
An Analytical and Experimental Study of the 
Effects of Welding Parameters on Fusion Welds 

The effects of welding parameters upon the deformations and residual stresses 
produced by circular welds on thin plate are examined 

BY B. K. JONES, A. F. EMERY AND S. J. MARBURGER 

ABSTRACT. A major concern in weld
ing structures is the determination of a 
proper welding procedure, i.e., travel 
speed, power and preheat, in the pres
ence of external mechanical constraints 
or constraints self-induced by the struc
ture's shape. This paper discusses a study 
to characterize the effects of certain pa
rameters upon the deformations and 
residual stresses produced by circular 
welds on a thin plate. In this work, rela
tively simple modeling assumptions are 
used to gain insight into the behavior of 
welded structures. The temperatures, 
distortions and residual stresses pre
dicted by the models are verified by 
comparison to baseline experiments. 
The models are then used to explore the 
effects that factors such as heat sinking, 
preheating and geometry have on the de
formations and residual stresses in the 
workpiece. 

Introduction 

How welding parameters are varied 
in order to minimize distortions and 
residual stresses is more an art than a sci
ence. Currently, despite continuous ad
vances in analyzing the welding process, 
only broad generalizations are available 
about the link between the welding pro
cedure and the mechanical behavior of 
the weld. It is known, for instance, that 
preheating w i l l generally reduce the 
residual stresses in a weldment. The 
amount of reduction, however, as well 
as the interaction of preheating with 
other factors is not generally quantified. 
Likewise, the use of heat sinks at the 
boundaries of the weldment can change 
the heat flow and associated distortions. 
But knowing where and when to use heat 
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sinks and gauging their effect has tradi
tionally involved more intuition than en
gineering science. In many situations, 
the design criteria are f lexible enough 
that such generalizations can easily be 
used to specify the welding parameters. 
In other situations, however, the criteria 
may be so tightly fixed that the trial and 
error approach typically used in speci
fying the procedure becomes inappro
priate. For these situations, it is impor
tant that the welding parameters be pre
cisely characterized if the design crite
ria are to be met. 

To precisely characterize the welding 
parameters is a difficult task. The param
eters vary widely and are highly interac
tive, the physics of the process is com
plex, and the design criteria change ac
cording to the application of the weld. 
A number of weldability tests have been 
developed to characterize materials with 
respect to various criteria. The Lehigh 
test (Ref. 1) is used to evaluate a mate
rial welded under various levels of re
straint. Savage and Lundin (Ref. 2) de
veloped the Varestraint test to evaluate 
a material's propensity for hot cracking. 
Hackett and Seaborn (Ref. 3) developed 
a circular patch test which David and 
Woodhouse (Ref. 4) have modif ied to 
evaluate hot cracking in thin sheet ma-
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terials. These tests, while providing use
ful qualitative information about the cri
teria in question, are purely empirical. 
The results of a Varestraint test, for in
stance, can only be compared to results 
from other Varestraint tests. Relating 
those results to an actual design situa
tion is much more difficult. Likewise, the 
modified circular patch test (Ref. 4) sets 
some very simple conditions by which 
a material is judged to be "weldable," 
"susceptible to cracking" or "highly sus
ceptible to cracking." No attempt is 
made, however, to relate the conditions 
under which the specimen cracked to 
the thermal or mechanical state of the 
test sample. Again, it becomes difficult 
to apply the results of the test to an ac
tual design. 

On the other hand, the complexity of 
the welding process, combined with an 
increasing emphasis on computational 
methods, has led to some very sophisti
cated welding models. Various studies 
have modeled details of the molten weld 
pool, microstructural changes, three-di
mensional thermal and mechanical be
havior, etc. An ideal welding model 
would be able to take as input basic pa
rameters— the geometry, boundary con
ditions, welding speed, power, etc. — 
and, based solely on the principles of 
mechanics, predict the transient behav
ior of the process. This ideal, of course, 
is far from being realized, and numer
ous pitfalls exist. For instance, compu
tation times, even with supercomputers, 
increase dramatically as the level of de
tail within an analysis increases. Obtain
ing direct experimental verif ication of 
computed results can also be more com
plicated than formulating the models 
themselves. A sophisticated model may 
account for numerous factors within the 
welding process, but the effects that are 
modeled may be extremely diff icult or 
even impossible to confirm experimen
tally. 

The objectives of this work are 
twofo ld : The first is to use some rela-
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Fig. 1 — Weld test coupon with restraining "boss" and groove. The 
weld was put down according to the order of the sections shown. 

Fig. 2 — Experimental radial displacement profiles measured on op
posite sides of the coupon. 

tively simple numerical techniques to 
model the global thermal and mechani
cal behavior of welded structures and to 
verify those models with some direct ex
perimental comparisons. The second is 
to use those models to determine how 
some of the basic welding parameters 
and mechanical constraints affect the 
thermal and mechanical behavior. The 
geometry shown in Fig. 1, which is sim
ilar to the circular patch test, was cho
sen for the following reasons: 

1) The geometry is representative of 
a typical manufacturing situation. The 
analytical methods used here can be ap
plied to similar industrial applications. 

2) The thickness of the plate is small 
(0.2 cm/0.08 in.), minimizing through-
thickness effects and allowing the global 
temperature and stress fields to be rep
resented as two dimensional. The outer 
edge of the boss (Fig. 1) is unconstrained, 
eliminating modeling uncertainties, yet 
the circular geometry provides a high 
degree of internal restraint. 

3) Wi th this geometry, similar tests 
can be developed to judge the perfor
mance of a weld under known states of 
temperature, distortion and stress. Such 
tests could be used to simulate full-scale 
welds and to reduce the number of 
mockups used in developing new pro
totypes. 

Our aim in this study is to establish 
some baseline simplifying assumptions 
that can be used in computing the global 
thermal and mechanical behavior of 
welded structures. By limiting our focus 
to relatively simple models based on 
well-established numerical techniques, 
we hope to obtain an intuit ive under
standing of the process without getting 
lost in the details of the calculations. The 
following sections wi l l discuss our ana
lytical approach and describe the exper

iments that were performed to verify the 
analyses. We wil l then show some spe
cific examples of how the analytical 
model can be used to gauge the effect 
of welding parameters on the mechani
cal behavior, and how those parameters 
can be used to manipulate the thermal 
behavior, distortions and residual 
stresses. 

Previous Experimental and 
Analytical Comparisons 

In most welding analyses, perform
ing the calculations is by far the easiest 
part of the problem. Verifying the cal
culated results and drawing appropriate 
conclusions from those results is much 
more difficult. Obtaining reliable exper
imental data in a welding test can be 
particularly diff icult due to the severe 
environment that instrumentation is sub
jected to. Some relevent studies are 
listed below. 

In an early attempt at using finite el
ement methods to analyze the welding 
process, Hibbitt and Marcal (Ref. 5) 
modeled a circular weld bead on a '/_-
in.-thick plate. The geometry was mod
eled axisymmetrically by assuming that 
the temperature distribution was 
psuedo-steady state, i.e., that each ra
dial cross-section of the plate experi
enced essentially the same temperature 
history. The computed residual stresses 
were compared to an experiment con
ducted earlier by Corrigan (Ref. 6). The 
comparison was ambiguous at best — 
Corrigan reported values assuming no 
variation through the plate's thickness 
while Hibbitt and Marcal reported "the 
range of stress" through the thickness. 
In some locations, Corrigan's values 
were within the predicted range, in other 
cases they were well outside it. No com

parisons were shown for thermal behav
ior or distortions. 

Jonsson, Karlsson and Lindgren (Ref. 
7) conducted an analytical and experi
mental comparison of butt joint weld
ing on large plates. They assumed that 
the temperatures, stresses and strains 
were constant through the thickness and, 
similar to Hibbitt and Marcal, that the 
temperature distribution was psuedo-
steady state. Three mechanical measure
ments were made: the gap width ahead 
of the weld pool; transient strains using 
gauges near the weld bead; and resid
ual stresses using hole dr i l l ing tech
niques. The measured and analytical gap 
widths were very close to each other, 
while less conclusive agreement was ob
tained for the transient strains and resid
ual stresses. 

Andersson (Ref. 8), and Papazoglou 
and Masubuchi (Ref. 9) conducted ana
lytical and experimental studies of butt 
joint welding on large plates in which 
phase transformation effects were em
phasized. Neither study, however, 
demonstrated experimentally any such 
effects. Andersson's only experimental 
data were measurements of residual 
stress from hole dril l ing techniques that 
agreed qualitatively wi th his analysis. 
Papazoglou and Masubuchi compared 
the transient strains at a point near the 
fusion zone, obtaining good agreement. 

The residual stresses in girth welded 
pipes have been the subject of numer
ous studies (Refs. 10-1 4). All of the stud
ies listed here modeled the pipe axisym
metrically. Experimental stresses were 
generally determined by using relax
ation techniques and, at best, agreed 
qualitatively with analytical values. Ry
bicki (Ref. 10) also compared experi
mental and analytical deformations, 
showing good agreement. Chandra (Ref. 
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15) reviewed various analytical and ex
perimental methods for residual stresses 
in girth welds. 

A review of these studies wi l l show 
some common themes. First, the ther
mal computations are not true predic
tions of the measured values. The com
plex nature of the heat source/weld pool 
interaction has, to date, prevented any 
reliable prediction of the overall ther
mal behavior based solely upon the 
welding parameters {i.e., arc current, 
voltage, welding speed, etc.). Analysts 
typically vary aspects such as the "arc 
efficiency" or the thermal properties of 
the weld pool until the computed be
havior matches the experiment. This is 
not to say that the computed values are 
purely empirical, but simply that current 
models of welding heat sources require 
some type of empirical input. Second, 
the experimental data used to confirm 
analytical predictions are extremely lim
ited. Although temperatures outside the 
fusion zone can easily be measured 
using thermocouples, the measurement 
of transient deformations and residual 
stresses can at best be described as cum
bersome. In general, spatial resolution 
is extremely poor (most relaxation tech
niques for residual stresses, for instance, 
are based on small stress gradients), re
sults often depend upon the measurer 
and tests are time consuming and ex
pensive to conduct. Finally, it is difficult 
to obtain experimental data which di
rectly verify the gross assumptions of an 
analysis. Verifying fine details, such as 
microstructural changes or weld pool 
assumptions, is often impossible. 

Experimental Approach 

The primary role of the experiments 
in this study is to verify the analytical 
models. Four field variables are used as 
the criteria in judging the models: tem
peratures measured wi th thermocou
ples; displacements measured with the 
use of f iducial marks; transient strains 
measured with high-temperature strain 
gauges; and residual stresses estimated 
using hole-dri l l ing methods. A typical 
experiment is run as fol lows: the test 
sample of Fig. 1 is placed in an auto
mated gas tungsten arc (GTA) welding 
fixture inside an argon atmosphere weld
ing box. A continuously cooled water 
jacket is in constant contact with the 
boss and provides a nearly constant tem
perature boundary condit ion. The ini
tial temperature of the plate and the tem
perature of the water jacket is 10°C 
(50°F). Fiducial marks are made at a ra
dial spacing of 0.64 cm (0.25 in.) on 
eight radial lines, spaced every 45 deg. 
By measuring the location of these marks 
before and after welding, point values 
of the entire displacement field are de-

Fig. 3 — Plane stress finite element mesh for the welding analysis. 

termined. An array of thermocouples is 
attached to the surface of the plate to 
obtain transient temperature measure
ments. In most cases, the thermocouples 
are attached in a circular array, with one 
circle located '/.> in. inside the weld ra
dius, and another circle located '/.• in. 
outside the weld radius. A thermocou
ple is also placed at the center of the 
sample. The sample is welded at a con
stant speed. In some experiments, the 
weld bead is simply applied to the solid 
plate. In other cases, a narrow groove 
(0.05 cm/0.20 in. wide) was initially ma
chined into the plate to better simulate 
the joining of two parts. The portion of 
the plate inside the groove is held in 
place by eight narrow webs that provide 
very little mechanical connection be
tween the two parts. After the bead is 
applied, the sample remains inside the 
water-cooled jacket until it reaches ther
mal equilibrium. 

The sample material is 304L stainless 
steel with a yield stress of 280 MPa (41 
ksi). The welding speed for the tests 
shown here is 6 cm/min (2.36 in./min). 
The weld radius varied from 2.5 to 5.1 
cm (0.98 to 2.0 in.). In each test, the ap
plied potential was constant at 8 V, and 
the current was varied such that the 
width of the weld bead was a constant 
0.6 cm (0.2 in.). 

Experimental errors for thermocou
ple measurements are wel l character
ized and wil l not be discussed here. Dis
placement errors were characterized by 
comparing duplicate measurements of 
the fiducial array on a test sample. The 
measurements matched to within 
0.0002 cm (0.0008 in.). Errors associ
ated with the strain gauge and residual 
stress measurements are less defined. 
During welding, it was observed that the 
temperature in the strain gauge region 
was high enough to al low the epoxy to 
creep — exactly how much is unknown. 
The strain gauge results, however, are 
still useful for a qualitative comparison, 
which wil l be shown later with the ana
lytical/experimental results. Residual 
stress measurements were conducted 
according to Technical Note TN-503-3 
published by Measurements Group, Inc. 
(Ref. 1 6). Since significant errors can be 
introduced from a number of sources, 
the results are best interpreted as an es
timate. 

Analytical Approach 

The complexity of the welding pro
cess has inspired a wide variety of mod
eling approaches, each with its own set 
of assumptions. The computational pro
cess for residual stresses, however, is 
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Fig. 4 — Temperature vs. time for the analysis and three replicate experiments. The thermo
couples in Sectors 1 and 2 were located at a radius of 2.54 cm. The welding arc was extin
guished at approximately 250 s. 

straightforward: Perform a thermal anal
ysis to obtain the global temperature his
tory of the model, then use the temper
ature distributions at discrete steps as 
the driving input for the mechanical 
model. Three difficulties distinguish an 
analysis of the welding process from 
other thermal stress analyses — the ge
ometry of the weldment, the molten 
weld pool and the material behavior at 
elevated temperatures. 

Typically, the geometries for practi
cal welding problems involve three-di
mensional fields of temperature, stress 
and strain. Even for the case of Fig. 1, 
quantities in the immediate region of the 
weld bead most likely wi l l not be con
stant through the thickness. The width 
of the weld bead, for example, was, in 
general, slightly larger on the top of the 
test samples than on the bottom. Like
wise, microstructure variations at the fu

sion zone boundary could negate any 
plane stress assumptions in that region. 
Figure 2 shows the measured radial dis
placement profiles for three circumfer
ential locations on the top and bottom 
surfaces. A comparison of the top and 
bottom profiles shows a slight variation 
with thickness near the weld bead. The 
global behavior, however, shows good 
consistency with the thin-plate assump
tion. By limiting our analysis to two di
mensions, we obviously l imit our abi l
ity to examine the detailed stresses in 
the weld bead region. We lose very lit
tle by this, however, since reliable ex
perimental data in this region are ex
tremely difficult to obtain. By simplify
ing the bead region, however, and veri
fying the computed global behavior of 
the test sample, we can draw some con
clusions regarding the gross behavior of 
the weld bead region. 

Our treatment of the weld pool is 
based upon the following assumptions: 

1) The weldment consists of three re
gions: the molten weld pool, the solidi
fied weld bead and the unmelted mate
rial. The temperature at the boundary of 
the weld pool is known. It is the melt
ing temperature of the welded material. 
The path of this boundary determines 
the boundary of the solidified weld bead. 

2) The behavior of the molten mate
rial does not affect the thermal or me
chanical behavior of the unmelted ma
terial, other than determining the loca
tion of the boundary of the fusion zone. 
It may actually affect the future behav
ior of the solidified weld bead, e.g., 
through constitutive changes, but such 
changes involve complex metallurgical 
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Fig. 6 — Radial displacement vs. the radius, measured along a line centered in each sector. Left — Experimental; right — analytical. 

details and are not addressed here. 
Thus, if one can specify a priori the 

shape and size of the weld pool , the 
need to account for the behavior within 
its boundaries disappears. Since the be
havior of the molten material is of no in
terest wi th respect to the residual 
stresses, one need only specify the tem
perature at the weld pool boundary to 
completely define the problem. This ap
proach is no less empirical than any 
other, but it does have two advantages: 
first, the designer of a particular weld, 
or the welder himself, should have a 
good idea of what the size of the weld 
bead wil l be. Preliminary analyses could 
be based upon this knowledge alone. 
The second advantage is that of simplic
ity. Separate terms simulating the weld 
pool behavior are not needed. 

Implementing this approach in the f i
nite element analysis is straightforward. 
In a typical experiment the width of the 

weld pool averaged 0.6 cm (0.2 in.). Fig
ure 3 shows a finite element mesh that-
was created wi th a row of elements 
whose boundaries correspond to the 
boundary of the actual fusion zone. The 
mesh is then welded, one element at a 
time, by assigning the melting tempera
ture to the fusion zone elements. When 
the welding arc moves, a new element 
is assigned the fusion temperature while 
the previous element cools by conduc
tion to the surrounding material and by 
convection and radiation to the ambi
ent surroundings. 

The thermal and mechanical proper
ties of 304L stainless steel wi th respect 
to the temperature were taken from 
Peckner and Bernstein's Handbook of 
Stainless Steels (Ref. 1 7). The plastic be
havior was modeled following the algo
rithm of Krieg, ef al. (Ref. 1 8). Yielding 
was assumed to occur isotropically, with 
a slight hardening modulus. Because the 

boundary of the fusion zone has been 
assumed a priori, phase change effects 
have been ignored. Material inside the 
molten zone, however, was assumed to 
be strain free, with a reference temper
ature equal to the melting temperature. 
Because of the high temperatures asso
ciated with welding, radiation from the 
surface was accounted for. The actual 
emissivity of the plate wi l l vary not only 
wi th the temperature, direction and 
wavelength, but with the position on the 
plate (because of surface oxidation) as 
wel l . The emissivity of the model was 
based on a diffuse, gray surface emitting 
to a black body at room temperature, 
and was estimated to be 0.5. 

Analytical and Experimental 
Results 

Figure 4 shows the analytical and ex
perimental temperatures vs. time at var-
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Fig. 9 — Radial displacement vs. the radius for the case of a perfect 
heat sink. 

ious thermocouple locations. The curves 
for the thermocouples in Sector 1 show 
two peaks: the first corresponds to the 
initiation of the arc adjacent to, and its 
subsequent movement away from, the 
thermocouple's location. The second 
peak corresponds to the approach and 
subsequent extinguishment of the arc as 
it completed its travel around the circu
lar path. The set of curves for Sector 2 
shows only one peak corresponding to 
the passage of the arc. Finally, at the cen
ter of the plate, a gradual but steady in
crease in the temperature can be seen 
as the weld pool circumscribes the inner 
portion of the plate. The agreement at 
all other measurement locations was 
similar to that of the locations shown. 
The figure demonstrates that, given the 
dimensions of the weld bead, the global 
thermal behavior of the sample can be 
accurately calculated. The major uncer

tainty in these calculations is the nature 
of the thermal conditions on the surface 
of the plate. The agreement in Fig. 4, 
however, shows that the simple emis
sivity estimate is adequate. 

Figure 5A shows a view of the initial 
(solid lines) and final (dashed lines) plate 
configuration based on the movement 
of the fiducial marks. The welding began 
at the right edge of Sector 1 and pro
ceeded in the order shown. Note that 
the view of the deformations depends 
somewhat on the coordinate system 
chosen for the measurements. For each 
set of measurements, i.e., before and 
after welding, the origin was defined as 
the center of the plate. Each set of mea
surements also shared a common axis 
corresponding to the azimuth at which 
the welding started. One feature in Fig. 
5A is quite apparent: the rigid-body 
movement of the outer annulus and boss 

with respect to the inner disk. This can 
be seen by the variable spacing of the 
two lines that encompass the bead, and 
the almost rigid-body shift of the boss 
with respect to its original position. Fig
ure 5B, which is a view of the analyti
cal deformations, shows the same move
ments as the experiment. 

Figure 6A shows the radial displace
ment profi le along each radial line of 
fiducial marks. The variable spacing 
across the weld bead, seen qualitatively 
in Fig. 5A, can be seen quantitatively as 
the variation of the slopes of the profiles 
across the weld bead in Fig. 6A. The 
rigid-body movement can be seen quan
titatively as the spread and pattern of the 
displacement profiles (from -0.05 to 
0.03 cm/-0.02 to 0.01 in.) in the outer 
radii of the coupon. Figure 6B shows the 
radial displacement profiles from the 
analysis. Note that the magnitude, 
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Fig. 10 — Lett — Final radial stress vs. the radius for the case of a perfect heat sink; right — final hoop stress vs. the radius for the case of a per
fect heat sink. 
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Fig. 11 — Left — Final radial stress vs. the radius for the preheat analysis; right — final hoop stress vs. the radius for the preheat analysis. 

spread and relative position of the pro
files match the experiment. 

Figure 7'A and 7B shows a compari
son of the final residual stresses after 
welding and cool down. The experi
mental values are given as a range of 
stress — the upper value based on purely 
elastic behavior during the hole drill ing 
process, and the lower value based on 
elastic-perfectly plastic behavior. The 
actual stresses, depending on the post-
yield behavior of the material, wi l l fall 
within this range (Refs. 19, 20). The com
parison confirms the global behavior 
calculated in the analysis. It is impor
tant to note that whi le the final defor
mations are strong functions of position, 
the final stresses are nearly axisymmet
ric in nature. Comparisons for plates 
welded at radii of 2.5 and 5.1 cm were 
similar. In fact, the overall magnitude of 
the stresses did not vary with the weld 
radius. 

Finally, Fig. 8 shows the transient total 
strains for a test in which the weld ra
dius was 2.5 cm. The gauges were lo
cated at a radius of 5.1 cm in Sector 1 
of the plate. As mentioned earlier, the 
experimental errors are rather uncertain 
due to creep in the strain gauge epoxy. 
The differences between the experimen
tal and analytical values, however, are 
consistent with this, i.e., epoxy creep 
wi l l result in a measured value that is 
lower in magnitude than the actual 
value. It can also be seen that the ana
lytical and experimental strain paths are 
qualitatively the same. 

Although the welding process is 
somewhat stochastic and rather com
plex, the comparisons shown above 
demonstrate that a relatively simple 
model can capture the global behavior 
of the test sample, certainly to within the 
sensitivity of companion experiments. 
Using the above examples as a baseline, 

we can now examine the role that vari
ous parameters play in the process. In 
the fol lowing sections we w i l l demon
strate, analytically, the effect of three 
factors that are commonly encountered 
in practical welding situations: the ap
plication of a heat sink, preheating, and 
the role that geometry plays in deter
mining the overall constraint of the 
workpiece. 

A Perfect Heat Sink 

The assumption behind our "perfect" 
heat sink is that all heat flowing from the 
weld bead region into the base metal is 
captured by a sinking mechanism, al
lowing the entire plate, except for the 
weld bead, to remain isothermal. In the 
analysis, this was modeled by simply ig
noring the thermal expansion and tem
perature dependence of the material 
properties of the base metal. Although 
a true heat sink would also affect the 
temperature history of the weld bead, 
these assumptions wi l l al low us to ob
serve the effect of the contracting weld 
bead independently of the thermal ex
pansion of the base metal. Figure 9 
shows the resulting radial displacement 
profiles, whi le Fig. 1 OA and 1 0B shows 
the radial and hoop stress profiles, re
spectively. By comparing Fig. 9 to the 
baseline case shown in Fig. 6B, it can 
be seen that the deformation within the 
base metal, the variation in spacing 
across the weld bead and the spread of 
the curves in the outer portion of the 
plate have all been greatly reduced. By 
comparing Fig. 1 0A with Fig. 7A, and 
Fig. 10B with Fig. 7B, a similar reduc
tion can be seen in the stresses through
out the plate. 

These comparisons lead to some in
teresting conclusions. First, it can be 

seen from the displacements that the 
contraction of the weld bead itself plays 
only a minor role in the deformations. 
The largest factor by far is the thermal 
expansion of the base metal and its sub
sequent restraint. The second conclu
sion is that the residual stresses can be 
greatly reduced by keeping the base 
metal cool, thereby keeping the modu
lus of elasticity and yield strength as high 
as possible throughout the process. In 
this case, the contraction of the weld 
bead, which was yielding and relatively 
compliant, was never enough to cause 
the base metal to yield. 

Obviously, this analytical example 
could never, in reality, be achieved. But 
it does raise some interesting questions, 
such as: "How much of a perfect sink 
can be achieved, and what wi l l be the 
resulting effect on distortions and 
stresses?" Another factor that this type 
of analysis does not address is the met
allurgical consequences that are associ
ated with changes in the temperature 
gradients and cool ing rates. Such fac
tors, of course, must be accounted for 
in practical situations. 

A Perfect Preheat 

Preheat treatments are used primar
ily to affect the time at temperature and 
cool ing rates wi th in the weldment in 
order to obtain a desired microstructure. 
Another beneficial effect, however, is 
that the reduction in the range of tem
perature over which the weldment is 
cooled causes a reduction in the ther
mal shrinkage stresses. In this analysis, 
a preheat was simulated by assuming 
that the initial, or reference temperature 
of the plate, was 260°C (500°F). Figure 
11A and B shows the radial and hoop 
stress profiles, respectively. A compari-
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son of Fig. 11 with Fig. 7 shows that the 
overall magnitude of the stresses has 
been markedly reduced, although not to 
the extent shown in the case of a perfect 
heat sink. The magnitude of the defor
mations, although not shown here, was 
similarly reduced. 

Effects of Geometry 

A primary reason for using a circular 
geometry in this study was a desire to 
develop a test specimen in which the 
thermal and mechanical behavior could 
be readily manipulated through changes 
in the welding parameters and applied 
restraints. The heat sink and preheat 
analyses demonstrate the effect that 
changes in the welding environment can 
have on the distortion and residual 
stresses for a given geometry. The dis
tribution and magnitude of the residual 
stresses can also be affected, however, 
by changes in the geometry itself. A vari
able-restraint test such as this might be 
desirable, for instance, in order to sim
ulate the range of restraint expected in 
the welding of a full-scale design or pro
totype. For these analyses, the degree of 
restraint in the plate was varied by weld
ing a partial circle, instead of a full-cir
cle bead. A narrow groove was ma
chined into the plate before welding to 
further reduce the internal restraint on 
the contracting weld bead — Fig. 1. 

Figure 12A shows the final radial 
stress profiles at the midpoint of the weld 
bead length {i.e., in the area of highest 
restraint/residual stress) for specimens 
with '/.-, V:-,y4-and full-circle weld beads. 
In this case, the restraint transverse to 
the weld bead increases as the length of 
the weld bead increases. For the 'A-cir-
cle bead, the inner portion of the plate 
is almost completely free to move as the 
weld bead contracts, the level of restraint 

(and thus the resulting level of the trans
verse stresses) is relatively low. On the 
other hand, the full-circle bead applies 
the largest restraint, resulting in high 
transverse stresses. By varying the length 
of the weld bead, the transverse stresses 
can be easily manipulated. 

Figure 1 2B shows hoop stress profiles 
for the same analyses at the same points. 
These stresses show much less sensitiv
ity to the geometry changes simply be
cause the restraint parallel to the weld 
bead is relatively independent of the 
length. In this case, the hoop stresses 
wil l be large regardless of the weld bead 
length. 

Conclusions 

While the welding process is highly 
complex, the analytical and experimen
tal comparisons shown here demon
strate that many of its parameters can be 
characterized by applying some very 
basic assumptions. In this study, we used 
the analytical models to examine three 
idealized variations of a baseline weld
ing procedure: the addit ion of a heat 
sink, the use of preheating and changes 
in the geometry of the weldment. Each 
of these variations had a quantifiable ef
fect on the distortions and residual 
stresses predicted by the model. The 
ability to examine such variations can 
be useful in several practical situations: 

1) The effect of a particular welding 
parameter may be judged independently 
of other parameters. This is often impos
sible to do in actual experiments. 

2) The welding procedure could be 
at least partially determined during the 
init ial design stages of manufacture, 
where adjustments to unforeseen prob
lems are least expensive. 

3) The thermal and mechanical be
havior in welding tests can be manipu

lated in order to judge the performance 
of the weld under known states of tem
perature, distortion and stress. 

Regarding the scenarios in this study, 
it was seen that the application of a "per
fect" heat sink greatly reduced both the 
distortions and residual stresses. The use 
of preheating, whi le having little effect 
upon the final distortions, also reduced 
the residual stresses. Changes in the ge
ometry of the weldment were seen to 
completely change the magnitude and 
distribution of the residual stresses. An
other major result is the essential differ
ence between the deformation and stress 
fields and their effects on the desired 
weld criteria. If final deformations are 
the measure of a good weld , i.e., pre
venting interference effects, then the 
strong circumferential variation must be 
considered and a fully transient analy
sis must be performed. On the other 
hand, if residual stresses are the mea
sure, then a more simple axisymmetric 
analysis may suffice. 

Many of the qualitative trends listed 
above are already well known. The most 
important aspect of this study, therefore, 
is the attempt to quantify the effects as
sociated with process controls that are 
commonly used in the welding process. 
Simple models wil l certainly not explain 
all of the phenomena that occur in the 
fusion welding process. On the other 
hand, this study demonstrates that they 
can quantify important factors, espe
cially with regard to the gross behavior 
of the weldment. Just as important is the 
need to ful ly investigate the strengths 
and weaknesses of simple techniques in 
order to bui ld a solid foundation for 
later, more complex models. 
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