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ABSTRACT. Common and important 
problems associated with the welding of 
large structures are induced distortion 
and residual stresses, both dif f icult to 
simulate accurately given the intensive 
computational demands of such severely 
nonlinear processes. Current simulations 
usually either involve small and simple 
structures such as butt-jointed plates, or 
emphasize the local weld zones, ignor
ing the surrounding structure. Such sim
ulations, though not demanding compu
tationally, de-emphasize effects of inter
actions between the weld zone and the 
remaining welded structure. 

The coupl ing between a local weld 
zone and a surrounding structure, how
ever, can have a significant effect on the 
final state of distortion and residual 
stresses. This coupling derives from sev
eral sources, some of which are com
plex and nonintuit ive. A surrounding 
structure influences a weld both through 
the elastic constraint offered by the struc
ture and through the distortion of the 
structure due to thermal expansion. Ad
ditionally, newly deposited weld mate
rial couples previously separated parts, 
thereby changing the nature of the struc
ture as the welding electrode advances. 
Motion of opposing sides of a weld root 
opening due to structural asymmetry also 
complicates a simulation. 

This paper examines structure/weld 
interaction issues during welding pro
cesses through two- and three-dimen
sional simulations of a ring-stiffened 
cylinder. Such a structure consists of a 
circular cyl inder and a ring, wh ich ac
centuate the effects of structure/weld in
teractions because of the high ratio of 
radius to cross-sectional dimension. 
Compromises and limitations involved 
in two-dimensional simulations are also 
discussed. Specific issues of weld root 
opening and fixturing are considered. 
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Introduction 

Distortion and residual stresses result
ing from welding represent significant 
problems in the accurate fabrication of 
large structures. Although the capability 
to predict these phenomena would pro
vide substantial assistance to the design 
and fabrication of welded structures, 
both welding distortion and induced 
stresses are diff icult to simulate accu
rately given the intensive computational 
demands of such severely nonlinear pro
cesses. As a result, current simulations 
usually either involve small and simple 
structures such as butt-jointed plates, or 
emphasize the heat-affected zones, ig
noring the surrounding structure. Such 
simulations remain computationally de
manding, yet still de-emphasize effects 
of interactions between the local weld 
zone and the remaining welded struc
ture. 

Finite element simulation of the weld
ing process has been remarkably suc
cessful in predicting certain features of 
welding, particularly temperature distri
but ion, and to a lesser extent, stress, 
strain and displacement fields. Many of 
the papers published in the literature use 
two-dimensional models, focusing at
tention only to the local zone around the 
weld pool. A few researchers have per-
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formed three-dimensional modeling of 
welding processes over the last several 
years, nevertheless, these models are still 
of small and simple structures such as 
butt joint-welded plates and pipes. 

Karlson and Josefson (Ref. 1) simu
lated the circumferential welding of a 
single pass groove weld on a cylinder 
using a three-dimensional model, and 
found substantial circumferential varia
tions of residual stresses and displace
ments, indicating the importance of 
three-dimensional simulation. Mahin, ef 
al. (Ref. 2), reported successful three-di
mensional thermal and stress/strain sim
ulations of welding process on plates. 
His results showed good quantitative 
agreements between predicted and ex
perimental results on temperature and 
displacement, and qualitative agree
ments on stresses. Goldak, et al. (Ref. 3), 
examined the three-dimensional temper
ature, stress and strain fields associated 
with the butt joint welding of a bar, and 
has subsequently considered additional 
geometries (Ref. 4). Tekriwal, etal. (Refs. 
5, 6), also simulated the butt joint weld
ing of plates with three-dimensional 
models, including the deposition of weld 
metal. Ueda, et al., simulated the multi
pass welding of plates and correlated his 
results with experimentally measured 
three-dimensional residual stress states 
(Ref. 7). 

The results of these simulations can
not be easily extended to the welding of 
larger, more complex structures due to 
the interactions between the weld zone 
and the rest of the structure (Ref. 8). Suc
cessful simulation of larger structure 
welding processes should consider the 
important factors stated below, which 
are particularly associated wi th large 
structures. 

Elastic Coupling 

There are two types of elastic cou
pling: one from the weld behind the trav
eling electrode, the other from the over
all structure. Newly deposited weld ma-
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Fig. 1 — Three-dimensional finite element mesh of a ring-stiffened 
cylinder. Magnified portion of model is used in full analysis. The re
mainder of model is reduced to elastic substructures. 

Fig. 2 — Axisymmetric FE mesh of the ring and cylinder structure. 
The weld metal is indicated by shaded elements. 

terial couples two previously indepen
dent structures, thereby changing the re
sponse of the structures to the ensuing 
deposition of material. Heating and 
cooling of the overall structure during 
welding introduce distortions, which 
cannot be anticipated when examining 
only the weld zone. Such distortions de
pend on the geometry of the structure 
and may have a strong influence on the 
final residual stresses and state of distor
tion, within both the weld and the over
all structure. 

Large Structure Complexity 

The geometric complexity of large 
structures requires commensurately 
large finite element models, where the 
weld zone represents only a small por
tion of the total structure. Conventional 
FEM simulations typically employ fine 
meshes along the weld path to capture 
the high gradients of temperature and 
stress, even though a particular part of 
the weld is only briefly nonlinear. 

Large Deformations 

Given the potentially large coupling 
between the weld and other parts of a 
structure, portions of the structure may 
move dramatically relative to each 
other, particularly during the initial heat
ing of the first weld pass. These defor
mations can be so large that coupled 
simulations of the thermal and mechan
ical processes are required. 

Two important subsets of this struc
tural effect are the design of fixtures and 
weld root openings where small varia
tions in location or tolerance may pro
duce substantial variations in distortion 
or residual stresses. Additionally, newly 
deposited weld material couples previ
ously separated parts, thereby changing 
the nature of the structure as the weld
ing electrode advances. Motion of op
posing sides of a weld joint due to struc
tural asymmetry may also complicate a 
simulation by requiring a coupled ther
momechanical analysis. 

This paper examines large structure 

welding simulations using two-dimen
sional and three-dimensional models of 
a circular cylinder and ring structure, 
and demonstrates that the overall struc
ture plays a more important role than 
has been appreciated. The need of three-
dimensional simulation, and strategies 
in reducing the size of three-dimensional 
models are also discussed. The FEM 
code, ABAQUS, produced by Hibbitt , 
Karlsson & Sorensen, Inc., was used for 
all the simulations described in the fol
lowing sections. 

Two-Dimensional Simulation 

A three-dimensional f inite element 
model of a ring-stiffened cylinder is 
shown in Fig. 1. A two-dimensional ax
isymmetric model of the same ring-stiff
ened cylinder is shown in Fig. 2. The 
mesh density in the weld is coarse. An 
identical model with twice the mesh 
density was also analyzed, and the dif
ferences between the two models were 
relatively small. Most of the effects dis-

56-s I FEBRUARY 1992 



cussed in this article do not require pre
cise definit ion of the local stress and 
strain gradients in the region of the weld. 
Indeed, an important consequence of 
this work is that the local weld zone does 
not have to be modeled wi th very fine 
finite element meshes to capture the 
larger structural effects of distortion or 
structural interactions. The results pre
sented herein are therefore not meant to 
resolve local weld zone gradients; the 
emphasis is on the larger structural in
teractions. For that reason, the weld ma
terial is assumed to be the same as the 
base metal. Both thermal and mechani
cal material properties are given in Ta
bles 1 and 2. All welds presented are as
sumed to be single pass operations, with 
the weld material being deposited dur
ing one welding procedure. 

The two-dimensional model assumes 
symmetry of the welding process where 
the weld is performed simultaneously 
about the circumference of the structure. 
This assumption is rigorously valid only 
when the traveling velocity of the elec
trode is high enough to make the three-
dimensional effect negligible. Such elec
trode velocity rarely, if ever, occurs in 
actual welding. In spite of this rather se
vere approximation, features of struc
ture/weld interactions can be investi
gated in two-dimensional models. 

The interaction between the ring and 
cylinder before any material is deposited 
is modeled by interface elements, which 
allow no interaction before contact, and 
stick together after touching. The use of 
such interface elements prevent any ma
terial overlapping or penetration, while 
sliding between the contacting surfaces 
is permitted. The ability to define such 
interface behavior is accomplished via 
specific interface element constitutive 
behavior available within ABAQUS. 

Decoupled analyses were performed 
assuming small energy coupl ing and 
small relative motion between the parts 
in a structure. The stress/strain analysis 
is based therefore on the temperature 
field history from a previous, separate 
heat transfer analysis. Details of both the 
thermal and mechanical analyses are 
provided in a separate article (Ref. 8). 

In the welding process, the fitup be
tween parts, along with the appropriate 
fixture style and positions, are usually 
selected based on individual design ex
perience. Our analysis suggests that the 
importance of such selections on the 
final states of residual stress and distor
tion has been underappreciated. Distor
tion and residual stresses are highly de
pendent on the setup of the welding pro
cess, i.e., the fitup condi t ion, and the 
position and style of fixtures. The 2-D 
FEM analyses described below illustrate 
the sensitivity of distortion and residual 
stress to various weld parameters. 

Fitup Effect 

The relative configuration of compo
nents to be welded has a significant ef
fect on the distribution of stresses near 
the weld. Welded components are fre
quently asymmetrical, and distort either 
due to asymmetrical elastic distortion or 
due to asymmetry of the welding pro
cess. If interaction between the compo
nents (contact, for example) occurs be
fore deposition of the weld material, the 
deformation pattern due to such inter
action w i l l obviously be different from 
that when no contact occurs. 

The ring-stiffened cyl inder consid
ered here illustrates this sensitivity to 
fitup. The cylinder is more flexible radi
ally than the ring, and when heated, it 
expands more in the radial direction. If 
contact occurs during heating, further 
expansion of the cylinder is confined by 
the ring. Such incompatibilities result in 
deformation and stress/strain fields dif
ferent from the case when no contact 
occurs. These differences are accentu
ated after cooling. We present two cases 
here, wi th fitup between the ring and 
cylinder being 3.2 mm (0.1 25 in.) and 
0.4 mm (0.016 in.). There is no contact 
during heating for the former case, while 
contact occurs in the latter before the 
end of heating. 

Figure 3 shows the stresses at integra
t ion points near the free surface of the 
weld. Although the Mises equivalent 
tensile stresses are similar, there is a 
large difference in individual compo
nents of stress. The highest principal 
stress values for the case of 0.4 -mm 
fitup is about 50 to 100% higher than 
those for the case of 3.2 mm of f itup 
clearance. Mean normal or hydrostatic 
stresses in the 3.2-mm fitup case are 
lower than those in the 0.4-mm case. 
More significantly, the mean normal 
stresses are either negative or close to 
zero in the former case but positive in 
the latter case. The change of signs in 
the hydrostatic stress w i l l change the 
state of quality of the weld since a posi
tive hydrostatic stress (negative pressure) 
favors void nucleation and hot cracking. 
We emphasize that due to the mesh den
sity used in the weld zone, the stress val
ues presented here should be used only 
for comparison between fitup condi
tions. More accurate resolution of the 
stress gradients within the weld require 
a finer mesh. 

Qual i ty criteria based on crack or 
void initiation and growth indicate that, 
a fitup of 3.2 mm appears significantly 
less susceptible than a fitup of 0.4 mm. 
The major difference between the two 
fitups is the interaction in the opening 
between the cylinder and ring during 
heating. The f i tup case wi th 0.4-mm 
opening generates contact between the 

Table 1—Thermal Material Constants Used 
in Finite Element Model 

Temper
ature 
(°C) 

0 
75 

100 
175 
200 
225 
275 
300 
325 
375 
400 
475 
500 
575 
600 
675 
700 
725 
750 
775 
800 

1000 
1500 
1540 
1590 
1840 
1890 
2050 
5000 

k 
Thermal 
Conduc

tivity 
(W/m 

-K) 

51.9 

— 
51.1 

— 
49.0 

— 
— 

46.1 

— 
— 

42.7 

— 
39.4 

— 
35.6 

— 
31.8 

— 
— 
— 

26.0 
27.2 
29.7 

— 
— 
— 
— 
— 
— 

CP 
Specific 

Heat 
(l/kg 
-K) 

450 
486 

— 
519 

— 
532 
557 

— 
574 
599 

— 
662 

— 
749 

— 
846 

— 
1432 

— 
950 

— 
— 
400 
400 
847 
847 
400 
400 
400 

€ 

Emis
sivity 

0.2 

— 
0.4 

— 
0.45 

— 
— 

0.475 

— 
— 
— 
— 

0.54 

— 
— 
— 
— 
— 

0.58 

— 
— 

0.59 

— 
— 

0.60 

— 
— 
— 

0.65 

Convective 
Heat 

Transfer 
Coeff. 
(W/m2 

-K) 

2.5 
4.4 
5.4 

— 
6.4 

— 
— 
7.0 

— 
— 
— 
— 
7.7 

— 
— 
— 
— 
— 
8.2 

— 
— 
8.5 

— 
— 
9.1 

— 
— 
— 

10.0 

Note: Material constant values are interpolated when values 
are not given tor a temperature. 

Table 2—Mechanical Materials Properties 
Used in Model 

Temper
ature 

(°q 
0 

100 
300 
450 
550 
600 
720 
800 

1200 
1550 
1600 
5000 

Cty 
Yield 
Stress 
(MPa) 

290 
260 
200 
150 
120 
110 

9.8 
9.8 

— 
0.98 
0.0098 
0.0098 

E 
Young's 

at 
Strain 

Modulus of 1.0 
(CPa) 

200 
200 
200 
150 
110 
88 
20 
20 

2 
0.2 

0.00002 
0.00002 

(MPa) 

314 
349 
440 
460 
410 
330 
58.8 
58.8 

— 
1.0 

0.01 
0.01 

Thermal 
Expansion 
Coefficient 
(10~_1/°C) 

10 
11 
12 
13 
14 
14 
14 
14 
15 

— 
— 

15.5 

Note: Material constant values are interpolated when values 
are not given for a temperature. 
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Fig. 3 — Values of residual stresses at integration points near the free surface of the first weld. 
Two-dimensional model. 

. •**-—r-

3G 

(a) Pinned near the weld 
as indicated 

(b) Pinned at middle of web (<0 Pinned at outside 
edge of web. 

Fig. 4 — Deformed shapes of two-dimensional models at end of heating for different fixture lo
cations. Only a portion of model near the weld region is pictured. 

ring and cylinder during heating. Other 
FEM calculations show that the stress 
fields are similar in cases with no joint 
contact. Cases where contact occurs 
possess commensurately similar stress 
fields. The critical fitup for the two-di 
mensional model that determines the 
occurrence of contact or no contact is 
in the range of 0.8 mm (0.03 in.) to 1.6 
mm (0.062 in.) for this particular struc
ture. The value of critical fitup depends 
on the heat input, material properties 
and geometry of the structure. The two-
dimensional model addit ionally does 
not capture the three-dimensional as
pects of this weld joint clearance or fitup 
response. This response exists in actual 
structures, and can accentuate the effect 
since thermal distortion in one portion 
of the structure wi l l induce changes in 
joint clearance in other segments of the 
weld path. Tack welding prior to the ac
tual welding procedure attempts to com
pensate for this effect, but the conse
quence wi l l be different distortion pat
terns. 

Fixturing 

Although the analysis of fixturing may 
be considered to be a subset of the larger 
topic of elastic coupl ing, we consider 
here an example of fixturing to illustrate 
how small variations in the linear elas
tic portion of a structure can lead to po
tentially very large variations in defor
mation and stress response. Fixturing 
limits the deformation of a structure dur
ing welding by the imposition of what 
can be considered to be very stiff elas
tic constraints on the structure. The ap
propriate location of fixtures plays an 
important role in the final quality of 
welds, particularly in terms of distortion 
and residual stresses. Different aspects 
of the influence of fixtures are consid
ered below. 

Pinning of Axial Rigid Body Motion 

Since an axisymmetric finite element 
model requires that at least one node on 
each independent structure be con
strained in the axial direction to prevent 
rigid body motion, we simulate the po
sitioning of a fixture via the required re
moval of one node's axial degree of free
dom. We fix both the cylinder and the 
ring in the axial direction (vertical in the 
figures), but permit radial displacement. 
After the first welding pass, the two struc
tures are joined, requiring only one con
straint. 

The fixture or constrained node on 
the cylinder is placed at its bottom edge, 
and the fixture on the ring is placed at 
different positions along its lower sur
face. Figure 4 illustrates the relative mo
tion of the two structures at the end of 
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the first heating sequence for three po
sitions of the ring fixture: near the ring, 
at the middle of the ring, and at the out
side edge of the ring. Only the portion 
of the model near the weld is illustrated. 
Heat is applied in this simulation first to 
the upper weld. 

Clamping Both Sides of the Ring 

The model was modified to more ac
curately simulate a clamping fixture that 
restricts motion of both sides of the ring. 
The effect of this greater constraint, im
posed again through the elimination of 
the axial degree of freedom on oppos
ing nodes on the upper and lower ring 
surfaces, is to reduce rotation of the ring. 

Figure 5 illustrates the deformed 
shape of the cylinder/ring structure after 
simulating the deposition of one weld 
pass. Much less distortion results rela
tive to that illustrated in Fig. 4, but 
greater residual stresses result. 

Higher principal residual stresses de
velop near the free surface of the weld 
metal. The less constrained fixture ge
ometries, on the other hand, have re
duced highest principal stresses near the 
free surface. 

Correlation with a Welded Structure 

Instrumented welding of a full circu
lar ring and cylinder structure has been 
performed, permitting comparison with 
our two-dimensional analyses. The 
cylinder and ring in the test specimen 
were machined to reduce the root open

ing to less than 1.6 mm. Both the ring 
and cylinder rested on supports but were 
otherwise not clamped. Welding was 
performed using an indexing table, 
which rotated the structure relative to a 
fixed welding gun. The weld path tra
versed a 90-deg arc, or approximately 
71.88 cm (28.3 in.), joining one side of 
the joint. Welding was then stopped due 
to excessive distortion. 

The primary distortion consisted of 
axial motion of the ring from the center 
l ine of the cylinder due to thermal ex
pansion of the ring. Other distortions in
cluded t i l t ing of the ring toward the 
cylinder in the welded region and some 
loss of axisymmetry of the cylinder. 

A special two-dimensional model of 
the actual welding process was neces
sary to duplicate the boundary condi
tions used in the experiment. A rigid sur
face was defined below the ring to sim
ulate the support without clamping. Soft 
spring elements were attached to the ring 
to remove rigid body motions. The re
mainder of the simulation employed the 
same boundary conditions and material 
constants in the previously described 
analyses with the exception of the ac
commodation of large deformations. In 
this case, uncoupled thermal and me
chanical analyses were performed 
twice. The first analysis obtained an es
timate of the motion of the ring relative 
to the cylinder. The second analysis then 
duplicated this motion by posit ioning 
the heat input to the cylinder at the pre
dicted, distorted location, thereby ac
complishing a more accurate simulation 

3T 

~& 

Displacement 
Magnification 

Factor: 
1 

Dashed Line: Original Mesh 
Solid Line: Distorted Mesh 

after welding 

Fig. 5 — Relative distortion of two-dimen
sional model for clamped-ring fixturing. Dis
tortion represents condition after first weld 
pass and removal of fixtures. Only portion of 
model near the weld region is pictured. 

of the thermal analysis whi le still em
ploying an uncoupled analysis. 

Figure 6 shows the predicted final 
shape of the structure superimposed 
with the range of distortion encountered 
in the experiment. The model duplicates 
the primary, axial deformation of the ring 
that results from the thermoelastic ex
pansion of the elastic portion of the ring. 
The counterclockwise rotation of the 
ring toward the cylinder, due to cooling 

f l 
Dot-dashed line: 
Dashed line: 
Solid line: 

Original mesh 
Mesh at end of heating 
Mesh at end of cooling 

Range of axial . 
displacement of web ^ * ^ v j ^ 
from experiment (D): T 

i 
D 

T 
]_i 

rrrmrrrr 
Fig. 6 — Left — Predicted 
distortion of ring and cylin
der using axisymmetric 
model; Above — 
schematic drawing of mea
sured distortion after com
pletion of 90-deg weld. 
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Fig. 7 — The temperature contours on tip of the ring and 
outside of the cylinder in the weld region at the time 
when the last weld element was deposited. 

Electrode travelling direction 

of the weld material, is also predicted, 
although the init ial , heat-induced, 
clockwise rotation of the ring is much 
larger in the finite element simulation. 

The overestimation of the rotation of 
the ring during the heating segment of 
the simulation results from two l imita
tions of the finite element analysis. First, 
fr ict ion between the actual ring and 
cylinder constrains their relative motion. 
Second, and perhaps more importantly, 
the real three-dimensional structure pro
vides an out-of-plane elastic constraint 
absent in the two-dimensional analysis. 
The implicit, two-dimensional assump
tion of simultaneous, circumferential 
heating ignores the character of elec
trode mot ion. Material behind and 
ahead of a moving electrode constrains 
distortion at the electrode. Accurate sim
ulation of the complete features of weld
ing distortion therefore requires a full 
three-dimensional analysis. 

Three-Dimensional Simulations 

Three-dimensional analyses have 
also been performed on the ring-stiff
ened cylinder, as shown in Fig. 1. A short 
weld pass of 25.5 mm (1 in.) (an arc of 
3.2 deg) is deposited in the model. The 
shorter weld reduces the size of the 
model, permitt ing analyses on a VAX 
workstation. A dense mesh is used in the 
weld region to capture the high local 
gradients. Decoupled thermal and me
chanical analyses are also employed. 

Heat Transfer Analysis 

Heat transfer during welding is a pro
cess of heat absorption, fast heat con

duction to the rest of the structure, and 
eventual heat release through boundary 
convection and radiation. The heat flux 
pattern strongly affects the temperature 
distribution in the local weld zone, and 
latent heat also plays an important role 
in the temperature field when phase 
changes are experienced. 

Heat flux from an electrode to a flat 
plate is commonly assumed to be dis
tributed as a Gaussian function (Ref. 9). 
A three-dimensional double ellipsoidal 
heat flux model, proposed by Goldak, 
ef al. (Ref. 1 0), can capture the flux pen
etration effectively, important for high-
energy-intensity welding processes such 
as laser beam and electron beam weld
ing. The Gaussion function was used 
here since arc welding involves less flux 
penetration. The T-shaped joint in the 
ring-stiffened cylinder requires modif i 
cation of this distribution to produce rea
sonable temperature fields. The total 
power was divided into two compo
nents, one to the cylinder and the other 
to the ring. Only part of a two-dimen
sional Gaussian function is used for both 
of these two components. The total 
power and width of the Gaussian curve 
are adjusted so that the base material in 
both the ring and the cylinder were 
above the liquidus temperature before 
the deposition of any weld material. 
Boundary conditions are modeled by 
nonlinear heat convection and heat 
emissivity coefficients. 

Figure 7 shows the temperature dis
tribution wi th in the local weld region. 
The plotted areas cover the outside sur
face of the cylinder and the top surface 
of the ring. Temperatures outside of the 
local region remain below 300°C 
(572°F). 

Deformation Analyses 

The deformation process is assumed 
to be rate independent. A thermo-elas-
tic-plastic constitutive model is used in 
both our two- and three-dimensional 
analyses where all the material proper
ties are assumed temperature-depen
dent, including Young's modulus, yield 
stress, isotropic strain hardening, and 
linear expansion coefficient. 

Three degrees of freedom are associ
ated with each node in the deformation 
analysis, instead of one in the heat trans
fer. The computational effort is approxi
mately a cubic function of the total de
grees of freedom, which implies that the 
CPU time needed would be 27 times 
that needed for heat transfer analysis if 
the same mesh were used. We therefore 
use a denser mesh for the local weld 
zone where high temperature, nonl in
earity and high field variable gradients 
result. The stress-strain analysis also em
ploys a substructure to represent the ef
fect of the structure on the local weld 
zone. The substructure contains a col 
lection of three-dimensional brick ele
ments and shell elements, and provides 
elastic, equivalent boundary conditions 
to the local zone. The total number of 
degrees of freedom decreases substan
tially by the substructuring technique, 
as can be seen in Fig. 1. The size of the 
local zone is chosen based on the tem
perature field from the heat transfer anal
ysis, and the substructure is assumed to 
remain isothermal and elastic during the 
entire welding process. 

Boundary conditions on the three-di
mensional structure were applied to the 
dense mesh near the local weld region, 
removing rigid body motions. These 
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Displacement 
Magnification 

Factor 
40.0 

constraints near the weld served to re
duce large displacements, which would 
have invalidated the decoupled ther
mal/mechanical analyses and changed 
the location of weld material deposition. 

The final distorted shape of the ring-
stiffened cylinder is shown in Fig. 8. The 
axisymmetric distortion in the overall 
structure results from weld-induced pro
cesses occurring in the small region in
dicated in the magnified inset. All of the 
structure, other than the inset region, 
was treated as an elastic substructure 
during the analysis. Significant interac
tion therefore results between the local, 
nonlinear welding process and the rest 
of the structure. 

The modeled distortion follows that 
obtained from actual experiments. The 
model predicts a tilting of the ring rela
tive to the structure axis of symmetry. A 
similar amount of t i l t ing was also ob
served in the actual welded ring-stiff
ened cylinder. Although the magnitude 
of displacement was similar between the 
model and experiment, different bound
ary conditions changed the direction of 

displacement. In the experiment, the 
ring was constrained from moving 
downward due to vertical supports; 
therefore, it displaced upward in the re
gion of the weld. The simulation con
strained the region of weld, and the ring 
accommodated the same deflection by 
displacing downward. 

The asymmetry of the three-dimen
sional distortion also illustrates the l imi
tations of two-dimensional efforts to 
model welding distortion and/or resid
ual stresses. Nonlinearities associated 
with welding and differences in elastic 
coupl ing prevent the extrapolation of 
two-dimensional results to three-dimen
sional situations. 

Conclusions 

Results of both the two- and three-di
mensional simulations clearly indicate 
the importance of structure/weld inter
actions in the welding processes. The 
two-dimensional simulations illustrate 
strong sensitivities to relatively small 
changes in structure, such as joint clear-

Fig. 8 — The distorted ring-stiff
ened cylinder after welding of a 
25.5-mm weld path along the 
cylinder and ring joint. 

ance (fitup) and location of constraints 
(fixturing). 

The three-dimensional analysis indi
cates both a similar structure/weld cou
pling and the necessity of performing 
full three-dimensional simulations if this 
coupl ing is to be accurately modeled. 
Such three-dimensional simulations 
carry substantial complications, how
ever. First, geometrically complicated 
weld paths also complicate thermal 
analyses, since asymmetric or geomet
rically varying weld joints make it diffi
cult to select appropriate weld energy 
flux distributions and magnitudes. 

Second, three-dimensional analyses 
remain computationally demanding. 
The length of the simulated weld is a 
small fraction of the circumference of 
the cylinder. The distortion resulting 
from a larger weld pass would generate 
a different deformation and residual 
stress state. The short weld pass actually 
simulated still required substantial com
putational time. The analyses presented 
in this paper were performed on three 
machines: a VAX workstation (VAXsta-
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t ion 3500), an Apollo DN10000, and a 
Cray/XMP supercomputer. Analyses of 
both the three-dimensional thermal and 
mechanical problems required more 
than 1 00 mbyte of disk space and ap
proximated one week of CPU time on 
the VAX workstation (roughly 6 h on the 
Cray). Even though we can expect steady 
reductions in computational time as 
faster hardware becomes available, ad
dit ional strategies to reduce computa
tional effort are still required before such 
analyses become readily available for 
welding design. 

One such strategy involves exploit
ing the characteristics of welding as a 
highly nonlinear region translating 
through a linear (elastic) body. Although 
substructures were employed in the 
three-dimensional stress/strain analyses 
to characterize portions of the structure 
not affected by either the weld-induced 
thermal or stress field, a longer weld path 
may have prevented substantial sub-
structuring. An alternative is to extend 
the concept of substructures such that 
the substructure is redefined dynami
cally as the nonlinear region translates 
along the structure. The nonlinear re
gion can therefore be modeled precisely 
using a translating, dense finite element 
mesh, whi le the surrounding structure 
may be captured as an evolving sub
structure. Such a procedure acts to dra
matically reduce the number of degrees 
of freedom associated with such mod
els. 

Another strategy may exploit the 
quasi-static character of the weld zone 
when the electrode reaches a constant 

velocity. Once characterized, it may be 
possible to superimpose the nonlinear 
thermal and/or mechanical solution in 
the local nonlinear region about the 
electrode without resolving the same 
problem continuously along the weld 
path. 
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Clarification 

The article, "A Study Concerning In
tercritical HAZ Microstructure and 
Toughness in HSLA Steels," which 
appeared in the December 1991 Re
search Supplement, did not contain 
the magnifications of the photomi
crographs. Those magnifications, as 
supplied by author D. P. Fairchild, 
are as follows: Fig. 6 upper half -
1440X, lower half - 2880X; Fig. 
7 A-B - 2528X; Fig 8A - 126,400X, 
8B - 1 60,000X; Fig. 9A - 140,00OX, 
9B - 58,800X; Fig. 1 0A - 25,600X, 
10B - 51,200X; Fig. 11 - 53,500X. 
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