weld 

55O-' 
Symbol 

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) = 60" 
Groove angle (other side) = 55' 

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

(E) Application of multiple reference lines 

Fig. 2 14-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. 2.1qB). 

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-groove type. 
The weld and the appropriate symbol areshown 
in Fig. 2.17(A). If two round members arc 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 be joined by f i e t  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-joints. Examples of 
ffflet weld symbols are shown in Fig. 2.18. 

Plug and Slot Welds 
Plug and slot welds are similar in design but 

2. A fillet weld has an approximate triangular cross 
section and joins two surfaces at about 90 d e w  to 
each other. When the surfaw are at agreater or lesser 
angle, the weld should be specified with appropriate 
explanaloly details and notes. 
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Butt joint 

Corner joint 

Applicable welds 
Square-Groove J-Groove 
V-Groove Flare-V-Groove 
Bevel-Groove FlareBevel-Groove 
U-Groove EdgeFlange 

Braze 

Applicable welds 
Fillet Flare-Bevel-G roove 
SquareGroove EdgeFlange 
V-Groove Cornet-Flange 
Bevel-Groove Spot 
U-Groove 
J-Groove Seam 
FlareV-Groove Braze 

Projection 

Applicable welds 
Fillet J-Groove 
Plug Flare-Bevel-Groove 
Slot spot 
SquareGroove Projection 
Bevel-Groove Seam 

Braze 

Applicable welds 
Fillet J-Groove 
Plug Flare-Bevel-Groove 
Slot spot 
Bevel-Groove Projection 

Seam 
&ate 

Applicable welds 
Square-Groove Edge-Flange 
Beve1.G roove Corner-F lange 
V-Groove Seam 
U-Groove Edge 
J-Groove 

Edge joint 
0-30' 

Fig. 2.15-Basic lvpes of joints 
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Desired weld Symbol 

Depth of preparation - 3/8 in. 
Effective throat (always shown in parentheses) - 1/2 in. 

Root opening - 0 
Groove angle - 60" 

(A) Single V-groove weld from arrow side 

Symbol 

Desired weld 

Depth of preparation (each side) - t12 
Groove angle (each slde) - 45" 
Root opening - 1/8 in. 

(B) Double V-groove weld 

Fig. 2 16-Singe- and Double- V-groove welds 
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w 
Desired weld 

(A) Single flare-bevel-groove weld 

IT 

Desired weld 
Symbol 

(6) Single flare-V-groove weld 

Fig. 2.17-Flare-beyeland flare4 welds 

different in shape. Ineither case. the hole or slot is 
made in onIy one member of the joint. A plug or 
slot weld is not to beconfused with afillet weld in 
a hole. Plug and slot welds require definite depths 
of fdling. 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 on the edges of two 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 thecapa- 
bility of melting through one member of a joint 
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 
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Desired weld 
Size of weld - 5/16 in. 

(A) Fillet weld with equal legs 

Desired weld 

,-Part A - 
Symbol 

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

Note: The 1/4-in. leg applies to Part A. Weld orientation must be shown on the drawing. 

(B) Fillet weld with unequal legs 

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 
A seam weld is a continuous weld made 

between or upon overlapping members. Coa- 
lescence may start and occur on the faying surfa- 
as, or may proceed from the surface of one 

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 similar to those used for spot weld- 
ing. A means of moving the welding head along 
the seam must be provided. Examples of arcand 
resistance seam welds and the appropriate weld- 
ing symbols are shown in Fig. 2.22. 
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Desired weld 

Section of desired weld Symbol 

Size - 1 in. 
Angle of countersink - 45' 

Depth of filling - 314 in. 
Pitch (center-toanter spacing) - 4 in. 

Fig. 2 19A-Plug welds 

E - 

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:53:57 1997 



Symbob for Welding, Brazing, and Nondestructive Examination / 109 

/ i '  r /  

Desired w'eld / 

Symbol 

SEC. A-A 

Depth of filling - 1/2 in. 

Detail A 

F&. 2 19B-Slot welds 
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rO.09 

Desired weld pO.06 R 

Radius of flange - 0.06 in. 
Height of flange above point of tangency - 0.13 in. 
Weld thickness - 0.09 rn. 

(A) Edge-flange weld 

r0 .13 

0.06 R 

0.09 

Desired weld 

Radius of flange - 0.06 in. 
Height of flange above point of tangency - 0.13 in. 
Weld thicknm- 0.09 in. 

(B) Corner-flange weld 

I T  0.06 t 0.13 

Symbol 

0.06 t 0.13 / -Tu-  ! 

Symbol 

- 

Fig. 220-Flange welds 
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0.25 

Section A-A 

GTAW 0.25 h3-j 
-4 1 1 . 1 6 - 4  

Desired welds Symbol 

Size (at faying surface) - 0.25 in. 
Number of spot welds - 9 
Pitch (center-tomnter spacing) - 2 in. 
Note: Size can be given in pounds or newtons per spot rather than the diameter. 

(A) Arc spot weld 

112 l ,2yf+j+w 
------ 

Desired welds Symbol 

Size (at  faying surface) - 0.25 in. 
Number of spot welds - 5 

Note: Size can be given in pounds or newtons par spot rather than the diameter. 

Pitch (center-toanter spacing) - 1 in, 
Distance from center of first spot weld 

to edge - 112 in. 

(B) Resistance spot welds 
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Symbol 

Deslred weld 
Size (at  faying surface) - 1/2 in. 
Length - 2 in. 
Pitch (center-tocenter spacing) - 3 in. 

Note: Size can be given in pounds per 
linear in. or newtons per millimeter. 

(A) Arc seam weld 

I I I " 
A I  I 
2 

of w € ! i : d  
Desired weld 

Size (at faying surface) - 0.30 in. 
Length- 1 in. 
Pitch (center-to-center spacing) - 2 in. 

Section A-A Symbol 

Note: If required by actual length of the 
joint, the length of the increment of 
the welds at the end of the joint 
should be increased to terminate the 
weld a t  the end of the joint. 

(E) Resistance seam weld 

fig. 2.22-Searn 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- 
ing process 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 be indi- 
cated on the brazing symbol. 

BRAZING PROCESSES 
Brazing processes to be used in construction 

can be designated by letters. The com- 

Desired braze 

Desired braze 

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

Table 2 2  
Letter dedgnations for bradng processes 

Process 

Difiusion brazing 
Dip brazing 
Furnace brazing 
Induction brazing 
Infrared brazing 
Resistance brazing 
Torch brazing 

Designation 

DFB 
DB 
EB 
1B 
IRB 
RB 
TB 

Process reference 

in the tall 

Symbol 

Process reference 
must be placed ~9-, 
in the tail 

Symbol 

(A] Process designation 

Fig. 223-Application of brazhg spbob 
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CI - Clearance 
L - Length of overlap 
S - Fillet size 

Desired braze . Symbol 

(B) Location of elements of brazing symbol 
I 

Desired braze Symbol 

(C) Scarf joint 

a 0.001 - Desired 0.003 braze - E !  Symbol 

(D) Lap joint with fillet 

Fig 223 (conL)-App/icalion of brazing symbols 
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T 
T-J c3T44 c0*Os ' S - Radius from point of tangency 

Desired braze Symbol 

(E) Flare-bevel-groove and fillet 

0.06 

1 Lo.06 S - Radius of tube 

Desired braze Symbol 

(F) Double-flare-bevel.groove and fillets 

II 1r0-Oo1 - O*Oo3 $-4g!--GB 0.001 - 0.003 

Desired braze Symbol 

(0) Square-groove 

Desired braze Symbol 

(H) Tee joint 

Fig. 2.23 (contJ-App lication of brazing symbols 
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NONDESTRUCTIVE EXAMINATION SYMBOLS 

Type of 
examination Symbol 

Acousticemission AET 
Eddycurrent ET 
Leak LT 
Magnetic particle MT 
Neutron NRT 
radiographic 

Symbols for nondestructive examinations 
(NDE) provide means for specifyingonengineer- 
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. 

Type of 
examination Symbol 

Penetrant PT 
Proof PRT 
Radiographic RT 
Ultrasonic UT 
Visual VT EXAM1 NATION SYMBOLS 

The svmbols for the various nondestructive 
examination processes are shown in Table 2.3. 
The elements of a nondestructive examination Significance Of Location 
symbol are as follows: The arrow connects the reference line to the 

(1) Reference line part tobeexamined.Thesideoftheparttowhich 
(2) AROW the arrow points is the arrow side. The side oppo- 
(3) Basic examination symbol site from the arrow side is the other side. 
(4) Examine-all-around symbol 
(5)  Number of examinations N Arrow Side Examination . .  (6 Examine in field 

(8) Specifications or other references 
The standard locations of these elements 

with respecf to each other are shown in Fig. 2.24. 

Examinations to be made on the arrow side 
of a joint are indicated on the NDE symbol by 
placing the basic examinationsymbol below the, 
referenceline, Le., toward the reader. Fig. 2.25(A) 
illusttates this type of symbol. 

(7) Tail 

7 (N) 

Number of examinations 

7 Reference line 

Length of section 
to be examined f -  

fig. 224-Standard location of NDE symbol elements 
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Other Side Examination 
Examinations to be made on the other side 

of the joint are indicated on the NDE symbol by 
placing the basic examination symbol above the 
reference line, is., 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 m o w  or other side 
significance, the basic examination symbols are 
centered in the reference line. Fig. 2,25(D) shows 
this arrangement. 

ET 

Y‘ 
(A) Examine arrow side (BJ Examine other side 

M T -  RT L 
RT 

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

Fig. 2&Sgnif%ance of symbolplacement 

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. 

FB. 226-Spedjinng the diredon of 
radiographk examinadon 

COMBINED SYMBOLS 

Nondestructive examination symbols may 
becombined with welding symbols, Fig. 2.27(A), 
or with each other if a part is to be examined by 
two or more methods, Fig. 2.27(9). 

Where an examination method with no 
arrow or other side significance and another 
method that has side significance are to be used, 
the NDE symbols may be combined as shown 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 specification or 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 shown to the right of the 
NDE symbol, Fig. 2.28(A). 

Exact Location. To show the exact location 
of a section to be examined as well as its length, 
approprjate dimensions are shown on the draw- 
ing, Fig. 2.28(B). 

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:53:57 1997 



118 / SYMBOLS FOR WELDING, BRAZING, AND NONDESTRUCTIVE EXAMINATION 

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

AH-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 (A) Combined NDE and 

joint, such as a circumferential pipe joint. 

RTtPT // 
RT+ LT 

(B) Combined NDE symbols 

PT - UT+ RT \ 
PT 
LT 
- 

LT + PRT 
- "'7 

,UT f 

MT8 f 

(A) Length of examination 

(C) Combined side and no-side significant symbols 
(B) Exact location of examination 

(D) NDE symbol with reference 

F&. 2.27-Combined nondestructive 
examination symbok 

(C) Partial examination 

L? r( 
m F -  

PartialExamination. When a portion of the 
length of a weld or part is to be examined with the 
locations determined by a specified procedure. 

(D) Number of axerninations 

the percentage of the lengthto be examined is 
indicated on the symbol, as illustrated in Fig. 
2.2qC). 

Full Length. The full length of a part is to be 
examined when no length dimension is shown on 
the NDE symbol. 

-UT-% 

(E) All-around examination 

Fii. 2l&Exfent of examinabbn 

Number of Examinations 
When several examinations are to be made 

on a joint Or part at random locations, the 
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Arm 
Nondestructive examination of areas of 

partsisindicated by oneofthefollowhgmethods. 
Plane Areas. To indicate a plane area to be 

examined on a drawing, the area is enclosed by 
straight broken lines with a circle at each 

*--9 ?--Y RT /’ I 
I I  
Q--6 

-UT 

1 (A) Plane areas 
! 

-R 

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

-designated with the appropriate symbol, as shown 
in Fig. 2.29(A). 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-around sym- 
bol and appropriate dimensions. In Figure 
2.29(B), the upper right symbol indicates that 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 
an area 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 
examination and an externaleddy current exam- 
ination. The entire length is to be examined 
because no limiting dimensions are shown. 

Acoustic Emission 
Acoustic emission examination is generalIy 

applied to all or 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. 

(6) Area of revolution - one side 

ET 
PRT --- 

(C) Area of revolution - both sides 

FiF 22p-Examining specified areas 
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3 
Economics and Cost Estimating 

THE COST ESTIMATE 

Acostestimateisaforecast ofexpenses that 
may be incurred in the manufacture of a product. 
The estimate may include only the manufactur- 
ing costs. Other elements are added to the manu- 
facturing cost to obtain the selling price including 
administrative expense, handling, warehousing 
or storage, and profit. The additional expenses 
over manufacturing costs are sometimes called 
general and administrotive eqwme. 

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 aparticular product underexist- 
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) Provide information to be used in estab- 
lishing the selling pricefor quotation, bidding, or 
evaluating contrads. 

(2) Ascertain whether a proposed product 
can be made andmarketed at a profit considering 
existing prices and future competition. 

(3) Assemble data for make-or-buy deci- 
sions, that is, determine whether parts and 

component by one process as compared to 
another. 

(5) Ascertain the best and most economical 
method, process, and materials for the manufae 
turing of a product. 

(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 case of new products, the estimate 
details should include the f i t  formal process 
planning that may later become the basis for the 

(1) Establishing personnel requirements to 
meet future work plans. 

(2) Predicting material needs over the length 
of a contract. 

(3) Setting the overall schedule or time table 
for meeting company goals. 

(4) Specifyingthe equipment, machines, and 
facilities required for production of a proposed 
product in the time and quantities required. 

ELEMENTS OF A COST ESTIMATE 

following: 

assemblies can be made or purchased from a 
vendor more cheaply. 

(4) Determine how much may beinvestedin 
tools and equipment to produce a product or 

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 

”)‘ 
G 

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:54:34 1997 



Economics and Cost ErtimaiingI 123 

costs. The accounting department usually estab- 
lishes G & A expenses, and management may 
establish the profit. Only the manufacturing cost 
is of prime interest to a cost estimator. 

manufacturing when the costs per unit can be 
accurately estimated. 

Direct labor is work that is actually done in 
produdnga finished article and is readily charged 
to it. This may include insDection labor. 

MANUFACTURING COSTS 
Manufacturing cost includes direct mate- 

rials; direct labor; small tools, jigs, and furtum; 
and factory overhead (OH), sometimes called 
burden. In the 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 t r d  to the 
product in terms of units of material per product 
made. They also include materials consumed in 

Small tools, &s, and fuctures are the acces- 
sories used in production processes that are 
expendable and readily charged to the product. 

Factory overhead or burden, consists of all 
indirect labor, materials, and other indirect man- 
facturing expenses that cannot be readily atlo- 
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 competitive selling prim. Welding 
and associated costs can be readily approximated 
for any job when the factors affecting those cosfs 
are known and appropriate steps are taken to 
determine costs. Welding costs must be m u -  
rately determined if they are to be successfully 
used in cost estimates for bidding, for setting 
rates for incentive programs, or for comparing 
welded construction to a competing process. 

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. 
Defhing 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 economic borders 
of a particular operation. Gathering and evaluat- 
ing data is acostly and cumbersome chore, With 

- C. 

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:54:34 1997 



124 / ECONOMICS AND COST ESTIMATING 

the proliferation of computers and application 
software,quick and convenient analyses of many 
variables of operation are readily available. 
Computerization and data processing have 
become an important part in the determination 
of costs. Variablesgenerally considered to obtain 
the costs of welding are listed in Table 3.1, and 
those for brazing in Table 3.2. 

Table 3.1 
Typical variables for estimating welding costs 

Electrode or mer 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 
Shielding gas cost 
Flux Cost 
Electric power cost 
Edge preparation costs 
Setup costs 
Weld finishing costs 
Inspection costs 

ELEMENTS IN WELDING COSTS 

All cost systems include the same basic e l e  
ments of labor, materials, and overhead. To 
obtain a cost for welding, the finite time required 
to accomplish a weld 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 for repeatability and consistency in produc- 

Table 3.2 
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 
‘ h e  

In-proass inspection 
Labor rates 
Overhead rate 
Filer metal cost 
Flux cost 
Atmosphere cost 
Electric or fuel cost 
Cleaning material costs 
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tion. Many companies have standardized welding 
procedures that are used for various jobs of a 
similar nature. A typical welding procedure form 
is shown 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 power sourceand associated equipment,such 
as electrode or filler wire feed speed, arc voltage, 
welding current, travel speed, type of welding 
power and polarity. There are many 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 
a few of these variables. 

Handling time includes all of the workplace 
functions of picking up the part, placing it in a 
furture, clamping and positioning it before and 
during welding, and finally movingthe weldment 
to the next location. Handling time can be calcu- 
lated in an estimate with reasonable accuracy 
only for those operations that are repetitive. 
Variations in handhg time of a nonrepetitive 
nature are best included in miscellaneous work- 
place time. Input from industrial engineering 
may be necessary when analyzing handling time. 

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 mn- 
off tabs or backing strips in place, movements to 
reposition the body between weld passes, and 
any variable time increment not directly involved 
in making the weld. 

Material Costs 
Material costs cover those materials con- 

sumed in the workplace while making the weld. 
Forthoseprocessesinwhichffler metalisdepos- 
ited, the amount of deposited metal can be the 
basis of a suitable material cost. This cost will 

reflect deposition efficiency, which is the ratio of 
the weight of the weld metal deposited to the 
weight of the consumable used. EEciency of 
deposition decreases as a result 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- 
ious welding electrodes and processes aregiven in 
Table 3.3. 

Other material costs include those. for gases, 
fiuxes, backing rings or strips, anti-spatter com- 
pounds, etc. Gases may be for shielding for 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. 

Table 3.3 
Deposition efficiency for welding processes 

and filler metals 

Filler metal form 
and process 

Deposition 
efficiency, % 

Covered electrodes, SMAW 
14 in. long 
18 in. long 
28 in. long 

Submerged arc 
Gas metal arc 
Electroslag 
Gas tungsten arc 

Flux cored electrodes 
Flux cored arc 

Bare solid wire 

55 to 65 
60 to 70 
65 to 75 

95 to 99 
90 to 95 
95 to 99 

99 

80 to 85 

Overhead Costs 
Overhead is the cost of the many items or 

operations in the factory and in the ofiice not 
directly assignable to thejob 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 all of the 

(1) Salaries of the plant executives, supeM- 
sors, inspectors, maintenance personnel, janitors, 
and others that cannot be directly charged to the 
individual job or weldment. 

following: 

- ... 

t .-- 
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Electrode 
size 

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' Flow rate 
Single or multiple pass 
Single or multiple arc 
Welding current 
Polarity 
Welding progression 
Rwt treatment 
Preheat and interpass temperature 
Postheat treatment 
*Applicable only when filler metal has no AWS classification. 

WELDING PROCEDURE 

Welding power 
Travel l - i  Amperes Volts speed Joint detail 

Thls procedure may vary due to fabrication sequence, fit-up, pass size, etc., within the limitation of variables given in 48. 
C. or D of AWS D1 .l, I-) Structural Welding Code. 

year 

ProCedure no. Manufacturer or contractor 

Revision no. Authorized by 

Date 
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(2) Fringe benefits for employees, such as 
premiums for life and medical h ~ r a n ~ e ,  and 
social security and pension fund contributions. 

(3) Rent and depreciation of the plant and 
facilities. 

(4) Depreciation or lease. costs of plant 
equipment including welding machines, handling 
equipment, overhead cranes, and all other equip- 
ment that is not charged directly to the job or 
specifc weldment. 

(5) Maintenance cost of the buildings, 
grounds, etc. 

(6) AU taxes on the plant, real estate, 
equipment, and payroll. 

(7) Heat, light, water, and other utilities 
used in the operation of the plant. 

(8) Small tools, such as wrenches, chipping 
hammers, and electrode holders. 

(9) Safety and fm equipment. 
(IO) Supportingdepartmentsl~ingchemi- 

calandmetallurgicallaboratories anddataproces- 

All enterprises have some system for han- 
dling and determining overhead costs. The assign- 
ment of overhead costs is usually a function of 
the accounting department. Distribution of the 
overheadcostswillvary withthesysteminuse. A 
commonly used system prorates the overhead 
costs in accordanw 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 are heavily employed, overhead 
costs may be assigned on the amount of weld 
metal that is deposited, the speed of welding, or 
on each weldment. 

. 

sing. 

METHODS FOR DETERMINING 
WELDING COSTS 
Operator Factor 

Operator factor or duty cycle in 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 efi- 

. ciency of the welding operation. Other opera- 

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. 

A high operator factor may not indicate low 
cost because the welding procedure may require 
a larger amount of arc time than is necessary. For 
example, it may specify a small electrode when a 
larger size could be used, or a large weld groove 
when a smaller one would suffice. 

Every effort should be made to increase the 
operator factor. A welder’s performance deter- 
mines the appearance and quality of the weld; 
therefore, every obstacle hampering the welder 
should be 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 the joint is in a flat position with the weld 
axis slanting downhill. A 100 slant can increase 
welding speeds up to 50 percent. 

The operator factor is higher with the use of 
positioners and fitures, and with semiautomatic 
or automatic welding processes where the welder 
or machine operator does not perform other job 
elements, such as chipping and electrode changes. 
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 
offiituring, location of welding, and other oper- 
atingconditions. 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 setting up the work for weld- 
ing. If a helper and an additional fxture are 
added, production may be doubled. The helper 
unloads and loads one fixture while the welder is 
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welding at the other fixtures. With multiple-pass 
welds, the helper can remove oxide or slag while 
the welder places a pass on another weld or at 
another location in the same joint, 

Table 3.4 
Operator factor for various welding methods 

Method of Operator factor range, 
welding percent 

Manual 5-30 

Semiautomatic 10-60 
Machine 40-90 

Automatic 56-95 

Labor Costs 

Welding costs are determined by several 
methods. The cost of labor is usually based on an 
hourly rate that each worker is paid for perfom- 
ing the job. Sometimes, workers are paid by the 
number of parts p r o d u d  in an hour, called the 
piece rate in an incentive system. Hourly paid 
employees are usually required to meet certain 
standards of performane, usually based on stand- 
ard data of time for 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 modiiied according to the operator fac- 
tors expected. 

Labor costs for manual or machine welding 
may be expressed as the cost per unit length of 
weld. For single-pass welds: 

LC = O.SPR/(TS X OF) 

where: 

LC = labor cost, S/ft 
PR = payrate,$/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 
depends upon the welding process and method of 
welding (see Table 3.4). The welder's pay rate is 
commonly the basic hourly pay plus the cost of 
fringe benefits, such BS insurance and pay for 
holidays and vacation. 

For multiple-pass welds: 

LC (PR X WM)/(DR X OF) 

where: 

LC = labor cost, S/ft 
PR = pay rate, $/h 
WM= deposited metal, lb/ft 
D R  = deposition rate, 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 in table' or graphic form. It may be stored 
in a computer memory system and retrieved for 
use. Examplesofstandard dataareshowninFig. 
3.2 and Table 3.5. Judicious use of standard data 
is essential in obtaining accurate welding costs. 

Tables and graphs that provide final costs 
when labor rates are inserted should be used with 
caution because. the data may apply to only a 
specific set 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 
selected electrode maybe different from theelec- 
trodeused 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 Data for 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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Material Costs length can be calculated by multiplying the unit 
volume by the density of the metal. For example: 

Filler MetaL Standard data for filler metal 
costs in welding are based on the amount of D M =  I2AD 
deposited metarper unit length of weld or per 
unit for small weldments. Every weld joint design 
that requires the addition of filler metal has a 
geometric cross section. Neglecting weld rein- 
forcement, the cross sectional area of aweld joint 
can be approximated by dividing it into one or 
more simple geometric areas including rectan- 
gles, triangles, and segments of a circle. The area 
of weld face reinforcement can be calculated or 
assumed as a percentage of the total area, for 
example, 10 percent for single-groove and fdet 
welds, and 20 percent for double-groove welds. 

The weight of deposited metal per unit 

where: 
D M =  deposited metal, Ib/ft 
A cross sectional area of weld, in.* 
D = density of thedeposited metal, lb/in.3 
The weight of filler metal required per unit 

of weld length is dependent on the deposition 
efticiency according to the following formula: 

where: 
FC = DM/ DE 

FC filler metal consumption, lb/ft 
D M =  deposited metal, lb/ft 
DE = depositioneffciency(decima1 value) 
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Typical welding conditions for single electrode, machine submerged arc welding of steel plate using one pass (square groove) 

backing /La- 
strip 

Plau Root 
thickness ODeninE Travel 
T - s  - spctd diam consumption t. mm W, min cumnt Voltage 

V. mm/s in./min mm in. kg/m lb/ft mm in. mm in. mm in. mm in. A. 
~ 

3.6 1Oga. 1.6 CL1/16 650 28 m 48 3.2 118 0.104 0.070 3.2 i/a 15.9 518 
4.8 3/16 1.6 1/16 850 32 15 36 4.8 3/16 0.194 0.13 4.8 3/16 19.0 314 
6.4 114 3.2 118 900 33 11 26 4.8 3/16 0.248 0.20 6.4 114 25.4 1 
9.5 318 3.2 1/8 950 33 10 24 5.6 7/32 0.357 0.24 6.4 114 25.4 1 

12.7 1/2 4.8 3/16 1100 34 8 18 5.6 1/32 0.685 0.46 9.5 318 25.4 1 

a. DC, revase polarity (claetrodc positive) 

B ~ K  strip 
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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 a weld, 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 losses from stub 
ends, slag, vaporization in the arc, and spatter. 
The wide variations in deposition eficiencies are 
aresultofmanyfactors, someofwhichareinher- 
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 covering of acovered electrode 
can vary from 10 to I5 percent of the original 
weight. 

Filler metal cost can be calculated in several 
ways; the most common way is based on thecost 
per unit length of weld, as in the following 
formula: 

. 

CF (FP X FC)/ DE 

where: 
CF = fffler metal cost, S/ft 
FP = filler metal price, $/lb 
FC filler metal consumption, lb/ft 
DE = depositioneficiency, (decimalvalue) 

where: 
EW = electrode or wire required, lb/h 
FS = feed speed, in./min 
WL = length of electrode or Wire per unit 

weight, in./lb 
The length of fffler wire per unit weight, 

WL, can be calculated with the following 
formula: 

WL= I/(A x 0) 
where: 

A wire cross sectional area, in? 
D = density of the filler wire, lb/in.' 

The length of bare wire(fi1ler metal) per unit 
weight for several AWS filler metal classifca- 
tions is given in Table 3.6. Similar information 
for steel flux cored electrodes is given in Table 
3.7. 

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 10 
seconds, and multiplying the results by the 
appropriate time ratio. 

The second 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/(STS) 

, . 

where: 

FC = filler metal consumption, Ib/ft 
EW = electrode-wire required, lb/h 
TS = travel speed, in./mh 

. .  The metal cost is the delivered to Thecost of thefiuer(e1ectrode) wire per foot 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 oftime using 
the following formula: 

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 a ratio, calledjlux ratio. With submerged arc 
welding, normally one pound of flux is used with 

EW 6OFS/ WL each pound of electrode deposited, giving a flux 
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Table 3.6 
Length p e r  unit weight of bare electrode wire of various AWS classifications, in./lb 

Dim, ER-1100 ERCuAI-AX ERCuSi-A ERCu ERCuNi ERAZXXA 'ERNi-I ER70S-X ER3XX 
in. (AI)  (Cu-AI) (Cu-Si) (Cu) (Cu-Ni) (Mg-20) (Ni) (Steel) (W 

0.020 
0.025 
0.030 
0.035 
0.040 
0.045 
0.062 
0.078 
0.093 
0.125 
0.156 
0.187 
0.250 

32400 
22300 
14420 
lo600 
8120 
6410 
3382 
2120 
1510 
825 
530 
377 
206 

11600 
7960 
5150 
3780 
2900 
2290 
1120 
756 
538 
295 
189 
134 
74 

10300 
7100 
4600 
3380 
2580 
2040 
I070 
675 
510 
263 
I69 
120 
66 

9800 
6750 
4360 
3200 
2450 
1940 
I020 
640 
455 
249 
160 
I14 
62 

9950 
6820 
4430 
3260 
2490 
1970 
lOQ0 
650 
462 
253 
163 
116 
64 

50500 
34700 
22400 
f 6500 
12600 
9990 
5270 
3300 
2350 
1280 
825 
587 
320 

9900 
6820 
4400 
3240 
2480 
1960 
1030 
647 
460 
252 
162 
I15 
63 

11100 
7680 
4960 
3650 
2790 
2210 
1160 
730 
519 
284 
182 
130 
71 

10950 
7550 
4880 
3590 
2750 
2170 
1140 
718 
510 
279 
179 
I27 
70 
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Table 3.7 
Inches pet pound of steel flux cored 

electrodes 

in. in./lb 
Electrpde sue, 

0.045 
I /  16 

51 64 

7/64 

31 32 

0.120 

118 
5/32 

2400 
1250 
loo0 
650 
470 
380 
345 
225 

ratio of one, For accurate data, welding tests 
should be made. 

For electroslag welding, the flux ratio is 
about0.05 to 0.10. With oxyfuelgas 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 FCX FR 

where: 

CF = flux cost, $/ft 
EP = flux price, %/lb 
FC = filler metal consumption, Ib/ft 
FR = flux ratio 

where: 

GC = gas cost, S/ft 
GP = gasprice,$/ft3 
RF = rate of flow, f@/h 
7" travelspeed,in./min 

The gas cost per weld is determined as 

GC = (GP X RF X WT)/60 

follows: 

where.: 

GC = gas cost, S/weld 
GP = gasprice,S/ft' 
RF = rate of flow, ft3/ h 
WT = arc time, min 

The price of a gas is thedelivered price at the 
welding station. 

Mkcellaneous Materials. Some welding 
processes use expendables other than filler metal, 
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 specific job. 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 

costs for the job. 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 

gm' The Of gas prorated as a percentage of direct labor 
related to welding travel speed or arc time to 
make a weld. The gas is used at  a specific flow 
rate as measured by a flow meter, The gas cost 
per foot of weld is calculated as follows: 

GC = (GP X RF)/5TS rate in the appropriate calculations. 
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ECONOMICS OF ARC WELDING 

The arc welding operations using fder 
met& 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 each weld joint, consistent withqual- 
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 costs. The 
following suggestions should be considered to 
minimize welding costs. 

WELDMENT DESIGN 
(1) Minimize the cross sectional areas of 

weld joints, 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). 
Changing a V-groove angle from 90" to 60" will 
reduce fdler metal needs by 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. 

(2) Accurately size fflet welds. Overwelding 
is a very common practice that probably otigi- 
nates fromabeliefthat additionalweld metal will 
add strength to a fillet 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 
ovenvelded. 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 
PEP&. 

r ,-0.031 in.' 

-+ 114 - 
Eg. 2.eEfteCt of overwefding on &e WN 

tnetalrequiwmenb for a fillet weM 

Singlebevel Doublebevel 
groove groove 

(3) Design for ready access to all welds. 
Poor conditions for rnakinga weld increase costs 
and contribute to poor quality. 

(4) If a choice is available, select readily 
weldable metals. Metals requiringcomplex weld- 
ing procedures an more expensive to weld. 

( 5 )  Use the proper welding symbols with 
specific notation of weld size. 

Single4 Double-V 
groove groove WELDING FABRICATION 

(I) Provide .the proper equipment for the 
process specifibd in the welding procedure, in- Fig. 3343fect ofpint design on flfer metal 

requiremenb 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) Overwelding must be carefdy control- 
led. It increases the cost of filler metal and the 
labortodeposit it, and may becauseforrejection 
of the weld on inspection. 

(5) Avoid excessive reinforcement on welds 
because it uses unnecessary filler 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 currenf or voltage may cause 
high spatter loss; low weldingcumnt gives ineffi- 
cient rates of deposition. 

(9) In the case of shielded metal arc welding, 
stub end loss adds signircantly to electrode cost. 
Encourage welding with electrodes to a min- 
imum practical stub end length. 
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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 
deposition efficiency even though the initial cost 
of a fiuer metal of high efficiency may be greater 
than alternates of lower efficiency. 

(4) Specify the longest practical covered 
electrode to minimize stub Imes. 

(5) Purchase bare fdler wire or flux cored 
electrode in the largest suitable packaging form 
available. Large packagingreduces the base price 
of fder metal, and requires fewer interruptions to 
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 designs that require machining of 
edge preparations for welding. 

(4) Evaluate automatic thermal cutting equip 
ment. Hand layout and manual cutting are 
costly. WELDING PROCEDURE 

(1) Provide the shop with written, qualified 
welding procedures for all welds. 

(2) Process selection should be made on the 
basis of the maximum deposition ratesconsistent 

(5) ~nspect dl pa& for accuracy before 
delivery to the welding department, 

(6) Schedule delivery of materials so 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 arc 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 costs and benefits must be identifed and 
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included in a cost analysis. Benefits may include 
income from increased sales or savings from a 
proposed change to automated equipment. Other 
benefits may include one or more of the follow- 
mg: 

(1) Increased productivity 
(2) Higher product qualityresultingin fewer 

(3) Safer working conditions for the machine 

(4) 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 
evaluating the economics of investingin automa- 
tion or robotics. Several of these factors are dis- 
cussed below. 

repairs and field problem 

operator 

PRODUCTION VOLUME ESTIMATES 

First and foremost in planning for welding 
automation is a f d y  established production 
volume forecast. A volume of some minimum 
size will be required. There is 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. 3.5. 
In the case of long production NRS, 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 latter is a 
microprocessorcontroller robot. A properlypre- 
pared economic analysis willclearly establish the 
numerical data needed to make a proper choice. 
Thorough consideration must be given to all 
factors relating to the welding operation. 

Special purpose automatic 
welding machines 

machines 
s 
CI .- c 

Robotic welding 
equipment 

- 
Volume of production 

Fis 3.S-Efffecl of production volume on 
unit cost of manual, robotic, and special 

purpose welding equipment 

PART GEOMETRY 

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. Parts 
having complicated geometrical weld paths will 
require special purpose equipment that can be 
preprogrammed to track the weld path, is equip 
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 wiU 
greatly influence the type of welding equipment 
required. Open-air sites require protection against 
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 decision to automate. In cases involving 
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welding in nuclear power plants, a high cost 
exists for each day a power plant is shut down for 
repairs. With such high downtime costs, thedeci- 
sion to automafe is based on the speed ofwelding 
repair rather than the cost of repair. All other 
economic considerations become secondary. 

ACCURACY OF 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 
controls to a welding machine to correct forjoint 
location and width. In most cases, component 
accuracy can be readily improved within speci- 
fied limits by exercising better control of compo- 

Economics and Cost Errharing / 137 

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 ifa 
guard is removed. 

DEPOSITION EFFICIENCY 
One of the benefits of automation is the 

efficiency achieved in filler metal deposition 
rates, even with processes normally empioyed 
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. 

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 sequence with 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. SMAW Semi- 

. 

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 

Auta- 
auto- matic matic 
matic GMAW hot- 
GMAW wire 

GTAW 

Fi i  l64kpected wefdmetddeposition rates 
far severalarc welding processes when 

welding pipe in horuontalfixed(5G) position 

OPERATOR FACTOR 
Improvement in operator factor can be sig- 

nificant with automatic welding equipment. Ref- 
erring to Table 3.4, 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. Asignfcant but lesser improve- 
ment is obtained over semiautomatic welding (35 
percent average operating factor). 

WELD JOINT DESIGN 
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- 
tion to change from a 60" V-groove to a square- 
groove joint design, such as that used for narrow 
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 
ovenvelding. Overwelding is a negative factor in 
operator and material costs. 

OVERALL IMPROVEMENT FACTOR 
Several factors have been considered that 

may result in increased productivity with auto- 
mated equipment. The overall improvement fac- 
tor is the product of those factors including oper- 
ator factor, factor for avoidance of overwelding, 
and welding process improvement factor. 

Typically, substitution of an automated 
GMAW system for semiautomatic GMAW to 
produce f i e t  welds can result in improvement by 
a factor of about 1.4for the welding process; the 
improvement for overweld reduction is 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 same time 
as other operations, such as drilling, scarfimg, and 
punching. The multifoId increase in 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 installing automated 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 
engineer for 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) Annuulgrosssuvingsinclude the savings 
in direct 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 overheud cosfs 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 
similar overhead items. Depreciation rates should 
not be considered in analyzing the 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 refers to the 
annual interest on the unpaid balanceof invested 
capital. On this basis, the annual capital charge 
against the replacement consists of two parts: (I) 
the annual amortization or reduction ofthe capi- 
talhvested 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. The annual payments on 
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 from the investment in 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 a more fundamental measure 
than annual gross savings, since it is directly 

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 justifca- 
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 economical join- 
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 systematic approach. They may provide 
an alternative to the known processes, and there 
will be tradeoffs to consider for a particular 
application. The process selection decision must 
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 f i t  application is critical because future 
usage and acceptance in a factory may be flatly 
influenced by the success or failure of the first 
application. Many early industrial users of robots, 
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 
performing it. Secondly, the new process must be 
compared with alternative processes to deter- 
mine if the process can 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) Type of operation to be performed 
(2) Nature of the material to be joined 
(3) Geometry, thicknesses, and fit-up of 

(4) Quality requirements 
(5) Processing speed 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 experience with other similarly con- 

trolled equipment, such as numerical- or compu- 
tercontrolled 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 

P W  
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Table 3.8 
Typical formulae for determining economic equipment selection 

A. Mathemalienl Analyses for Economic Equipment Scldon 
( I )  Calculation for Replacement of Production Machines 

LetX = 
c, = 
Ro = 
R,, = 
KO = 
Po 
Pn = 
N, = 

I =  
D =  
T =  
M =  

Then: 

X =  

number oi years required for the new machine to pay for itself 
wst of new machine installed and tooled 
scrap value of old machine 
probable scrap value of new machine at end of its useful Me 
present book value of old machine' 
labor and machine cost per unit on old machine 
labor and machine cost per unit on new machine 
estimated annual output on new machine 
annual allowance on investment, percent 
annual allowance for depreciation and obsolescence, percent 
annual allowance for taxes, percent 
annual allowance for upkeep, percent 

a. The present book value of the old machine is determined by the straight-line quation 
CO - Re 

ye 

Co = cost of old machine installed and tooled 
Yo = 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) 

KO = Co- Yo - 
Where: 

(2)  Which of nvo Suitable Machines to Select 
LetC = 

c =  
N =  
n =  
L =  
I =  

B =  
b =  
I =  

D =  
d =  
T =  
M =  
m =  
E =  
e =  
x =  
u =  
x =  

first cost fmt machine, installed 
first cost second machine, installed 
number of pieces produced per year by first machine 
number of picces 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 depreciation and obsolescence on first machine, percent 
annual allowance for depreciation and obsolescence on 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 +  L t LB t c(I  t D t T t M) - ,p 

N 
e t I t Ib t c(I t d t T t m) 

X =  
n 

(3) Number of Years Required for Complete Amortization of Investment out of Savings 
1 

S- c ( I +  D +  Tt M) 

C 

Number of years = . 
+ I + D  

b. Should theuseofthe first machine resultinalossrather thanasavingsinfloor-spacecostper year,the 
sign before LI must bc changed to-plus (t). 

B. Mathematical Analyses for E c o d c  Fixture &l&n 
These formulas are particularly applicable when fixturing for small fixe-production rates. 

Let N = number of pieccs manufactured per year 
c = firstcostoffixture 
I = annual allowance for interest on investment, percent 

M = annual allowance for repairs, percent 
T = annual allowance for taxes, percent 
D = annual allowance for depreciation, percent 
S = yearlycostofsetup 
u = saving in labor cost per unit 
t = percentage of overhead applied on labor saved 
H = number of years required for amortization of investment out of earnings 

(1) Number of Pieces Required to Pay for Fixfure 
C(I+T+D+M)+S 

N -  
4 1  + 0 

(2) Economlc Investment in Fixtures for Given Production 
Na(l+ t )  - S 

C= 
I t  T+ D +  M 

(3)  Number of Years Requfredfor a Fixture to Pay for Itserf ' 

C 
H =  

Na(l+ t )  - c ( I +  T+ M) - S 

must be selected. This requires contacting suppli- 
ers, attending trade shows, requesting demon- 
strations and trial welds for evaluation, and stud- 
ying comparative manufacturer's literature. An- 
other option is to visit shops with similar equip- 
ment in operation, relying on their experience for 
advice. 

Upon purchase of the equipment, planning 
should provide for installation and implementa- 

tion. Sometimes, many 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 provided in 
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- 
tion process. 
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ECONOMICS OF BRAZING AND SOLDERING 

Brazing and soldering processes generally 
require the use of filler metal. Many fdler 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 f i e r  metal for each 
joint, consistent with the quality level required. 
The amount of filler metal required is 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. 

JOINT DESIGN 
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 concentrated loads, stressconcentration, static 
loading, and dynamic loading are the same as 
with other machined or fabricated parts. 

The design of a brazed or soldered joint 
does havespecific requirements 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 fffler metal. 

(2) TypeundDesign ofJoint. There are two 
basic types 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 
expensive in 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. 
J3onomics are affected by these requirements, 
such as the case of brazing an electrical joint 
where a highly conductive but costly filler metal 
is needed. 

i 

(4) Joint Clearance or Rr-up. Improper 
joint clearance or fit-up can affect costs by requir- 
ing excessive amounts of filler metal or repair of 
defective joints. 

PRECLEANINC AND SURFACE 
PREPARATION 

Clean, oxide-free surfaces are imperative to 
ensure sound joints of uniform quality. Thecosts 
of precleaning and surface preparation generally 
include chemical and labor costs. Selection of a 
cleaning method depends on the nature of the 
contaminant, the base metal, the required surface 
condition, and the joint design. 

ASSEMBLY AND FlXTURlNC 
The cost of assembly tooling and furturing’ 

plus the added processing times for fucturing of 
assemblies make it advantageous to design parts 
that are easily 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. 

TECHNIQUS OF BRAZING AND 
SOLDERING 

Many variables affect the cost of making a 
sound joint with brazing and soldering processes 
(%Table 3.2). Offundamental importance is the 
techniqueselected, based on the following factors: 

(I) Selection of base metal 
(2) Joint design 
(3) Surface preparation 
(4) Fixturing 
(5) Selection of flux or atmosphere 
(6) Selection of fffler 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 engineering will result in a quality product 
at minimum cost. The desired goal is to heat the 
joint or assembly to brazing temperature as uni- 
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formly and 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 correct joint clearance while the assem- 
bly is raised to the brazing temperature. 

INSPECTION AND QUALITY 
CONTROL 
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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 fder metal discontinuhies at the 
edges of the joint. 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 k complex. The method must be cap- 
able of meeting the inspection standards estab- 
lished in the purchase specifications, usually ref- 

Inspection methods have dif€erent 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 

erring to a'specific code or standard. -It is 
suggested that the expertise of a qualified non- 
destructive testing engineer or technician be ut& 
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.2 Oxyfuel gas cutting (OFC) is 
generally limited to carbon and low alloy steels. 
Special process modifications are required 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 PAC and OFC 
ate similar in design. Generally, plasma arc shape 
cutting machines can operate at higher travel 
speeds than similar OFC machines. 

Carbon steel plate can be cut faster with 
plasma arc cutting than with OFC processes in 
thicknesses below 3 in. if the appropriate equip 

2, For information on oxyfuel gas and plasma ak 
cutting, refer to the Werding Hundbook, Vol. 2, 7th 
Ed., 459-515. 

mentis used. For thicknesses under 1 in., PAC 
speeds can be up to five times those for OFC. 
Over 1-1 /2in. 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 O X ,  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 
require frequent starts, will depend on the number 
of torches that can be used practically in multiple 
piece production. 

Some limits on the number of PAC torches 
that can operate simultaneously are(1) 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 
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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 PAC installation must be 
compared to a similar OFC installation. 

The qualifying variables required to deter- 
mine thermal cutting costs include: 

(1) Available operating equipment 
(a) Typeofcontrol,numeridorphoto- 

electric 
(b) Machine speed range and per- 

formance capabilities 
(2) Available cutting process 

( a )  Oxyfuelgas 
(b) Plasma arc . 

(3) Number of cutting heads available for 
each process 

(4) 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 

(a) Grade 
(b) Chemistry 

(d) Width 
(e) Thickness 
(4 Number of plates 

(a) Crane 
(b) Conveyor 
(c) Number of cutting tables 

(10) Parts to be cut 
(a) Quantity 
(b) Length and width for separation 
(c) Areaperpart 
(d) Number of inside cutouts per part 
(e) Total linear inches of cut per part 

(4 Length 

(9) Material handling capabilities 

(1 1) Fuel gas type for OFC 
(12) Power available for PAC 
(13) Cost per foot of cut, or per part, for: 

(a) Fuelgas 

~ (c) Nitrogen 
(b) oxygen 

(d) Argon and hydrogen 

(e) Electricty 
(0 Oxyfuel gas torch consumables 
(g) Plasma arc consumables 
(h) Direct labor - machine operator 
(i) Direct labor - material handler 
(i) Direct labor - programmer or 

(k) Incremental overhead - opera- 

(l) Incremental overhead -material 

(m) Incremental overhead -program- 

(n) Equipment maintenance 
(0) Miscellaneous expenses - 

@) 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 possibl$ 
combinations. The net effect of the variables can 
be divided into three categories: 

(1) Consumables required for a quantity 

(2) Programming or template time re- 

(3) Operating costs per hour 
Consumables include all gases, expendable 

torch tip parts, and electric power. 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 choices can 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 
steel using OFC, the alloy content will affect the 
cutting speed, which may have asignifrcant effect 
on the per-part cost. 

template maker 

tor and equipment 

handler 

mer or template maker 

torches, cutting table slafs, slag disposal, etc. 

of parts 

quired per part regardless of quantity 
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To illustrate the cost allocation for OFC 

Material 
and PAC, the following model will be used: 

Grade - AIS1 1020 hot-rolled steel 
Thickness - 1 in. 
Plate Size - 84 in. x 240 in. 

Quantity required - 50 each 
Width for torch sDacing - 12.5 in. 

Piece Part 

Economics and Cost Estimating / 145 

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-ofcut 
remain constant whether one or more torches are 
used to complete the required cut. The use of - -  

Length for repeat rows - 24.5 in. 
Number of inside cutouts per part - 1 

multiple torches reduces the time to complete the 
cutting requirement and, therefore, reduces the 

Combined linear inches of cut per 

Time required to make the tape pro- 
gram (on a per-piece basis) - 0.5 h 

CNC controlled gantry 
Number of OFC torches available-6 
Number of PACforches available -6 
Fuel gas used - natural gas 
PAC torch- water injection type with 
nitrogen plasma, 600A maximum 

Machine operator - 1 
Material handler - 1 
Programmer - 1 

Average oxyfuel gas tip - $11.50 
Average plasma arc electrode - $22.00 
Average plasma arc nozzle - $22.00 
Natural gas - $Oo.64/ 100 ft3 
Oxygen - $l.00/100 ft3 
Nitrogen - $l.00/ 100 ft3 
Electric power - $0.078/ kwh 

Direct labor operator - $!2.35/ h 
Direct labor material handler - 
$8.15/h 
Direct labor programmer - $9.75/h 
Incremental overhead, operator and 
machine - $25.00/ h 
Incremental overhead, material handler 

part - 80 in. 

Equipment 

Personnel Available 

Comrnable Costs 

Personnel Costs 

- S8.00/hr 
General Expenses 

Machine maintenance based on 1 shift 
operation at 50 percent torch "0n"time 

Miscellaneous expenses including 
- $3.001 h 

tOrches,~ttingtableSlatS,etc.-~.00/$ 

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 comrnables 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 wiU be distributed over the 
quantityofparts required. Ifthepartgeometryis 
unique and only one piece is required then the 
entire cost of preparing the 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 
operating cost is combined cutting speed. Increas- 
ing the number of cutting heads used simultane- 
ously or selecting the faster cutting process, or 
both,willreducetheper-piece partcost. Thiswill 
not result in a linear cost reduction, 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 increased unless an assistant is provided to 
help load plate and unload cut parts. It is reason- 
able to expect a higher torch "onn time with both 
the machine operator and the material handler 
working together. As thecombined cutting speed 
is increased, eventually a point is again reached 
wherepartscannotbeunloadedandplatesloaded 
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Hours of machine time required 
0 1 2 3 4 5 6 7 0 9 10 

I I I I I I i I I 

PAC 

OFC 

PAC 

Part quantity - 60 pieces 

1 

I 1 I I I I 1 I I I 1 '  
0 10 20 30 40 50 60 70 80 90 100 

Dollars per 100 feet of cut 

Fig. 3.7-Cost and time comparisans for thermal cutting 1-inch AIS1 1020 steel plate 

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 
inCI%XCd. 

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 s p d  crosses this threshold. 

Providing that a material handling bottle- 
neck does not exist, ahigher torch"on"time will 
generally offset the direct and indirect labor costs 
for the material handling assistant. 

As the per-hour operating cost is reduced by 
increased combined cutting speed, the mnsuma- 
ble costs become more apparent. The costs for 
consumables will normally be higher for PAC 
than for OFC. As the mate r ia l th ickness in r ,  

the power or current required for PAC increases, 
and the life expectancy of the consumable hard- 
ware will decrease. If the material can be cut 
using either OFC or PAC, the consumables cost 
per-part quantity for PAC will normally be two 
to five times as much as for OFC. Because of this, 
the magnitude ofthe reduction in per-hour oper- 
ating costs resulting from increasing the number 
of cutting heads will be less apparent for PAC 
than for OFC. This becomes more noticeable as 
the arccurrent and the material thickness increase. 

The cost per 100 feet of cut based on the 
model graph(Fig. 3.7) gives an advantage to four 
OFC torches at $27 per 100 ft. as opposed to two 
PAC torches at $31 per 100 ft. However, the 
scheduled machine time for the production run 
favors PAC at 1 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. to simultaneously cut parts. 
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 
AIS1 1020 steel plate. The only change from the 
previous model is the reduced plate thickness. 
SteelofO.5 in. thicknesscanbecut withPACata 
much higher speed than 1-in. thick plate (IO5 vs 
50 in./min), while the difference in OFC speed 
may be only 22 vs 18 in./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 
occur as soon as two plasmaarc torches are used 

The cost per 100 feet of cut gives a cost 
advantage to six OFC torches at $15.32 over 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 statements will only apply to a 
specific set of conditions. A detailed analysis of 
specific models will be required to determine 
accurately the economics and estimated costs of 
thermal cutting. The proliferation of computers 
and application software offers quick and conve- 
nient analysis of operating variables, 

Hours of machine time required 
0 1 2 3 4 5 6 7 8 9 10 

1 I I I I I I I I 

Part quantity - 50 pieces 

5 I 
e 
B 
.c 

5 

...,...,. _,...,..... 
n. .. 

,. ~. . ___ .~. . . .... . _... .rl Time 
1 a,.nn I. 

~~ 

I I I I I I I I I I 
0 10 20 30 40 50 60 70 80 90 100 

Dollars per 100 feet of cut 

F& t&C& and $me compahns tor thermal culthg 0.5%. AIS1 I020 steel plllte 
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Metric Conversion Factors 
1 in. = 25.4 mm 
1 in.2 = 645 m m 2  
I in./min = 0.42 mm/s 
1 in./lb = 55.9 mm/kg 
1 ft/lb = 0.67 m/kg 
1 ft3/ h = 0.472 L[ min 

1 Ib/ft = 1.5 kg/m 
1 Ib/h = 0.454 kg/h 
1 Ib/in.l= 2.77 x 104 kg/m3 
Ol/ft = $3.28/m 
$l/ft3 = $35.31/m3 
%l/lb $2.21/kg 
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Fixtures and Positioners 

FIXTURES 

GENERAL DESCRIPTION 
Afixrure is a device for holding pacts in 

their correct positions during assembly. It is 
sometimes referred to as a jig. For welding and 
brazing, a furture generally locates the parts to 
provide the specified joint geometry for subse- 
quent joining. 

When making a small number of assem- 
blies, temporary fixturing may 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, design and construction of accurate and 
durablefurtures isjustified for economical assem- 
bly or precise part location, or both. 

DESIGN 
There are only a few standard commercial 

welding furtures. Examples ate fuctures for weld- 
ing linear seams in sheet and tubing, as shown in 
Fig. 4. I, and clamping fixtures to align pipe see 
tions while welding the circumferential joints, 
Fig. 4.2. 

When designing a special fixture, commer- 
cial tool and die components and clamps should 
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. 

Desirable features of fixtures for welding or 
brazing include, but are not limited to the 

(1) AUjoints in the assembly must be conve- 
nient and accessible while the parts are furtured. 

following: 

(2) Fixtures should be strong and suf!i- 
ciently rigid foraccurate location of parts, proper 
alignment of joints, and resistance to distortion. 

(3) A fixture should be easily manipulated 
into the optimum position for the joining opera- 
tion; balancing of a loaded furture may be 
advisable. 

(4) For economic reasons, the fkture need 
not provide greater accuracy of part position 
than required by specifications. 

(5) The fixture design should be as simple 
and inexpensive as practical, while performing its 
functions properly. 

(6) Tack welding or staking and welding or 
brazing may be done in a single fixture, Where 
appropriate, the assembly may be removed from 
the furture for fmal 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 
components should be quick-acting. Screws and 
moving parts should be protected from nux and 
spatter. 

(9) Fixture design must permit easy and 
rapid unloading of the completed assembly. 

(IO) A fixture should be mounted on aposi- 
tioner, spindle, wheels, or another device to place 
the assembly in the optimum position for weld- 
ing or brazing. 

(1 1) Fixtures must be designed so that the 
operators are protected from pressure and pinch 
points that may cause injury. Controls for air, 
hydraulic, and electrically operated furture corn- 
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ponents must be inoperable while the fmture is 
being loaded and unloaded. 

When designing a fmture, the designer 
n d s  c e d n  information concerning the assem- 
b y  including the following: 

(1) Manufacturing drawings of the compo- 
nent parts aad assembly, and accessibility to 
arctual parts 

(2) Engineering specifications for the as- 
sembly 

(3) Joining (welding or brazing) procedure 
sp&cifiMtions 

(4) Manufacturing operations documenta- 
tion 

(5) Production requirements and schedule 
From these documents, the designer can 

determine the requirements for the faturing 
including the following: 

(1) Type of fucturing 
(2) Tolerance and distortion requirements 

Fixtures and Bositioners 151 

of the assembly 
(3) Joining proms to be used 
(4) Aassibility to the joint during joining 
(5) Limitations on fucture materids 
(6) Sewice life 
(7) Number offmtures needed to meet pro- 

duction Rquirements 

APPLICATlCBNS 
Fermanent fuctures are normally used for 

production when their costs can be justifiwl by 
savings in operating costs. Fixtures may be 
n d e d  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-furtur- 
ing joint designs should be used where possible to 
IPlinimizefvrturingrequirements. Even with such 
joint designs, futuring may & ~eeded to main- 
klhl dg€lRRRt Of pal%. 
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WELDING FIrnURES 
Design Cornidemtione 

Welding fixtures may be used with manual, 
machine, or automatic welding. Arc welding 
(except electrogas welding) is best done in the flat 
position to take advantage of high deposition 
rates. Therefore, a fvlture should place the joint 
in the flat position for welding wherever possible. 
If the joints are located in several planes, provi- 
sions should be made to reposition the furture so 
that most or all of the joints can be welded in the 
flat position. Joints must be readily accessible for 
welding from one or both sides, m requid. 

With machine or automatic welding, the 
work may move and the welding torch or gun 
remain stationary or vice versa. With ckcumfer- 
entid joints, the work is normally rotated horiz- 
ontally under a fvted arc welding head. An 
exception is welding bosses or pins to large, 

horizontal surfaces. The vertical boss or pin is 
placed on the stationary surface and the welding 
torch rofates around the boss or pin to produe B 
f i e t  weld in the horizontal position. Long linear 
joints are normally welded with the work sta- 
tionary white the welding head moves along thc 
joint. 

The welding prowxlures for an assembly 
must be established before commencing fixture 
design. The welding gun or torch design must 
also be known to avoid interference between it 
and the fmture during welding. 

In some applications, provisions are needed 
in the weldmg fxtufe to CORtPOl root face con- 
tour. A nonconsumable backing is commonly 
used to do this. The backing may be made of 
either ceramic blocks, a bed of flux, or a copper 
bar with the desired groove in the surface next 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 theparts in proper alignment and 
against a backing, particularly with sheet gages 
(see Fig. 4.1). The edges to be joined are clamped 
against a backing by two rows of nonmagnetic 
holddown fingers. 

If the weldingprocedure callsfor tackweld- 
ing, clamps may be needed only to hold align- 
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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 W degrees against a stop, as shown in 
View B. The nozzle, held in a chuck, is moved 
from above into the port for welding, as shown in 
View C. The gas metal arc welding gun is 
mechanically rotated about the nozzle to make a 
horizontal fdet weld between the parts. 

A large internal welding fixture for aligning 
circumferential joints in 260-in. diameter cases is 
shown in Fig. 4.4. The segmented alignment 
shoes are pressed against the inside diameter of 
the joint by hydraulic cylinders. 

BRAZING FIXTURES 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 inconsistentjoint penetration. During 
the fucture design phase, precautions should be 
taken to avoid potential causes of arc blow. 
Some points to be considered are as follows: 

(1) Fkturematenalslocatedwithin 1 to2in. 
of the joint must be nonmagnetic. 

(2) Steel in other locations on fixtures 
should be low carbon or austenitic stainless 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 
approximately equal. 

(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 Fixtures 
Welding fixture designs may range from 

simple, manually operated types to large, com- 
plicated air or hydraulic operated types. A simple 
fmture for aligning nozzles in acylindrical tank i s  
shown in Fig. 4.3(A), (B), and (C). InView A, the 

' 

General Considerations 
Assembly of parts for brazing depends on 

the brazing process to be used, the materials 
being joined, and the configuration of individual 
details in a brazed component. Components to 
be joined must be assembled in a fmed position 
relative to each other and maintained in position 
throughout the brazing cycle. Surfaces to be 
joined must be properly spaced to provide the 
desired joint clearance at room temperature and 
at brazing temperature. The method of assembly 
and furturing for brazing can be critical. 

The design of parts that are easily assembled 
and self-fixtunng during brazing is economical 
because the costs of assembly fixtures plus pro- 
cessing time for loading and unloading brazing 
fixtures are avoided. Sheet metal structures often 
are held together for brazing by intermittent spot 
welds, rivets, or thin metal straps. Positioning of 
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 
Cylindrical parts, tubing, and solid members 

can be assembled for brazing by a number of 
methods. The method should, if possible, pro- 
vide a uniformjoint clearance that can be main- 
tained throughout the brazing operation. Some 
of the methods employed for assembling cylin- 
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ddcal paets are staking, expanding or flaring, 
spinning or swaging, knurling, and dimpling. 

More complex structures usually require 
elaborate assembly methods. One requirement 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 
for brazing without the use of fixtures are shown 
in Fig. 4.5. In some cases, assemblies with self- 
fixtured joints may require the &e 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, 

stainless steel, machinable ceramics, and graphite 
are often used for fmturing. Brazing of complex 
shapes often needs fixtures to locate part details 
and to maintain surface contoun. 

Fixture Materials 
Selecting the 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 compatible thermal 
expansion properti@, 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 
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(B) Tank rotated 90 degrees 
e 
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brazing the part to the fixture. Brazing fucture 
materials must not interact with the brazing 
atmosphere to produce undesirable reactions 
detrimental to filler metal flow or to the mechan- 
ical properties of the base metal. 

Inmost cases, unheated fuctures aremadeof 
carbon steel, stainless steel, nonferpous alloys, 
and nonmetals. These fixtures are used for posi- 
tiorling the components for tack welding. They 
need not be massive or heavy, but should be 
sturdy enough to position components proprly 
as required by the brrazement design. 

Fixtures for short production runs at mod- 
erate temperatures are commonly made of low 
carbon steel. Carbon steel is econo&cal but it 
has low strength at brazing temperatures. For 
long production runs, stainless steel and heat 
mistant alloys are p r e f e d  for fucture con- 
struction. 

Fixtures used in furnace brazing-at high 
temperatures must have good s t a b ~ t y  at temper- 
ature and the abiity to cool rapidly. Most metals 

are not stableenough to maintain tolerances dur- 
ing a high temperature brazing cycle. Therefore, 
czramics or graphite is id €or hot fuctuting. 
Ceramics, due to theie high processing cost, are 
limited to small fuctures and for spacer blocks to 
maintain joint clearance during brazing of small 
components. 

Graphite has good thermal conductivity, 
good dimensional stability, but low abrasion 
resistance. It diffuses into some metals at b r d g  
temperatures, and reacts with water vapor in a 
hydrogen atmosphere to produce contaminants. 

Silicon carbide b l o  used for braze fuctur- 
ing, but it has lower thermal conductivity than 
graphiteand the same detrirnentalcharai%xktics. 
Molybdenum and tungsten may be used, but 
they ere high in cost and must not be heated in an 
oxidizing atmosphere. 

Induction brazing often requires that the 
fuctureklocated in proximitytotheinductor. 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 
geaphite and ceramics, are commonly wed. The 
use of metals readily heated by induced cumnts 
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 buoyancyeffect 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 1W- 
1200°F brazing temperature range, and good 
corrosion resistance. 

Fixture Dmip 
Applications requiring brazing fixtures vary 

widely. Therefore, it is difficult to be specific 
about fucture designs. However, some basic rules 
to follow when designing brazing furtures are. as 
follows: 
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Gravity located Interference fitted Tack welded 

Knurled Staked Expanded 

Riveted Spun Swaged 

Crimped Peened 

45-Typkalself-fixturing methods for brazed assemblies 
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(1) Keep fixture design simple. 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, 
or the application of the brazing filer metal to the 
joint. 

(2) Avoid the use of bolts or screws in heated 
furtures. These fasteners tend to relaxupon heat- 
ing and often pressure weld in place. If used, the 
threads should have loose fit, and be coated with 
a magnesia-alcohol mixture 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 metals where 
differences in thermal expansion could affect 
assembly dimensions. An exception is where 

used for braze fixturing, but it is dsficult to 
fabricate to close tolerances, hard to machine, 
and has poor thermal shock properties. 

Furnace Brazing Fixtures 
Components of fixtures should be as thin as 

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 sometimes difficult to prevent 
fder metal from flowing and wetting nearby con- 
tacts. If a contact area between a fvrture and a 
component must be large, acontact material that 
resists wetting must be used. 

In general, fixtures external to the assembly 
expansion differences are used advantageously. 

(6) Subject a fixture to the brazing environ- 
ment and temperature before it is 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- 

should expand faster than the assembly and inter- 
nal fixtures more slowly. For applications where 
tight clamping is required, the reverse is true. T? 
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 the joints. 

Induction Brazing Fixtures 
Most assemblies that ate brazed by induc- 

tion require some fixturing, even though compo- 
nents may be held securely together mechanically 
before being positioned in the inductor, Fixtures 
can range from a simple locating pin to hold the 

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- 

assembly in the center of the inductor to an 
elaborate clamping and holding arrangement. 
Every assembly must be considered separately in 
relation to its fvrturing requirements. Fixture 
design is influenced not only by the size and 

mally lacks the stability required for repeated 
heating and cooling. Therefore, ceramic fixturing 
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 is required before each use. Alumina is also 

shape of the assembly, but also by its production 
rate. Functions of a fixture may include support- 
ing the assembly, positioning the 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 sufficiently remote from the inducf or (several 
inches away) to be unaffected by its magnetic 
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field, materials usedforfixturesfor other brazing 
processes are suitable. If all or part of a furture is 
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- 

to avoid the risk of brazing the assembly to the 
furture. 

Fixturing of assembliescancreate problems 
including distortion, difficulty in maintaining 
dimensional tolerances, and the necessity of 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 

ing the added mass of the fixture. However, these 
difficulties can be overcome by proper fixture 
design including 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 

Assemblies with self-fiitured joints minim- 
ize fituring requirements during dip brazing. A 
fixture should not touch any joint being brazed 

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 deyice 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 a joint. A welding 
fixturemay be mounted on a positioner to place 
the f i ture  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 k re- 
moved from the fixture and mounted on a posi- 
tioner for welding the joints 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 for the u s  of positioners 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. Thenext 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 
be lower when the assembly can be easily manip- 
ulated for welding joints in the flat position. 

Operator Factor and Set-Up Costs 
Operator factor 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 will be lower and welding costs higher than 
when a positioner a used. Operator factor should 
be higher when aweldmentcan be rapidlypositi- 
oned for welding. However, labor costs for safely 
loading and unloading a heavy weldment on a 
positioner, or for repositioning a weldment with 
a crane or other lift must also be considered. 

For relatively short, small welds, it may be 
more economical to weld the joints in fixed posi- 
tions than to reposition the weldment for ease of 
welding. The welding costs may be somewhat 
higher but the overall labor costs may be lower 
because of savings in handling costs. The cost of 
positioning equipment and handling must be 
offset by labor savings. 

Weld Quality 
Ingeneral, aqualifed weldershouldbecap- 

able of producing welds with fewer defects in the 
flat position than in other welding positions. The 
result is fewer repairs. Also, a joint can be faed 
with fewer passes by taking advantage of the high 
deposition rates in the flat position. Welds made 
with a minimum of passes generally have lower 
welding stresses and associated distortion. How- 
ever, heat input limitations must be observed 
with some alloy steels. 

TYPES OF 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 is acombination of 
rotation and tilting. It is normally accomplished 
with a positioner that has a tilting table as well as 
rotation. Three motion positioning is accomp- 
lished by adding vertical movement with an ele- 
vating device in the machine base, thus providing 
rotation, tilt, and elevation. 

TURNING ROLE 

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 maintenance and 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 
special round 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 0; 
manipulator. 

HEADSTOCK - TAILSTOCK 
POSITIONERS 
General Description 

A heahrock is a single-axh positioning 
device providing complete rotation of a vertical 
table about the horizontal axis. This device pro- 
vides easy a m s  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. 4.7. A 
tailstock is usually of the same configuration as 
the headstock, but it is not powered. A simple 
trunnion, an outboard roller support, or any 
other free-wheeling support structure best suited 
to the configuration of the weldment may be used 
in place of a tailstock. 

In all instances, precise installation and 
alignment of a headstock-tailstock positioner is 
essential so that the axes of rotation are aligned. 
Otherwise, the equipment or the weldment may 

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, each roll having two 
or more wheels. Turning roll design is quite sim- 

be damaged. 
Generally, the concept and application of 

headstock-tailstock positioners are much the 
sameas lathes used in machine shop operations. 
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However, h welding fabrication, the applica- 
tions can be more versatile with the use of special 
fixtures and the addition of horizontal or vertical 
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 €or handling large assemblies for welding. 
Typical assemblies are structural girders, tmck 
and machinery frames, truck and railroad tanks 
and b o d h ,  armored tank hulls, earthmoving 
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and f a n  equipment components, pipe fabrica- 
tion, and large transformer tanks. A headstock- 
tailstock positioner is sometimesused inconjunc- 
tion withone or more welding head manipulators 
or other machine welding equipment. Approp- 
riate fixtures and tooling are needed with a 
headstock-tailstock positioner. 

Sound engineering principles and common 
sense must be applied in the joining 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 tables is 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 fucture is mom- 
mended to compensate for tolerances in the 
weldrnent components. 

Consideration must be given to the inertia 
of rotation of a Jarge weldment when selecting 
the proper capacity of the headstock. The larger 
the poliar moment of inertia, the geater is the 
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required torque tostartandstoprotation.’ When 
one or more more components of a weldment are 
at considerable distances from the rotational 
axis, the flywheel effect created by this condition 
can have serious effects on the headstock drive 
and gear train, Under such circumstances, rota- 
tion speed should be low to avoid excessive start- 
ing, stopping, and jogging torque, and possible 
d a m w  to the drive train. 

Where usages involve weldments with asig- 
nificant portion of the mas located at some 
distance from the rotation centerline, it is advisa- 
ble to select a headstock capacity greagr than 
that normally needed for symmetrical weldments 
of the same mass. 

Features and Accessories 
To provide versatility to headstock-tailstock 

positioners, many features and accessories can be 
added. The following are the more common 
variations used with this equipment: 

(I) Variable speed drive 
(2) Self-centering chucks 
(3) Automatic indexing controls 
(4) Powered elevation 
(5) Power and idler travel Carriages with 

(6) Through-hole tables 
(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-axk positioning 
device that provides rotation of a horizontal table 

‘ 

track and locking devices 

1. The unbalanced torque required to accelerate or 
decelerate a rotating body is related to the polar 
moment ofinertiaofthe body and theangularacccler- 
ation by the following equation: 

where 
To= JMa 

To = unbalanced torque 
J = polar moment ofinertiaofthemassabout 

a = acceleration or deceleration, radians /s/s 

M the axis of rotation 

or platform about a vertical axis, thus allowing 
rotation of a workpiece about that axis. They 
may range in size from a small bench unit to large 
floor models. See Fig. 4.8. 

Fii. 4.&A typical turntable positioner 

Applications 
Turntable positionem are available in capac- 

ities from 50 lb to 500 tons and larger. They are 
used extensively for machine welding, swfing 
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 themain 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 
(4) 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-rotating positioner 
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 machine to provide atilt axis. The tilt angle 
is Limited by the design of the frame, Two com- 
mon configurations of geardriven tilting p s i -  
tionersdilferbythelimitationimposed bythe tilt 
mechanism. 

Ajlot-I350 positionercan tilt 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 configuration for gear- 
driven tilting positioners is the 450-900 design. 
This type can tilt the table from 90 degrees for- 
ward through the horizontal to 45 degnes back- 
ward, A typical 45O-900 positioner is shown in 
Fig. 4.10. This design is most common in large 
shes, and is available in capacities from about 
40,OOO 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 (CGY of the 
combined load. Two dimensions ae used to 
locate the CG of the combined load: (I)  the 
distance from 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 eccentricity (ECC). 
Thus, it is common practice to rate a positioner 
for a given combined load at a given CG and 
ECC. The load that can be placed on a positioner 
will belessthantherated basiccapacityiftheCG 
of the load is further than 12 in. from either axis. 

There is a broad overlap in basic capacity of 
the two wmmon 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 can be made in the flat position 
and are easily accessible for welding. The other 

2. The center of gravity of a body is that point wherc 
the body would be perfectlybalmcod in all positiom if 
it welt suspcndtd at that locatioh 

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 s@. 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 Positloners 
For special work when it is advantageous 

to use the tilt drive for work travel, a tilting 
positioner of special design can be used. An 
example of using work travel about the tilt axis is 
the fabrication of hemispherical pnssure vessel 
heads from tapered sections. The welding fucture 
is mounted on the positioner table so that the 
center of a fvrtured head coincides with the posi- 
tioner tilt axis. Rotation around the tilt axis must 
be provided for welding the meridian seams. 

The dropcenter variation of the 45'-900 
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 
axk. This often poses problems in mounting such 
a weldment on a standard tilting positioner 
because of its inherent overhang. 

To avoid this dXiculty, a dropcenter posi- 
tioner is used. It is usuallyof the4S0-9O0 confgu- 
ration, but the trunnion assembly is modifed 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 a typical d r o p  
center positioner is shown in Fig. 4.11. 

The maximum size of weldments that can 
be handled on a drop center positioner is Limited 
by the distance between the vertical side members 
of the base. Also, this tvpe of pbsitioner requires 
more floor space than a conventional positioner 
with the same table she because the tilt journals 
must be outside the table rather than beneath it. 
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Rotation axis 

e. 4.11-Arrangement of a hemkpherical head on a dmpcenter rilting posirianer * 

Powered Elevation Positionem 
When a positioner is intended for general 

purpose applicationinaweldingshop, aflat-135O 
positioner with powered elevation generally is 
recommended because it is more versatile than a 
45'-90" positioner. The ability to rake the chassis 
of a flat-13Y positioner to permit full 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. 
This limitation is avoided when apowered eleva- 
tion positioner is used for the application. The 
positioner, loaded or unloaded, can be raised and 
lowered under power with integral rack and pin- 
ion or jack screw drives. A typical powered eleva- 
tion positioner is shown in Fig. 4.12. Powerd 
elevation positionen are the most versatile of the 
gear driven types, but they are the most costly. 
They are available with capacities up fo about 60 
tons. 

Figure4.13 shows how a powered elevation 
positioner can be used in the fabrication of a 
flanged cylinder. In View A, the axis of thespool 
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 fdlet weld. 

Special Positionem 
There are a number of variations of the 

basic tilt-plus-rotation positionen that are useful 
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 a headstock that provides tilting c a p  
ability. This configuration provides unlimited 
rotation about both thetilt and the rofation 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. 

S A F f f l  
The use of mechanical positioners rather 

than manual labor to position weldments during 
welding should reduce the likelihood of injury 
during the operation. For safety, a weldment 

s 
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must be firmly mounted on apositioner so that 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 secure under 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 are discussed 
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 suddenly tipped during operation. For 
this reason, posifioners 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 kcarefully followed to assure 
a safe installation. 

Overloading of positionen, which is fre- 
quently practiced by users, cannot be condoned. 
It is possible for a user to mount an overload on a 
positioner table, tilt it to the 90 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 104, 
center of gravity, and eccentricity to avoid over- 
load. The safety features needed in positioning 
equipment include thermal- or current-limiting 
overload protection of the drive motor, low volt- 
age operator controls, a load capacitychart, 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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Weld 

n 

fig. 4.13-Weiding a flanged qiinder with a 
powered elevation posiiianer 

When using powered weldment clamping 
fixtures, a safety electrical interlock should pre- 
vent rotation (or elevation where applicable) 
until the clamping mechanism is fuUy locked to 
theweldment components. 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 floor 
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 F d ,  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), thegreateris the torque required 
to rotate the load. Also, the greater the distance 
from the tablesurface to the CG, the larger is the 
torque required to tilt the load. 

Consider a welding positioner that has the 
worktable tilted to the vertical position. Figure 
4.1XA) 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, torqueis required to acceler- 
ate or decelerate the weldment. 

In Fig. 4.lqC), an irregular weldment is 
mounted with its center of gravity offset from the 
rotation axis. In this case, torque is required to 
rotate the weldment, and is equal to the weight 
multiplied by the offset distance (moment arm). 
If a 5000-lb weldrnent has its center of gravity 
located 10 in. from the rotation axis, it will 
require a minimum torque of 50,OOO 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 rolls must provide enough traction to 
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 table is in the verti- 
cal position, the load exerts a torque around the 
tilt axis as shown in Fig. 4.16. The torque (4 is 
equal to 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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offset 
distance . -  
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E-,. 

ventional positioners L located behind the table 
face for a length called the i4heienf ov2rhg 
(IO). This length must k d d e d  to the distantre 
(0) between the center of gravity of the load an$ 
the table face when calculating the tilt torque 
with the followhg quation: 

T = Wy(IO+ D) 
w h m  

T 
W = weight of the load, lb 
IO = inhemt overhang, in. 
D = distance from the table to enter of 

gravity of the load, in. 
Manufacturers of positionew usually attach 

a rating table to their positionea that spifies the 
torque ratings in tilt md rotation, the inherent 
overhang, a d  the load capadty at variolas dk- 
tan= between the center of gravity of the load 
and the table. An example of such a table is 
shown in Fig. 4.17. 

For turning rolls, the trsrctiveeffort peqlrired 
to be supplied by the rolls be dcdaaed with 
the following formula: 

TE= WDIR 

= tilt torque, lbf ' im. 

where 
TE tractive effo~t, Ib 
w = weight of the Iod. Ib 

D = the distance from the axis of rotation 

R = mdiusoftheloacl orholdingfurtuPe,int 
The tractive effort rating of the rolls should 

Ire about twice the calculated value to allow for 
drag and misalignment. 

To select a proper positioner for a given 
weldment, the l m t i o n  of the center of gravity 
has to be known to determine the required 
torque. This m often be obtained from the 
emgimmring ofim, but if not, it can be calculated 
or be determined experimentally from a sample 
weldmemt. 

The center of gravity of a symmetrical 
weldmen% of uniform density is at the geometric 

of the load to the center of gravity, in. 
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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 Gruvi6y. The En- 
ter of gravity with respect to mutually prpsndic- 
ular X, 8: and Z axes of a nonsymets-icaJ 
weldment can be determined by dividing it into 
simplegeometricsh;. The center ofgavity 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 respect to selected X, 
Y,  and Z x w  isdetermined byatransferfomula 
of the fora: 

Aa, +Bb, +Cc, + . . , . , '' A+B+C+.. ... 
where 

mon center of gravity 
y = distance from the X axis to the com- 

A weight of shape A 
B = weight of shape B 
C weight of shape C 

a, distance from X axis to center of gav- 
ity of A 

b, = distance from X axis to center of grav- 
ity of B 

c, = distance from X axh to center of grav- 
ity of C 

Additional calculations as required are made 
to determine the location of the common center 
of gravity from the Yand Zaxes. The shop must 
be able to physically locate the positions of the 
selected X, X and 2: axes with respect to the 
weldment. 

Finding the Center of Gravity by Expri- 
rnentution. There are two practical methds  of 
finding the center of gravity without the need for 
calculations in the shop. The rust method can be 
used to find the center of gravity of small box- 
shaped weldrnents. The weldmeat is balanced on 
a rod under one flat surface, as shown in Fig. 
4. IS(A). A vedcal line is made OR thp weldment 
above the rod. 'phc wcldment is rotated to an 
adjacent flat surface and the procedure Pepstd, 
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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 p r o w  
dure with aflat surface perpendicular to the other 
two. 
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In the second method of experimentally 
finding the center of gravity, a hoist can bc used, 
The center of gravity of the weldment will settle 
under asingle liftingpoint. When aplurnb bobis 
suspended fromthelift hook, a chalk mark dong 
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 line that pinpoints the cenfer of gravity at 
the intersection of the two Lines, 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 
obtain the weight of the weldment. 

Attachment of the Weldmenat 
With any type of positioning equipment 

involving arotating or tilting table, 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 used in positions other than horizon- 
tal, the fastening means must f d y  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. 4.2qB). The attachments must 
have sufi'icient strength in shear to prevent sliding 
of the weldment. The shearing force increases as 
the table tilt angle increases, and is equal to the 
weight of the weldment at No 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 
resnlts in tensile force on the upper fasteners [I;, 
and F2 in Figs. 4.20(C) and (D)]. The amount of 
tensile force depends on the weight and geometfy 
of the weldment. 

The moment of the vleldment about the 
lower fasteners Pis the product of the weight W 
and the horizontal distane x between the center 

(el 
Fig. 4.79-MeFhod offmafhg the center 

of gravity and the lower fasteners. As the tilt Ofgi'i3V& Wrk d hQ.& 
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(C) (D) 

Fig. AZO--Effe& of tilting and weldment geometry on positioner fastener requirements 

angle increases, the horizontal distance increases. 
The weight moment is balanced by the moment 
of the tensile force on the upper fasteners. 

Assume that the weldments in Figs. 4.2qC) 
and (D) have equal weights, W, but the one in 
(D) is longer and narrower than the one in (C), 
The force, F, in both cases, can be determined by 
the following equation: 

F = Wx/y 
where 

x = horizontal distance between P and CG 

y vertical distance between P and F 
In the twocases,xzis greater thanxl, andyz 

is less than yl.  Therefore, Fz is greater than F1. 
Accordingly, the attachments for the weldment 
in Fig. 4.20(D) must be stronger than those in 
Fig. 4.20(C). In bothcases, all attachments must 
have suflicient 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 is unusually 
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. Thecalcu- 
lation assumes that all the load is on a single bolt, 
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, or both should be deter- 
mined as described in Chapter 1 of this Volume. 
When thejobis completed, thetack welds arecut 
loose after the table is returned to the flat position 
or after theweldment 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 

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 

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 conducting weld- 

manufacturer’s instructions. 
Poor connections in the welding circuit will 

cause explicable fluctuations in arc length, vary- 
ingjoint penetration, orchangesin bead shape. If 
the positioner rotating connection is suspected, it 
can be checked by measuring the voltage drop 
under actual arc welding 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 ing current from the table to the base are sliding 
brushes and bearin=. Either method can be satis- - 
factory if properly designed, constructed, and 
maintained. lo = 0.0175 radians . 

Sliding brushes are usually made of copper- 
graphite matrix, graphite, or copper. Several 
units are employed in parallel to provide ade- 

1 lb = 0.454 kg 

1 in. = 25.4 mm 
1 lbf * in. = 0.113 N * m 
1 ton = 907 kg 
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Automation and Control 

INTRODUCTION 

MEANING OF AUTOMATlON 
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 withcer- 
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 automatic equipment 
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 
other hand, the equipment maybe flexible in that 
the sequence of functions or steps can be readily 
programmed to perform the same operation on 

different components or assemblies (flexible 
automation), 

WHEN T O  USE AUTOMATION 
Regardless of the degree of sophistication, 

the objectives of automation are to reduce manu- 
facturingcosts by increasing productivity, and to 
improve product quality and reliability by reduc; 
ing or eliminating human errors. Other possible 
benefits include reductions in overall floor space, 
maintenance, and inventory. More balanced and 
controlled production scheduling often results 
from a consistently uniform high quality output. 

Automation can be. a s u w s  or failure 
depending on 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 eguipment, and costs.' 

FUNDAMENTALS OF WELDING AUTOMATION 

Automation involves more than equipment 
or computer controls, it is a way of organizing, 
planning, and monitoring a production process. 
The p r d u t e s ,  systems, and production con- 
trols f o r t h e m a n d  weldingthat is to k r e p l a d  
iUZ USUdy insufficient for automatic welding. 

Most manual welding methods rely heavily upon 
the knowledge, skill, and judgement of the welder. 

1 .  The economics of welding automation and robotics 
are discussed in Chapter 3. 

178 
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To successfully prodwe sound welds auto- 
matically, the equipment must be able while 
making a weld to perfom in much the same 
manner as a welder or welding operator. Auto- 
matic welding equiprncnt 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 topi= that 
should be considered when acquiring automatic 
welding equipment and in developing automatic 
welding procedures, methods, and production 
controls are dwussed hcm. 

MACHlNE WELDUNG 
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 along the weldjoint, 
or the work may be moved under a stationary 
welding head. 

Machine welding can increase welding pro- 
ductivity by d u c i n g  operator fatique, and by 
increasing the consistency md quality of the 
welds. The equipment should control the follow- 
ing variables when arc welding: 

(1) Initiation and maintenance of the weld- 
ing arc 

(2) Feeding of the filler metal into the joint 
(3) Travel speed along the joint 
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 welding should provide the weld- 
ing operator with sufficient t h e  to monitor and 
control the guidance aspects of the operation as 
well as the welding process variables. Weld qual- 
ity can be enhanced as a result of proper control 
of process variables. Additionally, a smaller 
number of weld starts and stops with machine 
welding reduces 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 txiniages 
(2) Welding head manipulators 
(3) Side-beam carriages 
(4) Specialized welding machines 
(5) Positioners, turntables, and turning 

rolls.2 
These travel devices provide means for mov- 

ingan automatic welding head relative to the part 
being welded or vice versa. Machine welding can 
k used with most fusion welding processes. 

Machine Carriages 
A welding machime cawiage provides rela- 

tively inexpensive means for providing arc mo- 
tion. A typical carriage rides 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. 
Tractors arc used primarily for welding in the flat 
or horizontal position. 

2. Positioners, turntables, and turning rolls are dis- 
cussed in Chapter 4. 
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Welding camages may be employed for 
welding in the horizontal, vertical, or overhead 
positions. Others may be designed to follow irreg- 
ular joint 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 laege 
welding head manipulator carrying a twin sub- 
merged arc welding unit is shown in Fig. 5.2. 
Manipulators usually have power for moving the 
boom up and down the mast, and in most units 
the mast will swivel on the base. In some cases, 
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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 
k i n g  used. The c a m a p  itself must also move 
smoothly and at constant speeds ifthe 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. It is essential that the manipulatoe be rigid 
and deflection minimized during the welding 
operation. 

Welding manipulators are among the most 
versatile types of machine welding equipment 
avdabIe. They are used to position the welding 
head for longitudinal, transverse, and circular 
welds. Heavy duty manipulators are specifically 
designed to 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 52). 

S i d e l e m  carriage 
A side-beam carriage consists of a welding 

carpiage mounted on a horizontal beam, as 
shown in Fig. 5.3. It provides powered linear 
travel for the 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 vettical 
height and transverse position. 

During operation, the welding process is 
monitored by the welding operator. Welding 
position is manually adjusted to follow joints 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 . 
gpecialized welding machines are available 

with custom workholding devices, torch travel 
mechanism, and other specific features. Applica- 
tions include equipment for making circumferen- 
tial and longitudinal welds on tanks and cylind- 
ers, weldingpiping and tubing, fabricating flanged 
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 of a 
relatively small diameter part, such as the spud 
on a tank or a boss on a plate, as shown in Fig. 
5.4. 'Fhe welding gun makcs a fillet weld joining 

the boss to the plate. These machines are quickly 
adjustable for liferent sizes of spuds or bosses. 

BagdTOluBATlC WffbDlNG 
Automatic welding is done with equipment 

that performs an entire welding 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 arc weldingmachine 
that welds a bracket to a tube isshown 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 aspect of automatic welding is that the 
operator need not continuously monitor the 
operation. Compared to machine welding, this 
tends to inceease productivity, improve quality, 
and reduce operator fatigue. 

A welding operator, although not directly 
controlling the welding process, requira 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. 
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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.2 The welding fixtures are usually 
designed to hold one specific assembly and, by 
minor variation, 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 numbm of identical parts are 
produced on a continuous basis. 

Automatic welding also requires that the 
parts to bejoined be prepared in aconsistent and 
uniform manner. Parts must be uniform if the 
resultant welds are to be uniform. Therefore, part 
preparation for automatic welding is usually more 
expensive than for manual or machine welding. 

- 

3. Welding Fixtures are discussed in Chapter 4. 

Automaticwelding requires acomplexweld- 
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) Consisfent weld quality 
(2) Reduced variable welding costs 
(3) Predictabke 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 fixturhg is required for mu- 
rate part location and orientation. 
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(3) Elaborate arc movement and control 
d e v k  with predefermined welding sequence are 

(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- 
!vue 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 shown in Fig. 
5.6. Software is used in place of the former com- 
plex electromechanical hardware. 

EqMhd. 

FLEXIBLE AUTOMATED WELDBNC 
In flexible automated welding, a numerical 

control or computer control program replaces 
complex fixturing and sequencing devices of 
k e d  automated welding. The welding program 
can be easily changed to accommodate small lot 
production of several designs that requiee the 
same welding process, while providing produc- 
tivity and quality equivalent to automatic vield- 
ing. Small volume. production of similar parts 
can be produced automatically in a short time. A 
flexible system can be easily reprogrammed for a 
new pat.  

An industrial robot is the most flexible of 
the automated systems used in manufacturing 
operations. A robot is essentially a mechanical 
device that can be programmed to perform some 
task of manipulation or locomotion under auto- 

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:56:13 1997 



Automation and Controll 185 

matic control. A welding gun or torch can be 
mounted on aUwnstH at the end of the robot arm. 

Robots may be designed with various mo- 
tion systems; two common systems, articulated 
Cjointed) 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 single control. 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 some equip  
ment, this is done by moving the welding torch 
along the weld joint. Signals are sent back to the 
robot controller that it can memorize the taught 
motion. Afterthejob is completed, certain robots 
provide for copyhg of the welding program for 
future production of that weldment. In addition 
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 accurately prepared or located, 
the weld joint may be outside of the programmed 
location. To compensate for mislocation, the 
flexible or robotic welding system may require 
sensory feedback to correct the 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 available for 
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 fur- 
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 
can be interfaced with other automatic manufac- 
turing operations. 

. 

. 

(A) Articulated robot 

(B) Rectilinear robot 

fig. 5~ -~0bo t i c  motion systems 
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EXTENT OF A U T O M A T I O N  

The extent to which automation should be 

(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. 

employed is governed by four factors: 

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. Welding automation is also being applied in 
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 financially justify 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-qudity 

products and customer satisfaction are more dif- 
ficult to measure. At best, they can translate into 
some increase in market share. At worst, they can 
still mean the suMval 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 welding systemis 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 becon- 
sidered if frequent model or engineering changes 
are anticipated. Where production volumes are 
limited, flexible automation should be consider& 
to produce small batches of components in eco- 
nomical lot sizes. 

Answers to the following questions 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, 
engineering changes, etc.)? 

Floor Space 
Plant floor space 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 for the opera- 
fions. 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 floor space is limited. 
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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 savings in floor space. Flexible automation 
allows scheduling of smaller lot sizes as aresult of 
redud tooling and set up costs. 

Testing and Weld Development Costs 

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- 

When automation is being evaluated, a 
welding development and testing progrhshould 
be undertaken to ensure that optimum welding 
performance is obtained from the proposed 
investment in capital equipment. The investment 
in development and testingprograms should be 
proportional to the expected capital outlay. 

tion and training programs, These programs 
should cover the required skills to set up, operate, 
and maintain the equipment and a basic under- 
standing of the technology being introduced. The 
availability of trained personnel or personnel 
capable of being trained materially affects the 
cost of automation. 

MANPOWER 
Human and Environmental Factors 

Manu.al 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 as is 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- 

t 

INVESTMENT 
A cost-benefit analysis should be made of 

potential welding automation projects. The dis- 
counted cash flow technique is 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. Financia1 justification requires a 
review of the financial condition of the company, 
including availability and cost of capital. 

PLANNING FOR AUTOMATION 

Planning is a necessary prerequisite to SUC- 
cessful application of automation. Such planning 
includes the identification and indepth analysis 
of potentially successful applications L well its 

planning for the implementation of the selected 
automated welding systems. Companies often 
form automation teams to manage and perform 
the required planning and implementation tasks. 
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The team should study all pertinent factors con- 
ceming planning, procurement, installation, and 
startup of the automation project. 

PRODUCT DESIGN 
Designing for Automation 

Most weldments are not designed for efi- 
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. 

furtures that provide exact weld joint locations. 
In flexible automation, the software program can 
bedesigned to avoid complex customized fixtur- 
ing. Often all that is required for flexible auto- 
matic welding is a tack welding fixture. 

PROCESS DESIGN 
Welding Process Selection and Welding 
PrOCedUreS 

Automation of a welding operation often 
requires a change in the welding process. The 
selection of an appropriate welding process and 

Tolerances and Part 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 

associated welding cokumables isan important 
step. Procedures for automatic welding should 
be qualified according to the applicable welding 
codes orstandard, such as A wsDI.I, s,nrcrural 
welding code-steel. 

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 scheduling to maximize produc- 
tivity. A detailed review of subassembly designs 
and component scheduling is in order. Often, an 
entire family of assemblies =can be fabricated with 
one flexible automatic welding system, 

Fixhuing 
When assemblies are redesigned or proce- 

dures are changed for automation, new welding 
fvrtures are often required? Flexible automation 
can significantly reduce the required investment 
in new fituring. 

There is a substantial difference between the 
fixturing required for fixed automatic welding 
and that required for flexible automatic welding. 
Fixed automatic welding requires customized 

4. Fixturing for welding is discussed in Chapter 4. 

Selection of Welding Equipment 
Automatic welding systems are normally 

required to operate at high duty cycles to justify 
the investment. High duty cycles require theuse 
of mged heavy duty welding equipment designed 
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 

from entering the work envelope of 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 
of inertia, 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(inc1udes set-up time, 
indexing times, welding time, unloading, etc.) 

(3) Establishment of working relationships 
with equipment manufacturers 

(4) Identifibtion of operator skius 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 be 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 of the automatic equipment. 
After installation in the user’s plant, testing of the 
equipment to verify production capability may 

. 

: 

- bewarranted. 

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 oscil- 
lograph. If voltage fluctuations exceed the range 
recommended by the equipment manufacturer, 
heavier service lines or a consfant voltage trans- 
former can be installed. 

Location 
The following factors should be considered 

in evaluating the location of an automatic weld-, 
ing system: 

(1) Safety - clearances, arcradiationexpo- 
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 
be conducive to stable, reliable performance, 

Safety requirements, such as a clear area 
around the machine, can normally be determined 
from the manufacturer’s specifications. Collision 
hazards include possible contacts with material 
handling equipment, fuctures, hand tools, etc., 
and should m i v e  special consideration. 

Specifications 
User requirements are generally written for 

custom designed machines, and the specifica- 
tions are made a part of the purchase (or lease) 
order. Manufacturer specifications are used to 
define standard equipment. Specifcations serve 
the following purposes: 

(I) Define the performance expectations of 
the purchaser and the supplier. 

(2) Establish minimumquantitative 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 Life. When 
installing automatic welding equipment, it is best 
to provide as much protection as possible. Unlike 
conventional welding machines, automatic equip 
ment often contains vulnerable electronic and 
mechanical devices. A clean environment will 
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 
Potential environmental 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 Electronics and 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 welding machine 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 involve unique and difficult applica- 
tions may require a lengthy debugging period 
that can cause scheduling difficulties. A sug- 
gested checklist for procurement scheduling is 
given in Table 5.2. 

Table 5.2 
Procurement scheduling checklist 

I.  

2. 

3. 

4. 

5. 

6. 

I. 

8. 

9. 

IO. 

11. 

12. 

13. 

14. 

Identify potential welding applications 
Estimate potential costs savings 
Research literature for similar application case 

Identify potential equipment suppliers 

Perform welding tests to determine feasibility, 
and identify limitations 

Obtain approvals from engineering, manufac- 
turing, quality control, and other depart- 
ments, as required 

Prepare equipment and fixturing specifications 
Obtain budgetary proposals from potential 

Appropriate procurement funds 
Select an equipment supplier 
Monitor design, construction, and test of the 

equipment by the supplier 

Install and checkout the equipment 
Perform pilot production welding tests 
Turn the equipment over to production 

histories 

equipment suppliers 

TRAINING AND EDUCATION 
Skills Required 

The basic job skills for automatic welding 
are agood knowledge of the welding process and 
training in the programming of automatic equip 
ment. 

Knowledge ofthe Welding Process. Fixed 
automatic or flexible automatic 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-pass arc welded joints 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 skill required to program automatic weld- 
ing machines varies widely. Many robots are 
programmed on-line in a "teach-learn" mode by 
joging through the desired motions and entering 
the welding conditions (speed, current, voltage). 
No numerical programming s!dh and only a 
nominal amount of training are required. 

Other types of automatic welding machines, 
in particular those integrated into a computer or 
CNC control system, may require numerical con- 
trol (NC) programming skills. Programmers 
exprienced 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 for automatic 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 folIowing factors should be considered 

(1) Number of controls, gauges, meters, and 

(2) Degree of dfliculty in criticality of the 

(3) Number of steps in the operating pro- 

(4) Degree of operator vigilance required 
(5) Responsibility for evaluation of results 

(6) Corrective actions that need to be taken 

(7) Required quality level 
(8) Potential product liability 
(9) Value of parts and completed weldments 
The operator of a simple automatic 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 electron beam 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 

in estimating the scope of training r e q u i d  

displays presented to the operators 

setup 

cedure 

(weld quality, distortion, etc.) 

or reported 

. 
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operator with a functional knowledge of the 
machine. However, such training is usually more 
costly than classroom training. 

PRODUCTION CONSIDERATIONS 
Space Allocation 

Automatic welding equipment will rarely fit 
into the same floor space as that occupied by a 
single manual welding operation, but it usually 
replaces several welding stations. To obtain good 
production flow, floor space requirements for the 
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 

handling may not be suitable for automaticweld- 
ing operations. For example, an overhead crane 
that is suitable for transferring parts to work 
tables for manual welding may be unsatisfactov 
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- 
ing machine. 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 some users. 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) Addition to the system of new operating 

features or enhancements 
(5) Addition of other controlled equipment, 

such as positioners, material handling devices, 
and markers 

(6) Retrofit of new or diMerent 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 manufacturers are usually not compati- 
ble. (Compatibility will be better achieved when 
standards are established for interconnections 
and communications between components.) 

Shop Acceptance 
Improved productivity can be realized from 

a new automatic welding machine if the users 
have contributed to the selection and planning 
for thesystem. Shop personnel should be advised 
in advance that an automatic welding machine is 
being considered for a particular operation. Weld- 
ing supervisors, welders, maintenance personnel, 
and welding inspectors can play an important 
role in making a transition from manual to auto- 
matic welding proceed smoothly. They can often 
formulate requirements for the machine. 

Maintenance 
Automatic welding machines are often com- 

plex ekctromechanical systems that include pre- 
cision mechanisms and components. The equip- 
ment can be extremely reliable, when it is treated 
properly. 

A preventive maintenance 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 (e.g., guides, hoses, belts, seals, contact 
tips, etc.) 

(3) Cleaning of critical surfaces (bearings, 
optics, and similar items) 

(4) Oil changes and lubrication of bearings, 
seals, screws, etc. 

(5) Replacement of filters 
(6) Monitoring of temperature indicators, 

flow meters, line voltage, fluid levels, etc. 
(7) Inspection of structural components and 

mechanisms for cracks, loose bolts, worn bear- 
ings, evidence of impact or abrasion, etc. 

(8) Discussion of operation with the operator 
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A good maintenance program should 
include: 

( 1 )  A file of all 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- 

mentation 
(3) A generous supply of spare parts, such as 

circuit boards, fuses, and valves, located close to 
the machine 

(4) A log of performed maintenance with 
details of problems encountered, the symptoms, 
and the actions taken to overcome them 

RES1 STANCE WELD IN C AUTOMAT10 N 

Automation of resistance welding opera- 
tions may range from an indexing fixture that 
positions assemblies between the electrodes of a 
standard resistance welding machine to dedicated 
special machines that perform all welding opera- 
tions on a particular assembly.5 An example of 
the latter type is shown in Fig. 5.9. 

When flexibility is required in an automatic 
resistance welding operation to handle various 
assemblies, a roboticinstallation is a 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 car 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 lb, and the 
welding cable another 50 lb. A typical portable 
resistance spot welding gun, cable, and power 
source are shown inFig. 5.11. 

Moving the Assembly 
Joining of relatively thick sheets of low 

resistance alloys, 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 
highcurrents and reach from the power source to 
the welding gun. Such conductors may exceed 
the load carrying capability of a robot. One solu- 
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 single spot welds are made with a 
stationary welding machine. 

Assemblies that weigh less than 150 Ib 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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Production Rates 
Typically, production rates of 15 to 30 spot 

welds per m i n u t e m  be achieved when the welds 
are in close proximity. As distances between spot 
welds increase, production rates will depend on 
the maximum practical travelspeed for the weld- 
ing gun or the assembly, whichever is moved. 

Production rate computations should in- 
clude the following factors: 

(1) Transfer time &tween weld locations 
(2) Timefor the gun or work to stabilizein 

(3) Welding cycle time, comprising 
position 

(a) Squeezetirne(typically0to 10cycles) 

Automation and Controll 195 

(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 t h e g n  before the time iscompleted, 
totake advantage ofgun retractiondelay. A prop 
erly designed welding cycle can significantly re- 
duce the total welding cycle time for the assembly. 
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On a typical high production application, a 
single welding gun may make 50 spot welds on an 
assembly. Increasing the welding cycle time by so 
littleas 10 cycles (60 Hz) to improveweld quality 
will increase the total cycle time for 50 welds by 8 
seconds. Therefore, quality and production rate 
can be a trade-off. 

Quality Control 
Quality control is an important benefit of 

automation. However, weld quality is dependent 
upon process control. An automatic spot weld- 
ing machine will repeat bad weldsas well as good 
ones. 

An automafic spot welding machine can 
maintain good spot weld quality with feedback 
controls and appropriate electrode maintenance. 
For example, a robot is normally programmed 
to always position the plane of the welding gun 
perpendicular to 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 weldingschedule can beused for 
every joint thickness. 

WELDING ROBOTS 
Types of Robots 

There are four general geometric classifica- 
tions of industrial robots. Rectilinear (carresian 
coordinaie)robots have linear axes, usually three 
in number, which move a wrist in space. Their 
working zone is box shaped. Cylindrical coordi- 
nate robofs have one circular axis and two linear 
axes. Their working zone is a cylinder. Spherical 
coordinate robots employ two circular axes and 
one linear axis to move the robot wrist, Their 
working zone is spherical. The fourth classifica- 
tion, anihropomorphic (/ointedarm)roborsutil- 
ize rotary joints and motions similar to a human 
arm to move the robot wrist. The working zone 
has an irregular shape. 

All four robot geometries perform the same 
basic function: the movement of the robot wrist 
to a location inspace. 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 manipulate weldingguns weighing between75 
and 150 Ib. Manual spot welding guns are often 
counterbalanced using 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 support heavy welding cables unless 
integral spot welding gun-transformer units of 
low weight are used. 

Accuracy and Repeatability 
A robot can repeatedly move the welding 

gun to each weld location and position it perpen- 
dicular to the weld seam. It can also replay pro- 
grammed welding schedules. A manual welding 
operator is less likely to perform as well because 
of the weight of the gun and monotony of the 
task. However, an operator can detect 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 pennits 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 are awkward 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 4ooo hours of operation between failures 
with duty cycles of 98 percent or better. Robots 
are capable of operating continuously, so long as 
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proper maintenance procedures are followed. On 
continuous lines with multiple robots, intenup- 
tion of production can be minimized by (1) instal- 
ling backup uNts in the line, (2) distributing the 
work of an inoperative robot to other nearby 
robots, or (3) quick replacement of the hopera- 
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 monthy 
(a) Tighten or replace electrical shunts 
@) Replaced frayed or worn .welding 

cables 
(c) 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 deterionation 
(2) Hourly or after a specific number of 

welds, regrind, repair, or replace the spot welding 
electrodes 

The frequency of electrode maintenance can 
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 reduce electrode wear. 

Safety 
The operator of a robot can easily avoid 

close proximity to jagged edges of parts, moving 
conveyors, weld metal expulsion, and other weld- 
ing hazards. However, the movement of the 
robot armcreates adangerous environment. The 
workers in the area must be completely pre- 
ventedfrom entering theworking envelope of the 
robot. Protective fences, power interlocks, and 
detection devices must be installed to assure 
worker safety. 

Often, equipment must be specially designed and 
welding procedures developed to 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 fured number of welds can 
compensate for mushrooming of the electrodes, 
thereby extending electrode life. Electrode life is 
also extended by proper positioning of the e l w  
trodes on the seam. 

Spot Welding Guns 
Portable spot welding guns are normdy 

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 used where space i s  limited 
or where high electrode forces are required. 
Unforfunately, hydraulic guns do not have the 
consistent electrode follow-up characteristics of 
pneumatic guns. 

Integral transformer-gun uNts 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 
involve welding various gauges of sheet metal in 
various combinations, can benefit from multiple RES'STANCE WELD"G 

Automatic welding imposes specific de- 
mands on resistance spot welding equipment. 

schedule controls, such as those shown in 
Fig. 5.12. 
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Supervisory Corntrols 
off-Flange Detectors. Automatic spot weld 

machines can be equipped to detect faulty or 
deteriorating process conditions. When teained 
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 eo sense that a particular 
spot weld was not made. 

Steppers. Steppers can be used to automati- 
cally increase the welding heat after aset number 
of spot welds to compensate for electrode mush- 
rooming, to signal the need to replace electrodes, 
or to indicate the need for preventive mainte- 
nancefunctions on the machine. The devices can 
also be used to measure production rates. 

Current Monitoring. A current monitoring 
device can indicate contaminated welding el- 
t rdes  by detecting a predetetmined 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 
resistance between the electrodes as 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 murs ewly in the 
weldimg cyclc, the welding current can be t e h -  
nated to avoid making an unacceptable spot 
weld. 

Interface Between Componen%s: 
Theconventional interface between 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 discrete signals. For example, 
an output signalcan be sent from the machine td 
aweldingcontrol unit to initiate aweld. An input 
signal from the control unit to the machine can 

.A 
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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 
signal to the welding control unit to c o d m  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 a supervisorycontrol to signal when the 
welding electrodes need to be redressed. 

High level communication between auto- 

be an alternative. Data can be recorded for 
review at alater date or as a permanent record. 

Monitors can reduce the amount of destruc- 
tive testing required. Only welds of questionable 
quality need be examined. Monitor data and 
penodic 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 a part. 

(2) Measure welding current or power to 
detect long-term changes 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 as it forms 
to determine weld she or the presence of flaws. 

' 

matic machine controls and welding controls is 
possible through standard communication links. 
These communication linkspermit long distance 
communications between central controls, weld- 
ingcontrols, machinecontrols, and data acquisi- 
tion centers for the following purposes: 

(1) In-process maintenance, 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 

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 schedule variables. Users of adaptive 
controls are cautioned to thoroughly test and 
evaluate the controls before abandoning estab- 
lished quality control programs. 

PROGRAMMING (4) Coordination of equipment activities 
(5) Production outaut 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 

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 
sequence of weld positioning should be chosen to 
minimize the repositioning and index time for the 

I 
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the robot. Finally, a travel speed between weld 
locations is selected. It should not be too high to 
avoid oscillation or overshooting of the e l m  
trodes. Appropriate welding schedules are se- 
lected and programmed at each weldingposition. 

correct automatic operation. Typical reasons for 
editing include the following: 

(1) Part dimensional changes 
(2) Optimization of welding variables to 

(3) Optimization of gun movemehts and 
improve weld quality 

Touch-up Programs speeds to increase production rate 
(4) Changes in fixturing location 

Touch-up programs are the editing changes 
that are made in welding programs to improve or 

(5) Correction for movement drift or cali- 
bration changes 

ARC WELDING 

TYPES OF AUTOMATION 
Various arc welding processes are used for 

automatic welding operations. They incIude 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 
flat or horizontal positions for easy 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 
or the welding gun or torch 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 easier to 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 in plate, 
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- 
ing gun is moved while the work remains station- 
ary is shown in Fig. 5.14. 

The automatic welding machines shown in 
Figs. 5.4, 5.5, 5.13, and 5.14 represent fmai 

: 

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 special features and capabil- 

ities to successfully perform arc welding opera- 
tions. Arc welding robots are generally high pre- 
cision machines containing electric servomotor 
drives and special interfaces with the arc welding 
equipment. 

An anthropomorphicuointed 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 inside of a part to position the 
robot wrist. 

Rectilinear robots are favored for most 
other arc welding applications for safety m o n s .  
They aee 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 

may contain BS 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 perpendicular to each other. Tliree axes 
are also required to orient an object at a point in 
spm.  These orientation axes are incorporated in 
the wrist of an arc welding robot. A robot Wrist 
generally provides mutually perpendicular o h -  
lar motions. 

Arc welding urocesses that use a consuma- 
Arc welding robots usually have five or six 

mutes (see Fig. 5.7), and some may be equipped 
withseven axes. Acompleteroboticworkstation 

ble electrode, s u c i k  gas metal arc and flux cored 
arc welding, have a built-in degree of freedom 
because the welding gun can weld in any direc- 
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tion. Hence, a robot with five axes is sapable 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 
or maynot beusablewhiletherobot isinmotion. 

Arc welding often involves manipulation of 
both the assembly and the welding torch. The 
axes needed to manipulate the assembly a= 
equivalent to those needed to manipulate the 
weldinggun, and additional axes willexpand the 
flexibility ofthesystem. Iftherearemore thansix 
unique degrees of freedom, a point in space can 
be approached from multiple positions. This 
flexibiiity is important in aec welding because 
gravity affects the behavior of the molten weld 
pool. 

Aesuracy and RepeatabiMy 
The precision with whkh a robot cm 

approach an abstract point in space is called 
accMracy. Accuracy is required in robots where 
the control programs are developed numerically. 
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 memorim- 
tioa and replay. 

Repeatability is a measure 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 
a robot is, the Iwger are the allowablecomponent 
tolerances. The total allowable variation in arc 
welding is the sum of the robot repeatability, the 
component parts variations, and the part posi- 
tioning equipment repeatability. 

Procw controll 
To be an efiicient 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 
o€f, initiate and terminate the welding sequence, 
and select the progeamrned welding conditions. 
Some robots control the welding process by 
selecting preset values. Other, more sophisticated 
robots me capable of dircctly controlling f i e r  
wire feeders and power supplies, and establishing 
the process conditions as a part of the robot 
program. 

Robots that can select only preprogrmmed 
welding conditions place more responsibility 
upon the welding equipment manufacturer, the 
user, and the operator. Such robots increase the 
costs of the welding equipment and the cost of 
interfacing it to the robot. Also, the welding 
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process variables must be programmed separ- 
ately from therobot 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. Automatic arc 
weldingis normally doneat highdutycycles, 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 sourcesdifferent from those used for 
manual welding? An automatic welding machine 
is usually designed to electronically communicate 
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 settings as 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 sources for automatic weld- 
ing must be murate  and have a means for Cali- 
bration. Manual welders often adjust the welding 
machine controls to establish welding conditions 
that are suitable under changing conditions. 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 flexibility in 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 Ed., 1978. 

- 

. 

matic machine additionally can insure that the 
wire feed rate is properly set for each weld 
through "memohtion" of the setting in the 
program. Special interfaces are required to allow 
the welding machine to control the wire feed rate. 
Typically, an analog output is provided from the 
welding machine control to interface to the wire 
feed system. If the welding machine i s  not 
equipped to receive a signal of actual wire feed 
rate, the wire feeder itself 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 significant amount 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 h e r s  and wire guides, necessitating easy 
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 emergency stop capabilities are 
preferred for robotic welding. A welding robot 
does not have the ability to avoid collisions with 
objects in the programmed travel path. During 
robot programming, the welding gun or torch 
may collide with the work. Collisions can cause. 
damage to the robot and the welding gun or torch. 

Flexible mounts with emergency stop capa- 
bilities mini& 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 knocks thegun or torch out of position. 
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Arc Voltage Control A welding robot can be transferred between 
I 

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 a task, the component parts 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 conveying systems. Such a procedure 
is used for small assemblies where parts are rela- 
tively light in weight. 

Part transfer usually requires two or more 
fixturing stations, increasing fixturing 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 assemblies and assemblies that requk 

signifcant arc time can be welded by moving or 
rotating a robotic arc welding machine into the 
welding m a .  This procedure is usually faster 
than moving the assembly, but it requires a rela- 
tively large working area. 

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 while the robot is utilized at other 
locations. 

Some robots can access multiple welding 
stations located in asemicircle. Rectilinear robots 
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 h- 
prove cycle time. 

CONTROL INTERFACES 
An automatic arc welding system requires 

control interfaces for component equipment. 
Two typa of interfaces are usually provided: 
contact closures, and analog interfaces. 

Welding Process Equipment 
Welding power sources and welding wire 

feeders arecontrolled 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 hydraulic or pneumatic clamping 
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 electrical contact closures. 
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Other Accessories 
Accessories, such as torch cleaning equip- 

ment, water cooling systems, and gas delivery 
equipment, are also 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 
sequence of steps that the machinemust follow to 
successfully weld the assembly to specifications. 

Each assembly to be welded requires an 
investment in 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 specific weldment, 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. Some robots can be "taught" the path 
while other automatic welding systems have to be 
programmed off-line. 

The fourth step is to develop the welding 
conditions to beused. They must then becoordi- 
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 
guncleaning. Systems are available that 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 
The high duty cycle of an automatic welding 

system can result in the generation of large 
volumes of fumes and gases. An appropriate 
exhaust system is 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 
weld joints from one assembly to the next. Con- 
sequently, some control of the welding gun or 
torch position is desirable as welding proceeds 
along a joint. 

There are several 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 the joint 
and follow vertical 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. 

An improvement over these units areelectro- 
mechanical devices utilizinglightweight electronic 
probes. Such probes operate motorized slides 
that adjust the torch position to follow the joint. 
These devices can follow much smallerjoint fea- 

J 
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tures and operate at higher speeds than pure 
mechanicalsystems, However, they are limited in 
their ability to trace multiple pass welds and 
square-groove welds. Also, they are adversely 
dected by welding heat. Thewelding head of the 
automatic welding machine shown previously in 
Fig. 5.14 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 
arc sensing. The simplest form of thesesystems is 
an arcvoltage control used with the gas tungsten 
arc welding process. This control maintains con- 

sistent torch position above the work by voltage 
f d b a c k  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 arc 
characteristics to sense the location of the joint, 
This information can then be fed back to rn 
adjustment slide system or directly into amachine 
control to adjust the weldingpath. Thse systems, 
which depend on arc oscillation, may or may not 
be desirable wit! a particular welding process, 
and they can be ITmited in trave1 speed by the 
oscillation requirements. Also, arc characteristics 
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can vary from process to process, and some tun- 
ing may be required to make an arc seam track- 
ing system work 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 devices to develop a 
two- or three-dimensional image of the weld 
joint. This image can be analyzed by a computer 
system that is capable of determining such 
information as the joint centerline, depth, width, 
and possibly weld volume. These systems can be 
used for adaptive control of welding variables as 
well as seam tracking. 

There are several types of optical tracking 
systems presently available. One is a two-pass 
system in which acamera fmt 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 asingle-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. 

Wire 
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 Ib 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 wirein 
the wire feed system, and resultant defects that 
can occur in the welds. 

BRAZING AUTOMATION 

The important variables involved in a braz- 
ing process include brazing temperature, time at  
temperature, filler metal, and brazing atmos- 
phere. Other variables are joint fit-up, amount of 
filler metal, rate and mode of heating, etc. 

Many brazed joints 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 the joint 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 the joints at brazing temperature. 

~ 

7. Brazing is covered inthe Welding Handbook, 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 
automation is justified by increased productivity. 
However, in the case of brazing, a further justifi- 
cation may well be found in the energy savings 
associated with the joint heating requirements. 

FUNDAMENTALS 
Brazing temperature is generally dictated by 

the base metal characteristic and the type of filler 
metal. Generally speaking, filler metals with 
higher melting temperatures correlate with higher 
joint strengths. However, the actual brazing 
temperature must be related to the melting 
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temperature and heat treatment response of the 
base metal. 

It is 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 filler metal type is 
the cost. Obviously, compatibility of the base 
metal and filler metal 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 represents an in-line inspec- 
tion control. Second, this process directs heat 
only to the joint area versus heating of an entire 
assembly when furnace brazing techniques are 
used. Whenenergy costs represent alargepercent- 
age of the cost of a braze joint, this is an impor- 
tant consideration. 

The major drawback to torch brazing is, of 
course, the fact that it is labor intensive and 
consequentlyrepresents low productivity. Acon- 
tinuow belt furnace can alleviate this problem; 
however, the joint is not visible during the braz- 
ing operation and energy efficiency islow 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 typical machine 
has provisions for assembly and fixturing, auto- 
matic fluxing, preheating (if needed), brazing, air 
or water quenching, part removal, and inspection. 

’ 

. 
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ical to successful brazing. When joining compo- 
nents of different masses, all components must 
attain brazing temperature at  the same time, 
Overheating of a thinner component can cause 
molten fAer metal to flow onto that component 
before it wets the thicker component. This can 
reduce the amount of filler metal available to fdl 
the joint. 

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 
coils must be designed for efficient localized 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 
heating pattern by appropriately designed torches 
located at one or more machine stations. Torches 
of various sizes, utilizing different fuel gases 
mixed with air or oxygen, may be used. Gas-& 
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 an important control 

feature of automatic brazing equipment. 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 
can be allocated among the total number of work 
stations. Digital timing equipment can provide 
exact control of the dwell or heating time. 

To maximize production, assemblies should _. 
be heated only to the temperature at which fder 
metal melts and flows into the ioint. Holdinn the Temperature Control 

I 

Process control and consistency that can be 
accomplished with aufomatic equipment are of 
primary importance. Temperature controlis crit- 

assembly at temperature beyond this point is not 
recommended in most cases because it can pro- 
mote excess oxidation and other problems, such 
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as volatilization of filler metal constituents and 
base metal erosion. 

Filler Metal Application 
Control of filler metal amounts and Conse- 

quent joint quality is also possible with automatic 
brazing equipment. Brazing fder 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 afiller 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 flux 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 can be 
adjusted to handle a variety of applications. 

ADVANTAGES OF BRAZING 
AUTOMATION 

are as follows: 
The main advantages of automatic brazing 

(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- 

mine thelevel oramount of automation required. 

Low production requires only basic equipment, 
such as a motorized conveyor transporting as- 
semblies through a furnace. High production re 
quirements may involve a fully automated system 
utilizingpartsfeedig and automaticunloadingof 
completed assemblies. This type of equipment is 
able to produce in exam of 1,ooO parts per hour. 

Automatic brazing equipment can dramati- 
cally increase the productivity per worker. As an 
example, one unskilled brazing operator running 
an automatic brazing machine is able, in many 
cases, to produce as much as 4 or 5 highly skilled 
manual brazers. This increase in productivity 
alone is often enough to justify the purchase of 
automatic brazing equipment. 

Another feature of automatic brazing equip- 
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 consistent quality produc- 
tion is one that should not be overlooked. 
Rework or repain of brazements are expensive, 
and can require extra operations, The best way to 
prevent these problems is to produce a good 
brazement the fmt  time. This is expected with 
automatic equipment. 

Automatic brazing equipment should be 
energy efficient. Localizing heat input only to the 
joint area is good energy conservation. Utilizing 
low cost fuels mixed with compressed or shop air 
is effective energy efficiency. 

PROBLEMS OF AUTOMATION 

RISK FACTORS incompatibilities with other shop operations, 

Factory Integration 
~~ 

such as machining, cutting, or forming. Material 
handling for automatic owrations can Present 

The introduction of an automatic welding 
or brazing machine can create many problems in 
a manufacturing shop. For example, there can be 

problems. Tasks that are- often overloiked in 
preparation for welding automation include the 
following: 

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:56:13 1997 



’ AWS WHB-5 C H X 5  ~- ** - I 0784265 000’7894 2 ___ I 

Part Programming. The procedure for gen- 
erating and storing machine 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-line by teaching or by direct keyboard entry of 
a computer language. 

Program Frooflng. 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. Decisions regard- 
ing the use of simulations and thetime 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, 
f h g ,  revising, and maintaining operating pro- 
grams is required for programmable automatic 
welding and brazing machines. Systems for 
numerically controlled machine tools may not be 
suitable for the following reasons: 

(I) Weldingand brazing are operationsjoh- 
ing two or more parts, whereas machining is 
done on a single parf. 

(2) Welding programs, which are usually 
small in terms of data storage, are often formu- 
lated into asingle tapeforfast,convenient aocess. 
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. 
Machine tools usually need only one program for 
each part or operation. 

( 5 )  The costs of mishandling program doc- 
umentation can be large. Expensive materials 
can be 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. Component strength with 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 automatic joining 
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. 

Manufacruring 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 inspection may 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 amp 
tance criteria may be required. 

&luring and Posirioning. The fituring 
and positioning of parts for automatic welding or 
brazing can be different from any previous expe- 
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- 
cific joining process. 

Manufacfuring. Automatic welding and 
brazing operations should be integrated into 
other factory operations. The following items 
should be considered: 

- 

(1) Operator job classification 
(2) Operator skills and training 
(3) Production backup capability 
(4) Component part repeatability 
(5)  Repair procedures 
(6) Intershift communications 

Copyright by the American Welding Society Inc 
Sat Jul 05 10:56:13 1997 



AWS WHB-5 C H * S  **  I 07842b5 0007895 4 I __ - ~~ . -~ 

212 / AUTOMATION AND CONTROL 

(7) Safety procedure 
(8) Consumables and spare parts 
(9) Test parts and testing procedures 

(IO) Maintenance capability 
(1 1) Material handling 
(12) Calibration of equipment and proce- 

(13) Production support personnel 
Inspection and QuaIity Control. Automatic 

welding often complicates inspection. Fillet welds 
are preferred for automatic welding, but aredf i -  
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 &onomid 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 machines are complex 
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. Electronic components r e q h  consid- 
eration of theelectromagnetic and electric power 
environment. 

CONSISTENCY AND PREDICTABILITY 
Several of the many variables that can affect 

the quality of welded or brazed jointsincludethe 

(I) Material variations (thickness, geome- 

(2) Welding or brazing conditions (voltage, 

(3) Fixturing (part location, chill bars, ma- 

(4) Procedures (alignment, preheat, heating 

(5) Consumables (filler metals, gases, etc.) 
(6) Machine design and operation (bearings, 

dures 

following 

try, composition, surface finish, etc.) 

current, gas flow rates, etc.) 

terials, etc.) 

rate, etc.) 

guides, gear trains, etc.) 

VENDOR ASSISTANCE 
Reliable suppliers of automatic welding and 

brazing systems can asskt the users in several ways. 

Evaluation and Consulting Services 
In general, it k prudent to consult with other 

knowledgeable persons when possible. Equip- 
ment manufacturers and engineeringconsultants 
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 similar installations 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 

on simple shapes, such as flat plate or pipe, when 
evaluating automation feasibility. Prototype pro- 
duction parts should be welded or brazed during 
equipment acceptance tests to establish produc- 
tion readiness. These tests can reveal unexpecte 
problems, which are best solved before produc- 
tion commitments are made. 

Training and  Education 
An appropriate school or training program 

should be located for training of the equipment 
operators. A manufacturer of automatic welding 
or brazing equipment can be a source of training 
programs, Other sources are technical societies, 
vocational schools, and colleges or universities. 

installation Services 
Installation is normally done by or with the 

guidance oftheequipmentmanufacturer.Theinstal- 
lation of foundations, utilities, and interfaces 
with otherequipment is usuallyperf'ormed by the 
user. The installation project should be thorough- 
ly planned in advance of the delivery of the equip 
ment. Engineering drawings and installation re- 
quirements of the equipment should be obtained 
from the manufacturer as early as possible. 

Debugging the systemcan be acomplexpro- 
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 assistance to the 
manufacturer's start-up personnel. 

-'. 3 
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6 
Codes and Standards 

DEFINITIONS Guides and recommended uractices are 
The purpose of this chapter fr 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 basicdocuments, and their rela- 
tionship to safety and reliability should not be 
underestimated. 

The American Welding Society uses the 
general termsrundarh to refer to 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 incrude codes, specifications, 
guides, methods, and recommended practices. 
These documents havemany similarities, and the 
terms are often used interchangeably, but some- 
times incorrectly. 

Codes and specifications aresimilar types of 
standards that use the verbs shulf and will to 
indicate the mandatory use of certain materials 
or actions, or both. Codes differ from specifics- 

standards that are offered 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 practicesis 
at the user's discretion. 

The user of a standard should become 
acquainted with its scope and intended use, both 
of which are usually included within the Scope or 
Introductton. It 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 in their method of achieving 
compliance. Some have specific requirements 
that do not allow for alternative actions. Others 
permit alternative actions or prwalures 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. 

tions in that their use is mandated with the force 
of law by one or more governmental jurisdic- 
tions. The use of specifications becomes manda- 
tory only when they are referenced by codes or 
contractural documents. 

SOURCES 
Private and governmental organizations 

develop, issue, and update codes and standards 
that apply to their particular areas of interest. 

216 

- - i  I 

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:56:5a 1997 



Codes and Stanah& I 2 I7 

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 

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 

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 D1.L Structural 
Welding Code-Szeel 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 thesecommittees 
or goups are speciiilists 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 
diverse ranges of interests including, for example, 
producers, users, and government representa- 
tives. To avoid control or undue influence by one 
interest group, agreement must be achieved by a 
high percentage of all members. 

The federal government develops or adopts 
codes and standards for items and services that 
are in the public rather than the private domain. 

ANSI does not, ofitself, give it mandatory 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 
ksue codes and standards on the subject of weld- 
ing. The following are examples of other national 
standards designations and 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 Francaisede Normalisation 

Of these, the Canadian Standards Associa- 
tion is discussed in a following section. 

There is also an International Organization 
for Standardization (1.30). Its goal is the estab- 
lishment of uniform standards for use in interna- 
tional trade. This organization is discussed at 
more length in a following section. 

APPLICATIONS 

, 

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 ArqericanNational Standards Institute 
(ANSI) a private organization responsible for 
coordinating national standards for use within 
the United States. ANSI does not actually pre- 
parestandards. Instead, it formsnational interest 
review groups' to determine whether proposed 
standards arein thepublic interest. Each group is 
composed of persons from various organizations 
concerned with the scope and provisions of a 

The minimum requirements of 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 technolo&al 
developments. Some codes and standards are 
updated on a regular basis, while others are 
revised as needed. The revisions may be in the 
form of addenda, or they may be incorporated in 
superseding documents. 
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Table 6.1 
Sources of codes and standards of interest to the welding industry 

American Association of State Highway and 
Transportation Officials (AASHTO) 

444 N. Capital SI., N.W. 
Washington, DC 20001 
(202) 624-5800 

American Bureau of Shipping (ABS) 
65 Broadway 
New York, NY loo06 
(212) 440-0300 

American Institute of Steel Construction (AISC) 
400 N. Michigan Ave. 
Chicago, IL MI I 
(3 12) 670-2400 

1430 Broadway 
New York, NY 10018 

American National Standards Institute (ANSI) 

(212) 354-3300 

1220 L Street, N.W. 
Washington, DC 20005 
(202) 457-7000 

American f’ctrolcum Institute (API) 

American Railway Engineering Association 
(AREA) 

2000 L Street, N.W. 
Washington, DC 20036 
(202) 835-9336 

American Society of Mechanical Engineers (ASME) 
345 East 47th Street 
New York, NY 10017 
(212) 705-7722 

American SocietyforTesting and Materials(ASTM) 
1916 Race Street 
Philadelphia, PA 19103 
(2 15) 299-5400 

American Water Works Association (AWWA) 
6666 W. Quincy Ave. 
Denver, CO 80235 
(303) 794-771 1 

American Welding Society (AWS) 
550 N.W. LaTeune Road 
Miami, FL 13126 
(305) 443-9353 

Association of American Railroads (AAR) 
1920 L Street, N.W. 
Washington, DC 20036 
(202) 835-9100 

Canadian Standards Association (CSA) 
178 Rexdale Blvd. 
Rexdale, Ontario 
Canada M 9 W  lR3 
(416) 744-4000 

1235 Jeff Davis Hwy. 
Arlington, VA 22202 
(703) 979-0900 

Compressed Gas Association (CGA) 

International Organization for Standardization 

(See American National Standards Institute) 

National Board of Boiler and Pressure Vessel In- 

(IS01 

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 T a k r  Ave. 
Philadelphia, PA 19120 
(2 15) 697-2000 

Pipe Fabrication Institute (PFI) 
1326 Freeport Rd. 
Pittsburgh, PA 15238 
(412) 782-1624 

Society of Automotive Engineers (SAE) 
400 Commonwealth Dr. 
Warrendale, PA I5096 
(412) 776-4841 

Superintendent of DocumentsZ 

US. Government Printing Office 
Washington, D C  20402 
(202) 783-3238 

Uniform Boiler and Pressure Vessel l a w s  Society 
(UBPVLS) 

2838 Long Beach Rd. 
Oeeanside, NY I1572 
(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 a result of agovernment regu- 
lation or a legal contract, it is essential to know 
the particular edition of the document to be used. 
It is unfortunate, 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 
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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 refers to the welding 
fabrication requirements in the AASHTO 
Standard Specifications for WeIding of Structu- 
ral Steel Highwuy Bridges and the A WS Dl.1, 
Structural Welding Code-Steel. 

used, it should be resolved before commence- 
ment of work, 

Organizations responsible for preparing 
Standard Specifications for Welding of 
Sf~’ucturd Steel Highway Bridge 

codes and standards that relate to welding are 
discussed in the following sections. The publica- 
tions arelisted 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 
categoties covered by their documents. The 
National Fire Protection Association is 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, are the U.S. Department of 
Transportation and the Departments of Trans- 
portation and Highways of the fi ty states, 

This AASHTO specification provides 
modifications to the AWS DIJ, 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 the fracture critical category. It requires that 
such members or components be fabricated to 
the required workmanship standards only by 
organizations having the 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 
also contains requirements additional to those in 
the Standard Specijhtions for Welding of 
Structurul Steel Highway Bridges. 

Washington, D.C., and Puerto Rico. The 
AASHTO specifications are prepared by com- 
mittees of individuals from the member agencies. 
These documents are the minimum rules to be 
followed by all member agencies or others in 

AMERICAN BUREAU OF SH~PP~NC 
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 Chsing 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- 
ment and registration of aclass (numerical identi- 
fication) for the ship. 

One section of the ABS Rules addresses 
welding, and is divided into the following parts: 

Part 1 - Hull Construction 
Part 2 - Boilers, Udired Pressure Vessels, 

Part 3 - Weld Tests 
The section addresses such topics as weld 

design, welding procedures, qualification testing, 
preparation for welding, production welding, 

ABS also publishes alist ofweldingconsum- 
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 supervision and approved for use under the 
ABS rules. 

AMERICAN INSTITUTE OF STEEL 
CONSTRUCTION 

The American Institute of Steel Construc- 
tion(A1SC) is a nonprofit trade organization for 
the fabricated StNCtUd steel industry in the 
United States. The Institute's objectives are to 
improve and advance the use of fabricated StNO 
turd steel through research and engineering stud- 
ies and fo develop the most efficient and 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 topie 
include the use of welding symbols and prequali- 

Piping, and Engineering Structures 

. workmanship, and inspection. 

Codes and Standards 221 

tied weld joint designs. Codes and specifcations 
that are published by AISC and other organiza- 
tions and pertain to certain aspects of StNCtUrd 
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, 
a n d  Erect ion of S t ruc tu ra l  Steel  for 
Buildings 

This document specifies, in detail, all p in-  
cipalsteps required for the construction of struc- 
tural steel buildings. It references the AWS filler 
metal specifications, and specifies the particular 
filler metal classification to 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- 
fication refers to A WS Dl .  I ,  Structural Welding 
Code-Steel for welding p r d u r e  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 AISCspecifications. Typical problems that 
may be encountered in steel construction and 
recommended solutions are presented. The weld- 
ing section provides interpretations regarding 
AISC requirements for prequalification of weld- 
ing procedures, 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 US. voluntary 
standards system; it does not develop standards 
directly. The Institute provides means for deter- 
mining the need for standards, and ensures that 
organizations competent to 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. ANSIis 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,ooO documents, en- 
compass virtually every 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 fields include 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 
a common 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 mandatoly 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 loo0 members. The standards are 
primarily developed by the member organiza- 
tions. 

AMERICAN PETROLEUM INSTITUTE 

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 presents methods for the 
production of acceptable welds by qualified 
welders using approved welding procedures, 
materials, and equipment. It also presents meth- 
ods for the production of suitable radiographs by 
qualified technicians using approved procedures 
and equipment, to ensure proper analysis of 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, Dam- 
portation of Liquids by Pipeline, of the United 
States Code of Federal Regulations. 

RP 1107, Recommended Pipeline Mainte- 
nance Welding Pracrices. The primary purpose 
of this recommended practice is safety. It coq- 
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. 

The legal authority for RP I 107 comes from 
reference to it in ASME B31.4, Liquified Peiro- 
leum Transportation Piping Systems (described 
under the American Society of Mechanical 
Engineers). The latter publication, Like APZStd 
1104, Standard for Welding Pipelines and Re- 
lated Facilities, is also referenced by Title 49, Part 
195, Tramporration of Liquidr by Pipeline, of 
the United States Code of Federal Regulations. 

Pub1942, Recommended Practice for Weld- 
ed, Plain Carbon Steel Refinery .!?quipment 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 

The American Petroleum Institute (API) 
publishes documents in all areas related to petro- 
leum production. Those documents that include 
welding requirements are discussed below. 

aqueous-phase acidic environments, such as 
moist hydrogen sulfide. 

me Guide for Inspection of Refinery Equip 
menl. This publication consists of 20 chapters 

Pipelines and Refmery Equipment 
A PI Std 1104, Standard for Welding Pipe- 

lines and Related Facilities. This standard ap- 
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and an appendix, all of which may be purchased 
separately from API. 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 
specifications and the prescribed welding proce- 
dure specifications. 

Storage Tanks for Refmery Service 
Std 620, Recommended Rules for Design 

and Construction of Lurge, Welded, Low-Pres- 
sure Siorage Tanks. These rules cover the design 
and construction of large, field-welded tanks that 
are used for storage of petroleum intermediates 
and finished products under pressure of 15 psig 
and less. 

Std 650, Welded Steel Tanks for Oil 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 Refnery 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 VI11 of the ASME Boiler and Pres- 
sure Vessel Code, or other pressure vessel codes. 

. 

Safety and Fire Protection 

Pub1 2009, Safe Practices in Gas and Elec- 
tric Cutting and Welding in 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, Repairs to Crude Oil, Liquifed 
Petroleum Gas, and Products Pipelines. This 
petroleum safety data sheet is a guide to safe 
practices for the repair of pipelines for crude oil, 

liquifed 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 
containingflammables. Thisdatasheet and PSD 
2200 are also requirements of ASME B31.4, 
Liquijied Peiroleum Transportaiion Piping 
Systems. 

AMERICAN RAILWAY ENGINEERING 
ASSOCIATION 

The American Railway Engineering Asso- 
ciation (AREA) publishes the Munuul for Rail- 
way Engineering. This manual contains specifi- 
cations, rules, plans, and instructions that 
constitute the recommended practices of railway 
engineering. Two chapters specifically cover 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. 

AMERICAN SOCIETY OF 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 Code for 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, 111, IV, 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 11, 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 
boilers used inlocomotive, portable, and traction 
service. Section III, Nuclear Power Plant Com- 
ponents addresses the various components 
required by the nuclear power industry. Secfion 
I K  Heating Boilers applies to steam heating and 
hot water supply boilers that are directly fired by 
oil, gas, electricity, or coal. Section VIIt Pressure 
Vessels covers unfired pressure vessels. 

Section II, Materiol Specifcations contains 
the specifications for acceptable ferrous and non- 
ferrous base metals, and for acceptable welding 
and brazing fdler metals and fluxes. Many of 
these specifications are identical to and have the 
samenumerical designation as ASTM and AWS 
specifications for base metals and welding con- 
sumables, respectively. Section V .  Nondestruc- 
tive Examination covers methods and standards 
for nondestructive examination of boilers and 

Section IX, Weldingand Brazing Qual$ca- 
iiomcovers the qualification of (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 
Code is 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 States and major cities ofthe USA, and also 
the Provinces of Canada A number of Federal 
agencies include the 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 

pressure vessels. 

standards. It recommends the ASMEBoilerand 
Pressure Vessel Code as the standard for con- 
struction and the Inspection Code of the National 
Boiler and Pressure Vessel Inspectors (discussed 
in afollowing section) as the 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 byjurisdic- 
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 acceptable to the authorized inspection agency 
and either the jurisdictional authority or the 
NBBPVI. Based on the recommendations to 
ASME, a code 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 unk 

Code for Pressure Piping 
The ASME 831, Code for 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 Pipingcoverspower and aux- 
iliary service systems for electric generation sta- 
tions; industrial and institutional plants: central 
and district heating plants; and district heating 
systems. 

831.2, Fuel Gas piping covers piping sys- 
t e 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 including the first pressurecontaining 
valve upstream of the gas utilization device. 

831.3, Chemical Plant and Petroleum Re- 
Jnery piping covers all piping within the p r o p  
erty limits of facilities engaged in processing or 
handling of chemical, petroleum, or related pro- 
ducts. Examples are chemical plants, petroleum 
refineries, loading terminals, natural gas process- 
ing plants (including liquefied natural gas facili- 
ties), bulk plants, compounding plants, and tank 
farms. This section applies to piping systems that 
handle allfluids, includingfluidized 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 ofthis 
section of the Code. The piping must be in plants, 
buildings, and similar facilities that are not 
otherwise within the scope of this section. 

831.4, 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 arecrude oil, condensate, natural gaso- 
line, natural gas liquids, and Liquefied petroleum 
gas. 

831.5, Refrigeration Piping applies to re- 
frigerant and brine piping for use at temperatures 
as low as -320°F, whether erected on the pre- 
mises or factory assembled. It does not include 
(1) self-contained or unit refrigeration systems 
subject to the requirements of Underwriters’ 
Laboratories or 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 Code may provide requirements for 
refigeration piping in their respective scopes. 

831.8, Gas Thansmission and DLrtribution 

Corles and Siandards I 225 

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 I 
of the ASME Boiler and Pressure Vessel Code, 
This piping requires aquality control system 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 B31.1, Power Piping. A fabricator is not 
required to provide a quality control system and 
third party inspection for the other piping sys- 
tems described previously. 

AU sections of the Code for 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 
accordancewith Section IX ofthe ASMEBoiler 
and Pressure Vessel Code, while in others it is 
optional. The use of APIStd 1104. Standardfor 
Welding Pipelines and Related Facilities or 
A WS D10.9. Specijcation for Qualification of 
Welding Procedures and Welders for 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 applicable qualifca- 
tion documents. 

AMERICAN SOCIl3Y FOR TESTING 
AND MATERIALS 

The American Society for Testing and 
Materials (ASTM) develops and publishes s p  
ifications for use in the production and testing of 
materials. Thecommittees that develop the speci- 
fications are comprised of producers and users as 
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. 

ASTMpublishesan AnnualBookofASTM 
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Stmdardr that incorporates new and revised 
standards. It is currently composed of 15 sections 
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 1 covers iron 
and steel products; Section 2, nonferrous metal 
products; and Section 3, metal test methods and 
analytical procedures. Copies of single specifica- 
tions are also available from ASTM. 

Prefix letters, which are part of each specifi- 
cation's alpha-numeric designation, provide a 
general idea of the specification content. They 
include A for ferrous metals, B for nonferrous 
metals, and Efor  miscellaneous subjects includ- 
ing examination and testing. When ASME 
adopts an ASTM specification for certain appli- 
cations, either in its entirety or in a revised form, 

tubing must pass specific tests that should result 
in failure at the welded seam ifthe welding opera- 
tion is out of control. 

Two ASTM specifications cover joints in 
piping systems. These are ASTM A422, Stand- 
ard Specijicaiion for Butt Welds in Still Tubes 
for Refinery Service, and ASTMF722, Standard 
Specifcation for Welded Joints for Shipboard 
Piping Systems. 

AMERICAN WATER WORKS 
ASSOCIATION 

The American Water Works Association 
(AWWA) currently has two standards that per- 
tain to the welding of water storage and transmis- 
sion systems. One of these standards was deve- 
loped jointly with and adopted by the American 
Welding Society. 

r -  - 
plemenW that mUSt be field welding of s te l  by the purchaser if they are desired* These may 
include vacuum treatment, additional tension 
tests, impact tests, or ultrasonic examination. 

Or product is 
responsible for compliance with all mandatory 
and s w X e d  supplementary requirements of the 

water pipe. It includes the welding of circurnfer- 
ential pipejoints as well as other welding required 
in the fabrication and installation ofspecials and 
accessories. The maximum wall thickness of pipe 
coveted by this 

The producer Of a 
is inch. 

Some codes permit the user to perform the 
tests required 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 are fabricated by welding. The largest 
group is steel pipe and tubing. Some types 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. 

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 
equal to or smaller than itsdiameter. In addition 
to welding details, this standard specifies the 
responsibilities of the purchaser and the contrac- 
tor for such items as the foundation plans, the 
foundation itself, water for pressure testing, and 
a suitable right-of-way from the nearest public 
road for on-site erection. 

no specific welding requirements in the applica- 
ble ASTM specification. The finished pipe and 

The American Welding Society (AWS) pub- 
lishes numerous documents covering the use and 
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quality control of welding. These documents 
include codes, standards, specifications, recom- 
mended practices, and guides. The general sub- 
ject areas covered are: 

(1) D e f ~ t i o n s  and symbols 
(2) Filler metals 
(3) Qualification and testing 
(4) Welding processes 
(5) Welding applications 
(6) Safety 

Defmitions and Symbols 
AWS A2.4, Symbols for Welding and 

Nondestructive Testing. This publication de- 
scribes the standard symbols used to convey 
welding, brazing, and nondestructive testing 
requirements on drawings. Symbols in this pub- 
lication are intended to facilitate communica- 
tions between designers and fabrication person- 
nel. Typical information that can be conveyed 
with welding symbols includes type of weld, joint 
geometry, weld sizeor effective throat, extent of 
welding, and contour and surface finish of the 
weld. 

A WS A3.0, Welding Terms and Oefii- 
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 consumables used with the various 
welding and brazing processes. The specifica- 
tions include both mandatory and nonmanda- 
tory provisions. The mandatary provisions cover 
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, d&p- 
tion, and intended use of thefier metals covered. 

Following is a current listing of AWS filer 
metal specifications. 

Aluminum and Aluminum Alloy Bare Weld- 
ing Rods and Electrodes. A WS A510 

Aluminum and Aluminum Alloy Covered 
Arc Welding Electrodes, AWS A5.3 

Brazing Filler MetaI (Ag, AI, Au, Co, Cu, 
Mg, and Ni alloys), A WS A5.8 

Cast Iron, Welding Rods and Covered 
Electrodes for Welding, A WS A5.15 

Consumable Inserts, A WS A530 
Copper and Copper Alloy Bare Wetding 

Rods and Electrodes, A WS A5.7 
Copper and Copper Alloy Covered &e 

trodes, A WS A5.6 
Copper and Copper Alloy Gas Wercling 

Rod,  A WS A5.27 
Corrosion-Resbtmg Chmmiwn andChrom- 

ium-Nickel Steel &Ire and Composite 
Metal Cored and Stranded Arc Welding 
EIectrodes and Welding Rod, A WS 
A5.9 

Corrosion-Resisting Chromium and Chromi- 
um-Nickel Steel Covered Electrodes. 
A WS A5.4 

Flux Cored Corrosion-Resisting Chrom- 
ium and Chromium-Nickel Steel Hee 
trodes, A WS A5.22 

iron and Steel Oxyfi l  Gas Welding R&, 
A WS A5.2 

Magnesium Alloy Welding Rods and Bare 
Electrodes, A WS A5.19 

Nickel and Nickel Alloy Bare Welding 
R o b  and Electrodes, A WS A5.14 

Nickel and Nickel Alloy Covered Welding 
Electrodes, A WS A5.11 

Steel, Carbon, Covered Arc Welding Elec- 
trodes, A WS A5.1 

Steel, Carbon, Hectrodes for Flux Cored 
Arc Welding, A WS A5.20 

Steel, Carbon, Electrodes and Fluxes for 
Submerged Arc Welding, A WS AS. 17 

Steel, Carbon, Filler Metals for Gas 
Shielded Arc Welding, A WS AX18 

Steels, Carbon and High Strength Low 
Alloy, Consumables Used for Electro- 
gas Welding oJ A WS A5.25 

Steels, Corbon and High Strength Low 
Alloy, Consumables Usedfor Hectroslag 
Welding o j  A WS A5.25 

Steel, Low Alloy, Covered Arc Welding 
Elecirodes, A WS A5.5 

&eel, Low Alloy, Elecrrodes for Flux Cored 
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Arc Welding, A WS A5.29 
Steel, Low Alloy, Electrodes and Fluxes 

for Submerged Arc Welding, AWS 
M,23 

Steel, Low Alloy, Filler Metals for Gas 
Shielded Arc Welding, A WS A528 

Surfacing Welding R o d  and Electrodes, 
Composite, A WS A5.21 

Surjbcing Welding R o h  and Electrodes, 
Solid, A WS A5.13 

Rtanium and Etanium Alloy Bare Weld- 
ing Rods and Electrodes, A WS A5.16 

nngsten Arc Welding Electrodes, A WS 
A5.12 

Zirconium and Zirconium Alloy Bare Weld- 
ing Rodr and Electrodes, A WS A5.24 

Most AWS fder metal specifications have 
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 
SFto the AWS alphanumeric designation. Thus, 
ASME SFA5.4 specification would 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 
A5.01, Filler Metal Procurement Guidelines 
provides methods for identification of filler metal 
components, classification of lots of filler metals, 
and specification of the testing schedule in pro- 
curement documents. 

The A WS A5.0, FilIer Metal Comparison 
Charts assist in determining the manufacturers 
that supply filler metals in accordance with the 
various AWS specifications and the brand names. 
Conversely, the AWS specification, classifica- 
tion, and manufacturer of a filler metal can be 
determined from the brand name. 

Qualification and Testing 
A WS B2.1, Standard for Welding Proce- 

dureand Performance Qualfication. 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. Applicable base metals are carbon 

and alloy steels, cast irons, aluminum, copper, 
nickel, and titanium alloys. 

A WS B2.2, Standard for Brazing Proce- 
dure and Performance QualiJcation. The re- 
quirements for qualifcation of brazing proce- 
dures, brazers, and brazing operators for furnace, 
machine, and automatic brazing are covered by 
this publication. It is to be used when required by 
other documents, such as 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. 

A WS D10.9, Specification for Qualfication 
of Welding Procedures and Weldersfor Piping 
and Tubing. This standard applies specifically to 
qualifications for tubular products. It covers cir- 
cumferentialgroove and fillet welds, 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 acceptance requirements, 
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 systems requiring 
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 Qualijicaiion. 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 acceptability are determined by the certify- 
ing agent alone or together with the purchaser. 

A WSB4.0, StandardMerhodr for Mechan- 
ical Testing of Welak This document describes 
the basic mechanical tests used for evaluation of 
welded joints, weldability, and hot cracking. The 
tests applicable to welded butt joints are tension, 
Charpy impact, drop-weight, dynamic-tear, and 
bend types. Tests 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 techniques and conditions, and the shear 
strength of welded joints for design purposes. 

A WS C3.2, Standard Methodfor ELaluat- 
ing the Strength of Erazed Joints in Shear. This 
standard describes a test method used to obtain 
reliable brazed joint shear strengths. For compar- 
ison purposes, specimen preparation, brazing 
practices, and testing procedures must be con- 
sistent. Production brazed joint 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 determinejoint strength. 

Processes 
AWS publishes recommended practices and 

guides for arc and oxyfuel gas welding and cut- 
ting; brau’ng; resistance welding; and thermal 
spraying. The processes and applicable docu- 
ments are listed below. 

Arc and Gas Welding and Cutling 
Air Carbon-Arc Gougingand Cutting, Rec- 

ommended Practices for, A WS (3.3 
Electrogas Welding, Recommended Prac- 

tices for, A WS C5.7 
Gas Metal Arc Welding, Recommended 

Practices for, A WS C5.6 
Gas ikgsten Arc Welding, Recommended 

Practices for, A WS C5.5 
Oxyfuel Gas Cutting, Operator’s Manual 

for, A WS C4.2 
Plasma Arc Cutting, Recommended Prac- 

tices for, A WS C5.2 
Phma  Arc WeUing, Recommended Prac- 

tices for, A WS C5.1 
Stud Welding, Recommended Practices for, 

A WS C5.4 

Brazhg 
Design, Manufacture, and Inspection of 

Critical Brazed Components, Recom- 
mended Practices for, A WS C3.3 
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R d a n c e  Wekfing 
Resistance Welding, Recommended Prac- 

tices for, A WS CI.1 
Resktance Welding Coated Low Carbon 

Steels, Recommended Practices for, 
A WS CI.3 

ThennalSprayhg 
Electric Arc Spraying, Recommended 

FIame Spraying of Ceramics, A WS C2.13 
Fused Thermal Sprayed Deposits, Rec- 

ommended Practices for, A WS C2.15 
Metallizing with Aluminum and Zinc for- 

Protection of Iron and Steel, Recom- 
mended Practices for, A WS C2.2 

Practices for, A WS C2.17 

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 D o t  

Welding, Recommended Practices for, 
AWS D8.5 

Automotive Welding Design, Recommend- 
ed Practices for, A WS 08.4 

Machinery and EqMment 
Earthmoving and Construction Equip- 

ment Specification for Welding, A WS 
014.3 

Industrial and Mill Cranes, Specification 
for Welding, A WS D14.1 

Machinery and Equipment, Class ification 
and Application of Welded Joints for, 
A WS 014.4 

Metal Cutting Machine Tool Weldments, 
Spcflcation for, A WS 014.2 

Presses and Press Components, Spec Fca- 
tion for Welding 01; A WS 014.5 

Rotating Elemenfs of Equipment, Specifi- 
cation for, A WS 014.6 
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Marine 
AIuminum Hull Welding, Guide for, A WS 

Steel Hull Welding, Guide for, A WS 03.5 
D3.7 

P@hg and Tubmg 
Aluminum and Aluminum Alloy pipe, 

Recommended Practices for Gar Shiekfed 
Arc Welding of; A WS D10.7 

Austenitic Chromium NickelStainless Steel 
Piping and Tubing, Recommended 
Practices for Wekiing, A WS 010.4 

Chromium-Molybdenum Steel piping and 
Tubing, Recommended Practices for 
Welding of; AWS D10.8 . 

Heat Treatment of W e h  in Piping and 
Tubing, Local, A WS DIO.10 

Plain Carbon Steel Pipe, Recommended 
Practices and Procedures for Welding, 
A WS D10.12 

Root Pass Welding and Gas Purging, 
Recommended Practices for, A WS 
D10.11 

Titanium Piping and Tubing, Gas 7imgsten 
Arc Welding of; A WS 010.6 

Sheel Metal 
A WS D9.1, Specijkation for Welding of 

Sheet Mela1 covers non-structural fabrication 
and erection of sheet metal by welding for heat- 
ing, ventilating, and air-conditioning systems; 
architectural usages; food-processing equipment; 
and similar applications. Where differential pres- 
sures of more than 120 inches of water (4 psig) or 
structural requirements are involved, other stan- 
dards are to be used. 

Structwal 
A WS DI.1, Structural Welding Code- 

Steel covers welding requirements applicable to 
welded structures of carbon and low alloy steels. 
It is to be used in conjunction with any comple- 
mentary code or specifcation for the design and 
construction of steelstructures. It is not intended 
to apply to pressure vessels, pressure piping, or 
base metals less than 118 in. thick. There are 
sections devoted exclusively to buildings (static 
loading), bridges (dynamicloading), and tubular 
structures. 

A WS 01.2, Structural Welding Co&- 
Aluminum addresses welding requirements for 
aluminum alloy structures. It is used in conjunc- 
tion with appropriate complementary codes or 
specifications for materials, design, and construe 
tion. The structures covered are tubular designs, 
and static and dynamic non-tubular designs. 

A WS 01.3, Specifiction for Welding Sheet 
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. 
The welding may involve connections of sheet or 
strip steel to thicker supporting structural mem- 
bers. When sheet steel is welded to primary struc- 
tural members, the provisions of A WS D1.1, 
Structural Welding Code-Steel also 

AWS 01.4, 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 welding in 
reinforced concrete construction. Welding may' 
be done in a fabrication shop or in the field. 
When welding reinforcing steel to primary struc- 
tural members, the provisions of A WS D1.1, 
Structural Welding Code-Steel also apply. 

apply. 

srdetv 
ANSIf ASC 249.1, Safety in Welding and 

Cutting was developed by the ANSI Accredited 
Standards Committee 249, 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 safety and health standards published 
by AWS include the following: 

Electron Beam Welding and Cutting, Rec- 
ommended Safe Practices for, A WS m.1 
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Evaluating Contaminants in the WeMing 
Environment, A Sampling Strategy 
Guide, A WS F1.3 

Measuring Fume Generation Rates and 
Total Fume Emission for Welding and 
Allied Processes, A WS F1.2 

Preparation for Welding and Cutting -of 
Containers and Piping mat Have Held 
Hazardous Substances, Recommended 
Safe Practices for, A WS F4.1 

Sound Level Measurement of Manual Arc 
Welding and Cutting Processes, A WS 
H.1 

Thermal Spraying, Recommended Safe 
Practices for, A WS C2.1 
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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 qualifying welders and welding procedures to 
be used are described in one appendix. A second 
appendix describes the 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 U.S. 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 arc included at the end of the 
AAR specifications. 

Section D, Trucks And W c k  Details. The 

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 specif- 
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. This specification covers the 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 
A WS D1.1, Siructural Welding Code-Steel. In 
fact, the qualification of welders and welding 
operators must be done in accordance with the 
AWS Code. 

Section C, Part I14 Specification for Tank 
Cars. Thii specification covers the construction 

: - 

. 

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- 
tions for Design, Fabrication, and Construction 
of Freight Cars, and (3) the welding requirements 
of the Specifications for Tank Cars. 

Field Manual of Association of American 
Railroads Interchange Rules 

This manual covers the repair of existing 
railway equipment. The U.S. railway network 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 specific so 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 development and also test- 
ing and certification. It is similar to ANSI in the 
United States. A CSA Certification Mark assures 
buyers that a product conforms to acceptable 
standards. 
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Examples of CSA welding documents are 

Aluminum Welding Qualijlcation Code, 
CSA W47.2 

Certification of Companies for Fusion 
Welding of Steel Structures, CSA W47.1 

Code for Safety in Wekiing and Cutting 
(Requirements for Welding Querators), 
CSA W1 X7.2 

Qualflcation Code for Welding Inspection 
Organizations, CSA W178 

Resistance Welding QuaIfication Code for 
Fabricators of Structural Members Used 
in Buildings, CSA W55.3 

Welded Aluminum Design and Workman- 
sh$ (Inert Gas Shielded Arc fiocesses) 
CSA ,9244 

Welded Steel Construction (Meral Arc 
Welding), CSA W59 

WeIding Electrodes, CSA W48 Series 
Welding of Reinforcing Bars in Reinforced 

Concrete Construction. CSA W186 

the following: 

COMPRESSED GAS ASSOCIATION 
The purpose of the Compressed Gas Asso- 

ciation (CGA) is to promote, develop, represent, 
and coordinate technical and standardization 
activities in thecompressed gas industries, includ- 
ing end uses of products, in the interest of effi- 
ciency and public safety. 

7he Handbook of Compressed Gases, pub- 
lished by CGA, k a source of basic information 
about compressed gases, their transportation, 
uses, and safety considerations, and also the rules 
and regulations pertaining to them. 

CGA C-3, Standards for Weldingand Braz- 
ing on Thin Walled Contuinersis directly related 
to the use of welding and brazing in the manufac- 
ture of DOT compressed gas cylinders. It 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: 

GI, Acerykne 

G-1.1, Commodity Specifcation for Acety- 

G-4, Oxygen 
G-4.3, Commodity Spcijkation for Oxygen 
G-5, Hydrogen 
G-5.3, Commodity Spec fication for Hydro- 

G-6, Carbon Dioxide 
G-6.2, Commodity Specflcation for Car- 

G-9.1, Commodity Specification for Helium 
G-10.1, Commodity Speciycation for Nitro- 

G-11.1, Commodity Specification for Argon 
P-9, The Inert Gases Argon, Nitrogen, and 

Safety considerations related to the gases 
commonly used in welding operations are dis- 
cussed in the following CGA pamphlets: 

P-I, Safe Handling of Compressed Gases in 

SB-2, Oxygen-Deficient Atmospheres 
SB-4, Handling Acetylene Cylinders in Fire 

lene 

gen 

bon Dioxide 

gen 

Helium 

Containers 

Situations 

FEDERAL GOVERNMENT 
Several departments of the Federal Govem- 

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. 
For example, 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 underTitle29 ofthe United 
States Code of Federal Regulations, Part 1910 
covers general industry, while Part 1926 covers 
the constructionindustry. Theseregulatbns 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 US. 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 
consensus standards incorporated by reference in 
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. It is empowered to control the 
design, fabrication, and inspection of these ships 
by Title 46 of the United Stares Code of Federal 
Regulations. 

The U.S. Coast Guard is responsible for 
performing theinspections of merchant ships, Its 
Marine Ehgineering Regulations incorporate 
references to national consensus standards, such 
as those published 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 anduse ofstandards by 
government and industry for the design, con- 
struction, and operation of safe, reliable, and 
economic nuclear energy facilities. Nationalcon- 
sensus standards, such as the ASME Boiler and 
Pressure Vessel Code, Sections iII and IX, and 
A WS DI. I ,  Structural Welding Code-Steelare 
referred to in full or in part. These standards are 
supplemented by separate program standards, 
known as RDTSfandardr. 

Military and Federal Specifications 
Military specifications are prepared by the 

Department of Defense, They cover materials, 
products, or senrics specifically for military use, 
and commercial items modified to meet military 
requirements. 

Military specifications have document desig- 
nations beginning with the prefix MIL They are 
issued as either coordinated or limitedcoordina- 
tion documents. Coordinated documents cover 
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items or services required by more than one 
branch of the military. Limited-coordination 
documents cover items or services of interest to a 
single branch. If a document is of 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. One is MILSTD-1595, 
Qual8cation of Aircraft, Mbsile, and Aerospace 
Fusion Welders. The other, MIL-STD-248, 
Welding and Brazing Procedure and Perfor- 
mance QuaIgcation, covers the requirements for 
the qualification of welding and brazing proce- 
dures; weIders; 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 specifications or 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 Mbsile Weld& Operator’s 
Qual$cation which is obsolete. However, MIL- 
T-5021 is still referenced by other current govern- 
ment specifications and contract documents. 
When so referenced, a contractor has to perform 
the technically obsolete tests required by this 
Standard. 
’ Federal Specifications are developed for 
materials, products, and services that 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 QFgroup. 

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 submission for use under the specification. In 
such cases, the testing procedure and acceptance 
criteriaaregivenin thespecification. Iftheaccep 

. tance tests pass the specification requirements, 
the material or equipment will be included in the 
applicable Qualwed Products List (QPL). 

In other specificalions, thesupplier is 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 specificaton, and must cer- 
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, Oxyaceiylene, of Built- Up 

Brazing Alloy, Copper, Copper-Zinc, and 
Metal Structures, MILE12672 

Copper-Phosphorus, QQB-650 
i Brazing Alloy, Gold, QQ-M53 

Brazing AIIoy, Silver, QQ-8654 
Brazing Alloy, 82 Gold-Id Nickel, Wire, 

Foil, Sheet and Strip, MILE47043 
Brazing Alloys, Aluminum and Magne- 

sium, Filkr Metal. QQB-6SS 
Brazing and Annealing of EIectromagnetic 

(Iron-Cobalt Alloy) Poles to Austenitic 
Stainless Steel, Process for, MILE47291 

Brazing of Steels, Copper, Copper Alloys, 
Nickel Alloys, Aluminum, and Ahrmi- 
num Alloys, MILE78838 

Brazing Sheet, Aluminum Alloy, MIL- 
E20148 

BrazingF Aluminum, Process for, MILS 
47292 

Brazing, Nickel AlIoy, General Spc@ica- 
tion for, MILS9972 

Brazing. Oxyacetylene, of k i l t -  Up Metal 
Structures, MILE12673 

Electrode, Undenvater Cutting, mukw, 

Ceramic, MS-16857 
Electrode, Welding Covered (Ausieniiic 

Chromium-Nickel Steel, for Corrosive 
and High Temperature Sewices), M I L  
E2220012 

Electrode, Welding, Bare, Aluminum AI- 
loys, MILE16053 

Electrode, Welding, Bare, Copper and Cop 
per Alloy, MILE2376513 

Electrode, Welding, Bare, High Yield Sieel, 
MILE19822 

Electrode, Welding, Bare, Solid, Nickel- 
Manganese- Chromium- Molybdenum 
Alloy Sieelfor Producing HY-130 Weld- 
ments for As- Welded Applications, 

Electrode, Welding, Carbon Steel, and Alloy 
Sfeel, Bare, Coiled, MIL-E-18193 * 

Electrode, Welding, Copper, Silicon-&- 
oxidized, Solid, Bare, MILE45829 

Hectrode, Welding, Covered, Aluminum 
Bronze, MILE278 

Electrode, Welding, Covered, Ausieniiic 
Steel (19-9 Mod9ed) for Armor Appli- 
caiions, MILE13080 

Electrode, Welding, Covered, Bronze, for 
General Use, MILE13191 

Electrode, Welding, Covered, Coated, 
Aluminum and Aluminum Alloy, 

Elecirode. Welding, Covered, Copper- 
Nickel Alloy, MIL-E22200/4 

Ekctrode, Welding, Covered, Low- Hydro- 
gen, and Iron Powdered LowHydrogen, 
Chromium-Molybdenum Alloy Steeland 
Corrosion- Resisting Steel, MIL- 
E22200/8 

ETectrode, Welding, Covered, Low Alloy 
Steel (Primarily for Aircraft and Wea- 
pons), MILE6843 

Electrode, Welding, Covered, Lnw-Hydro- 
gen, Heat-neatable Steel. MILE8697 

Electrode, Welding, Covered, Mild Steel, 

MILE-24355 

MIL-E-15597 
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QQ-E4SO 
Electrode, Welding, Covered, Molybden- 

um Alloy Steel Application, M I L E  
2220017 

Electrode, Welding, Covered, Nickel Base 
Alloy, and Cobalt Base Alloy, M I L E  
2220013 

Electrode, Welding, Mineral Covered, Iron- 
Powder, Low-Hydrogen Medium and 
High Tensile Steel, As- Welded or Stress- 
Relieved Weld Application, MILE- 

Electrode, Welding, Mineral Covered, Iron- 
Powder, Law-Hydrogen, High Tensile 
Low Alloy Steel-Heat-Treafabk Only, 
MILE2220015 

Electrode, Welding, Mineral Gwered, Low- 
Hydrogen, Chromium- Molybdenum Al- 
loy Steel and Corrosion Resisting Steel, 
MILE16589 

Electrode, Welding, Mineral Covered, Low 
Hydrogen, Medium and High Tensile 
Steel, MIL-E22200/6 

Electrode. Welding, Mineral Covered, Low- 
Hydrogen or Iron-Powder, Low-Hydro- 

. gen, Nickel-Manganese-Chromium- 
Molybdenum Alloy Steel for Producing 
HY-130 Weldments for As Welded Ap- 
plication, MILE22200/9 

Electrode, Welding, Surfacing, Iron Base 

Electrodes (Bare) and Fluxes (Granuhr), 
Submerged Arc Welding, Hlgh- Yield 
Law Alloy Steels, MILE-22749 

Electrodes and Rods - Welding, Bare, 
Chromium and Chromium-Nickel Steels, 

Electrodesand Rodr- Welding, Bare, Solid, 
General SpeciJica tion for, MILE23765 

Electrodes and Rods - Welding, Bare, 
Solid, Mild and Alloy Steel, M I L  
E2376511 

Electrodes and Rods- Welding, Bare, Solid, 
Low Alloy Steel, MILE2376212 

Electrodes, Cutting and Welding, Carbon- 

2220011 

Alloy, MIL-E19141 

MIL-BI 9933 

Graphite, Uncoafedand Copper-Coated, 

Electrodes, Welding, Covered, General 
Speci#?cation for, MIL E-22200 

&ctro&s, Welding, Mineral Covered, Iron- 
Powder, Low- Hydrogen-8 Nickel- 
Chromium-Molybdenum- Vanadium AI- 
loy Steel for Producing HY-130 Weld- 
ments to be Heat Treated, MIL-E- 

Hectroak, Welding, Mineral Covered, Law- 
Hydrogen, Iron- Powder for Producing 
HY-IW Steel Weldrnentsfor A s  Welded 
Applications, MILE;22200/ 10 

Fabrication Welding and Inspection of 
Hyperbaric Chambers and Other Critical 
Land Based Structures, MILSTD-I693 

Fabrication Welding and Inspection, and 
Cmiing Inspection and Repair for Ma- 
chinery, Piping and Pressure Vessels In 
Ships of the United States Nmy, M I L  
STD-278 

Fabrication, Welding, and Inspection of 
HFI3OSubmarine Hull, MILST.1681 

Flux, Aluminum and Aluminum Alloy, 
Gas Welding, MlLF-6939 

Flux, Brazing, Silver Alloy, Low Melting 

Flux, Galvanizing, MILF-19197 
Flux, Soldering (Stearine Compound IC- 

Flux, Soldering, Liquid (Rosin Base), 

Flux, Soldering, Paste and Liquid, OF-506 
Flux, Soldering, Rosin Bare, General Pur- 

pose, MIL-F-20329 
F X ,  Welding (For Copper-Base and Cop 

per-Nickel Alloys and Cast Iron), 

Fluxes, Welding (Compositions), Sub- 
merged Arc Process With Dpe B, Elec- 
trodes, Carbon and Low Alloy Steel 
Application, MIGF-19922 

MILE-1 7777 

22200/11 

. 

Point, OF-499 

3), MIGF-12784 

MILF-14256 

MILF-16136 
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Fluxes, Welding, Submerged Arc Process 
Carbon and Low Alloy Steel Applica- 
tion, MILF-I8251 

Rod, Welding, Copper and Copper Alloy, 

Rod, Welding, Copper and Nickel Alloy, 

Rod, Welding, High Strength, MIGR- 

Solder Bath Soldering of Printed Wiring 

Solder, Lead-l’h Alloy, MIL-S-12204 
Solder, LowMelting Point, MILS427 
Solder, Tin Alloy, Lead-% Alloy and Lead 

Soldering of Electrical Connections and 
Printed Wiring Assemblies, Procedure 
for, MILSTD1460 

Soldering of Metallic Ribbon Lead Maie- 
rials to Solder Coated Conductors. Pro- 
cess for Reflow, MIL-446880 

Soldering Process, General Spc9cation 
for, MIL-S-6872 

Soldering, Manual ope ,  High Reliability, 
Electrical and Electronic Equipment, 

MILR-19631 

Q@R-571 

47191 

Assemblies, MILS46844 

Alloy, QQ-S-571 

MIL-S-45743 
Welded Joint Design, MILSTD-22 
WeldedJoint Designs, Armored-Tank Dpe, 

MILSTD-21 
Welder Performance Qualflcation. Aero- 

space, MIL-STD-1595 
Welding and Brazing Procedure and Per- 

formance Qualflcation, MILSTD-248 
Welding of Aluminum Alloys, Process for, 

M I L  W-8604 
Welding of Armor, Metal-Arc, Manual, 

Wiih Austenitic Electrodes, for Aircrqt, 
MIL- w-41 

Welding of Electronic Cirmitv, Process 
for, MIL- W-46870 

Welding of Homogeneous Armor by Metal 
Arc Processes, MIL W-46086 (MR) 

Welding of Magnesium Alloys, Gas and 
Arc, Manualand Machine Processes for, 

Welding Procedures for Constructional 
Sleek, MIGSTD-1261 (MR) 

Welding Process and Welding hocedure 
Requirements for Manufacrure of Equip 
ment Utilizing Steel$ MtL- W-52574 

Welding Rod and Wire, Nickel Alloy High 
Permeability, Shielding Grade, M I L  W- 
47192 

Welding RorLF and Electrodes, Preparation 
for Delivery of; M I L  W-10430 

Welding Symbols (ABCA-323J Q-STD-323 
Welding Terms and Definitions (ABCA- 

Welding, Aluminum Alloy Armor, M I L  W- 

Welding, Arc and Gas, for Fabricating 

M I L  W-18326 

324) Q-STD-324 

4S2M 

Ground euipment for Rockets and. 
Guided Missiles, M I L  W-47091 

Welding, Flash, Carbon and Alloy Steel, 
MIL- W-6873 

Welding, Fhh, Standard Low Carbon 
Steel, M I L  W-62160 

Welding, Fusion, EIectron Beam, Process 
for, M I L  W-46132 

Welding, Gas Metal-Arcand Gas Tungsten- 
Arc, Aluminum Alloys, Readily Weld- 
able for Structures, Excluding Armor, 
M I L  W-45205 

Welding, Gas, SieeLr, Constructional, Readi- 
ly Weldable, for Low Stressed Joints, 
MtL-STD-I I83 

Wekiing, High Hardness Armor, MILSTD 
1185 

Welding, Metal Arc and Gas, Steelr, and 
Corrosion and Heat Resistant Alloys, 
Process for, M I L  W-8611 

Welding, Repair, of Readily Weldable Steel 
Castings (Other man Armor) MetaE 
Arc, Manual, M I L  W-13773 

Welding, Resistance, Electronic Circuit 
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Modules (Asg), M I L  W-8939 
Welding Resistance, Spot and Projection 

for Fabricating Assemblies of Carbon 
Steel Sheets, M I L  W-46154 

WeIding, Resistance, Spot andseam, M I L  
W-6858 

Welding, Resistance, Spot. Seam, and Fro- 
jection, for Fabricating Assemblies of 
Low-Carbon Steel, M I L  W-12332 

Welding, Resistance, Spot, Weldable 
Aluminum Alloys, MIL- W-45210 
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ing ar a prime means of fabrication 
I S 0  6520-1982, Chsflcation of imper$ec- 

tions in metallic fusion wel& with ex- 
planatiom 

The American National Standards Institute 
is the designated U.S. representative to ISO. I S 0  
standards and publications are available from 
ANSI. 

NATIONAL BOARD OF BOILER AND 
PRESSURE VESSEL INSPECTORS 

Welding, Spot, Inert-Gas Shielded Arc, 

Welding, Stud, Aluminum, M I L  W-45211 
Weldment, Aluminum and Aluminum 

Weldment, Steel, Carbon and Low Alloy 
(Yield Strength 30,000-60,000 psi), 

MIL W-27664 

A IIoY, M I L  W-22248 

MIL- W-21157 

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 other juris- 
dictional authorities who administer the boiler 
and pressure vessel safety laups in the various 
jurisdictions of the United States and provinces 
of Canada. 

The National Board is involved-in the 

* 

inspection of new boilers and pressure vessels. It 
maintains a registration system for use by manu- 
facturers who desire or are required by law to 

INTERNATIONAL oRCANIZAT1oN 
FOR STANDARDIZATION 

The International Organization for Stan- 
dardization (ISO) promotes the development of 
standards to facilitate the international exchange 
of goods and services. It is comprised of the 
standards-writing bodies of more than 80 coun- 
tries, and has adopted or developed over 4O00 
standards. Several of these standards are related 
to welding, The following are typical: 

ISO2401-1972, Coveredelectrodes- Deter- 
mination of the efficiency, metalrecovery 
and deposition cotflcient 

ISO3041-1975, Weldingrequirements- Cat- 
egories of service requirements for welded 
joints 

ISO3088-1975, Weldingrequirements- Fao 
tors to be considered inspecifyingrequire- 
ments for fusion welded joints in steel 
(technical influencing factors) 

ISO3834-1978, WeMing - Factors to be con- 
sidered when assessing f w m  using weld- 

' 

register the boilers or pressure vessels that they 
have constructed. The National Board k 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 code is to maintain the integ- 
rity of boilers and pressure vessels after they have 
been placed in service by providing rules and 
guidelines for inspection after installation, repair, 
alteration, or rerating. In addition, it provides 
inspection guidelines for authorized inspectors 
during fabrication of boilers and pressure vessels. 

In some states, organizations that 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 firm must qual- 
ify all weldingprocedures and welders in accord- 
ance with the ASME Boiler and Pressure Vessel 
Code, Section IX.  and the results must be 
accepted bytheinspection agency. T h e f i r n u s t  
also have and demonstrate a quality control sys- 
tem similar to, but not so comprehensive as that 
required for an ASME code symbol stamp. 

NATIONAL FIRE PROTECTION 
ASSOCIATION 

The mission of theNational Fire Protection 
Association (NFPA) is the safeguarding of man 
and his environment from destructive fire 
through the use of scientific and engineering 
techniques and education. NFPA standards are 
widely used as the basis of legislation and regula- 
tion at all levels of government. Many are refer- 
enced in the regulations of the Occupational 
Safety and Health Administration (OSHA). The 
standards are also used by insurance authorities 
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 commonly used in welding and cutting. 
Thex are: 

NFPA 50, Bulk Oxygen Systems at Con- 
sumer Sites 

NFPA 50A, Gaseous Hydrogen Systems at 
Consumer Sites 

NFPA 51, Design and Installation of Oxy- 
gen-Fuel Gas Systems for Welding and 
Cutting and Allied Processes 

NFPA 54, National Fuel Gas Code 
NFPA 58, Storage and Handling of Lique- 

Users should check each standard to seeif it 
applies to their particular situation. For example, 
NFPA 51 does not apply to a system comprised 
of a torch, regulators, hoses, and single cylinders 
of oxygen and fuel gas. Such a system is covered 

; 

fied Petroleum Gases 

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 5IB, Fire Preveniion in Use of 
Cutting and Welding Processes 

NFPA 91, Installation of Blower and Ex- 
haust @stems for h t ,  Siock, and Vapor 
Removal or Conveying 

NFPA 306, Conirol of Gas Hazard on 
Vessels to be Repaired 

NFPA 327, Cleaning Small Tanks and 
Containers 

NFPA 410, Standard on Aircrafr Mainte- 

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- 

lishes numerous documents for use by the piping 
industry. Some of the standards have mandatory 
status because they are referenced in 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, butthey aid the piping fabricator 
inmeeting the requirements of codes. Thefollow- 
ing PFI standards relate directly to welding: 

ESI, Ehd Preparation and Machined Back- 

ES7, Minimum Length and Spacing for 

ES19, Preheat and Postheat Deatment of 

nance 

ing Rings for Butt Weld 

Welded Nozzles 

Welh 
ESZI, Manual Gas Tungsten Arc Root 

Pas WeldingE)ldk?epatiandDimen- 
sional Joint and Fit Up Tolerances 

ESZ4, Welded h a d  Bearing Attachments 
to Pressure Retaining Piping Maieriah 
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ES27, Visual Examination - The Purpose, 
Meaning, and Limitation of the Term 

ES28, Recommended Practice for Welding 
of Dansition Joints Between Dissimilar 
Steel Combinations 

SOCIHT OF AUTOMOTIVE 
ENGINEERS 

Thesociety of AutomotiveEngineers(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 
Welding Electrodes, Standardfor, (A WS 
08.6) 

HS J1188, Automotive Weld QualitpResis- 
tance Spot Welding, specification for, 
(A WS D8.7) 

HS .Ill%, Automotive Rome Weld Quality 
Arc Welding, SpeciJcation for, (A WS 
m R) --.- 

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 iller metal classification or a common 
trade name follows some of the specifications, in 
parentheses, for clarification. 

ProLzsses 
2664 

2665 

Brazing-Silver, for Use up to 
8ooO F (429 C) 
Brazing-for Use Up to 4 W F  
(20.5OC) 

2666 

2667 

2668 

2669 

2670 

2671 

2672 
2673 

2675 
2680 

2681 
2685 

2689 

2690 

2694 

Fh* 
3410 
341 I 

3412 
3414 
3415 

3416 

Codes and Stanhrds I 239 

Brazing-Silver, High Temper- 
ature 
Brazing-Silver, For Flexible 
Metal Hose-6ooO F (3150 C) Max 
Operating Temperature 
Brazing-Silver, For Flexible 
Metal Hose40@ F (200" C) Max 
Operating Temperature 
Brazing-Silver, For Flexible 
Metal Hose-8W F (425O 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 Molten Flux 
(Db) 
Brazing- Nickel Alloy 
Electron Beam Welding f o r  
Fatigue Critical Applications 
Electron Beam Welding 
Welding, Metal Arc, Inert Gas, 
Nonconsumable Electrode 
(GTA W Method) 
Fusion Welding, Titanium and 
Titanium Alloys 
Welding (Parallel Gap) of Micro- 
ekctric 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, 
103lPF Fusion Point 
Flux-Aluminum Dip Brazing, 
1 W F  Fusion Point 
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3430 Paste, Copper Brazing- Water 
Thinning 

Abuninum ARoys 
4184 Wire, Brazing-10Si 4Cu (4145) 
4185 Wire, Brazing-12Si (4047) 
4188 Welding Wire 

418811 

418812 

418813 

418814 

418815 

Welding Wire, 4.5CU 0.70Ag 
0.30Mn 0.25Mg 0.25Ti 
(A2OI.O) 
Welding Wire, 4.6Cu 0.35Mn 
0.25Mg 0.221c (A206.0) 
Welding Wire, 5.0Si 1.2Cu 
0.50Mg (C355.0) 
Welding Wire, 7.0Si 0.30Mg 
(A356,O) 
Welding Wire, 7.0Sl 0.52Mg 
(357.0) 

4189 Wire, Welding-4.lSi 0.2Mg 

4190 Wire, Welding-5.2s ( M 3 )  
4191 Rod and Wire, WeIding-63Cu 

0.3Mn 0.18Zr 0.151t' 0.10V (ER 
2319) 

(4643) 

Magnesium Alloys 
4395 Wire, Welding-9Al 2Zn (ER 

4396 Wire, Welding-3.3Ce2.5ZnO.7Zr 
AZ92A) 

(ER EZ33A) 

Brazing andSo&ring Filler Meiah 
4750 
4751 

4755 
4756 
4764 

4765 

Solder- %-Lead 45Sn 55 Pb 
Solder- Tin-Lead, Eutectic, 63Sn 
37Pb 
Solder-Lead-Silver, 94Pb 5.5Ag 
Solder-97SPb 1.5Ag 131 
Brazing Filler Metal-Copper, 
5 2 3 3  38Mn 9.5Ni, 1615'-17WP 
(880" -925O C) Solidus-Liquidus 
Rrmge 
Brazing Filler Metal, Silver- 
56Ag 42Cu 2.0Ni, 142oO-164oO F 

4766 

4767 

4768 

4769 

4770 

4771 

4772 

4773 

4774 

4775 

4776 

(770' -895' C) Solidus-Liquidus 
Range (BAg-Na) 

Brazing Filler Metal, Silver- 
85Ag 15Mn, 176004780°F (9600- 

Brazing Filler Metal, Silver- 
92.5Ag 7.2Cu 0.22Li, 1435O- 
1635' F (780° -890' C) Solidus- 
Liquidus Range (BAg-19) 

L 
Brazing Filler Metal, Silver- 
35Ag 26Cu 21Zn 18Cd. 1125'- 
1295O F (605°-7000 C) Solidus- 
Liquidus Range (BAg-2) 

Brazing Filler Metal-Silver, 
45Ag 24Cd 16Zn 15Cu, 1125'- 

Liquidus Range fBAg-1) 

Brazing Filler Metal-Silver, 
50Ag 18Cd 16.5Zn 15.5Cu, 11600- 
1175'F (625'435" C) Solidus- 
Liquidus Range (BAg-1A) 

Brazing Filler Metal-Silver, 
50Ag 16Cd 15.5Zn 15.5Cu 3.0Ni, 
1125°-12950 F (63004900 C) Solid- 
us-liquidus Range (BAg-3) 

Brazing Filler Metal-Sllver, 
54Ag 40Cu 5.0Zn I.ONi, 1325O- 
1 5 W  F (72Oo-85S0 C) Solidus- 
Liquidus Range (BAg-13) 

Brazing Filler Metal, Silver, 6OAg 

720" C) Solidus-Liquidus Range 

Brazing Filler Metal, Silver, 63Ag 
28.5Cu 6.0Sn 2.5Nil 1275'-1475'F 
(69O0-8OO0 C) Solidus-Liquidus 
Range (BAg-21) 

Brazing FilIer Metal, Nickel, 73Ni 
4.5Si 1 4 0  3.IB 4.5Fe, 17900- 
197PF (975°-1075Q C) Solidus- 
Liquidus Range (BNi-1) 

Brazing Filler Metal, Nickel, 73Ni 
4.5Si l4Cr 3.18 4.5Fe. (Low Car- 

9700 C) 

1145'F (605°-6200 C) Solidus- 

3OCu lo&, 1115°-1325aF (6000- 

(BAg-18) 
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4777 

4778 

4779 

4780 

4782 

4783 

4784 

4785 

4786 

4787 

Codes and Sian&rh I 241 

bon) 1790"-19700F (975'-1075OC) 4953 Wire, Welding-5AI-2.5Sn 
Solidus-Liquidus Range (BNi-I A) 4954 Wire, Welding-6AMV 
Brazing Filler Metal, Nickel, 82Ni 4955 Wire, Welding-8Al-IMo-1 V . 
4.5Si 7.0Cr 3.IB 3.0Fe, 17800- 
18300 F (970°-10000 C) Solidus- 
Liquidus Range (BNi-2) Controlled 
Brazing Filler Metal, Nickel, 92Ni 
4.5Si 3.18, 18000-19WF (4800- c w b , , S t d  
1040" C) Solidur-Liquidus Range 
(BNi-3) 
Brazing FiIler Metal, Nickel, 94Ni 
3.5si 1.88, i ~ ~ 0 - 1 9 5 ~ ~  pap- 
1065" C) Solidus-Liquidus. Range 
(BNi-4) 
Brazing Filler Metal, Manganese, 
66Mn 16Ni Ideo 0.80B8 17700- 

Liquidus Range 
Brazing Filler Metal, Nickel, 71 Ni 
lOSi 190,  1975"-2075"F (10800- 

(BN-5) 
Brazing Filler Metal, High Tem- 
perature, 50Co 8.0Si 19Cr 17Ni 

15ff c) solidm-Liquidus Range Corrosion andHeat Redant Steek MdAUoys 
(BCO-I) 5675 Wire, Welding-7ONi 15.5Cr 7Fe 

Brazing Filler Metal, High Tem- 
perature, 5 0 ~ ~  25pd 25Ni, 20150- 5676 Wire, Welding-8ONi 2ocr 
20500F (IIMP-ll2o"C) Solidus- 5677 Electrodes, Covered Welding- 
Liquidus Range 
Brazing Filler Metal, High Tem- 5679 Wire, Welding-73Ni 15.5Cr 8Fe 
perature, 30Au 34Pd 36Ni, 2075'- 

Liquidus Range (BAu-5) (Cb+ Ta) 
Brazing Filler Metal, High Tem- 5681 Electrodes, Covered Welding- 
perature, 70Au 8Pd 22Ni, 1845'- 1 9 3 3  10.5Ni 0.60 (Cb+Ta) (B47) 

Liquidus Range 
5684 Electrodes, Covered, Alloy, Weld- 

ing-72Ni 15Cr 9Fe 2.8 (Cb+Ta) Brazing Filler Metal, High Tem- 
perature, 82Au 18Ni, 1740'F (ENiCrFe-I) (950" C) SoliducLiquidus Temper- 
ature (BAu-4) 5691 Electrodes, Covered, Steel, Weld- 

ing-18Cr 12.5Ni 2.2Mo (E316) 

4956 Wire, Welding-6AI-4K Extra 
Low Interstitial, Environment 

5027 Wire, Welding--1.05Cr O S N i  
1,OMo 0.07V (On26-Os32C), Vac- 
uurn Melted, Environment Con- 
trolled, Packaged (WAC) 

Welding-1.05 Cr 0.55Ni 
1. wr Mo 0.07V (0.34-0.40C), Vac- 
uurn Melted, Environment Con- 
trolled, Packaged (WAC) 

5029 Wlre, Welding-0.78Cr 1.8Ni 
0.35Mo 0.20V (V.33-0.38C). Vac- 
uum Melted, Environment Con- 
trolled, Packaged 

1875°F (965'-1O2S0C) Solidus- 

1135' c, solidm-Liquidus Range 5030 Wire, We]ding-bw Carbon 

5031 Welding Electrodes, Covered, 
Steel-0~07-0.15C (E6013) 

4.0W0.80B, 2058-21WF(11200- 

3.0n 2.4Mn 

75Ni I9SCr 1.6 (Cb+Ta) 

2.2 (Cb+Ta) 
21300 F (1135'-1165"C) solidus- 5680 Wire, W&ing--18.5Cr 11Ni 0.40 

19150 (1005Q~104s' ' )  5683 Wire, WeIding-75Ni 15.5Cr 

Tifanlum Alloys 
4951 Wire, Welding 

5694 Wire, Welding-27Cr 21.5Ni 
(ER3IO) 
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5695 

5774 

5775 

5776 
5777 

5778 

5779 

-. 5780 

5781 

5782 

5783 

5784 

5785 

5786 

5787 

5789 

5794 

5795 

5796 

Electrodes, Covered Welding- 
2 5 0  20Ni (E310) 
Wire, Welding--I6.5Cr 4.5Ni 
2.9Mo OJN (AM350) 
Electrodes, Welding, Covered- 
16.5Cr 4.5Ni 2.9Mo O.1N (AM- 
350) 
Wire, Welding-12.5Cr (410) 
Electrodes, Coated Welding 
Steel-12.5Cr (E410) 
Wire, Welding-72Ni 15.5Cr 2.4n 
1 (Cb+Ta) 0.7AI 7Fe 
Electrodes, Covered Welding- 
75Ni lSCr 1.5 (Cb+Ta) 1.9Ti 
0.5SAl 5SFe 
Wire, Welding-1 5.5Cr 4.5 Ni 
2.9Mo O.ION (AM3S5) 
Electrodes, Welding Covered- 
15.5Cr 4.5Ni 2.9Mo O.IN (AM- 
355) 
Wire, Welding-20.5Cr 9.ONi 
0.5OMo 1.5 W 1.2 (Cb+Ta) 0.201F 

Electrodes, Covered Welding- 
1 9 3 3  8.8Ni 0.50Mo 1.5W 1.0 
(Cb+Ta) (E349) 
Wire Welding, Corrosion and Heat 
Resbiant 2 9 0  9.5Ni (29-9) 
Electrodes, Covered Welding- 
28.SCr 9SNi (E312) 
Wire, Welding-62.5Ni 5.0Cr 
24.5Mo 5.5Fe (Hasrelloy W) 
Electrodes, Covered Welding- 
63NiSGr 24.SMo 5.5Fe (ENiMo-3) 
Wire, Welding-S4Co 25.5Cr 
10SNi 7.5 W (Stellite 31) 
Wire, Welding-31 Fe 20Cr 20Ni 

135) 
Electrodes, Covered, Welding- 
31Fe20Cr20Ni20Co3.OMo2.5W 
1.0 (Cb+Ta) (N-155) 
Wire, Welding, Alloy-52Co 20Cr 
10Ni 15W (L-605) . 

(19-9 WIMO) 

20C0 3M0 2.5W 1 (Cb+Ta) (N- 

5797 

5798 

5799 

5800 

5801 
5804 

5805 

5812 

5817 

5821 

5823 

5824 

5825 

5826 

5827 

5828 

5829 

Electrodes, Covered, Welding- 
51.5Co 20Cr IONi 15W (L605) 
Wire, Welding, Alloy-47.5 Ni 
22Cr 1.5Co 9.oMo 0.60 W 18.5Fe 
(Hastelloy X) 
Electrodes, Covered, Wdding- 
48Ni 22Cr 1.50Co 9.0hfo 0.60W 
18.5 Fe (ENiCr- Mo-2) 
Wire, Welding-54Ni 19Cr llCo 
l0M0 3.2Ti 1.5A1 0.0068 Vacu- 
um Melted (Rene 41) 
Wire, Welding-39Co 2 2 0  22Ni 
I4.5W 0.07La (Haynes 188) 
Wire, Welding-15Cr 2S.SNi 

286) 
Wire, Welding-1SCr 25.5 Ni 
1.3Mo 2.2n 0.006B 0.30V Vacu- 
um Induction Melted (A-286) 
Wire, Welding-15Cr 7.1Ni 2.4-* 
Mo 1AI Vacuum Melted(WPHl5- 
7Mo- VM) 
Wire, Welding-130 2Ni 3W 
(Greek Ascoloy) 
Wire, Welding--I2.5Cr, Ferrite 
Control Grade (410 Mod) 
Wire, Welding-11.80 2.8Ni 
l.6C0 1.8Mo 0.32V 
Wire, Welding4 7Cr 7.INi 1Al 

Wire, Welding-1633 4.8Ni 0.22 
(Cb+Ta) 3.6Cu 
Wire, Welding-1SCr 5.lNi 0.30 
(CbiTa) 3.2Cu (17-4PH) 
Elecfrodes, Welding, Covered 
Steel-16.4Cr 4.8Ni 0.22 (Cb+ 
Ta) 3.6Cu (17-4PH) 
Wire, Welding-57Ni 19.50 
13.5Co 4.2Mo 3 . ITi  1.4Al 
0.006B Vacuum Induction Melt- 
ed (Wapaloy) 
Wire, Welding-56Ni 19 .50  
18Co 2.5n 1.5AI Vacuum Induc- 

1.3M0 2.2Ti 0.006B 0.30V (A- 

(1 7-7PH) 
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tion Melted (Nimonic 90) 
5832 Wire, Alloy, Welding-52.5Ni 

1 9 0  3.0Mo 5.1 (Cb+Ta) 0.90Ti 
OSOAl 18Fe, Con. Elect. or Vac. 
Induct. Melted (718) 

5837 Wire, Welding, Alloy-62Ni 
21.5Cr 9.OMo 3.7 (Cb+Ta) (625) 

5838 Wire, Welding, Alloy-65Ni 16Cr 
15Mo 0.30AI 0.06La (Hastelloy S) 

5840 Wire, Welding-13Cr 8.ONi 
2.3Mo I.IAl, Vacuum Melted 
(PH13-8Mo) 

Low A h y  Steels 
6457 

6458 

6459 

6460 

6461 

6462 

6463 

6464 

6465 

6466 

6467 

Wire, Welding-0.95Cr 0.2OMo 
(0.28-0.33C) Vacuum Melted 
(4130) 
Wire, Welding-0.65Si 1 .250  

Vacuum Melted 
Wire, Welding-I .OCr I .OM0 
0.12V(0.18-0.23C) Vacuum Induc- 
tion Melted 
Wire, Welding-0.75Si 0.62Cr 
0.2OMo 0.lOZr (0.10-0.17C) 
Wire, Welding-0.950 0.20V 
(0.28-0.33C) Vacuum Melted 
(6130) 
Wire, Welding-0.95Cr 0.20V 
(0.28-0.33C) (6130) 
Wire, Welding-18.5Ni 8.SCo 
5.25Mo 0.72ll O.lOA1, Vacuum 
Melied, Environment Controlled 
Packaging 
Electrodes, Covered Welding- 

(E10013) 
Wire, Welding-2.OCr lONi 8.OCo 
1.0Mo 0.02Al 0.06V Vacuum 
Melted, Environment Controlled 
Packaging (HY180) 
Wire, Welding Corrosion Re- 
shtant 5.2Cr 0.55Mo (502) 
Electrodes, Covered Welding 

0.50M0 0.30 V (0.28-0.33C), 

1.5Mo 0.20V (0.06-0.12C) 

Codes and Standards / 243 

Steel-SCr 0.55Mo (BO.?) 
6468 Wire, Welding-1.0Cr lONi 3.8Co 

Vacuum Melted, Environment 
Controlled 

0.45M0 0.08V (0.14-0.17C) 

SAE Aerospace Recommended Practices 

ARP 131 7, Electron Beam Welding 
ARP 1330, Welding of Structures for 

Ground Support Equipment 
ARP 1332, Wave Soldering Practice 
ARP 1333, Nondestructive Testing of Elec 

tron Beam Welded Joints in lfranium 
Base Alloys 

of interest are: 

Unified Numbering System 
The Unified Numbering System (UNS) 

provides a method for cross referencing the dif- 
ferent numbering systems used to identify metals, 
alloys, and welding fffler metals. With UNS, it is 
possible to 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 HSJ1086/ASTM 
DS56, It cross references the metal and alloy 
designations of the fol!owing organizations and 
systems: 

AA (Aluminum Association) Numbers 
ACI (Steel Founders Society of America) 

Numbers 
AIS1 (American Iron and Steel Institute)- 

SAE (Society of Automotive Engineers) 
Numbers 

AMS (SAE Aerospace 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 Spifcations) 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, thereis 
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. 

American Iron and Steel Institute 
1OOO 16th Street N.W. 
Washington, DC. 20036 
Copper Development Association, Inca 
57th Floor, Chrysler Building 
405 Lexington Avenue 
New York, New York 10017 
Electronic Industria Association 
2001 Eye Street N.W. 
Washington, D.C. 2OOO6 
National Electrical Manufacturers Associ- , 
2101 L Street N.W. 
Washington, D.C. 20037 
Resistance Welder Manufacturers Ass&- 

1900 Arch Street 
Philadelphia, Pennsylvania 19103 

ation 

ation 

Metric Conversion Factors 
t, = 1.8 (tF - 32) 
1 lb *f/in.2 = 6.894 kPa 

Washington, D.C. 20006 1 in. = 25.4 mm 
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7 
Qualification and Certification 

INTRODUCTION 
/r' 

Most fabricating codes and standards re- 
quire qualification and certification of welding 
and brazing procedures and of welders, brazers, 
and operators who perform welding and brazing 
operations in accordance with the procedures.' 
Codes, standards, or contractual documents may 
also require that weldments or brazements be 
evaluated for acceptance by a qualified inspector. 
Nondestructive inspection of joints may be re- 
quired. It should be done by qualified nondes- 
tructive testing personnel using standard testing 
procedures. 

Technical societies, trade associations, and 
government agencies have defined quNication 
requirements for welded fabrications in codes or 
standards generally tailored for specific applica- 
tions such as buildings, bridges, cranes, piping, 
boilers, and pressure vessels. Welding procedure 
qualifcation perfomed for one code or standard 
may qualify for another code or standard pro- 
vided the qualification test results meet the 
requirements of the latter. The objectives of qua- 
lifcaion are the same in nearly all cases. Some 
codes and standards permit acceptance of pre- 

1. In the following discussion, the terms weld, welder, 
welding, and wekffng operator imply also braze, 
brazer, brazing and brazing operaror, respectively, 
unless otherwise noted. 

vious performan= qualification by welders and 
welding operators having properly documented 
evidence. 

A weldfngprocedure speclficarion (WPS) Is 
adocument that provides in detail required weld- 
ing conditions for a specific application to assure 
repeatability by properly trained welders or weld- 
ing operators. A specification normally identifies 
essential and nonessential variables. Bsential 
variablesare items in thewelding procedure spec- 
ification that, if changed beyond specified limits, 
require requalification of the welding procedure 
and either a revised or new welding procedure 
specification. Non-essential variablesareitems in 
the welding procedure specification which may 
be changed but do not affect the qualification 
status. Such changes, however, require a revision 
of the written welding procedure specification. 
Normally, a procedure specification must be 
qualified by demonstrating that joints made by 
the procedure can meet prescribed requirements. 
The actual welding conditions used to produce 
an acceptable test joint and the results of the 
qualification tests are recorded in the procedure 
qualfication record (PQR). 

Welders or welding operators are normally 
required to demonstrate their ability to produce 
welded joints that meet prescribed standards. 
T h i s  is known as welder performance qualfica- 
tion. 

The results of welding procedure or perfor- 
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mance qualification must be certified by an auth- 
orized representative of the organization per- 
forming the tests. T h i s  is known as certification. 

ASME Boiler and Pressure Vessel Code 
ANSI HI, Code for Pressure Piping 
API STD 1104, Standard for Welding 

pipelines and Related Facilities 
The codes listed above generally include 

requirements for welding procedure and perfor- CODES AND STANDARDS 
mance qualification. The ASME Boiler and 
Pressure Vessel Code specifically covers welding 
and brazing quatification in Section IX. 

, Other standards address only welding or 

Typical codes and standards2 that require 
welding qualification and sometimes brazing 
qualification are: 

A WS 01.1, Structural Welding Code - qualification. are: 
O.-A 

A WS B2. I, Welding Procedure and Per- 
fomance Qual@ation 

A WS 82.2, Brazing Procedure and Per- 
formance Qualifcation 

A WS D10.9, Specification for Qualifcation 
of Welding Procedures and WeHers 
for Piping and Tubing 

welding and &azing pro- 
Welding cedure and Performance QuaIflcation 

OlCfZ 

A WS D1.2, Structural Welding Code - 

A WS 01.3, Structural Welding Code - 
A WS 01.4, Structural Welding Code - 
Reinforcing Steel 
A WS 03.6, Specification for W e w a t e r  

Aluminum 

Sheet Steel 

A ws D9*1, ~ c i f c a t i o n f o r  MILSTbIJ95, mlification of AeroCrafi, ,,-.-P 
M C l U I  

AWS 014.1. Specifcation for Welding 
Industrial and Mill Cranes 

A WS 014.2, Specification for Metal Cut- 
ting Tool Weldments 

A WS 014.3, Specification for Earth- 
moving and Construciion Egu@ment 

A WS 014.4, Classflcation and Applica- 
tion of Welded Joints for Machinery 
and Equipment 

A WS 014.5, Specifcation for Welding of 
Presses and Press Components 

A WS 014.6, Specijication for Roiating 
Elements of Equipment 

2. Theseand othercodes and standards andiscussed in 
Chapter 6. 

Missile, &Aerospace Fusion Welders 

PROCESSES 
Qualification of procedures generally ap- 

plies to all joining processes covered by acode or 
specification. The processes include shielded 
metal arc, gas metal arc, gas tunsten arc, plasma 
arc, oxyfuel gas, electron beam, resistance, el* 
trogas, electroslag, and arc stud welding, and 
sometimes brazing. Performance qualification is 
normally required of personnel who will do 
manual, semiautomatic, and machine welding in 
production. 
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PROCEDURE SPECIFICATIONS 

ARC WELDING 
Many factors contribute to the end result of 

a weldingoperation, whether it is manual shielded 
metal arc welding of plain carbon steel or gas 
shielded arc welding of exotic heat-resisting 
alloys. It is always desirable and often essential 
that the vital elements associated with the weld- 
ing of joints are described in sufficient detail to 
permit reproduction, and to provide a clear 

.understanding of the intended practices. Gener- 
ally, proposed practices must be proved either by 
procedure qualification tests or by sufficient 
prior use and service experience to guarantee 
dependability. The purpose of a weldngproce- 
dure specijcation (WPS) is, therefore, to define 
and document in detail the variables involved in 
welding a certain base metal. Typical variables 
are welding process, joint design, fder metal, 
welding position, and preheat. To fuKffl this pur- 
pose efficiently, welding procedurespecifications 
should be as concise and clear as possible, with- 
out extraneous detail. 

Description and Details 
Two different types of welding procedure 

specifications are in common use. One is a broad, 
general type that applies to all welding of a given 
kind on a specific base metal. The other is a 
narrower, more definitive type that spells out in 
detailtheweldingofasinglesizeand typeofjoint 
in a specific base metal or part. Only the broader, 
more general type is usually required by codes, 
specifications, and contracts or by building, insu- 
rance, and other regulatory agencies. 

The narrower, more definitive type is fre- 
quently used by manufacturers for control of 
repetitive in-plant welding operations or by pur- 
chasers desiring certain specific metallurgical, 
chemical, or mechanical properties. However, 
either type may be required by a customer or 
agency, depending upon the nature of the weld- 
ing involved and the judgment of those in charge. 
In addition, the two types are sometimes com- 
bined to varying degrees, with addenda to show 
the exact details for specificjoints attached to the 
broader, more general specification. 

Arrangement and details of welding proce- 
dure specifications, as written, should be in 
accordance With thecontract or purchaserequire- 
ments and good industry practice. They should 
be sufficiently detailed to ensure welding that will 
satisfy the requirements of the applicable code, 
rules, or purchase specifications. 

Codes and standards generally require that 
the manufacturer or fabricator prepare and qual- 
ify the welding procedure specifications. They 
should list all of the welding variables such as 
joint geometry, welding position, welding pro- 
cess, base metal, fdler metal, preheat and inter- 
pass temperatures, welding current, arc voltage, 
shielding gas or flux, welding technique, and 
postweld heat treatment. 

Some codes and standards are very specific 
in defining the content of information to be 
included in a WPS. they may list specific essential 
and nonessential variables that are to be addres- 
sed. Other codes refer to the welding variables of 
a specific process that affect qualification and 
leave it to the user to determine what needs to be 
included in the WPS. 

Some fabrication codes permit the use of 
prequalifed welding procedures. Under this sys- 
tem, the manufacturer or contractor prepares a 
welding procedure conforming to the specific 
requirements of that code for materials, joint 
design, welding technique, preheat, filler mate- 
rials, etc. Weld qualification tests need not be 
made ifthe requirements are followed in detail. A 
contractor must accept responsibility for the use 
of prequalified welding p r d u r e s  in construc- 
tion when permitted to use them. Deviations 
from the requirements negate the prequaliied 
status and require quaUication by testing. A WS 
DI.1, Structural Welding Code - Steel is an 
example of a code that permits prequalied 
procedures as an alternative to testing by each 
contractor or manufacturer. 

Use of prequalifed and qualified welding 
procedures does not guarantee satisfactory pro- 
duction welds. The quality of welds must bc 
determined by the type and extent of nondestruc- 
tive testing applied during and after welding. 
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Visual, magnetic particle, liquid penetrant, ultra- 
sonic, and radiographic testing are commonly 
used on welded joints. 

Most codes permit an organization other 
than the manufacturer or contractor to prepare 
test samples and to perform nondestructive or 
destructive tests, providing the manufacturer or 
contractor accepts responsibility for the tests. 
The welding operations must beunder the direct 
supervision and control of the manufacturer or 
contractor. 

Regardless of the differences in content and 
other requirements of codes and standards, the 
WPS provides direction to the welder or welding 
operator and is an important control document. 
It should have aspecific reference number and an 
approval signature prior to release for produc- 
tion welding. Responsibility for the content, 
qualification status, and use of a WPS rests upon 
the manufacturer. 

Typical subjects that may be listed in a WPS 
are discussed below. They do not necessarily 
apply to every process or application. Also, there 
may be important variables for certain welding 
processes that are not covered. The applicable 
code or standard should be consulted. 

Scope. The welding processes, the applica- 
ble base metal, and the governing specification 
should be stated clearly. 

Base Metal. The base metal($ should be 
specified. This may be done either by giving the 
chemical composition or by referring to an appli- 
cable specification. If required, special treafment 
of the base metal before welding also should be 
indicated (e.g., heat treatment, cold work, or 
cleaning). In some cases, these factors are very 
important. A weldingprocedure that would pro- 
vide excellent results with one base metal might 
not provide the same results with another, or 
even with the same base metal treated differently. 
Thus, the fabricator should identify the base 
metal, condition, and thickness. 

Welding Process. The welding process that 
is to be used and type of operation should be 
clearly defined. 

Filler Metal. Composition, identifying type, 
or classification of the filler metal should always 
be specified to ensure proper use. Filler metal 
marking is usually sufficient for identification. In 

. 

addition, sizes of filler metal or electrodes that 
can be used when welding different thicknesses in 
different positions should be designated. For 
some applications, additional details are speci- 
fied. These may include manufacturer, type, 
heat, lot, or batch of the welding consumables. 

Marking does not always guarantee that the 
electrode is in the proper condition for welding. 
Certain types of fdler metals and fluxes require 
special conditions during storage and handling 
for satisfactory service. For example, low hydro- 
gen covered electrodes must be conditioned at 
elevated temperature to reduce moisture content. 
The welding procedureshould state such require- 
ments. 

Type of Current and Range. Whenever 
welding involves the use of electric current, the 
type ofcurrentshould bespecified. Somecovered 
welding electrodes operate with either acor dc. If 
dc is specified, the proper polarity should be 
indicated. In addition, the current range for each 
electrode size when weldingin different positions 
and for weldingvarious thicknesses of base metal 
should be specified. 

Arc Voltage and Travel Speed. For all arc 
welding processes, it is common practice to list an 
arc voltage range. Ranges for travel speed are 
mandatory for automaticwelding processes, and 
are desirable many times for semiautomatic 
welding processes. If the properties of the base. 
metal would beimpaired by excessive heat input, 
permissible limits for travel speed or bead width 
are necessary. 

Joint Design and Tolerances. Permissible 
joint design details should be indicated, as well as 
thesequence for welding. This may be done with 
cross-sectional sketches showing the thickness of 
the base metal and details of the joint, or by 
references to standard drawings or specifications. 
Tolerances should be indicated for all dimen- 
sions to avoid conditions that could prevent even 
an expert welder from producing an acceptable 
weld. 

Joint and Surjhce Preparaiion. The methods 
that can be used to prepare joint faces and the 
degree of surface cleaning required should be 
designated in the procedure specification. They 
may include oxyfuel gas, air-carbon arc, or 
plasma arc cutting, With or without surface clean- 

, 
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ing. Surface preparation may involve machining 
or grinding followed by vapor, ultrasonic, dip, or 
lint-free cloth cleaning. Methods and practices 
should conform fo the application. In any case, 
the method or practice specified for production 
work should be used when qualifying the welding 
procedure, including the use of weld spatter- 
resisting compounds on the surfaces. 

Tuck Welding. Tack welding can affect weld 
soundness, hence details concerning tack welding 
procedures should be included in the welding 
procedure specification. Tack welders must use 
the designated procedures. 

Welding Derails. All details that influence 
weld quality, in terms of the specification require- 
ments, should be clearly outlined. These usually 
include the appropriate sizes of electrodes for 
different portions ofjoints and for different posi- 
tions; the arrangement of weld passes for filling 
the joints; and pass width or electrode weave 
limitations. Such details can influence the sound- 

ness of welds and the properties of finished joints. 
Positions of Welding. A procedure specifi- 

cation should always designate the positions in 
which welding can be done. In addition, the 
manner in which the welding is to be done in each 
position should be designated (i.e., electrode or 
torch sue; welding current range; shielding gas 
flow; number, thickness, and arrangement of 
weld passes, etc,). Positions of weldingareshown 
in Figs. 7.1 through 7.4. 

Preheai and Inierpass Temperaiures. When- 
ever preheat or interpass temperatures are signif- 
icant factors in the production of sound joints or 
influence the properties of weld joints, the temper- 
ature limits should be specified. In many cases, 
the preheat and interpass temperatures must be 
kept within a well defined range to avoid degra- 
dation of the base metal heat-afkcted zone. 

Peening. Indiscriminate use of peening 
should not be permitted. However, it is some- 
times used to avoid cracking or to correct distor- 

Plates vertical; 

horlzontal 
Plates horizontal axis of weld 

e (A) Test position 1G (B) @ ’  Test position 2G 

Plates vertical; 
axis of weld 
vertical 

Plates horizontal 

(C) Test position 36 (D) Test position 46 

Fg. Z l -Pdom of test plates for groove we/& 
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Pipe horizontal and rotated. 
Weld fiat (t15°1. Deposit 

15" filler metal at or near the top. 

(AI Test position 1G 

Pipe or tube vertical and 
not rotated during welding. 
Weld horizontal (i15"). 

18) Test position 2G 

@ 15O 16' 

Pipe or tube horizontal fixed I? 15'1 and not rotated during welding. Weld flat, vertical, overhead. 

(Cl lust position 5 0  

Pipe inclined fixed 145' t5") and not rotated during 

(D) Test pusition 6G (El Test position BGR (f, I(, or Y connections) 

fig. 72-Podions of test pipe or tubing for groove wehf.. 
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Axis of weld 

Axis of weld 
horizontal ’ 

(A) Flat position 1F. 

Axis of weld vertical 
I 

Note: One plate must be horizontal 

(BI Horizontal position 2F 

Axis of weld horizont 

(C) Vertical position 3F 

Note: One plate must be horizontal 

(D) Overhead position 4F 

fig. Z3-fosittons of tesf pfates for Met wefds 

tion of the weld or base metals. If peeningis to be 
used, the details of its application and the 
appropriate tooling should be covered in the 
procedure specification. 

Heat Input. Heat input during welding is 
usually of great importance when welding heat- 
treated steels and crack-sensitive ferrous and 
nonferrous alloys. Whenever heat input can 
influence final weld joint properties, detailsfor its 
control should be prescribed in the procedure 
specification. 

Second Side Preparation. When joints are 

to be welded from both sides, the methods that 
are to be used to prepare the second side should 
be delineated in the procedure specification. 
They may include chipping, grinding, and air- 
carbon arc or oxyfuel gas gouging of the root to 
sound metal. Frequently, this preparation is of 
primary importance in producing weld joints free 
from cracks and other unsound conditions. 

Postheat Treatment. When welded joints or 
structures require heat treatment after welding to 
develop required properties, dimensional stabil- 
ity, or dependability, such treatment should be 
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(A) Test position 1F 
for flat position 
(rotated) 

(B) Test position 2F 
for horizontal position 
.[fixed) 

(D) Test position 4F 
for overhead positlon 
[fixed) 

(C) Test position 2FR 
for horizontal position 
(rotated) 

(E) Test position 5F 
for multiple position 
(fixed) 

fig. 7.&f'c&Ons of test pipes for fillet welds 

delineated in the WPS. The same heat treatment 
should be applied to all procedure qualification 
test welds. A full description of the heat treat- 
ment may appear in the WPS or in a separate 
fabrication document, such as a shop heat- 
treating procedure. 

Records. If detailed records of the welding 
of joints are required, the specific requirements 
for these records may be included in the welding 
procedure specification. 
Application 

Weldingprocedure specifications aresome- 
times required by the purchaser to govern fabri- 
cation of a given product in a fabricator's shop. 
More often, however, the purchaser will specify 
the properties desired in the weldment in accor- 
dance with a codeorspecification. The fabricator 
then develops a welding procedure that will pro- 
duce the specified results. In other cases, the 

purchaser will prescribe that the fabricator estab- 
lish and test definite welding procedure specifica- 
tions to prove that the resulting welds will meet 
certain requirements, and then follow those weld- 
ing procedures in production. 

Fonns 
Welding procedure specifications may be 

prepared in many different ways, and may be 
either quite brief or very long and detailed. Some 
codes have suggested forms which provide suffi- 
cient information but are not excessively com- 
plex. An example is shown in Fig. 7.5. Naturally, 
more complex and critical applications should 
have more detailed procedure specifications. 

BRAZING 
Brazing procedure specifications (BPS) are 

similar to fhose for arc welding except for the 
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WELDING PROCEDURE SPECIFICATION 

Material specification 
Weldlng process 
Manual or machine 
Posilion of welding 
Filler metal specification 
Filler metal classification 
Flux 
Weld metal grade' Flow rate 
Single or multiple pass 
Slngla or multiple arc 
Welding current 
Polarity - 
Welding progression 
Root treatment 
Preheat end interpass temperature 
Postheat treatment 
*Applicable only when filler metal has no AWS classification. 

lectrode 
ilze 

WELDING PROCEDURE 

Welding current I 
Amperes volts1 I Joint detail 

This procedure may vary due to fabricelion sequence, fil-up. pass size. elc., withln tha llmitation of variables given in 48. 
C. or D of AWS D1.l, (-) Structural Welding Code. 

Procedure no. 

Revision no. Authorized by 

year 

Manufacturer or contractor 

Date 

Fig. 7.5-Sample form for a welding procedure specification 
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process data. Process information may include 
but nof be restricted to the following: 

(1) Type of brazing (torch, furnace, induc- 
tion, etc.) 

(2) Brazing filler metal and fonn 
(3) Brazing temperature range 
(4) Brazing flux or atmosphere 
(5) Flow position 
(6) Method of applying fdler metal 
(7) Time at brazing fernperature 
(8) Heating and cooling rates 
Typical brazing flow positions are flat, ver- 

tical down, vertical up, and horizontal. In flat 
flow, the joint faces and capillary flow are horiz- 
ontal. In vertical down and vertical up flow, the 
joint faces are vertical and capillary flow of filler 
metal is down and up respectively. With horizon- 
tal flow, the joint faces are also vertical, but 
capillary flow of filler metal is horizontal. 

Typical codes and standards that address 
brazing qualification are A WS B2.2, Standard 
far Brazing Procedure and Performance Qual#- 
cation and Section IX, Welding and Brazing 
Qua@cation, ASME Boiler and Pressure Vessel 
Code. 

’ RESISTANCE WELDING 

Qualflcation and Certixcation I 255 

tion (temper) should also be stated, The WPS 
should include any specific cleaning require- 
ments. The above information is of great impor- 
tance because aweldingprocedure that produces 
excellent results with one base metal may not be 
satisfactory for another, or for even the same 
metal in a different condition of heat treatment 
or cleanliness. 

Joint Design 
A WPS should specify alldetails ofthejoht 

design including contacting overlap, weld spaci 
ing, type and size of projection, and other similar 
factors. 

Type and Size of Electrode 
The specification should state the type of 

electrode to be used including alloy, contour, and 
size. If plates, dies, blocks, or other such devices 
are used, properties that would affect the quality 
of welding should be specified. 

Machine Settings 
The electrode force, squeeze time, weld 

time, hold time, off time, welding speed, upset- 
ting time, and other such factors controlled by 
machine settings should be specifically pre- 
scribed in the WPS. 

, . 

The following items are ordinarily covered 
in a resistance welding procedure specification. 
Others may be depending on the weld- 
ing process. 

Weld Size 
The size of each weld or the weld strength is 

generally an acceptance criterion and should be 
specified. 

Welding Process 
A WPS should specify the specific resist- 

ance welding process to be used (i.e., spot, seam, 
flash welding, etc.) because the various processes 
are distinctly different in many respects. 

Composition and Condition of Base Metal 
The base metal to be welded should be spee 

sed either by reference to a specification or by 
chemical composition. The permissible chemical 
composition range may include base metals 
covered by more than one specification if they 
can be welded by the same procedure. Thecondi- 

Surface Appearance 
Factors such as indentation, discoloration, 

or amount of upset that affect the surface 
appearance of a weldment should bespecified. If 
these factors are not considered too important, 
they may be covered by a general requirement 
rather than by detailed requirements. 

Inspection Details 
The properties to be checked -appearance, 

strength, tightness, etc. - should be specified as 
well as the method of testing, e.g., - shear test, 
pillow test, peel test, or workmanship sample. 
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QUALIFICATION OF PROCEDURE SPECIFICATIONS 

The purpose of procedure qualification is to 
determine, by preparation and testing of stand- 
ard specimens, that welding in accordance with 
the WPS will produce sound weldsand adequate 
properties in a joint. The type and number of 
tests required by the code or standard are desig- 
nated to provide sufficient information on 
strength, ductility, toughness, or other properties 
of the joint. The essential process variables are 
specified to maintain desired properties. When 
changes are made to the procedure specification 
that affect properties of theweldedjoint, requali- 
fication is required. 

The mechanical and metaliurgical proper- 
ties of a welded joint may be altered by the WPS 
selected for the job. It is the responsibility of each 
manufacturer or contractor to conduct the tests 
required by the applicable codes and contractu- 
ral documents. It is the duty of the engineer or 
inspector to review and evaluate the results of 
such qualification tests. These qualification activ- 
ities must be completed prior to production to 
assure that the selected combination of materials 
and methods is capable of achieving the desired 
results. Qualification of welding procedures can 
be accomplished by any of the following con- 
cepts or a combination thereof. 

(I) Employment o f p r e q ~ ~ ~ ~ ~ p r o c e d u r e s .  
This concept is based on the reliability of certain 
proven procedures spelled out by the applicable 
code orspecification. Any deviation outside spec- 
ified linits voids prequalification. 

(2) Employment of standard qualfication 
tests. Standard tests may or may not simulate the 
actual conditions anticipated for a given project. 
Usually, such standard tests involve conventional 
butt joints on pipes or plates, or fdet welds 
between two plates. Base metals, welding con- 
sumables, and thermal treatments follow pro- 
duction welding plans within specific ranges. 
However, other variables, such as joint geome- 
try, welding position, and accessibility may not 
be considered essential. (See the ASME Boiler 
and Pressure Vessel Code, Section IX.) Thus, 
certain variables may bear little resemblance to 
production conditions, but must be changed by 
revision of the welding procedure specification. 

Other documents, such as API 1104, Standard 
for Welding pipelines and Related Facilities, 
require qualification tests that closely resemble 
production conditions. 

(3) Employment of mock-up tests. Mock- 
up tests should simuiate actual production condi- 
tions to the extent necessary to ascertain that a 
sound plan with proper tooling and inspection 
has been selected. Generally, welding codes do 
not require preparation of welded mock-ups or 
sample joints unless they are needed to demon- 
strate that the welding procedures will produce 
the specified joints. Preparation of mock-ups or 
sample joints may be required to satisfy contrac- 
tual conditions or to avoid problems in produc- 
tion. For the latter purpose, mock-ups can indi- 
cate the expected quality levels under difficult or 
restricted welding conditions. 

WELDING PROCEDURES 
The basic steps in the qualification of a 

(I) Preparation and welding of suitable 

(2) Testing of representative specimens 
(3) Evaluation of overall preparation, weld- 

(4) Possible changes in procedure 
(5) Approval 

Preparation of Sample Joints 
Plate or pipe samples with a representative 

welding joint are usually prepared for procedure 
qualification testing. The size, type, and thickness 
of the sample are governed by the thickness and 
type of base metal to be welded in production, 
and by the type, size, and number of specimens to 
be removed for testing. The latter are usually 
prescribed by the applicable code or specifica- 
tion. The base and filler metals and other details 
associated with welding of sample joints should 
be in accordance with the particular welding 
procedure specification that is being qualified. 

Tests of Procedure Qualification Welds 
Test specimens are usually removed from 

the sample joints for examination to determine 

welding procedure are: 

samples 

ing, testing, and end results 
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certainproperties.3The type and number of spec- 
imens removed and the test details normally 
depend upon the requirements of the particular 
application or specification. Usually, the tests 
include tensile and guided bend specimens to 

ness of a weld, and to evaluate the inspectability 
of production welds. 

(1 1) Delayed cracking tests to detect resist- 
ance to hydrogen cracking in high strength, low 
alloy steels and some other alloys. 

Recording Test Results determine strength, ductility, soundness, and 
adequacy of fusion. If only f i e t  welds are tested, 
tensile-shear tests and break or macroetch spec- Ifall requirements aresatisfactorily met, the 

may be by the codes or con- tests and examinations are entered on a Proce- 

may include: 7.6.) The PQR is certified to be accurate and to 

imens are employed, Additional tests 

tract documents to meet specific needs, These 

(1) Impact tests to determine notch tough- 
to 

details of the tests performed and the KSdtS Of & 

dure Qualification Record (PQR) (Refer to Fig- 

meet specified of a Particular code 
or ~ ~ a n d a r d  by signature of a rfwonsible in&- naS of the weld and the heat-affected 

a m h e  the risk of brittle fracture at 
temperatures. Charpy specimens ~ 

most commo~y used for such tests, but many 
other tests, including drop weight crack- 
openjngd~placement tests, are some- 
times employed. 

(2) Nick-break tests to determine weld 
soundness at randomly selected locations. 

of deposited weld metal. 

strength of f i e t  welds or clad bonding. 

vidual within the organization performing the 
qualification. Since the PQR is a certified record 
of a qualification test, it should not be revised. If 
information needs to be added later, it can be in 
the form of a supplement or attachment; records 
should not be changed by revision. 

In evaluating a welding procedure or the test 
results, applicable codes provide general gui- 

criteria. For instance, the minimum tensile 

or other discontinuities are specified by many 

. 
(3) Free bend tests to determine the ductility dance and Some amptance-rejection ' 

(4) Shear tests to determine the shear and the maximumnUmbi?rofinclusions 

(5)  Hardness tests to determine adequacy of 
heat treatment and suitability for certain service 

documents* The acceptability Of other Properties 
must be On engineering judgment. In 

conditions, Such tests may beperfomd on sur- 
faces or on cross sections of welds. 

the mechanical properties of the deposited weld 

dilution. 

general, it is desirable that the weld match the 
mechanical and metallurgical properties of the 

OdY are metal and base metal different 

different chemical compositions and mechanical 

(6) A&weld-metdtension tests t o d e t e d e  

metal with minimum influencedue to base metal 

base metal, but this iS not always possible. Not 

product forms, but they often have somewhat 

proprties. It *quires judgment to 
mechanical properties at temperatures -m- the Properties for each 

(7) Elevated temperature tests to determine 

bling service conditions. 
(8) ~~~~s~~ 

ceptibility and the ability to achieve sound welds under conditions* 
under highly rstrained conditions. 

(9) Corrosion tests to determine the proper- 
ties needed to withstand amive environments- 

(10) Nond&mctive inspection and macro- 
etch or microetch tests to determine the sound- 

individual application. This is especially impor- 
tant for service at high or low temperature, or 

Changes in a Qualified Procedure 
If a fabricator has qualified a welding 

procedure and desires at some later date to make 
a changein t h a t p r d u r e ,  it maybe n-saryto 
conduct additional qualifying tests. mOse tests 
should establish that the changed welding proce- 

3. Standard welding tests are covered in the Welding dure will produce 
Handbook, Vol. 1,7ih ed., 1976 154-219, and AWS Such requalification tests are not usually 
E4.0, Standard Methoh for Mechanical Testing of required when only m h r  details ofthe original 
WeIak. . procedure are changed, They are required, how- 

to determine crack su9- 
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WELDING PROCEDURE QUALIFICATION TEST RECORD 
PROCEDURE SPECIFICATION 

Material specificatlon 
Welding process 
Manual or machine 
Position 01 welding 
Filler metal spBcilic8tin 
Filler metal clas3ilicalion 
Weld metal grade' 
Shielding gas FIOW rate 
Single or multiple pass 
Single or multiple arc 
Welding current 
Welding progression 
Preheat temperature 
Pogtheal treatment 
Weldeh name 
'Applicable when filler metal hasno 
AWS ciassilication. 

VISUAL INSPECTION 
Appearance 
Undercut 
Piping porosity 

Test date 
Witnessed by 

GROOVE WELD TEST RESULTS 

Tensile strength. psi 
1. 
2. 

G U l W - b m d  leab (2 Wt-, 2 I-, or 4 ddr-bmd) 
Root Face 

1. 1. 
2. 2. 
Rdognphk-ullrnunlc o x a r n l ~ h  

RT report no 
UT report no. 

Minimum size multiple pass Maximum size single pa% 
Macroetch Macroetch 

L-3.- 1.-3.- 
2. - 2. - 
UEmfd-mrbl IHulon w 
Ten3il.9 strength, psi 
Yield pointktrength. psi 
Elongation in 2 In., YO 

FILLET WELD TEST RESULTS 

Laboratory test no. 

WELDING PROCEDURE 

ilectrode 
size 

Weldlng power 
speed of 

trawl Joint detail 

We, theundersigned, certify that theStatemenlsln this reCordarecorreCtand thetthetest Welds wereprepared. welded,and 
tested in accordance with the requirements of AWS Dt.1. (-)Structural Welding Code - Steel. 

Procedure no. Manufacturer or contraclor 

Ftevlsion no. Authorized by 

yeat 

Date 

Fig. I,&Sample of a procedutv qualifiation record form 
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ever, if the changes might alter the properties of 
the resulting welds. Reference should always be 
made to the governing code or specification to 
determine whether an essential variable has been 
changed. Typical procedure factors that may 
require requalification of the WPS are given in 
Table 7,l. 

BRAZING PROCEDURES 
Procedure specifications for brazing are 

qualified by brazing designated test specimens 
and evaluating the joints by appropriafe tests. 
Typical tests, applicable joints, and purposes of 

Qud@cation and Cer:@cation 259 

the tests are given in Table 7.2. The results of the 
tests are recorded on the Brazing Procedure 
Qualification Record, whichis similar to a Weld- 
ing Procedure Qualification Record. It lists the 
information on the BPS and the results of the 
appropriate tests. The record is then certifified by 
the manufacturer’s representative who witnessed 
the tests. 

RESISTANCE WELDING PROCEDURES 
A proposed welding procedure must be 

evaluated by appropriate tests to detennine 
whether joints can be welded consistently and 

~ ~~ 

Table 7.1 
Welding procedure and welder qualification variables that may require requalification 

vnrinble 
. Procedure Procedure requaliliention may be required when Welder or weldingopentor iequnlar 

calion may be required for the prae 
tice changes indicated below 

the welding practices aze changed to the extent 
[ndiented below 

Type, compo- 
sition, or pro- 
cess condition 
of the base 
material 

When the base metal is changed fo one not con- 
forming to the type, specification, or process con- 
dition qualified. Some codes and specifications 
provide lists of materials which are approximate- 
ly equivalent from the standpoint of weldability 
and which may be substituted without requalif- 
cation. 

When the thickness to be welded is outside the 
range qualified. The various codes and specifca- 
tions may differ considerably in this respect. 
Most provide for qualification on one thickness 
within a reasonable range; e.g., 3/ 16 in. to 2T, 
1/2T to 2T, 1 /2T to l.lT,etc. Some may require 
qualiftcation on the exact thickness or on the 
minimum and maximum. 

When established limits of root openings, root 
face, and included angle of groove joints are in- 
creased or decreased; Le., basic dimensions plus 
tolerances. Some codes and specifcations pre- 
scribe definite upper and lower limits for these. 
dimensions,kyond which requalificationis neces- 
sary. Others permit an increase in the included 
angle and root opening and adecrease inthe root 
face without requalification. Requalification is 
also often required when a backing orspacer strip 
is added or removed or the basic type of material 
of a baeking or spacer strip is changed. 

Usually not required, unless a marked 
change is made in the type of fffler 
metal used or covering thereon, e.g., 
ferritic to austenitic or non-ferrous 
metal; cellulosic to low-hydrogen 
type electrode covering, etc. 

When the thickness to be welded is 
outside the range qualified. 

Thickness of 
base metal 

Joint design When changing from a double-weld- 
ed joint or a joint using backing 
material to an open root or to a con- 
sumable insert joint. 
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Table 7.1 (Continued) 

Pipe diameter Usually not required. In fact, some codes permit 
procedure qualification on plate to satisfy the re- 
quirements for welding to  be performed on pipe. 

When the diameter of piping or tub 
ing is reduced below specified limits. 
It is generally recognized that smaller 
pipe diameters require more sophisti- 
cated techniques, equipment, and 
skills. 

Type of cur- Usually not required for changes in- 
rent and PO- volving similar electrodes or welding 
larity (if dc) changedelectricalcharacteristics,although some- materials adapted for the changed 

electrical characferistics. 

Usually not required for changes involving elec- 
trodes or welding materials adapted for the 

times required for change from acto dc, or vice 
versa, or from one polarity to the other. 

When electrodeclassifcationis changed or when 
the diameter is increased beyond that qualified. 

Electrode clas- 
sifcation and 
Size 

When the electrode classification 
grouping is changed and sometimes 
when the electrode diameter is in- 
creased beyond specified limits. 

Welding cur- When thecurrent isoutsideoftherangequalified. Usually not required. 
rent 

Position of 
welding 

Usually not required, but desirable. When the change exceeds the limits of 
the position@) qualified (only required 
by some codes). 

~~ 

Deposition of 
weld metal 

When a marked change is made in the manner of 
weld deposition; e.g., from asmall bead to alarge 
bead or weave arrangement or from an annealing 
pass to a no annealing p a s  arrangement, or vice 
versa 

Usually not required. 

~~ 

Preparation of 
root of weld 
for second side 
wekling 

When method or extent is changed. Usually not required. 

Preheat and 
interpass tem- 
peratures 

Postheat treat- When addingordeletingpostheatingorwhenthe Usually not required. 
ment 

When the preheat or interpass temperature is 
outside the range for which qualired. 

Usually not required. 

postheating temperature or time cycle is outside 
the range for which qualified. 

Use of spatter Usually not required, butdesirablcwhenemploy- Usually not required. 
compound, ing unproven materials. 
paint, or other 
materialon the 
surfaces to be 
welded. 

~~ 

Note: This table is shown for illustration only to indicate the general nature of code requirements governing 
qualification ofwelding procedures, welders, and operators. It cannot be used by an inspector to determine 
whether qualification is required in aspecific instance. For that information reference must be made to the 
particular code or specification applicable to the work being inspected. 

' ? f 
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the tests to be performed for qualification. Where 
qualification is in accordance with a standard, 
these requirements are 

Table 7.2 
Brazing procedure qualification tests 

Applicable Properties 
Test joints evaluated 

Tension Butt, scarf, Ultimate strength 
lap, rabbet (tension or shear) 

Guided Butt, scarf Soundness, 
bend ductility 

Bond quality, 
soundness 

Peel b P  

Testing of Specimens 
The nature of the tests to be performed will 

vary according to the service requirements of the 
completed parts. Test specimens may actually be 
subjected to real or simulated service conditions. 
More frequently, however, tests will be made to 
determine specific properties of the weld, such as 
tensile strength, shear strength, surface appear- 
ance, and soundness. 

will satisfactorily meet the service requirements 
to which they will be exposed. Because. of the 
varied nature of resistance welded products, 
qualification of resistance welding procedures is 
also vaned. Generally where the welded part is 
small in size, the procedure may be qualified by 

Evaluation of Test Results 
After testing the welded specimens, the 

results must be reviewed to determine whether 
they meet the specified requirements. If all of the 
requirements are met, the welding procedure is 
considered qualified. 

making a numbe; of finished pieces and testing 
them to desttuction under service conditions, 
either simulated or real. In other instances, welds 
can be made in test specimens that are. tested in 
tension or shear, or inspected for other prop- 
erties? 

There are three main steps-in qualifying a 
resistance welding procedure. 

Preparation of Weld Specimens 
Sample weld specimens are prepared and 

welded in accordancewith the welding procedure 
specifications to be qualified. The number, size, 
and type of samples are governed by the nature of 

. 

. 

Changes in a Qualified Procedure 
If changes become necessary in an &ab- 

lished and qualified welding procedure, it may be 
necessary to conduct additional qualifying tests 
to determine whether the modified welding pro- 
cedure will yield satisfactory results. Such quali- 
fication tests should not be required when only 
minor changes have been made in the onglnal 
procedure, but should be required when the 
changes might alter the properties of the resulting 
welds. Where a governing code or specification 
exists, reference should be made to it to deter- 
mine if requalification is required. 

* 

PERFORMANCE QUALIFICATION 
WELDER PERFORMANCE intended to be used as a guide for welding during 

actual construction, but rather to assess whether 
an individual has a required minimum level of 
skill to produce sound welds. They do not tell 
what an individual normally will or can do in 
production. For this reason, complete reliance 
should not be placed on qualification testing of 

Welder, welding operator, and tack welder 
qualification tests determine the ability of the 
persons tested to produce acceptably sound 
welds with the process, materials, and procedure 
called for in the tests. Qualification tests are not 

4. Standard tats for mistance welds are given in A WS CI.1, Recommended Pracrices for Reskrance Welding. 
Resistance welded butt joints can be evaluated by mechanical tests similar to those used for arc welded joints. 
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welders. The quality of all production welds 
should be determined by inspection during and 
following completion of the actual welding. 

Various codes, specifications, and govern- 
ing rules generally prescribe similar though fre- 
quently somewhat different methods or details 
for qualifying welders, welding operators, and 
tackers, The applicable code or specification 
should be consulted for specific details and 
requirements. The types of tests that are most 
frequently required are described below. 

Qualification Requirements 
The qualification requirements for welding 

pressure vessels, piping systems, and structures 
usually state that every welder or welding opera- 
tor shall make one or more test welds using a 
qualified welding procedure. Each qualification 
weld is tested in a specific manner (e.g., radio- 
graphy or bend tests). 

Qualification requirements for welding pres- 
sure pipe differ from those for welding plate and 
structural members chiefly in the type of test 
assemblies used. The test positions may also 
differ to some extent. As a rule, the tests require 
use of pipe assemblies instead of flat plate. Space 
restrictions may also be included as a qualifica- 
tion factor if the production work involves weld- 
ing in restricted spaces. 
Limitation of Variables 

Certain weldingvariables that will affect the 
ability of welders or welding operators to pro- 
duce acceptable welds are considered essential. 
The specific variables are called out in the appli- 
cable code. Generally, a welder or welding opera- 
tor must be requalified beforecommencing weld- 
ing to a WPS that has one or more essential 
variables for which the welder or welding opera- 
tor was not qualified by performance qualifica- 
tion. Following are examples of essential varia- 
bles from A WS DI.1, Sfructual Welding Code- 
Sfeel that require requalification of welder 
performance if changed: 

(1) Welding Process. 
(2) Filler mefal. Shielded metal arc welding 

electrodes are divided into groups and assigned 
"F"numbers. The grouping ofelectrodes is based 
essentially on those usability characteristics that 
fundamentally determine the ability of a welder 

to make satisfactory welds with all electrodes in a 
given group. 

(3) Welding position. Positions are classi- 
fied differently for plate and pipe. (See Figs. 7.1 
through 7.4.) A change in position may require 
requalification. For pipe welding, a change from 
rotated to fixed position requires requalification. 
Positions ofgroove and fdet welds as established 
by the American Welding Society are shown in 
Figs. 7.7 and 7.8 respectively. 

(4) Joint detail. A change in joint type, such 
as omission of backing onjoints welded from one 
side only, requires requalification. 

(5)  Phte thickness. Test plates for groove 
welds are generally 3/8 or 1 in. in thickness. The 
3/8-in. thickness is employed for qualifying a 
welder for Limited thickness (3/4 in. max.) and 
the 1-in. test plate for unlimited thickness. 

(6) Technique. In vertical position welding, 
for example, achange in direction of progression 
of welding requires requalification. 

Codes and specifications usually require 
that welder qualification tests be made in one or 
more of the most difficult positions to be encoun- ' 
tered in production (e.g., vertical, horizontal, or 
overhead) if the production work involves other 
than flat position welding. Qualification in a 
more difficult position may qualify for welding in 
less difficult positions (e.g., qualification in the 
vertical, horizontal, or overhead position is mu- 
ally considered adequate for welding in the flat 
position). 

Test Specimens 
Typical groove weld qualification test plates 

for unlimited thickness areshown in Figs. 7.9 and 
7.10. Thegroove weld plates for limited thickness 
qualification are essentially the same except the 
plate thickness is 3/8 in. 

Joint detail for groove weld qualification 
tests for butt joints on pipe or tubing should be in 
accordance with a qualified welding procedure 
specification for a single-welded pipe butt joint. 
As an alternative, the joint details shown in Fig. 
7.1 1 are frequently used. Consideration by some 
codes is also given to  other joint designs such as 
T-, K-, or Y-connections in pipe, and also ffflet 
and tack welds. A typical fdlet weld test plate is 
shown in Fig. 7.12. 
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Tabulation of oositions of qroove welds 
Diagram Inclination Rotation 

Position reference of axis of face 
Flat A 0' to 15' 150" to 210' 

80 to 150 
210" to 280" Horizontal B O" to 15' 
- 

0" to  80" 
O' to 280" to 360" Overhead C 

__. 

D 15" to 80" 80" to 280' r -. 
E eoo to90" O " to360 "  I .- \ 

Vertical 
I .. I 

Notes: 
1. The horlzontal reference plane Is always taken to lie beiowthe weld under consideration. 
2. The lncllnetlon of axls Is measured from the horizontal reference plane toward the verlical reference plane. 
3. Theangleof rotationof the faceisdetermined byalineperpendiculartothetheoretical faceof the weld which 
passes through theaxls of the weld. The reference posltlon (0') of rotation of the face Invariably polnts In the 
direction opposlte to that in which the axis angle increases. When looking at point P, theangleof rotation of the 
face of the weld is measured in a clockwise dlrection from the reference position (OO). 

re. 7.7-PodtiOns ofgroove weMs 
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Note: 
For groove welds in pipe the following definltlons shall apply: 
Horizontal Fixed Position: When the axis of the pipe does not deviate by more than 30° from the horizontal plane 
and the pipe isnot rotated during welding. 
Horizontal Rolled Position: When theaxisofthe pipedoesnot deviate by morethan 30Ofrom the horizontal plane. 
the pipe isrotatedduring welding, and theweldmetel isdepositedwithinan arcnottoexceed 1 soon eithersideof 
a vertical plane passing throunh the axis of the pipe. 
Vertical Postiion: Whentheaxisofthe plpedoesnotdeviatebvrnorethan lO0frornthevertical position.(The pipe 
may or may not be rotated during welding.)' 

*Positions in which the axis of the pipe deviates by more than loo and less than 60° from the vertical shall be 
considered intermediate. 

Fig. X&POslllons of fillet welds 
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Sidebend . Sidebend 

w Dimensions are in inches. 

Fig. Z9- T i t  plate for unlimited thickness- welder qualification 

' Sidebend 
specimen Dimensions are in inches. 

Fig. 7. IO-Optional t i t  plate for unlimited thickness-horriontalposition- 
welder qualification 
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110 in. man -I Suitable 4 
root opening 

1/8 in. max 

(A) Wlthout backlng (E) Wilh backlnp 

Fig 7.71-Tubular butt joint-welder qualifcah’on 

LMacroetch specimen1 
(etch interior face) 

Note: Plate thickness and dimeneions in inches are minimum 

F&. 1.72-Filet-weld-break and macroetch test plate-welder qualification 
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Groove weld qualification usually qualifies 
the welder to weld both groove and filletwelds in 
the qualified positions. Fillet weld qualification 
limits the welder to f i e t  welding in only the 
position qualified and otherspecified positions of 
less difficulty. Common type and position limits- 
tions for welder qualification are shown in Table 
7.3. 

selves to guided bend tests, In most caw,  fillet 
weld break tests or macroetch tests, or both, are 
required. 

Radiographic testing is sometimes permit- 
ted as an alternative to mechanical or other tests. 
The primary requirement for qualification is that 
all test welds be sound and thoroughly fused to 
the base metal. If the test welds meet the  res- 
cribed requirements, the welder or welding ;per- 
ator is considered qualified to weld with pro- 

All codes and specifications have definite cesses, fier a d  procedures to 
those used in the test but within prescribed 

Testing of Qualification Welds 

rules for testing qualification welds to determine 
compliance With requirements. For groove welds, 
guided bend test specimens are cut from specific 
locations in the welded plates and bent'in speci- 
fied jigs. Fillet welds do  not readily lend them- 

Qualification Records 
Responsibility for qualification of welders, 

as for qualhlcation of welding procedures, is With 

Table 73 
Welder Qualification-type and position limitations 

Type of weld and position of welding qualified' 

Qualification test Plate Pipe 

Plate or pipe 
Weld Positions** Groove Fillet Groove Fillet 

Plate-groove 1G F F, H F (Note 1) F, H 
2G F, H F, H F, H (Note I )  F, H 
3G F, H, V F, H, V F, H, V (Note I) F, H 
4G F, OH F, H, OH F 

3G & 4G All All F, H 

Plate-fillet 1F F F 
(Note 2) 2F F, H F, H 

3F F, H, V 
4F F, H, OH 

3F & 4F All 

Pipe-groove IG F F, H F F, H 
2G F, H F, H F, H F, H 
5G F, V, OH 
6G Note 3 Note 3 Note 3 Note 3 

2 0  & 5G Note 3 Note 3 Note 3 Note 3 
MiR All AU All All 

F, V, OH F, V, OH F, V, OH 

Notes: 
1. Welders qualified to weld tubulars over24 in. (600mm) in diameter withbacking or back gouging, for the 
test positions indicated. 
2. Not applicable for fiIet welds between parts having a dihedral angle (Y) of 60 degrees or lws. 
3. Qualied for all but groove welds for T-, Y-, and K-connections. 

**See Figs. 7.1 through 7.4. 
*Positions of welding: F = flat, H = horizontal, V = vertical, OH = overhead. 
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the manufacturer. After successful qualification 
of a welder or welding operator, the manufac- 
turer is required to prepare a performance quali- 
fication record that provides thenecessary details 
of qualification. The manufacturer then certifies 
the record by the affixed signature of a responsi- 
ble individual within the organization. Hence, 
the term certiped welder is sometimes referred to 
rather than qualij7ed welder. An illustrative 
record form for welder or welding operafor qual- 
ification testing is shown in Fig. 7.13. 

Duration of Qualification 
The duration of qualification for welders 

and welding operators varies from one code or 
specification to another. Onecode allows welden 
to be inactive with the welding process for three 
months and, if they have welded with another prcr 
cess, the period may be extended to six months. 
Other codes allow six months of inactivity with 
the welding process before requalification is 
required. However,qualifcation may be extended 
indefinitely if the welder or welding operator has 
welded with the process within the stated period, 
and this is documented in some way. 

BRAZER PERFORMANCE 
The purpose of brazer performance qualifi- 

cation tests is to determine the ability of brazers 
to make sound brazed joints following a brazing 
procedure specification (BPS) and under condi- 
tions that will beencountered in production appli- 
cations, Brazing operators are tested to deter- 
mine thek ability to operate machine or automatic 
brazing equipment in accordance with a BPS. 

Two standards that address brazing per- 
formance qualification are A WS 82.2, Brazing 
Procedure and Performance Qualvcation and 
Section IX, ASME Boiler and Pressure Vessel 
code. 
Acceptance Criteria 

The brazer or brazing operator is required 
to make one or more test samples using a quali- 
fied brazing procedure. Acceptance of perfor- 
mance test brazements may be based on Visual 
examination or specimen testing. Qualificaion 
by specimen testing qualifies the person to per- 
form production brazing following a BPS that 
was qualified by either specimen testing or visual 

examination. When performance qualification is 
based on visual examination alone, the person is 
permitted to make only those production braze- 
ments that will be visually inspected for accep 
tance. 

Qualification by Visual Examination 
Qualification by visual examination is done 

with a workmanship test brazement representa- 
tive of the design details of the joint to be brazed 
in production. Typical workmanship brazements 
are shown in Fig. 7.14. Thecompleted brazement 
must meet the requirements of the standard. 

Qualification by Specimen Testing 
Either a standard test brazement or a 

workmanship test brazement is used. Astandard 
test brazement may have a butt, scarf, lap, single- 
or double-spliced butt, or a rabbet joint in plate 
or pipe, as shown in Fig. 7.15, 

The test joint normally is sectioned, the 
exposed surfaces are polished and etched, and 
the brazed joint is examined at low magnification 
fordiscontinuities. Peel tests may be used in place ’ 
of macroetch tests, or vice versa, using lap joints 
or spliced butt joints. In the latter case, the splice 
plates are peeled from the specimens. The macro- 
etched cross sections or the peeled surfaces must 
meet the acceptance criteria of the appropriate 
standard. 
Qualification Variables 

Typical bradng performance qualification 
variables that may require requalification when 
changed are as follows: 

(1) Brazing process 
(2) Base metal 
(3) Base metal thickness 
(4) Brazing filler metal composition 
(5) Method of adding fffler metal 
(6) Brazing position 
(7) Joint design 
To minimize the number of brazing per- 

formance qualification tests, base metals are 
separated intogoups that havesimilar brazeabil- 
ity, Brazing fder metals are grouped according to 
similarity of composition or melting range. 
Performance Qualification Test Record 

Brazing of the test brazement and the results 
of the acceptance tests are reviewed by the person 
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WELDER AND WELDING OPERATOR (IUALIFICATION TEST RECORD 

Welder or welding operator's name 
Weldins Drocess 

Identification no. 
Manual - Semlautomatic - Machine 

(Flat, horizontal. overhead or vertical - if vertical, state whether upward or downward) 
i n  accordance with procedure specification no 
Material specification 
Dlameter and wall thickness (If pipe) -otherwise, Joint thlckness 
lhickess range this qualifies 

Speclfication no. Classification F no. 
Describe filler metal (if not covered by AWS speclfication ) 

FILLER METAL 

Is backing strip used? 
Filler metal diameter and trade name Flux for submerged arc or gas for gas metal arc or flux 

cored arc welding 

VISUAL INSPECTION 
Appearance Undercut Piping porosity 

Gulded Bent Tost Rlrults 

Type Result Type Result 

Test conducted by Laborafory test no. 
per Test date 

Flllel Teat Reaulta 
Appearance Fillet size 
Fracture lest root penetration Marcoatch 
(Describe the location, nature, and size of any crack or tearing of the specimen.) 
Test conducted by Laboratory test no. 

per Test date 
RADIOGAAPHIC TEST RESULTS 

Film Film 
ldentifi- Resuits Remarks id enti f i- Resuits Results 
cation cation 

Test witnessed by Test no. 

We, the underslgned,certifythatthestatementsin this record arecorrect and thatthewelds werapreparedand 
tested in accordance with the requirements of AWS D1.l. (-) Structural Welding Code - Steel. 

per 

year 
Manufacturer or contractor 
Authorized by 
Date 

Fig. Z lsfirnple performance qualification test recard 
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F&, 7.14-Typical workmanship test brazemenb 

(A) Bult joint (e) Scarf Jolnt 

- 

(C) Lap joint (D) Single spliced butt joint 

1 I 
I 

(E) Double lpllced bun ldnt (F) Rabbet lolnt 

Fig. 7. 1SBrazed joint designs for performance qualification 
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responsible for the test. The information is 
recorded on a Performance Qualification Test 
Record (see Fig. 7.16). 

THERMAL SPRAY OPERATORS 

NDT Level 1. LeveI 1 personnel are quali- 
fied to properly perform specific calibrations, 
specific tests, and specific evaulations according 
to written instructions and to record the results. 
They receive the necessary guidance or supeM- 

Operators of equipment for applying ther- 
mal sprayed coatings maybe qualified using the 
recommended procedures in A WS C2.16, Guide 
for m r m a l  Spray Operator and Equipment 
Qual3cation. They should be qualified for a 
specific coating proms and method of applica- 
tion. 

Initial operator qualification should consist 
of the following: 

(1) A written test covering all aspects of the 
coating process and application method 

(2) Demonstration of ability to operate the 
equipment 

(3) Testing to determine knowledge of pro- 
per masking procedures for both surface prepa- 
ration and spraying 

(4) Surface preparation of the thermal spray 
test specimens 

Test specimens should be prepared from 
alloys specified by the purchaser and agreed to by 
the certifying agent. The type and number of test 
specimens to be prepared should be specified in 
the contract documents. The testing conditions 
and results of the test should be recorded and 
certified by the representative that observed the 
tests. 

NONDESTRUCTIVE TESTING 
PERSONNEL 

Qualification ofpersonnelisoneofthemost 
important aspects of nondestructive testing. As 
in welding, qualification assures that the person 
performing the test method has proper knowl- 
edge and experience to apply the test and inter- 
pret the results. Most nondestructive testing per- 
sonnel are qualified in accordance with the 
American Society for Nondestructive Testing 
Recommended Practice No. SNT-TC-1A. This 
documetn establishes guidelines for education, 
training, experience, and testingrequirements for 
various levels of competence. The levels and the 
functions that  car^ be performed by each level are 
as foUoWs: 

sion from a certified NDT Level I1 or I11 
individual. 

NDTLeve!IZ. Level I1 personnel are quali- 
fied to set up and calibrate equipment, and to 
interpret and evaluate results with respect to 
applicable codes, standards, and specifications. 
They must (1) be thoroughly familiar with the 
scope and limitations of the method; (2) exercise 
responsibility for on-the-job training and gui- 
dance of trainees and NDT Level I personnel; 
and (3) organize and report nondestructive test- 
ing investigations. 

NDTLmeilII. Personnel certified for Level 
111 are capable of and responsible for (1) estab- 
lishing techniques; (2) interpreting codes, stand- 
ards, and specifications; and (3) designating the 
particular test method and technique to be used. 
They are accountable for the complete NDT 
operation and evaluation of results in terms of 
existing codes and specifications. It is desirable 
that they have general familiarity with all cam- 
monly used NDT methods. They may be respon- 
sible for the training and examination of Level I 
and Level 11 personnel for certification. 

WELDING INSPECTOR 
QUALIFICATION 

The American Welding Society conducts 
examinations to determine the proficiency of 
welding inspectors and associate welding inspec- 
tors in accordance withA WS QCI, Standardfor 
Qualfieation and Cert@cation of Weiding Inspec 
tors. The objective ofthe welding inspector quali- 
fication and certification program is to verify the 
knowledge of welding inspectors who may be 
required to inspect weldments or welded pro- 
ducts in accordance with codes or other specified 
requirements. 

The examinations are designed to require a 
level of knowledge that can be determined by 
standardized tests, and do not necessarily reflect 
the level of competence required for each and 
every code or specification used in the welding 
fabrication field. Employers must recognize their 
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Performance Qualillcalion Test Record 

Name Ident. 

Date BPS No. 

Brazing Process Brazer Operator 0 

Te8t Erazement 

Base Metal ident. BM No. BM Thickness 

Filler Metal Ident. FM No. FM Feed Method - 
Test Position Joint Type 

Other 

Test Results 

Visual 

Macroetch or Peel 

Specimen 
No. Remarks 

Qualifled For 

Pass Fall 

Pass Fai i 

Brazing Process Position 

BM No. BM Thickness 

FM No. BM Feed Method 

Joint Type 

The above named individual Is qualified in accordance with the American Welding Society Standard for 
Brazing Procedure and Performance Qualification, AWS 82.2-84. 

Date 

Signed 
Qualifier 

fig. Z16-T’al brazer performance test record 
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responsibility for additional training and educa- 
tion of their welding inspectors when needed to 
satisfy current production needs and the require- 
ments of new standards and specifications. 

A certified welding inspector (CWl) must be 
able to perform inspections and verify that the 
work and records conform to the applicable 
codes and specifications. A certified associate 
welding inspector (CAWI) performs inspections 
under the direction of a CWI. However, the CWI 
is responsible for determining if weldments con- 
form to workmanship and acceptance standards. 

The applicants must have specified min- 
imum visual, educational, and work qualifiica- 
tions directly related to weldments fabricated to a 
code or specification. The applicant’s work e x p  
riencemust include one or more of the fdlowing: 

(1) Design of weldments 

Qual$cation and Certflcation I 273 

(2) Production welding 
(3) Inspection of welds 
(4) Repair of welds 
Candidates are also required to pass written 

tests covering the following: 
(1) One of four specified codes and specifi- 

cations 
(2) Principles of welding, nondestructive 

testing, materials, heat treatment, and other 
fundamentals 

(3) Practical application of welding in- 
spection 

Upon successful completion of the exami- 
nation, the American Welding Society issues a 
certificate to the applicant. Certification must be 
renewed every three years. This may be done by 
re-examination or by meeting certain require- 
ments for renewal without examination. 

STANDARDIZATION OF QUALIFICATION REQUIREMENTS 

The primary reason for standardization in 
any field is economics, in particular as it affects 
the consumer. Standardization in the field of 
welding qualification is an outstanding example 
of the savings that may be made through stand- 
ardization. Increasing concern for the protection 
of consumer interest makes it imperative that 
standards be developed on avoluntary consensus 
basis with all affected interests represented. 

Most welding qualification standards have 
only minor differences, but now require separate 
qualification for each. The resulting duplication 
of effort and cost in the fabrication and constmc- 
tion industries is highly undesireable, and results 
in significant increases in cost to the consumer 
with no related benefits. 

The American Welding Society has respond- 

ed in the field of welding qualification in several 
programs. The Welding Inspecfor QualifiMtion 
and Certification program is one example of 
standardization of qualification that is receiving 
recognition and acceptance by industry and 
government agencies. The two general qualifica- 
tion standards, A WS B2.1, Standard for Weld- 
ing Procedure and Perfrmance Qualfication 
and A WS 82.2, Standardfor Brazing Procedure 
and Petfornumce qualfication, are designed to 
provide single standards to replace several differ- 
ent standards that contain similar rules for quali- 
fication of procedures and performance. 

Metric Conversion Factor 
1 in. 25.4 mm 
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Weld Quality 

INTRODUCTION 

MEANING OF WELD QUALITY competitive, and safety dictates the avoidance of 
To enable a weldment (or brazement) to 

have the required reliability throughout its life, it 
must have a sufficienf level of quality orfitness 
for purpose. Quality includes design considera- 
tions, which means that each fabricated weld- 
ment should be 

(1) Adequately designed to meet the in- 
tended service for the required life. 

(2) Fabricated with materials and welds in 
accordance with the design concepts. 

(3) Operated and maintained properly. 
Quality is a relative term, and it is unneces- 

sary and in fact often costly to have higher qual- 
ity than is needed for theapplication. Thus, qual- 
ity levels can be permitted fo vary among dif- 
ferent weldments and individual welds, depending 
on service requirements. 

Weld quality often is taken narrowly as the 
level of geometric type imperfections in a weld, 
but it should also include other features such a 
hardness, composition, and toughness, all of 
which contribute to the fitness for purpose of a 

potential injury fo personnel or extensive dam- 
age to plant and equipment. 

The majority of the codes and standards' 
governing welded fabrications define the quality 
requirements for welded construction to insure 
reasonably safe operation of the structure. The 
code or standard requirements are to be consi-, 
dered minimums, and the acceptance cnteriafor 
welds should not be encroached upon without 
sound engineering judgement. For critical appli- 
cations, more stringent requirements than those 
specified in the code or standard may be nects- 
sary to ensure safety. 

The criteria for weld acceptance revolve 
around examination of welds, generally by non- 
destructive means, for deviations from acepta- 
ble standards. All deviations are evaluated and 
the acceptance or rejection of a weld is usually 
based on well defined conditions. Repair of non- 
acceptable or defective conditions is normally 
permitted to bring the quality up to acceptance 
standards. Many codes and standardsrelating to 
weld quality do not govern product usage, and 
leave maintenance of the fabrication or product 

amplify, or impose additional weld quality stan- 
dards to insure that the product will exceed the 

Weld quality, while often difficult to define 
precisely, is often governed by codes, standards, 

WGIU. 

Of the required quality to give the to the User. It is the user who must modifr, desired reliability primarily depends on thepos- 
siblemodes of failure under the service conditions. 

of a weldment. It underlies all of the fabrication 
and inspection steps necessary to ensure a welded 
product that will be capable of serving the 

Weld quality relates directly to the integrity minimum requirements. 

intended function for the desired life. Both eco- 
nomics and Safety influence weld ~Onsid- 
erations. Economics require that a product be 

1. Codes and standards are discussed in Chapter 6 of 
this volume. 

216 
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or regulations based on rational assessments of 
economics and safety. The documents may be 
modified by the user to reflect additional con- 
cerns of usage related to safety or economics, or 
both. h other cases, a p t a b l e  weld quality 
must be defined by design engineering or the 
customer. Welds ate examined in regard to size, 
shape, contour, soundness, and other features. 
Thus, at  the heart of weld quality is the under- 
standing of the occurrence, inspection: and elim- 
ination or repair of any defects. 

SELECTION OF WELD QUALIN 
Determination of the overall quality require- 

ments for a weldment is a major consideration 
involving design teams and quality groups. Spec- 
ifying excessive quality can lead to high costs 
with no benefits, while reduced quality in weld- 
ments can result in high maintenance costs and 
excessiveloss of service. Thus, the aim is to spec- 
ify features which lead tofitness forpurpose. 

Fortunately, valuable guidance is provided 
in codes and specifications which often indicate 
allowable stress levels, properties, and disconti- 
nuities in weldments. These standards are based 
on experience, and they have proven to be safe. 

Quality selection also involves considera- 
tion of those major factors that can be analyzed 
by fracture mechanics (discussed later), and a 
number of other factors. The main factors are as 
follows: 

(1) Service Conditions 
(a) Stress level. Appropriate section sizes 

must be used to ensure that stress levels are not 
excessive. 

(b) Nature of sfress. Under dynamic or 
cyclic loading, particularly where the cycles 
exceed IO4, fatigue must be considered. 

(c) Working temperature. Low and high 
temperatures require design for brittle fracture 
and creep, respectively. 

(d) Corrosion and wear. 
(2) Material Properzies. Material of suitable 

strength, toughness, corrosion mistance, and 

2. Inspection methods and procedures for detecting 
discrepancies in welded and brazed joints are discussed 
in Chapter 9 of this Volume. 

other relevant properties must beselected to suit 
the design. Also, the fabricator must use practices 
that do not lower material properties below 
acceptable levels, e.g., cold and hot forming, 
postweld heat treatment, excessive or insufficient 
heat inputs. 

(3) Geometric Irnpevections. The design 
must limit geometric imperfections to ensure that 
they do not cause cracking or leakage. The fabri- 
cator must use practices which avoid them in the 
weldment. 

(4) Risk of Defects Arising. Possibility of 
defects is high when difficult-to-weld materials 
are welded in awkward positions or on site where 
quality control is usually less reliable. 

(5) Risk of Defects Not Being Detected. 
Fillet welds are normally difficult to assess inter- 
nally, as are other welds where inspection will be 
limited. 

(6) m e  ConsequencesofFailure. Wherethe 
likelihood of failure is high, higher quality and 
increased inspection may be needed. Consequen- 
ces increase with 

’ 

(a) Size of weldment 
(b) Storedenergy (high potential energy 

in tall towers, pressure vessels, dam gates, etc; 
high kinetic energy in moving trains, ships, etc.) 

(c) Location wirh respect to people 
(d) Loss ofproduction (A simple boiler 

tube failure may require little repair effort but 
production loss is costly.) 

Finally, the basis for selection of overall 
quality is a combination of design, fabrication, 
and testing which will provide the lowest total 
cost over the full life of the weldment. Least 
initial cost, least weight, least welding, least 
imperfections, etc, taken individually, should 
not be a basis for quality selection. 

Optimum cost quality is based on (1) costs 
of design, materials, fabrication, quality assur- 
ance, and money; (2) cos@ of possible failure 
multiplied by the probability of failure; and (3) 
service costs (including maintenance). Thus, the 
purchaser should realize that the lowest fabrica- 
tion costs may not represent the lowest total 
COSts. 
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TERMINOLOGY 

The necessity for uniform understanding of 
quality and inspection requirements of weld- 
ments and brazements has resulted in themodifi- 
cation of standard definitions for certain terms 
to incorporate special meanings pertaining to 
welded joints.3 Several important defdtions 
follow, 

Discontinuity. An interruption of the typi- 
cal structure of a weldment such as a lack of 
homogeneity in the mechanical, metallurgical, or 
physical characteristics of the material or weld- 
ment. A discontinuity is not necessarily a defect. 

Flaw. A near synonym for discontinuity, 
but with connotation of undesireability. 

Defect. One or more discontinuities that by 
nature or accumulated effect render a part of 
product unable to meet minimum applicable 
acceptancestandards or specifmtions. This term 
designates rejectability. 

Arcstrike. A discontinuity consisting of any 
localized remelted metal, heat-affected metal, or 
change in the surface profile of any part of a weld 
or base metal resulting from arc impingement. 

Bum-through..A shop term indicating a 
hole through the weld metal in a single pass weld. 

Crack. A fracture-type discontinuity char- 
acterized by a sharp tip and high ratio of length 
and width to opening displacement. 

Fissure. A small crack-like discontinuity 
with only slight separation (opening displace- 

ment) of the fracture surfaces. The prefixes 
macro or micro may be used to indicate relative 
sue. 

Inadequate jointpenerration. Joint penetra- 
tion which is less than that specified. 

Zncomplere fmion. Fusion which is less than 
complete. 

OverIap. The protrusion of weld metal 
beyond the toe, fa=, or root of the weld. 

Porosity. Cavity type discontinuities formed 
by gas entrapment during weld solidification. 

Shrinkage void. A cavity type discontinuity 
normally formed by shrinkage during solidifi- 
cation. 

Slag inclusion. Nonmetallic solid material 
entrapped in weld metal or between weld metal 
and base metal. 

Undercur. A groove melted into the base 
metal adjacent to the toe or root of a weld, and 
left unfilled by weld metal. 

UnderfilI. A depression on the face of the 
weld or root surface extending below the surface 
of the adjacent base metal. 

Defective weld. A weld containing one or 
more defects. 

Acceptable weld. A weld that meets all the 
design and service requirements and the accep- 
tance criteria prescribed by the welding code or 
specifications, or the contractual documents, or 
both. 

DISCONTINUITIES IN FUSION WELDED JOINTS 

CLASSIFICATION lurgical, and design related. Table 8.1 lists those 
discontinuities usually considered in each of the 
three major groups. The discontinuities so listed 
should not be considered rigorously assigned to a 
group because they may have secondary origins 

Discontinuities in fusion welded joints may 
be generally classified info three major groups, 
namely process and procedures related, metal 

in other groups. The process and procedure 
related and design related discontinuities reflect, 
for the most part, those that alter, raise, or 
amplify stresses in a weld or the heat-affected 

3. Refer to AWS ~ 3 . 0 ,  welding and Delni- 
lions, latest edition, published by the American Weld- 
ing Society. 
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zone. Some metallurgical discontinuities may 
vary the local stress distribution, but those con- 
nected with the microstructure may also change 
the properties of the metal and provide metallur- 
gical notch effects. 

~~ 

Table 8.1 
Classification of weld joint discontinuities 

Welding Process and Procedures Related 
A. Geometric 

Misalignment 
Undercut 
Concavity or convexity 
Excessive reinforcement 
Improper reinforcement 
Overlap 
Bum-through 
Backing left on 
Incomplete penetration 
Lack of fusion 
Shrinkage 
Surface irregularity 

Arc strikes 
Siag inclusions 
Tungsfen inclusions 
Oxide films 
Spatter 
Arc craters 

B. Other 

Metallurgical 

Hot 
Cold or delayed 
Reheat, stress-relief, or strain-age 
Lamellar fearing 

Spherical 
Elongated 
Worm-hole 

A. Cracks or fissures 

B. Porosity 

C. Heat-affected zone, microstructure alteration 
D. Weld metal and heat-affectedzonesegregation 
E. Base plate laminations 

A. Changes in section and other stress concen- 

B. Weld joint type 

Design Related 

trations 

Discontinuities should not only be charac- 
terized as to their nature but also as to their 
shape, that is whether they are essentially planar 
or are three dimensional. Planar types, such as 
cracks, laminations, incomplete fusion, and in- 
adequate joint penetration, generally have more 
pronounced stress amplification effects than three 

dimensional discontinuities. Therefore, the fol- 
lowing characteristics of discontinuities should 
always be considered: 

(1) Size 
(2) Acuity or sharpness 
(3) Orientation with respect to the principal 

working stress and residual stresses 
(4) Location with respect to the weld and to 

the exterior surfaces of the joint 
Discontinuities oriented or positioned where 

stresses tend to enlarge them are more detrimen- 
tal than those that are not so posifioned. Also, 
surface or near surface discontinuities may be 
more detrimental than similarly shaped, internal 
discontinuities. 

MATERIAL AND PROCESS RELATED 
DISCONTINUITIES 

Certain discontinuities found in welded 
joints are related to specific welding processes 
while others are related to a particular type of 
base metal or filler metal, or both. Slag inclusions 
are generally associated with shielded metal arc, 
flux cored arc, submerged arc, and electroslag 
welding. Tungsten inclusions result from im- 
proper gas tungsten arc welding practices. Hy- 
drogen-induced cold cracking and lamellar tear- 
ing are only found in steel weldments. Hot 
cracking may take place in many types of weld 
and base metals. 

Weld discontinuities that may be encoun- 
tered with a specific welding process are dis- 
cussed in the appropriate process chapter in 
Volumes 2 and 3 of this Handbook(7th Edition). 
Likewise, discontinuities associated with a spe- 
cifc base metal are covered in the appropriate 
chapter in Volume 4 of this Handbook. 

. 

LOCATION AND OCCURRENCE 
OF DlSCONTlNUlTfB 

Discontinuities may be found in the weld 
metal, the heat-affected zone, and the base 
metal of weldments. Thecomrnon weld discon- 
tinuities, general locations, and specific occur- 
rences are presented in Table 8.2 

The discontinuities listed in Table 8.2 are 
depicted in butt, lap, corner, and T-joints in 
Figs. 8.1 through 8.6. Where the list indicates 
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Table 8.2 
Common types of fusion weld discontinuities 

Depiction on 
Type of discontinuity Figs. 8.1-8.6 h a t i o n ’  Remarks 

Porosity 
Uniformly scattered 
Cluster 
Linear 
Piping 

Inclusions 
Slag 
Tungsten 

Incomplete fusion 

Inadequate joint penetration 

Undercut 

Underfill 

Overlap 

Laminations 

Delamination 

Seams and laps 

Lamellar tears 

Cracks (includes hot cracks 
and cold cracks) 

Longitudinal 

Transverse 

Crater 
Throat 
TOe 

Root 
Underbead and heat- 

Fissures 

affected zone 

la 
l b  
IC 
Id 

2a 
2b 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12a 

12b 

12c 
12d 
12e 

12f 

1% 

W 

W 

W 

W 

BM 

W 

W 

BM 

BM 

BM 

BM 

W, HAZ 

W, HAZ, BM 

W 
W 
HAZ 

W 
HAZ 

W 

Weld only, as discussed herein 

At joint boundaries or between passes 

Root of weld preparation 

Junction of weld and base metal at 
surface 

Outer surface of joint preparation 

Junction of weld and base metal at 
surface 

Base metal, generally near mid- 

Base metal, generally near mid- 

Base metal surface almost always 

Base metal, near weld HA2 

thickness of section 

thickness of section 

longitudinal 

Weld or base metal adjacent to weld 

Weld (may propagate into HAZ and 

Weld, at point where arc is terminated 
Weld axis 
Junction between face of weld and 

Weld metal, at root 
Base metal, in HA2 

fusion boundary 

base metal) 

base metal 

Weld metal 

a. W-weld, BM-base metal, HAZ-heat-affected zone 
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that a discontinuity is generaly located in the 
weld, it may be expected to appear in almost any 
type of weld. However, there are exceptions. For 
example, tungsten inclusions are only found in 
welds made by the gas tungsten arc welding pro- 
cess, and macrofasum normally occur only in 
electroslag and electrogas welds. 

Weld and base metal discontinuities of spe- 
cifc types are more common when certain weld- 
ingprocessesandjointdetailsa~used.Table8.3 
indicates the types of discontinuities normally 
encountered With various welding processes. 
High restraint and limited access to portions of a 

Weld QwIity 287 

weld joint may result in higher than normal inci- 
dence of weld and base metal discontinuities with 
a particular welding process. 

Each general type of discontinuity is dis- 
cussed below. The term fusion type discontinuity 
is sometimes used inclusively to describe slag 
inclusions, incomplete fusion, inadequate joint 
penetration, and similar generally elongated dis- 
continuities in weld fusion. Many codes consider 
fusion type discontinuities less critical than cracks. 
However, some codes specifically prohibit cracks 
as well as incomplete fusion and partial joint 
penetation. Spherical discontinuities, almost 

Table 8.3 
Discontinuities commonly associated with welding processes 

Type of discontinuity 

Inadequate 
Slag Incomplete joint 

Welding process Porosity inclusions fusion penetration Undercut Overlap Cracks 

Stud welding 
Plasma arc welding 
Submerged arc welding 
Gas tungsten arc welding 
Gas metal arc welding 
Flux cored arc welding 
Shielded metal arc welding 
Carbon arc welding 

Resistance spot welding 
Resistance seam welding 
Projection welding 
Flash welding 
Upset welding 
Percusion welding 

Oxyacetylene welding 
Oxyhydrogen welding 
Pressure gas welding 

Cold welding 
Diffusion welding 
Explosion welding 
Forge welding 
Friction welding 
Ultrasonic welding 

Electron beam welding 
Laser beam welding 
Electroslag welding 
Induction welding 
Thermit welding 

X 
X 
X 
X 
X 
X 
X 

X 
X 
X 

X 
X 
X 

X 

X 
X 

X X 
X 

X X 
X X 
X X 
X X 

X 
X 
X 
X 
X 
X 

X 
X 
X 

X 
X 
X 
X 
X 
X 

X 
X 

X X 
X 

X X 

X ~~ 

X X 
x x  X X 

X X 
X X x x  
X X x x  
X X x x  

x x  X X 

X 
X 

X 
X 
X 
X 
X 
X 

X 
X 
X 

X 
X 

X 

X X 
X 

X X x x  
X 
X 
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always gas pores, can occur anywhere within the 
weld. Elongated discontinuities may be encoun- 
tered in any orientation. Specificjoint types and 
welding procedures have an effect on the type, 
location, and incidence of discontinuities. When 
the welding process,joint details, restraint of the 
weldment, or a combination of these have an 
effect on the discontinuities to be expected, the 
controlling conditions are described below. 

FUSION WELD DISCONTINUITIES 
Porosity 

Porosity is the result of gas being entrapped 
in solidifying weld metal. The discontinuity is 
generally spherical, but may be elongated. Poros- 
ity will be present in a weld if the welding tech- 
nique, materials used, or condition of the weld 
joint preparation promote gas formation and 
entrapment. If the molten weld metal cools 
slowly and allows all gas to rise to the surface 
before solidification, the weld will be virtually 
free of porosity. 

Unformly scattered porosity may be dis- 
tributed throughout single pass welds or through- 
out several passes of multiple pass welds. When- 
ever uniformly scattered porosity is encountered, 
the cause is generally faulty welding technique or 
defective materials, or both. 

CIuster porosity is a localized grouping of 
pores that may result from improper initiation or 
termination of the welding arc. 

Linear porosity may be aligned along (1) a 
weld interface, (2) the root of a weld, or (3) a 
boundary between weld beads. Linear porosity is 
caused by gas evolution from confaminants 
along a particular boundary. 

Pipingporosity is a term for elongated gas 
pores. Piping porosity in fitlet welds normally 
extends from the root of the weld toward the 
face. When one or two pores are seen in the 
surface of the weld, it is likely that many subsur- 
face piping pores are interspersed among the 
exposed pores. Much of the piping porosity 
found in welds does not extend to the surface. 
Piping porosity in electroslag welds may be rela- 
tively long. 

Inclusions 
Slag inchrrions are nonmetallic solid mate- 

rial entrapped in the weld metal or between the 
weld metal and the base metal. They may be 
present in welds made by most arc welding pro- 
cesses. In general, slag inclusions result from 
faulty welding techniques, improper access to the 
joint for welding, or both. With proper welding 
techniques, molten slag will float to the surface of 
the molten weld metal. Sharp notches in joint 
boundaries or between weld passes often result in 
slag entrapment in the weld metal, 

Tungsten inclusionr are particles trapped in 
weld metal deposited with the gas tungsten arc 
welding process. These inclusions maybe present 
in a weld if the tungsten electrode is dipped into 
themolten weld metal, orifthe weldingcurrent is 
too high and causes melting and transfer of 
tungsten droplets into the molten weld metal. 
Tungsten inclusions appear as light anxs on 
radiographs because tungsten is more dense than 
the surrounding metal and absorbs larger, 
amounts of x-rays or gamma radiation. Almost 
all other weld discontinuities are indicated by 
dark areas on radiographs. 

Incomplete Fusion 
Incomplete fusion in a weld results from 

incorrect welding techniques, improper prepara- 
tion of the materials for welding, or wrong joint 
design. Welding conditions that contribute to 
incomplete fusion include insufficient welding 
current and lack of aocess to all faces of the weld 
joint that should be fused during welding. With 
certain metals, the weld metal may fail to fuse 
with the base metal even though the joint faces 
have been melted because of the presence of 
tightly adhering oxides. This condition indicates 
improper preweld cleaning. 

Inadequate Joint Penetration 
When the joint penetration is less than the 

specified amount, it is considered inadequate for 
the application. Technically, this discontinuity 
may only be present when the welding procedure 
specification requires penetration of the weld 
metal beyond the original joint preparation. 
When the weld fails to penetrate an area of the 
weld joint that depends on penetradon for 
fusion, the unpenetrated and unfused area is a 
discontinuity described as inadequatejoint pene- 
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tration. Inadequate joint penetration may result 
from insufficient welding heat, improper joint 
design (too much metal for the welding arc to 
penetrate), or poor control of the welding arc. 
Somewelding processes have much greater pene- 
trating ability than others. Many designs call for 
backgouging of the first weld of double groove 
welds to insure that there are no areas of inade- 
quate joint penetration. 

Undercut 
Visibleundercut is generally associated with 

either improper welding techniques or excessive 
welding currents, or both. It is generally located 
parallel fo the junction of weld metal and base 
metal at the toe or root of the weld. Undercut 
discontinuities create a mechanical notch at the 
weld interface. If examined carefully, all welds 
have some undercut. Often the undercut may 
only beseen in metallographic tests whereetched 
weld cross sections are examined under magnif- 
cation. When undercut is controlled within the 
limits of the specifications and does not consti- 
tute a sharp or deep notch, it is usually not 
considered a weld defect. 

The term undercut is sometimes used in the 
shop to describe melting away of the groove face 
of a joint at the edge of a layer or bead of weld 
metal. It forms a recess in the joint face where the 
next layer or bead of weld metal must fuse to the 
base metal. If the depth of fusion at  this location 
is too shallow when the next layer of weld metal 
is applied, voids may be left in the fusion zone. 
These voids would be identified as incomplete 
fusion. This type of undercut is usually associated 
with incorrect manipulation of the welding elec- 
trode while depositing a weld bead or layer next 
to the joint face. 

Underfiil 
Underfidl results simply from the failure of 

the welder or welding operator to fi the joint 
with weld metal as called out in the welding 
procedure specification or on the design drawing. 
Normally, the condition is corrected by adding 
one or more additional layers of weld metal in the 
joint prior to subsequent prmsing.  

Overlap 
Overlap is usually caused by incorrect weld: 
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ing procedures, wrong selection of welding mate  
rials, or improper preparation of the base metal 
prior to welding. If tightly adhering oxides on the 
base metal interfere with fusion, overlap will 
result along the toe, face, or root of the weld. 
Overlap is asurface-connected discontinuity that 
forms a severe mechanical notch parallel to the 
weld axis. 

Cracks 
Cracks will occur in weld metal and base 

metal when localized stresses exceed the ultimate 
strength of the metal. Cracking is generally asso- 
ciated with stress amplification near discontinui- 
ties in welds and base metal, or near mechanical 
notches associated with the weldment design. 
Hydrogen embrittlement often contributes to 
crack formation in steel. Plastic deformation at 
crack edges is very limited. 

Cracks can be classified as either hot or cord 
cracks. Hot cracks develop at elevated tempera- 
tures. They commonly form during solidification 
of the metal at temperatures near the melting 
point. Cold cracks develop after solidification of 
a fusion weld as a result of stresses. Such cracks 
insteelaresometimescalled deluyedcrucks when 
they are associated with hydrogen embrittle- 
ment. Hot cracks propagate between the grains 
while cold cracks propagate both between grains 
and through grains. 

Cracks may be longitudinal or transverse 
depending on their orientation with respect to the 
weld axis. Longitudinalcracks are parallel to the 
axis of the weld regardless of location in the weld 
metal or the heat-affected zone. 

i%roat cruch run longitudinally in the face 
of the weld extending toward the root of the 
weld. They are generally, but not always hot 
cracks. Root cracks also run longitudinally but in 
the root of the weld. They are generally hot 
cracks. 

Longitudinalcracks in automaticsubmerged 
arc welds are commonly associated with high 
welding speeds, and are sometimes related to 
internal porosity. Longitudinal cracks in small 
welds between heavy sections are often the result 
of high cooling rates and high restraint. 

Transverse cracks are nearly perpendicular 
to the axis of the weld. They may be limited in 
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size and completely within the weld metal, or 
they may propagate from the weld metal into the 
adjacent heat-affected zone, but not farther into 
the base metal. Transverse cracks are generally 
the result of longitudinal shrinkage strains acting 
on weld metal of low ductility. 

Crurer cracks are formed by improper ter- 

tant factor in the quality of the weld metal pro- 
duced, Any change that varies the gas shielding 
will affect the weld. An example ofsuch achange 
is a difference between the shielding at the arc 
when a weld pass is being deposited at the bottom 
of a narrow groove, compared to that during 
deposition of the top layer of the same weld. 

mination of a welding arc. They are usually shal- 
low hot cracks and sometimes are referred to as 
star cracks when they form a stiir-like cluster. 

Toe cracks are generally cold cracks that 
initiate approximately normal to the base mate- 
rial surface and then propagate from the foe of 
the weld where residualstresses are higher. These 
cracks are generally the result of thermal shrink- 
age strains acting on a weld heat-affected zone 

Improvement in weld bead appearance is usually 
obtained by changing the welding conditions, 
such as polarity or arc length, 

It is important to eliminate surface pores 
because they can result in slag entrapment or 
other discontinuities. When sound welds are the 
goal, it is not safe to assume that pores will be 
eliminated when the next layer of weld mefal is 
deposited. Surface pores should be removed by 

that has been embrittled. Toe cracks sometimes 
m u r  when the base metal cannot accommodate 
the shrinkage strains that are imposed by 
welding. 

Underbead cracks are generally cold cracks 

chipping or grinding before deposition of suc; 
d i n g  layers. 

Orher Suvace Irregularities. Varying width 
of the surface layers, depressions, variations in 
height of reinforcement, nonuniformity of weld 

that form in the heat-affected zone. They are 
generally short and discontinuous, but may 
extend to form a continuous crack. Underbead 
cracking can occur when three elements are pres- 
ent: (1) hydrogen in steel, (2) a relatively brittle 
microstructure, and (3) high residual stresses. 
These cracks are usually found at regular inter- 
vals under the weld metal, and do  not extend to 
the surface. Therefore, they cannot be detected 
by visual methods of inspection, and may be 
difficult to locate by other inspection methods. 

F h r e s  are crack-like separations of small 
or moderate size along infernal grain boundaries. 
They can occur in fusion welds made by most 
welding processes, but they are easier to see in 

ripples, and other surface irregularities may not 
be classified as weld discontinuities. However, 
they are a part of the weld. Surface irregularities 
may not af€ect the integrity of a completed weld, 
but they frequently are covered by specification 
requirements and subject to inspection. 

Magnetic disturbances, poor welding tech- 
nique, and improper electrical conditions can 
account for certain surface irregularities. Such 
conditions might be caused by lack of experience, 
inaccessibility to the weld joint, or other factors 
peculiar to a specific job. Generally speaking, 
surface appearance reflects the ability and expe- 
rience of the welder, and presence of surface 
irregularities may be deleterious. Welds with uni- 

electroslag welds because of the larger grain shes 
in the weld. The separations can be either hot or 
cold cracks. Their effects on the performance of 
welded joints are the same as cracks of similar 
sizes in the same locations and orientations. 

form surfaces are desireable for structural as well 
as visual reasons. 

A fillet weld with poor surface appearanceis 
shown in Fig. 8.7. A satisfactory weld is shown in 
Fig. 8.8. Acceptable weld surfacesare bestjudged 
with workmanship samples. 

Surface Irregularities 
BASE METAL FLAWS Surface Pores. Occcasionally, welding con- 

ditions cause porestoformin thefaceoftheweld 
bead. The pattern can vary from a single pore 
every few inches to many pores per inch. The 
gases shieldingthedroplets ofmoltenfdler metal 
inthe arcand the molten weld pool are an impor- 

Not all discontinuities are a result of 
improper welding procedures. Many difficulties 
with weld quality may be attributed to the base 
metal. Base metal requirements may be defined 
by applicable specifications or codes. Departure 
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%ig. 8e~-Single-pass horizontal fillet weld with poor surface appearance caused by 
improper welding technique 

Fig, &8-.%glee-pass horizontal fillet weld produced with the proper welding technique 

from these requirements should be considered 
cause for rejection. 

Base metal properties that may not meet 
prescribed requirements include chernical sorn- 
position, cleanliness, laminations, stringers, sur- 
face conditions (scale, paint, oil), mechanical 

properties, and dimensions. The inspector should 
keep factors such as these in mind when trying to 
determine the causes of indications in welded 
joints that have no apparent cause. Several flaws 
that may be found in base metal arealso shown 
in Figs, 8.1 through 8.6. 

... 
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Laminations Laps and Seams 
Laminations in plate and other mill shapes 

are flat and generally elongated discontinuties 
found in the central zone of wrought products. 
Laminations may be completely internal and 
only detectable nondestructively by ultrasonic 
tests, or they may extend to an edge or end where 
they may be visible at the surface. They may also 
be found when cutting through or machining 
edges or ends of components. 

Laminations are formed when gas voids or 
shrinkagecavities inan ingot arc flattened during 

h p s  and seams are longitudinal flaws at the 
surface of the base metal that may be found in 
hot-rolled mill products. When the flaw is paral- 
lel to the principal stress, it is not generally a 
critical defect; if perpendicular to applied or 
residual stresses, or both, it will often propagate 
as acrack, Seams and laps are surface connected 
discontinuties. However, their presence may be 
masked by manufacturing proceses that have 
subsequently modified thesurface of a mill pro- 
duct. Welding over seams and laps can cause 

hot working operations. They generally run 
parallel to thesurfaces of rolled prdducts, and are 
most commonly found in mill shapes and plates. 
Some laminations are partially welded together 
during hot rolling operations. Tight laminations 

cracking. Seams and laps are harmful for appli- 
cations involving welding, heat treating, or upset- 
ting, and in certain components that will be sub- 
jected to cyclic loading. Mill products can be 
produced with special procedures to control the 

‘ will sometimes conduct sound across the inter- 
face, and therefore may not be detectable by 
ultrasonic tests. Metals containing laminations 
often cannot be relied upon to carry tensile stress 
in the through-thickness direction. 

Delamination in the base metal may occur 
when laminations are subject to transverse 
stresses. The stresses may be residual from weld- 
ing or they may result fromextemal loading. De- 
lamination may be detected visually at  the edges 
ofpieces or by ultrasonictestingwithlongitudinal 
waves through the thickness. Delaminated metal 
should not be used to transmit tensile loads. 

Lamellar Tears 
Some rolled structural shapes and plates are 

susceptible to acracking defect known as lamel- 
lar leuring. Lamellar tears are generally terrace- 
like separations in base metal typically caused by 
thermally-induced shrinkage stresses resulting 
from welding. Lamellar tearing, a form of frac- 
ture resulting from high stress in the through- 
thickness direction, may extend over long dis- 
tances. The tears take place roughly parallel to 
the surface of rolled products. They generally 
initiate either in regions having a high incidence 

presence of laps and seams. Open laps and seams 
can be detected by penetrant and ultrasonic 
inspection methods, while those tightly closed 
may not be revealed during inspection. 

Arc strikes 
Striking an arc on base metal that will not 

be fused into the weld metal should be avoided. A 
small volume of base metal may be momentarily 
melted when the arc is initiated. The molten 
metal may crack from quenching, or a small 
surface pore may form in the solidified metal. 
Thesediscontinuities may lead to extensive crack- 
ing in service. Any cracks or blemishes caused by 
arc strikes should be ground to asmooth contour 
and reinspected for soundness. 

DIMENSIONAL DISCREPANCIES 
The production of satisfactory weldments 

depends upon, among other things, the mainte- 
nance of specified dimensions, whether these be 
the size and shape of welds or finished dimen- 
sions of an assembly. Requirements of this 
nature will be found in the drawings and specifi- 
cations. Departure from the requirements in any 

of coplanar, stringer-like, nonmetallic inclusions 
or in areas subject to high residual (restraint) 
stresses, or both.Thefractureusually propagates 
from one lamellar place to another by shear 
along planes that are nearly normal to the rolled 
Surface. procedure. 

respect should be regarded as dimensional dis- 
crepancies that, unless a waiver is obtained, must 
be corrected before acceptance of a weldment. 
Dimensional discrepancies can be largely avoided 
if proper controls are exercised in the welding 
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Warpage 
Warpage or distortion is generally con- 

trollable by the use of suitable jigs, welding 
sequences, or presetting of joints prior to weld- 
ing. T h e  exact method employed will be dictated 
bythesizeandshapeofthepartsas wellas bythe 
thickness of the metal. 

Incorrect Joint Preparation 
Established welding practices require 

proper dimensions for each type of joint geome- 
try consistent with the base metal composition, 
the welding process, and the thickness of the base 
metal. Departure from the required joint geome- 
try may increase the tendency to produce weld 
discontinuities. Therefore, actual joint prepara- 
tion should be that described in the applicable 
specifications, and be within specified limits. 

welds can be corrected by adding one or more 
weld passes. Oversize fillet welds are not harmful 
iftheydonotinterferewithsubsequent assembly. 
However, they are uneconomical and can cause 
excessive distortion. 

Groove We&. The size of a groove weld is 
the joint penetration, which is equal to the depth 
of the joint preparation plus root penetration. 
Underfiied groove welds can be repaired by 
adding additional passes. 

Repair of inadequate joint penetration de- 
pends upon the requirements of the joint design. 
When the weld is required to extend completely 
through the joint, repair may be made by back- 
gougingto sound metal from the backside and ap- 
plying a second weld. When only partial joint pen- 
etration is required or the back side of the weld is 
inaccessible, the weld must be removed and the 
joint rewelded using a modified welding proce- 
dure that will provide the required size of weld. Joint Misalignment 

The term misalignment is often used to 
denote the amount of offset or mismatch across a 
butt joint between members of equal thickness. 
Many codes and specifcations limit the amount 
of allowable offset becaw misalignment can 
result in stress raisers at the toe and root of the 
weld. Excessive misalignment is a result of 
improper fit-up, fixturing, or tack welding, or a 
combination of them. 

Incorrect Size of Weld 

Incorrect Weld Profile 
The profile of a finished weld may consider- 

ably affect performance of the joint under load. 
Moreover, the profile of a single pass or layer of a 
multiple pass weld may contribute to the forma- 
tion ofdiscontinuities such as incomplete fusion or 
slag inclusions when subsequent layers are depos- 
ited. Requirements concerning discontinuities of 
this nature in finished welds are usuallv included 

Fillet Welds. The required size of fdet welds 
should be specified in welding procedure specs- 
cations. Fillet weld she  can be measured with 
gages designed for this purpose. Undersize fdet 

in the specxcations and drawings involved. 
Nonconformity with the requirements consti- 
tutes a weld defect. Figure 8.9 illustrates various 
types of amptable and defective weld profiles. 

CAUSES AND REMEDIES FOR FUSION WELD 
DISCONTINUITIES 

The common causes of porosity, inclusions, 
and cracks in welds and suggested methods of 
preventing them are summarized in Table 8.4. 

weld metal during welding. Porosity is formed in 
weld metal as it solidifies when these dissolved 
gases are present in amounts greater than their 

POROSIN IN FUSION WELDS solid solubility limits. The causes of porosity in 
weld metal are related to the welding process and 

Causes of Porosity the welding procedure, and in somektances, to 
the base metal type and chemistry. The welding Dissolvedgases arealwayspresentinmolten 
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Note: C denotes convexity. 

(A) Desirable fillet weld profiles (B) Acceptable flliet weld profiles 

. .  
Insufficient Excessive Excessive Overlap insufficient Incomplete 

throat convexity undercut le9 fusion 

(C) Unacceptable fillet weld profiles 

I R  

Note: R denotes reinforcement. 

(D) Acceptable butt weld profile 

Excessive 
convexity 

Insufficient 
throat 

Excessive 
undercut 

(E) Unacceptable butt weld profiles 

F&. W9-Acceptable and unacceptable weld profiles 

Overlap 
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Table 8.4 
Common causes and remedies of weld discontinuities 

Remedies Cause 

Porosity 

Excessive hydrogen, nitrogen, or oxygen in 
welding atmosphere 

High. solidification rate 

Dirty base metal 

Dirty filler Wire 

Improper arc length, welding current, or electrode 

Volatization of zinc from brass 

manipulation 

Galvanized steel 

Excessive moisture in electrode covering or on joint 
surfaces 

High sulfur base metal 

Failure to remove slag 

Entrapment of refractory oxides 

Tungsten in the weld metal 

Improper joint design 

Oxide inclusions 

Highly rigid joint 

Use low-hydrogen welding process; filler metals high 
in deoxidizers; increase shielding gas flow 

Use preheat or increase heat input 

Clean joint faces and adjacent surfaces 

Use specially cleaned and packaged filler wire, and 
store it in clean area 

Change welding conditions and techniques 

Use copper-silicon filler metal; reduce heat input 

Use E7010 electrodes and manipulate the arc heat 
to volatilize the galvanized (zinc) ahead of the 
molten weld pool 

Use recommended procedures for baking and 

Preheat the base metal 

Use electrodes with basic slagging reactions 

storing electrodes 

Inclusions 

Clean surface and previous weld bead 

Power wire brush the previous weld bead 

Avoid contact between the electrode and the work; 
use larger electrode 

Increase groove angle of joint 

Provide proper gas shielding 

Weld metal cracking 

Preheat 
Relieve residual stresses mechanically 
Minimize shrinkage stresses using backstep or 
block welding sequence 

Excessive dilution Change welding current and travel speed 
Weld with covered electrode negative; butter the 

joint faces prior to welding 
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Table 8.4 (Continued) 

Remedies Cause 

Weld metal cracking 

Defective electrodes 

Poor fit-up 

Small weld bead 

High sulfur base metal 

Change to new electrode; bakeelectrodes to remove 

Reduce root opening; build up the edges with 

Increase electrode size; raise welding current; 

Use filler metal low in sulfur 

moisture 

weld metal 

reduce travel speed 

Angular distortion Change to balanced welding on both sides ofjoint 
Crater cracking 

Hydrogen in welding atmosphere 

Hot cracking 

Fill crater before extinguishing the arc; use a 
welding current decay device when terminating 
the weld bead 

Base metal cracking 

Use low-hydrogen welding process; preheat and ’ 
hold for 2 h after welding or postweld heat treat 
immediately 

base metal 
Use low heat input; deposit thinlayers; change 

Low ductility Use preheat; anneal the base metal 
High residual stresses 

High hardenability 

Redesign the weldment; change welding sequence; 
apply intermediate stress-relief heat treatment 

Preheat; increase heat input; heat treat without 
cooling to room temperature 

Brittle phases in the microstructure Solution heat treat prior to welding 

process, welding procedure, base metal type, and 

af€ect the quantities and types of gases that are 
present in the molten weld pool. The welding 
process and weldingproadurecontrol thesoti&- 
fication rate; the latter is the overriding factor 
causing weld metal porosity. Proper welding 
procedures for a given welding process and base 
metal should produce welds that are essentially 
free of porosity. (9) Helium 

(1) Hydrogen 

(3) Nitrogen 
(4) &bon monoxide 
(5 )  Carbon dioxide 
(6) Water vapor 
(7) Hydrogen sulphide 
(8) Argon 

process used to produce the base metal directly (2) Oxygen 

Of these, only hydrogen, oxygen, and nitro- 
gen are considered soluble to any significant Dissolved Gases in Weld Metal 

The  gases which may be present in the extent in the molten weld pool. Their solubilities 
. molten weld pool include the following: . in the solidified metal are significantly less. 
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Hydrogen is considered to be the major cause 
of porosity in the welding of metals. It may enter 
the molten weld pool from many sources. For 
example, it may be present in thegas atmosphere 
surrounding the arc zone or in hydrogen-forming 
constituents, such as cellulose in the flux or el- 
trode covering. Hydrogen may also be introduced 
into the molten weld pool by thedissociation of 
water. Moisturemay be present in flux, electrode 
coverings, and the atmosphere, or on the basemet- 
al surfaces. Hydrogen dissolved in the basemetal 
itself may also be introduced into the weld during 
welding. Filler metals may also containdissolved 
hydrogen. Sulfur or selenium in the base metal 
may combine with hydrogen to form a gas. 

Nitrogen may be a cause of porosity in steel 
welds and in nickel alloys. This gas may enter the 
molten weld pool from the atmosphere or from 
contaminated shielding gas. It may also be pres- 
ent in the base metal or filler metal in the form of 
dissolved nitrogen or nitrides. 

Oxygen dissolved in the molten weld metal 
may also cause porosity. When present in molten 
steel, oxygen will react with carbon to form CO 
or CO,. Oxygen may enter the molten weld pool 
as oxides on filler wire or on the base metal, in the 
form of compounds influx or electrode covering, 
and from the atmosphere. Insufficient amounts 
of deoxidizers in steel base metals, filler metals, 
flux, or electrode coverings may result in incom- 
plete deoxidation of the molten weld pool. 

Significance to Weld Integrity 
Porosity has been extensively evaluated as a 

discontinuity in welds. Tests have been con- 
ducted to detem’ne the effects of porosity on 
both static and the dynamic behaviors ofwelded 
joints, and for virtually all types of base metals. 
At levels of 2 to 3 percent, porosity has an insig- 
nificant effect on static strength. This level is 
generally higher than that permitted by industry 
codes and standards. The effect on yield strength 
follows the same paftern as with tensile strength. 

The effect of porosity on ductility is slightly 
more pronounced. The higher the tensile or yield 
strength of the materials, the greater is the effect 
on porosity ductility. 

In addition, the gas or contaminant causing 
porosity may influence the properties of the weld 
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metal bydissolvinginit. Also, thegasinthepores 
or cavities may influence the metal surrounding 
the pore to the extent that the pore acts as a crack 
when loaded in service. (Hz has this effect insteel, 
but other g a s  may not.) 

The influence of porosity on the dynamic 
toughness of weld metal is less certain. The 
designer should investigate theeffects of porosity 
on welds subjected to the expected type of load- 
ing before specifying acceptable porosity limits 
for the weldment. 

In ferrous materials which have been post- 
weld heat treated, the effect of porosity is mit- 
igated to a great extent. The simple loss of cross- 
sectional area does not affect behavior until 
porosity levels exceed about 3 percent by volume. 

In alloys that have a faceantered cubic 
crystal structure (A, Cu, Ni), the influence of 
porosity is generally considered small. For all 
metals at  high temperatures (creep range), the 
effect is again only related to the loss in cross- 
sectional area. 

The most significant work on porosity has 
been done in terms of its effect on the fatigue 
properties of fusion welded butt joints with and 
without weld reinforcement. In any amount, the 
effect of porosity on the fatigue strengths of rein- 
forced welds was overshadowed by stress con- 
centrations on the surfaces. However, when the 
weld reinforcement was removed, exposed por- 
osity contributed to failure by fatigue. 

For fillet welds, the stress concentration 
effects of the weld toes and the start and stop 
locations are great, and they ovemde all porosity 
considerations. Porosity in fillet welds does not 
appear to be a factor influencing behavior when 
held to reasonable limits. 

The effect of surface porosity in butt and 
fillet welds is slightly different. Surface porosity is 
considered more injurious than buried or inter- 
nal porosity, but certainly no worse than acrack. 
The appearance of surface porosity may reduce 
the effective throat of the weld needed to support 
the desired load. Surface porosity also often indi- 
cates that theprocess is out-of-control, and thus, 
other factors may act in concert to alter fatigue 
behavior, 
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SLAG INCLUSIONS 
Causes and Remedies 

Enrapped slagdiscontinuities typically occur 
with the flux shielded welding processes: shielded 
metal arc, flux cored arc, submerged arc, and 
electroslag welding. The slag produced during 
welding results from chemical reactions, in the 
molten weld pool, of elements present in the 
electrode coverings or welding fluxes, and in the 
filer and base metals. Some products of these 
reactions are nonmetallic compounds soluble 
only to aslight degree in the molten weld metals. 
Normally, the slag is found at  the surface of the 
molten weld metal (unless it is physically re- 
stricted) because of lower specific gravity and 
interfacial energy considerations. 

During the welding process, slag is formed 
and forced below the surface of the molten weld 
metal by the stirring action of the arc. Slag may 
also flow ahead of the arc, and metal may be 
deposited over it. In any case, slag tends to rise to 
the surface because of its lower density. 

A number of factors may prevent therelease 
of slag and result in the slag being trapped in the 
weld metal. Some of these factors are: 

(1) High Viscosity of weld metal 
(2) Rapid solidification 
(3) Too low a temperature 
(4) Improper manipulation of the electrode 
(5 )  Undercut on previous passes 
Geometric factorssuch as poor bead profile, 

sharp undercuts, or improper groove geometry 
also may cause entrapment of slag by providing 
places where it may accumulate beneath the weld 
bead. Inmakingarootpass,iftheelectrodeistoo 
large and the arc impinges on the groove fa= 
instead of the root faces, the slag may roll down 
into the root opening, and it may be trapped 
under the weld metal. 

The factors that contribute to slag entrap- 
ment may be controlled by welding tixhnique, 
which is ultimately the cause of or cure for 
entrapped slag. The causes and remedies for 
entrapped slag are summarized as follows: 

Causes 
(I) Poor electrode manipulative technique 
(2) Slag flooding in advance of the arc 

because of improper positioning of the joint 

(3) Incomplete removal of solidified slag 
fromweld beads or layers of a multiple pass weld 

(4) Poor bead profde in multiple pass welds 
(5)  Presence of heavy mill scale or rust on 

(6) Inclusions of pieces of unfused covering 

Remedies 
(1) The work should be positioned to pre  

(2) The electrode or flux may be changed to 

(3) Slag removal between weld passesshould 

(4) If the weld surface is rough and likely to 

(5) Heavy mill scale or rust on weld prepara- 

(6) Avoid using electrodes with damaged 

the base metal 

from electrodes with damaged coatings 

vent loss of slag control. 

improve control of molten slag. 

be thorough. 

entrap slag, it should be dressed smooth. 

tions or faces should be removed. 

covering. 

Significance to Weld Integrity 
The influence of slag inclusions on weld 

behavior is similar to that of porosity as de- 
scribed previously. The effect of slag inclusions 
on static tensile properties is considered to be 
significant principally to the extent it influences 
the cross-sectional area available to support the 
load. The toughness of the weld metal is generally 
to be considered unaffected by isolated slag with 
volumes of 4 percent or less of the weld zone. In 
weld metals of less than 75 ksi tensile strength, 
ductililty is generaly unaffected. As the tensile 
strength increases, however, ductility drops in 
proportion to the slag present. 

Slag inclusions may be elongated with tails 
that may act as stress raisers. Therefore, slag can 
influence the fatigue behavior of welds, particu- 
larly when the weld reinforcement is removed 
and the weld is not postweld heat treated. As with 
porosity, slag at or very near to the weld surface 
(face or root) influences fatigue behavior to a 
considerably greater extent than similarly con- 
stituted slag buried within the weld metal. Slag 
together with hydrogen dissolved in the weld 
metal may influence fatigue strength by reducing 
the critical slag particle size for the initiation of a 
fatigue crack. 
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INCOMPLETE FUSION 
Incomplete fusion results from the failure to 

fuse the weld metal to the base metal, or to fuse 
adjacent beads or layers of weld metal to each 
other. Failure to obtain fusion may occur at any 
point in agroove or fillet weld, including theroot 
of the weld. 

Causes and Remedies 
Incomplete fusion almost always occurs as a 

result of improper welding techniques for agiven 
joint geometry and welding process. It may be 
caused by failure to raise the temperature of the 
base metal or the previously deposited weld 
metal to the melting point. The presence of 
oxides or other foreignmaterials, such.as slag, on 
the surface of the metals to be joined may also 
result in incomplete fusion if they are not 
removed either by fluxing or mechanical means. 
The causes and remedies for incomplete fusion 
are summarized as follows: 

Causes 
( I )  Insufficient heat input as a result of low 

(2) Incorrect electrode position 
(3) Molten metal flooding ahead of the arc 

because of the position of the joint 
(4) Excessive inductance in the welding cir- 

cuit during short-circuiting transfer with gas 
metal arc welding 

(5) Failure to remove oxides or slag from 
groove faces or previously deposited beads 

(6) Wrong type or size of electrode 
(7) Improper joint design 
(8) Inadequate gas shielding 
Remedies 
(1) The welding conditions for complete 

fusion should be verified by welding tests to 
establish minimum heat input requirements. 

(2) Proper electrodeposition should beused 
and maintained. 

(3) Work position or welding conditions 
should be changed to prevent molten weld metal 
from flooding ahead of the arc. 

(4) Excessive inductance in short-circuiting 
transfer with gas metal arc welding should be 
reduced, even at theexpense of increased spatter. 

(5) Oxides and slag should be removed 
either by chemical or mechanical means. 

welding current or high travel speeds 

Significance to Weld Integrity 
Incomplete fusion discontinuities affect weld 

joint integrity in much the same manner as poros- 
ity and slag inclusions. The degree to which 
incomplete fusion can be tolerated in a welded 
joint for various types of loading is similar to 
those for porosity and slag inclusions. 

INADEQUATE JOINT PENETRATION 
Inadequate joint penetration is generalIy 

associated with groove welds. In some weldment 
designs, complete joint penetration is not always 
required in all welded joints. Some joints are 
designed with partial-joint-penetration welds. 
However, such welds can have inadequate joint 
penetration when the effective throat of the weld 
is less than that specified in the welding specifica- 
tions. The occurrence of inadequate joint pene- 
tration in welds is a function of groove geometry 
as well as welding procedure. The causes and 
c u m  of inadequate joint penetration are as 
follows: 

Causes and Remedies 
Causes 
(1) Excessively thick root face or insufficient 

(2) Use of improper welding progression 
(3) Insufficient heat input as a result of too 

low welding current or excessive travel speed 
(4) Slag flooding ahead of the arc due to 

improper electrode or work position 
(5) Electrode diameter too large 
(6) Excessive inductance in the welding cir- 

cuit during short-circuiting transfer with gas 
metal arc welding 

(7) Misalignment of second side weld 
(8) Failure to gouge to sound metal when 

back gouging a weld 
(9) Bridging of root openings in joints 
Remedies 
(1) Reduce the thickness of the root face or 

(2) Use the prescribed welding procedures. 
(3) Adjust the welding conditions and verify 

theminimum heat input needed fo achieve speci- 
fied penetration. 

(4) Use the proper electrode or work posi- 
tion to minimize slag flooding. 

root opening 

increase the root opening. 
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(5) Select a smaller electrode when the 
groove angle is too small for larger electrodes. 

(6) Reduce the inductance in the welding 
circuit, even at the expense of increased spatter, 
with short-circuiting transfer. 

(7) Improve the welder’s visibility of the 
weld groove. 

(8) Re-assess back gouging procedure to 
insure gouging to sound metal. 

(9) Use a wider root opening or substitute a 
deeply penetrating welding process. 

Significance to Welding Integrity 
Inadequate joint penetration is undesirable 

in single-groove welds, particularly if the root of 
the weld is subject to either tension or bending 
stresses. The unfused area permits stress concen- 
trations that could cause failure without appreci- 
able deformation. Even though theservicestresses 
in the structure may not involve tension or bend- 
ing a t  this point, shrinkage stresses and conse- 
quent distortion of the parts during welding will 
frequently cause a crack to initiate at  the unfused 
area. Such cracks may progress, as successive 
beads aredeposited, until they extend through or 
nearly through the entire thickness of the weld. 

Inadequate joint penetration is undesirable 
in any groove weld that will be subjected to cyclic 
tension loading in service. The discontinuity can 
initiate a crack that may propagate and result in 
catastropic failure. 

CRACKS 
Cracking in weldedjoints results from local- 

ized stresses that exceed the ultimate strength of 
the metal, Whencracks occur during or as a result 
of welding, littledeformation kusuallyapparent. 

Weld metal or base metal that has consider- 
able ductility under uniaxial stress may fail With- 
out appreciable deformation when subjected to 
biaxial or triaxial stresses. Shrinkage caused by 
welding operations frequently sets up m u l t i d h  
tionalstresssystems. Ifajoint oranyportionofit 
(such as the heat-affected zone) is unable to take 
appreciable deformation without failure because 
of such stresses, additional stresses imposed on 
the joint may cause it to fail. 

An unfused area at the root of a weld may 
result in cracks without appreciable deformation 

if this area is subjected to tensile or bending 
stresses. When welding two plates together, the 
root of the weld is subjected to tensile stress as 
successive layers are deposited, and, as already 
stated, a partially fused root will frequently per- 
mit a crack to start and progress through practi- 
cally the entire thickness of the weld. 

After a welded joint has cooled, cracking is 
more likely to m u r  if the weld metal or heat- 
affected zone is either hard or brittle. A ductile 
metal, by localized yielding, may withstand stress 
concentrations that might cause a hard or brittle 
metal to fail. 

Weld Metal Cracking 
The ab i ty  of weld metal to remain intact 

under a stress system imposed during a welding 
operation is a function of the composition and 
structure of the weld metal. In multiple layer 
welds, cracking is most likely to occur in the f i t  
layer (root pass) of weld metal. Unless such 
cracks are repaired, they will often propagate 
through subsequent layers as deposited. When 
cracking of the weld metal is encountered, * 

improvement may be obtained by one or more of 
the following modifications: 

(1) Change the electrode manipulation or 
electrical conditions to improve the contour or 
composition of the deposit. 

(2) Decrease the travel speed to increase the 
thickness of the deposit and provide more weld 
metal to resist the stresses. 

(3) Use preheat to reduce thermal stresses. 
(4) Use low hydrogen electrodes. 
(5)  Sequence welds to balance shrinkage 

(6) Avoid rapid cooling conditions. 
Three types of cracks that can occur in weld 

metal are as follows: 
7hmsver.w weld cracks. These cracks are 

perpendicular to the axis of the weld and, in some 
cases, extend beyond the weld into the base 
metal. This type of crack is more common in 
joints that have a high degree of restraint. 

Longitudinal weld cracks- These cracks are 
found mostly within the weld metal, and are 
usually confined to the center of the weld. Such 
cracks may occur as the extension of cracks 
formed at the end of the weld. They may also be 

stresses. 

.. .. 

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:57:54 1997 



the extension, through successive layers, of a 
crack that started in the first layer. 

Crater cracks. Whenever the welding opera- 
tion is interrupted, there is a tendency for acrack 
to form in the crater. These cracks are usually 
star-shaped and progress only to the edge of the 
crater. However, these may be starting points for 
longitudinal weld cracks, particularly when cracks 
occur in the crater formed at the end of the weld. 

Crater cracks are found most frequently in 
materialswith highcoefficients ofthermalexpan- 
sion, such as austenitic stainless steel. However, 
the Occurrence of such cracks can be minimized 
or prevented by filling craters to a slightly convex 
shape prior to breaking the welding arc. 

Base Metal Cracking 
Cracking in the base metal is usually longi- 

tudinal in nature, takes place within the heat- 
affected zone, and is almost always associated 
with hardenable base metals. Hardness and low 
ductility in the heat-affected zone of welded 
joints are metallurgical effects that result from 
the thermal cycle of welding, and are among the 
principal factors that tend to cause cracking. 

In the case of low carbon, medium carbon, 
and low alloy steels, hardness and abililty to 
deform without rupture depend upon the group 
to which the steel belongs, and also upon therate 
of cooling from elevated temperatures following 
theweldingoperation. Therateofcoolingwillde- 
pend upon a number of physical factors such as: 

(1) The temperature produced by the weld- 
ing operation 

(2) The temperature of the unaffected base 
metal 

(3) The thickness and thermal conductivity 
of the base metal 

(4) The heat input per unit time at a given 
section of the weld 

(5) The ambient temperature 
With a given cooling rate, low carbon steels 

wiU harden considerably less than medium car- 
bon steels. Low alloy steels exhibit a wider varia- 
tion in hardening characteristics; some of them 
may be similar to low carbon steel while others 
will react like medium carbon steel. 

High alloy steels include the austenitic and 
ferritic stainless steels. The latter behave similarly 

. 

; 
. 
. 
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to medium carbon and low alloy steels, except 
that they harden to a greater degree with a given 
cooling rate. Austenitic stainless steels and fer- 
riticstainless steels will not harden upon quench- 
ing from elevated tempertures. In general, ferritic 
stainless steels are rendered brittle (but not hard) 
by welding operations. 

The metallurgical characteristics of metals 
are of prime importance. Base metal cracking is 
associated with lack of ductility in the heat- 
affected zone. It has been established that differ- 
ent heats of the same hardenable steel can vary 
appreciably in cracking tendency. Furthermore, 
in shielded metal arc welding, the characteristics 
of the electrode as determined by the covering 
considerably affect the susceptibility to heat- 
affected zone cracking. 

When base metal crackingis encountered in 
hardenable steels, the condition can be improved 
in the following ways: 

(1) Use of preheat to control cooling rate 
(2) Controlled heat input 
(3) Use of the correct electrode 
(4) Proper control of welding materials 
Another problem that may be encountered 

when welding many steels under certain condi- 
tions is hydrogen induced cracking.4 Such crack- 
ing is known by various other names, including 
underbead, cold, and delayed cracking. It gener- 
ally occurs at some temperature below 2 W F  
immediately upon cooling or after a period of 
several hours. The time delay depends upon the 
type of steel, the magnitude of the welding 
stresses, and the hydrogen content of the weld 
and heat-af€ected zones. Delayed cracking nor- 
mally takes place after the weldment has cooled 
to ambient tempexture. In any case, it is caused 
by dissolved hydrogen entrapped in small voids 
or dislocations in the metal. Sometimes, the weld 
metal may crack, although this seldom occurs 
when its yield strength is below about 90 ksi. 
Diffusion of hydrogen into the heat-affected 
zone from the weld metal during welding con- 
tributes to cracking in this zone. Microstructure 
of the steel is also a contributing factor, 

4. Hydrogen induced cracking is discussed in detail in 
the Welding Handbook, Volume4,7th Ed., 1982; 3-6. 
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Hydrogen-induced cracking can be con- 
trolled using (1) a welding process or an electrode 
that produces little or no hydrogen, (2) a com- 
bination of welding and thermal treatments that 
drive off the hydrogen or produce a microstruc- 
ture that is ifisensitive to it, or (3) welding proce- 
dures that result in low welding stresses. 

Significance to Weld Integrity 
Cracking, in all of its forms, constitutes the 

weld discontinuity considered most detrimental 
to performance. A crack, by its very nature, is 
sharp at its extremities, and thus acts as a stress 
concentrator. The stress concentration effect 
produced by cracks is greater than that of other 
discontinuities. Therefore, cracks are not nor- 
mally permitted, regardless of size, in weldments 
governed by most fabrication codes. Cracks 
must be removed from the weld area, and the 
weld repaired. 

Cracks and crack-like discontinuities can be 
evaluated With a fracture mechanics approach. 
When cracks are assessed on a service per- 
formance basis, they can often be tolerated for a 
given size, orientation, and location. 

SURFACE IRREGULARITIES 
The following surfam irregularties may be 

(I) Badly-shaped, irregular surface ripples 
(2) Excessive spatter 
(3) Craters 
(4) Protrusions (an overfiied crater) 
(5) Arc strikes 
The welder is usually directly responsible for 

these discontinuities as aresult of incorrect weld- 
ing technique or improper machine settings. 
Sound welds finished in a poor manner should 
not be accepted, even though the joint is ade- 
quate for the intended service. The ability and 
integrity of the welder must be questioned. 

observed on welds: 

In some cases, faulty or wet electrodes and 
unsuitable base metal chemistry may cause dk- 
continuities and unsatisfactory weld appearance. 

Gross bead irregularities are discontinuities 
inasmuch as they constitute an abrupt change of 
section. Such abrupt changes of section are 
potential causes of high stress concentration, and 
should be carefully evaluated with respect to ser- 
vice requirements. 

Spatter in itself is not necessarily a defect, 
but is quite likely indicative of improper welding 
technique and of the likelihood of other asso- 
ciated faults. 

Arc strikes with either the electrode or the 
holder can initiate failure in bending or cyclic 
loading. They can create a hard and brittle condi- 
tion in alloy steels, and are inadvisable even on 
mild steel when high static or normal fatigue 
stresses may be encountered. The repair of such 
damage may be difficult and costly, involving 
chipping and possible preheating in the case of 
low allov steels. 

INADEQUATE WELD JOINT 
PROPERTIES 

Specific mechanical or chemical properties, 
or both, are required of all welds in a weldment. 
These requirements depend on thecodes or spec- 
ifications covering the weldment, and departure 
from specified requirements may be considered a 
defect. The required properties are generally 
determined with specially prepared test plates but 
may be made on sample weldments taken from 
production, Where test plates are used, the 
inspector should see that specified procedures are 
followed, otherwise the results obtained will not 
necessarily indicate the properties of production 
weldments. 

Mechanical properties which may be inade- 
quate are tensile strength, yield strength, ductil- 
ity, hardness, and toughness. Chemical proper- 
ties may be deficient because of either incorrect 
filer metal composition or excessive dilution. 
Both may result in lack of corrosion resistance. 
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DISCONTINUITIES IN RESISTANCE AND 
SOLID STATE WELDS 

WELDING PROCESSES reproducibility. However, discontinuities are en- 
Certain resistance and solid state welding 

processes are done at elevated temperatures 
essentially below the melting point of the base 
metal being joined without the addition of filler 
metal. When thejoint reaches thedesired welding 
temperature, force is applied to the joint to con- 
summate the weld. As welding is being acccomp- 
lished, some molten metal may be generated 
between the faces being joined, but it is expelled 
as a result of pressure on the interface from the 
force applied during the welding cycle. Typical 
resisfance and solid state welding processes of 
this nature are flash welding, friction welding, 
high frequency resistance welding, and upset 
welding. 

The resulting welds are all characterized by 
a flat or linear weld interface. They are not volu- 
metric as are fusion welds and thus, the disconti- 
nuities of importance are those associated with a 
flat weld interface. Further, some inspection 
techniques applicable to fusion welds, such as 
radiographic and ultrasonic testing, are difficult 
to apply to these welds because the results are 
hard to interpret. 

WELD DISCONTINUITIES 

countered in solid state welded joints. The weld 
discontinuities may be classified by origin 
as either mechanical or metallurgical discon- 
tinuities. 

The most probable causes for rejection of 
these types of welds are related to mechanicd 
discontinuities, such as misalignment of the 
workpieces. The discrepancies are easily found 
by visualinspection, and canusuallybecorrected 
by simple machine adjustments. A typical exam- 
ple of a mechanical discontinuity is an inferior 
weld caused by misalignment or offset of the 
workpieces, as indicated in Fig. 8.10. 

In the case of flash welds and upset welds, 
the shape and contour of the upset metal is a 
good indicator of weld quality. Theupsetgeome- 
try of the weld in Fig. 8.11(A) indicates proper 
heat distribution as well as proper upset. Insuffi- 
cient upset, as in Fig. 8,ll(B), may indicate 
trapped oxides or flat spots at the weld interface 
and possibly poor interface bonding. 

The condition and shape of the flash on 
friction welds k an indicator of possible disconti- 
nuities along the weld interface. Figure 8.12 
shows the effect of axial shortening on weld qual- 
ity. These inertia friction welds were made with 
the same soeed and inertial mass but with a 

Normally, resistance and solid state welding 
processes are completely automated with good 

decreasing heating pressure from left to right. 
Two of the welds exhibited center discontinuities 

Before welding After welding 

Good 
W 1 

fig. 8. IO-Effect of part alignment on joint geometry 
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because insufficient axial shortening (pressure) 
was used. 

Lack of center bonding may also occur in 
continuous drive friction welds when inadequate 
speed, heating time, or pressure is used. Depres- 
sions in the faying surfaces that prevent uniform 
contactduringtheearlystages offriction welding 
often limit center heatingand also entrap oxides. 

Metallurgical discontinuities are usually as- 
sociated with material defects or heterogeneities. 
Such discontinuities are much harder to find by 
nondestructive inspection techniques because 
they are usually internal defects. 

The various types of metallurgical disconti- 
nuities found in resistance and solid state welds 
are as follows: 

(1) Cracking 
(2) Intergranular oxidation 
(3) Decarburization 
(4) Voids 
(5) Oxides and other inclusions 
(6) Hat spots 
('I) Cast metal at the interface (flash welds 

(8) Out-turned fibrous metallurgical stmc- 
ture in the weld 

Cracking in welds can be divided into two 
categories depending upon the temperature of 
formafion: (1) cold cracking and (2) hot cracking. 
Cold cracking, as indicated in Fig. 8. Il(C), can 
be caused by acombination of excessiveupset and 
an improper temperature profile. Excessive cool- 
ingrates in hardenable stee kcan causecold crack- 
ing from intolerable strains acting upon marten- 
sitic structures. The most common form of hot 
cracking inupset welds occurs as microfissuresin 
the heated zone, and is known as break-up. 

In the case of flash welds, a form of inter- 
granular oxidation known as die-bum can occuc 
at clamp locations. This discontinuity is caused 
by localized overheating of the workpieoe where 
it is held in the clamping die. Cleaning of the 
workpiece surfaces in the clamping area to bright 
metal will usually eliminate this problem. Too 

only) 

Occasionally, another type of solid state 
welding discontinuity results from elemental 
redistribution during welding. In carbon steel, 
this may be manifested as decarburization. This 
discontinuity appears as a bright band on a pol- 
ished and etched surface of an upset welded steel 
specimen which is cut transverse to the weld 
interface. Chemical heterogeneity affects the 
mechanical properties of a welded joint. In par- 
ticular, .a variation in carbon concentration 
greatly affects hardness, ductility, and strength. 

Oxides and other inclusions, voids, and cast 
metal along the interfaces of weld joints are 
related by the fact that they can usually be elimi- 
nated by increasing the upset distance. In the case 
of flash welds, craters are formed on the fayhg 
interfaces by the expulsion of molten metal dur- 
ing flashing. If the flashing voltage is too high or 
the platen motion is incorrect, violent flashing 
causes deep craters in thefaying surfaces. Molten 
metal and oxides may be trapped in these deep 
craters and not expelled during upsetting. 

The cause and prevention of flat spots in' 
welds are not well understood. In fact, the term 
itself is vague and is often used to describe several 
different features. Flat features may be the result 
of a number of metallurgical phenomena having 
inherently different mechanisms. The smooth, 
irregular areas indicated by arrows on the frac- 
tured surfaces of a flash weld in Fig. 8.13 are 
typical flat spots. Flat spots (low ductility zones 
along the weld interface) in flash welds and fric- 
tion welds apparently are associated with base 
metal characteristics as well as welding process 
variables. 

The inherent fibrous structure of wrought 
mill products may cause anisotropic mechanical 
behavior. An out-turned fibrous structure at the 
weld interface often results in some decrease in 
mechanical properties as compared to the base 
metal, particularly in ductility. The decrease in 
ductility is not normally significant unless one or 
both of the following conditions are present: 

large an initial die opening can result in excessive 
metal temperatures near the faying surfaces dur- 
ing flashing. This may lead to intergranular oxi- 
dation as well as nonuniform upsetting and joint 
misalignment. 

(1) The base metal is extremely inhomo- 
geneous. Examples are severely banded steels, 
alloyswithexcessivestringer typeinclusions, and 
mill products with seams and cold shuts pro- 
duced during the fabrication process. 
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(2) *The upset distance is excessive. When 
excessive upset distance is employed, the fibrous 

structure may be completely reoriented trans- 
verse to the original structure. 

Brazing and soldering are heterogeneous 
joining processes that rely on capillary action to 
draw liquid fdler metal into a controlled joint 
clearance and also on wetting of the faying sue- 

faces by the liquid filler metal. Thetwo processes 
differ only in the filer metals used and tempera- 
tures employed to obtain the desired joint prop- 
erties, e&, strength and corrosion resistan=. 
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Discontinuities found in soldered joints and their 
causes and remedies are similar to those for 
brazed joints. Therefore, the discussion d l  be 
limited to brazed joints.5 

Unsatisfactory Surface Appearance 
~~~~i~~ flow of brazing filler metal Onto 

the base metal, surface roughness, and e x w i v e  
filler metal may be detrimental for several rea- 
sons. In addition to aesthetic considerations, 
these may act as stress concentrations, corrosion 
sites, or may interfere with inspection of the 

COMMON DISCONTINUITIES IN 
BRAZED JOINTS 
Lack of Fill 

Lack of fill in the form of voids and porosity 
can be the result of improper cleaning, excessive 
joint clearance, insufficient f i e r  metal, entrapped 
gas, and movement of the mating parts, caused 
by improper fixturing, while the filler metal is in 
the liquid or partially liquid state. This disconti- 
nuity reduces the strength of the joint by reducing 
the load-carryingarea, and it may provide apath 
for leakage. 

Flux Entrapment 
Entrapped flux may be found in a brazed 

joint where a flux is used to prevent and remove 
oxidation during the heating cycle. Entrapped 
flux prevents flow of filler metal into that panicu- 
lar area, thus reducing the joint strength. It may 
also cause false leak or proof test accepfance. The 
entrapped flux, if corrosive, may reduce service 
life. 

Noncontinuous Fillets 
Segments of joints void of filleted f i e r  

metal are usually found by visual inspection. 
They may or may not be acceptable depending 
upon thespecification requirements of the brazed 
joint. 

Base Metal Erosion 
Erosion of the base metal by the f i e r  metal 

is caused by the filler metal alloying with the base 
metal during brazing. It may cause undercut or 
the disappearance of the mating surface, and 
reduce the strength of the joint by changing the 
fder metal composition and by reducing the base 
metal cross-sectional area. 

5. Additional information on discontinuities in sol- 
deredjoints and inspection procedures may be found 
in the Soldering Manual, 2nd Edition, Revised, 1978 
published by the American Welding Society. . 

brazement. 

Cracks 
Cracks reduce both the strength and service 

life expectancy. They may act as stress raisers, 
causing premature fatigue failure as well as low- 
ering the mechanical strength of the brazement. 

Acceptance Limits 
When defining the acceptance limit for a 

particular type of brazing discontinuity, the fol- 
lowing should be considered: its shape, orienta- 
tion, and location in the brazement, including 
whether surface or subsurface, and its relation- 
ship to other imperfections. 

Judgments for disposition of components 
containing flaws should be made by persons 
competent in the fields ofbrazing metallurgy and 
quality assurance who fully understand the fune  
tion of the component. Such dispositions should 
be documented. 

TYPICAL DISCONTINUITIES AND 
THEIR CAUSES 

Discontinuities found in brazed joints are 
an indication that the brazing procedure is out of 
control or that improper techniques were used. 
Several typical discontinuities are shown here SO 
that they may be recognized when they occur in 
production. The possible cause is given in each 
case. 

Figure 8.14 is a section of a brazed copper 
lap joint in which a large void in the fdet is 
evident. The flawedjoint was detected by subject- 
ing the assembly to pressurized air and submerg- 
ing it in water. The probable causes of the void 
were underheating or improper fluxing proce- 
dures, or both. This is borne out by the irregular 
flow of the f i e r  metal into the joint. 

Figure 8.15 shows a section through a 
brazed joint in which severe erosion of the base 
metal occurred. Thii erosion resulted from over- 
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Fig. It. T5-S were alloying and erosion d 
L e  base me fal in a brazed joint 

heating of the joht  during brazing. Such erosion 
may not be serious where thick sections are 
joined, but cannot be permitted where eelatively 
thin sections are used. A joint with essentially no 
erosion is shown in Fig. 8.16. 

Figure 8.17(A) shows a brazed copper 
socket joint, A radiograph of the joint, Fig. 
8.17(B) shows that large areas of the joint are 
void of filler metal. Figure 8.17(C) is a macro- 
graph of cross section through the braze fillet 
showing an extensive void in the capillary of thf 
joint, Thevoidsthroughoutthejoint werecaused 
by insufficient heating. If a joint contains leaks 
from voids in the b r m ,  these are sometimes 
~ v e d e d  by a pmsure test. 

Figure 8.18 shows a brazed lapjoint, a radio- 
graph of the joint, and sections through the 
joint. The assembly shown in Fig. S.lS(A) is of 
two flat pieces of low carbon steel brazed with a 
silver base filler metal. The radiograph taken 
through the joint, Fig. 8.18(B), shows large voids 
as dark mas, Cross sections 1-1 and 2-2 through 
the joint are shown in Fig. 8,18(C). The voids in 
the joint capillary aee evident. 

Increasing design demands are resulting in 
more critical inspection methods and acceptance 
standards. Ideally, these acceptance standards 
should represent the minimum weld quality that 
can be tolerated to assure satisfactory ppfor- 

manse of the welded part or component. They 
should be based on tests of welded specimens 
containing the particular discontinuity under 
consideration. Coreelation of these test results 
with allowable results gives a basis for acceptance 
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of these particular discontinuities. Usually, a 
safetyfactorwillbeadded to yield thefmal accep- 
tance standard. 

However, too frequently acceptance stan- 
dards are arbitrary, bearing little or no relation- 
ship to actual performance, or are merely an 
attempt to define the limits for practical welding 
and good workmanship. Such standards can be 
either inadequate or overly conservative,. thus 
increasing production costs unnecessarily. 

DISCONTINUITY - MATERIAL 
RELATIONSHIPS 

The effect of a particular weld discontinuity 
on structural htegrity, economics, and safety 
depends to acertain extent on the materials being 
welded. For example, the effect of cracks in aus- 
tenitic stainless steel is generally less significant 
than in ferritic steels. Various carbon steels have 
a wide range in tolerance for discontinuities 
before fracture can initiate. The interrelationship 
between the material and discontinuities is not 
addressed in current codes and standards. Separ- 
ate and distinct engineerhganalytical techniques 
are required to take this into account. The ability 
to assess the significance of a discontinuity in 
terms of material properties falls under the frac- 
ture mechanics approach to weld discontinuities. 

. 

DISCONTINUITY - MECHANICAL 
PROPERTY RELATIONSHIPS 

The significance of a particular disconti- 
nuity in a weld depends on the function that the 
weld must perform. Certain weld discontinuities 
which have no effect on mechanical properties 
can, nevertheless, become significant by virture 
of corrosion considerations; for example, inclu- 
sions of heavy metals at or near the weld surface 
cannot be toleratedin certain environments. It is 
important to note that a repair of a harmless 
discontinuity can result in a more damaging, less 
readily detectable discontinuity. 

The heat-affected zone plays a major role in 
the determination of mechanical properties of 
the joint, and can render the presence of weld 
discontinuities less significant. The heat-affected 
zone itself can be considered a discontinuity 
because it almost invariably experiences modifi- 

Weld Qualiiy 3 1 1 

cations of mechanical properties. For example, 
strain-hardened base metals with mechanical 
properties enhanced by prior cold work expe- 
rience both recrystallization and grain growth in 
the heat-affected zone. In such metals, both the 
strength and hardness of the heat-affected zone 
are invariablydiminished. Adrasticloss in tensile 
strength also occurs in the heat-affected zone of 
precipitation-hardened alloys because some re- 
gion in the heat-affected zone usually experiences 
overaghg during welding. 

The effects of discontinuities on mechanical 
properties are governed by the shape, size, quan- 
tity, interspacing, distribution, and orientation of 
the discontinuities within the weld. Due to the 
number of variables, any qualitative correlation 
between a specific discontinuity class and me- 
chanical properties is extremely difficult. There- 
fore, trends rather than direct relationships are 
presented here. 

As thestrength of thebase metalis increased, 
so is its sensitivity to discontinuifies. Ultra-high 
strength steels, as wen as hard heat-affected zones 
in relatively mild steels, may be extremely sensi- 
tive to very small discontinuities. When welding 
very strong steels, if is also difficult to match the 
strength of the weld to that of the base metal. 
Therefore, the protection afforded to disconti- 
nuities in mild steels by the overmatching strength 
of the weld metal is no longer available. 

. 

Tensile Strength 
For the purposeofcharacterizingstaticten- 

sile performance, welded joints fall into two cate- 
gories: ( I )  those having weld metal strengths that 
closely match or undermatch the base metal 
strength and (2) those having weld metal strengths 
that overmatch the base mefal strength. 

In general, the welded joints in the fmt 
category are weakened more by weld disconti- 
nuities than thosein the second category because 
there is no reserve of additional weld metal 
strength to counteract the decrease in cross- 
sectional area. Because of the additional strength 
of overmatching weld metal, acertain amount of 
discontinuity can be tolerated before transverse 
tensile properties are adversely affected. The loss 
in transverse tensile strength is roughly propor- 
tional to the loss in cross-sectional area. Addi- 

. 
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tional cross-sectional area provided by any weld 
reinforcement compensates for some of this loss. 

In welded joints of the overmatching type, 
the transverse strength degradation is usually 
accompanied by a change in location of the frac- 
ture from base metal to weld metal when the 
number of discontinuities present changes from a 
few to a significant quantity. Usually, the duct& 
ity will be reduced roughly proportionally to the 
volume of the discontinuities present. The- yield 
strength is not significantly affected. 

Fatigue 
Fatigue failure at normal working stresses is 

invariably associated With stress concentrations 
around weld or design discontinuities. Fatigue is 
probably the most common cause of failure in 
welded construction.6 The discontinuities most 
significant in promoting fatigue failures except 
for the obvious effect of gross cracking or exten- 
sive incomplete fusion, are thosewhich affect the 
weld surface. The combination of excessive weld 
reinforcement, Fig. 8.19(A), and slight undercut- 
ting is one of the most serious discontinuities 
causingfatiguefailure. Fabrication codes usually 
specify the maximum permissible height of the 
reinforcement. However, many welding fabrica- 
tors merely grind off the ex- without altering 
the reinforcement contact angle as shown in Fig. 
8.19(B). This practice does not improve the 
fatigue life, and therefore probably would not in 
itselfprovide a finished weld meeting the required 
quality level. Most codes also specify that the 
reinforcement shall blend smoothly into the base 
metal at the edges of the weld as shown in Fig. 

Figure 8.20 illustrates the influence of weld 
reinforcement contact angle on fatigue strength 
under repeated tension loading for anendurance 
of 2 x lo6 cycles. These data indicate why design 
defects are often responsible for service failures. 
The use of a load-carrying lap joint with a fillet 
weld in place of a butt weldedjoint, forexample, 
has the effect of reducing thestrength by afactor 
of up to three. 

8.19(C). 

6. The fatigue properties ofwelded sfructura!joints are 
discussed in the Welding Handbook, Vol. 1,7th Ed., 
1976: 186-201. 

Tests with both porosity and weld rein- 
forcement have shown that fatigue cracks initiate 
at the toe of the weld, and that porosity has little 
effect on the fatiguelife. However, when therein- 
forcement is removed, the position and orienta- 
tion of the porosity rather than the magnitude is 
the important factor, with the fatigue strength 
being critically dependent on the presenceofpores 
breaking the surface or just under the surface. 

Tests with weld reinforcement intact and 
very large tungsten inclusions in the weld metal 
have also shown that fatigue cracks initiate at the 
toe of the weld. When the reinforcement was 
removed, fatigue failure did not result from the 
tungsten inclusions but from small oxide inclu- 
sions associated with them. 

Reinforcement A+- 
Base metal Base metal 

(4 

grinding 

Base metal zone 

(B) 

Base metal 

Removed by 
grinding 

Base metal Base metal 

(C)  

F&. &19-(A) Weld with excessive 
reinforcement, (6) Improper treatment 
of weld reinforcement, (C) AcceptaMe 

weld reinforcement profile for 
fatigue applications 
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Increasing slag inclusion length initially 
leads to decreasing fatigue strength. However, 
when the discontinuity length becomes large rela- 
tive to its depth through the thickness, no further 
reduction in fatigue strength occurs. 

Discontinuities which are located in the 
middle of the weld can be blanketed bycompres- 
sive residual stress so that other smaller disconti- 
nuities nearer to the surface control the fatigue 
strength. Such discontinuities may be below the 
size detectable by radiography. 

Brittle Fracture 
A fracture mechanics approach permits the 

determination of a relationship between stresses 
and the critical size of a discontinuity that will 
propagate. This critical discontinuity size de- 

creases in proportion to the square of the increase 
in applied stress whereas, in general, the fracture 
toughness of metals decreases as the yield strength 
increases. 

For a given weld structure, an appropriate 
equation must be developed that relates the frac- 
ture toughness to the applied stress and disconti- 
nuity size.7 This equation should account for the 
location, dimension, and shape of the disconti- 
nuity. The location and shape (depth-to-length 
rafio) of the discontinuity must be known or 
accurately predicted, particularly in those in- 
stances wherediscontinuities can grow by fatigue 

7. Fracture toughness is discussed in the Welding 
Handbook, Vol. I, 7th Ed., 1976 170-85. 
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or stress corrosion. With this information and a 
valid plane strain fracture toughness value, one 
can estimate the combination of s t m  and dis- 
continuity size at which a structure can be oper- 
ated safely. 

The effectiveness of a discontinuity as an 
initiator offracturehagivenweld metaldepends 
on the degree of stress concentration and triaxil- 
ity at the discontinuity tip. Therefore, it is clear 
that the edge radius of discontinuities will have 
an effect on performance. Thus, sharp natural 
cracks are considered the severest discontinuity 
for brittle fracture considerations. In a similar 
manner, incomplete fusion can be the next most 
severe discontinuity. Inadequate joint penetra- 
tion normally would not be as severe as incom- 
plete fusion because the edges of the former nor- 
mally do not have so sharp a radius. Slag 
inclusions and porosity would be relatively harm- 
less as initiating discontinuities unless there is 
cracking associated with them. 

Results of precracked Charpy impact tests 
have shown that the resistance of weld metal to 
crack propagation under impact loading is not 
significantly affected by porosity. Porosity should 
be considered a risk only when the weld metal is 
too brittle to be used safely or when fatigue 
loading initiates cracks. 

FRACTURE MECHANICS 
EVALUATION OF DISCONTINUITIES 

The traditional approach to the significance 
of discontinuities in welds by the majority of 
current codes and standards is to establish their 
sizes and extent limits from a workmanship 
standpoint. The evolution of the current discon- 
tinuity standards has had no rigorous engineer- 
ingapproach, and thus thecriteriafor acceptance 
are without a true engineering base. 

Another approach to the prevention of fail- 
ures on amaterial and discontinuity control basis 
is fracture mechanics? The fracture mechanics 
evaluation of materials, discontinuities, and stress 

8. For additional information, refer fo the Welding 
Handbaok,Yol. 1,7th Ed., 1976: 11419,and Welding 
Research Council Bulletin 295 (see Supplementary 
Reading List). 

state has led to signireant advancm in the 
methods for aSsessment of discontinuity amp- 
tance levels. The most advanced area of fracture 
mechanics as far as applications to structures is 
concerned is Linear Elastic Fracture Mechanics, 

There are two published documents which 
apply a linear elastic fracture mechanics analysis 
to weld discontinuities: the ASME Boiler and 
Pressure Vessel Code, Section X I ,  Inservice 
Znspecfion, and the British Standards Institute 
Document PD 6493, Guidance on Some Meth- 
o h  for fhe Derivation of Acceptance Levels for 
Defects in h i o n  Welded Joints. These docu- 
ments are being employed to advance the fitness 
for seMce concept which applies reasonably 
based acceptance standards to siructures of 
known service usage. 

In the fracture mechanics approach, the 
most probable failure modes must fmt be d& 
fined. They are as follows: 

(1) Elastic-plastic instability 
(2) Overload-excessive deformation, duo- 

(3) General corrosion 
(4) Stress corrosion 
(5) Brittle fracture 
(6) Fatigue-high and low cycle corrosion 

tile rupture, or leakage 

fatigue 
(7) creep 
The first three failure modes are basic design 

considerations; stress corrosion is treated from 
the environment control standpoint. Creep fail- 
ure, k ing  a high temperature phenomenon and 
time dependent, does not normally lead to sud- 
den unexpected failures. It is difficult, if not 
impossible, to treat it from elastic behavior 
standpoints. The brittle fracture and fatigue 
aspects of failure are the most amenable modes 
to assess on a fracture mechanics basis. Brittle 
fracture has received the greatest attention, and 
the basic concepts will be outlined here, 

In assessing the importance of discontinui- 
ties, a ranking is usually established for the sever- 
ity of a given sized discontinuity. A ranking in 
decreasing importance as shown below would 
not be uncommon. 

(1) cracking 
(2) Undercut 
(3) Lack of fusion .i: 

::! 
"* -e 

. -  
. I  
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(4) Lack of penetration 
(5) Slag 
(6) Porosity 
Cracks always head the list as the most 

potentially injurious (to service behavior) discon- 
tinuity, and porosity normally is relegated to a 
low position in the ranking because porosity 
tends to be rounded wifh a minor stress concen- 
tration effect. 

Fracturemechanics generally treat the worst 
case discontinuity (cracks) and then makes an 
assessment of other discontinuities in proportion 
to their relativestressconcentrationinfluence, By 
treating discontinuities as crack-like, a conserva- 
tive assessment of all similar sized discontinuities 
is obtained. In determining the effect of crack- 
like discontinuities (planar discontinuities) the 
critical sizes can be defined. It is this definition of 
flaw size that is at the heart of the fitness for 
service approach. 

If acrack can be characterized as to size and 
acuity or sharpness by nondestructive testing 
methods, and if the material properties and the 
working and welding residual stresses are known 
as well, it is possible to determine whether the 
crack will cause failure. 

From the material and stress state view- 
point, the following additional aspects must be 
considered: 

(1) Material type 
(2) Material thickness 
(3) Yield strength 
(4) Microstructure in the vicinity of the tip 

(5) Magnitude of the applied and residual 

(6) The rate of application of strain (loading 

of the discontinuity 

stress and strain 

rate) 

(7) The environment 
With the details of the foregoingconsidera- 

tions defined and evaluated, the mathematicrela- 
tionships of discontinuity-material interactions 
can be applied. The end result of such determina- 
tions is the employment of a relatively simple 
equation for acceptable-unacceptable disconti- 
nuity assessment. The equation normally takes 
the form: 

K, cu (na)'/2 

where 

K, is a plane strain stress intensity factor 

u the applied or residual stress magni- 

C aconstantdepending ondiscontinuity 

tude acting on a discontinuity 

size and shape 

a = the discontinuity size or depth 

TT = 3.1416 

The plane strain stress intensity factor is in 
reality a property of a given material, and when 
assessed at its minimum value, it is known as K,, 
(critical value of fracture toughness). The two 
documents mentioned above provide charts or 
tables, or both, for evaluation of the constants in 
the appropriate equations. The fracture tough- 
ness can be measured directly by defined tests or 
estimated from Charpy V-notch impact data. 

Metric Conversion Factors 
I ksi = 6.89 MPa 
1 tonlin.2 = 13.79 MPa 
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WELDING INSPECTORS 

Inspectors of weldments should know and 
understand (1) the requirements and the duties of 
welding inspectors, engineers, and others, and 
(2) the principles of those tests employed to eval- 
uate the adequacies of weldments and their com- 
pliancewith welding procedures, codes, and spec- 
ificati0ns.l In general, the information about the 
inspection of weldments applies to brazements 
also. However, some inspection methods are not 
suitable for capillary brazed joints because of the 
thinness of the ffller metal in a joint. 

Welding inspectors must be familiar with all 
phases of the fabrication activities that apply to 
their product line. This includes a working 
knowledge of applicable codes, specifications, 
and laws governing the quality of specific com- 
ponents. Often this will include requirements for 
welding procedure specifications, qualification 
testing, and the application of mechanical, proof, 
and nondestructive tests. In this regard, it is bene- 
ficial if such inspectors are certified under the 
Welding Inspector Qualification and Certifica- 
tion Program of the American Welding Society.* 

REQUIREMENTS FOR INSPECTORS 
In conjunction with their duties, welding 

inspectors may represent the manufacturer, the 

1. Additional information may be found in Welding 
Inspection, 2nd Ed.. 1980, and ANSIIAWS BI.0, 
Guide for the Nondesiructive Inspection of Welds, 
(latest edition) published by the American Welding 
Society. 
2. Refer to Chapter 7for information on thi! program. 

purchaser, or the insurer of welded components, 
or a public interest or governmental organization 
that has no commercial involvement. The repre 
sented organizationcansubject inspectors to var- 
ious pressures and influences. Therefore, it is 
essential to maintain highly ethical standards. 
Such pressures can be minimized by active man- 
agement efforts to reduce conflicts and to s u p  
port the inspectors in their work. For instance, it 
is usually desirable that inspectors ieport to 
design engineers or welding engineers who estab- 
lish quality requirements rather than to the 
manufacturing managers who are responsible for 
meeting production requirements and costs. 

Inspectors must be physically fit to observe 
the welding and related activities. In some cases, 
this may involve ability to climb around or enter 
specific components. In all cases, the inspector's 
duties involvegood vision. Some inspecfion tools 
also require adequate color vision for maximum 
effectiveness. 

Good interpersonal skill is another non- 
technical trait associated with effective inspeo- 
tors, Serving as a link between different depart- 
ments with differinginterests and as persons who 
at times must make unpopular decisions, inspec- 
tors heed positive attitudes toward the job and 
other persons. To be successful, cooperation and 
respect must be earned by impartial, consistent, 
and fechnically correct decisions. 

Naturally, inspectors must be knowledge- 
able in welding and welding related activities. 
Usually this includes several welding processes, 
welding consumables, and both preweld and 
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postweld activities. In addition to having demon- 
strated ability to interpret drawings, specifica- 
tions, and fabrication and testing procedures, 
they must be able to communicate orally and in 
writing. They must know testingmethods and be 
able to perform or adjudicate such tests, or both. 
Finally, they must be able to maintain records 
documenting their findings, acceptances, and 
rejections. The ability to analyze these findings 
and recommend corrective actions is highly 
desirable. These skills can be learned through 
formal and on-thejob training and can be veri- 
fied by the certification program offered by the 
American Welding Society. 

DUTIES OF INSPECTORS 
Inspectors must be familiar with the pro- 

duct, engineering drawings, specification require- 
ments, and manufacturing and testing proce- 
dures. This includes the handling and disposition 
of deviations from requirements or procedures. 

The Writing and qualifying of welding proce- 
dure specifcations are usually an engineering 
function, while verification of welder and weld- 
ing operator qualifications and the surveillance 
of performance records are inspection functions. 
Various codes and contractural documents have 
different testing and acceptance criteria. W- 
sions must be based on the detailed knowledge of 
these requirements. The same also applies when 
performing or monitoring applicable mechani- 
cal, nondestructive, and proof testing operations. 

In many cases, actual inspection activities 
should not be limited to acceptance or rejection 
of the final product. Once a component has been 
completed, it may be difficult to evaluate its total 
qualify, and to take corrective actions that could 
improve the quality. Thus, certain activities are 

appropriate prior to and during fabrication, Typ- 
ically, these may include: . 

(1) Inspection prior to welding 
(a) Procedures and qualifications 
(b) Fabrication and testing plans 
(c) Base metal specifcations and qual- 

ity 
(d) Welding equipment and welding 

consumables 
(e) Joint designs and joint preparations 

(2) Inspection during welding 
(a) Conformity to welding procedures 

and fabrication plans 
(b) Preheat and interpass temperature 

requirements and measurement 
methods 

(c) Filler metal control and handling 
(d) Use of welders qualified for specific 

(e) Interpass and fmal cleaning 
(0 Vkualand, ifrequired, nondestruc- 

operations 

tive inspection 
(3) Inspection after welding 

(a) Conformity to drawing and specifi- 

(b) Cleaning and visual inspection 
(c). Nondestructive, proof, and me- 

chanical testing, if required 
(d) Repair activities 
(e) Postweld heat treatment, ifrequired 
(0 Documentation of fabrication and 

When the above activities are applied to 
specific industries and products, the duties and 
requirements of welding inspectors must be 
tailored to meet specific needs. At times, these 
details are left to the discretion of individual 
inspectors; in other cases, fhey are documented 
as part of a detailed quality assurance plan. 

cations 

inspection activities 

INSPECTION PLAN 

In some cases, 100 percent inspection of all 
production may be required. In other cases, 
sampling procedures are specified. Sampling is 
the selection of a representative portion of the 

production for inspection or test purposes. Con- 
clusions can be drawn about the overall quality 
of an entire production run based on the statisti- 
cal basis for the sampling procedure and the 

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:58:38 1997 



~~ 

__ ~ 

AWS WHB-5 CH*S ** I 078LI2b5 OOLOOO2 T I 

3u) /  INSPECTION 

results of inspections or tests on the samples. The 
Statistical sampling uses one procedure to test specifications or the procedures, or both, 

usual'y the methods for inspec- select probability samples, and another to sum- 
marize the test results so that specific inferences tion. 

Statistical Sampling 

SAMPLING METHODS 
can be drawn and the risks calcuiated byprobabil- 
itv. This method ofsamDlinacan miss some defec- . -  

Some of the t e r n  and methods found in tive products. The percentage Of defective pro- 
test procedures for sampling are parrlal, speci- ducts accepted is r e d u d  by increasing the Si of 
f id ,  and random. the sample. This method of selecting samples is 

used primarily for high-speed mass production. 
Partial Sampling 

Partial sampling involves the inspection of a 
certain number of weldments which is less than 
the total number in the lot or production run. 
The method of selection of the weldments to be 
inspected and the type of inspection should be 
prescribed. The rejection criteria and disposition 
routine for any substandard weldment found by 
the sampling inspection should also be specified 
on the procedure. 

Specijed Partial Sampling. Specified par- 
tial sampling occurs when a particular frequency 
or sequence of sample selection from the lot or 
production run is prescribed on the drawing or 
speciiication. An example of specified partial 
sampling is the selection of every fifth unit for 
inspection, starting with the fifth unit. This type 
of sampling is usually selected for fully auto- 
mated operations where process deterioration is 
monitored. 

Random Partial Sampling. Random partial 
sampling occurs when the units to be inspected 
are selected in a random manner. For example, 
one out of every five units from aproduction run 
is to be inspected, and the specific selection is 
made by the inspector in a random manner. 

Since it is not generally known in advance 
which units will be selected for inspection, equal 
care must be taken in the production of all units 
and a more uniform product quality should 
result. 

Statistical sampling will function most eco- 
nomically after statistical control has been 
attained as indicated by acontrol chart. Control 
charts are the usual criteria for statistical control. 
When it is desirable to take full advantage of the 
various plans for sampling, a statistical control 
chart must first be established. 

Plans for statistical inspection are designed 
to maximize acceptance of good material and 
rejection of poor material, and to mini& 
acceptance of poor material. It is never possible, 
to estimate the quality of a production lot from a 
relatively small sample. The higher the per- 
centage of production sampled, the lower the 
probability of error. 

PLAN SELECTION 
When the sampling plan is given in a proce- 

durespecxcation, the inspector need only follow 
the procedure. 

Complete inspection is used when weld- 
ments of the highest quality are required for 
critical services. One or more methods of nonde- 
structive testing, along with visual inspection, 
may be specZed for critical joints. 

For the average welding job, i n s w o n  
generally involves a combination of complete 
examination and random partial sampling, All 
of the welds are inspected visually; random par- 
tial sampling is then applied using one or moreof 
the other methods of nondestructive testing. 
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NONDESTRUCTIVE TESTING 

DEFINITIONS AND GENERAL 
DESCRIPTION 

Nondestructive resting(NDT) is a term used 
to designate those inspection methods that allow 
materials to be examined without changing or 
destroying their usefulness. Nondestructive eval- 
uation (NDE) and nondestructive inspection 
(NDI) are terms sometimes used interchangeably 
with NDT and are generally considered syn- 
onymous. Nondestructive tests are used onweld- 
ments for the following reasons: 

(1) Improved product reliability . 
(2) Accident prevention by eliminating 

(3) Determination of acceptability in accor- 

(4) Information for repair decisions 
(5) Reduction of costs by eliminating further 

processing of unacceptable components 
Nondestructive testing methods, other than 

visual inspection, include the following elements: 
(1) A source of probing energy 
(2) A component that is compatible with the 

(3) A detection device for measuring differ- 

(4) A means to display for record the results 

(5) A trained operator 
(6) A procedure for conducting the tests 
(7) A system for reporting the results 
There is considerable overlap in the applica- 

tion of destructive and nondestructive tests. For 
example, destructive tests or proof tests are fre- 
quently used to supplement, confirm, or establish 
the limits of nondestructive tests, and to provide 
supporting information. 

The forms of energy that can be used for 
nondestructive testing of a particular weldment 
depend on the physical properties of the base and 
weld metals and the joint designs. Thorough 
knowledge of each NDT method is needed for 
proper selection of the appropriate methods for 
each application. The commonly used NDT 
methods that are applicable to the inspection of 
weldments are: 

faulty products 

dance with a code or specification 

energy source 

ences in or effects upon the probing energy 

of the test 

(I)  Visual inspection, with or without opti- 

(2) Liquid penetrant (PT) 
(3) Magnetic particle (MT) 
(4) Radiography (RT) 
(5) Eddy current (ET) 
(6) Ultrasonic (UT) 
(7) Acoustic emission (AET) 
Thereare other NDT methods, such as heat 

transfer and femte testing, that are used for spe- 
cial cases. They are not covered here. Table 9.1 
summarizes the considerations generally used in 
selecting an NDT method for weld inspection. 

With respect to welding inspection, the 
meaning of the terms dhconrinuiry, flaw, and 
defect are as follows: 

A discontinuity is an interruption in the 
typicalstructureof aweldment. It may consist of 
a lack of homogeneity in the mechanical, metal- 
lurgical, or physical characteristics of the base 
metal or the weld metal. A discontinuity is not 
necessarily a defect. 

AfTaw is nearly synonymous with a discon- 
tinuity but has a connotation of undesirability. 

A defect is a discontinuity which by nature 
oreffect renders a weldment unable to meet spec- 
ifcations or acceptance standards. The term 
designates a rejectable condition. 

cal aids (VT) 

. 

VISUAL INSPECTION 
Visual inspection is the one nondestructive 

testing method most extensively used to evaluate 
the quality of weldments. It is easily done, rela- 
tively inexpensive, does not use special equip- 
ment, and gives important information about 
conformity to specifications. One requirement 
for this method of inspection is that the inspector 
have good vision. 

Visualinspectionshould betheprimaryeval- 
uation method of any quality control program. 
It can, in addition to flaw detection, discover 
signs of possible fabrication problems in subse- 
quent operations, and can be utilized in process 
control programs. Prompt detection and correc- 
tion of fIaws or process deviations can result in 
significant cost savings. Conscientious visual 
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Table 9.1 
Nondestructive testing methods 

~~~ 

Equipment ntcds Applications Advantages Limitations 
~~ ~ 

V i i U l l  

Magnifiers, color enhancement, pro- 
jectors, other measurement quip-  
m a t ,  is., rulers, micrometers, opti- 
cal comparators, light source. tions. 

Welds which have discontinuities on 
the surface 

Economical. expedient, requires rel- 
ativcly little training and relatively 
little equipment for many applica- 

Limited to external or surface condi- 
tions only. Limited to the visual 
acuity of the obscrver/inspector. 

Radiography (Gamma) 

Gamma ray sources. gamma ray Permanent record-cnables review 
camera projectors, film holders, by parties at a later date. Gamma 
films, lead screens, film processing sources may be positioned inside of 
equipment, film viewers, exposure accessiblcobjects, Le., pipes, &.,for 
facilities, radiation monitoring thickness, dimensional evaluations. unusual technique radiographs. 
quipmcnt. Energy efficient source requires no 

electrical energy for production of 
gamma rays. 

Most weld discontinuities including 
cracks, porosity, lack of fusion, in- 
complete penetration, slag, as wellas 
corrosion and fit-up defects, wall 

Radiation is a safety hazard-re- 
quires special facilities or areas where 
radiation will be used and requires 
special monitoring of exposure lev- 
els and dosages to personnel. Sour- 
ces (gamma) decay over their half- 
lives and must be periodically r e  
placed. Gamma sources have a con- 
stant energy of output (wavelength) 
and cannot be adjusted. Gamma 
source and related licensing require- 
nents are expensive. Radiography 
requires highlyskillcd operating and 
interpretive personnel. 

Radiography (X-Rays) 

X-ray sources (machines), electrical 
power source, same general quip-  
ment as used with gamma sources 
(above). 

Same applications as above. Adjustable energy levels, generally 
produces higher quality radiographs 
than gamma sources. Offers perma- 
nent record as with gamma radio- 
graphy (above). prctive personnel squired. 

High initial cost of x-ray equipment. 
Not generally considered portable, 
radiation hazard as with gamma 
sources, skilled operational and inter- 

, 
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Table 9.1 (continued) 

Limitations Equipment needs Applications Advantages 

Ultrasonic 

Pulse-echo instrument capable of 
exciting a piezoelectric mat1 and 
generating ultrasonic energy within 
a test piece, and a suitable cathode 
ray tube scope capable of displaying 
the magnitudes of received sound 
energy. Calibration standards, liq- 
uid couplant. 

Most weld dkcontinuities including 
cracks, slag, lack of fusion, lack of 
bond, thickness. Poisson's ratio may 
beobtained by determiningthe mod- 
ulus of elasticity. 

Most sensitive to planar type discon- Surface condition must be suitable 
tinuities. Test results known imme- for coupling to transducer. Couplant 
diately. Portable. Most ultrasonic (liquid) required. Small, thin welds 
flaw dctectorsdonot requirean e k e  may be dfificult to inspect. Refer- 
trical power outlet. High penetration ence standards are required. Requires 
capability. a relatively skilled operatorjinspec- 

tor. No record of results in most 
CaSes. 

Magnetic Particle 

Prods, yokes, coilssuitable for induc- 
ing magnetism into the test piece. 
Power source (electrical). Magnetic 
powders, some applications require 
special facilities and ultraviolet lights. 

Most weld discontinuities open to 
thesurface--somelar~voidsslightly 
subsurface. Most suitable for cracks. 

Relatively economical and expcdi- 
ent. Inspection equipment is consi- 
dered portable. Unlike dye pene- 
trants, magnetic particle can detect 
some near surface discontinuities. 
Indications may be preserved on 
transparent tape. 

Must be applied to ferromagnetic 
materials, Parts must beclean before 
and after inspection. Thick coatings 
may mask rejectable indications. 
Some applications require. parts to 
be demagnetized after inspection. 
Magnetic particle inspection requires 
use of electrical energy for most 
applications. 

Liw-d Penetrant 

Fluorescent or  dye penetrant. devel- 
opcrs, cleaners (solvents, emulsifiers, 
etc). Suitable cleaning gear. Ultra- 

Weld discontinuities open to sur- 
face, i.e., cracks, porosity, seams. 

May be used on all non-porous 
materials. Portable, relatively inex- 
pensive equipment. Expedient in- 

Surface films such as coatings, scale, 
smeared metal mask or hide reject- 
able defects. Bleed out from porous 
surfaces can also mask indications. s spection results. Results are easily 

is used. interpreted. Requires no electrical Parts must be cleaned before and -_ B 
energy except for light source. Indi- after inspection. 3 
cations may be further examined 

E visually. 

violet light source if fluorescent dye b 

0 
\ 
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Table 9.1 (continued) 

Equipment needs Applications Advantages Limitations 

Eddy Current 

An instrument capable of inducing 
elediomagnetic fields within a test 
piece and sensing the resulting elec- 
trical currents (eddy) so induced 
with a suitable probe or detector. 
Calibration standards. 

Weld discontinuities open to the sur- 
face (i.e.. cracks, porosity, lack of 
fusion) as well as some subsurface 
inclusions. Alloy content, heat treat- 
ment variations, wall thickness. 

Relatively expedient, low cost. Auto- 
matiou possible for symmetrical 
parts. No couplant required. Probe 
does not have to be in intimate con- 
tact with test p k .  

Limited to conductive materials. 
Shallow depth of penetration. Some 
indications may be masked by part 
geometry due to sensitivity varia- 
tions. Reference standard required. 

Acoustic Emission 

Emission sensors, amplifying elm- 
tronics. signal processing electronics 
including frequency gates, filters. A 
suitable output system for evaluat- 
ing the acoustic signal (audio moni- 
tor, visual monitor, counters, tape 
recorders, X-Y recorder). 

Internal cracking in welds during 
cooling, crack initiation and growth 
rates. 

Real time and continuous surveil- 
lance inspection. May be inspected 
remotely. Portability of inspection 
apparatus. 

Requires the use of transducers 
coupled on the test part surface. Part 
must be in “use” or stressed. More 
ductile materials yield low amplitude 
emissions. Noise must be filtered out 
of the inspection system. 



inspection before, during, and after welding can 
detect about 80 to 90 percent of the discontinui- 
ties before they are found by more expensive 
nondestructive testing methods. 

Equipment 
Visual aids and gages are sometimes used to 

make detection of flaws easier and to measure the 
sizes of welds or flaws in the joint. Lighting of the 
welded joint must be sufficient for good visibility. 
Auxiliary lighting may be needed. If the area to 
be inspected is not readily visible, the inspector 
may use mirrors, borescopes, flashlights, or other 
aids. Low power magnifiers are helpful for 
detecting minute flaws. However, care must be 
taken with magnifiers to avoid improper judge- 
ment of flaw size. 

Inspection of welds usually includes quanti- 
tative as well as qualitative assasment of thejoint. 
Numerous standard measuring tools are availa- 
ble to make various measurements, such as joint 
geometry and fit-up; weld size and reinforce- 
ment; misalignment; and depth of undercut. Typ- 
ical weld measuring gages are shown in Fig. 9.1. 

Some situations require special inspection 
gages to assure that specifications are met. Indi- 
cators, such as contact pyrometers and crayons, 
should be used to verify correct preheat and 
interpass temperatures. Proper usage of visual 
aids and gages requires adequate inspector 
training. 
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(I) Joint preparation, dimensions, and clean- 

(2) Clearance dimensions of backing strips, 

(3) Alignment and fit-up of the pieces being 

(4) Welding process and consumables 
(5) Weldingprdures and machine settings 
(6) Specified preheat temperature 

Sometimes, examination of the joint fit-up 
reveals irregularities within code limitations. 
These may be of concern, and should be watched 
carefully during later steps. For example, if the 
fit-up for a fdlet weld exhibits a root opening 
when none is specified, the adjacent leg of the 
filet weld needs to be increased by the amount of 
the root opening. 

liness 

rings, or consumable inserts 

welded 

' (7) Tack weld quality 

(A) Combination gage 

Prior to Welding 
Examination of the base metal prior to fab- 

rication can detect conditions that tend to cause 
weld defects. Scabs, seams, scale, or other harm- 
ful surface conditions may be found by visual 
examination. Plate laminations may be observed 
on cut edges. Dimensions should be confirmed 
by measurements. Base metal should be identi- 
fied by type and grade. Corrections should be 
made before work proceeds. 

After the parts are assembled in position for 
welding, the inspector should check the weld 
joint for root opening, edge preparation, and 
other features that might affat  the quality of the 
weld. Specifcally, the inspector should check the 
followingconditions for conformity to the appli- 
cable specifications: 

(B) Fillet weld gage 

fig. 9. l-Tpical weld measurement gages 
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During Welding amount of heat input and also the sequence and 
During welding, visual inspection is the 

primary method forcontrollingquality. Some of 
the aspects of fabrication that can be checked 
include the following: 

(1) Treatment of tack welds 
(2) Quality ofthe root pass and thesucceed- 

(3) Proper preheat and interpass temper- 

(4) Sequence of weld passes 
(5) Interpass cleaning 
(6) Root preparation prior to welding a 

second side 
(7) Conformance with the applicable pro- 

cedure 
The most critical part of any weld is the root 

pass because many weld discontinuities are asso- 
ciated with the root area. Competant visual 
inspection of the root pass wiU help to avoid 
discontinuities in the completed weld. Another 
critical root condition exists when second side 
treatment is required for a double welded joint. 
This includes removal of slag and other irregular- 
ities by chipping, arc gouging, or grinding to 
sound metal. 

The root opening should be monitored as 
welding of the root pass progresses. Special 
emphasis should be placed on the adequacy of 
tack welds, clamps, or braces designed to main- 
tain the specified root opening to assure proper 

ing weld layers 

atures 

placement of each weld pass may be specified to 
maintain mechanical properties or limit distor- 
tion, or both. 

To ensure the quality of the weld as work 
progresses, each weld layer should be visually 
checked by the welder for surface irregularities 
and adequate interpass cleaning to avoid slag 
inclusions or porosity. 

After Welding 
Items that are checked by visual inspection 

after welding include the following: 
(I) Final weld appearance 
(2) Final weld size 
(3) Extent of welding 
(4) Dimensional accuracy 
(5) Amount of distortion 
(6) Postweld heat treatment 
Most codes and specifications describe the 

type and size of discontinuities which can be’ 
accepted. Many of the following discontinuities 
on the surface of a completed weld can be found 
by visual inspection: 

(1) Cracks 
(2) Undercut 
(3) Overlap 
(4) Exposed porosity and slag inclusions 
(5) Unacceptable weld profile 
(6) Roughness of the weld faces 

joint penetration and alignment, 
Inspection of successive layers ofweld metal 

usually concentrates on bead shape and interpass 
cleaning. Sometimes, it is carried out with the 
assisfance of workmanship standards. Examples 

For accurate detection of such discontinui- 
ties, the weld surface should be thoroughly 
cleaned of oxide and slag. The cleaningoperation 
must be camed out carefully to avoid masking 
discontinuities from view. For example, if a 

of such standards are shown in Fig. 9.2. They are 
sections of joints similar to those in manufacture 
in which portions of successive weld layers are 
shown. Eachlayer oftheproduction weld maybe 
compared with the corresponding layer of the 
workmanship standard. A workmanship sample 
can only cover ideal conditions, and may not 
represent actual job conditions. Allowances must 
be made for production tolerances. 

When preheat and interpass temperatures 
are specified, they should be monitored at the 
proper times with asuitable temperature measur- 
ing device (e.g., crayons or pyrometer). The 

chipping hammer is used to remove slag, the 
hammer marks could mask fine cracks. Shot 
blasting may peen the surface of relatively soft 
weld metal and hide possible flaws. 

Dimensional accuracy ofweldments is deter- 
mined by conventional measuring methods. The 
conformity of weld size and contour may be 
determined by the use of a suitable weld gage. 
The size of a fillet weld in joints whose members 
are at right angles, or nearly so, is defined in 
terms of the length of the legs. The gage should 
determine whether the leg size is within allowable 
limits, and whether there is excessive concavity or 
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Polish and etch A 
thissurface > 

,- Macro sample 

u 
Duplicate fillet 
weld on this side 

Tack weld macro sample 
to plate with etched 
surface up 

\ ,- Polish and etch this surface 

Tack weld macro sample upright 
to plate with etched surface out 

Dimensions are in inches 

Fig. 9.2-Examples of weld workmansh& standards for groove welds (top) and 
fillet welds (bottom) 
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convexity. Special gages may be made for use LIQUID PENETRANT TESTING 
where the members are at acute or obtuse angles. 

For groove welds, the height of reinforce- 
ment should be consistent with specified require- 
ments. Where not specified, the inspector may 
need to rely on judgment, guided by what is 
considered good welding practice. Requirements 
as to surface appearance differ widely. In general, 
the weld surface should beas specified in the code 
or specifications. Visual standards or sample 
weldments submitted by the fabricator and agreed 
to by the purchaser can be used as guides to 
appearance. Sometimes a smooth weld, strictly 
uniform in size, is required because the weld is 
part of the exposed surface of the product, and 
good appearance is desirable. 

A code may permit limited amounts of 
undercut, undersize, and piping porosity, but 
cracks, incomplete fusion, and unfilled craters 
are generally not acceptable. Undercut, overlap, 
and improper weld profile act as stress raisers 
under load, and cracks may develop at these 
locations under cyclic loading. 

Some steels, such as ASTM A514 and 
A517, are susceptible to delayed cracking.’ The 
applicable code may specify a delay before visual 
inspection of welds in crack-sensitive steels. 

When a postweld heat treatment is speci- 
fied, the operation should be monitored and 
documented by an inspector. Items of impor- 
tance in heat treatment may include the following: 

(1) Area to be heated 

Liquid penetrant testing (PT) is a method 
that reveals open discontinuities by bleedout of a 
liquid penetrant medium against a contrasting 
background developer.4 The technique is based 
on the ability of a penetrating liquid to wet the 
surface opening of a discontinuity and to be 
drawn into it. If the flaw is significant, penetrant 
will be held in the cavity when the excess is 
removed from the surface. Upon application of a 
liquid-propelled or dry powder developer, bIotter 
action draws the penetrant ftom the flaw to pro- 
vide a contrasting indication on the surface. 

The basic steps involved in the application 
of a liquid penetrant test are relatively simple. A 
novice individual can probably conduct a satis- 
factory test simply by reading the instructions 
printed on many of the various types of penetrant 
containers. 

The following sequence is normally used in 
the application of a typical penetrant test. When 
the order is changed or short cuts are taken, 
validity of the test can be lost. 

(1) Clean the tesf surface. 
(2) Apply the penetrant. 
(3) Wait for the prescribed dwell time. 
(4) Remove the ex- penetrant. 
(5) Apply the developer. 
(6) Examine the surface for indications and 

(7) Clean, ifnecessary, to remove the residue. 
Liquid wnetrant methods can be divided 

record results. 

. .  
(2) Heating and cooling rates 
(3) Holding temperature and time 
(4) T~~~~~~~~~ measurement and location 

into two major groups: Method A-fluorescent 
penetrant testing, and Method B-visible pene- 
trant testing. The major differences between the 

\ ,  - 
(5) Equipment calibration 
Care should be taken when judging the 

quality of a weld from the visible appearance 
alone. Acceptable surface appearance does not 
prove careful workmanship. and is not a reliable 

two types of tests is that for Method A, the 
penetrating medium is fluorescent meaning that 
it glows when illuminated by ultraviolet or 
“black“ light. This is illustrated in Fig. 9.3. 
Method B utilizes visible penetrant, usually red in 

_ .  
indication of subsurface weld integrity. However, 
proper visuaI inspection procedures before and 
during fabrication can increase product recab& 
ity over that based only on final inspection. 

4. Refer to ASTM E165, Sfandard Recommended 
Practice for Liquid Penetrant Inspection for more 
information on the subject. ASTM E433. Stunrltrrd 
Reference Photographs for Liquid Penerrant Inspec- 
tion may be useful for classifying indications. These 
standards are available from the American Skiety for 
Testing and Materials. 

3. Refer to Vol. 4, Merals and Their WeMuMiry, 
Welding Handbook, 7th Ed., 1982,3-1. 
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color; that produces a contrasting indication 
against the white background of a developer, as 
shown in Fig. 9.4. 

The sensitivity may be greater using the 
fluorescent method; however, both offer ex- 
tremely good sensitivity when properly applied. 
The difference in sensitivity is primarily due to 
the fact that the eye can discern the contrast of a 
fluorescent indication under black light more 
readilythan acolorcontrast underwhitelight. In 
the latter case, the area must be viewed with 
dequate white light. 
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Applications 
For the inspection of welds, the liquid pene- 

trant fest is reliable when properly performed. Ex- 
cept for visual inspection, it is perhaps the most 
commonly utilized nondestructive test for the sur- 
face inspection of nonmagnetic parts. While the 
test can be performed on as-welded surfaces, the 
presence of weld bead ripples and other kregulari- 
ties can hinder interpretration of indications. In 
the examination of welds joining cast metals with 
this method, the inherent surface imperfections 
in castings may also cause problems with interpre- 
tation. If the surface condition causes an excessive 
amount of irrelevant indications, it may be neces- 
sary to remove troublesome imperfections by light 
grinding prior to inspection. The visible penetrant 
test method is commonly used for field testing 
applications because of its simplicity. 

Another common use of penetrant inspec- 
tion is to check the accuracy of results obtained 
by magnetic particle testing of ferromagnetic 
weldments. 

Equipment 
Unlike many of the other types of nonde- 

structive testing, liquid penetrant testing requires 
little equipment. Most of the equipment consists 
of containers and applicators for the various liq- 
uids and solutions which are utilized. The testing 
materials are available in convenient aerosol 
spray cans, which can be purchased separately or 
in kits. Fluorescent penetrant testing requires a 
high intensity ultraviolet light source and facili- 
ties for reduction or elimination of outside light- 
ing. Other related equipment, such as additional 
lighting, magnifiers, drying apparatus, rags, and 
paper towels, might be needed depending on the 
specific test application. 

Materials 
Liquid penetrant inspection materials con- 

sist of fluorescent and visible penetrants, emulsi- 
fiers, solvent base removers, and developers.’ 
Intermixing of materials of different methods 
and manufacturers is not recommended. The 

Fig. 9.3-Fhorescenl penetrant imdicafiom 
of a discomtinuity in a weM 

5. These materials can be flammable or emit hazard- 
ous and toxic vapors. Observe all manufacturer’s 
instructions and precautionary statements. 

F&. 9.4--Dp genetrant ill&af;On ofa 
discontinuity in a weld 
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inspection materials used should not adversely 
affect the serviceability of the parfs tested. 

Penetrants. Water-washable penetrants are 
designed to be directly water-washable from the 
surface of the test part, after a suitable penetrant 
(dwell) time. It is extremely important to avoid 
overwashing because the penetrants can be 
washed out of discontinuities if the rinsing step is 

Liquid film developers are solutions or col- 
loidal suspensions of resins in a suitable carrier. 
These developers will form a transparent or 
translucent coating on the surface. Certain types 
of film developer may be stripped from the part 
and retained for record purposes. 

Procedures 
too long or too vigorous. 

Postemulsifiable penetrants are insoluble 
in water and cannot be removed with water rim- 
ing alone. They are selectively removed from the 
surface of a part using a separate emulsifier. The 
emulsifier combines with the penetrant to form a 
water-washable mixture, which e n  be rinsed 
from the surface of the part. 

Solvent-removable penetrants can be re- 
moved by first wiping with clean, lint-free mate- 
rial, and repeating the operation until most traces 
of penetrant have been removed. The remaining 
traces are removed by wiping the surface with 
clean, lint-free material lightly moistened with a 
solvent remover. This type is intended primarily 
for portability and for localized areas of inspec- 
tion. To minimize removal of penetrant from 
discontinuities, care shall be taken to avoid the 
use of excess solvent. 

EmuLsVers. These are liquids used to emul- 
sify the excess oily penetrant on the surface of the 
part, rendering it water washable. 

Developers. Dry powder developers are free- 
flowing and noncaking as supplied. Care should 
be taken not to contaminate the developer with 
penetrant, as the specks can appear as indications. 

Aqueous wet developers are normally sup- 
plied as dry powders to be suspended or dissolved 
in water, depending on the type of aqueous wet 
developer. 

Nonaqueous suspendible developers are 
supplied as suspensions of developer particles in 
nonaqueous solvent carriers ready for use BS sup 
plied. They are applied to thq area by conven- 
tional or electrostatic spray guns or by aerosol 

I 

The following general processing proce- 
dures, as outlined in Fig. 9.5, apply to both the 
fluorescent and visible penetrant inspection 
methods. The temperature of the penetrant 
materials and the surface of the weldment should 
be between 600 and lXOE 

Satisfactory results can usually be obtained 
on surfaces in theas-welded condition. However, 
surface preparation by grinding or machining is 
necessary when surface irregularities nught mask 
the indications of unacceptable discontinuities, 
or otherwise interfere with theeffectiveness of the 
examination. 

Precleaning. The success of any penetrant 
inspection procedure is greatly dependent upon 
the freedom of both the weld area and any dis- 
continuities from contaminants (soils) that might 
interfere with the penetrant process. All parts or 
areas of parts to be inspected must be clean and 
dry before the penetrant is applied. "Clean* is 
intended to mean that the surface must be free of 
any rust, scale, welding flux, spatter, grease, 
paint, oily films, dim, etc., that might interfere 
with penetration. All of these contaminants can 
prevent the penetrant from entering discontinui- 
ties. If only a section containing a weld is to be 
inspected, the weld and adjacent areas within 1 
in. of the weld must also be cleaned. 

Drying Afer Cleaning. It is essential that 
the parts be thoroughly dry after cleaning 
because any liquid residue will hinder the 
entrance of the penetrant. Drying may be 
accomplished by warming the parts in drying 
ovens, with infrared lamps, forced hot air, or 
exposure to ambient temperature. Part tempera- 

spray cans after the excess penetrant has been 
removed and thepart hasdried. Nonaqueous wet 
developers form a whitecoating on the surface of 
the part whendried, whichservesasacontrasting 
background for visible penetrants and develop- 
ing media for fluomcent penetrants. 

tures must not exceed 1 2 5 O  F prior to application 
of penetrant. 

Penetrant Application. After the part has 
been cleaned, dried, and cooled to approximate 
ambient temperatures (125OF maximum), the 
penetrant is applied to the surface to be inspected 
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so that the entire part or the weld area is com- 
pletely covered with penetrant. 

There are various methods for effective 
application of penetrant such as dipping, brush- 
ing, flooding, or spraying. Small parts are quite 
often placed in suitable baskets and dipped into a 
tank of penetrant. On larger parts, and those with 
complex geometries, penetrant can be applied ef- 
fectively by brushing orspraying. Aerosol sprays 

sifier (oil or water base). After the required pene- 
tration time, the excess penetrant on the part is 
emulsified by dipping, flooding, or spraying with 
the required emulsifier. After application of the 
emulsifier, the part should be drained to avoid 
pooling of the emulsiiier, 

Emulsification dwell time begins as soon as 
the emulsifier has been applied. Nominal emulsi- 
fication time should be as recommended by the 

are also avery effective and convenient means of 
application. With spray applications, it is impor- 
tant that there is proper ventilation. This is gen- 
erallyaccomplished throughthe use of aproperly 
designed spray booth and exhaust.system. 

After application, ex- penetrant is drained 
from the part. Care should be taken to prevent 
pools of penetrant on the part. 

The length of time that the penetrant must 
remain on the part to allow proper penetration 
should be as recommended by the penetrant 
manufacturer. If penetrant characteristics are 
materially affected by a prolonged dwell time, as 
evidenced by difficulty in removing the excess, 
reapply the penetrant for the original prescribed 
dwell time. 

Removal of Excess Penetrant. After the 
required dwell time, the ex- penetrant is 
removed. The procedure depends on the type of 
penetrant. 

Water-washable penetrants can be removed 
directly from the part surface using a water spray 
or immersion equipment. Most water-washable 
penetrants can be removed effectively within a 
temperature range from 60" to 1 lo" F, but for 
consistent results, the temperature recommended 
by the penetrant supplier should be used. 

Excessive washing can cause penetrant to be 
washed out of discontinuities. The rinsing opera- 
tion for fluorescent penetrants may be done 
under black light so that it can be determined 
when the surface penetrant has been adequately 
removed. 

In special applications, where water rinse 
facilitiv are not available, penetrant removal 
may be performed by wiping the surface with a 
clean, absorbent material dampened with water 
until the ex- surface penetrant is removed. 

Postemulsifiable penetrants are not directly 
water-washable; they require the use of an emul- 

manufacturer. 
Effective rinsing of the emulsiied penetrant 

from the surface of the part can be accomplished 
in the same manner as for water-washable 
penetrants. 

With solvent-removable penetrants, e x m  
penetrant is removed, insofar as possible, by 
using wipes of clean, lint-free material, repeating 
the operation until most traces of penetrant have 
been removed. Then, a lint-free material is lightly 
moistened with solvent and wiped over the sur- 
face until all remaining traces of excess penetrant 
have been removed. To minimize removal o f .  
penetrant from discontinuities, avoid the use of 
excess solvent. 

For some critical applications, flushing of 
the surface with solvent cleaner should be pro- 
hibited. When cleaning as previously described 
cannot be done, flushing the surface with cleaner 
may be necessary, but it will jeopardize the accu- 
racy of the test. 

The solvent may be trichorethylene, per- 
chlorethylene, acetone, or a volatile petroleum 
distillate. The former two are somewhat toxic; 
the latter two are flammable. Proper safety pre- 
cautions should be observed. Producers of thcin- 
spection materials market cleaners for their pene- 
trant products, and their use is recommended. 

Drying of Parts. During the preparation of 
parts for inspection, dryingis necessary following 
either application of aqueous wet developer or 
water rinsing, before the application of dry or 
nonaqueous developers. Parts can be dried in a 
hot-air recirculating oven, with a hot-air blast, or 
by exposure to dry air at ambient temperature. 
Part temperature should never exceed 12YE 

Excessive drying time can cause evapora- 
tion of the penetrant, which may impair thesensi- 
tivity of the inspection. Drying time will vary 
with the size, nature, and number of parts under 
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inspection. They should be applied immediately 
after the excess penetrant has been removed from 
the part surface, prior to drying in the case of 
aqueous developers, and immediately after the 
part has been dried for all other developer forms. 

There are various methods for effective 
application of the various types of developers, 
such as dipping, immersing, flooding, spraying, 
or dusting. The size, configuration, surface con- 
dition, and number of parts to be processed will 
influence the choice of developer. 

Dry powder developers should be applied in 
a manner that assures complete coverage of the 
area being inspected. Excess powder may be 
removed by shaking or tapping the part gently, 
or by blowing withlow-pressure(5 to 10psi)dry, 
clean, compressed air. 

Aqueous developers should be applied im- 
mediately after the excess penetrant has been 
removed from the part, but prior to drying. After 
drying, the developer appears as a white coating 
on the part. Aqueous developers should be pre- 
pared and maintained in accordance with the 
manufacturer’s instructions and applied in a 
manner to assure complete and even coverage. 
The parts are then dried as described previously. 

Nonaqueous wet developers are applied to 
the part by spraying, as recommended by the 
manufacturer, after the excess penetrant has 
been removed and the part has been dried. This 
type of developer evaporates very rapidly at 
normal room temperature, and does not require 
the use of a dryer. It should be used, however, 
with proper ventilation. The developer must be 
sprayed in a manner that assures complete cov- 
erage with a thin, even fdm. 

The length of time before the coated area is 
visually observed for indications should not be 
less than about 7 minutes, or as recommended by 
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inspection, Where excess penetrant is removed 
with the solvent wipe-off technique, drying should 
be by normal evaporation. 

Developing Indications, Indications are de- 
veloped by bringing the penetrant back out of 
any discontinuities, through blotting action, 
which spreads it on the surface to increase its 
visibility to the eye. Developers are used either 
dry or suspended in an aqueous or nonaqueous 
solvent that is evaporated to dryness before 

the manufacturer. Developing time begins im- 
mediately after the appplication of dry powder 
developer or as soon as a wet (aqueous or non- 
aqueous) developer coating is dry. If bleedout 
does not alter theinspectionresults, development 
periods of over 30 minutes are permitted. 

Inspection. Although examination of parts 
is done after the appropriate development time, it 
is good practice to observe the surface while 
applying the developer as an aid in evaluating 
indications. Inspection for fluorescent penetrant 
indications is done in a dark area. Maximum 
ambient light of about 3 footcandles is allowed 
for critical inspection. Higher levels may be used 
for noncritical inspections. Black light intensity 
should be a minimum of 800 pW/cm2 on the 
surface of the part being inspected. 

Visible penetrant indications can be in- 
spected in either natural or artificial white light. 
A minimum light intensity at the inspection site 
of 32.5 footcandles is recommended. 

Post Cleaning. Post cleaning is necessary in 
those cases where residual penetrant or developer 
could interfere with subsequent processing or 
with service requirements. It is particularly im- 
portant where residual inspection materials might 
combine with other materials in seMw to produce 
corrosion products. A suitable technique, such as 
simple water rinsiig, machine washing, vapor 
degreasing, solvent soaking, or ultrasonic clean- 
ing may be employed. In t h e m  of developers, it 
is recommended that cleaning be camed out with- 
in a short time after inspection so that the devel- 
oper does not adhere to the part. Developers 
should be removed prior to vapor degreasing be- 
cause that can bake thedeveloper onto the parts, 

Interpretation of Indications 
Probably the most common defects found 

using this process are surface cracks. Due to the 
critical nature ofsurface cracks for most applica- 
tions, this test capability is a valuable one. An 
indication of a crack is very sharp and well 
defined. Most cracks exhibit an irregular shape, 
and the penetrant indication will appear identi- 
cal. The width of the bleedout is a relative mea- 
sure of the depth of a crack. A very deep crack 
will continue to produce an indication even after 
recleaning and redeveloping several times. 

* 

c 

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:58:38 1997 



334/ INSPECTION 

Surface porosity, metallic oxides, and slag 
will also hold penetrant and cause an indication. 
Depending on the exact shape of the pore, oxide, 
or slag pocket, the indication will be more or less 
circular. In any case, the length to width ratio 
usually will be far less than that of a crack. 

Other discontinuities such as inadequate 
joint penetration and incomplete fusion can also 
be detected by penetrant inspection if they are 
open to thesurface. Undercut and overlap are not 
easily detected by this type of testing; they can be 
evaluated more effectively using visual ;Ispection, 

MAGNETIC PARTICLE TESTING 
Principles 

Magnetic particle testing (h4T) k a nonde- 
structive method used to detect surface or near 

Disruption of magnetic 
field and accumulation 
of particles at crack site r 

$I?i% w Magnetic 
lines 

F& 9.6-Accumulation of magneticparticles 
at a surface flaw 

A ferromagnetic material can be magnet- 
ked either by passing an electric current through 
the material or by placing the material within a 

surface discontinuities in magnetic materials? 
The method is based on the principle that mag- 
netic lines of force, when present in a ferromag- 
netic material, will be distorted by an interrup- 
tion in material continuity, such as adiscontinuity 
or a sharp dimensional change. If a discontinuity 
in a magnetized material is open to or close to the 
surface, the magnetic flux lines will be distorted 
at the surface, a condition temedflkx leakage. 
When f i e  magnetic particles are distributed over 

I 

magnetic field originated by an external source. 
The entire component or a portion of it can be 
magnetized as dictated by size and equipment ' 
capacity or by need. As previously noted, the 
discontinuity must interrupt the normal path of 
thelines of force. If adiscontinuity is open to the 
surface, thefluxleakagewill beamaximumfora 
given size and shape of discontinuity. When a 
discontinuity is below the surface, flux leakage 
will be lower. Practically, discontinuities must be 

- 
the area of the discontinuity while the flux leak- 
age exists, they wiU accumulate at the disconti- 
nuity and be held in place. This principle k illus- 
trated in Fig. 9.6. The accumulation of particles 
will be visible under proper lighting conditions. 

open to thesurface or must be in the near subsur- 
face to create flux leakage of sufficient strength to 
accumulate magnetic particles. 

If a discontinuity is oriented parallel to the 
lines of force, it will be essentially undetectable. 

While there are variations in the magnetic p a d -  
cle test method, they al l  are dependent on the 
principle that magnetic particles will be retained 
at the locations of magnetic flux leakage. 

There are three essential requirements of the 
test method: 

(I) The part must be magnetized. 
(2) Magnetic particles must be applied while 

(3) Any accumulation of magnetic particles 
the part is magnetized. 

must be observed and interpreted. 

Because discontinuities may occur in any orien- 
tation, it is usually necessary to magnetize the 
part at least twice to induce magnetic lines of 
force in different directions to perform an ade- 
quate examination. 

The lines of force must be of sufficient 
strength to indicate those discontinuities which 
are unacceptable, yet not so strong that an exms  
of particles is accumulated locally thereby mask- 
ing relevant indications. 

Applications 

American Society for Testing &d Materials. magnetic particle testingis performed on finished 
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weldments. Moreover, when utilized at pre- 
scribed intervals in the completion of a multiple 
pass weld, it can be an extremelyvaluable process 
control tool. When used in this manner, flaws are 

cable only to ferromagnetic metals in which the 
deposited weld metal is also ferromagnetic. It 
cannot be used to inspect nonferrous metals or 
austentic steel. Difficulties may arise with weld- 

found while they are easily correctable rather 
than later when the difficulty and cost of repair 
are greater. As an example, one usage is in the 
examination of the root of a back gouge or a 
repair groove prior to welding to assure that all 
defects have been satisfactorily removed. Mag- 
netic particle inspection is also applied to weld- 
ments following, and sometimes prior to, stress 
relief. Most defects that might occur during this 
treatment would be surface-related. . 

Theaerospace industrysometimesusesmag- 
netic particle inspection on light structural com- 
ponents. With fatigue being a prime design con- 
sideration for some components, the surface qual- 
ity becomes extremely critical. With thin cross 
sections, many subsurfaw flaws are also detecta- 
ble. Magnetic particle inspection may be per- 
formed during routine maintenance. It provides 
a good check for potential structural problems. 

Magnetic particle inspection is frequently 
applied to plate edges prior to welding to detect 
cracks, laminations, inclusions, and segregations. 
It will reveal only those discontinuities that are 
near or extend to the edge being inspected. Not 
all discontinuities found on plateedgtx are objec- 
tionable. However, it is necessary to remove 
those that would affect either the soundness of 
the welded joint or the ability of the base metal to 
assume design loads under service conditions. 

Magnetic particle inspection can be applied 
in conjunction with repair work or rework 
procedures on both new parts and parts that may 
have developed cracks in service. This applies not 
only to the repair of weldments but also to 
rework done by welding in the repair or salvage 
of castings and forgings. It may be advisable to 
check the completed repair for cracks or other 
objectionable discontinuities in the weld or in the 
adjacent metd, if they exist. In general, the same 
inspection procedures should be used in connec- 
tion with repair or rework procedures as would 
be used on the original parts, 

Limitations 
The magneticmethod of inspectionis appti- 

ments where the magnetic characteristics of the 
weld metal are appreciably differenf from those 
of the base metal. Joints between metals of dis- 
similar magnetic characteristics create magnetic 
discontinuities that may produce indications 
even though the joints themselves are sound. 

Subsurface porosity and slag inclusions pro- 
duce powder pattern that are not clearly defined. 
The degree of sensitivity in this method depends 
upon certain factors. Sensitivity decreases with a 
decrease in size of thediscontinuity, and also with 
an increase in depth below the surface. A decrease 
in sensitivity is evident when discontinuities are 
rounded or spherical, rather than cracklike. 

A discontinuity must be sufficiently large to 
interrupt or distort the magnetic field to cause 
external leakage. Fine, elongated discontinuities, 
such as seams, inclusions, or fine cracks, will not 
interrupt a magnetic field that is parallel to the 
direction of the discontinuity. In this case, no 
indication will be apparent. 

Surface conditions also influence the sensi- 
tivity of the inspection process. The surface of the 
weld and surrounding areas should be clean, dry, 
and free from oil, water, excessive slag, or other 
accumulations that would interfere with mag- 
netic particle movement. A rough surface de- 
creases the sensitivity and tends to distort the 
magnetic field. It also interferes mechanically 
with the formation of powder patterns. Light 
grinding may be used to smooth rough weld 
beads, using care to avoid smearing the surface. 

Orientation of the Magnetic Field 
The orientation of the magnetic field has a 

great influence on the validity and performance 
ofthe test. Iftestingisdoneonaweld usingonlya 
single orientation of the magnetic field, there may 
be discontinuities present that are undetected 
because they are aligned with the flux path. The 
direction of the magnetic field must be known so 
that it can be shifted to provide the necessary 
coverage. The best results are obtained when the 
magnetic field is perpendicular to the length of 
existing discontinuities. 

* 
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Circular Magnetization 
A magnetic field can be produced by pass- 

ing an electrical current through a conductor. 
This method is referred to as circular magnetiza- 
tion. Most magnetic particle testing utilizes this 
principle to produce a magnetic field within the 
part. An electrically-induced magnetic field is 
highly directional. Also, fhe intensity of the field 
is proportional to the strength of thecurrent. "he 
direction of the magnetic lines of force forcircu- 
lar magnetism is shown in Fig. 9.7. 

When current is passed through a conduc- 
tor, a magnetic field is present on its surface as 
well as around it. However, when current is 
passed through a ferromagnetic conductor, such 
as carbon steel, most of the field is codined 
within the conductor itself. This behavior is illus- 
trated in Fig. 9.8. 

If current is made to flow through a uniform 
steel section, the magnetic field will be uniform as 
well. Upon application of f i e  magnetic particles 
to the surface while the current is flowing, the 

Current 
flow 

particles will be uniformly distributed over the 
surface. If a discontinuity is present on the sur- 
face, the particles will tend to build up across the 
discontinuity because of flux leakage. 

When the excess magnetic powder is re 
moved, the outline of the discontinuity, with re- 
gard to dimensions and orientation, is rather well 
defined by the powder that remains, providing 
the discontinuity is perpendicular to the flux path. 
This is illustrated in Fig. 9.9. If the flux path is 
parallel to the discontinuity, it is probable that no 
indicationwill appear. For a very large flaw paral- 
lel to the flux path, an indication might be visible, 
but it would likely be very weak and indefinite. 

If circular magnetization is to be utilized to 
detect longitudinal disconfinuities lying on the 
inner surface of a hollow part, aslightly different 
technique is required because the bore of a hollow 
part is not magnetized when cutrent passes 
directly through the part. To accomplish this 
inspection, a conductor is placed through the 
openingorholein the hollow part. Whencurrent 

Fig. 9.7-Magnetic field around a conductor carrying current 

Magnetic field 

L- Current flow Ferromagnetic conductor 

fig. 9.8-Circuar magnetic field within a ferromagnetic electric conductor 
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is passed through the conductor, circular mag- 
netic fields are induced at both the inner and 
outer surfaces of the hollow part. 

Longitudinal Magnetization 
Sometimes,discontinuities are oriented such 

that they would be parallel to circular magnetic 
flux in a steel part. The detection of such discon- 
tinuities requires asomewhat different approach. 
Theconductor is coiled, and the part to be tested 
is placed within the coil such that it becomes the 
core of asolenoid. This produces a magnetic field 
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inlinewith theaxisofthecoil. Twoormorepoles 
are. produced, usually at the ends of the part. This 
technique is referred to as longitudinalor bipolar 
tnugneiuarion. With longitudinal magnetization, 
it is possible to reveal those discontinuities tying 
transverse to the long axis of the part, Fig. 9.10. 
Flaws oriented at 45degrees may bedetected by&- 
cular or longitudinal magnetization. Sometimes 
in an emergency, longitudinal magnetization can 
be induced in parts, such as shafts, pipes, and 
beams, simply by coiling alength of welding cable 
around the area to be tested and applying current, 

Contact plate r Contact 

I 
Current I 

fig. 9.%-Dett?dion of a t7a w with circular magnetka tion 

Cracks at 90" to lines 
of farce WILL show Magnetic lines 

of force about 
the electrical 

Magnetic lines of farce 
within and an surface - Magnetizing current 

orce will NOT show 

fifi 9. 'IO--Longitudinal magnetization 
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1 

Localized Magnetization 
For large parts, there are two basic types of 

equipment available that will provide amagnetic 
field in a localized area. Both can be utilized as 
portable methods so that the equipment can be 
taken to the component to be inspected on 
location. 

The fmt of these two techniques is referred 
to as prod rnugnetizution. Using this method, a 
localized area can be magnetized by passing cur- 
rent through the part by means of hand-held 
confacts orprods, as shown in Fig. 9.1 1. Manual 
clamps or magnetic leeches may be used in place 
of prods. 

The current creates local, circular magnetic 
fields in the areabetween the contact points. This 
method is used extensively for localized inspec- 
tion of weldments where the area of interest is 
confiied to the weld zone. The prods must be 
securely held in contact with the part to avoid 
arcing at the contact points. For this reason, a 
low open-circuit voltage is utilized (2 to 16V). 
This method provides only a unidirectional 
magneticfield. Therefore, it k necessary to reor- 
ient the contacts at about 90 degrees and remag- 
netize for complete inspection of the area. 

Another way to induce alocalized magnetic 
field is with a solenoid having flexible extensions 
of the core. When the extensions make contact 
with the part and the coil is energized, the mag- 
netic field of the solenoid is concentrated in the 
part between the contact points, Referred to as 
the yoke method, theequipment can be relatively 
small and lightweight. Another desirable feature 
of this technique is that electric current is not 
transferred to the part, as with the prod method. 
Thus, there is no tendency to arc or bum the part. 

Types of Magnetizing Current 
Alternating or direct current may be used 

for magnetizing the parts. High amperage, low 
voltage power is usually employed. 

Portable equipment that makes use of elec- 
tromagnets or permanent magnets is occasion- 
ally used. These magnets are satisfactory for the 
detection of surface cracks only. 

AIternuting Current. Only the surface of the 
metal is magnetized by alternating current. The 
method is effective for locating discontinuities 
that extend to the surface, such as cracks, but 
deeper discontinuities or incomplete fusion would 
not be detected. It may be used to inspect welds 
where subsurface evaluation is not required. 

Lines of magnetic force 

Electric current 

\ Cracks parallel to lines 
of force will NOT show L Cracks at 900 to lines 

of force WILL show 

fig. 9.1&Prad technique for IocalmagneLiration with magnetk parUcle lnspectih 
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Direct Current. Direct current produces a 
magnetic field that penetrates throughout the 
part and is, therefore, more sensitive than alter- 
nating current for the detection of subsurface 
discontinuities. Full-wave, three-phase rectified 
current produces results essentially cornpatable 
to direct current obtained from generator or 
batteries. 

Half-wave rectified, singlephase current 
provides maximum sensitivity. The pulsating 
field increases particle mobility and enables par- 
ticles to line up more readily in weak leakage 
fields. 

With suitableequipment, two different types 
of current can be applied to apart. The character- 
istics of the same indications With differknt CUP 
rents could provide useful information for more 
accurate interpretation of a flaw. For example, 
using both ac and dc magnetization, the relative 
amounts of particle buildup could help to deter- 
mine thedepthoftheflaw. Iftheparticlebuildup 
with dc magnetization is considerably greater 
than that with ac, it is highly probable that the 
flaw has a significant depth, and is not just a 
surface irregularity. 

Amount of Magnetizing Current 
The magnetizing current should be of suffi- 

cient strength to indicate all detectable dkconti- 
nuities that might affect the performance of the 
weldment in service. Excessive magnetizing cur- 
rents should be avoided because they produce 
irrelevant patterns. Magnetizing cnrrents should 
be specified in the test procedures or specifica- 
tions. If these are unavailable, current require- 
ments may be determined by experience or 
experiment. Theapplied voltage has no effect on 
the magnetic fields, and should be kept low to 
prevent arcing and overheating. 

The approximate amperage ranges for the 
various magnetizing methods are as follows: 

(1) Longitudinal magnetization: 3,000 to 
10,OOO ampere-turns depending on the ratio of 
the coil and part diameters. 

(2) Overall circular magnetization: 100 to 
1,OOO amperes per inch of part diameter. 

(3) Prod magnetization: 90 to 125 amperes 
per inch of prod spacing, depending on metal 
thickness. 
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(4) Yoke magnetization: The magnetizing 
current must be sufficient to lift 40 lb with dc 
magnetization and 10 lb With ac magnetization. 

Inspection Media 
With the availability of magnetic particles of 

various colors, mobility, and luminescence, a 
type can be selected that will provide for the 
greatest visual sensitivity for each specific test 
situation, The condition of the test surface as well 
as the types of flaws suspected are additional 
criteria to be considered in this decision, 

Dry Method. With this technique, finely 
divided ferromagnetic particles in dry powder 
form are coated to provide for enhanced mobil- 
ity, and then dyed various colors to create a 
distinct contrast with the background. They are 
applied uniformly to the part by means of a 
particle dispenser, an atomizer, or a spray gun. 
The dry method provides for the greatest porta- 
bility of inspection. Dry powder is more satisfac- 
tory on rough surfaces. (Application of a wet 
medium would result in an increase in the extent 
of irrelevant indications, making interpretation 
more difficult.) 

The powder should be applied in the form 
of a low velocity cloud with just enough motive 
force to direct the particles to the area of interest. 
This permits the particles to tine up in indicating 
patterns as they are drawn to locations of leakage 
flux. The excess powder should be removed 
using a stream of air just sufficient to carry the 
unwanted powder away while not disturbing 
lightly held powder patterns. 

Wet Method. Besides the obvious difference 
between the wet and dry methods, the magnetic 
particles for wet magnetic particle testing are 
smaller in size, and are suspended in a liquid bath 
of light petroleum distillate. These factors make 
wet magnetic particle testing better suited for the 
discovery of fine surface flaws on smooth sur- 
faces. Conversely, it is less likely to reveal a sub- 
surface flaw than is the dry method. 

The magnetic particles for liquid suspension 
are available in either paste or concentrate forms 
for use with either an oil or water bath. The 
proportion used in the bath should be in com- 
pliance with the manufacturer’s recommenda- 
tion. Aerosol cans containing premixed particle- 

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:58:38 1997 



340 / INSPECTION 

bearing suspensions are commercially available. 
Continuous agitationof the solution is necessary 
to prevent the indicating particles from settling 
out, which would result in a reduction of test 
sensitivity, 

While both oil-based and water suspensions 
provide nearly equal sensitivity, the fire hazard 
due to arcing is avoided with water suspension. 
However, the presence of water near electrical 
apparatus creates a shock hazard that must be 
guarded against. Operators should be made 
aware of any potential hazards, and be informed 
how to prevent them. 

During inspection using the wet technique, 
the magnetic particle solution either flowed 
over or sprayed on the local area or the part is 
immersed in a tank containing the liquid bath. 
The smaller particle size increases the test sensi- 
tivity so that very fine discontinuities can be 
revealed consistently. The partides are available 
in two colors: red and black. The red particles are 
better for dark surfaces. Particles coated with a 
dye that fluoresces brilliantly under ultraviolet 
(black) light increase the sensitivity of the test. 
Fluorescent particles can indicate very small or 
fine discontinuities, and permit rapid inspection 
of irregular or dark surfaces. 

Sequence of Operation 
The sequence of operation in magnetic par- 

ticle testing involves timing and application of 
the particles and the magnetizing current. Two 
basic sequences, continuous and residual, are 
commonly employed. 

Continuous Magnetization. This method of 
operation with either wet or dry particles is em- 
ployed for most applications. The sequence of op 
eration differs for wet and dry continuous mag- 
netization techniques. The wet technique is gener- 
ally used forthose parts processed on a horizontal, 
wet-type testing unit. In practice, it involves (1) 
bathing the part with the inspection medium to 
provide an abundant source of suspended parti- 
cles on the surface, and (2) terminating the bath 
application simultaneously with the initiation of 
the magnetizing current. The duration of the 
magnetizing current is typically 0.5 seconds. 

With the dry technique, the particles lose 
mobility when they contact the surface of a part. 

' 

Therefore, it is imperative that the part be under 
the influence of the applied magnetic field while 
the particles are still airborne and free to migrate 
to leakage fields. This dictates that the flow of 
magnetizing current be initiated prior to the 
application of dry magnetic particles, and 
continued until the application of powder has 
been completed and any excess blown off. Half- 
wave rectified or alternating current provides 
additional particle mobility on the surface 
of the part, which can be an asset. Examina- 
tion with dry particles is usually carried out 
in conjunction with prod type, localized 
magnetization. 

Residual Magnetization. In this technique, 
the examination medium is applied after the 
magnetizing current has been discontinued. It 
can be used only if the weldment being tested has 
relatively high retentivity so that the residual 
magnetic field will be of sufficient strength to 
produce and hold the indications. Unless exper- 
iments with typical parts show that the residual 
field has sufficient strength to produce satisfac; 
tory indications, it should not be used. 

Equipment for residual magnetization must 
be designed to provide a consistent, quick break 
of the magnetizing current. Half-wave rectifying 
equipment generally cannot be used for this pur- 
pose because it cannot provide this quick-break 
magnetizing current. 

Equipment 
The basic equipment for magnetic particle 

testing is relatively simple. It includes facilities for 
setting up magnetic fields of proper strengths and 
directions. Means are provided for adjusting cur- 
rent. An ammeter should be provided so that the 
inspector will know that the correct magnetizing 
force is being used for each test. 

Most commercially available equipment is 
capable of providing certain amounts of versatil- 
ity. However, no single piece of magnetic particle 
equipment can perform all variations of testing in 
the most effective and economical manner. There- 
fore, the following factors should be considered 
when selecting the type of equipment for a spe- 
cific task: 

(1) Type of magnetizing current 
(2) Size of part or weldment 
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(3) Specific purpose of test or the type of 

(4) Test media to be used 
(5) Portable or stationary equipment 
(6) Area to be examined and its location on 

(7) Number of pieces to be tested 

defects anticipated 

the part 

Recording of Results 
Little is gained by any inspection if there is 

no system for consistently and accurateIy record- 
ing indications. Sometimes, dimensions from 
reference locators can be recorded so that the 
exact location of the discontinuity can be deter- 
mined later. If repair is to take place immediately 
following inspection, the powder build-up may 
remain to positively identify the affected area. 

However, many cases arise where. a per- 
manent, positive test record is required. In such 
an instance, it is possible fo preserve the actual 
powder build-up using the following fechnique. 
Upon discovery of a magnetic particle indication, 
a piece of transparent pressure-sensitive tape, suf- 
ficiently large to cover theentire area of interest, 
can be carefully applied to the surface, over the 
indication. For location determination, it may be 
helpful to extend the tape to also cover other 
nearby reference locators such as holes, keyways, 
etc. Upon removal of the tape from the surface of 
the part, the magnetic particle indication will re- 
main on the tape to provide an accurate record of 
its shape, extent, and location. This tapecan then 
be applied to a piece of contrasting white paper. 
Additional sketches may be necessary to further 
clarify the exact location of the occurrence. 

Also, various photographic techniques are 
used extensively for the permanent recording of 
magnetic particle indications. It is sometimes 
beneficial to provide better contrast of the in- 
dication on the part. Many times this can be 
accomplished by spraying the part with pene- 
trant developer prior to testing, which will pro- 
vide a white background for a dark magnetic 
parficle indication. 

Demagnetization 
Ferromagnetic sfeels exhibit various degrees 

of residual magnetism once exposed. In some 
situations, a residual magnetic field remaining in 
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a component could be detrimental in service. In 
these cases, demagnetization is necessary. An 
example would be a component that will be 
located close to instruments which might be 
affected by a magnetic field, such as a compass. 

Demagnetiiation of small parts can be 
accomplished by inserting each one into the 
magnetic field of a strong alternating current 
solenoid, and gradually withdrawing it from the 
field. An alternative technique is to subject each 
part to an alternating current field that is gradu- 
ally reduced in intensity. 

When a massive structure is encountered, 
alternatingcurrent does not work because it fails 
to penetratesufficiently to accomplish demagnet- 
ization. In such cases, direct current magnetiza- 
tion should be used, and the field should be 
gradually reduced to zero while undergoing 
cyclic reversals. Hammering or rotating in the 
field will sometimes assist demagnetization. 

Annealing or stress relief heattreatment will 
demagnetize steel weldments, and total demag- 
netization is always accomplished when the 
weldment is heated above the Curie temperature 
(1414OF for carbon steel). 

Indications 
Magnetic particle powder indications must 

be evaluated to judge their compliance with the 
governing code or standard. Indications will 
have a variety of configurations based on the flux 
leakage field caused by the discontinuity. Such 
indication characteristics as height, width, shape, 
and sharpness of detail provide information as to 
the type and extent of the discontinuity. Certain 
discontinuities exhibit characteristic powder pat- 
terns that can be identifed by a skilled operator. 
Some of the typical discontinuity indications are 
discussed below. 

Surface Cracks. Theindication exhibited by 
a surface crack is well-defined and tightly held, 
with heavy powder build-up. The amount of 
powder build-up is a relative measure of the 
depth of the crack. 

Subsuflace Cracks. Cracks that have not 
broken to the surface exhibit indications dif- 
ferent from those of surface cracks. The 
powder build-up is slightly wider and less well- 
defined. 

. 
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Incomplete Fusion. The indication will be 
fairly well-defined, but it will normally occur at 
the edge of a weld pass. Like a crack indication, 
when incomplete fusion is below the surface, its 
indication is less distinct. 

Slag Inclusions and Porosity. Subsurface 
slag inclusions and porosity can be found, but the 
indications will bevery vague unless the extent is 
severe. Powder build-up will not beclearly defmed, 
but canbe distinguished fromsurfaceindications. 

Inadequate Joint Penetrafion. When test 
conditions permit, inadequate joint penetration 
can be located with magnetic particle inspection. 
Its powder indication will be wide and fuzzy, like 
a subsurface crack, but the pattern should be a 
straight h e .  

Laminations. When plate edges are in- 
spected, especially in the case of weld prepara- 
tions prior to welding, it is possible to reveal plate 
rolling laminations. These indications will be sig- 
nificant and tightly held. They may be continu- 
ous or intermittent. 

Seams. Theseindications arestraight, sharp, 
fine, and often intermittent. Powder build-up is 
less significant. A magnetizing current greater 
than that required for the detection ofcracks may 
be necessary. 

Undercut. This surface indication will occur 
at the toe of agroove or fillet weld. Theindication 
will be slightly less well-defined than that from in- 
adequatepenetration. Visual inspection is probably 
a better method for evaluatingthis discontinuity. 

When performing magnetic particle inspec- 
tion, certain test conditions present will result in 
the Occurrence of irrelevant or false indications. 
While these indications are real, the flux leakage 
fields are caused by discontinuities or pheno- 
mena that are not necessarily significant to weld 
soundness or ability to perform the intended 
function. Insuchcases, the operatormusf make a 
judgment as to the relevancy of the indication, 
Many times, this will require further grinding or 
cleaning to make an absolute determination of 
the indication type. Use of other nondestructive 
test methods to assist in the interpretation is also 
helpful. Some of the more commonly encoun- 
tered irrelevant indications are discussed below: 

Surface Finish. When a weld has a rough or 
irregularsurface, itis highlylikelythat thepowder 

will build up and give false indications. Grinding 
the weld smooth and retesting should determine 
the relevancy of any indications. 

Differences in Magnetic Characterktics. Dif- 
ferences in magnetic characteristics in a welded 
joint can occur by several mechanisms, but all 
result in irrelevant indications. Consequently, 
some cases may warrant the use of a different 
nondestructive test to check the weld quality. A 
change in magnetic characteristics can take place 
in the heat-affected zone. The resulting indica- 
tions will run along the edge of the weld and be 
fuzzy. The pattern could be mistaken for under- 
cut, but is less tightly held. Postweld thermal 
stress relief will eliminate this phenomenon. 

Another change in magnetic characteristics 
is noted when two metals of differing magnetic 
properties are joined, or when the filler metal and 
the base metal have different magnetic properties. 
The most common example is the joining of 
carbon steel (magnetic) and austenitic stainless 
steel (nonmagnetic). Another common occur- 
rence is when austenitic stainless steel filer metal 
is used to make a repair in carbon steel. A false’ 
indication will form at the junction of the two, 
sharp and well-defined, much like a crack. 

Banding. A magnetic phenomenon occurs 
when the magnetizing current is too high for the 
volume of metal subjected to the magneticfield. 
The pattern will be shaped like the lines of force 
in the field. When encountered, the current 
should be reduced or the prod spacing increased 
to prevent the possible masking of real flaws. 

Residual Magnetism. Lifting of steel with 
electromagnets or contact with permanent mag- 
nets may give false indications from residual 
magnetism in the steel. 

Cold Working. Sometimes, cold working of 
a magnetic steel will change the local magnetic 
characteristics such that the zone will hold 
powder. This can Occur when the surface of a 
steel weld is marred by a blunt object. The track 
will appear as a fuzzy, lightly-held powder 
build-up. 

Interpretation of Discontinuity Indications 
When magnetic particle inspection is used, 

thereisnormallyacode orstandard that governs 
both the methodology as well as the acceptance- 

,. -.z 
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rejection criteria of indications. Most standards 
will dictate the permissible limits of discontinui- 
ties found using magnetic particle testing. 
Although size and type of discontinuities are 
prime criteria, many times there are other condi- 
tions such as location and dmtion,  which may 
greatly influence the effect of discontinuities on 
the structural integrity of the weld. Such deci- 
sions normally require input from engineering 
personnel. 

RADIOGRAPHIC TESTING 
Description 

Radiographic testing of weldments or braze- 
ments employs x-rays or gammarays, or both, to 
penetrate an object and detect any discontinuities 
by the resulting image on a recording or a view- 
ing medium. The medium canbe aphotographic 
film, sensitized paper, a fluorescent screen, or an 
electronic radiation detector. Photographic fdm 
is normally used to obtain a permanent record of 
the test. 

When a test object or welded joint is 
exposed to a penetrating radiation, some of the 
radiation will be absorbed, some scattered, and 
some transmitted through the metal to a record- 
ing medium. The variations in amount of radia- 
tion transmitted through the weld depend upon 
(1) the relative densities of the metal and any 
inclusions, (2) thru-thickness variations, and (3) 
the characteristics of the radiation itself. Nonme- 
tallic inclusions, pores, aligned cracks, and other 
discontinuities result in more or less radiation 
reaching the recording or viewing medium. The 
variations in transmitted radiation produce opti- 
cally contrasting areas on the recording medium. 
This concept is illustrated in Fig. 9.127 

The essential elements of radiographic test- 

(1) A source of penetrating radiation, such 

(2) The objectto be radiographed, such as a 

ing are: 

as an x-ray machine or a radioactive isotope 

weldment 

(3) A recording or viewing device, usually 
photographic (x-ray) film enclosed in a light- 
tight holder 

(4) A qualified radiographer, trained to 
produce a satisfactory exposure 

(5) A means to process exposed film or 
operate other recording media 

(6) A person skilled in the interpretation of 
radiographs 

S O u r C ~  

X-rays most suitable for welding inspection 
are produced by high-voltage x-ray machines. 
The wavelengths of the X-radiation are deter- 
mined by thevoltage applied between elements in 
the x-ray tube. Higher voltages produce x-rays of 
shorter wavelengths and increased intensities, 
resulting in greater penetrating capability, Typi- 
cal applications of x-ray machines for various 
thicknesses ofsteel are shown in Table 9.2. With 
other metals, the penetrating ability of the 
machines may be greater or lesser depending 
upon the x-ray absorption properties of the par- 
ticular metal. X-ray absorption properties are 
generally related to metal density. 

Gamma rays are emitted from the disinte- 
grating nuclei of radioactive substances known 
as radioisotopes. Although thewavelength of the 
radiation produced can be quite different, both 
X- and gamma radiations behave similarly for 
radiographic purposes. The three radioisotopes 
in common use are cobalt-60, cesium-137, and 
iridium-192, named in order ofdecreasing energy 
level (penetrating ability). Cobalt-60 and 
iridum-192 are more widely used than cesium- 
137. The appropriate thickness limitations of 
steel for these radioisotopes are given in 
Table 9.3. 

Each source of radiation has advantages 
and limitations as noted in Table 9.4. The most 
significant aspect of a radiation source is usually 
related to its image quality producing aspects. 
However, other important considerations in 
selecting a source include its portability and 
costs. 

All radiation producing souroes are hazard- 
Ous and 
be taken when entering O r  approaching a radio- 
graphic area. This subject is discussed later. 

7. Details are given in ASTME94, Standard Recom- 
mended hacticefor Radiographic Testing, available 
from the American Society forTesting and Materials. 

precautionary meaSureS 
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F&. 9.12-Concept of radiographic testing 
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Table 9.2 
Approximate thickness limitations of 

steel for x-ray machines 

Max voltage, kVp Approx. max thickness, in. 

100 
150 
200 
250 
400 

loo0 
2000 

0.33 
0.75 

1 
2 
3 
5 
8 

Table 9.3 
Approximate thickness limitations of 

steel for radioisotopes 

Approx. 
equivalent 

Radioisotope machine kVp range, in. 
x-ray Useful thickness 

~ ~~ 

Iridium-192 800 0.5 - 2.5 
Cesium-137 1000 0.5 - 3.5 
Cobalt-60 2000 2 - 8  

Table 9.4 
Advantages and limitations of radiation sources 

Radioisotopes X-ray machines 

Advantages 

(1) Small and portable 

(2) No electric power required 

(3) No electrical hazards 

(I) Radiation can be shut off 

(2) Penetrating power (kV) is adjustable 

(3) Can be used on all metals 

i 

(4) Rugged 

(5) Low initial cost 

(6) High penetrating power 

(7) Access into small cavities 

(8) Low maintenance costs 

(4) Provides radiographs with good contrast and 
sensitivity 

Limitations 

(1) Radiation emitted continuously by the isotope 

(2) Radiation hazard if improperly handled 

(3) Penetrating power cannot be adjusted 

(4) Radioisotope decays in strength requiring recal- 

(5) Radiographic contrast generally lower than with 

(6) Cannot he used on all metals, e.g., aluminum 

(I) High initial cost 

(2) Requires source of electrical power 

(3) Equipment comparatively fragile 

(4) Less portable 

(5) Tube head usually large in size 

(6) Electrical hazard from high voltage 

(7) Radiation hazard during Operation 

ibration and replacement 

x-rays 
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Test Object 
Radiographic testing depends upon the dif- 

ferential absorption of the radiation as it passes 
through the test object. The rate of absorption is 
determined by (1) the penetrating power of the 
source, (2) the densities of the materials subject to 
radiation, and (3) relative thicknesses of mate- 
rials in the radiation path. 

Various discontinuities found in welds may 
absorb more or less radiation than the surround- 
ing metal depending on the density of the discon- 
tinuity and its thickness parallel to the radiation. 
Most discontinuities, such as slag inclusions, 
pores, and cracks are filled with material of rela- 
tively low density. They may appear as dark 
regions on the recording medium (film). Lighter 
regions usually indicate areas of greater thickness 
or density such as weld reinforcement, spatter, 
and tungsten inclusions. (See Fig. 9.12.) 

Recording or Viewing Means 
The commonly used recording means is 

radiographic film made expressly for the pur- 
pose. An industrial radiographic film is a thin 
transparent flexible plastic base on which a 
gelatin coating containing microscopic crystals 
of silver bromide has been deposited. Some film 
is coated on one side, others are coated on both 
sides with this gelatin emulsion. The emulsion is 
sensitive to both penetrating radiation and to 
visible light, and must be loaded in a darkroom 
into light-tight film cassettes (holders). Radio- 
graphic films are classified on the basis of speed, 
contrast, and grain size. Film selection depends 
on the nature of theinspection, the thickness and 
type of metal, required exposure time, and 
desired sensitivity. 

Fluorescent screens or image amplifier sys- 
tems may be used for direct viewing by the radio- 
grapher. Electronic devices can enhance the 
image, or convert it to electrical signals for 
further processing, display, or recording. How- 
ever, most radiography of weldments is currently 
done with f h .  

Qualified Radiographer 
The radiographer is a key factor in success- 

ful radiographic testing. The relative positioning 
ofthe source and fdmwith the test object or weld 

affects the sharpness, density, and contrast of the 
radiograph. Many decisions must be made in 
choosing the procedure variables for specific test 
conditions. The radiographer must select the 
proper f i lm type, intensifying screens, and filters. 

Proper safety procedures must be followed 
to prevent dangerous levels of radiation exposure 
in the area. Applicable federal and local safety 
regulations must be followed during handling 
and use of radiographic equipment. 

Many fabrication codes and specifications 
require that radiographers be trained, examined, 
and certified to certain proficiency levels. The 
American Society for Nondestructive Testing 
publishes recommended procedures for certifica- 
tion of radiographend 

Film Processing 
Many times, the processing of exposed 

radiographic film can determine the success or 
failure of the method. Radiographs are only as 
good as the developing process. The processing is 
essentially the same as that for black and white 
photographic film. During film handling and 
processing steps, cleanliness and care are essen- 
tial. Dust, oily residues, fingerprints, droplets of 
water, and rough handling can produce false 
indications or mask real ones. 

Skilled Interpreter 
The finished radiograph must be evaluated 

or “read” to determine ( I )  the quality of the 
exposure, (2) the type and number of dkcontinui- 
ties present, and (3) the freedom of the weldment 
from unacceptable indications. This work re- 
quires a skilled film interpreter who can deter- 
mine radiographic quality and knows the require- 
ments of the applicable codes or specifications. 
The skills for fdm interpretation are acquired by 
a combination of training and experience, and 
require a knowledge of (I )  weld and related 
discontinuities associated with various metals 
and alloys, (2) methods of fabrication, and (3) 
radiographic techniques. A code or specifcation 
may require that the film interpreter meet min- 

8. Refer to SNT-TC-IA, Personnel Qualfication and 
Cerlification in Nondestructive Testing, Columbus, 
OH: American Society for Nondestructive Testing. 

. -  
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imum levels of training, education, and ex- 
perience, in conjunction with certification for 
technical competence. 

Radiographic Image Quality 
The radiographic image must provide use- 

ful information regarding the internal soundness 
of the weld. Image quality is governed by radio- 
graphic contrast and definition. The variables 
that affect contrast and definition are shown in 
Fig. 9.13.9 Control of these variables, except for 
the weld to be tested, is primarily with theradio- 
grapher and the fdm processor. 
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Image Quality Indicators 
There are a number of variables that affect 

the image quality of a radiograph. Consequently, 
some assurance is needed that adequate radio- 
graphic procedures are used.” The tool used to 
demonstrate technique is an image quality indi- 
cator (IQI) or penetrameter. Typical penetrame- 
tersareshowninFig. 9.14.Theyconsist ofapiece 
of metal of simple geometric shape that has 
absorption characteristics similar to the weld 
under investigation. 

When a weldment is to be radiographed, a 
penetrameter with a thickness equal to 2 percent 

Subject contrast 
1. Absorption characteristics of the material I 2. Radiation energy level 
3. Control of radiation scattering processes 

1-1 a. Leadscreens 
b. Film backscatter shields 
c. Filters, masks, and diaphragms 
d. Source collimation 

Radiographic 
contrast Film contrast , 1. Film tme 

2. Film processing 
a. Cycle time 
b. Developer temperature 
c, Processing chemistry activity 

3. Film density 
Radiographic 4. Type of screen 

Geometric factors 
1. Focal spot size 
2. Source-to-film distance 
3. Film-specimen contact 
4. Specimen configuration and thickness variation 
5. Film-screen contact 
6. Source-specimen-film movement 

image 

Definition 
Film graininess 
1. Film type 
2. Screentype 
3. Radiation energy level 
4. Film processing 

fig. 9.13-Facto~ affecting quaiily of radiographic image 

9. The factors affecting radiographicimage quality are 
discussed in Welding Inspection, 2nd Ed., 1980: 128: 
34, published by the American Welding Society. 

IO. Refer to ASTME142, Standard Methodfor Con- 
trolling Quality of Radiographic Testing for more 
detailed information. 
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in. mm 

114 6.4 
318 8.6 
7/16 11 
314 10 

1.318 35 
1.112 38 
2.114 57 

Design for penemmeter thickness 
lram 0.035 in. to and including 
0.050 inch. 

Design for penetrameter thickness 
from 0.060 in. io and including 
0.160 inch. Made in .010 in. incre. 
mentr. 

Design for penelmmeter thickties 
from 0.180 in. and above. hlade in 
0.020 in. increments 

Dimensions are in inches 

Fig. 9.14-Typical penetrameter designs 

of the weld thickness is generally selected. A lead 
identification number at one end shows the 
thickness of the penetrameter in thousandths of 
an inch or in millimeters. 

Conventional penetrameters usually con- 
tain three holes, the diameters of which vary in 
size as multiples of the thickness. Most specifica- 
tions and codes call for IT, ZT, and 4T diameter 
holes, where T is the penetrameter thickness. 
Penetrametea are manufactured in standard 
sizes and increments of thickness. When an exact 
thickness penetrameter is not availablefor apar- 
ticular weld thickness, the next closest one is 
normally used. 

In addition, conventional penetrameters are 
usually manufactured in material groupings. 
Most codes and specifications organize com- 
monly used metals and alloys into a minimum of 
five absorption categories, ranging from light to 
heavy metals. A penetrameter ofthe appropriate 
grade is used when radiographic testing a weld- 
ment made of an alloy in the group. 

Most radiographic image quality require- 
ments are expressed in terms of penetrameter 
thickness and desired hole size. For example, the 
requirement might be a 2-2Tlevel of sensitivity. 

The first 2 requires the penetrameter thickness to 
be 2 percent of the thickness of the specimen; the 
symbol2Trequires that the hole having adiame- 
ter twice the penetrameter thickness be visible on 
the radiograph. This image quality level is com- 
monly specified for routine radiography. For 
moresensitive radiography, a I-2Tor l-ZTcould 
be required. More relaxed image quality require- 
ments would include 24Tand 44T. 

In most instances, one or more penetrame- 
ters will be placed on the source side of the 
specimen near the weld. This is the position of 
least favorable geometry. However, this will not 
always be practical; in radiography of a circum- 
ferential weld in a long pipesection, for example, 
the pipe is inaccessible from the inside. In this 
case, a special penetrameter may be located on 
the film side of the weldment. 

The appearance of the penetrameter image 
on the radiograph will indicate the quality of the 
radiographic technique. Even though a certain 
hole in a penetrameter may be visible on the 
radiograph, a discontinuity of the same approx- 
imate diameter and depth as the penetrameter 
may not be visible. Penetrameter holes have 
sharp boundaries and abrupt changes in dimen- 
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one or more exposures at  some angle to fully 
cover all areas of interest. 

sions, whereas voids or discontinuities may have. 
gradual changes in dimension and shape. A pene- 
trameter, therefore, is not used for measuring the 
ske of a discontinuity or the minimum detectable 
flaw size. 

Identification Markers 
Radiograph identification markers of lead 

alloy are usuauy in the form of a coded series of 

( 5 )  Radiation safety considerations. 
(6) With a pipe weld, whether single- or 

double-wall exposures should be used. 
Typical exposure arrangements for radio- 

graphy of pipe welds are shown in Figs. 9.l5(B) 
through (0. The appropriate arrangement de- 
pends upon the pipe diameter and wall thickness. 

letters and numbers. The markers are placed on 
the test piece at marked locations adjacent to the Interpretation Of Radiographs 
welded joint during setup. When a welded joint is 
radiographed, a distinct, clear image of the iden- 
tification markers should be produced at the 
same time. Identification markers must be located 
so that their projected shadows do not coincide 
with the shadows of any regions of interest in the 
weldment. 

The view identification and the tdt-piece 
identification almost always appear in coded 
form. View identification is usually a simple code 
(such as A, B, C, or I, 2, 3) that relates some 
inherent feature of the weldment or some speciftc 
location on the weldment to the view used. The 
location of the view markers is handwritten in 
chalk or crayon directly on the piece so that 
correlation of the radiographic image with the 
test piece itself can be made during interpretation 
and evaluation ofthe radiograph. As aminimum 
requirement, the identification code for a weld 
must enable each radiograph to be traced to a 
particular test piece or sectionof a test piece. The 
pertinent data concerning weld and test-piece 
identificationshould be recorded in a logbook op- 
posite the corresponding identification number. 

Exposure Techniques 
Radiographic film exposures are performed 

in a number of different arrangements; typical 
ones are shown in Fig. 9.15. The exposure ar- 
rangement is chosen with consideration of the 
following factors: 

(I )  The best coverage of the weld and the 
best image quality. 

(21 The shortest exposure time. 
(3) Optimum image of discontinuities that 

are most likely to be present in a particular type 
of weld. 

(4) The use of either multiple exposures or 

' 

The essentialsteps of radiograph interpnta- 
tion are as follows: 

(I) Determine theaccuracy of the identifica- 
tion of the radiograph. 

(2) Determine the weld joint design and the 
welding procedure. 

(3) Verify the radiographic setup and pro- 
cedure. 

(4) Review the film under good viewing 
conditions. 

(5) Determine if any false or irrelevant indi- 
cations are present on the film. (Re-radiographif 
necessary.) 

(6) Identify any surface irregularities, and 
verify their type and presence by visual or other 
NDT methods. 

(7) Evaluate relevance of discontinuities 
with code or specification requirements. 

(8) Prepare radiographic report. 

. 

Viewing Conditions 
Film viewing equipment must be located in 

a space with subdued lighting to reduce interfer- 
ing glare. There should be a masking arrange- 
ment so that only the film itself is illuminated, 
and the light is shielded from the viewer's eyes. 
Variable intensity lighting is usually desirable to 
accommodate fdm of various average densities. 

Discontinuities in Welds 
Radiographic testing can produce a visible 

image of weld discontinuities, either surface or 
subsurface, when they have sufficient differences 
in density from the base metal and in thickness 
parallel to the radiation. The process will not 
reveal very narrow discontinuities, such as cracks, 
laps, and laminations that are not nearly aligned 
with the radiation beam. Surface discontinuities 
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Fig. 9.14- Typical radiographic exposure arrangemenk 
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arebetter identifiedby visual, penetrant, or mag- 
netic particle testing unless the face and root of 
the weld are not accessible for examination. 

dispersed, in clusters, or may even be aligned 
along the centerline of the fusion zone. An 
example of porosity is shown in Fig. 9.17. A 

Slag inclusions are usually irregularly shaped 
dark areas, and appear to have some width. 
Inclusions are most frequently found at the weld 
interfaces, as illustrated in Fig. 9.16, In location, 
slag inclusions often are found between passes. 
Tungsten inclusions will appear as white spots. 

Porosity (gas holes) appear as nearly round 
voids that are readily recognizable as dark spots 
with the radiographic contrast varying directly 
with diameter. These voids may be randomly 

worm hole appears as a dark rectangle if the long 
axis is perpendicular to the beam, and as con- 
centric circles if the long axis is parallel to the 
beam. 

Cracks are frequently missed if they are very 
small or are not aligned with the radiation beam. 
When present in a radiograph, cracks often 
appear as fine dark lines of considerable length, 
but without great width. Even some fine crater 

i 
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cracks are readily detected. Cracks in weldments 
may be transverse or longitudinal, and may be 
either in the fusion zone or in the heat-affected 
zone of the base metal. See Figs. 9.18 and 9.19. 

Incomplete fusion appears as an elongated 
dark line or band. It sometimes appears very 
similar to a crack or an inclusion, and could even 
be interpreted as such, Incomplete fusion occurs 
between weld and base metal and also between 
successive beads in multiple-pass welds. 

Inadequate joint penetration shows on a 
radiograph as a very narrow dark line near the 
Center of the weld, as shown in Fig. 9.25. The 
narrowness can be caused by drawing fogether of 

- 

the plates being welded. Slag inclusions and gas 
holes sometimes are found in connection with 
incomplete penetration, and cause the line to 
appear broad and irregular. 

Undercutting appears as a dark zone of 
varying width along the edge of the fusion zone, 
asshownin Fig. 9.21. Thedarkness ofdensityor 
the line is an indicator of the depth of the 
undercut. 

Concavity at the weld root occurs only in 
joints that are welded from one side, such as pipe 
joints. It appeaxs on the radiograph as a region 
darker than the base metal, and running along 
the center of the weld. 
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and after welding for both the base metal and 
weld metal. 

Safe Practices 
Radiation Protection. Federal, state, and 

local governments issue licenses for the. operation 
of radiographic facilities. The federal licensing 
program is concerned mainly with those com- 
panies that use radioactive isotopss as sources. 
However, in mostlocalities, state and local agen- 
cies exercise similar regulatory prerogatives. To 
become licensed under any of these programs, a 
facility or operator must show that certain min- 

If weld reinforcement i s  too high, the radio- 
graph shows a lighter zone along the weld seam. 
There is a sharp change in image density where 
the reinforcement meets the base metal, and the 
edge of the reinforcement image is usually 
itregular. 

As joint thickness increases, radiography 
becomes less sensitive as an inspection method. 
Thus, for thick welds, other nondestructive in- 
spection methods are preferred bcfoee, during, 
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imum requirements for protection of both oper- 
ating personnel and the general public from 
excessive levels of radiation have been met. 
Although local regulations may vary in the 
degree and type of protection afforded, certain 
general principles apply to all. 

The amount of radiation that is allowed to 
escape from the area over which the licensee has 
direct and exclusive control k limited to an 
amount that is safe for continuous exposure. In 
most instances, 2 millirems (mrem) per hour, 100 
mrem in seven consecutive days, and 500 mrem 
in a calendar year can be consided as safe. 

Radiation Monitoring. A radiation safety 
program must be controlled to ensure that both 
the facility itself and all personnel subject to radi- 
ation exposure are monitored. Facility monitor- 
ing generally is accomplished by periodically tak- 
ing readings of radiation leakage during operation 
of each source under various conditions. Cali- 
brated instruments can be used to measure radia- 
tion dose rates at various points within the 
restricted area, and at various points around the 
perimeter of the restricted area. 

To guard against inadvertent leakage of 
large amounts of radiation from a shielded work 
area, interlocks and alarms are often required. 
Basically, an interlock disconnects power to an 
x-ray tube if an access doot is opened, or prevents 
any door from being opened if the unit is turned 
on. Alarms are connected to a separate power 
source, and activatevisible or audible signals, or 
both, whenever the radiation level exceeds a 
preset value. 

All personnel within the restricted area must 
be monitored to assure that no one absorbs 
excessive amounts of radiation. Devices such as 
pocket dosimeters and film badges are the usual 
means of monitoring. Often both are worn. 
Pocket dosimeters may be direct reading or 
remote teading. 

Access Control. Permanent facilities are 
usually separated from unrestricted areas by 
shielded walls. Sometimes, particularly in on-site 
radiographic inspection, access bamers may be 
only ropes or sawhorses. In such insfances, the 
entire perimeter around the work area should be 
under continual surveillance by radiographic 
personnel. Signs that carry a symbol designated 

by the US, Government must be posted around 
any high-radiation area. This helps to inform 
casual bystanders of the potential hazard, but 
should never be assumed to prevent unauthor- 
ized entry into the danger zone. In fact, no inter- 
lock, no radiation alarm, and no other safety 
device should be considered a substitute for 
constant vigilance on the part of radiographic 
personnel. . 
EDDY CURRENT TESTING 
General Description 

Eddy current testing (ET) is an electromag- 
netic nondestructive testing method in which 
eddy current flow is induced in the test piece. 
Changes in the flow of the eddy currents caused 
by variations in the test piece or discontinuities in 
a weld are detected by a nearby coil or coils and 
measured by suitable instruments. The method 
can be used to detect certain discontinuities in 
welds. However, theresultscan beaffected byvar-’ 
iations in dimensions of the test piece or the test- 
ingarrangement, and by variations in the physical 
and metallurgical properties of the test piece, 

Applications 
Eddy current testing is primarily used for 

continuous inspection of seamless and welded 
piping and tubing during production, Testing of 
ferromagnetic steel, austenitic stainless steel, cop- 
per alloy, and nickel alloy tubular products are 
covered by ASTM specifications. 

Eddy Currents 
Eddy currents are circulating alternating 

electrical currents in a conducting material in- 
duced by an adjacent alternating magnetic field. 
Generally, the currents are induced in the com- 
ponent by making it the core of an ac induction 
coil, as shown in Fig. 9,22. A crack in a welded 
seam can disrupt the eddy current flow and the 
magnetic field produced by that current. 

There are two ways of measuring changes 
that w u t  in the magnitude and distribution of 
these currents. Either the resistive component or 
the inductive component of impedance of the 
exciting (or of a secondary) coil can be measured. 
Electronic equipment is available for measuring 
either or both of these components, 
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F&. 9.22-Effect of a crack in eddy current flow during eddy current testing 

The current distribution within a test piece 
may be changed by the presence of inhomogenei- 
ties. If a component is homogeneous, free from 
discontinuities, and has an undistorted grain 
structure, the mean free path of an electron pass- 
ingthrough willbemaximuminlength. Acrack, 
inclusion, cavity, or other conditions in an 
otherwise homogeneous material will cause a 
back scattering of electron flow, and thereby 
shorten their mean free paths. If an electric wave 
is considered instead of electrons, the same 

factors impeding the flow of a single electron will 
impedethe passage of a wave front, causing it to 
be totally or partially reflected, or absorbed, or 
both. The various relationships between conduc- 
tivity and such factors as impurities, cracks, grain 
size, hardness, strength, etc., have been investi- 
gated and reported in the literature. 

Electromagnetic Properties of Coils 
When an energized coil is brought near a 

metal test piece, eddy currents are induced into 
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the piece. Those currents set up magnetic fields 
that act in opposition to the original magnetic 
field. The impedance, Z, of the exciting coil or 
any coil in close proximity to the specimen is 
aected by the presence of the induced eddy 
currents in the test piece. When the path of the 
eddy currents in the test piece is distorted by the 
presence of flaws or other inhomogeneties (Fig. 
9.22), the apparent impedance of the coil is 
altered. This change in impedance can be mea- 
sured, and is useful in giving indications of flaws 
or other differences in structure. 

The test coil used to induce the eddy cur- 
rents determines, to a large extent, the informa- 
tion which can be obtained during the test. The 
basic electrical variables of an eddy current test- 
ing system are the ac voltage, E, the current 
flow. .g through the coil, I, and the coil impe- 
dance, Z, that are related by the equation: 

I =  EIZ 
The impedance of the coil is affected by its 

magnetic field. Any changes in that field will 
affect the current flow in the coil. Also, the dis- 
tance between the coil and the test piece affects 
the impedance of the coil and the eddy current 
flow, This distance must be held constant to 
detect flaws in a moving test piece. 

Impedance changes also affect the phase 
relationships between the voltage across the coil 

and the current through the coil. This provides a 
basis for sorting out the effects of variations in 
spacing and other variables. Phase changes can 
be observed by means of a cathode ray tube or 
other display. 

Properties of Eddy Currents 
In generating eddy currents, the test piece is 

brought into the field of a coil carrying alternat- 
ing current. The coil may encircle the part, may 
be in the form of a probe, or in the case of tubular 
shapes, may be wound to fit insicle a tube or pipe 
(see Fig. 9.23). 

The eddy current in the metal test piece also 
sets up its own magnetic field, which opposes the 
original magnetic field. The impedance of the 
exciting coil, or of a second coil coupled to the 
first, in close proximity to the t a t  piece, is 
affected by the presence of the induced eddy 
currents. This second coil is often used as a con- 
venience, and is called a sensing or pickup coil.. 
The path of the eddy current is distorled by the 
presence of a flaw or other inhomogeneity. In the 
case of a crack or an unwelded seam, the flaw 
must be oriented nearly normal to the eddy cur- 
rent flow to disturb it. The change in coil impe- 
dance can be measured, and is used to give an 
indication of the extent of defects. 

Subsurface discontinuities may also be de- 
tected, but eddy currents decrease with depth. 

-current flaw 
flow 

(A) Probe-type coil (e) Horseshoe- (C) Encircling coil (D) Internal or 
shape or bobbin-type coil 

U-shape coil 

Fig. 9.2il-Types and applications of coifs used in eddy-current inspection 
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(1) A coil or coils carrying an alternating 

(2) A means of measuring the electrical 

(3) A metal part to be tested 
The test coils, being specialized sensing ele- 

ments, are in some way similar to lenses in an 
optical system, and their design is a fundamental 
consideration depending upon the nature of the 
test. Probe coils that are brought up against the 
surface to be tested are used in testing avariety of 
metallic shapes for flaws. Annular coils encircle 
the part and are used especially for inspecting 
tubing, rods, bars, wires, and small parts. 

Electromagnetic testing involves (I) interac- 
tion between applied and induced electromag- 
netic fields, and (2) imparting of energy into the 
test piece much like the transmission of x-rays, 
heat, or ultrasound. Upon entering the test piece, 
a portion of the electromagnetic energy produced 
by the test coil is absorbed and converted into 
heat through the action of resistivity and, if the 
conductor is magnetic, hysteresis. The rest of the 
energyis stored in theelectromagneticfield. As a 
result, the electrical properties of the test coil are 
altered by the properties of the part under test, 
Hence, the current flowing in the coil reflects 
certain information about the part, namely di- 
mensions, mechanical, metallurgical, and chemi- 
cal properties, and presence of discontinuities. 

current 

properties of the coil or coils 

* 

Alternating Current Saturation 
A highac magnetizing force maybe used to 

simultaneously saturate (magnetically) a test 
piece and create an eddy current signal for flaw 
detection equipment. This increases the penetra- 
tion of the eddy currents and suppresses the 
influence ofcertain disturbing magneticvariables, 

All ferromagnetic materials that have been 
magnetically saturated will retain a certain 
amount of magnetization, called the residual 
field, when the external magnetizing force has 
been removed. This residual field may be large or 
small, dependingupon the nature of the magnet- 
izing force applied and material retentivity. 

Demagnetization is necessary whenever the 
residual field (1) may affect the operation or 
accuracy of instruments when placed f service, 
(2) interferes with inspection of the part at low 
field strengths or with proper functioning of the 
part, and (3) might cause particles to be attracted 
and held to the surface of moving parts, particu- 
larly parts running in oil, thereby causing undue 
wear. There are many ways to demagnetize an 
object, the most common being to pass current 
directly through the test piece. The selected 
method should give the required degree of re- 
moval of the residual field. 

Skin Effects 
Eddy currents are strongest near the surface 

of the test piece. This effect is shown in Fig. 9.24. 
The term standard depth refers to that depth 
where the eddy current density is approximately 
37% of that at the surface. Depth of current pene- 
tration varies inversely with the electrical conduc- 
tivity and magnetic permeability ofthe metal and 
with the frequency of the alternating eddy cur- 
rents. Table 9.5 shows typical standard depths of 
penetration for several metals and magnetizing 
current frequencies. Normally, a part being 
inspected must have a thickness of at  bast two or 
three standard depths before thickness ceases to 
have an effect on eddy current response. 

Electromagnetic Testing 
Electromagnetic testing consists of observ- 

ing the interaction between electromagnetic fields 
and metal test pieces. The three things required 
for an electromagnetic test are: 

Depth below surface 
Standard depth of penetration 

F& 9.24-Variation in density of eddy 
currenf as a funclion of depth below the 

surface of a conductor 

‘ I  
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Table 9.5 
Typical depths of eddy current penetration with magnetizing current frequency 

Metal 
Standard (37%) depth of penetration, inch 

l k H z  4kHz I6kHz 64kHz 250kHz lMHz 

Aluminum - 6061 T6 0.126 
Aluminum -7075 T6 0.144 
Copper 0.082 

Lead 0.292 
Magnesium 0.134 
Stainless steel -Type 304 0.516 

Zirconium 0.445 

High alloy steel" 0.020 

0.063 

0.072 
0.041 
0.146 
0.066 

0.257 
0.222 
0.0095 

0.032 
0.036 
0.021 
0.073 
0.033 
0.130 
0.112 
0.0049 

0,016 0.008 

0.018 0.009 
0.010 0.005 
0.037 0.018 

0.017 0.008 
0.065 0.031 

0.056 0.028 
0.0025 0.001 

O.OO40 
0.0046 
0.0026 
0.0092 
0.0042 
0.0165 

0.0141 
O.ooo6 

a. The standard depths are for tests without magnetic saturation. When saturated, the values for ferromag- 
netic steels are appoximately the same as those for austenitic stainless steel. 

The character of the interacfion between the 
applied and induced electromagnetic fields is 
determined by two basically distinct phenomena 
within the test part: 

(1) The induction of eddy currents in the 
metal by the applied field 

(2) The action of the applied field upon the 
magnetic domains, if any, of the part 

Obviously, only the first phenomenon can 
act inthecaseofnonferromagneticmetals. In the 
case of ferromagnetic metals, both phenomena 
are present; however, the second usually has the 
stronger influence. This accounts for the basic 
difference in principle between the testing of fer- 
romagnetic and nonferromagnetic metals. 

Among the physical and metallurgical vari- 
ables that affect electromagnetic tests in metals 
are the following: 

(1) Physical shape, external dimensions, 
and thickness of the part 

(2) Distance between the part and the elec- 
tromagnetic coil 

(3) Plating or coating thickness, if any 
(4) Chemical composition 
(5) Distribution of alloying or impurity ele- 

ments (influenced by heat treatment of the part) 

(6) Lattice dislocations caused by mechani- 

(7) Temperature 
(8) Inhomogeneities and most types of 

discontinuities 
(9) In ferromagnetic metals, residual and. 

applied stresses 
In practice, many, and sometimes all, ofthe 

above factors may vary simultaneously. It is dif- 
ficultunder such conditions to obtain ameaning- 
fulresponsefromthe magnetic flux set up within 
the test piece because several variables may have 
affected the test signal. The resulting voltage, 
which is the variable usually sensed by electro- 
magnetic testing devices, must be very carefully 
analyzed to isolate the pertinent effects from the 
extraneous effects. 

Associated with any electromagnetic test 
signal are three important attributes: amplitude, 
phase, and frequency. The test signal may con- 
taineither a single frequency(that selected for the 
test), or a multitude of frequencies (harmonics of 
the test signal frequency). In the latter case, the 
test signal frequency is referred to as the "funda- 
mental frequency." In addition, there are ampli- 
tude and phase factors associated with each har- 

cal working 

I '. 
. I  
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monic frequency. The engineer has available a 
number of techniques that make use of all this 
information, thereby permitting discrimination 
between test variables. Theimportant techniques 
are amplitude discrimination, phase discrimina- 
tion, harmonic analysis, coil design, choice of test 
frequency, and magnetic saturation. 

Equipment Calibration and Quality 
Assurance Standards 

In using electromagnetic test methods for 
inspection of metals, it is essential that adequate 
standards are available to (1) make sure that the 
equipment is functioning properly and is picking 
up discontinuities, and (2) ascertain whether the 
discontinuities are cause for rejection of the part. 

It is not the discontinuity itself that is 
detected by the test equipment, but rather the 
effect that it has on theeddy current sin thepiece 
being inspected. It is necessary, therefore, to 
correlate the change in eddy currents with the 
cause of the change. For this reason, standards 
must be available when calibrating an electro- 
magnetic testing unit. The standards must con- 
tain either natural or artificial imperfections that 
can accurately reproduce the exact change in 
electromagnetic characteristics expected when 
production items are tested. Such standards are 
usually considered equipment calibration stan- 
dards; that is, they demonstrate that the equip 
ment is picking up any discontinuities for which 
the piece is being inspected, These standards are 
not only used to facilitate the initial adjustment 
or calibration of the test instrument, but also to 
check periodically on the reproducibility of the 
measurements. 

It is not enough just to be able to locate 
discontinuities in a test piece; the inspector must 
be able to determine if any discontinuity is severe 
enough to be cause for rejection. For this pur- 
pose, quality assurance standards are required 
against which the test instrument can be cali- 
brated to show the limits of acceptability or re- 
jectability for any type of discontinuity. Quality 
assurance standards may beeither actual produc- 
tion items representing the limits of acceptability 
or prepared samples containing artificial discon- 
tinuities to serve the same purpose. 

The types of reference discontinuities that 

must be used for a particular application are 
usually given in the product specification. 

Several discontinuities that have been used 
for reference standards include fied transverse 
notches, milled or electrical discharge machined 
longitudinal and transverse notches, and drilled 
holes. 

Detectable Discontinuities 
Basically, any discontinuity that apprecia- 

bly alters the normal flow of eddy currents can be 
detected by eddycurrent testing. With encircling- 
coil inspection of either solid cylinders or tubes, 
surface discontinuities having a combination of 
predominantly longitudinal and radial dimen- 
sional components are readily detected. When 
discontinuities of the same size are located 
beneath the surface of the part being inspected at 
progressively greater depths, they becomeinmas- 
ingly difficult to detect, and can be detected at 
depths greater than 1/2 in. only with special 
equipment designed for this purpose. 

On the other hand, laminar discontinuities, 
such as may be found in welded tubes, may not 
alter the flow of the eddy currents enough to be 
detected unless the discontinuity breaks either 
the outside or inside surfaces, or unless a discon- 
tinuity results in a weld with outward bent fibers 
caused by upsetting during welding. A similar 
difficulty could arise for the detection of a thin 
planar discontinuity that is oriented substantially 
perpendicular to the ax is  of the cylinder. 

Regardless of the limitations, a majority of 
objectionable discontinuities can be detected by 
eddycurrent inspection at high travel speed and 
at  low cost. Some of the discontinuities that are 
readily detected are seams, laps, cracks, slivers, 
scabs, pits, slugs, open welds, missed welds, mis- 
aligned welds, black or gray oxide weld penetra- 
tors, and pinholes. 

ULTRASONIC TESTING 
General Description 

Ultrasonic testing (UT) is a nondestructive 
method in which beams of high frequency sound 
waves are introduced into a test object to detect 
and locate surface and internal discontinuities. A 
sound beam is directed info the test object on a 
predictablepath, and is reflected at  interfaces or 

a 
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other interruptions in material continuity. The 
reflected beam is detected and analyzed to de f i e  
the presence and location of discontinuities. 

The detection, location, and evaluation of 
discontinuities is possible because(1) thevelocity 
of sound through a Gven material is nearly con- 
stant, making distance measurements possible, 
and (2) the amplitude of a reflected sound pulse is 
nearly proportional to the size of the reflector. 

Applications 
Ultrasonic testing can be used to detect 

cracks, laminations, shrinkage cavities, pores, slag 
inclusions, incomplete fusion or bonding, inade- 
quatejoint penetration, and other discontinuities 
in weldments and brazements. With proper tech- 
niques, the approximate position and depth of 
thediscontinuitycanbedetedned, and in some 
cases, the approximate size of the discontinuity. 

Advantages 
The principle advantages of UT compared 

to other NDT methods for wetdments are as 
follows: 

(1) Good penetrating characteristics for 
detection of discontinuities in thick sections. 

(2) Relatively high sensitivity to small dis- 
continuities. 

(3) Ability to determine position of internal 
discontinuities and to estimate their size and 
shape. 

(4) Accessibility to one side is normally 
adequate. 

(5) Portable equipment can be used at the 
job site. 

(6) Nonhazardous to personnel or other 
equipment. 

Limitations 
The principal limitations of UT are as 

follows: 
(1) Setup and operation requires trained 

and experienced technicians. 
(2) Weldments that are rough, h g u l a r  in 

shape, very small, or thin are diffcult to inspect; 
this includes met  welds. 

(3) Discontinuities at the surface may not be 
detected. 

(4) Couplants are needed between the trans- 

ducers and weldments to transmit the ultrasonic 
wave energy. 

(5) Reference standards are required to cali- 
brate the equipment and to evaluate flaw ske. 

Basic Equipment 
Most ultrasonic testing systems utilize the 

following basic components: 
(I) An electronic signal generator (pulser) 

that produces bursts of alternating voltage. 
(2) A sending transducer that emits a beam 

of ultrasonic waves when dternating voltage is 
applied. 

(3) A couplant to transmit the ultrasonic 
energy from the transducer to the test piece and 
vice versa. 

(4) A receiving transducer to convert the 
sound waves to alternating voltage. This trans- 
ducer may be combined with the sending trans- 
ducer. 

(5) An electronic device to amplify and 
demodulate or otherwise change the signal from 
the receiving transducer. 

(6) A display or indicating device to charac- 
terize or record the output from the test p i e .  

(7) An electronic timer to control the opera- 
tion. 

The basic components are shown in block 
form in Fig. 9.25. 

Equipment operating in the pulse-echo 
method with video presentation is most com- 
monly used for hand scanning of welds. The 
pulse-echo equipment produces repeated bursts 
of high frequency sound with a rest time interval 
between bursts to allow for return signals from 
the far side of the test piece and from any discon- 
tinuities in the weld or base metal. The time rate 
between bursts, called the pulse rate, usually 
occurs between 100 and 5000 pukes per second. 

In thevideo presentation, the time base line 
is located horizontally along the bottom of a 
cathode ray tube (CRT) screen, with a vertical 
initial pulse indication at the left side of the base 
line. An A scan indicates that the time lapse 
between pulses is =presented by the horizontal 
direction, and the relative amplitude of the 
returning signaI is represented by the degree of 
vertical deflection on the CRTscreen. The screen 
is usually graduated in both horizontal and verti- 
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Fig. 9.2S-Block diagram, pufse-echo flaw detector 
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cal directions to facilitate measurement of pulse 
displays. 

A search unit is used to direct asound beam 
into the test object. The search unit consists of a 
hoIder and a transducer. The transducer element 
is usually a piezoelectric crystalline substance. 
When excited with high frequency electrical 
energy, the transducer produces mechanical 
vibrations at a natural frequency. A transducer 
also can receive physical vibrations and trans- 
form them into low energy electrical impulses, In 
the pulse-echo mode, the ultrasonic unit sen= 
reflected impulses, amplifies them, and presents 
them as pips on the CRT screen. The horizontal 
location of areflector pip on the screen is propor- 
tional to the distance the sound has traveled in 
the test piece, making it possible to determine 
location of reflectors by using horizontal screen 
graduations as a distance measuring ruler. 

Sound Behavior 
Sound passes through most metals in a 

fairly well-defined beam. Initially, the sound 
beam has a cross section approximately the she 
of the transducer element. It propagates with 
slight divergence in a fairly straight line. As the 
sound beam travels through the metal, there is 
some attenuation or decrease in energy. The 
beam will continue to propagate until it reaches a 
boundary within the object being tested. Either 
partial or complete reflection of the sound beam 
takes place at a boundary. 

The behavior of sound at UT frequencies 
resembles visible light in several ways: 

( I )  Divergence of the beam can be con- 
trolled by focusing. 

(2) The beam will reflect predictably from 
surfaces of different densities. 

(3) The beam will refract at an interface 
between materials of different density. 

On the other hand, the behavior differs 
from light in that different vibrational modes and 
velocities can occur in the same medium. 

produce small sharp sound beams useful in locat- 
ing and evaluating discontinuities in thin wall 
weldments. 

Wave Form 
There are three basic modes of propagating 

sound through metals: (I)  longitudinal, (2) trans- 
verse, and (3) surface waves. In the first two 
modes, waves are propagated by the displace- 
ment of successive atoms or molecules in the 
metal. 

Longitudinal waves, sometimes called 
straight or compressional, represent the simplest 
wave mode. This wave form exists when the 
motions of the particles are parallel to the direc- 
tion of sound beam propagation, as shown in 
Fig. 9.2qA). Longitudinal waves have relatively 
high velocity and relatively short wave length. As 
a result, the energy can be focused into a sharp 
beam with a minimum of divergence. They are 
readily propagated in wafer. 

Direction of wave travel 

(A) Longitudinal waves 

Direction of wave travel 
c 

[B) Shear waves 

Note: Internal arrows represent 
physical movement of particles 
within the material. 

Test Frequency 
The sound wave frequencies used in weld 

inspection arebetween 1 and 6 MHz, beyond the 
audible range. Most weld testing is performed at 
2.25 MHz. Higher frequencies, Le., 5 MHz, will 

fig. 9.264nfernaIpdde movement I& 
longitudinal and shear waves 
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Another mode is the transverse wave, also 
called shear wave, in which the principal particle 

other irregularities should be removed. Weld 
reinforcements may or may not be removed, 

motion is perpendicular to the direction of sound 
beam propagation, as shown in Fig. 9.2qB). The 
velocity of these waves is approximately halfthat 
of longitudinal waves. Advantages of this wave 
form are (1) lower velocities allow easier elee 
tronic timing, and (2) greater sensitivity to small 
indications. On the other hand, these waves are 
rnoreeasilydispersed, andcannot bepropagated 
in a liquid medium (water). 

The thirdmode is surface waves, sometimes 
referred to as Rayleigh waves. In this mode, 
ultrasonic waves are propagated along the metal 
surface. Thisis similar to waves on thesurface of 
water. These surface waves have little movement 
below the surface into a metal. Therefore, they 
are not used for examination of welded and 
brazed joints. 

Longitudinal wave ultrasound is generally 
limited inuse to detecting inclusions and lamellar 
type discontinuities in base metal. Shear waves 
are most valuable in the detection of weld discon- 
tinuities because of their ability to furnish three 
dimensional coordinates for discontinuity loca- 
tions, orientations, and characteristics. The sensi- 
tivity of shear waves is also about double that of 
longitudinal waves for the same frequency and 

depending on the technique of testing. 

Calibration 
Ultrasonic testing is basically acomparative 

evaluation. Both the horizontal (time) and the 
vertical (amplitude) dimensions on the CRT 
screen of the test unit are related to distance and 
size, respectively. It is necessary to establish a 
zero starting point for these variables, and essen- 
tial that an ultrasonic unit be calibrated to some 
basic standard before use. 

Various test blocks are used to assist in 
calibration oftheequipment." Knownreflecting 
areas cansimulate typicaldkontinuities. Notches 
substitute for surface cracks, sidedrilled holes 
for slag inclusions or internal cracks, and angu- 
lated flat-bottomed holes for small areas of 
incomplete fusion. The test block material must 
be similar in acoustic qualities to the metal being 
tested. 

The International Institute of Welding (IIW) 
test block is widely used as a d b r a t i o n  block for 
ultrasonic testing of steel welds. This and other 
test blocks are used to calibrate an instrument for 
sensitivity, resolution, linearity, angle of sound 
propagation, and distance and gain calibrations. 

search unit size. Test Procedures It is advisable to pretest the zones in the base 
metal adjacent to a weld with longitudinal waves 
to ensure that the base metal does not contain 
discontinuities that would interfere with shear 
wave evaluation of the weld. 

Coupling 

Most ultrasonic testing of welds is done 
following a s w 1 C  code Or Procedure. An 
example of such a procedure is that contained in 
A WS D1.1, Structural Weiding Code-Steel" 
for testing groove welds in structures. 

ASTM E164, standard Practice for Ultra- - -  
A liquid or hydraulic material is used for 

transmission of ultrasonic waves into the test 
object. Someof themorecommon couplants are 
water, light oil, glycerine, and cellulose gum 
powder mixed with water. Couplants generally 
are a housekeeping problem, so care must be 
used to prevent accidents. Also, couplants. or the 

sonic Contact Examination of Weldrnents covers 
examination of specific weld configurations in 
wrought ferrous and aluminum alloys to detect 
weld discontinuities. Recommended procedures 
fortesthgbutt,comer, andT-jointsaregivenfor 
weld thicknessesfrom 0.5 to 8 inches. Procedures 
for calibrating the equipment and appropriate 

various-solvents used to remove them, can be 
detrimental to repair welding or subsequent 
operations. Several proprietary couph t s  are 
available that minimize these problems. 

A weldment must be smooth and flat to 
allow intimate coupling. Weld Spatter, Slag, and 

11.  standard test blocks ~ f e  shown in ASTM EM, 
Standcrrd Practice for Ultrasonic Contacr Examina- 
tion of Weldmenfs, available from the American 
society for Tmtinf! and Makxials. 
12. Available from the American Welding Society. 

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:58:38 1997 



364 / INSPECTION 

calibration blocks are included. Other ASTM 
Standards cover testing procedures with various 
ultrasonic inspection methods for inspection of 
pipe and tubing. 

Procedures for UT of boiler and pressure 
vessel components are given in the ASME Boiler 
and Pressure Vessel Code, Section V .  Nonde- 
structive fiaminatiom 

To properly ultrasonic test a welded joint, 
the search unit must be manipulated in one or 
more specific patterns to adequately cover the 
thru-thickness and length of the joint. In most 
cases, the joint must be scanned from two or 
more directions to ensure that the beam will 
intercept any discontinuities that exist in the 
joint. A typical search pattern for testing butt 
joints is shown in Fig. 9.27. Similar procedures 
for butt, corner, and T-joints are illustrated in 
ASTM E164 

Evaluation of Weld Discontinuities 
The reliability of ultrasonic examination 

depends greatly upon the interpretive ability of 
the ultrasonic testing technician. With the use of 
proper inspection techniques, signifcant infor- 
mation concerning adiscontinuity can be learned 
from the signal response and display on the CRT 
screen. 

There are six basic items of information 
available through ultrasonic testing which de- 
scribe a weld discontinuity, depending upon the 
sensitivity of the test. These are as follows: 

(1) The returned signal amplitude is a mea- 
sure of the reflecting area. (See Fig. 9.28.) 

(2) Discontinuity length is determined by 
search unit travel in lengthwise direcfion. (See 
Fig. 9.29.) 

(3) The location of the discontinuity in the 
weld cross section can be accurately measured. 
(See Fig. 9.30.) 

(4) The orientation, and to some degree, the 
shape of the discontinuity can be determined by 
comparing signal sizes when tested from both 
sides of the weld. (See Fig. 9.31.) 

(5) The reflected pulse shape and sharpness 

13. Available from the American Society of Mechani- 
cal Engineers. 

can be used as anindicator of discontinuity type. 
(See Fig. 9.32.) 

(6) The height of the discontinuity in the 
weld can be measured by the coordination of the 
travel distance of the search unit to and from the 
weld with the rise and fall of the signal. (See Fig. 

These six items of information concerning 
or describing a weld discontinuity can be used in 
the following manner. The first two items, the 
returned signal size and length, can be used as a 
basis for accepting or rejecting a single discon- 
tinuity in a weld. The third item, the location of 
the discontinuity within the cross section of the 
weld, is useful information when making a repair 
to a weld. Each of these first three items of infor- 
mation is essential in the proper inspection of 
welding for acceptance or repair. 

Thelatter threeitems ofinformation, namely 
orientation, pulse shape, and dynamic envelope, 
can be used to more accurately determine the 
nature of thediscontinuity. This information is of 
value in determining if the welding procedures 
are under control. 

9.33.) 

Operator Qualifications 
The operator is the key to successful ultra- 

sonic testing. Generally speaking, UT requires 
more training and experience than the other 
nondestructive testing methods, with the possible 
exception of radiographic testing. Many critical 
variables are controlled by the operators. There- 
fore, the accuracy of the test depends largely on 
their knowledge and ability. For this reason, all 
codes and governing agencies require qualifica- 
tion of operators to ASNT-TC-IA. Experience 
in welding and other nondestructive testing 
methods is helpful. 

Reporting 
Careful tabulation of information on a 

report form, similar to that inA WS DZ.1, Struc- 
tural Welding Code-Sreel, is necessary for a 
meaningful test. The welding inspector should be 
familiar with the kinds of data that must be 
recorded and evaluated so that a satisfactory 
determination of weld acceptability can be 
obtained. 
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MovementA 

I Movement C 

Movement B I I- Weld axis I 

I I 
Scanning Patterns 

Longitudinal Discontinuities Transverse Discontinuities 
Movements A, B, and C are combined 

as one scanning pattern. 
Scanning Movement A. Rotation angle 

a = 10 degrees. 
Scanning Movement B. Scanning 

distance b shall be such that the section 
of weld being tested i s  covered. 

Scanning Movement C. Progression 
distance c shall be approximately one- 
half the transducer width. 

Scanning pattern D (when welds are 
ground flush). 

Scanning pattern E (when weld 
reinforcement is not ground flush). 

Scanning angle e 15 degrees max. 

Notes: 
1. Testing patterns are all symmetrical around the weld axis with the exception of pattern 
D which is conducted directly over the weld axis. 
2. Testing from both sides of the weld axis is to be made wherever mechanically possible. 

Fig. 9.27-Typical ultrasonic testing pattern for inspecting welded butt joints 
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(A) large reflecting area 

(E) Small reflecting area 

Fig, 9.29-Size of reflectihg m a  

ACOUSTIC EMISSION TESTING 
General Description 

Acoustic emission testing (AET) consists of 
the detection of acoustic signals produced by 
plastic deformation or crack formation during 
loading or thermal stressing of metals. These 
signals are present in a wide frequency spectrum 
along with ambient noise from many other 
sources. Transducers, strategically placed on a 
structure, are activated by arriving acoustic sig- 
nals. Ambient noise in the composite signal is 
significantly reduced by suitable filtering 
methods, and any source of significant sign& is 
located by triangulation based on the arrival 
times of these signals at the different transducers. 

Acoustic emissions can be used to assess 
weld quality by monitoring during or after weld- 
ing, or both. In weldments, regions having 
incomplete penetration, cracking, porosity, inclu- 
sions, or other flaws can be idensed by detect- 

ing acoustic emissions orighating at these regions. 
During welding processes, acoustic emissions are 
caused by many things, including plastic de- 
formation, melting, friction, solidification, solid 
phase transformation, and cracking. Monitoring 
of acoustic emissions during welding can even 
include, in some instances, automatic feedback 
control of the welding process. In large-scale 
automatic welding, the readout equipment can 
be conveniently located near the welding controls 
or in a quality-monitoring area. 

Location of Acoustic Emissions 
Positions of acoustic sources along a welded 

joint can be presented in a variety of ways. One 
technique displays the number of events versus 
disfance along the weld on an oscillosope screen 
or an X-Y plotter. Another technique uses a 
digital-line printer that gives the time of the event, 
its location, and its intensity. This information 
facilitates appraisal of the seventy of eachsource. 
After the acoustic emission sources are graded, 
other nondestructive testing methods can beused 
to study the flaw in detail. 

Applications 
Monitoring During Continuous We!ding. 

Detection and Idcation of acoustic emission 
sources in weldments during fabrication may 
provideinformation related to theintegrity of the 
weld.'" Such information may be used to direct 
repair procedures on the weld or as a guide for 
application of other NDT methods. A major 
attribute of AET for in-process monitoring of 
welds is the ability of the method to provide 
immediate real-time information on weld integ- 
rity. This feature makes the method useful for 
lower welding costs by repairing of defects at the 
most convenient point in the production process. 
Acoustic emission activity from discontinuities in 
the weldment is stimulated by the thermal stresses 
from the welding process. The resulting activity 
from this stimulation is detected by sensors in the 

n 

14. For detailed information, refer to ASTM E749, 
Standard Practice for Acoustic Emission Monitoring 
During Conrinuom Welding, available fromthe Amer- 
ican Society for Testing and Materials. 
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F& 9,2&D;scontinu;ty length 
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Defect location chai 

'q Horizontal distance from point S, in. 

D (Instrument must be calibrated 
CRT for disfance range involved) 

E,. 9,3o--Location ofthe diicontinuity in the weld cross section 

Vicinity of the weld that convert the acoustic 
signals into electronic signals. 

Acousticemission monitoring forthe evalu- 
ation of quality and the control of a welding 
process requires preliminary studies for each 
application to establish operating conditions 
such as the number, location, and mounting of 
sensors; gain settings; fdtering; datapresentation; 
and data interpretation. These studies normally 
include correlation with other nondestructive 

and destructive methods of inspection. 
The monitoring equipment normally con- 

sists of sensors, electronic instrumentation, and 
recording devices. Acoustic emission monitoring 
during welding may place specialized require- 
ments on the apparatus because of severe envir- 
onmental factors and interfering noise sources. 

Acoustic emission data may be accumu- 
lated during the welding process. Because of the 
delay between weld fusion and acousticemission 
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Search 

Fig 9.31-Or;entation of L e  discontinuity 

n 

(A) Single flat discontinuity 

n 

(e) Cluster of discontinuities 

fig. 9.32-Type ot discontinuiry 

activity, monitoring fiust continue for a time 
period following welding to acquire a l l  sign& 
cant data. The monitoring time after welding 
increases with increasing weld heat input, rang- 
ing from 10 seconds for manual gas tungsten arc 
welding (approximately IOOA) to more than 2 
minutes for submerged arc welding (600 to 

BOOA). The time should be established during 
developmental monitoring of trial welds. 

Observable conditions that occur in con- 
junction with unusual acoustic emission activity 
are recorded to aid in later interpretation of the 
data, This would include clean up or chipping 
and grinding by the welder, for example. 

In general, acoustic emission weld data 
must be evaluated against a base line obtained 
from known acceptable welds of a given type * 

using the specific acoustic emission system, and 
from signals from the same weld type known to 
contain defects. Significant weld discontinuities 
may becharacterized by increasesin the acoustic 
emission event count, the rate of events, the 
intensity, or the peak amplitude. 

Monitoring During Resistance Spot Weld- 
ing. The acoustic emissions produced during the 
making of a spot weld can be related to weld 
quality characteristics such as the strength and 
size of the nugget, the amount of expulsion, and 
the amount of cracking. Therefore, in-prooess 
acousticemission monitoringcan be used both as 
an examination method, and as a means for 
providing feedback contr01.'~ 

The resistance spot welding process consists 
of several stages. These are the setdown of the 
electrodes, squeeze time, weld time, forging, hold 
time, and lift-off. Many acousticemission signals 

~~ ~ 

15. Additional information may be found in ASTM 
E751, Slandard Practice for Acousric Embion Moni- 
toring During Resktonce Spot Weldhg, available 
from the American Society for Testing and Materials. 
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are produced during each of these stages. Often, 
these signals can be identified with respect to the 
nature of their source. 

Most of the emission signal features can be 
related to factors of weld quality. The emissions 
occurring during setdown and squeeze t h e  can 
often be related to the condition of the electrodes 
and the surface of the parts. The large but brief 
signal at current initiation can be related to the 
initial contact resistance and the cleanliness of the 
P-. 

During welding current flow, signals are 
produced by plastic deformation, nugget expan- 
sion, friction, melting, and expulsion. Those sig- 
nals caused by expulsion (spitting or flashing, or 
both), generally have large amplitudes, and can 
be distinguished from the rest of the acoustic 
emission associated with nugget formation. 

Following termination of the welding cur- 
renf, some metals exhibit appreciable noise dur- 
ing solidification, which can be related to nugget 
size and inclusions. As the nugget cools during 
the hold period, acoustic emission can result 
from solid-phase transformations and cracking. 

During the electrode lift-off stage, separa- 
tion of the electrode from the part produces sig- 
nals that can be related to the condition of the 
electrode as well as the cosmeticcondition of the 
weld. The acoustic emission response corres- 
ponding to each stage can be separately detected 
and analyzed. 

A measure of the cumulative acoustic emis- 
sions during resistance spot welding cannot be 
expected to relate clearly to weld quality. On the 
other hand, by using both time discrimination 
and multiple detection levels, the various seg- 
ments of acoustic emissions can be separately 
measured and related to various indicators of 
quality. Commercialinstrumentation is available 
that is capable of separately monitoring several 
of the acousticemission segments. For instance, 
the expulsioncount, phase-transformation count, 
and cracking count can be monitored and re- 
corded for each resistance spot weld, giving a 
permanent record of quality. 

Acoustic emission surveillance of spot-weld- 
ing can take two forms, namely monitoring and 
control. The purpose of on-line monitoring is to 
identify and segregate unacceptable welds for 
quality evaluation purposes. On-line control, on 
the other hand, utilizes the acoustic emission 
instrumentation to complete a feedback loop 
between the process and the source of welding 
c m n t  by automatically adjusting one or two 
process variables to compensate for deteriorating 
welding conditions. 

Monitoring During Proof Testing. AET 
methods have been applied to welded pressure 
vessels and other welded structures during proof 
testing, such as pressurization. A sound vessel 
stops emitting signals when the load is reduced, 
and does not emit further bursts until the pre- 
vious load has been exceeded. A growing crack 

, 
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emits an increasing number as it is loaded. Loca- 
tion of suspect areas in such structures is a very 
well established AET technique. Locating sys- 
tems have been developed, some providing 
sophisticated analysis of the signal datacollected. 

RECORDING OF RESULTS 
With any type of inspection, defective mas 

h a  weldment must be identified in some manner 
to assure that they will be located and repaired 
properly. Many identification methods are avail- 
able. In addition to logging the results by type, 
size, and location, the defective area should be 
marked directly on the weldment. The following 
rules should be followed 

(1) Marking should be positive, clear, and in 
a color contrasting with the metal. . 

(2) Appropriate personnel should be famil- 
iar with the marking system. 

(3) The color used for marking defects 
should not beused on the weldment for any other 
purpose. 

(4) The marking material should withstand 
exposure to handling or further processing until 
the defective area can be repaired, but should not 
damage the weldment during subsequent pro- 
cessing or rep4r. 

(5) If service conditions dictate, all marks 
should be removed after repair and final inspec- 
tion. 

After repair is completed, the same inspec- 
tion should be repeated and the results carefully 
recorded. 

DESTRUCTIVE TESTING 

GENERAL DESCRIPTION 
Destructive tests of welds are designed to 

determine specific properties, such as chemical, 
mechanical, and metallurgical properties, and to 
locate discontinuities such as cracks, porosity, 
incomplete fusion, inadequate joint penetration, 
and entrapped slag. They are normally performed 
on sample weldments made with procedures sim- 
ilar to those to be used in production. Destructive 
tests are conducted for the qualification of weld- 
ing procedures, welders, and welding operators, 
and for production quality control. The tests 
generally specified are those that will provide 
reasonable assurance of the dependability of the 
weldment in seMce. 

The ideal test would, of course, be one that 
exactly duplicates the service conditions. How- 
ever, the difficulty of applying such tests is that 
duplication of seMce conditions normally would 
require extensive testing or long exposure to 
those conditions. Thus, certain standardtests are 
alternatively used. Details of common destruc- 
tive tests ofweldedjoints and weld metals can be 

found in Volume I ,  7th Edition of this Hand- 
book; A WS B4.0, Standard Methods for Me- 
chanical Testing of Welds (latest edition); or the 
applicable AWS filler metal specification (A5.XX 
series). 

CHEMICAL ANALYSIS 
Chemical analyses can be used to determine 

the compositions of solid welding wires, depos- 
ited weld metals, and base metals to verify code 
or specification requirements. Prior to sampling, 
the surface should be cleaned to bright metal. 
During removal, care must be faken to prevent 
sample contamination because contamination 
will give false results. 

Thelaboratory performing the analysis may 
use one or more analytical techniques depending 
on the metal and the range of the elements in the 
metal. Regardless of the analytical technique, all 
procedures should be verified by analyzing refer- 
ence standards available from the National 
Bureau of Standards and other sources. 
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MECHANICAL TESTING 
Mechanical tests for welds are similar to 

those applied to base metals. Tension, bend, 
impact, and hardness tests are widely used for 
determining the mechanical properties of weld 
metal and welded joints. There are other tests 
used to determine special properties for design 
purposes, such as fatigue, fracture toughness, 
corrosion, and creeprupture tests. 

Tension Testing 

Inspection I371 

not necessarily of least strength. Calculated ten- 
sile and yield strengths are composite values. 

Bend Testing 
Bend tests are used to evaluate both sound- 

ness and ductility of welded joints. Hence, they 
are used extensively in welding procedure and 
welder performance qualification tests. Most 
codes and specilkations require the specimens to 
be bent 180 degrees into a "U" shape around a 
standard plunger having a radius of twice the 

Tensile properties are generally the bases for 
design of weldments, and those of the base metal 

thickness of the test specken. This test elongates 
the outer fibers ofthe bend spechen by about 20 

and the weld metal must conform to design 
requirements. Normally, the weld metal used for 
butt joints should have tensile properties equal to 
or somewhat higher than those of the base metal. 
In the case of fdlet, plug, and spot welds, the 
tensile-shear strength of the weld metal or heat- 
affected zone is usually the significant factor. 
Testing is conducted in accordance with A WS 
B4.0, StanhrdMethods for Mechanical Testing 
of Welds or the applicable code or specification. 

Tension test specimens are taken either 
longitudinally or transversely to a butt joint. 
Longitudinal specimens composed only of weld 
metal are usually round, and are referred to as 
all-weld-metaltensile fesrs. Properties determined 
are tensile and yield strength, elongation, and 
reduction of area. 

Transverse specimensinclude the weld met- 
al, heat-affected zone, and base metal in the test 
section. Thesespecimens areusually rectangular, 
but may be round. Normally, only the tensile 
strength is determined and the location of frac- 
ture noted. The test results determine the ade 
quacy of the overall weld joint strength. 

Full-section transverse tension specimens 
are used to test circumferential butt joints in pipe 
or tubing not exceeding 2 inches in diameter. 
Withlargersk,  rectangular transverse test spec- 
imens are cut from the pipe wall. 

In some cases, a tension specimen is removed 
with the weld runnng the length of and centered 
in thereducedsection.Basemetalandwe1dmetal 
are simultaneously exposed to the same load 
conditions and strain. Both zones elongate until 
the specimen fractures, The point of fracture 
initiation indicates the zone of least ductility but 

percent. Specimens of higher strength base metals 
(over 50,OOO psi) are bent around a larger radius 
because of their inherently lower ductility. 

Various welding specifications may require 
testing of transverse face, root, or side bend spec- 
imens or longitudinal face or root bend speci- 
mens for qualification of welding procedures or 
welders. 

Impact Testing 
Impact tests are designed to evaluate the 

notch toughness of a metal at  various tempera- 
tures. The results are used to evaluate the suitabil- 
ity of the metal for service at room or lower 
temperatures. 

One type of test is the Charpy V-notch 
impact test, which uses aspecimen in the form of 
a notched beam. The notch may be in the base 
metal, the weld mefal, or the heat-affected zone. 
The specimen is cooled to the desired test 
temperature and then quickly placed on two 
anvils with the notch centered between them. The 
specimen is struck at a point opposite the notch 
by the tip of a swinging pendulum. The amount 
of energy required to fracture the specimen repre- 
sents the notch toughness of the metal at the test 
temperature. In addition to the amount of energy 
required for fracture, some codes require a mea- 
surement of lateral expansion for compliance. 

When the test results are plotted as a func- 
tion ofthe test temperature, the resulfing curve is 
used to evaluate the expected performance of the 
base or weld metal in service. With some steels 
and other metals, the required energy drops 
rapidly within a narrow temperature range, and 
the fracturechanges fromductile to brittle behav- 
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ior. This transition temperature range varies with 
chemical composition, welding procedure, and 
postweld heat treatment. 

Hardness Testing 
There are three static hardness tests com- 

monly used to measure the effects of processing 
on metals and for quality control in production. 
They are the Brinell, Rockwell, and Vickers 
hardness tests that are based on the size of an 
indentation made with a particular indenter 
design under a specified load. The choice of 
methoddependson thesizeand finishofthearea 
to be tested, the composition and thicknesses of 
the test object, and the end use of the object. 

In the case of carbon and alloysteels, there 
is an approximate relationship between Brinell, 
Rockwell, and Vickers hardness numbers, and 
between hardness number and tensile strength. 
These data are presented in tabular form in sev- 
eralHandbooks.16 With Brinell hardness testing, 
the approximate tensile strength of carbon and 
low alloy steels is 500 times the hardness number. 
The Brinell test is commonly used for quality 
control in industry but the impression is rela- 
tively large compared to the other tests. There 
fore, it can only be used for obtaining hardness 
on a relatively large area, and where the hpres- 
sion on the surface is not objectionable. Where 
marking will affect the end use of the product, 
Rockwell or Vickers tests can be applied with 
smaller surface indentions. Because these meth- 
ods can be applied to small or narrow areas, they 
can be used for survey work to locatevariations 
in hardness across a weld. 

For the welding inspector, the most h p o r -  
tant difference involves the size of the indenter or 
penetrator, which may range from a 10 mm 
diameter ball to a small diamond tip. For rea- 
sonably homogenous base metal or weld metal, 
the size of the indentation has little effect on the 
test results. However, with anarrow heat-affected 
zone or weld bead that contains several metallur- 
gically differing zones, the size of the indentation 
is of major importance. A small indenter may 

i r 

16. For example, me Metals Handhook, Vol. 11, 
Nondestructive Tesringand Quali:y Conrrol, 8th Ed., 
Metals Park, O H  American Society for Metals. 

detect narrow areas of different hardness while 
the 10 mm ball produces an average value for the 
entire zone. Any test that includes heat-afTected 
zone hardness should specify and record the size 
of the indenter employed. 

In hardness testing, specimen preparation k 
important for reliable results. The surface should 
be flaf, reasonably free from scratches, and must 
be normal to the applied load for uniform inden- 
tations, With thin, soft metals, the testingmethod 
must produce a shallow indentation that is not 
restricted by the anvil of the testing machine. This 
can be accomplished, particularly with a Rock- 
well testing machine, by the use of a small in- 
denter and a light load. 

Brinell Harhss .  The Brinell hardness test 
consists of impressing a hardened steel ball into 
the test surfaw using a specified load for a defi- 
nite time. Following this, the diameter of the 
impression k accurately measured, and con- 
verted to a hardness number from a table. Sta- 
tionary machines impress a 10 mm ball into the 
test object. The load for steel is 3000 kg and for 
softer metals, 500 or 1500 kg. 

Two diameters of the impression are mea- 
sured at 90 degrees by the eye using a special 
Brinell microscope graduated in tenths of mil- 
limeters. Themeandiameter is used todetermine 
the Brinell hardness number from a table. Test- 
ing should bedone to the requirements of ASTM 
EIO, Standard Test Methodfor Brinell Hardness 
of Merallic Ma:eriah 

Rockwell Hardness. The Rockwell hard- 
ness test measures the depth of residual penetra- 
tion made by a small hardened steel ball or a 
diamond cone. The test is performed by applying 
aminor load of 10 kg to seat the penetrator in the 
surface of the specimen and hold it in position. 
Themachinedialis turned to a"set"point, and a 
major load is applied. After the pointer comes to 
rest, the major load is released, with minor load 
remaining. The Rockwell hardness number is 
read directIy on the dial. Hardened steel balls of 
1/8-or 1/16-in.diameterareusedforsoftmetals, 
and a cone-shaped diamond penetrator is used 
for hard metals. Testing is conducted in accord- 
ance with ASTM E18. Standard Test Method 
for Rockwell Hardness and Rockwell Superjiclal 
Hardness of Metallic Mafehls. 
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Vickers Hardness. The Vickers hardness 
test is generally used as a laboratory tool to 
determine hardness of various metallurgically 
different areas on a cross section through a 
welded joint, The test consists of impressing a 
pyramid-shaped penetrator under a predeter- 
mined load into apolished surfaceof aspecimen. 
The Vickers number is related to the impressed 
load and thesurface areaof theresultingindenta- 
tion. The Vickers indenter is a diamond and, 
therefore, is effective for testing hard metals. The 
selected load depends on the hardness of the 
metal to be tested. A reading is obtained by 
measuring the diagonals of the impression. The 
hardness value is obtained from a chart based on 
the mean diagonal value. Testing is conducted as 
described in ASTME92, Standard Test Method 
for Vickers Hardness of Metallic Materials. 
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Macroscopic Examination 
Macroetching is used to reveal the het- 

erogeneity of metals and alloys. Typical applica- 
tions of macroetching in the welding of metals 
are the study of weld structure; measurement of 
joint penetration; dilution of ffler metal by base 
metal, and presence of flux, porosity, and cracks 
in weld and heat-affected zones. When macro- 
scopic examination is used as an inspection 
procedure, sampling should be done in an early 
stage of manufacturing so that work is stopped if 
the weld proves faulty. 

Sample preparation need not be elaborate. 
Any method of preparing a smooth surface with 
a minimum amount of cold work is satisfactory. 
Cross sections may be faced on a lathe or a 
shaper. The usual procedure is to take a roughing 
cut, followed by a finish cut with sharp tools. 
This should provide asmooth surface and remove 
cold work from prior operations. Grinding is METALLOCRAPHlC W M l N A T l O N  

Metallographic tests can be used to deter- 

(1) The soundness of the joint 
(2) The distribution of nonmetallic inclu- 

(3) The number of weld passes in a weld 
(4) The metallurgical structure in the weld 

(5) The extent of the heat-affected zone 
(6) The location and depth ofjoint penetra- 

tion of a weld 
Macroscopic examination involves visual 

examination of as-polished or polished-and- 
etched surfaces by the unaided eye or at magnifi- 
cations up to 10 power. Etching of the surface 
can reveal gross structure and weld bead configu- 
ration. Pores, cracks, and inclusions are better 
observed on an as-polished surface. Microscopic 
examination is carried out by observing a highly 
polished and etched surface at magnifications of 
about 50 times size or higher. 

Samdes are obtained bv sectioning test 

mine: 

sions in the joint 

. metal and heat-affected zone 

usually conductdin the same manner, usingfree- 
cutting wheels and light f ~ h i n g  cuts. When fine 
detail is required, the specimen should be pol- 
ished through a series of metallographic papers. 

After surface preparation, the sample is 
cleaned carefully with suitable solvents. Any 
grease, oil, or other residue will produce uneven 
etching. Oncecleaned, the sample surface should 
not be touched or contaminated in any way. 

Recommended solutions and procedures 
for macroetching are given in ASTM E340, 
Standard Method for Macroetching Metals and 
Alloys. Caution must be observed in handling 
chemicals and mixing solutions. Many of the 
etchants are strong acids that require special 
handling and storage.*7 In all cases, the various 
chemicals should be added slowly to the water or 
other solvent while stirring. 

Microscopic Examination 
In examining for exceedingly small discon- 

tinuities or for metallurgical structure at  high 

.* - ._ face, and can besubjected to further Preparation 
as needed to reveal the desired structure. 

N.I., Dangerous Properties of Indurtrial Materialxi 
latest Ed., New York: Van Nostrand Reinhold Co. 
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magnification, specimens may be cut from the 
actual weldment or from welded test samples. 
The samples are given a highly polished, mirror- 
like surface. and then etched for examination with 
a metallograph to reveal the microstructure of 
the base metal, heat-affected zone, fusion zone, 
and weld metal. Proceduresfor selection, cutting, 
mounting, and polishing metallographic speci- 

mens are given in ASTME3, StandardMethods 
of Preparation of Metallographic Specimens. 
Recommended chemical solutions for etching 
various metals and alloys are given in ASTM 
E407, Standard Methods for Microetching 
Metals and Alloys. Safety precautions in 
handling etching chemicals are also covered in 
this standard. 

PROOF TESTING 

PURPOSE or scrap iron, or by dynamically loading with 
special -testing equipment. Acceptance isbased 
on freedom from cracking or objectionable per- 
manent deformation. 

Many welded components are proof tested 
during or subsequent to fabrication. The pur- 
poses of these tests include: 

(1) Assurance of safe operation 
(2) Detection of any weakness of the design HYDROSTATIC TESTING 
(3) Exposure of quality deficiencies 
(4) Prevention of i n - ~ e ~ h  failures 
Proof testing is achieved by applying one or 

more tests that exceed actual service require- 
ments by a predetermined factor of safety. This 
may involve overloading the component or test- 
ing for leaks, or both. 

LOAD TESTING 
Welded components can be proof tested by 

applying specific loads without failure or per- 
manent deformation. Such tests are usually 
designed to subject the parts to stresses exceeding 
those anticipated during service. However, the 
stresses are maintained below or at the minimum 
specified yield strength of the lower strength 
materials. Many load test requirements and 
application details are mandated by codes, speci- 
fications, and contractual documents that apply 
to individual product forms. 

Structural members are often proof tested 
by demonstrating their ability to carry loads 
equal to or larger than any anticipated service 
conditions. This can be accomplished by stati- 
cally loading with a testing machine, sand bags, 

Closed containers are usually proof tested 
by filling them with water and applying a prede- 
termined test pressure. For components built in 
accordance with the ASME Boiler and Pressure 
Vessel Code, this pressure is 150 percent ofdesign 
pressure. For other components, the test pressure 
maybe based upon apercentage of the minimum 
yield strength. After a fixed holding time, the 
container is inspected for soundness by visually 
checking for leakage, or by closing off the vessel 
and monitoring the hydrostatic pressure. Visual 
inspection can be enhanced by an indicating sys- 
tem applied to the outside of the vessel, such as 
light blue chalk that turns dark blue in the pres- 
ence of a small amount of water. To increase 
sensitivity, an enhancing material, such as water- 
soluble colored or fluorescent dyes can be added 
to the test water for detection of small leaks by 
developers or ultraviolet Light. 

Open containers (e.g., storage tanks) may 
also be hydrostatically tested by fdling them with 
water or partially submerging them into water 
(e.g., ship barges). T h e  hydrostatic pressure ex- 
erted against any boundary is governed by the 
head of water. 
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Hydrostatic testing is a relatively safe opera- 
tion in that water is practically noncompressible 
and, therefore, stores little energy. A small leak 
results in a meaningful pressure drop that limits 
the driving force needed fo propagate the leak. 
However, three questions should be considered 
to conduct safe hydrostatic tests 

(1) Are the foundation and the support 
structure strong enough to hold the water-filled 
container? This is of special importance if the 
containers are designed to hold a gas or a light- 
weight liquid. 

(2) Are there any pockets where energy can 
build up in the form of compressed air? 

(3) Is the metal at a temperature where it has 
adequate notch toughness to assure that a rela- 
tively small leak or discontinuity will not propa- 
gate into a catastrophic brittle fracture? 

PNEUMATIC TESTING 
Pneumatic testing is similar to hydrostatic 

festingexcept that compressed air is used to pres- 
surize a closed vessel. This type of test is primarily 
used for small units that can be submerged in 
water during the test. The water provides a con- 
venient leak indicator and an effective energy 
absorber in the event that the container fails. 

Other applications include units mounted 
on foundations that are not able to support the 
weight associated with hydrostatic tests, and ves- 
sels where water or other liquid may be harmful 
or cannot be adequately removed. An example 
of the latter is a platefin heat exchanger designed 
for cryogenic service. 

Acceptance of pneumatic tests is based on 
freedom from leakage. Small leaks are seldom 
detected without some indicating devices. Ifunits 
cannot be submerged in water, spraying with a 
soap or detergent solution and checking for bub- 
bles is an effective procedure. This procedure is 
called a soap bubble test. For special applica- 
tions, sound detection devices are available that 
report and locate all but the smallest air leaks. 

During any pneumatic test, large amounts 
of energy may be stored in compressed air or gas 
in a large volume or under high pressure, or both, 
A small leak or rupture can easily grow into a 
catastrophic failure, and can endanger adjacent 
life and property. Extensive safety planning is 

~ 

needed by proper quality control during fabrica- 
tion, by thorough monitoring during testing, and 
by observing the testing operation from a safe 
distance. All pneumatictesting should bedone to 
a written test procedure for the product to be 
tested. 

SPIN TESTING 
Welded components that rotate in service 

can be proof tested by spinning them at speeds 
above the design values to develop desired 
stresses from centrifugal forces. Visual and other 
nondestructive testing plus dimensional mea- 
surements are employed to determine the ac- 
ceptability of the parts, Spin testing must bedone 
in a safety enclosure in case the component 
should rupture. 

LEAK TESTING 
When freedom from leakage is of primary 

importance and a high pressure test is not desira- 
ble or possible, a number of low-pressure leak 
testing techniques are available. All are based 
upon the principal of f f ing a container with a 
product that has a low viscosity and has the 
abiity to penetrate through very small openings. 
For instance, if a container is designed to hold 
water or oil, a low-pressure pneumatic test may 
be an acceptable leak test. 

To increase the effectiveness and accuracy 
of such leak tests, tracer gases are used, These 
include freon for standard tests and helium for 
critical applications. Leak detection instruments 
(calibrated sniffers) are used to detect the p m -  
ence of the tracergas escaping through any leaks 
in the v w l .  

VACUUM BOX TESTING 
Pressure leak testing requires the ability to 

pressurize one side and inspect from the other 
side of the component. This represents a M t a -  
tion for components that cannot be pressurized. 
However, a vacuum box test can be used. This 
involves coating a test area with a soap or deter- 
gent film and placing agasketed transparent box 
over the area to be inspected. After pulling a 
partial vacuum of not less than 2psi in the box, 
the inspector looks for any bubble formations 

. 
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that indicate the presence of a leak. For critical 
service, such as LNG tanks, vacuum levels as 
high as 8 psi may be selected. 

peak residual stresses equal to or slightly below 
the yield strength of the metal. When proof test- 
ing the weldments, the yield strength may be 
exeeded in highly stressed areas, and the metal 
will plastically deform. After the load is removed, MECHANICAL STRESS RELIEVING 

Proof-testing operations can reduce the 
residual stresses associated with welding. In the 
as-welded condition, any weldment will have 

the &ak stresses in those areas will be lower th& 
the original stresses. This result tends to improve 
product reliability. 

BRAZED JOINTS 

GENERAL CONSIDERATIONS 
Inspection of a completed assembly or sub- 

assembly is the last step in the brazing operation, 
and is essential for assuring satisfactory and uni- 
form quality of a brazed unit. The design of a 
brazement is extremely important to the inspec- 
tion operation and, where practical, should be 
such that completed joints can be easily and ade- 
quately examined. An intelligent choice of braz- 
ing processes, brazing fdler metal, joint design, 
and cleaning methods will also assist in the 
inspection process. The inspection method chosen 
to evaluate a final brazed component should 
depend on the service requirements. In many 
cases, theinspection methods are specified by the 
user or by regulatory codes. 

Testing and inspection of brazed joints can 
be conducted on procedure qualification test 
joints or on a f h h e d  brazed assembly, and the 
tests may be either destructive or nondestructive. 

Preproduction and workmanship samples are 
often used for comparison purposes during pro- 
duction. These may be sample specimens made , 
during the development of the brazing procedure 
or samples taken from actual production. In any 
case, they should show the minimum acceptable 
production quality of the brazed joint. 

TESTING METHODS 
Brazed joints and completed brazements 

can be tested both nondestmctively and destrue 
tively. Nondestructive test methods that may be 
used are visual examination, liquid penetrant, 
radiographic, and ultrasonic as well as proof and 
leak testing. Destructive testing methods include 
metallographic examination and peel, tension, 
shear, and torsion tests. All of these testing 
methods are discussed in the Welding Handbook, 
Vol. 2,7th Edition. 

Metric Conversion Factors 
OC = 0.56 ( O F  - 32) 
1 footcandle = 10.76 lm/m2 
1 A/in. = 0.039 A/mm 
1 in. = 25.4 mm 
1 psi = 6.89 kPa 
lpW/cm* = 6.45pW/in.Z 
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Safe Practices 

GENERAL WELDING SAFETY 

Safety is an important consideration in all 
welding, cutting, and related work. An activity is 
not satisfactorily completed ifsomeoneis injured. 
The hazards that may be encountered with most 
welding, cutting, and related processes, and also 
the practices that will minimize personal injury 
and property damage, are covered in this chap- 
ter. In addition, the user should always read and 
understand the manufacturer’s instructions on 
safe practices for the materials and equipment 
before work proceeds. 

MANAGEMENT SUPPORT 
The most important component of aneffec- 

tive safety and health program is management 
support and direction. Management must clearly 
state its objectives and demonstrate its commit- 
ment to safety and health by consistent execution 
of safe practices. 

Management must designate approved areas 
where welding and cutting operations may be 
carried on safely. When theseoperations must be 
done in other than designated areas, manage- 
ment must assure that proper procedures to pro- 
tect personnel and property are established and 
followed. 

Management must be certain that only 
approved welding, cutting, and allied equipment 
is used. Such equipment includes torches, regula- 
tors, welding machines, electrode holders, and 
personal protective devices. Adequate superui- 
sion must be provided to assure that all equip 
mentis properly used and maintained. 

TRAINING 
Thorough and effective training is a key 

aspect of a safety program. Welders’ and other, 
equipment operators perform most safely when 
they are properly trained in the subject. Proper 
training includes the safe use of the equipment 
and the process, and also the safety rules that 
must be followed for the protection of all con- 
cerned, Personnel need to know and understand 
the rules and consequences of disobeying them. 
For example, welders must be trained to position 
themselves while welding, cutting, or pe r fodng  
related work so that their heads are not in the 
gases and fumes? This helps to minimize expo- 
sure to fumes and gases. 

Certain AWS specifications call for the use 
of precautionary lakls on packages of welding 
and brazing consumables. These labels concern- 
ing the safe use of the products should be read 
and followed by those persons using the panicu- 
lar consumable (welding electrode, brazing filer 

1. The term welder is intended to include welding and 
cutting operators, brazers, and solderers. 
2, Fume is the cloud-like plume containhg minute 
solid panicles arisingduring the melting of ametal. In 
distinction to a gas, fumes are metallic vapors that 
have condensed to solid and are often associated with 
a chemical reaction, such as oxidation. 

380 
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metal, flux). A typical label is the following one 
used on packages of arc welding fiier metals. 

WARNING: Protect yourself and 
others. Readandunderstandthishbel. 
FUMES AND GASES can be dan- 
gerous to your health. ARC RAYS 
can injure eyes and burn skin. 
ELECTRIC SHOCK can kill. 

Readandunderstand the manufac- 
turer’s instructions and your em- 
ployer’s safety practices. 
Keep your head out of the f u v s .  
Use enough ventilation, exhaust at 
the arc, or both, to keep fumes and 
gases from your breaihing zone, 
and the general area. 
Wear correct eye, ear, and body 

protection. 
Do not touch live electrical parts. 
See American National Standard 
249.1 Safity in Welding and Cut- 
ting published by the American 
Welding Society, SSO N. W. LeJeune 
Rd., Miami, Florida 33126; OSHA 
Safety and Healih Standardr. 29 
CFR 1910, available from the 
Government Printing Office, 
Washington, D. C. 20402. 

DO NOTREMOVE THIS LABEL 

The proper use and maintenance of the 
equipment must also be taught. For example, 
defective or worn electrical insulation cannot be 
tolerated in arc welding or cutting, nor worn or 
defective hoses in gas weldingor brazing. Proper 
training in equipment operation is fundamental 
to safe operation. 

All persons must be trained to recognize 
safety hazards. if they are to work in an unfamil- 
iar situation or environment, they must be thor- 
oughly briefed on the potential hazards involved. 
For example, consider a person who must work 
in aconfned space. If the ventilation is poor and 
an &-supplied helmet is required, the need to use 
such equipment must be thoroughly explained to 
the welder. The consequences of improperly 
using theequipmedt must be thoroughlycovered. 
When a welder feels that the safety precautions 

for a given task are not adequate, they should be 
questioned before proceeding, 

GENERAL HOUSEKEEPING 
Good housekeeping is essential to avoid 

injuries. A welder’s vision may be restricted by 
necessary eye protection. Persons passing aweld- 
ing station while work is in progress must shield 
their eyes from the flame or arc radiation. The 
limited vision of the welder and passers-by makes 
them vulnerable to tripping over objects on the 
floor, Therefore, welders and supervisors must 
always make sure that the area is clear of tripping 
hazards. Management also has the responsibility 
to lay out the production area so that gas hoses, 
cables, mechanical assemblies, and other equip 
ment do not cross walkways or interfere with the 
routine performance of tasks. 

When work is above ground or floor level, 
safety rails or lines must be provided to prevent 
falls as a result of restricted vision from eye pro- 
tection. Safety lines and harnesses can be helpful 
to restrict workers to a safe area, and to catch 
them in case of a fall. 

Unexpected events, such as fire and explo- 
sions, do occur in industrial environments. It is 
important that escape routes be known and kept 
clear so that orderly, rapid, and safe evacuation 
ofaproblemareacan takeplace. Storage ofgoods 
and equipment in evacuation routes should be 
avoided. If an evacuation route must be temporar- 
ily blocked, employees who would normally we 
thatroutemust betrained tousean alternate route. 

’ 

PROTECTION IN THE GENERAL AREA 
Equipment, machines, cables, hoses, and 

other apparatus should always be placed so that 
they do not present a hazard to personnel in pas- 
sageways, on ladden, or on stairways. Warning 
signs should be posted to designate welding areas, 
and tospecify that eyeprotectionshould txwom. 
Protective Screens 

Workers or other persons adjacent to weld- 
ing and cutting areas must be protected from 
radiant energy and hot spatter by flame-resistant 
screens or shields, or by suitable eye and face 
protection and protective clothing. Appropriate 
radiation-protective, semi-transparent materials 
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are permissible. Where operations permit, work 
stations should be separated by noncombustible 
screens or shields, as shown in Fig. 10.1. Booths 
and screens should permit circulation of air at 
floor level as well as above the screen. 

wall Reflectivity 
Where aec welding or cutting is regularly 

carried on adjacent to painted walls, the walls 
should be painted with afinish havinglow reflec- 
tivity to ultraviolet radiation.) Fi,nishes formu- 
lated with certain pigments, such as titanium 
dioxide or zinc oxide, have low reflectivity to 
ultraviolet radiation. Color pigments may be 
dded if they do not increase reflectivity. Pig- 
ments based on powdered or flaked metals are 
not recommended because of their high reflectiv- 
ity to ulteaviolet radiation. 

3. For further guidance, see Uliraviolei RejIecronce of 
Pahl, American Welding Society, 1976. 

It is the responsibility of the persons putting 
on a publicdemonstration or exhibition to assure 
the safety of observers and the general public. 
Obsewers are not likely to have the necessary 
protective equipment to enable them to observe 
demonstrations safely. For exhibits involving 
observation of arc or gas welding processes other 
than submerged arc welding, appropriate eye 
protection for both observers and passers-by is 
mandatory. Fume exposure must also be mini- 
mized by appropriate ventilation. Electric cables 
and hoses must be routed to avoid audience 
exposure to possible electric shock or tripping 
hazards. Protection must be provided against 
fires from fuels, combustibles, and overheated 
apparatus and wiring. Fke extinguishers must be 
on hand in case of fire. Combustible materials. 
must be shielded from flames, sparks, and 
molten metal. 
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Safety precautions at public events should 
be passive types. Passive safety devices allow 
untrained individuals to safely observe demon- 
strations and exhibitions. That is, they should 
not require the audience to participate in the use 
of safety equipment. For example, a protective, 
moveable transparent screen allows an audience 
to observe a welding operation when the screen is 
in place. After welding is completed, the screen 
can be moved to allow the audience to observe 
the completed weld. Additional information is 
dven in ANSIIASC 249.1, Safefy in Welding 
and Cuffing(availab1e from the American Weld- 
ing Society). 

FIRE 

With most welding, cutting, and allied pro- 
cesses, a high-temperature heat source is always 
present. Open flames, electric arcs, hot metal, 
sparks, and spatter are ready sources of ignition. 
Many fires are started by sparks, which can travel 
horizontally up to 35 feet from their source and 
f d  much greater distances. Sparks can pass 
through or lodge in cracks, holes, and other small 
openings in floors and walls. 

The risk of fire is greatly increased by failure 
to remove combustibles from the work area, or 
by welding or cutting too close to combustibles 
that have not been shielded. Materials most 
commonly ignited are combustible floors, roofs, 
partitions, and building contents including trash, 
wood, paper, textiles, plastics, chemicals, and 
flammable liquids and gases. Outdoors, the most 
common sources of combustion are dry grass 
and brush, 

The best protection against fire is to per- 
form welding and cutting in specially designated 
areas or enclosures of noncombustible construc- 
tion that are kept free ofcombustibles. Combust- 
ibles should always be removed from the work 
area or shielded from the operation. Fuel gas is a 
common flammable often found in cutting and 
welding areas. Special attention should be given 
to fuel gas cylinders, hoses, and apparatus to 
prevent gas leakage. 

Combustibles that cannot be removed from 
the area should be covered with tight fitting, 
flame resistant material. These include combust- 

ible walls and ceilings. Floors should be free of 
combustible materials for a radius of 35 feet 
around the work area. AU doorways, windows, 
cracks, and other openings should be covered 
witha flame-resistant material or, ifpossible, the 
work area should be enclosed with portable 
flamemistant screens. 

If welding or cutting is to be'performed on 
or adjacent to a metal wall, ceiling, or partition, 
combustibles on the other sidemust be moved to 
a safe location. If this cannot be done, a fire 
watcher should be stationed where the combust- 
ibles are located. Welding or cutting should not 
be performed on material having a combustible 
coating or internal structure, as in walls or ceil- 
ings. Hot scrap or slag must not be placed in 
containers holding combustible materials. Suit- 
able fire extinguishers should be available 
nearby. A thorough examination for evidence 
of fire should be made before leaving the work 
area. Fire inspection should be continued 
for at  least 30 minutes after the operation is 
completed. 

Welding, brazing, and cutting should not be 
performed on combustible staging, that may 
readily be ignited by heat from the operation, 
Welders must be alert for traveling vapors of 
flammable liquids. Vapors are often heavier than 
air and can travel along floors and in depressions 
for distances of several hundred feet. Light 
vapors can travel along ceilings to adjacent 
rooms, 

' 

EXPLOSION 

Flammable gases, vapors, and dusts, when 
mixed with air or oxygen in certain proportions, 
present danger of explosion as well as fire. To 
avoid such explosions, welding, brazing, solder- 
ing, or cutting must not be done in atmospheres 
containing flammable gases, vapors, or dusts. 
Such flammables must be kept in leak-tight con- 
tainers or be well removed from the work area. 
Heat may cause low-volatile materials to pro- 
duce flammable vapors. 

Hollow containers must be vented before 
applying heat. Heat must not be applied to a 
container that has held an unknown material, a 
combustible substance, or a substance that may 
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form flammable vapors on heating.4 The con- 
tainer must first be thoroughly cleaned or inerted. 
Heat should never be applied to a workpiece 
covered by an unknown substance or to a sub- 
stance that may form flammable or toxic vapors 
on heating. 

Explosions may occur from simple expan- 
sion of gas trapped in pockets, such as casting 
porosity. Adequate eye and body protection 
should be worn when operations involve these 
risks. 

Oxyfueel Gar Welding and Cutting, Sub- 
merged Arc Welding. Safety goggles with fiter 
lenses (Table 10.1) and side shields must be worn 
while performing oxyfuel gas welding and cut- 
ting, and submerged arc welding. During sub- 
merged arc welding, the arc is covered by flux 
and not readily visible; hence, an arc welding 
helmet is not needed. 

Torch Brazing and Soldering. Safety spec- 
t a c h  with or without side shields and approp- 
riate filter lenses are recommended for torch 

BURNS 
Burns of the eye or body are serious hazards 

of welding, brazing, soldering, and cutting. Eye, 
face, and body protection for the operator and 
others in the work area are required to prevent 
bums from ultraviolet and infrared radiation, 
sparks, and spatter. 
Eye and Face Protection 

Arc Welding and Cutting. Welding helmefs 
or handshields containing appropriate filter lenses 
and cover plates must be used by operators and 
nearby personnel when viewing the arc.5 Sug- 
gested shade numbers of filter plates for various 
welding, brazing, sqldering, and thermal cutting 
operations are given in Table 10.1. 

Safety spectacles, goggles, or other suitable 
eye protection must also be worn during welding 
and cutting operations. They must have side 
shields when there is danger of exposure to injur- 
ious rays or flying particles from grinding or 
chipping operations. Spectacles and goggles may 
have clear or colored lenses, depending on the 
intensity of the radiation that may come from 
adjacent welding or cutting operations when the 
welding helmet is raised or removed. Number 2 
filter lenses are recommended for general pur- 
pose protection. 

4. Additional information is given in AWS F4.1-80, 
Recommended Safe Practices for the Preparation for 
Welding and Cutting of Containers and Piping That 
Have Held Hazardoup Substances. 
5.  Standards for welding helmets, handshields, face 
shields, goggles, and spectacles are given in ANSI 
Publication 287.1, Practice far Occupational and 
Educational Eye and Face Protectton, latest edition, 
American National Standards Institute. 

brazing and soldering. As with oxyfuel gas weld- 
ing and cutting, a bright yellow flame may be 
visible during torch brazing. A fdter similar to 
that used with those processes may be used for 
torch brazing. 

Resbrance Welding and Brazing. Operators 
and helpers must wear safety spectacles, goggle, 
or use a face shield to protect their eyes from 
spatter. Filter lenses are not necessary but may be 
used for comfort. 

Protective Clothing 
Sturdy shoes or boots and heavy clothing 

similar to that in Fig. 10.2 should be worn to 
protect the whole body from flying sparks, spat- 
ter, and radiation bums. Woolen clothing is 
preferable to cotton because it is not so readily 
ignited. Cottonclothing, ifused, should bechem- 
ically treated to reduce its combustibility. 
Clothing treated with nondurable flame retard- 
ants must be retreated after each washing or 
cleaning. Clothing orshoes of synthetic or plastic 
materials, which can melt and cause severe b u m ,  
are not recommended. Outer clothing should be 
kept reasonably free of oil and grease, especially 
in an oxygen-rich atmosphere. 

Cuffless pants and covered pockets are 
recommended to avoid spatter or spark entrap- 
ment, Pockets should be emptied of flammable 
or readily ignitable material before welding 
because they may be ignited by sparks or weld 
spatter and result in severe bums. Pants should 
be worn outside of shoes. Protection of the hair 
with acap is also recommended. Flammable hair 
preparations should not be used. 

Durable gloves of leather or other suitable 
material should always be worn. Gloves not only 
protect the hands from burns and abrasion, but 
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Table 10.1 
Suggested viewing filter plates 

Lowest Comfort 

Operation in. rnm current, A number number' 
Welding shade shade Plate thickness, 

Shielded metal 
arc welding 

Gas metal arc and 
flux cored arc 
welding 

Gas tungsten arc 
welding 

Plasma arc 
welding 

Oxyfuel gas 
welding ( ~ t e e l ) ~  

Plasma arc 
cutting' 

Air-carbon arc 
cutting 

Oxyfuel gas 
cutting (steel)b 

Torch brazing 

Torch soldering 

- 

- 

- 

- 

Under 1/8 

Over 1/2 
1/8-1/2 

- 

- 

Under 1 
1-6 

Over 6 

- 
- 

- 

- 

- 

- 

3.2 

12.7 
3.2-12.7 

- 

- 

25 
25-150 

150 

- 

- 

Under 60 
60-160 

160-250 
250-550 

Under 60 
60-160 

160-250 
250-500 

Under 50 
50-150 

150-500 

Under 20 
20-100 

lOO-400 
400-800 

- 
& 

Under 300 
300-4M) 
400-800 

Under 500 
500-1OOO 

- 
- 
- 
- 
- 

7 
8 

10 
I 1  

I 
10 
IO 
IO 

8 
8 
IO 

6 
8 
IO 
11 

- 
- 
- 
8 
9 

10 

10 
I 1  

- 
- 
- 
- 

- 

- 
10 
12 
14 

- 
11 
12 
14 

10 
12 
14 

6-8 
10 
12 
14 

4,5 
5,6 
6,8 

9 
12 
14 

12 
14 

374 
495 
5,6 

394 

2 
~~~ 

a. To select the best shade for the application, first selecf a dark shade. If it is difficult to see the operation 
properly, select successively lighter shades until the operation is sufficiently visible for good control. 
However, do not go below the lowest recommended number, where given. 
b. With oxyfuel gas weldingorcutting, theflameemitsstrong yellow light, Afilterplate that absorbsyellow 
or sodium wave lengths of visible light should be used for good visibility. 
c. The suggested filters are for applications where the arc is clearly visible. Lighter shades may be used where 
the arc is hidden by the work or submerged in water. 
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Fig. 10.2-Typical protectiwe clothing for arc welding 

also provide insulation from electrical shock. A 
variety of special protective clothing is also avail- 
able for welders. Aprons, leggings, suits, capes, 
sleeves, and caps, all of durablematerials, should 
bc worn when welding overhead or when special 
circumstances warrant additional protection of 
the body. 

Sparks or hot spatter in the ears can be 
particularly painful and serious. Properly fitted, 
flme-resistant ear plugs should Be worn when- 
evee operations pose such risks. 

NOISE 

either temporary or permanent hearing loss. US. 
Department of Labor Occupational Safety and 
Health Administration regulations describe 
allowablenoise exposure levels. Requirements of 
these regulations may be found in General Indus- 
try Standards, 29 CFR 1910.95. 

In welding, cutting, and allied operations, 
noise may be generated by the process or the 
equipment, or both? Processes that tend to have 
high noise levels are air carbon arc and plasma 
arc cutting. Enginedriven generators sometimes 
emit a high noise level. 

Excessive noise, PafliCUlarIy Continuously 
high levels, can damage hearing. It can cause 

6. Additional information is presented in Arc W'eVerding 
and Cutting Noise, American Welding Society, 1979. 
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The most direct way to control excessive 
noise is to reduce the intensity at the source, or 
block it with appropriate sound absorbing mate- 
rials. When control methods fail to bring noise 
within allowable limits, personal protective de- 
vices such as ear muffs or ear plugs should be 
employed. 

HOT WORK PERMIT SYSTEM 
When welding, cutting, or similar hot work- 

ing operations are to be performed in areas not 
normally assigned for such operations, a hot 
work permit systemshould be used. The purpose 
of the hot work permit system is to assure that 
fire protection provisions are observed. Permit 
systems vary from simple verbal procedures to 
formal paperwork, depending upon site circum- 
stances. 

The essence of a permit system is that no 
work can be performed until formal approval has 
been given by a responsible official. The respon- 
sible official must establish procedures that 
properly protect all fire risks before approval is 
given. Hot work permits should be issued only 
for the period for which the approving official is 
responsible. Generally, this would be the duty 
shift of that official. Work during a succeeding 
shift would have to receive a permit from the 
responsible official on that shift. 

Whenever hot work is to be performed in 
areas containingcombustibles and there is danger 
of fire from undetected smolderingcombustibles, 
a firewatcher should be posted. The firewatcher’s 
duty is to maintain surveillance of the area for a 
period of sufficient duration to detect any fires 
that might have been set. Another duty of the 
firewatcher is to maintain fire surveillance in 
areas not readily visible to the operator. An 
example is the opposite side of a metal wall where 
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afire could start in combustibles close to the wall. 
Integral with the hot work permit and fire- 

watcher systems is, of course, the assurance that 
adequate fire extinguisher provisions are main- 
tained. 

MACHINERY GUARDS 
Welders and other workers must be pro- 

tected from injury by machinery and equipment 
that they are operating or by other machineIy 
operatingin the work area. Moving components 
and drive belts must be covered by guards to 
prevent physical contact. 

When repairing machinery by welding or 
brazing, the power to the machinery must be 
disconnected, locked out, and tagged to prevent 
inadvertent operation and injury. Rotating and 
automatic welding machines and welding robots 
must be equipped with appropriate guards or 
sensing devices to prevent operation when some- 
one is in the danger area. 

Pinch points on welding and other mechan- 
ical equipment can also result in serious injury. 
Examples of such equipment are resistance weld- 
ing machines, robots, automatic arc welding 
machines, jigs, and fixtures. To avoid injury with 
such equipment, the machineshould beequipped 
so that the operators hands must both be at safe 
locations when the machine is actuated, or the 
pinch points must be suitably guarded mechani- 
cally. Metalworking equipment should not be 
located where a welder could accidently fall into 
or against it while welding. During maintenance 
of the equipment, pinch points should be blocked 
to prevent them from closing in case of equip- 
ment failure. In very hazardous situations, an 
observer should bestationed to prevenf someone 
from turning the power on until the repair i:, 
completed. 

FUMES AND GASES 

Protection of operators and other persons 
from overexposure to fumes and gases produced 
during welding, brazing, andcutfing is an impor- 
tant safety concern. Excess exposure is exposure 

that exceeds the permissible limits specified by a 
government agency, such as the US. Depart- 
ment of Labor, Occupational Safety and Health 
Administration (OSHA), Regulations 29 CFR 

, -  
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1910.1000, or by other recognized authority, 
such as the American Conference of Govern- 
mental Industrial Hygienists (ACGIH) in their 
publication, Ttreshold Emir Values for Chemi- 
culSubsiuncesundPhysiculAgents in the Work- 
room Environrnenr. Persons with special health 
problems may have unusual sensitivity that 
requires more stringent protection. 

Fumes and gases are usually a greater con- 
cern in arc welding than in oxyfuel gas welding, 

Welding fume is a product of vaporization, 
oxidation, and condensation of components in 
the consumable and, to some degree, in the base 
metal. It is the electrode, rather than the base 
metal, that is the major source of fume. However, 
signifcant fume contributions can originate from 
the base metal ifit contains alloyingelements or a 
coating that is volatile at elevated temperatures. 

Various gases are generated during welding. 
Some are a product of the decomposition of 

cutting, or brazing because of the higher temper- 
atures involved, the greater variety of materials, 
and the larger number of process variables. 

Protection from excess exposure is usually 
accomplished by ventilation. Where exposure 
would exceed permissible limits with available 
ventilation, respiratory protection must be used. 
Protection must be provided not only for the 
welders and cutting operators but also for other 
persons in the area. 

ARC WELDING 
Nature and Sources 

Fumes and gases from arc welding and cut- 
ting cannot beclassifed simply. The composition 
and quantity depend upon the base metal com- 
position; the process and consumables used, 
coatings on the work, such as paint, galvanizing, 
or plating; contaminants in the atmosphere, such 
as halogenated hydrocarbon vapors from clean- 
ing and degreasing activities; and other factors. 

In welding and cutting, the composition of 
the fume usually differs from the composition of 
the electrode or consumables. Reasonably ex- 
pected fume constituents from normal opera- 
tions include products of volatilization, reaction, 
or oxidation of consumables, base metals, coat- 
ings, and atmospheric contaminants. Reason- 
ably expected gaseous products include carbon 
monoxide, carbon dioxide, fluorides, nitrogen 
oxides, and ozone. 

The quantity and chemical composition of 
air contaminants change substantially with the 
process used and with the wide range ofvariables 
inherent ineach process. Duringarc welding, the 
arc energy and temperature depend on the pro- 
cess as well as the welding variables. Therefore, 
fumes and gases aregenerated in varying degrees 
in daerent welding operations. 

fluxes and electrode coatings. Others are formed 
by the action of arc heat or ultraviolet radiation 
emitted by the arc on atmospheric constituents 
and contaminants. Potentially hazardous gases 
include carbon monoxide, oxides of nitrogen, 
ozone, and phosgene or other decomposition 
products of chlorinated hydrocarbons. 

Helium and argon, although chemically 
inert and nontoxic, are simple asphyxiants, and 
could dilute the atmospheric oxygen concentra- 
tion to potentially harmful low levels. Carbon 
dioxide (CO,) and nitrogen can also cause 
asphyxiation. 

Ozone may be generated by ultraviolet’ 
radiation from welding arcs. This is particularly 
true with gas shielded arcs, especially when argon 
is used. Photochemical reactions between ultra- 
violet radiation and chlorinated hydrocarbons 
result in the production of phosgene and other 
decomposition products. 

Thermal effects are responsible for the for- 
mation of oxides of nitrogen from atmospheric 
nitrogen. For this reason, nitrogen oxides may be 
produced by awelding arc or other high tempera- 
ture heat sources. The thermal decomposition of 
carbon dioxide and inorganic carbonate com- 
pounds by an arc results in the formation of 
carbon monoxide. The levels can be signifcant 
when using a CO, shielded welding process. 

Reliable estimates of fume composition 
cannot be made without considering the nature 
of the welding process and system being exam- 
ined. For example, aluminum and titanium are 
normally arc welded in an atmosphere of argon 
or helium, or mixtures of the two gases. The arc 
creates relatively little fume but an intense radia- 
tion that can produce ozone. Similarly, gas 
shielded arc welding of steels also creates a 
relatively low fume level. 
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Arc welding of steel in oxidizing environ- 
ments generates considerable fumes, and can 
produce carbon monoxide and oxides of nitro- 
gen. These fumes generally are composed of dis- 
creet particles of amorphous slags containing 
iron, manganese, silicon, and other metallic con- 
stituents, depending on the alloy system involved. 
Chromium and nickel compounds are found in 
fumes when stainless steels are arc welded. 

Some coated and flux cored electrodes are 
formulated with fluorides. The fumes associated 
with those electrodes can contain significantly 
more fluorides than oxides. 

Factors Affecting Generation Rates 
The rate of generation of fumes and gases 

during arc welding of steel depends on numerous 
variables. Among these are: 

(I) Welding current 
(2) Arc voltage (arc length) 
(3) Type of metal transfer or weldingprocess 
(4) Shielding gas 
These variables are interdependent and can 

have a substantial effect on total fume generation. 
Welding current. In general, fume genera- 

tion rate increases with increased welding cur- 
rent. The increase, however, varies with the pro- 
cess and electrode type. Certain covered, flux- 
cored, and solid wire electrodes exhibit a non- 
proportional increase in fume generation rate 
with increasing current. 

Studies have shown that fume generation 
rates with covered weldingelectrodes are propor- 
tional to the welding current raised to a power.’ 
The exponent is 2.24 for E6010 electrodes and 
1.54 for E7018 electrodes. Similar trends were 
reported in other studies. 

Flux cored and solid electrode fumegenera- 
tion rates are more complexly related to current. 
Welding current levels affect the type of metal 
droplet transfer. As a result, fumegeneration rate 
can decrease with increasing current until some 
minimum is reached. Then, it will increase in a 
relatively proportional fashion. 

An increase in current can increase ultra- 
violet radition from the arc. Therefore, the 

7, Refer to Fumes and Gases I% rhe Welding Environ- 
menr. American Welding Society, 1979. 
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generation of gases formed photochemically by 
this radiation can be expected to increase as weld- 
ing current is increased. One such gas is ozone. 
Measurements of ozone concentration during 
gas metal arc and gas tungsten arc welding have 
shown such behavior. 

Arc Voltage (Arc Lengrh). Arc voltage and 
arc length are closely related. For a given arc 
length there is a corresponding arc voltage, 
mostly dependent upon the type of electrode, 
welding process, and power supply. In general, 
increasing arc voltage (arc length) increases the 
fume generation rate for all open arc welding 
processes. The levels differ somewhat for each 
process or electrode type. 

Type of E-ansfer. Whengas metal arc weld- 
ing steel using a solid wire electrode, the mode of 
metal transfer depends upon the current level. At 
low welding currents, short-circuiting transfer 
takes place, where droplets are deposited during 
short circuits between the electrode and molten 
weld pool. As the current is increased, metal 
transfer changes to globular type where large 
globules ofmetal are projected across the arc into 
the weld pool. At high currents, transfer changes 
to a spray mode where fine metal droplets are 
propelled rapidly across the arc. The fume gener- 
ation rate appears to follow a transition also. It is 
relatively high during shortcircuiting transfer 
because of arc turbulence. As the transition cur- 
rent is approached in an argon-rich shieldinggas, 
the fume rate decreases and then increases again 
as spray transfer is achieved. In the spray region, 
the rate of fume generation is proportional to 
welding current. 

For other welding processes, the type of 
metal transfer does not vary substantially with 
current. In these cases, fume generation follows 
the relationship for welding current changes. 

ShieZding Gas. When gas metal arc welding 
or flux cored arc welding with certain electrodes, 
shieldinggas must be used. The type of shielding 
gas affects both the composition of the fume and 
the rate of generation. It also affects the kind of 
gases found in the welding environment. For 
example, the fume generation rate is higher with 
CO, shielding than with argon-rich shielding. 
The rate of fume formation with argon-oxygen 

, . 
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or argon-C02mixtures increases with the oxidiz- 
ing potential of the mixture. 

For welding processes where. inert gas shield- 
ing used, such as gas tungsten arc welding, the 
fume generation rate varies with the type of gas 
or gas mixture. For example, there can be more 
fume with helium than with argon shielding. 

By-product gases also vary with shielding 
gas composition. The rate of formation of ozone 
depends upon the wave lengths and intensity of 
the ultraviolet rays generated in the arc; ozone is 
more commonly found with argon-rich gases 
than with carbon dioxide. Oxides of nitrogen are 
present in the vicinity of any open arc process. 
Carbon monoxide is commonly found around 
CO, shielded arcs. 

Welding Process. Studies of the relative 
fume generation rates of processes for weldingon 

quantity of fumes generated is normally lower. 
The gases formed are reaction products of fuel 
gas combustion and of chemical reactions be- 
tween the gases and other materials present. 
Fumes generated are the reaction products of the 
base metals, coatings, filler metals, fluxes, and 
the gases being used. In oxyfuel gas cutting of 
steel, the fumes produced are largely oxides of 
iron. 

Fume constituents of greater hmard may be 
expected when coatings such as galvanizing, 
paint primers, or cadmium plating are present. 
Gases of greatest concern include oxides of ni- 
trogen, carbon monoxide, and carbon dioxide. 
Oxides of nitrogen may be present in especially 
large amounts when oxyfuel gas cutting stainless 
steels using either the chemical flux or the iron 
powder process. 

mild steel have shown definite trends. Consider- 
ing the ratio of the weight of fumes generated per 
weight of metal deposited, covered welding elec- Position of the Head 
trodes and self-shielded, flux cored electrodes 
produce the most fume. Gas-shielded flux cored 
electrodes are next, following by solid wire elec- 
trodes. The submerged arc process consistently 
produces the least fumes of any arc welding pro- 
cess because of the flux cover. 

Consurnubles. With a specific process, the 
fume rate depends upon the composition of the 
consumables. Some components of the covering 
of shielded metal arc welding electrodes and the 
core of a flux cored electrode are designed to 
decompose to form protectivegases duringweld- 
ing. Hence, they will generate relatively high 
fume levels. 

Because the constituents of many covered 
and flux cored electrodes are proprietary, the 
fume generation rates of similar electrodes pro- 
duced by different manufacturers can vary sub- 
stantially. The only reliable method for compar- 
ing iiller metals, even within the same AWS 
ClaSsification, is actual product testing to deter- 
mine specific fume generation characteristics. 

OXYFUEL GAS WELDING AND 
CUTTING 

The temperatures encountered in oxyfuel 
gas welding and cutting are lower than those 
found in electric arcprocesses. Consequently, the 

The single most important factor influenc- 
ing exposure to fume is the position of the 
welder’s head with respect to the fume plume. 
When the head is in such aposition that the fume 
envelops the face or helmet, exposure levels can 
be very high. Therefore, welders must be trained 
to keep their heads to one side of the fume plume. 
In some cases, the work can be positioned so the 
fume plume rises to one side. 

Type of Ventilation 
Ventilation has asignificant influence 011 the 

amount offumes in the work area, and hence the 
welder’s exposure. Ventilation may be local, 
where the fumes are extracted near the point of 
welding, or general, where the shop air is changed 
or filtered. The appropriate type will depend on 
the welding process, the material being welded, 
and other shop conditions. Adequate ventilation 
is necessary to keep the welder’s exposure to 
fumes and gases within safe limits. 

Shop Size 
The size of the welding or cutting enclosure 

is important. It affects the background fume 
level. Fume exposure inside a tank, pressure ves- 
sel, or other confined space will certainly be 
higher than in a high-bay fabrication area. 

c 
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Number of Welders 
The number of welders, the welding pro- 

cess, and theduration of operation in a particular 
area determine the background fume level in the 
general work area. 

Design of Welding Helmet 
The extent to which the helmet curves under 

the chin towards the chest affects the amount of 
fume exposure. Close-fitting helmets can be 
effective in reducing exposure. 

Base Metal and Surface Condition 
The type of base metal being welded influ- 

ences both the constituents and the amount of 
fume generated, Surface contaminants or coat- 
ings may contribute significantly to the hazard 
potential of the fume. Paints containing leadand 
platings containing cadmium generate danger- 
ous fumes during welding. Galvanized material 
evolves zinc fume. 

VENTILATION 
Adequate ventilation is the key to control of 

fumes and gases in the welding environment? 
Natural, mechanical, or respirator ventilation 
must be provided for all welding, cutting, braz- 
ing, and related operations. The ventilation must 
ensure that hazardous concentrations of air- 
borne contaminants are maintained at recom- 
mended levels. These levels must be no higher 
than the allowable levels specified by the U.S. 
Occupational Safety and Health Administration 
or other applicable authorities. 

Many ventilation methods are available. 
They range from natural convection to localized 
devices, such as air-ventilated welding helmets. 
Examples of ventilation include: 

(1) Natural 
(2) General area mechanical ventilation 
(3) Overhead exhaust hoods 
(4) Portable local exhaust devices 
(5) Downdraft tables 
(6) Cross draft tables 

8. Additional information is available in Welding 
Fume Control with Mechanical Ventilation, 2nd Ed., 
Fireman’s Fund Insurance Companies, 1980. (Avail- 
able from the American Welding Society.) . 

(7) Extractors built into the welding equip- 

(8) Air-ventilated helmets 
The bulk of fumes generated during welding 

and cutting consists of small particles that remain 
suspended in the atmosphere for a considerable 
time. As a result, fume concentration in a closed 
area can build up over time, as can the concentra- 
tion of any gases evolved or used in the welding 
process. The particles eventually settle on the 
walls and floor, but the settling rate is low com- 
pared to the generation rate of the welding or 
cutting processes. Therefore, fume concentration 
must be controlled by ventilation. 

ment 

General Ventilation 
In most cases, general ventilation is more 

effective in protecting personnel in adjacent areas 
than in protecting the welder. Such ventilation 
may occur naturally outdoors or when the shop 
doors and windows are open. It is acceptable 
when precautions are taken to keep the welder’s 
breathing zone away from the fume plume, and 
when sampling of the atmosphere shows that 
concentrations of contaminants do not exceed 
recommended limits. Natural ventilation often 
meets these criteria when all of the folIowing 
conditions are present: 

(1) Space of more than l0,OOO ft3 per welder 
is provided. 

(2) Wiling height is more than 16 ft, 
(3) Welding is not done in a confined area 
(4) The general welding area is free of parti- 

tions, balconies, or other structural barriers that 
significantly obstruct cross ventilation. The gen- 
eral area refers to a building or a room in a 
building, not a welding booth or screened area 
that is used to provide protection from welding 
radiation. 

(5) Toxic materials with low permissible 
exposure limits are not present deliberately. 

When natural ventilation is not sufficient, 
fans may be used to force and direct the required 
amount of air through a building or work room. 

The effectiveness of general ventilation, 
natural or forced, is dependent upon the design 
of the system. The locations where fresh air is 
introduced and contaminated air is exhausted 
must be positioned to carry away the welding 

, 
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fumes and gases, and not concentrate them in 
dead zones. In some cases, the fresh air supply 
may be located so that incoming air provides the 
required protection for the welders as well as for 
personnel in the general area. 

Air movement should always be from either 
side across the welder. This makes it easier for the 
welder to keep out of the plume and to avoid 
fumes and gases from entering the welding 
helmet. Air should never blow toward the f a x  or 
back of the welder because it may force the fume 
behind the helmet. 

GeneralmechaIlical ventilation may k n e e  
essary to maintain the background level of air- 
borne contaminants within acceptable limits. It is 
not usually satisfactory for health h m d  con- 
trot, but is often used to supplement local 
ventilation. 

h m l  ventilation 
General ventilation may control contamina- 

tion levels in the general ma, but in many cases, 
it will not provide the local control needed to 
protect the welder. h a l  exhaust ventilation is 
m effective way of providing this protection. It 
provides an efficient and economical means of 
fume control, and may be applied by one of the 
following methods: 

(1) A fuced open or enclosing hood. It con- 
skts of a top and at least two sides, that sur- 
rounds the welding or cutting operation. It must 
have sufficient air flow and velocity to keep son- 
taminant levels at or below recommended limits. 

(2) A movable hood with aflexible duct. 
The hood is positioned by the welder as close as 
practicable to the point of welding, as illustrated 
in Fig. 10.3. It should have sufficient air flow to 
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produce a velocity of 100 ft/min in the zone of 
welding. Air flow requirements range from I50 
ft’/min, when the hood is positioned at 4 to 6 
inches from the weld, to 600 ft3/min at IO to 12 
inches. This is particularly applicable for bench 
work, but may be used for any location, provided 
the hood is moved as required. An air velocity of 
100 ft/min will not disturb the torch gas shield 
during gas shielded arc welding, provided a d e  
quate gas flow rates are used. Higher air veloci- 
ties may seriously disturb the gas shield and 
render it ineffective. 

(3) Crossdrafi or downdraff table. Across- 
draft table is a welding bench with the exhaust 
hood placed to draw the air horizontally across 
the table. The welder should face in a direction 
perpendicular to the air flow. A downdraft table 
has a grill to support the work above an exhaust 
hood that draws the air downward and away 
from the welder’s head. 

(4) Gun-mountedfume removalequipment. 
This equipment extracts the fumes at the point of 
welding. The exhaust rate must be set so that it 
does not interfere with the shielding gas pattern 
provided by the welding process. 

(5)  A water table, used for  oxyfuel gas and 
plasma arc cutting operations. This unit is simply 
a cutting table filled with water near to or con- 
tacting the bottom surface of the work. Much 
fume emerging from the cut is captured in the 
water. 

Where permissible, air cleaners that have 
high efficiencies in the collection of submicron 
particles may beused to recirculate a portion of 
ventilated air thatwould otherwise be exhausted. 
Some air cleaners do not remove gases; therefore, 
adequate monitoring must be done to keep con- 
centrations of harmful gases within safe limits. 

Respiratory Protective Eqdpment 
Where natural or mechanical ventilation is 

not adequate or where very toxic materials 
require a supplement to ventilation, respiratory 
protective equipment must be used? Airline res- 
pirators or face masks that give protection 

9. Refer to ANSI Publkation 288.2. Practices for 
Respiratory Protection, latest edition, for additional 
information. 
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against all contaminants are generally preferred. 
Air-supplied welding helmets are also available 
commercially. Filter-type respirators, approved 
by the US. Bureau of Mines for metal fume, give 
adequate protection against particulate contam- 
inants that are less toxic thanlead, provided they 
are used and maintained correctly. Their general 
use is not recommended, however, bemuse of the 
difficulty in assuring proper use and maintenance. 
They will not protect against mercury vapor, 
carbon monoxide, or nitrogen dioxide. For these 
hazards an airline respirator, hose mask, or gas 
mask is required. 

SPECIAL VENTILATION SITUATIONS 
Welding in Conflned Spaces 

Special consideration must be given to the 
safety and health of welders and other workers in 
confined spaces.10 Gas cylinders must be located 
outside of the confined space to avoid possible 
contamination of thespace with leaking gases or 
volatiles. Welding power sources should also be 
located outside to avoid danger of engine exhaust 
and electric shock. 

A means for removing persons quickly in 
case of emergency must be provided. Safety belts 
and lifelines, when used, should be attached to 
the worker’s body in a manner that avoids the 
possibility of the person becomingjammed in the 
exit, A trained helper should bestationed outside 
the confined space with a preplanned rescue 
procedure to be put into effect in case of 
emergency. 

In addition to keeping airborne contami- 
nants in breathing atmospheres at or below 
recommended limits, ventilation in confined 
spaces must also (1) assure adequate oxygen for 
life support but not an oxygenenriched atmos- 
phere, and (2) prevent accumulation of flam- 
mable mixtures. Asphyxiation can quickly result 
in unconsciousness and death without warning. 
Amdined space must not be entered unless (I) it 
is well ventilated, or (2) the welder is properly 
trained to work in such spaces and is wearing an 

. 

10. See ANSI Publication 2117.1, Safety Require 
ments for Working in Tanks and Other Confined 
Spaces, latest edition, for further precautions. 
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approved air-supplied breathing apparatus.1 A 
similarly equipped second person must be pres- 
ent. Confined spaces should be tested for (1) 
toxic or flammable gases and vapors, and (2) 
adequate or excess oxygen beforeentering, using 
instruments approved by the U.S. Bureau of 
Mines. Heavier-than-air gases, such as argon, 
MPS, propane, and carbon dioxide, may accum- 
ulate in pits, tank bottoms, low areas, and near 
floors. Lighter-than-airgases, such as helium and 
hydrogen, may accumulate in tank tops, high 
areas, and near ceilings. The precautions for con- 
fined spaces aIso apply to these areas. If practical, 
a continuous monitoring system with audible 
alarms should be used for confined space work. 

Oxygen-enrbhed atmospheres can pose 
great danger to occupants of confined areas. 
They are especially hazardous at oxygen concen- 
trations above 25 percent. Materials that bum 
normally in air may flare up violently in an 
oxygenenriched atmosphere. Clothingmay bum 
fiercely; oil or grease soaked clothing or rags may 
catch fire spontaneously; paper may flare into 
flame. Very severe and fatal burns can result, 

Protection in confined spaces must be pro-, 
vided not only for welders but also for other 
persons in the enclosure. Only clean, respirable 
air must be used for ventilation. Oxygen, other 
gases, or mixtures of gases must never be used for 

of all  obstacles and hazardous materials.12 When 
repairing a container in place, care must be taken 
to prevent entry of hazardous substances released 
from the floor or the soil beneath the container. 
The required personal and fire protection equip 
ment must be available, serviceable, and in posi- 
tion for immediate use. 

When welding or cutting inside of vessels 
that have held dangerous materials, the precau- 
tions for confined spaces must also be observed. 

Gases generated during welding should be 
discharged in a safe and environmentally accept- 
able manner. Provisions must be made to pre- 
vent pressure buildup inside containers. Testing 
for gases, fume, and vapors should be conducted 
periodically to ensure that recommended limits 
are maintained during welding. 

An alternative method of providing safe 
welding of containers is -to ffi them with an inert 
medium such as water, inert gas, or sand. When 
using water, the level should be kept to within a 
few inches of the point where the welding is to be 
done. The space above the water should be ’ 
vented to allow the heated air to escape. With 
inert gas, the responsible individual needs to 
know the percentage of inert gas that must be 
present in the tank to prevent fire or explosion, 
and how to safely produce and maintain a safe 
atmosphere during welding. 

ventilation. 
When welding, cutting, or related processes 

are performed in confined areas immediately 
dangerous to life and health, positive pressure 
self-contained breathing apparatus must beused. 
It must have an emergency air supply of at least 
five minutes duration in the event that the main 

Highly Toxic Materials 
Certain materials, which are sometimes 

present in consumables, base metals, coatings, or 
atmospheres for welding or cutting operations, 
have permissible exposure limits of 1.0 mglm’ or 
less. Among these materials are the following 

source fails. 

Welding of Containers 
Welding or cutting on the outside or inside 

of containers or vessels that have held dangerous 
substances presents special hazards. Flammable 
or toxic vapors may be present, or may be gener- 
ated by the applied heat. The immediate area 
outside and inside the containershould becleared 

metals and their compounds: 
(I) Antimony 
(2) Arsenic 
(3) Barium 
(4) Beryllium 
(5 )  Cadmium 
(6) Chromium 
(7) Cobalt 

11 .  Air-supplied respirators or hose masks approved 
by the U.S. Bureau of Mines or other recognized 
agency. 

12. Refer to A WS F4.1-80. Recommended Safe hac- 
t ica for the Preparation for Welding and Cutting 
Containers and Piping lRat Have Held Hazardous 
Substances, for more complete p r d u r e s .  
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(8) Copper 
(9) Lfxd 

(10) Manganese 
(1 1) Mercury 
(12) Nickel 
(13) Selenium 
(14) Silver 
(15) Vanadium 
One or more of these materials may evolve 

as fume during welding or cutting. Typical 
examples are given in Table 10.2. 

Table 10.2 
Possible toxic materials evolved during 

welding or thermal cutting. 

Evolved metals or 
their compounds Base or filler metal 

Carbon and low Chromium, manganese, 
alloy steels vanadium 
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Persons should not consume food in areas 
where fumes that contain materials with very low 
allowable exposure limits may be generated. 
They should also practice good personal hygiene 
to prevent ingestion of these contaminants, 

When toxic materials are encountered as 
designated constituents in welding, brazing, or 
cutting operations, special ventilation precau- 
tions must be taken to assure that the levels of 
these contaminants in the atmosphere are at or 
below thelimits allowed for human exposure. All 
persons in the immediate vicinity of welding or 
cutting operations involving these materials must 
be similarly protected. Unless atmospheric tests 
under the most adverse conditions establish that 
exposure is within acceptable concentrations, the 
following precautions must be observed. 

Confined Spaces. Whenever any of these 
materials are encountered in confined space 
operations, local exhaust ventilation and respira- 
tory protection must be used. 

Indoors. When any of these materials are 
encountered in indoor operations, local exhaust Stainless steels Chromium, nickel 

Manganese steels and Chromium, cobalt, 
hard facing manganese, nickel, 
materials vanadium 

High copper alloys Beryllium, chromium, 
copper, lead, nickel 

Coated or pIated Cadmiuma, chromium, 
copper, lead, nickel, 
silver 

steel or copper 

a. When cadmium is present in a filler metal. a warn- 
ing label must be affixed to the container or coil. 

mechanical ventilation must be used. When 
beryllium is encountered, respiratory protection 
in addition to local exhaust ventilation is 
mandatory. 

Outdoors. Whenever any of these materials 
are encountered in outdoor operations, respira- 
tory protection approved by the Mine Safety and 
Health Association(MSHA), the National Insti- 
tuteof OccupationalSafetyand HealthWOSH), 
or other approving authority may be required. 

Refer to ANSIIASC 249.1, Safety in Welding and 
Cutting. Compounds 

Manufacturer’s Material Safety Datasheets 
should be consulted to determine if any of these 
materials are present in welding rods or fluxes 
being supplied. The appropriate Material Safety 
Data Sheets should be requested from suppliers 
when there is a possibility that such materials 
may be present. However, welding rods or fluxes 
are not the only source of these materials. They 
may also be present in base metals, coatings, or 
other sources in the work area. Radioactive 
materials under Nuclear Regulatory C o b  
sion jurisdiction require special considerations, 

Fumes and gases from fluorine compounds 
canbedangerousto health,andcanbum theeyes 
and skin on contact. When welding or cutting in 
confined spaces involves fluxes, coatings, or 
other material containing fluorine compounds, 
local mechanical ventilation or respiratory pro- 
tection must be provided. 

When welding or cutting such materials in 
open spaces, the need for local exhaust ventila- 
tion or respiratory protection will depend upon 
the circumstances. Such protection is not neces- 
sary when air samples taken in breathing zones 
indicate that the fluorides are within allowable 
limits. However, local exhaust ventilation is 
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desirable for fmed-location production welding 
and all production welding on stainless steels 
when filler metals or fluxes containing fluorides 
are used. 

Zinc 
Fumes containing zinc compounds may 

produce symptoms of nausea, dizziness, or fever 
(sometimes called metalfume fever). Welding or 
cutting where zinc may be present in consum- 
able, base metals, or coatings should be done as 
described for fluorine compounds. 

Cleaning Compounds 
Cleaning compounds often require speCial 

ventilation precautions because of their possible 
toxic or flammable properties. Manufacturers’ 
instructions should be followed before welding 
or cutting is done with cleaned consumables or 
on cleaned based metal. 

Chlorinated Hydrocarbons 
&greasing or cleaning operations involv- 

ingchlorinated hydrocarbons must be so located 
that vapors from these operations do not enter 
the atmosphere surrounding molten weld metal 
or the welding arc. A reaction product having an 
objectionable, irritating odor, and containing 
highly toxic phosgene gas is produced when such 
vapors enter the atmosphere of arcweldingoper- 
ations. Low levels of exposure can produce feel- 
ings of nausea, diuiness, and weakness. Heavy 
exposures may produce serious health impair- 
ment. 

Cutting of Stainless Steel 
Oxyfuel gas, gas shielded arc, or plasma arc 

cutting of stainless steel should be done using 
local mechanical ventilation to remove the fumes 
generated. Plasmaarccuttingmay bedone under 
water to capture the fumes. 

allowable limits of airborne contaminants. They 
are called threshold limit values (TLV)I3 or per- 
missible exposure Limits (PEL). 

TheTLV is theconcentration of an airborne 
substance to which most workers may be repeat- 
edly exposed, day after day, without adverse 
effect, In adapting these to the working environ- 
ment, a TLV-TWA (Threshold L i t  Value- 
Time Weighted Average) quantity is defined. 
TLV-TWA is the time-weighted average concen- 
tration for a normal 8-hour workday or 40-hour 
workweek to which nearly all workers may be 
repeatedly exposed without adverse effect. TLV- 
T W A  values should be used as guides in the 
control of health hazards, and should not be 
interpreted as sharp lines between safe and 
dangerous concentrations. 

TLV’s are revised annually as necessary. 
They may or may not correspond to OSHA 
permissible exposure limits (PEL) for the same 
materials. In many cases, current ACGIH values 
for welding materials are more stringent than 
OSHA levels. 

The only way to assure that airborne con- 
taminant levels are within the allowable limits is 
to take air samples at the breathing zones of the 
personnel involved. An operator’s actual on-the- 
job exposure to welding fume should be rnea- 
sured following the guidelines provided in 
ANSI/AWS Fl.1-78, Method for Sampling 
Airborne Particulates Generated by Welding 
and Allied Processes. This document describes 
how to obtain an accurate breathingzonesample 
of welding fume for a particular welding opera- 
tion, Bofh the amount of fume and the composi- 
tion ofthefumecanbedeterminedinasingle test 
using this method. Multiple samples are recom- 
mended for increased accuracy. When a helmet is 
worn, the sample should be collected inside the 
helmet in the welder‘s breathing zone. 

MEASUREMENT OF EXPOSURE 

The American Conference of Govenunen- 
tal Industrial Hygienists (ACGIH) and the US. 
Department Of Labor, Occupational Health and 
Safety Administration(0SHA) haveestablished 

13. TLV is a registered trademark of the American 
Conference of Governmental Industrial Hygienists. 
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HANDLING OF COMPRESSED GASES 

GAS CYLINDERS AND CONTAINERS 
Gases used in the welding and cutting indus- 

try are packaged in containers, usually called 
cylinders or tanks.''Only cylinders designed and 
maintained in accordance with US. Department 
of Transportation (DOT) Specifcations may be 
used in the United States. The use of other 
cylinders may be extremely dangerous and is 
illegal. Cylinders requiring periodic retest under 
DOT regulations may not be filed unless the 
retest is current. 

Filling 
Cylinders may be filled only with the per- 

mission of the owner. Cylinders should be filed 
only by recognized gas suppliers or thosewith the 
proper training and facilities to do so. Filling one 
cylinder from another is dangerous and should 
not be attempted by anyone not qualified to do 
so. Combustible or incompatible combinations 
of gases must never be mixed in cylinders. 

Usage and Storage 
Welding must not be performed on gas 

cylinders. Cylinders must not be allowed to 
become part of an electrical circuit because arc- 
ing may result. When used in conjunction with 
arc welding, cylinders must not be grounded. To 
avoid arcing or interference with valve operation, 
electrode holders, welding torches, cables, hoses, 
and tools should not be stored on gas cylinders. 
Arcdamaged gas cylinders may rupture and 
result in injury or death. 

Cylinders must not beused as work rests or 
rollers. They should be protected from bumps, 
falls, falling objects, and the weather. Cylinders 
should be kept clear of passageways where they 
might be struck by vehicles and should not be 
dropped. They should be kept in areas where 
temperatures do not fall below -20°F or exceed 
130'F. Any of these exposures, misuses, or 

14. For additional information on compressed g a s ,  
refer to the Compressed Gas Association, Handbook 
of Compressed Gases, 2nd Ed., New York: Van 
Nostrand Reinhold, 1981. 

abuses could damage them to theextent that they 
might fail with serious consequences. 

Cylinders must not be hoisted using ordi- 
nary slings or chains. A proper cradle or cradle 
sling that securely retains the cylinder should be 
used. Electromagnets should not be used to 
handle cylinders. 

Cylinders must always be secured by the 
user against falling in both use and storage. 
Acetylene and liquefied gas cylinders should 
always bestored andused in theupright position. 
Other cylinders are preferably stored and used in 
the upright position, but this is not essential in all 
circumstances. 

Before using gas from a cylinder, the con- 
tents should be identified by the label thereon. 
Contents must never be identified by any other 
means such as cylinder color, banding, or shape. 
These may vary among manufacturers, geogra- 
phical area, or product line and could be com- 
pletely misleading. The label on the cylinder is the 
only proper notice of the contents of that 
cylinder. If a label is not on a cylinder, the con- 
tents should not be used and the cylinder should 
be returned to the supplier. 

A valve protection cap is provided on many 
cylinders to protect the safety device and the 
cylinder valve. This cap should always be in place 
except when the cylinder is in use. The cylinder 
should never be lifted manually or by hoist with 
the valve protection cap. The threads that secure 
these valve protection caps are intended only for 
that purpose, and may not becapable of support- 
ing full cylinder weight. The caps should always 
be threaded completely onto the cylinders and 
hand tightened. 

Gas cylinders and other containers must be 
stored in accordance with all state and local regu- 
lations and the appropriate standards of OSHA 
and the National Fire Protection Association. 
Safe handling and storage procedures are dis- 
cussed in the Handbook of Compressed Gases 
published by the Compressed Gas Association. 
Withdrawl of Gas 

k a n y  gases in high-pressure cylinders are 
fded to pressures of 2000 psig or more. Unless 
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the equipment to be used with the gas is designed 
for use with full cylinder pressure, an approved 
pressure-reducing regulator must be used to 
withdraw gas from a cylinder or manifold. Sim- 
ple needle valves should never be used. A 
pressure-relief or safety valve, rated to function at 
less than themaximum allowable pressure of the 
weldingequipment, should also be employed. Its 
function is to prevent failure of the equipment at 
pressures in excess of working limits ifthe regula- 
tor should fail in service. 

Valves on cylinders containing high pres- 
sure gas, particularly oxygen, should always be 
opened slowly to avoid the high temperature of 
adiabatic recompression, which can occur if the 
valves are opened rapidly. In the case of oxygen, 
the intense heat can ignite the valve seat which, in 
turn, may cause the metal to melt or burn. The 
cylinder valve outlet should point away from the 
operator and other persons when opening the 
valve to avoid injury should a fire occur. 

Prior to connecting a gas cylinder to a pres- 
sure regulator or a manifold, the valve outlet 
should be cleaned of dirt, moisture, and other 
foreign matter by first wiping it with a clean, 
oil-free cloth. Then, the valve should be opened 
momentarily and closed immediately. This is 
known as cracking the cylinder valve. Fuel gas 
cylinders must never be cracked near sources of 
ignition (i.e,, sparks and flames), while smoking, 
or in confined spaces. 

A regulator should be drained of gas pres- 
sure prior to connecting it to a cylinder and also 
after closing the cylinder valve upon shutdown of 
operation. The outlet threads on cylinder valves 
are standardized for specific gases so that only 
regulators or manifolds withsimilar threads can 
beattached.15 Standard valve thread connections 
for gases normally used for welding, brazing, and 
allied processes are given in Table 10.3. 

It is preferable not to open valves on low 
pressure fuel gas cylinders mote than one turn. 
This usually provides adequate flow and permits 
rapid closure of the cylinder valves in an emer- 
gency. High pressure cylinder valves, on the 

15. Refer to ANSIICGA Publieaiion V-I. Com- 
pressed Gas CyIinder Valve Ourlei and Inlei Connec- 
tions, Compressed Gas Association. 

other hand, usually must be opened fully to 
backseat the packing and prevent packing leaks 
during use. 

Table 10.3 
Cornpressed Cas Association standard and 

alternate valve thread connections for 
compressed gas cylinders 

GaS number 
Connection 

Acetylene 

Argon 

Butane 

Carbon dioxide (CO,) 

Helium 

Hydrogen 

Methylacetylene-propadiene (MPS) 

Nitrogen 
Oxygen 

Propane 

Propylene 

510 or 300 

580 

510 

320 

580 

350 

510 I 

580 or 555 

540 

5 10 

510 

The cylinder valve should be closed after 
each use of a cylinder and when an empty 
cylinder is to be returned to the supplier. This 
prevents loss of product through leaks that might 
develop and go undetected while the cylinder is 
unattended, and also avoids hazards that might 
be caused by leaks. It also prevents backflow of 
contaminants into the cylinder. It is advisable to 
return cylinders with about 25 psi of contents 
remaining. This prevents possible contamination 
by the atmosphere during shipment. 

Pressure Relief Devices 
Pressure relief devices on cylinders should 

not be tampered with. These are intended to 
provide protection in the event the cylinder is 
subjected to a hostile environment, usually fire or 
other source of heat. Such environments may 
raise the pressure within cylinders. To prevent 
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cylinder pressures fromexceedingsafe limits, the 
safetydevices aredesigned to relieve thecontents. 

CRYOGENIC CYLINDERS AND TANKS 
Cryogenic cylinders and tanks are used to 

store at very low temperatures those liquids that 
change to gases at normal conditions of tempera- 
ture and pressure. So-called cryogenic liquids for 
commercial purposes usually include oxygen, 
nitrogen, and argon, although other gases may 
be handled as cryogenic liquids. 

Cyrogenic cylinders and tanks for storing 
liquids are usually double-walled vessels that are 
evacuated and insulated between the walls. They 
are designed to contain liquids at very cold 
temperatures with a minimum of heat gain. Heat 
gain from the atmosphere causes evaporation of 
the product. Liquid containers hold a greater 
amount of product for a given volume than high 
pressure gas cylinders. For safety, liquid contain- 
ers must be handled carefully. They must always 
be maintained in an upright position. Whenever 
they are moved, a cylinder handling truck de- 
signed for this purpose must be used. They 
should not be rolled on a bottom edge, as is often 
done with high pressure cylinders, 

Failure to properly handle liquid cylinders 
can result in rupture of either the inner or outer 
cylinder wall with consequent loss of vacuum 
and rapid rise of internal pressure. This will result 
in activation of the cylinder’s protective devices 
and loss of the cylinder contents. The cylinder 
protection devices must never be tampered wifh 
nor deactivated. Overpressurization could result 
in explosive failure. 

Damage to the internal walls or fittings of a 
liquid container is often evidenced by visible 
frosting on the exterior of the container. When- 
ever frosting appears on the exterior of a liquid 
container, personnel should bekept clear and the 
gas supplier notified. In general, people should 
stay clear of the container until the frost disap- 
pears, usually indicating that the contents have 
dissipated and any dangerous internal pressure 
has been relieved. 

Although the contents of liquid containers 
are predominantly in liquid form at a very cold 
temperature, the product withdrawn from these 
containers should be a gas at room temperature. 
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The conversion takes place within a vaporizer 
system that evaporates the liquid and warms the 
gas to atmospheric temperature. 

In some c~ses, the user may want to with- 
draw liquid from the container. When liquid is 
withdrawn, protecfive clothing should be worn 
to prevent bodily contact with the cold product, 
Loose-fitting insulated gloves and an adequate 
face shield are essential. Contact of liquid with 
the skin will cause bums similar to heat burns, 
and prolonged contact will cause severe frostbite. 
Injuries of this nature should be treated in the 
same manner as injuries from exposure to low 
temperatures. 

The properties of many materials aredrasti- 
cally different at the low temperatures of cry- 
ogenicliquids, compared to their normal proper- 
ties. Many metals, including carbon steel, and 
most elastomers, such as rubber, become ex- 
tremely brittle. When cryogenic liquids are to be 
withdrawn from cylinders, all materials in the 
transfer line must have satisfactory properties at 
the low temperatures. 

Liquid oxygen may react with explosive do- 
lence on contact with asphalt or similar bitumin- 
ous materials. Therefore, liquid oxygen tanks 
must never be mounted on such surfaces, and 
liquid oxygen must not be allowed to contact 
them. Liquid oxygen tanks must always be 
installed on concrete pads. 

. 

I 

REGULATORS 
Pressure reducing regulators16 must be used 

only for the gas and pressure given on the label. 
They should not be used with other gases or at 
other pressures even though the cylinder valve 
outlet threads may be the same. The threaded 
connections to the regulator must not be f o r d .  
Improper fit of threads indicates an improper 
regulator or hose for the gas. 

Use of adaptors to change the cylinder con- 
nection thread k not recommended because of 
the danger of using an incorrect regulator or 

16. Gas regulators should meet the requirements of the 
Compressed Gas Association Publication E-4, Stand- 
ard for Gas Regulators for Welding and Cutting, and 
other code regulations. 

. -  
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of contaminating the regulator. For example, 
gases that are oil-contaminated can deposit an 
oily film on the internal parts of the regulator. 
This f im  can contaminateoil-freegas or result in 
fue or explosion in the case of oxygen. 

The threads and connection glands of regu- 
lators should be inspected before use for dirt or 
damage. If a hose or cylinder connection leaks, it 
should not be forced with excessive torque. 
Damaged regulators and components should be 
repaired by properly trained mechanics or 
returned to the manufacturer for repair. 

A suitable valve or flowmeter should be 
used to control gas flow from a regulator. The 
internal pressure in a regulator should be drained 
before it is connected to or removed from a gas 
cylinder or manifold. 

MANIFOLDS 
A manifold is used when a gas is needed 

without interruption or at a highdelivery rate, or 
both, for one or more operations in a plant. A 
manifold system must be suitable for the specific 
gas and operating pressure, and be leak tight. The 
components should be approved for such pur- 
pose, and used only for the gas and pressure for 
which they are approved. Oxygen and fuel gas 
manifolds must meet specific design and safety 
requirements.’” 

Pipingand fittings for acetylene and methyl- 
acetylene-propadiene (MPS) manifolds must not 
be unalloyed copper. These fuel gases react with 
copper under certain conditions to formunstable 
copper acetylide. This compound may detonate 
under shock or heat. However, copper alloys 
containing less than 70 percent copper may be 
used in systems for these fuel gases. 

Piping systems must contain an appropriate 
over-pressure relief valve. Each fuel gas cylinder 
lead should incorporate a backflow check valve 
and flash arrester. Backflow check valves must 
also be installed in eachline at each station outlet 
where both fuel gas and oxygen are provided for 
a welding, cutting, or preheating torch. 

17. Refer to ANSIINFPA 51, Oxygen-Fuel Gas Sys- 
t e m  for Welding, Cutting, and Allied Processes, 
National Fire Protection Association, latest edition, 
for information on manifold and piping systems. 

O X Y G E N  

Oxygen is nonflammable but it supports the 
combustion offlammable materials. It can initiate 
combustion, and vigorously accelerates it. There- 
fore, oxygen cylinders and liquid containers 
should not be stored in the vicinity of combusti- 
bles or with cylinders of fuel gas. Oxygen should 
never be used as a substitute for compressed air. 
Oxygen should always be referred to by name, 
never as air. 

Oil, grease, and combustible dusts may 
spontaneously ignite on contact with oxygen, 
Hence, all systems and apparatus for oxygen 
service must be kept free of these materials. 
Valves, piping, or system components that have 
not been expressly manufactured for oxygen ser- 
vice must be cleaned and approved for this ser- 
vice before use.’* 

Apparatus that has been manufactured 
expressly for oxygen service, and is usually so 
labeled, must be kept in the clean condition as 
originally received. Oxygen valves, regulators, 
and apparatus must never be lubricated with oil. 
If lubrication is required, it must be done only 
with lubricants that are compatible with oxygen. 

Oxygen must never be used to power com- 
pressed air tools. These are almost always oil 
lubricated. Similarly,oxygen must not beused to 
blow dirt from work and clothing because they 
are often contaminated With oil or grease. 

Only clean clothing should be worn when 
working with oxygen systems. Similarly, oxygen 
must not be used to ventilate confined spaces. 
Severe bums may result from ignition of clothing 
or the hair in an oxygen-rich atmosphere. 

FUEL GASES 

Fuel gases commonly used in oxyfuel gas 
welding (OFW) and cutting(0FC) are acetylene, 
methylacetylene-propadiene (MPS), natural gas, 
propane, and propylene. Hydrogen is used in a 
few applications. These gases should always be 
referred to by name. Gasoline is sometimes used 
as fuel for oxygen cutting. It vaporizes in the 
torch. 

18. Refer to Compressed Gas Association Publication 
G4.1, Cleaning Equipment for Oxygen Service. 
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Acetylene in cylinders is dissolved in a sol- emergency. In most cases, this is less than one 
vent so thatitcanbesafelystoredunderpressure. turn. 
In the freestate, acetylene should never be used at 
pressures over 15 psig (30 psia). Acetylene at 
pressures above 15 psig may dissociate with 
explosive violence. 

Most fuel gases in cylinders are in liquid 
form or dissolved in liquids. Therefore, the 
cylinders should always be used in the upright 
position to prevent liquid surges into the system. 

Acetylene and methylacetylene-propadiene 
(MPS) should never be used in contact with 
silver or mercury, or as stated previously, copper. 
These gases react with the former two metals in 
thesamemanner aswithcopperto formunstable 
compounds that may detonate under shock or 
heat. As mentioned before, the valves on fuel gas 
cylinders should never be cracked to clean the 
outlet near possible sources of ignition or incon- 
fmed spaces. 

When used for a brazing furnace atmos- 
phere, fuel gases must be burned or vented to a 
safe location. Prior to filling a furnace or retort 
with fuelgas, theequipmentmust fmt be purged 
with a nonflammable gas, such as nitrogen or 
argon, to prevent formation of an explosive air- 
fuel mixture. 

Special attention must be given when using 
hydrogen. Flames of hydrogen may be difficult 
to see and result in serious bums or fires. 

FUEL GAS FIRES 
The best procedures for avoiding fire from a 

fuel, gas or Liquid, is to keep it contained within 
the system, that is, prevent leaks. All fuel systems 
should be checked carefully for leaks upon 
assembly and at frequent intervals thereafter. 
Fuel gas cylinder should be examined for leaks, 
especially at fuse plugs, safety devices, and valve 
packings. One common source of fire in welding 
and cutting is ignition of leaking fuel by flying 
sparks or spatter. 

In the event of a fuel fire, an effective means 
for controlling the fire is to shut off the fuel valve, 
if accessible. Fuel gas valves should not be 
opened beyond the point necessary to provide 
adequate flow and yet permit quickshutoff in an 

A fuel gas cylinder can develop a leak and 
sometimes result in a fire. In case of fire, the fire 
alarm should be sounded, and trained fire per- 
sonnel should be summoned immediately. A 
small fire in the vicinity of a cylinder valve or a 
safety device should be extinguished, if possible, 
by closing the valve or by the use of water, wet 
cloths, or fire extinguishers. If theleak cannot be 
stopped, the cylinder should be removed by 
trained fire personnel to a safe outdoor location, 
and the supplier notifed. A warning sign should 
be posted, and no smoking or other ignition 
sources should be permitted in the area. 

In the case of a large fire at a fuel gas 
cylinder, the fue alarm should be actuated, and 
all personnel should be evacuated from the area. 
The cylinder should be kept wet by fire personnel 
with a heavy stream of water to keep it cool. It is 
usually better to allow the fire to continue to burn 
and consume the issuing gas rather than attempt 
toextinguish the flame. Ifthefireisextinguished, 
there is danger that the escaping gas may reignite 
with explosive violence. 

SHIELDING GASES 
Argon, helium, carbon dioxide (CO,), and 

nitrogen are used as shielding gases for welding. 
All, except carbon dioxide, are used as brazing 
atmospheres. They are odorless and colorless, 
and can displace air needed for breathing. 

Confined spaces filled with these gases must 
be well ventilated before personnel enter them. If 
there is any question, either the space should be 
checked for adequate air concentration with an 
oxygen analyzer, or an air-supplied respirator 
should be worn by anyone entering the space, 
Containers of thesegases should not be placed in 
confined spaces. 
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ELECTRICAL SAFETY 

ELECTRIC SHOCK can attain high potential relative to true ground 
during severe transient phenomenon. Such cir- 
cumstances, however, are rare. 

In welding and cutting work, most electrical 
equipment is powered from acsources of between 
115 and 575 volts, or by enginedriven generators. 
Mostweldingisdonewithlessthan 1oOarcvolts. 
(Fatalities have resulted with equipment operat- 
ing at  less than 80 volts.) Some arc cutting 
methods operate at over 4OOV, and electron 
beam welding machines at up to about 150 kV. 
Most electric shock in the welding industry 
occurs as the result of accidental contact with 
bare or poorly insulated conductors operating at 

Electric shock can cause sudden death. 
Injuries and fatalities from electricshock in weld- 
ing and cutting operations can occur if proper 
precautionary measures are not followed. Most 
welding and cutting operations employ some 
type of electrical equipment. For example, auto- 
matic oxyfuel gas cutting machines use electric 
motor drives, controls, and systems. 

Someelectrical accidents may not be avoid- 
able, such as those caused by nature. However, 
the majority are avoidable, including thosecaused 
by lack of proper training. 

Shock Mechanism 
Electric shock occurs when an electric cur- 

rent of sufficient magnitude to create an adverse 
effect passes through the body. The severity of 
the shock depends mainly on the amount of 
current, the duration of flow, the path of flow, 
and the state of health of the person. Thecurrent 
is caused to flow by the applied voltage. The 
amount of current depends upon the applied 
voltage and the resistance of the body path. Fre- 
quency of the current may also be a factor when 
alternating current is involved. 

Shock currents greater than about 6 milli- 
amperes (mA) are considered primary because 
they are capable of causing direct physiological 
harm. Steady state currents between 0.5 and 6 
mA are considered secondary shock currents. 
Secondary shock currents are defined as those 
capable of causing involuntary muscular reac- 
tions without normally causing direct physiolog- 
ical harm. The 0.5 mA level is called the percep- 
tion threshold because it is the point at which 
most people just begin to feel the tingle from the 
current. The level of current sensationvaries with 
the weight of the individual and to some extent 
between men and women. 

Shock Sources 
Most electrical equipment can be a shock 

hazard if improperly used or maintained. Shock 
can occur from lightning-induced voltage surges 
in power distributionsystems. Evenearthgrounds 

such voltages. Therefore, welders must take pre- 
cautions against contacting bare elements in the 
welding circuit, as well as those in the primary 
circuits. 

Electrical resistance is usually reduced in the 
presence of water or moisture. Electrical hazards, 
are often more severe under such circumstances. 
Welders must take special precautions to avoid 
shock when working under damp or wet condi- 
tions, including perspiration. 

EQUIPMENT SELECTION 
Electric shock hazards are minimized by 

proper equipment installation and maintenance, 
good operator practices, proper operator 
clothing and body protection, and the use of 
equipment designed for the job and situation. 
Equipment should meet applicable NEMA or 
ANSI standards, such as ANSIIUL551, Safety 
Standard for Tkamformer Type Arc Welding 
Machines, latest edition. 

If a significant amount of welding and cut- 
ting work is to be done under electrically hazard- 
ous conditions, automatic machine controls that 
reducethe no-load (opencircuit)voltage to asafe 
level are recommended. When special welding 
and cutting processes require open-circuit volt- 
ages higher than thosespecified in ANSI/ NEMA 
Publication EW-1, Eleclrical Arc Welding Ap- 
paratus, insulation and operating procedures 
that are adequate to protect the welder from 
these higher voltages must be provided. 
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PERSONNEL TRAINING flow through a connection intended onlv for 
A good safety training program is essential. 

Operators must be fully instructed in electrical 
safety by a competent person before being 
allowed to commence operations. As a A n -  
imum, this training should include the points 
coveredin ANSIIASCZ49.1, Safty in Welding 
und Cutting. Persons should not be allowed to 
operate electrical equipment until they have been 
properly trained. 

INSTALLATION 
Equipment should be installed in a clean, 

dry area. When this is not possible, it should be 
adequately guarded from dirt and moisture. 
Installation must be done to the requirements of 
ANSIINFPA 70, National Electric Code, and 
local codes. This includes necessary disconnects, 
fusing, and type of incoming power lines. 

Terminals for welding leads and power 
cables must be shielded from accidental contact 
by personnel or by metal objects, such as vehicles 
and crane hooks. Connections between welding 
leads and power supplies may be guarded using 
(1) dead front construction and receptacles for 
plug connections, (2) terminals Located in a 
recessed opening or under a non-removable 
hinged cover, (3) insulating sleeves, or (4) other 
equivalent mechanical means. 

GROUNDING 
The workpiece being welded and the frame 

or chassis of all electrically powered machines 
must be connected to a good electrical ground. 
Grounding can be done by locating the work- 
piece or machine on a grounded metal floor or 
platen, or by connecting it to aproperlygrounded 
building frame or other satisfactory ground. 
Chains, wire ropes, cranes, hoists, and elevators 
must not be used as grounding connectors nor to 
carry welding current. 

The work lead is not the grounding lead. 
The former connects the work terminal on the 
power source to the workpiece. A separate lead is 
required to ground the workpiece or power 
source work terminal, 

Care should be taken to avoid double 
grounding. Otherwise, the welding current may 

safety ground, and may be of higher magnitude 
than the grounding conductor can safely carry. 
Special radio-frequency grounding may be neces- 
sary for arc welding machines equipped with 
high-frequency arc initiating devim.19 

Connections for portable control devices, 
such as push buttons to be carried by the opera- 
tor, must not be connected to circuits with oper- 
ating voltages above about 120 V. Exposed metal 
parts of portable control devices operating on 
circuits above 5OV must be grounded by a 
grounding conductor in the control cable. Con- 
trols using intrinsically safe voltages below 30 V 
are recommended. 

CABLES AND CONNECTIONS 
Electrical connections must be tight, and 

cheeked periodically for tightness. Magnetic work 
clamps must be free of adherent metal particles 
and spatter on contact surfaces. Coiled welding 
leads should be spread out before use to avoid 
overheating and damage to the insulation, Jobs 
alternately requiring long and short leads should 
be equipped with insulated cable connectors so 
that idle lengths can be disconnected when not 
needed. 

Equipment, cables, fuses, plugs, and recep- 
tacles must be used within their current carrying 
and duty cycle capacities. Operation of appara- 
tus above its current rating or duty cycle leads to 
overheating and rapid deterioration of insulation 
and other parts. Actual welding current may be 
higher thanthat shown by indicators on the weld- 
ingmachineifweldingis donewithshort leads or 
low voltage, or both. High currents are likely 
with general purpose welding machines when 
they are used with processes that use low arc 
voltage, such as gas tungsten arc welding. 

Welding leads should be the flexible type of 
cable designed especially for the rigors of welding 
service. Insulation on cables used with high volt- 
ages or high-frequency oscillators must provide 
adequate protection. Cable insulation must be 

* 

19. See Recommended Installation and Test Proce- 
dures for High Frequency Stabilized Arc Welders, 
National Electrical Manufacturers Association, 1980. 
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kept in good condition, and cables repaired or 
replaced promptly when necessary. 

OPERATIONS 
Weldersshould not allowthemetalparts of 

electrodes, electrode holders, or torches to touch 
their bare skin or any wet covering of the body. 
Dry gloves in good condition must always be 
worn. The insulation on electrode holders must 
be kept in good repair. Electrode holders must 
not be cooled by immersion in water. If water- 
cooled guns or holders are used, they should be 
free of water leaks and condensation that would 
adversely affect the welder’s safety. With gas 
tungsten arc welding, the power to the electrode 
holder should always be de-energized while the 
electrode is being changed. Welders should not 
drape or coil the welding leads around their 
bodies. 

When welding or arc cutting is to be done 
under damp or wet conditions including heavy 
perspiration, the welder must wear dry gloves 
and clothing in good condition to prevent electric 
shock. The welder should be protected from elec- 
trically conductive surfam, including the earth, 
by rubber-soled shoes as a minimum, and prefer- 
ably by an insulating layer such as a rubber mat 
or wooden board. Similar precautions against 
accidental contact with bare conducting surfaces 
must be taken when the welder is required to 
work in a cramped kneeling, sitting, or lying 
position. Rings and jewelry should be removed 
before welding to decrease the possibility of elec- 
tric shock. 

A welding circuit must be de-energized to 
avoid electric shock while the electrode, torch, or 
gun i s  being changed or adjusted. One exception 
concerns shielded metal arc welding electrodes. 
When the circuit is energized, electrodes must be 
changed with dry welding gloves, not with bare 
hands. In any case, deenergization of the circuit 
is desirable for optimum safety, 

When the welder has completed the work or 
has occasion to leave the work station for an 
appreciable time, the welding circuit should be 
de-energized by turning off the welding machine. 
Similarly, when the machine is to be moved, the 
input power supply should be electrically discon- 
nected. When equipment is not in use, exposed 

electrodes should be removed from the holders to 
eliminate the danger of accidental electrical con- 
tact with persons or conducting objects. Also, 
welding guns of semiautomatic welding equip- 
ment should be placed so that the gun switch 
cannot be operated accidentally. 

MULTIPLE ARC WELDING 
OPERATIONS 

There can be increased danger of electrical 
shock when several welders are welding on a 
large metal structure, such as a building frame or 
ship, and are using the structure in the return 
welding circuit. Proper electrical contact must 
exist at all joints in the structure. Sparking or 
heating at any point makes the structure unsuit- 
able as a return circuit. 

Where two or more welders are working on 
the same structure and one is likely to touch 
simultaneously the exposed parts of more than 
one electrode holder, the welding machines must * 

be connected to minimize shock hazard, It is 
preferable that all dc welding machines be con- 
nected with the same polarity. A test lamp or 
voltmeter can be used to determine whether the 
polarities are matched. It is preferable to connect 
all single-phase ac welding machines to the same 
phase ofthe supply circuit with the same instant- 
aneous polarity. 

In some cases, the preferable connections 
may not be possible. Welding may require the use 
of both dcpolarities, orsupply circuit limitations 
may require distribution of ac welding machines 
among the phases of the supply circuit. In such 
cases, no-load voltage between electrode holders 
or welding guns maybe twice the normal voltage. 
The welders and other area personnel must be 
instructed to avoid simultaneous contact with 
more than one electrode holder, welding gun, or 
installed electrode. 

MODIFICATION AND MAINTENANCE 
Commutators on rotating welding machines 

should be kept clean to prevent excessive arcing. 
Rectifier type welding machines should be in- 
spected frequently for accumulations of dust or 
lint that interfere with ventilation. Electrical coil 
ventilatingducts should be similarlyinspected. It 
is good practice to occasionally blow out the 
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weldingmachine with clean, dry compressed air at 
low pressure using adequate safety precautions. 
Air filters in the ventilating systems of electrical 

t r ia l  components, flying sparks or spatter from 
the welding or cutting operation, or the mishand- 
ling of fuel in enginedriven equipment. Most 

components are not recommended unless provid- 
ed by the manufacturer of the welding machine. 
The reduction of air flow resulting from the use 
of an air filter on equipment not so designed can 
subject infernal components to an overheating 
condition and subsequent failure. Machines that 
have become wet should be thoroughly dried and 
properly retested before being used. 

PREVENTION OF FIRES 
Fires resulting from electric welding equip- 

ment are generally caused by overheating ofelec- 

precautions against electrical shock are also 
applicable to the prevention of fires caused by 
overheating of equipment. Avoidance of fm 
from sparks and spatter was covered previously. 

The fuel systems of engine driven-quip- 
ment must be in good condition. Leaks must be 
repaired promptly. Enginedriven machines must 
be turned off before refueling, and any fuel spills 
shouldbewi~upbeforetheengineisrestarted. 
Otherwise, the ignition system, electrical con- 
trols, or engine heat may start a fire. 

OXYFUEL GAS WELDING AND 
CUTTING 
Torches 

Only approved welding and cutting torches 
should be used." They should be kept in good 
working order, and serviced at regular intervals 
by the manufacturer or qualified technicians. A 
torch must be used only with the fuel gas for 
which it is designed. The fuel gas and oxygen 
pressures should be those recommended by the 
torch manufacturer. 

The procedures recommended by the manu- 
facturer should be follwed when lighting and 
extinguishing the torch. The torch should be 
lighted only with a friction lighter, pilot light, or 
similar ignitionsource. Matches or cigarette Light- 
ers should not be used. 

20. Oxyfuel gas torches should meet the requirements 
of Compressed Gas Association hblicalion E-5, 
Torch Siandard for Welding and Cutting, and apl 
propriate government regulations. 

HOWS 

Hoses used should be only those specifed 
for oxyfuel gas welding and cutting systems. Gen- 
erally, these hoses are manufactured in accord- 
ance with Spec@catfon IP-7for Rubber Welding 
Hose, Compressed Gas Association and Rubber 
Manufacturers Association. Fuel gas hose is 
usually red with left-hand threaded fittings; green 
hose with right-hand threaded fittings is gener- 
ally used for oxygen.*1 Hoses should be free of oil 
and grease, and in good condition. When parallel 
lengths are taped together for convenience, no 
more than 4 in. of any 12 in. section of hose 
should be covered. 

Only proper ferrules and clamps should be 
used to secure hose to fittings. Long runs of hose 
should be avoided. Excess hose should be coiled 
to prevent kinks and tangles, but it should not be 

21. Hose connections must comply with Compressed 
Gas Association Puskcation El, Standard Connec- 
tions for Regutators, Torches and Fitted Hose for 
Welding and Cuiting Equ&meni. 
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wrapped around cylinders or cylinder carts while 
in use. 

Backfiie and Flashback accumulated gases. 

must not bedirected towards any flame or source 
of ignition. Torches should not be purged in 
confined spaces because of possible explosion of 

A backfme during welding or cutting is a 
momentary flame outage and reignition of the 
torch flame, accompanied by a pop or bang 
depending upon the size of the tip. There is a 
momentary retrogression of the flame back into 
the tip and torch. In the case of severe backfire, 
the flame may bum back into the hoses. Occa- 
sionally, backfire flames bum through the hose 
(especially oxygen hose) and can cause injury, 

A flashback is an Occurrence initiated by a 
backiire where the flamecontinues to burninside 
the equipment instead of being reestablished at 
tip. Flashbacks result in very rapid internal heat- 
ing of the equipmenf, and can quickly destroy it. 
The flashback is usually recognized by a whis- 
tling or squealing sound. The equipment will heat 
up rapidly and sparks may be issuing from the 
tip. The flashback should be extinguished by 
turning off the torch valves as quickly as possible. 
Different manufacturers may recommend shut- 
ting off either the fuel or oxygen first, but the 
most important concern is to get both valves 
closed quickly. 

Backfires and flashbacks should not ordi- 
narily bea concern if the apparatus is operated in 
accordance with the manufacturer’s instructions. 
Generally, they occur from allowing a tip to 
become overheated, forcing thetipinto the work, 
or providing insufficient gas flow for the size of 
the tip in use. If frequent backfiring or flashbacks 
are experienced, the cause should beinvestigated. 
There is probably something wrong with the 
equipment. 

To prevent backtires or flashbacks, hose 
lines should be purged before lighting the oxyfuel 
gas torch. Purging flushes out any combustible 
oxygen-fuel gas or air-fuel gas mixtures in the 
hoses. It isdone by first openingeither the fuel or 
oxygen valve on the torch and allowing that gas 
to flow for several seconds to clear that hose of 
any possible gas mixtures. That valve is then 
closed, and the other valve is opened to allow the 
other gas to flow for a similar period of time. 
Purging should always be done before any weld- 
ing or cutting tip is lighted. The purge stream 

Hose Line Safety Devices 
Reverse-flow check valves and flashback 

arresters for hose line service are available. These 
devices can prevent backflow of gases and flash- 
backs into hoses provided they are operating 
properly. They must be used strictly h accord- 
ance with the manufacturer’s instructions, and 
maintained regularly in accordance with the 
manufacturer’s recommendations. 

Shutdown Procedures 
When oxyfuel gas operations are completed, 

the equipment should always be completely shut 
down and the gas pressures drained from the 
system. Cylinder or supply valves must beclosed. 
The equipment should not be left unattended 
until the shutdown has been completed. Oxyfuel 
gas cylinders and supplies must always be stored 
in well ventilated spaces, and never in confined’ 
areas and unventilated cabinets. Even small gas 
leaks in confined spaces can result in develop- 
ment of explosive mixtures that might be set off 
withdisastrous results. Forthesamereason, oxy- 
fuel gas cylinders should never be transported in 
enclosed vehicles, particularly not in closed vans 
or the trunks of private automobiles. 

ARC WELDING AND CUTTING 
The potential hazards of arc welding are 

fumes and gases, electric shock, infrared and 
ultraviolet radiation, bums, fire, explosion, and 
sometimes, noise. These hazards have been de- 
scribed previously in this chapter. Precautions 
given to avoid injury or death with these pro- 
cesses should be folIowed. 

Precautionary labels on all equipment and 
materials should be read, understood, and fol- 
lowed. The manufacturer should be consulted 
when questions arise concerning safe use of the 
product or equipment. 

The safety precautions for arc welding also 
apply to arc cutting. In addition, noise during arc 
cutting operations can be high; prolonged expo- 
surecould lead to hearing damage. Where new-  

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:59:22 1997 



AWS WHB-5 CH*LO **  W-o7B2<b5 00077b7 T 

’h  

Safe Practices I 401 

sessary, earprotection should be provided for the prevent (1) the hands from passing under the 
operator and others in the area. 

Two common accessories are available for 
mechanized plasma arc cutting machines to aid 
in fume and noise control. One is a water table. It 
is simply a cutting table f i e d  with water to the 
bottom surface of the plate or above the plate. In 
the latter case, cutting is done under water using a 
special torch, to minimize noise and reduce radi- 
ation. The high-speed gases emerging from the 
plasma jet produce turbulence in the water. This 
action traps almost all of the fume particles in the 
water. 

The second accessory is a water muffler to 
reducenoise. The muffler is a n o d e ,  attached to 
a special torch body, that produces a curtain of 
water around the front of the torch. It is always 
usedinconjunction wit hawater table. Thecom- 
bination of a water curtain at  the top of the plate 
and a water table contacting the plate bottom 
encloses the arc in a noise-reducing shield. The 
noise output is reduced by roughly 20dB. This 
equipment should not be confused with cutting 
variations using water injection or water shielding. 

RESISTANCE WELDING 

point of operation or (2) the ram from moving 
while the hands areunder the point of operation. 

Static Safety Devices. Press, flash, and 
upset welding machines should have static safety 
devices, such as pins, blocks, or latches, to pre- 
vent movement of the platen or head during 
maintenance or setup for welding. 

Portable Welding Machines. The support 
system of suspended portable weldinggun equip- 
ment, with the exception of the gun assembly, 
should be capable of withstanding the total 
mechanical shock load in the event of failure of 
any component of the system. Devices, such as 
cables, chains, or clamps, are considered 
satisfactory. 

Guarding should be provided around the 
mounting and actuating mechanism of the mov- 
ablearmofaweldinggunifit cancauseinjury to 
theoperator’s hands. If suitable guarding cannot 
be achieved, the gun should have two handles 
and operating switches that must be actuated to 
energize the machine. 

Stop Buttons. One or more emergency stop 
buttons should be provided on all welding 
machines, with a minimum of one at each opera- 

, 

The main hazards that may arise with 
tor position. 

metal particles must be provided by a guard of 
suitable fire-resistant material or by the use of 
approved personal protective eye wear, For flash 
welding equipment, flash guards of suitable fire- 
resistant material must be provided to control 
flying ‘parks and 

Electrical Considerations 

resistance welding processes and equipment are Guards. protection against 
as follows: 

(1) Electric shock from with high 
voltage terminals or components 

(2) Ejection of of molten 
metal from the weld 

(3) Crushing of some part of the body 
between the electrodes or other moving compo- 
nents of the machine 

metal. 

All external weld initiating control circuits 
should operate at amaximum ofabout I20Vfor 
stationary equipment and about 36Vfor portable 
equipment. 

Resistance welding equipment containing 
high voltage capacitors must have adequate el= 
trical insulation and be completely enclosed. All 
enclosure doors must be provided with suitable 
interlocks that are wired into the control circuit. 
The interlocks must effectively interrupt power 
and discharge alI high voltage capacitors when 
the door or panelis open. In addition, a manually 
operated switch or suitable positive device should 

Mechanical Considerations 
Guarding. Initiating devices on resistance 

welding equipment, such as push buttons and 
switches, should be positioned or guarded to 
prevent the operator from inadvenently activat- 
ing them. 

With some machines, the operator’s hands 
can be expected to pass under the point of opera- 
tion during loading and unloading. These ma- 
chines should be effectively guarded by prox- 
Sty-sensing devices, latches, blocks, bamers, 
dual hand controls, or similar accessories that 
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be provided to assure complete discharge of all 
high voltage capacitors. The doom or panels 
must be kept locked except during maintenance. 

Grounding. The welding transformer sec- 
ondary should begrounded by oneof the follow- 
ing methods: 

(1) Permanent grounding of the welding 
secondary circuit 

(2) Connection of a grounding reactor 
across the secondary winding with a reactor tap 
to ground 

As an alternative on stationary machines, 
an isolation contactor maybe used to open all of 
the primary lines. 

The grounding of one side of the secondary 
windings on multiple spot welding machines can 
cause undesirable transient currents to flow 
between their transformers when they are either 
connected to different primary phases or have 
different secondary voltages, or both. A similar 
condition can also exist with portable spot weld- 
ing guns when several units are used to weld the 
same assembly or another one that is nearby. 
Such situations require use of a grounding reac- 
tor or isolation contactor. 

Installation 
All equipment should be installed in con- 

formance with the ANSIINFPA 70, National 
Electric Code (latest edition). The equipment 
should be installed by qualified personnel under 
the direction of acompetent technical supervisor. 
Prior to production use, the equipment should be 
inspected by competent safety personneI to ensure 
that it is safe to operate. 

BRAZING AND SOLDERING 
Hazards encountered with brazing and sol- 

dering operations are similar to those associated 
with welding and cutting processes. Brazing and 
soldering operations may require temperatures 
where some elements in the filler metalvaporize. 
Personnel and property must be protected against 
hot materials, gases, fumes, electrical shock, 
radiation, and chemicals. 

It is essential that adequate ventilation be 
provided so that personnel do not inhale gases 
and fumes generated during brazing or soldering. 
Some tiller metals and base metals contain toxic 

materials such as cadmium, beryllium, zinc, mer- 
cury, or lead that vaporize during brazing. 
Fluxes contain chemical compounds of fluorine, 
chlorine, and boron that are harmful if they e 
inhaled or contact the eyes or skin. Ventilation to 
avoid these hazards was described previously. 

Brazing Atmospheres 
Flammable gases are used as atmospheres 

for some furnace brazing operations. These 
include combusted fuel gas, hydrogen, and disso- 
ciated ammonia. Prior to introducing the atmos- 
phere, the furnace or retort must be purged of air 
by safe procedures recommended by the manu- 
facturer. 

In addition, adequate area ventilation must 
be provided to exhaust and discharge to a safe 
place all explosive or toxic gases that rnayeman- 
ate from furnace purging and brazing operations. 
Local environmental regulations should be con- 
sulted when designing the exhaust system. 

Dip Brazing and Soldering 

immersed in the bath must be completely dry. 
The presence of moisture on the parts will cause 
an instantaneous generation of steam that may 
expel the contents of the dip pot with explosive 
force and create a serious bum hazard. Pre- 
drying of the parts will prevent this problem. If 
supplementaryflux is necessary, it must be ade- 
quately dried to remove not only moisture but 
also water of hydration to avoid explosion 
hazards. 

Solder Flux 
Some fluxes, such as the rosin, petrolatum, 

and reaction types, give off considerable smoke 
depending on the soldering temperature and the 
duration of heating. The American Conference 
of Governmental Industrial Hygienists has cur- 
rently established a threshold limit valve €or 
pyrolysis products of rosin core solder of 0.1 
mg/m’ aliphatic aldehydes, measured as form- 
aldehyde. 

Other fluxes give off fumes that are hatmful 
if breathed in any but small quantities. Pro- 
longed inhalation of halides and some of !he 
newer organic fluxes should be avoided. The 

In dip brazing and soldering, the parts to be ’ 
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aniline type fluxes and some of the amines also 
evolve fumes that are harmful, and can cause 
dermatitis. Fluorine in flux can be dangerous to 
health, cause bums, and be fatal if ingested. 

HIGH FREQUENCY WELDING 
High frequency generators are electrical 

devices and require all usual safety precautions in 
handling and repairing suchequipment. Voltages 
are in the range from 400 to 20,WV and are 
lethal. These voltages may be either low or high 
frequency. Proper care and safety precautions 
should be taken while working on high frequency 
generators and their control systems. Units must 
be equipped with safety interlocks on access 
doors and automaticsafetygrounding devices to 
prevent operation of the equipment when access 
doors are open. The equipment should not be 
operated with panels or high voltage covers 
removed or with interlocks and grounding d e  
vices blocked. 

The output high-frequency primary leads 
should be encased in metal ducting and should 
not be operated in the open. Induction coils and 
contact systems should always be properly 
grounded for operator protection. High fre- 
quencycurrents are more difficult toground than 
low frequency currents, and grounding lines 
must be kept short and direct to minimizeinduc- 
tive impedance. The magnetic field from the out- 
put system must not induce heat in adjacent 
metallic sections and cause fires or burns. 

Injuries from high frequency power, espe- 
cially at the upper range of welding frequencies, 
tend to produce severe local surface tissue dam- 
age. However, they are not likely to be fatal 
because current flow is shallow. 

ELECTRON BEAM WELDING 
The primary hazards associated with elec- 

tron beam welding equipment are electric shock, 
x-radiation, fumes and gases, and damaging vis- 
ible radiation. Precautionary measures must be 
taken at all times to assure that proper protective 
procedures are always observed. AWS l2.1, 
Recommended Sqfe Practices for Ekctron Beam 
Welding and Cutting and ANSIjASC 249.1, 
Sufety in Welding and Cutting (latest editions) 
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give the general safety requirements that should 
be strictly adhered to at all times. 
Electric Shock 

Every electron beam welding machine op- 
erates at voItages above 20 kV. These voltages 
can cause fatal injury, regardless of whether the 
machine is referred to as a low volfuge or a high 
voltage machine. The manufacturers of electron 
beam welding equipment, in meeting various 
regulatory requirements, produce machines that 
are well-insulated against high voltage. However, 
precautions should be exercised with all systems 
when highvoltage is present. The manufacturer's 
instructions should be followed for operation 
and maintenance of the equipment. 
X-radiation 

The X-rays generated by an electron beam 
welding machine are produced when electrons, 
traveling at high velocity, collide with matter. 
The majority of X-rays are produced when the 
electron beam impinges upon the workpiece. 
Substantial amounts are also produced when the 
beam strikes gas molecules or metal vapor in the 
gun column and work chamber. Underwriters 
Laboratories and OSHA regulations haveestab- 
lished firm rules for permissible x-radiation 
exposure levels, and producers and users of 
equipment must observe these rules. 

Generally, thesteel walls of thechamber are 
adequate protection in systems up to 60kV, 
assuming proper design. High-voltage machines 
utilize lead lining to block x-ray emission beyond 
the chamber walls. Leaded glass windows are 
employed in both high and low voltage electron 
beam systems. Generally, the shielded vacuum 
chamber walls provide adequate protection for 
the operator. 

In the case of nonvacuum systems, a radia- 
tion enclosure must be provided to assure the 
safety of the operator and other persons in the 
area. Thick walls of highdensity concrete or 
other similar material may be employed in place 
of lead, especially for large radiation enclosures 
on nonvacuum installations. In addition, special 
safety precautions should be imposed to prevent 
personnel from accidentally entering or being 
trapped inside the enclosure when equipment is 
in operation. 

' 

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:59:22 1997 



AWS WHB-5 CH*10 ** I 0784265 0007772 T I 

410 I SAFE PRACTICES 

A complete x-ray radiation survey of the 
electron beamequipment should always be made 
at the time of installation and at regular intervals 
thereafter. This should be done by personnel 
trained to make a proper radiation survey to 
assure initial and continued compliance with all 
radiation regulations and standards applicable to 
the site where the equipment is installed. 

Fumes and Gases 
It is unlikely that the very small amount of 

air in a high vacuum electron beam chamber 
would be sufficient to produce ozone and oxides 
of nitrogen in harmful concentrations. However, 
nonvacuum and medium vacuum electron beam 
systems are capable of producitlg these by- 
products, as well as other types of airborne con- 
taminants, in concentrations above acceptable 
levels. 

Adequate areaventilation must be employed 
to reduce concentrations of any airborne con- 
taminants around the equipment below permiss- 
ible exposure limits, and proper exhausting tech- 
niques should be employed to maintain residual 
concentrations in the enclosure below those limits. 

Visible Radiation 
Direct viewing of intense radiation emitted 

by molten weld metal can be harmful to eyesight. 
Viewing of the welding operation should bedone 
through a filter lens commonly used for arc 
welding. 

LASER BEAM WELDING AND CUTCINC 
The basic hazards associated with laser 

operation are: 
(1) Eye damage from the beam including 

burns of the cornea or retina, or both 
(2) Skin burns from the beam 
(3) Respiratory system damage from hazard- 

ous materials evolved during operation 
(4) Electrical shock 
(5) Chemical hazards 
(6) Contact with cryogenic coolants 
Laser manufacturers are required to qualify 

their equipment with the U.S. Bureau of Radio- 
logical Health (BRH). Electrical components 
should be in compliance with NEMA standards. 
User action is governed by OSHA requirements. 

In all cases, American National Standard 2136. I ,  
Safe Use of Lasers (latest edition), should be 
followed. 

Eye Protection 
Eye injury is readily caused by laser beams. 

With laser beams operating at visible or near 
infrared wavelengths, even a five milliwatt beam 
can inflict retinal damage. Safety glasses are 
available that are substantially transparent to 
visible light but are opaque to specific laser beam 
outputs. Selective filters for ruby, Nd-YAG, and 
other laser systems are available. Glasses approp 
riate to the specific laser system must be used. At 
longer infrared wavelengths (such as that of a 
CO,laser), ordinarily transparent materials such 
as glass areopaque. Clear safetyglasses with side 
shields may be used with these systems, and the 
only light reaching the eye will be from incandes- 
cence of the workpiece. Nevertheless, extreme 
brilliance can result if a plasma is  generated at 
high power, and filter lens should then be wed 
for viewing the operation. 

Bums 
Laser burns can be deep and very slow to 

heal. Exposure must be avoided by appropriate 
enclosure of thebeam or by methods that prevent 
beam operation unless the beam path is unob- 
structed. This is particularly important for non- 
visible beams that provide no external evidence 
of their existance unless intercepted by a solid. 

Electric Shock 
High voltages as we11 as large capacitor 

storage devices are associated with lasers. There- 
fore, the possibility for lethal electrical shack is 
ever present. Electrical system enclosures should 
have appropriate interlocks on all access doors 
and provisions for discharging capacitor banks 
before entry. The equipment should be approp 
riately grounded. 

Fumes and Gases 
Hazardous products may begenerated from 

interaction of the beam and the workpiece. For 
example, plastic materials used for "bum pat- 
terns" to identify beam shape and distribution in 
high power CO, laser systems can generate 

. -  
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highly toxic vapors if irradiated in an oxygen- 
lean atmosphere. 

In deep penetration welding, fine metal 
fume can arise from the joint. Also, intense 
plasma generation can produce ozone. Conse- 
quently, adequate ventilation and exhaust provi- 
sions for laser work areas are necessary. 

governments require a blastinglicense or permit, 
and some cities have special explosive re- 
quirements. 

The Institute of Makers of Explosives pro- 
vides educational publications to promote the 
safe handling, storage, and useof explosives. The 
National Fire Protection Association provides 

FRICTION WELDING 
Friction welding machines are similar to 

machine tool lathes in that one workpiece is 
rotated by adrive system. They are also similar to 
hydraulic presses in that one workpiece is forced 
against the other. Therefore, safe practices for 
lathes and power presses should be used as guides 
for the design and operation of friction welding 
machines. 

Machines should beequipped with approp- 
riate mechanical guards and shields as well as 
two-hand operating switches and electrical inter- 
locks. These devices should be designed to pre- 
vent operation of the machine when the work 
area, rotating drive, or force system are accessible 
to the operator or others. 

Operating personnel should wear approp 
riate eye protection and safety apparel com- 
monly used with machine tool operations. In any 
case, applicable OSHA standards should be 
strictly observed. 

EXPLOSION WELDING 
Explosives and explosive devices are a part 

of explosion welding. Such materials and devices 
are inherently dangerous, but there are safe 
methods for handling them. However, if the 
materials are misused, they can kill or injure, and 
destroy or damage property. 

Explosive materials should be handled and 
used only by trained personnel who are ex- 
perienced in that field. Handling and safety 
procedures must comply with all applicablefed- 
eral, state, and locat regulations. Federal juris- 
diction on the sale, transport, storage, and use of 
explosives is through the U.S. Bureau of Alco- 
hol, Tobacco, and Firearms; the Hazardous 
Materials Regulation Board of the U.S. Depart- 
ment of Transportation; the Occupational Safety 
and Health Administration; and the Environ- 
mental Protection Agency. Many states and locd 

recommendations for safe manufacture, storage, 
handling, and use of explosives.2 

ULTRASONIC WELDING 
With high-power ultrasonic equipment, high 

voltages are present in the frequency converter, 
the welding head, and the coaxial cable connect- 
ing these components. Consequently, the equip- 
ment should not be operated with the panel 
doors open or housing covers removed. Door 
interlocks are usually installed to prevent intro- 
duction of power to the equipment when the high 
voltage circuitry is exposed. The cables are 
shielded fuUy and present no hazard when prop- 
erly connected and maintained. 

Because of hazards associated with applica- 
tion of clamping force, the operator should not 
place hands or arms in the vicinity of the welding 
tip when theequipment is energized. For manual 
operation, the equipment should be activated by 
dual palm buttons that meet the requirements of 
the Occupational Safety and Health Administra- 
tion (OSHA). Both burtons must be pressed 
simultaneously to actuate a weld cycle, and both 
must be released before the next cycle is initiated. 
For automated systems in which theweld cycle is 
sequenced with other operations, guards should 
be installed for operator protection. Such hazards 
can be further minimized by setting the welding 
stroke to the minimum that is compatible with 
workpiex clearance. 

THERMIT WELDING 
The presence of moisture in a thermit mix, 

in the crucible, or on the workpieces can lead to 
rapid formation of steam when the chemical 
reaction takes place. This may cause ejection of 
molten metal from the crucible. Therefore, the 

’ 

22. See ANSI1 NFPA 495, Manufacture, TPamporta- 
lion, Storage and Use of Explosive Materials, latest 
edition. 
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thermit mix should be stored in a dry place, the Fire Prevention 
crucible should be dry, and moisture should not 
be allowed to enter the system before or during 
welding. 

The work area should be free of combusti- 
ble materials that may be ignited by sparks or 
small particles of molten metal. The area should 
be well ventilated to avoid the buildup of fumes 
and gases from the reaction. Starting powders 
and rods should be protected against accidental 
ignition. 

Personnel should wear appropriate protee 
tion against hot particles or sparks. This includes 
full face shields with filter lenses for eye protec- 
tion and headgear. Safety booB are recom- 
mended to protect the feet from hot sparks. Clo- 
thing should not have pockets or cuffs that might 
catch hot particles. 

Preheating should be done using the safety 
precautions applicable to oxyfuel gas equipment 
and operations. 

THERMAL SPRAYING 
The potential hazards to the health and 

safety of personnel involved in thermal spraying 
operations and to persons in the immediate vicin- 
ity are as follows: 

1 

(1) Electrical shock 

(3) Fumes and gases 
(4) Dust 
(5) Arc radiation 
(6) Noise 
These hazards are not unique to thermal 

spraying methods. For example, flame spraying 
has hazards similar to those associated With the 
oxyfuel gas welding and cutting processes. Like- 
wise, arc spraying and plasma spraying are sim- 
ilar in many respects to gas metal arc and plasma 
arc welding, respectively. Safe practices for these 
processes should be followed when thermal 
spraying with similar equipment. However, 
thermal spraying does generate dust and fumes 
to a greater degree.2' 

(2) Fire 

23. Additional information may be found in A WS 
C2.1, Recommended Safe Fraciices for TEermal 
Spraying, Miami: American Welding Society, 1973. 

Airborne finely divided solids, especially 
metal dusts, must be treated as explosives. To 
minimize danger from dust explosions, spray 
booths must have adequate ventilation. 

A wet collector of the water-wash type is 
recommended to collect the spray dust. Bag or 
filter type collectors are not recommended. Good 
housekeeping in the work area should be main- 
tained to avoid accumulation of metal dusts, 
particularly on rafters, tops of booths, and in 
floor cracks. 

Paper, wood, oily rags, and other combust- 
ibles in the spraying area can cause a fire, and 
should be removed before the equipment is 
operated. 

Protection of Personnel 
The general requirements for the protection 

of thermal spray operators are the same as for 
welders. 

shields, or goggles should be used to protect the 
eyes, face, and neck during all thermal spraying 
operations. Safety goggles should be worn at all 
times. Table 10.4is aguide for theselection of the 
proper filter shade number for viewing a speciric 
operation. 

Eye Protection. Helmets, hand shields, face * 

Table 10.4 
Recommended eye filter plates for 

thermal spraying operations 

Filter shade 
Operation numbers 

Wire flame spraying 2 to 4 
(except molybdenum) 

Wire flame spraying 
of molybdenum 

3 to 6 

Flame spraying 3 to 6 
of metal powder 

Flame spraying of 4 to 8 
exothermics or ceramics 

Plasma and arc spraying 910 12 
Fusing operations 4 to 6 
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Respirufory Protection. Most thermal spray- 
ingoperations require that respiratory protective 

vents and flammable liquids should not be used 
in poorly ventilated, confined areas. When sol- 

devices be used by the operator. The nature, type, 
and magnitude of the fume and gas exposure 
determine which respiratory protective device 
should be used. All devicea selected for use 
should be of a type approved by the U.S. Bureau 
of Mines, National Institute for Occupational 
Safety and Health, or other approving authority 
for the purpose intended. 

Eor Protection. Ear protectors or properly 

vents are used in trays, safety lids should be 
provided. Flames, sparks, or spark-producing 
equipment must not be permitted in the area 
where flammable materials are being handled. 
Fire extinguishers should be readily available. 

Toxic Materiab Severe allergic reactions 
can result from direct contact, inhalation, or 
ingestion of phenolics and epoxies as well as most 
catalysts and accelerators. The eyes or skin may 

fitted soft rubber ear plugs should be worn to 
protect the operator from the high-interisity noise 
from the process. Federal, state, and local codes 
should be checked for noise protection require- 
ments. 

Protective Clothing. Appropriate protective 
clothing required for a thermal spraying opera- 
tion will vary with the size, nature, and location 
of the work to be performed. When working in 
confined spaces, flame-resistant clothing and 
gauntlets should be worn. Clothing should be 
fastened tightly around the wrists and ankles to 
keep dusts from contacting the skin. 

The intense ultraviolet radiation of plasma 
and electric arc spraying can cause skin bums 
through normal clothing. Protecfion against 
radiation during arc spraying is practically the 
sameas that for normal arcwelding at equivalent 
current levels. 

become sensitized over a long period of time even 
though no signs of initation are visible. Once 
workers are sensitized to a particular type of 
adhesive, they may no longer be able to work 
near it because of allergic reactions. Careless 
handling of adhesives by production workers 
may expose others to toxic materials if proper 
safety rules are not observed. For example, 
coworkers may touch tools, door knobs, light 
switches, or other objects contaminated by care- 
less workers. 

For the normal individual, proper handling 
methods that eliminate skin contact with an 
adhesive should be sufficient. It is mandatory 
that protective equipment, barrier creams, or 
both be used to avoid skin contact with certain 
tvpes of formulations. 

Factors to be considered in determining the 
extent of precautionary measures to be taken 

, 

ADHESIVE BONDING 
Adequate safety precautions must be ob- 

served with adhesives. Corrosive materials, flam- 
mable liquids, and toxic substances are com- 
monly used in adhesive bonding. Therefore, 
manufacturing operations should be carefully 
supervised to ensure that proper safety proce- 
dures, protective devices, and protective clothing 
are being used. All federal, state, and local regu- 
lations should be complied with, including 

include: 
( I )  The frequency and duration of exposure 
(2) The degree of hazard associated with a 

(3) The solvent or curing agent used 
(4) The temperature at which theoperations 

(5) The potential evaporation surface area 

All these elements should be evaluated in 

specific adhesive 

are performed 

exposed at the work station 

tenns of the individual operation. 
OSHA Regulation 29CRF 1900.1000, Air 
Contaminants. Precautionary Procedures 

A number of measures are recommended in 
the handling and use of adhesives and auxiliary 

Personal Hygiene. Personnel should be 
instructed in proper procedures to prevent skin 
contact with solvents, curingagents, and uncured 

General Requirements 

rials, such as solvents, should be stored in tightly 
sealed drums and issued in suitably labeled safety 
cans to prevent fires during storage and use. Sal- 

Fhmmable Matetiah. All flammablemate- materials. 
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base adhesives. Showers, wash bowls, mild soaps, 
clean towels, refatting creams, and protective 
equipment should be provided. 

Curing agents should be removed from the 
hands with soap and water. Resins should be 
removed with soap and water, alcohol, or a suit- 
able solvent. Any solvent should be used spar- 
ingly and be followed by washing with soap and 
water. In case of allergic reaction or burning, 
prompt medical aid should be obtained. 

Work Area. Areas in which adhesives are 
handled should be separated from other opera- 
tions. These areas should contain the following 
facilities in addition to the proper fm equipment: 

(1) A sink with running water. 
(2) An eye shower or rinse fountain 
(3) First aid kit 
(4) Ventilating facilities 
Ovens, presses, and other curing equipment 

should be individually vented to remove fume. 

with their bare hands. Those gfoves should be 
discarded or cleaned using procedures that re- 
move the particular adhesive. Cleaning may 
requiresolvents, soap and water, or both. Hands, 
arms, face, and neck should be coated with a 
commercial barrier ointment or cream, This type 
of material may provide short-term protection 
and facilitate removal of adhesive components 
by washing. 

Full face shields should be worn for eye 
protection whenever the possibility of splashing 
exists, otherwise glasses or goggles should be 
worn. In case of imtation, the eyes should be 
immediately flushed with water and thenprompt- 
ly treated by a physician. 

Protective clothing should be worn at all 
times by those who work with the adhesives. 
Shop coats, aprons, or coverallsmay be suitable, 
and they should be cleaned before reuse. 

Metric Conversion Factors Vent hoods should be provided at mixing and 
amtication stations. _ _  

Prorecfive Devices. Plastic or rubber gloves 
should be worn at all times when working with 
potentially toxic adhesives. Contaminated gloves 
must not contact objects that others may touch 

I in. = 25.4 mm 
1 ft = 0.305 m 
I ft3 = 0.028 m3 
I f t /mh = 5.08 mm/s 
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Bonding, adhesive 
Brass 
B r a e  welding 
Brazed joints, discontinuities in 
Brazed joints, inspection of 
Brazer performance qualification 
Brazing 
Brazing, diffusion 
Brazing automation 
Brazing fixtures 
Brazing metallurgy 
Brazing procedure specifications 
Brazing safety 
Brazing symbols 
Bridges 
Bronze 
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C 

Capacitor discharge stud welding 
Carbon an: welding 
Carbon steels, welding of 
Cast iron, welding of 
Cast steel, welding of 
Chromium (4 to IO%)-molybdenum stainless 

steels, welding of 
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Clad steel, wclding of 
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Cold welding 
Columbium, welding of 
Compnsscd gases, handling of 

Seventh Sixth 
Edition Edition 
Volume Section Chapter 
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Seventh Sixth 
Edition Edition 

Cooling rates 
Copper and copper alloys, welding of 
Corrosion of welded joints 
Cost estimating 
Cutting, air carbon arc 
Cutting, arc 
Cutting, laser beam 
Cutting, metal powder 
Cutting, oxyfuel gas 
Cutting, oxygen 
Cutting, plasma arc 
Cutting, safe practices in 
Cutting processes, sutvey of 

D 

Definitions, terms and 
Design of aluminum structures 
Design of welded joints and weldments 
Destructive testing 
Die steels 
Diffusion brazing 
Diffusion welding 
Direct c u m n t  power sources 

Discontinuities, significance of 

Discontinuities in brazes 
Discontinuities in welds 
Dissimilar welds 
Distortion 
Distortion, control of 
Distortion, c o d o n  of 
Distortion, types of 

Volume Section Chapter 
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Seventh Sixth 
Edition Edition 
Volume Section Chapter 

E 

Economics 5 
Electrical safety 5 
Electrogas welding 2 
Electron beam welding 3 
Electroslag welding 2 
Elevated temperature behavior of welded joints 
Energy s o u r m  for welding 1 
Equipment, resistance welding 3 
Estimating costs 5 
Explosion welding 3 

1 

F 

Fatigue properties of welded joints 
Ferritic stainless steels 
Filler metals 
Filler metals, brazing 
Filler melds, soldering 
Filler metals, surfacing 
Fixturn 
Flash welding 
Flux c o d  arc welding 
Flux cutting, chemical 
Fluxes, brazing 
Fluxes, soldering 
Forge welding 

Fracturt mechanics 

Fracture toughness 
Friction welding 
Fuel gases, characteristics of 
Fumes and gascs 
Fusion weld discontinuities 

1 
4 
4 
2 
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3 
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Major Subject tndex 1 42  I 

Seventh Sixth 
Edition Edition 
Volume Section Chapter 

G 

Galvani7.ed s t e l  
Gases, physical properties 
Gas metal arc spot welding 
Gas metal arc welding 
Gas tungsten arc welding 
Gas welding, oxyfuel 
Gold, welding of 

H 

Hafnium, welding of 
Hardfacing 
Heat flow in welding 
High frequency welding 
Hot pressure welding 

i 

Industrial piping 
Inspection, brazing 
Inspection of welding 
Iron, welding of 

Jewelry, welding of 
Joining proasses, survey of 

Laser beam cutting 
Laxr beam welding 

4 i 
I 2 
2 4 
2 4 
2 3 
2 I O  
4 I I  

IO 
14 
3 
4 

13 

5 85 
2 1 1  
5 9 
4 1 
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Seventh Sixth 
Edition Edition 
Volume Section Chapter 

Launch vehicles 
b a d ,  welding of 
Liners, applied 
Liners, clad steel 
Liquid penetrant testing 
Low alloy steels, welding of 

M 

Magnesium and magnesium alloys, welding of 
Magnetic fields, influence on arcs 
Magnetic particle testing 
Mataging steels 
Martensitic stainless steels 
Mechanical properties 

Mechanical testing 

Mechanical treatments of weldments 
Melting rates (electrode) 
Metal powder cutting 
Metal transfer 
Metallurgy, general 
Metallurgy of brazing and soldering 
Metallurgy of surfacing alloys 
Metallurgy of welding 
Metals, physical properties 
Metric practice guide 
Molybdenum, welding of 

N 

Narrow gap wclding 
NEMA power source nquircrnents 
Nickel and nickel alloys, welding of 

4 
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4 
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I 

Nondestructive examination (testing) 
Nondestructive examination symbols 
Nuclear power plants 

Oxyfuel gas cutting 
Oxyfuel gas welding 
Oxygen cutling 

P 

Palladium, welding of 
Percussion welding 
Performance qualiftcation 
Physical properties of metals and gases 
Physics of welding 
Pipelines, transmission 
Piping, industrial 
Plasma arc cutting 
Plasma arc welding 
Ptatinu_m, welding of 
Positiontrs 
Powcr soums, arc welding 
Power souras, special 
Precious metals, welding of 
Precipitation-hardening stab 
Precoated steels 
Pressure gas welding 
Pnssurc vcsscls 
Proccdurt qualification 
Process safety 
PrOCtSSCS, brazing 
Projection welding 

Major Subjeci Index I 423 

Seventh Sixth 
Edition Edition 
Volume Section Chapter 
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Proof testing 
Properties, mechanical 

Q 
Qualification 
Quenched and tempered steels 

R 

Radiographic testing 
Railroads 
Reactive metals, welding of 
Refractory metds, welding of 
Residual streses 
Residual stresses, causes of 
Residual stresses, effects of 
Residual stresses, measurement of 
Residual stresses, reduction of 
Resistancc weld discontinuities 
Resistance welding electrodes 
Resistance welding equipment 
Robotic welding 
Roll welding 

I 

S 

Safe p rac t iw 
Safe practices, brating 
Scam welding 
Shielded mctal arc welding 

Silver, welding'bf 
Soldering 
Soldering mctallurgy 

ships 

Seventh Sixth 
Edition Edition 
Volume Section Chapter 

5 
5 

5 
4 

5 

4 
4 
1 
I 
1 
I 
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Soldering safety 
Solders 
Solid-state circuitry, power source 
Solid-state weld discontinuities 
Solidification rates 
Specifcations for welding 
Spot welding 
Spot welding, gas metal arc 
Spraying, thermal 
Standards for welding 
Steel, welding of 
Storage tanks, field-welded 
Stresses, residual 
Structurd tubular connections 
Stud welding 
Submerged arc welding 
Surfacing 
Surfacing methods 
Survey ofjoining and cutting proccsses 
Symbols for welding, brazing, and 

nondestructive examination 

T 

TanLalum, welding of 
Tensile properties of welded joints 
Terms and definitions 
Testing, mechanical 
Testing, weldability 
Testing of welded joints 
Thermal spray operator qualifi 
Thermal spraying 

3ti n 

Thermal treatments of wcldrncnts 
Themit welding 
Titanium and titanium alloys, welding of 

Major Subjeer Index I 425 

Seventh Sixth 
Edition Edition 
Volume Section Chapter 
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Scventh Sixth 
Edition Edition 
Volume Section ChaDtcr 

Tool steels 
Toughness, fracture 
Transmission pipelines 
Tubular connections, structural 
Tungsten, welding of 
Turning r o b  
Turntables 

U 

Ultra high strength steels . 
Ultrasonic testing 
Ultrasonic welding 
Upset welding 
Uranium, welding of 

V 

Ventilation 
Visual inspection 

5 
5 

W 

Weld discontinuities, significance of 

Weld distortion 
Weld quality 
WeId thermal cycles (typical) 
Weldability testing 
Welded joints, corrosion testing 
Welded joints, design of 
W e M d  joints, 

ekwatcd temperature behavior 
Welded joints, fatigue properties 
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Welded joints, performance of 
Welded joints, tensile propertics 
Welded joints, tcsting of 
Weldcr performance qualification 
Welding, filler metals for 
Welding, inspection of 
Welding, physics of 
Welding, safe practices in 
Welding applications 

Aircraft 
Applied liners 
Automotive products 
Boilers 
Bridges 
Buildings 
Clad stccl liners 
Industrial piping 
Jewelry 
Launch vehicles 
Nuclear power plants 
Pnssute VCsSels 

Railroads 
ships 
Storage tanks 
Transmission pipelines 

Welding automation 
Welding codes 
Welding costs 
Welding f i tu rcs  
Welding inspector(s) 
Welding inspector qualification 
Welding metallurgy 
Welding of metals 

Aluminum and aluminum alloys 
Austenitic mangancse stctl 
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Austenitic (Cr-Ni) stainless stcels 
Ekryllium 
Carbon steels 
Cast iron 
cast steel 
Chromium (4 to 100/o)-molybdenum steels 
Chromium stainless stcels 
Cobalt alloys 
Columbium 
Copper and coppcr alloys 
Gold 
Hafnium 
Iron 
Lead 

Magnesium and magnesium alloys 
Molybdenum 
Nickel and high nickel alloys 
Palladium 
Platinum 
Precious metals 
Reactive metals 
Refractory metals 
Silver 
Steel 
Tantalum 
Titanium and titanium alloys 
Tungsten 
Uranium 
Wrought iron 
Zinc-coatcd sltel 
Zirconium 

L o w  alloy steels 

Welding proadure specifications 
Welding processes 

Atomic hydrogen welding 

Scventh 
Edition 
Volume 
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4 
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Edition 
Section Chapter 
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Seventh Sixth 
Edition Edition 

Bare mctal arc welding 
Brazing 
Carbon arc welding 
Cold welding 
Diffusion brazing 
Diffusion welding 
Elcctrogas welding 
Elcctron beam welding 
Elcctroslag welding 
Explosion welding 
Rash welding 
Flash welding machines 
Flux cord  arc welding 
Forge welding 
Friction welding 
Gas metal arc welding 
Gas tungsten arc welding 
Gas welding 
High frequency welding 
Hot pressure welding 
Laser bcam cutting' 
Lascr beam welding 
Oxyfucl gas welding 
Percussion welding 
Plasma arc wclding 
Projection welding 
Projection welding machines 
Seam welding, mistancc 
Seam welding machines 
Shielded metal rn welding 
Spot welding, mistancc 
Spot welding machines 
Stud welding 
Submerged arc welding 
Thennit welding 

Volume Section Chapter 
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Ultrasonic welding 
Upset welding 
Upset welding machines 

Welding safety 
Welding specificat ions 
Welding standards 
Welding symbols 
Weldmcnt design 
Wrought iron, weldability of 

Z 

Zinc-coated steel (galvanized) 
Zirconium, weldability of 

Seventh Sixth 
Edition Edition 
Volume Section Chapter 
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AAR. See Association of American Railroads. 
AASHTO. See American Association of State 

Highway and Transportation Ofiicials, 
ABS. See American Bureau of Shipping. 
Acceptable weld, definition, 278 
Acoustic emission testing, 321, 324. See olro 

Nondcstructible testing. 
acoustic emissions, location of, 366 
applications, 366-70 
general description, 366 
monitoring continuous welding operations, 

monitoring rcsistana spot welding, 36849 
proof testing, during, 369-70 
recording of rc~ulu, 370 

366-68 

Aerospaa Material Specifications, 23943 
Airborne contaminants 

permissible exposun limits, 399 
thmhold limit values, 3% 

AISC. See American Institute of Stccl 
Canstruction 

Alumhum StNCtUm 
butt join& 81 
bull joints, minimum strength of, 90 
designing for welding, 8 I 
fillet welds, minimum size, 86 
filkt welds, shear strength of, 86, 87-88 
join1 dcsign, 83-84 
lap joints, 82 
senia temperatun, cffccu of a90 
T-joinu, 82-83 
weld joints, 8 1-83 
welding, et'iccts of, 84-85 
welding s t r u m ,  rtduction of, 86-87 

welds, fatigue stnngth of, 86, 89 
welds, stnngth distribution across, 84 
welds, s tms  distribution in, 85-86 $ 

American Association of State Highway and 
Transportation o f f ~ a l s ,  218,219' 

American Bureau or Shipping, 218, 219-21 
American Institute of S t e l  Construction, 218, 

American National Standards lnstitutc, 211, 

American Petroleum Institute, 218, 222-23 
American Railway Engineering Association, 

American Society for Nondestmctive Testing, 

American Society for Testing and Metctials, 2 18, 

American Society of Mechanical Engineers, 2 18, 

American Water Works Association, 218, 226 
American Wa!ding Society, 217, 218, 22b.31 

22 I 

218, 221-22, 237 

2 18, 223 

27 I 

225-26 

223-25 

f i r  mctd rpacificauons, 227.28 
mechanical testing standards, 228-29 
qualification slandards, 228 
rtcommcnded praices. 229-30 
S d d  for Qualification and Certification 

8ymbol.l for welding and nondcstructiw 

welding terms nnd definitions, 227 

of Welding Inspoaors, 271,273 

terting, 227 

AMs. Scc Aerospaa Material Spccifiitions. 
ANSI. Sec Americln National S tududa  

API. Scc Amcricln Pctrokurn Institute, 
1nslitutC. 

43 I 
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welding. 

Association. 

Enginecrs. 

AREA. See American Railway Engineering 

ASME. See American Society of Mcchanical 

Asphyxiation, 393 
Association Francaise dc Normalisation, 217 
Association of American Railroads, 21 8, 23 I 
ASTM. See Amcrican Socicty for Tcsting and 

ASTM Standards, 225-26 ’ 

Automatic brazing. See Automation, brazing. 
Automatic welding, 182-84, See olro 

Automation, welding. 
Automatic welding, flexible, 184-85. See oho 

Robots, welding: Robots, arc welding. 
Automatic welding controller(r), 184 
Automation. See olro Automation, arc welding; 

Automation, brazing; Automation. rcsis- 
tame welding; Automation, welding; Robo~s, 
welding; Robots, arc welding. 

Materials. 

arc welding, 178-85 
brazing, 208-10 
design considerations, 21 I 
quipment reliability, 2 I2 
extent of, 1W7 
factory integration, 210-1 I 
ructuring and positioning, 2 I I 
inspection and quality control, 212 
manufacturing considerations, 21 1-12 
mcanhg of, 178 
problem of, 210-12 
mistance wlding, 193-200 
risk faaon, 210-12 
suppkmcntary reading list, 21 3 
system integration, 21 1-12 
use of, 178 
vendor mistarm, 212 

Automation, arc welding. Scc oh0 Automation. 
futna and gases, handling, 205 
robols, arc welding, 200-203. Scc oLro Robots, 

scam tracking systems, 205-8 
welding. 

Arc blow, 153 t w s ,  200 
Arc strike, 292,302 

definition of, 278 
Arc welding automation, See Automation, arc 

Arc welding economics, See Economics of arc ,, 

wclding gun cleaners, 205 

advantages of, 210 
welding. equipment, 209-10 

filler metal application, 210 
flux applicaiion, 210 

Aufomation, brazing. See olro Automation. 

fundamentals, 208-9 
heating time, 209-10 
temperature control, 2C9 
torch heating, 209 

Automation. 
Automation, rcistana: welding. See olro 

accessory cquipmcnt, 199 
adaptive proccss control, 199 
controls, 197-99 
interface ktwccn components, 198-99 
material handling. 193 
monitoring devices, 198, 199 
production rats.  195-% 
production rcquircments, 193-% 
programming, 199-200 
quality control, I %  
resistance welding equipment, 197 
spot  welding guns, 197 
welding electrodes. 197 

designing for, 188 
environment for. 189-90 
extent of, 186-87 
feasibility testing. 188-89 
fixtunng, 188 
flexibility and cxpansion, 192 
floor space, 186 
fundamentals, 178-85 
govcming racton, I &87 
inventory turn over, 187 
invtstment, 187 
maintenance of, 192-93 
manpower for, 187 
maten’al handling, 192 
pan toleranox and fit-up, I88 
planning, 187-93 
procurement scheduling, 190 
prduct  quality, 186 
production considerations, 192-93 
production kvels, 186 
safety, 188 
shop acceptana. 192 

Au~omation, welding. See alro Automation. 
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space allocation for, 192 
specifications for, 189 
training and education, 190-92 
utilities for, I89 
welding p r w s  selection, 188 

AWS. See American Welding Society, 
AWWA. See American Water Works 

Association. 

Bend tesing of welds, 37 I 
Boiler and Prcsurc Vsscl Code, ASME, 223-24, 

Brazed joints, discontinhities in. See Discon- 
tinuities in brazed and soldered joints. 

Erazcd joirru, inspection of, 376 ' 
Brazement design, 1 n 
Brazer pcrformancc qualification. &e also 

Welder performam qualification. 

226,237-38,268,3 I k, 364 

acceptancc criteria, 268 
pu'Po=, 268 
qualfication variables, 268 
specimen testing, 268,270 
test record, 268,27 I ,  272 
workmnship lest brazemcnts, 268, 270 

Brazing automation. See Automation, brazing. 
Brazing cost estimating. 123-24 
Brazing economics. See Economics of brazing 

Brazing fixturn, See Fixturcs, brazing. 
Brazing prcadurc specifications, 253-55. See 

also Procedure specifications; Welding 
procedure spbcifications. 

and soldering. 

qualification of, 259,261 

applications, 113-15 
brau'ng processes, kiter designations for, I13 

Brazing syfi,bols 

double-f l~-be~l-grMve and r d b ,  I I5 
f l a ~ - b d - ~ M v c  and fillet, I15 
lap joint with filkt, I14 
scarf joint, I14 
s q u m  groove, I IS 
T-joint, I15 

Brinell hardness test, 372 
British Standards Association, 217 
Brittk fracture of welds, 313-14 
Building standards, 22 I 
Bum pnvcntion, 384-86 
Burn-through, ddinidon of, 278 

AWS WHB-5 I N D E X  ** I 078q265 OOL0076 b I 
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Canadian Standards Association, 217, 218, 

Carbon monoxide, 388 
Caniagts, side bcam, 181-82 
Carriages, welding machine. 179-80 
Certification. SeeQudification and certification. 
CGA. See C o m p d  Gas Association. 
Charpy V-notch impact test, 371-72 
Chemical analysis, 370 
Chlorinated hydrocarbons, ventilation of, 3% 
Codes. See Standards. 
Compnssbd Gas Association, 218, 232 
Compressed gm cylinders. See o h  Comprcsscd 

23 1-32 

gaws. handling of. 
filling, 397 
gas withdrawal, 397-98 
storage, 397 
usc, 397 
valva(s), 398 
valve threads, standard, 398 

Compressed gases, handling of. See ako Corn- 
p d  gas cylinders. 

acctyknc, 401 
argon, 40 I 
carbon dioxide, 401 
cryogenic cylinders and tanks, 399 
rut1 gases, 4o0401 
helium, 401 
inert g r u e ~ ,  40 1 
manifolds, 400 
methylacetykne-propadicne (MPS) ,  401 
nitrogen, 401 

pnssurc rclicf devices, 398-99 
replators, 398,39940 
shielding guu, 401 

Concavity, weld root, 352 
C o n f - 1 ~  speccs, 395-% 

welding in, 393-94 
working in, 381 

oxygen, 400 

Containers, d e  praclias for, 383-84 
Containcra, welding on, 394 
corrosion properties of metals, 12-13 
Cost estimating. See a h  welding cost 

&mating. 
d k  labor, 12.3 
direct materials, 123 
elemtntr of, 122-23 
factory overhead, 123 
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manufacturing costs, 123 

small tools, jigs, and fix~urcs, 123 
supplementary d i n g  List, 148 

Cracks, 287, 304, 305, 349, 351-52 
bax metal, 296,301-2 
cold, 289 
crater, 280,290, 30 I 
definition, 278 
delayed, 289 
hot, 278,279 
hydrogen induced, 279,301-2 
longitudinal, 280,300-301 
s i g n h u m ,  302 
surface, 333 
throat, 280,289 
toc, 280,290 
transverse, 280, 300 
underbead, 280,290 
weld metal, 295-96, 300-30I 

Cnep failure ol  welds, 314 
Cryogenic cylinders and tanks for liquids, 399 
Cryogenic liquid transfcr lines, 399 
CSA. See Canadian Standards Association. 

p ~ r p ~ m  or, 122 

Defat, definition of, 278,321 
Defective weld, definition of, 278 
Delamination, 280 
Design consideralions 

bending, 22-25 
compmivc lading, 20-21, 22 
deflections of beam, 23 
design approach, 17 
design formulas, 18-20 
designing for rigidity, I8 
designing for strength, 18 
diagonal bracing, 28 
form, transfcr of, 28-3 I 
loading, types of, 23-28 
shear, 25-26 
shear stress in torsion, 27-28 

tension loading, 20 
torsion, 26-28 
torsional rcaistamx, 2&2? 
welded design, basis for, 18 
welding p r m ,  influena of, 31-32 

StrUcturlll Salety, 17-18 

h i g n  for welding 1-91, Ser uho Alumhum 
suuctws;RCSigIlcomiderptioWFWwclda: 

Ptopcrtics of merals; S k c l  welds, suing n! 
Weldbd joints, design 06 Weldrnent dcsijr 
program. 

daigncds) of wcldments, 2-3 
ObjtCtim, I 
supplementary reading list, 91 

Design of brazements, In 
Design Of welded joints. See Welded jolni\ 

design of. 
Desrruaive testing. See aLro Mechanical testinp 

Nondestructive testing; Proof tcsting, 
chemical ~ a l y ~ i r ,  370 
chemical solutioils for etching. 374 
general dcscription, 370 
macroctching procedures, 373 
macroscopic examinations, 373 
metallographic examinations, 373-74 
microxopic examinations, 37374 

Deutschcs Institute h e r  Normung, 217 
DIN, 217 
Discontinuitia. (Set o h  the spctific type I>: 

discuntinuity.) 
ecaptancc standards, 308, 3 I I 
in brazed join&. 306-8,309-10 
definition or, 278, 321 
discontinuity-matcrial rclationships, 31 I .  I 4  
effects on mechanical properlies, 3 I I - I4 
in flash welds, 303-6 
in friction wclds, 3034  
fusion type d’wontiniiity, 287 
in fusion mkk, 278-93 
in mistance welds, 3034 
signiricancc of, 308,311-15 
in soldered joints, 3 0 5 4  
in solid state welds. 303-6 
in upset welds, 303-6 
nith various welding prcxxsscs, 287 

Discontinuides in brazed and solderad join& 
Baxptlncc Limits, M1 
bape metal erosion, 307 
cracks, 307 
flux entrapment, 307 
Irk of fa, 307 
noncontinuous fillets, 307 
poor surface appcarancc, 307 
typical discontinuities and am, 307-8 

Discontinuities in fusion welds. (Sn a h  specific 
types of discontinuity.) 

base metal flaws, 290-92,N 1-2 
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c a w ,  29311 
classillcation of, 278-79 
common types, 280-86 

dimensional dkrcpanciea, 292-93 
exassive rcinforamcnt, 3 12 
inadequate joint penetrntion, 28849,299-300 
inadequate joint propedcs, 302 
irtcomplctc fusion, 288, 
joint miralignmcnt, 293 
joint preparation, incornct, 293 
location and O C C U ~ ~ ~ C ,  279-88 
material relaid, 219 
overlap, 289 
pla!mr types, 279 

proccss related, 278, 287 
remedies for, 293K 
slag inclusions, 288,298. 312-13 
surfaa irrrgulariria, 290,291 I ,  302 
SUrfBCc porn, 290 
tungsten inclusions, 288 
undercut, 289 
underfill, 289 
warpsgc, 293 
weld joint properties, inadequate, 302 
weld profile, i n c o m ,  293, 294 
weld size, incorrect, 293 

anisotropic mechanical bchavior, 304 
anter  discontinuities, 303-304, 305 
cracking, 304, 305 
die burns, 304 
nmh welds, 303fl 
flat spok, 304,306 
friction welds, 303K 
inclusions, 305 
mi4ignment, 303 
upset geometry, 303 
upset welds, N3ff 
wlding proceJses, 303 

cracks, 289-90, 300-302 

por ',ity, 288, 293-97 

Dixontinuities in resistancz and solid state welds 

Dissolved g a m  in weld metal, 296-97. See abo 

Distortions, 16 
Porosity. 

Duty cycle, 127-28 

Eddy cumnt testing, 321.324. .See alro Non- 
dcstrudivc testing. 

applications, 354 

cracks, e l lean  of. 355 
demagnetitation, 357 
description, 354 
discontinuities, detanble, 359 
d d y  cumnt(r), 35455 
eddy current pcnetrrtion. 358 
eddy cumnu, propenia of, 3% 
clcctromngnctic propertkc of coils, 3 5 5 4 4  
clcctromagnetic testing. 357-59 
equipment crlibrrtion, 359 
magnetic raiuralion, K ,  357 
&kin  e l l m ,  357 

Economic conridctrtionr for pkiomn, 1 5 9 . ~  
Economk equipment d a i o n .  mathcmaiical 

FAonomia of arc muing  
annlyiii for, 140-41 

manu[sc(uring rullgatioru, 13s 
welding tau, minimilition of. 134-35 
welding fabrication cumt ioni ,  13635 
welding procodurc suggcrtioru, 135 
wcldment h i g n  rupgtltioru, I f4 

Economia of brsrjng and ,oMering 
usembly and fixturing cats,  142 
imponion colts, 143 
join1 design,, I42 
prbctu costs, 14243 
aurfacc pnparation cmu, 142 

Economia of new joining proauci ,  I394 I 
Economia of oxyfucl g u  cutting. 14347 
konomia  of platma arc cutting. 14347 
Economics of thermal cutting, 14347 
Economics of welding nulornation snd robotics. 

135.39. Scr dlro Economics of arc welding; 
WeMing cos1 estimating. 

bcncfilr of, 136 
combined operations, 138 
cosls, 136 
deposition cfliciency, I37 
quipmcnl and tooling seleaion. 138-39 
improvement factor, ovcrdl. I 38 
installation costs, 138 
matend handling, 137 
operator factor, 137.38 
part m r a c y ,  137 
p a  gcornetry, 136 
production estimates, I M 
rcturn on investment, percentage, 138 
d a y ,  137 
weld joint design, I38 
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welding site and environment, 134-37 

cables and connecton, 4034 
electric shock, 402,409,4 I O  
e l t a r i d  grounding, 403 
equipment installation, 403,408 
equipment selection, 402 
fire prevention, 405 
grounding, electrical, 408 
maintenance of welding machines, 404-5 
personnel training, 403 
resistance welding, 407-8 
welding leads, 4034 
in welding operations, 404 
welding under damp conditions, 404 

Explosion prevention, 383-84 
Eye protection, 322,384,385 

Electrical safety, 402-5 

for electron kam welding, 410 
for laser beams, 4 IO 
for mistance welding, 407 
for thermal spraying, 412 

Face protection, 384 
Fatigue strtngth 

of aluminum welds, 86,89 
of s ta l  welds, 51-58 

Federal standards, 22-37 
Fillet welds, See acto Steel welds, sizing ol; 

Tubular connections, structural; Welded 
joints, design of. 

applications, 39 
double, 36,41,42 
effective throat, 39 
intermittent, 39, 56 
load(s) for steel, unit, 50 
measurement gas,  335 
minimum size for aluminum, 86 
minimum sizc for stel ,  51 
shear strength, aluminum, 86,8748 
single, 36,41 

skewed, 61 
strength of, 39 
in tubular connections. 68.78 

Fi prevention, 383 
claclriul, 405 

Fiiun(s). 280,290 

si, 3940 

for hrmd sprayin& 412 

d d i t i o n  of, 2n 

Fitness for purpose, 276,277 
Fixtures, 204. See aho Fixtures, brazing; 

Fixturn, welding. 
ipplications, 15  I 
definition, 1% 
design features, 150-5 I 
supplementary reading list, 175 

Fixturn, brazing. See alro Fixtum. 
assembly for brazing, 153-54, 157 
for close-tolerance assernblics, 158 
design, 156-58 
for dip brazing, 156, 159 
fmture materials, 15656 
for furnace brazin& 156, 158 
general considerations, 153 
for induction brazing, 156, 158-59 
self-fixturing, 154, 157 
for short runs. 156 

design considerations. 152-53 
Fixtures, wlding, 183, 188. See aLto Fixtum. 

cxmples, 153ff 
Flat spots in welds, 304,306 
Flaws 
base metal, 290-92 
definition of, 278,321 

penetrant testing. 
Fluorescent penetrant testing. See Liquid 

Fluorides in fumes and gases, 389 
fluoride compounds, safe practices with. 395-96 
Fracture mechanics, IO. 313, 314-15. See 4Do 

Fracturc toughness, 9-10,313n. See oDo 
Fracture toughness. 

Fracture mechanics. 
F ~ I  rim, 401 
Fumes and gases, 205.380 

air sampling, 3% 

from arc wcldhg, 388-89 
asphyxiants, 388 
carbon monoxide, 388 
definition of fume, 38On 
from electron beam wckiing, 4 10 

expmurc measurement, 3% 
from fluorine compounds, 389,395-% 
fume constituents, 388-89 
fume gcneration rate fmon, 389-90 
hazardour typa, 388 
with IpDcr bum welding and cuuing. 4 IO- I 1 

arc voltage, or, 389 

expure  factors, 390-91 
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metal transfer cffccts, 389 
operator p r o t d o n ,  387K 
oxides of nitrogen, 388 
from oxyfuel gas welding and cutting, 390 
ozone, 388 
permissible tin&, 387-88 
position of welder's head, 390 
shielding gas, e f f w  of, 389-90 
shop size, cffccts of, 390 
sources, 388-89 
welding consumables, c f f m  of. 390 
welding cumnt, e K d s  of, 389 
welding helmet design, 391 
welding process, dm of, 390 

Fusion welds, discontinuities in, Sce 
Discontinuitia in fusion welds. 

Goodman design s t m  diagram, 57 
Groove welds 

allowable fatigue conditions, p 
complete-joint-pcnetrarion, 37,45, 46 
d ~ ~ b l e - k ~ e l - ~ o o ~ ~ ,  38-39 
douSlt-V-grmvc, 38 
effective throat, 45, 50 
fatigue strength, 57-58, 59 

partial-joint-penetration, 37-38,45, 77 
single-bevel-groove, 38 
single-V-groove, 38 

J-~OOVC, 39 

S~U~IT-DOOVC, 38 
U-groove, 39 

Guides. See Standards. 

Hardncss testing, 372-73 
Hot work pcrrnit system, 387 
Hydrogn in weld metal, 2%97 
i iydrostatic testing, 374-75 

Impact tating ofwelds, 371-72, See d o  

Inadequate joint penetration, 280, 287, 288-89, 
Fracture toughncss. 

334,352 
causes, !E@ 
definition of, 278 
remedies for, 299-300 
s i g n i r i  of, 300 

Inclusions in welds, 295,3011 
Incomplete fusion, 280,287,288,334,352 

299 

Index I 437 

definition of, 278 
remedies for, 299 
ripificPnce of, 299 

Inspection, 16-17, 318-77. See oLco 
Nondcstmdvc testing; Proof testing. 

of bra& joinu, 376 
datnraivc bt ing,  370-74 
inspection plan, 3 19-20 
nondatruclivc Itsting, 321-70 
plan ackction, 320 
production mp l ing ,  320 
proof testing, 374-76 
supplementary reading list, 377 
welding inspactor(s), 318-19 
Welding Inspeaor Qualfication and 

Certzcation Program, AWS, 318 

217,218,222,237 

Standardization. 

lnternalional Organization for Standardization. 

ISO. Scc International Organization for 

Japanese Standards Associations, 2 I7 
Jigs. Src Fixtuns. 
JIS, 217 
Joint types, 32-36,98, 101, 104 

Lamellar tearing, 4580-8 I ,  279,280,292 
Laminations, 280, 292 
LAP joints, double wcldcd, 4 I 
Laps in basc metal, 280,292 
k r  beam h d s ,  4 IO 
Leak Itsting, 375-76 
Later designations for 

brazing processes, 1 13 
nondcstructivc examinat,ion 

welding processes, 101 
mahock, 116 

Liquid penetrant testing, 321,323. See d o  
Nondestw-vc testing. 

applications, 329 
equipment, 329 
interpretation of indications, 333-54 
mtcrinb, 329-30 
p'ocaduns, 330-33 

L a d  testing, 374 

Machine pards, 387 
Mrhine weldin& Ifp-82 
M.croscopic examinstion, 373 
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Magnetic particle testing, 321, 323, See aho 
Nondestructive testing. 

applications, 334-35 
demagnetization, 341 
discontinuity indications, 34 1-42 
discontinuity indications, interpntarion of, 

dry method, 339 
equipment, 34041 
false indications, 342 
inspection media. 339-40 
limitations, 335 
magnetic field orientation, 335 
magnetization, circular, 336-37 
magnetization, continuous, M 
magnetization, localized, 338 
magnetization, longitudinal, 337 
magnetization, midual, 340 
magnetization, yolk method, 338 
magnetizing cumnt, amount of, 339 
magnetizing cumnt, types of, 338-39 
operation, sequena. of. 340 
principles, 334 
prod magnetization, 338 
rccording of mulls, 341 
quiremenu, essential. 34 
wet method, 3 3 9 4  

342-43 

Manipulators, welding head, 180$1 
Manuftxtunrs associations, 244 
Manufectunr’s material safety data sheeu, 395 
Mechanical properties of mals. &e Metals, 

Mechanical testing, See a h  Proof tcsting. 
properties of. 

bend testing. 37 1 
hardness testing, 372-73 
impact testing, 371-72. Scc olro Fracturt 

toughness. 
tension testing, 371 

Metal fume fever, 3% 
Mctal properties. Scc Properties of metals. 
Metallographic examination, 313-74 
Metals, properties of 

corrosion propcrtia, 12-13 
creep rupture properties. I I 
ductility, E9 
elastic limit, 5 

ekvatd temperature properties, 10-1 I 
cndurana limit, 7 , 8  

elcclrical conductivity, I2 

fatigue life. 7, 8 
fatigue limit, 7 
fatigue strength, 7-8 
fatigue s t m  range, 8 
fracture toughncss, 9-10,3 13n 
low temperature properties, 10 
mechanical properties, 5-1 I 
melting tempcratun, 12 
modulus of cladcity, 5 
modulus of elmticity of steel, 20 
notch toughness, IO, I I 
physical propcnics, 12 
plartic deformation, 6 
proportional limit, 6 
stress-strain diagram, 6 
structun-insensitive propedes, 3-4 
structure-sensitive properties, 3-4 
tensile strength, 7 
thermal conductivity, I2 
thermal expansion, mflicient of, 12 
yield point, 7 
yield strength, 7 
Young’s modulus, 5 

Methods. See Standards. 
Microscopic examination, W-74 
Military specifications. 233-37 

National Board of Boiler and Prcssurc Vesxl 

National Fire Protection Association, 218, 238 
Naval Publications and Forms Center, 218 
NFPA. See National Fire Protection 

Nitrogcn in weld metal, 296-97 
Noise exposure, allowable levels, 386 
Nondestructive examinations. See 

Nondestructive examination symbols 
acoustic emission examination, 119 
all-around examination, 118 
arta of examination, I I9 
arrow location sign5cancq I16 
arrow side examination, 116, I17 
combined symbols, 1 17, I 18 
elements of, I16 
length of examination, 117-18 
h e r  designations, I16 
no side signifmncc, I17 
number ofexaminaliorl. I18 

Inspectors, 218,237-38 

Association. 

Nondestructive testing; Proof testing. 
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other side examinations, I17 
radiographic examination, 117 
rcfennm, I17 

Nondestructive testing. See also Acoustic 
emission testing; Eddy current testing; 
Liquid penetrant testing, Magnetic partkk 
testing; Radiographic testing; Ultrasonic 
testing; Visual inspcaion; Nondestructive 
examination symbols; Destructive testing. 

dcfinitions, 321 
methods, 321, 322-24 
qualification of personnel, 271 
masons for use, 32 I 

Occupational Srdety and Health Administration, 

Operating factor, 159-60 
OSHA. See Occupational Safety and Health 

Administration. 
Overlap, 280, 287, 289 

definition or, 278 
Oxygen in wctd metal, 296-97 
Oronc, 388 

Performance qualification, 246,247 

232 

of brazers, 268,270-7 I ,  272 
of welders, 26 148 

PFI. &e Pipe Fabrication Institute. 
Physical properties of metals. See Metals, 

properties of. 
Pipe Fabrication Institute, 218,238-39 
Pncumatic testing, 375 
Porosity, 280,287, 288, 35 I 
causes, 293,295-% 
definition of. 278 
effect on fatigue Life, 3 12 
effect on mechanical properties, 297 
signiiicance of, 297 
surface, 297.334 

Positionen, 204. S P ~ Q D O  Positionen, headstock- 
tailstock; Positionen, tilting-rotating. 

attachment of wldmnt ,  172 
EnVT of gravity, 168-72 
economic cansiderations, 159-60 
general demiption, 159 
safety, 166-68 
suppkmentrry d i n g  h, 175 
technical considerations. 168-74 
tilt torque. 170 

turning roll(s), 160, 161 
turning roll tractive cffort, I70 
turntable positionen, 163 
typm of positioning. 160 
work lead connarions, 174 

Positionen, headstock-tailstock. See also 
Positioners. 

applications, I61 4 3  
features and acmsorics, 163 
general description, 1 6 M 1  

capacity ratin& I64 
cznter of gravity, IMn 
dropccnter tilting, 164, 166 
functions, I64 
general description, 163-64 
power elevetcd, 166 
sky hook, 166, 169 

Positionen, tilting-rotating. SPrrrka Posiiioncn. 

special types, 166 
Positions of fillet welds, 264 
Pasitions of groove wlds, 263 
Procedure spcdcations, 246, 248-55 

brszing, 253-55 
csxntiat variables, 246 
noncssential vm'ables, 246 
proctdun qualfication mord ,  246 
qualification of, 256-61 
m i s t a m  welding. 255 
welding, 24&53 

Proms safety, 405- I4 
Proof testing. & alro Dcstructive testing, 

Mechanical testing. 
hydrostatic testing, 374-75 
leak testing, 375-76 
load testing, 374 
pneumatic testing, 375 
puqU2,374 
spin tatin& 375 
s t m  relief, 376 

Protective clothing, 384, 386 

Qndification and certification, 246-74 
of brazing procadurn, 259,261 
certifimtion, 246-47 
codes md standards, 247 
joining promses, 247 
nondMructivc -ling personnel, 27 I 
of procedure specirications, 256-61 
requirements, standardization of, 273 
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supplementary reading list, 274 
thcrrnal-spray operators, 271 
welding impcaors, 271, 273 
of welding procedures. 246 

Qualification of braring procedures, 259, 261 
Qualification of procedurt specifications, 25661 
Qurllilication of mistance welding p r d u r c s ,  

259,261, See alro Welding procedure rpcc- 
ifications; Qualification of welding prom- 
dum.  

Qualification of welding p r d u r c s ,  256-59. See 
ulro Welding procedure spcciIications. 

prcparation of sample joinu, 2% 
procbdure changes, 257,259-60 
wording ~ U I I S ,  2.57 

testing of welds, 256-57 
steps, 256 

Quality of wclda. Set Weld quality. 
Quenched-and-tempered stccls, welding of, 31 

Radiographic testing. 321, 322. See also 
Nondestructive testing. 

description, 343 
discontinuities, interpretation of, 349-53 
csscntial elemenb, 343 
exposun tcchniqucs, 349, 3% 
film processing, 346 
film viewing, 349 
gamma ray sources, 343,344 
idcnlification markers, 349 
image quality indicators, 34749 
image quality requirements, 348 
pemtrametcrs, 347-49 
radiation absorption, 346 
radiation monitoring, 554 
radiation protection, 353 
radiographer, 346 
radiographic irnagc quality, 347 
radiographs, interpretation of, 346-47, 349 
radioisotopes, 343,344 
recording or viewing mans, 346 
safe practim, 353-54 
sensitivity, 353 
stttl thickncss limitations, 345 
x-ray s o u m ,  343,344 

Radiography. See Radiographic testing. 
Radius of gyration. 21 
Rccornmded practices. SPC Standards. 

~ AWS WHB-5 INDEX **  I 07842b5 0010083 3 I - 

Rcsistana welding automation. See Automation, 

Resistance welding controls. 197-99 
Resistam welding equipment, 197 
Resktana welding prdurcqualilication, 259, X t 
Kesistancc welding procedure specifications, 255 
Respiralory protcctivc quipment, 393 
Kobotics,economia of. See Economics of welding 

Robots, arc welding. SQQ ulro Roboh, welding. 

resistana welding. 

automation and robotics. 

aacssories, 205-8 
sccuracy. 202 
arc voltage control, 204 
axes of motion, 201-2 
control interfaas, 204 
features, 200-201 
lixtum, controt of, 204 
material handling, 204 
positionen; EX of, 204 
programming, 205 
repeatability, 202 
welding equipment, 203 
welding equipment control, 204 
welding guns, 203 
welding power s o u m ,  203 
wclding proass control, 202-3 
welding torch(es), 203 
wclding torch mounts, 203 
welding wire feeders, 203 
welding wire supply, 208 

Robots, welding, 16, 184-185. See ulro Robots, 
arc welding; Automation, welding. 

accuracy, I% 
anthropmorphic, I%, 200 
articulated, 185 
axes, number of, 1% 
cylindrical coordinate. I %  
jointed ann, 1%. 200 
load capacity, I% 
maintenam, 197 
programming, 185 
mtilincar, 185, I%, 201 
rcliability, 19697 
npcatability, I% 
safety, 197 
spherical coordinate, 1% 

Rockwell hardness hi, 372 

SAE. Set Society of Automotive Engineers. 
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Safe practices, 380-415, See aCIo Fumes and 
gases; Ventilation: Compressed gascs, han- 
dling ol: Compressed gas cylinders; Elec- 
trical safety. 

for arc cutting, 406-7 
for arc welding, 406-7 
bum prevention, 384-86 
combustibles, 383 
codinad spaas, 38 1 
containers, venting of, 383-84 
for electron beam welding, 409-10 
exape routes, 381 
excessive no&, protection from, 386-87 
explosion prevcntion, 383-84 
for explosion wclding, 41 I 
cyc protection, 382, 384,385,407, 410 
facc protection, 384 
fire prevention. 383 
firc watch, 383 
flammable vapors. 383 
for friction welding, 41 1 

gener4 area, 38 1-82 
for high frequency welding, 409 
hot work pcn-nit system, 387 
housekeeping, 38 I 
for 
Tor liquid oxygcn, 399 
machine guards, 387 
management support, 380 
pinch points of equipment, 387 
protective clothing, 384,386 
protective screens, 381-82 
public demonstrations, 382-83 
safety lakls. 380-8 I 
safety lines. 381 
safety rails, 38 I 
safety training, 380-8 I 
supplementary reading list, 41 5 
far thermit welding, 41 1-12 
tripping hazards, 381 
Tor ultrasonic welding, 41 I 
viewing filter plates, 385 
wall reflectivity, 382 
warning signs, 38 I 

Safe practices for adhesive bonding 
adhesives, handling of, 413-14 
flammabk material storage, 413 
protective clothing, 414 

fuel gas fires, 40 I 

beam welding and cutting, 410-1 I 

toxic materials, handling of, 413 

brazing atmosphera, 408 
dip brazing and soldering, 408 
hazards, 408 
for soldering fluxes, 408-9 
ventilation, 408 

bacldirc prevcntion, 406 
flashback arresters, 406 
flashback prevention, 406 
gas hoscs, 4054 
nverse flow check valves, 406 
shutdown proadurn, 406 
torches, 405 

Sale practica for brazing and soldering 

Safe practices for oxyfuel gas weldingand cutting 

Safe practices for radiographic testing, 353-54 
Safe practices for rtsistance welding 

electrical considerations, 407-8 
grounding, 408 
guarding of machines, 407 
mechanical considerations, 407 

car protection, 4 13 
cyc protection, 412 
protective clothing, 413 
mpiratory protection, 41 3 

Sde~y ,  positioner, 166-68 
Safetyin Wcldhgand Cutting, ANSI/ASCZA9. I ,  

Safety labels, 380-81 

Safety standards, 223,230-3 I ,  238 
Scam tracking systcms, 205-8 
Seams in base metal. 280,292 
Shrinkage voids, definition of, 278 
Side beam carriage, 181-82 
Slag, surface, 334 
Slag inclusion(s), 279, 280, 287, 288, 351 

Safe practices for thermal spraying, 4 12-13 

383,403 

safety or StNCtum, 17-18 

causes and rcmedics, 298 
definition of, 278 
effects on mechanical properties, 298 

Society of Automotive Engineers, 218,239-44 
automotive welding standards, 239 
Aerospaa: Material SpbciIications, 23943 

Solderad joints, discontinuities in. See 
Dis0o~’huitics in brazed and soldcdjoinu. 

Soldering Cost estimating, 123-24 
Soldering economics. See Economics of brazing 

and soldering. 

Copyright by the American Welding Society Inc 
Sat JUI a5 ia:59:58 1997 



442 I INDEX 

Spin tcsting, 375 
Sla in la  stal, vtntilation during cutting, 3% 
Standards, 21544 

American National Standards, 221-22 
applications, 217-19 
automotive welding, 229 
for bridges, 219 
for buildings, 221 
filler metals, 227-28 
machinery a d  equipment welding, 229 
marine welding, 230 
mechanical testing, 226-29 
military, 233-237 
piping and tubing. welding of, 230 
products covercd, 220 
qualifcations, 228 
reinforcing steel, welding of, 230 
revision of, 217 
safety, 238 
safety in welding and cutting, 230-3 I 
shat  metal welding, 230 
for ships, 219-21 
sourccs, 216-17, 218 
structural welding, 230 
Unified Numbering System, 243-44 
for welding applications, 229-31 

Standards, Federal, 232-37 
Steel welds, sizing of, 45-67. See aho Fillet welds; 

Tubular connections, structural; Welded 
joinu, design of; Groove wtlds. 

allowable strcscs, 45ff 
cyclic loading, 51-58 
fatigue stms range, 5 I I 56 
Fatigue s t m  ratio, 58, 59 
fillct welds, 56-57 
fillet welds, skewed, 6 I 
f o ra  per unh kngth, 62-63 
primary welds, 58,60 
in rigid structures, 58 
secondary welds, 5 8 , 6 0  
single-V-groove welds, 57-58,59 
static loading, 45-5 I 
stress, allowabk, in fatigue, 51-56 
weld as a line, hating a, 62-67 
weld s k ,  63,66-67 
welded c o n d o n s ,  pro+ of, 64-66 

Stmscs, alldwabk, in rtal welds, 458 
Structural tubular connections. Sec Tubular 

connections, structural. 

Superintendent of Documents, 2 I8 
Sutfacc discontinuities, 326 
Surf- imgularitis, 302 
Symbols for welding, brazing, and nondcstrucrivc 

examinations. Scc Weldingsymbols; Brazing 
symbols; Nondcsldvc exmination symbok 

Tension testing of mlds, 371 
Test positions for welding, 250-53 
Thermal spray opcrator qualifications, 271 
Tooling. See Fixturn. 
Toxic material d e t y ,  394-95 
Tubular connections, srructural, 68-80 

fatigue behavior, 80 
fillet wcld details, 68, 78 
general collapse, 79 
groove weld designs, 68,72-75,77 
K-connections, 68K 
lamellar tearing, 79-80 
load, uneven distribution or, 76 

T-connections, 6811 
weld joint design, 68-76 
Yconnections, 68ff 

Tungsten inclusion(s), 279,280, 287, 288 
Turning rolls, 160, 161 

lractive effort, 170 
Turntable positionen, 163 

local raiiure, 76 

Ultrasonic testing, 32 I, 323. &e also 
Nondestmctive testing. 

advantages, 360 
applications, 360 
basic quipment, 360-62 
calibration test blocks, 363 
coupling, 363 
general description, 359-60 
limitations, 360 
longitudinal sound waves, 262-63 
operator qualifications, 364 
pulse-echo method, 360-62 
reporting mults, 364 
sound behavior in metals, 362 
sound wave forms, 362-63 

test proadurn. 36364,365 
transverse sound waves, 363 
weld discontinuities, evaluation of, 364ff 

tcst rqwncics, 362 
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Undercut, 280,287, 289.352 

Underfill, 280, 289 

Unified I’iumbering System, 24344 
Uniform Boiler and Prtuun: V a l  Laws Society, 

United Statcs Code of Federal Regulations, 232, 

dcfinition of, 278 

definition of, 278 

2 18.224 

233 

Vcniilation. 388, 390 
air movement, dircction of, 392 
for brazing and soldering, 408 
or chlorinated hydrocarbons, 3% 
or cleaning compounds, 3% 
confined spaces, fluorine compounds in, 395 
confined spaccs, welding in, 393-94 
contninen, welding on, 394 
crossdraft table, 393 
cutting of stainless steel, 3% 
downdraft table, 393 
general ventilation, 39 1-92 
gun-mounted equipment, 393 
local exhaust, 392-93 
local venrilation, 392-93 
mcrhods of, 39 1-93 
natural ventilation, 391 
respiratory protective quipmerit, 393 
or toxic materials, 394-95 
water tables for welding and cutting, 393 
of zinc fume, 3% 

Vicken hardness tat, 373 
Viewing filter plates for welding, brazing, 

soldering, and cutting, 385 
Visible pcnctrant testing. See Liquid 

penetrant testing. 
Visual inspection, 321-28. See also 

Nondestructive testing. 
after welding, 326-28 
dimensional accuracy. 32628 
during welding, 326 
equipment for, 325 
of postweld heat treatment, 328 
prior to welding, 325 
wcld measurement g a p ,  325 
weld workmanship standards, 326-27 

Water tables, 393 
Weld distortion. I2 

Weld quality, 276-316. See oh0 Inspection. 
cost considerations, 277 
definitions of terms, 278 
meaning of, 276.71 
selection of, 277 
supplementary reading list, 316 

Weld rcinforament, 353 
Weld she, 15 
Welded joinw, design of IS, 32-45. See oh0 

Aluminum structum; Fillet wclds; Stcel 
wclds, siting of: Tubular connections, SIIUC- 
turd. 

combined welds, 41 
comer joinys), 43-45 
cost considerations, 4142  
double-bevel-p00ve weld, 35, 38-39, 42 
doubk-V-groove weld, 35,38 
efktive throat, 43,44 
fillet weld(s1, 39-41 
groove welds, 34-39 
J-groove weld, 34,35,39 
joint eficicncy, 36 
joint penetration, 36-38 
lamellar tearing, 45 
single-bcvcl-groove weld, 34-38, 42 
single-V-groove weld, 34, 38 
~ U Z U C - ~ O O V C  weld, 34, 38 
lor tubular s ~ r u a u m ,  68-76 
types of joints, 32-36 

weld type, selection of, 4 1-43 
U - ~ O O W  Weld, 34,35, 39 

Welder performance qualification, 261-68. See 
o b  Brazer performance qualification. 

duration of qualification. 268 
limitation of variables, 262 
qualification records, 2 6 7 4 , 2 6 9  
quinments,  262 
test specimens, 262,265-67 
testing of welds, 267 
weld type and position limitations, 267 

Welding automation. See Automation, welding. 
Welding automation, economia of. See k5 

nomics of welding automation and robotics. 
Weldingcost estimating. SeeahCost cstimating. 

deposition cfficicncy, 125 
ekmentc in welding costs, 124-27 
filler metal costs, 129-31 

labor costs. 125,128 
flux costs, I3 1-33 
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material costs, 125 
methods, 127-33 
operating factor, 127-28 
overhead cos&, 125-27, 133 
shielding gas costs, 133 
standard data. 128, 128n 
variables, 124 

Welding design. See Design for welding. 
Welding head manipulators, 1W1 
Welding fixturn, 152-53 
Welding inspector 

duties, 319 
requirements for, 318-19 

Welding inspector qualification, 217,273 
Welding Inspector Qualilidon and 

Welding machine carriages, 173-80 
Welding p r d u n  spacificntions, 16, 246, 248- 

53. See a h  Brazing procadurr specificn- 
tions; P r d u n  specifications. Qualifica- 
tion of welding proctdurts. 

Certification Program, AWS, 318 

applications, 253 
forms. 253,254 
pnqualilied welding procedures, 248 
qualification of, 255-59 
responsibility for, 249 
subjects covercd, 249 
test positions for welding, 250-53 

Welding robots. See RoboLs, welding. 
Welding safety, 380-87 
Welding symbols 

arrow, significana of, 95,97 
arrow side, 95 
backing symbol, 98, 102 
construction of, 98, 102 
contour symbol, 98, 102 
dimensions of weld, %, 98 

ekments, location of, 95-96 
ekmenu of, 94-95 

field weld symbol, 96-98, 101 
fillet weld, 103, 107 

types, 248 

doUbk-V-uooK weld, 103, 105 

examples of, 101-12 

flangc weld, 106, I I O  
intermittent weld, %, 99 
joints, types of, 98, 101, I &  
kngth of weld, %, 98 
melt-thru symbol, 98, 101 
other side, 95 
plug weld, 103-6, 108 
prcxss letter designations, 101 
referma linds), 94, %, 98 
referenas, 95 
seam weld, 107, I I2 
s~ngle-flarc-bevel-~(rove weld, 103. 106 
tingle-flare-V-groove weld, 103, 106 
single-V-groove weld, 101, 105 
s h e  of weld, %, 98 
slot weld, 103-6, 109' 
spacer symbol, 98, 102 
spot weld, 106-7, I I I 
suppkmentary symbols, %fT 
weld symbols, 94-95 
weld-all-around symbol, %, 100 

Wcldment design. See Design for welding. 
Weldment design program, 13-17 

cleaning, 16-17 
design factors, 14 
designing the weldment, 14-16 
existing design, analysis of, I3 
fixtures, positioners, and robots, use of, I6 
forming of p a ,  14-15 
inspaction, 1617 
l o d  conditions, determination of, 13-14 
part preparation, 14 
midual s t n s x j  and distortion, 16 
subassemblies, UK of, 16 
weld joint design. 15. See oko Welded joinu. 

weld size and amount, 15 
welding procedums, 16 

design of. 

Welds in stctl. See Steel welds, sizing of. 

X-radiation from electron beams, 409 

Zinc fume, 3% 
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