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Abstract 

Distortions from gas metal arc (GMA) multipass welds of 
thick steel plates were measured in experiments and calculated 
using finite element analysis. Two- and three-dimensional 
finite element simulations were compared with the experimen- 
tally,measured in-plane distortions in a 2-3/4 in. thick steel 

* plate. Thermal analyses were performed using 2D models of 
the weld cross-section. These temperature histories were used 
for 2D and 3D mechanical analyses. 

, Data for verification of thermal analyses included weld 
cross-sections, weld pool crater shape from power-off tes-ts, 
and embedded and surface thermocouple temperature histo- 
ries. Mechanical analyses were verified using caliper 
measurements of shrinkage transverse to the weld and strain 
gage measurements. 

Calculated in-plane shrinkage from the 3D model for 4 
passes compared well with caliper measurements of a test 
specimen's distortion. Two-dimensional mechanical analyses 
were not capable of predicting the accumulation of shrinkage 
occurring after the first pass. 

' 

' 

DISTORTION IS A MAJOR CONCERN of the welding 
community. Accumulated distortion from multiple passes in a 
single weld and multiple welds in a structure can lead tocostly 
rework of the structure. The capability of predicting distortion . 
provides.the possibility of reducing distortion through opti- 
mizing the weld process. 

As a step towards predicting distortion from multiple 
multipass welds in a large structure, finite element models 
were created to simulate multipaks welding of a thick plate of 
structural steel. The composition and thickness of the steel 
were representative of material used for large structures.' 
Because there can be many passes in an individual weld, it 
was desired t o  minimize computational resources required to 
uerform simulations. Two-dimensional models were used - 

when they produced good results. However, it was observed 
that the 2D models were not capable of capturing some 
aspects of the welding process necessary for accurate distor- 
tion predictions. 

The finite element analyses focused on simulating the 
distortion transverse to the weld in the pl.ane of the plate. This 
type of distortion plays a significant role in the overall 
distortion of a structure, such as a large truss (1). 

Experiments 

Two types of test specimen were used. One was used to ' 

obtain a detailed thermal response and provide information 
about the dimensions of t h ~  fusion zone and weld pool. The' 
second was used to provide distortion and loads in the weld. 
Three weld groove geometries and two levels of weld fixturing 
were tested with up to 14 passes per plate. Results for the first 
4 passes of the first plate testd. are used here to evaluate finite 
element simulations. Four passes are modeled because 70% of 
the in-plane contraction was produced by the end of pass 4. 
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Figure 1. Schematic of one half of test specimen used to evaluate 
. ' thermal response. Relative locations of surface thermo- 

couples and entry points for embedded thermocouples are 
shown here. A thermocouples are embedded more deeply 



Also, pass 4 completed the first layer that had more than one 
pass. 

response tests is shown in Figure 1. Weld groove geometry is 
shown in Figure 2. The material was API 2W, Grade 50 steel, 
often used for structural applications. Weight percent compo- 
sition is 0.16 C (max), 1.15-1.6 Mn, 0.15-0.5 Si, 0.25 Cr 
(ma),  and 0.35 Cu (max) (2). The GMA process used 0.045 
in diameter E7OS-6 filler wire, 27.5 V, 250 A, 280 in/min wire 

One half of the test specimen used for the thermal 
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Figure 2. Groove geometry and thermocouple locations. Thermo- 
couples shown only on one side of groove. In tests, 
embedded thermocouples were on both left and right sides 
of plate, as well as top and bottom. 

feed rate, and 9 in/min torch travel speed. A modified double- 
V groove geometry was used to minimize out-of-plane motion. 
Embedded thermocouples were used to monitor the interior 
temperature of the plate near the weld groove surface. Figure 
2 also indicates thermocouple positions relative to the plate 
cross-section. Thermocouples were placed on both sides of 
the weld and staggered along the plate length (direction of 
weld). 

Larger plates were utilized for the measurement of 
distortions associated with the welding process. These 24" x 
24" x 2-3/4" plates incorporated a weld groove machined 
down the center of the plate (dimensionally identical to those 
used in the thermal response plates) and mechanical restraint 
produced by integrally machined members of rectangular 
cross-section which resisted both in-plane and out-of-plane 
motion of the plate. A schematic representation of this larger 
"H-specimen" configuration is shown in Figure 3. The cross- 
sectional area used for the reduced "gauge section" was 
selected to provide a desired amount of restraint for a particu- 
lar test. 

The restraining members were outfitted with strain 
gauges which monitored those distortions which occurred 
during the welding cycle, including the cool down of the plate 
after extinguishing the arc. Faces of the columns which were 
oriented out of the plane of the plate were instrumented with 
uniaxial strain gauges (Figure 3). The other (in-plane) faces 
were equipped with rosettes; one gauge was aligned transverse . ,  .. . 
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Figure 3. Schematic of H-plate showing locations of dowel pins, 
surface thermocouples, and strain gages. Top view shows 
" A  surface. Bottom side is "B" surface. Same instrumen- 
tation on back of plate. 

to the welding direction, the other two legs were oriented at 
both positive and negative 45" to the welding direction. Data 
from strain gauges was recorded during each weld pass for a 
total of 20 minutes following arc termination. 

A determination of lateral contraction (shrinkage 
transverse to the welding direction) was calculated from 
mechanical measurements taken using gauge pins located on 
each side of the weld. A set of pins was positioned in drilled 
holes 1 inch from the edge of the start and finish of the weld 
groove on both top and bottom of the H specimen (a total of 8 
pins, 4 measurements). Digital calipers were used to measure 
the pin separation before and after each weld pass (Figure 4). 

Finite Element Analyses 

The commercial finite element code ABAQUS (3) was used 
for the 2D thermal and mechanical analyses. The Sandia code 
JAC3D (4) was used for the 3D mechanical analyses 

Thermal analyses. The thermal analyses rely on 
conduction in the plate to redistribute energy from the weld 
pool region to the rest of the plate. Thermal conductivity is 
enhanced in elements that reach melt temperatures to account 
for convection heat transfer due to stirring in the weld pool 
(5).  Latent heat of fusion effects for solid state phase changes 
and melting and solidification are accounted for by 
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Figure 4. Change in caliper measurements of embedded dowel pin 

separation as a function of pass number. A-A refers to 
average pin separation on A (originally top) side of plate, 
B-B refers to same quantity for plate side opposite pass 1, 
and (A-A+B-B)/2 is average in-plane shrinkage for the 
pass. Spread between A-A and B-B measurements 
indicates amount of out-of-plane distortion. Direction of 
out-of-plane motion is indicated by relative signs of A-A 
and B-B measurements. 
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Figure 6. Close-up of 2D thermal model showing base material, first 
pass of filler metal, and backing bar. Backing bar contact is 
limited to region indicated by backing bar interface 
elements. 

parts of the model. A copper backing bar was used to confine 
the filler metal for the first pass. The amount of contact 
between the backing bar and the plate was not well character- 
ized. In order to get good agreement with thermocouple 
histories, the contact shown in Figure 6 was used, with a 
backing bar conductivity similar to that of the steel. Backing 
bar contact and conductivity were determined through an 
iterative process. 

metal as shown in Figure 7. For the 4 passes in this model, all 
4 passes of filler metal were present from the start of the 
analysis with an initial temperature of 2000 K. The first step 
in the ABAQUS analysis is the removal of interface elements 
around passes 2 through 4 (with the MODEL CHANGE 
option) so that the material in those passes is not able to 

500 1000 1500 2000 conduct to the base material or the other filler metal blocks. 
The second step is the thermal analysis of pass 1 with the 
backing bar in place. Nothing happens to the filler metal in 
passes 2 through 4 during the time the first pass is processed. 
When it is time to process pass 2, the interface elements 

Interface element groups surrounded each pass of filler 
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Figure 5. Material response used in thermal analyses (7). 
Discontinuities in specific heat are used to account for 
latent heats associated with solid-solid and solid-liquid 
phase changes. 

modification of the specific heat as a function of temperature. 
Figure 5 shows the material response assumed for the thermal 
analyses. 

A volumetric heat source (6) was used for these analyses. 
No convective or radiative losses occur from filler metal 
regions. All heat losses for the filler material are assumed to 
be lumped into the heat source efficiency. 

To simulate the GMA weld process, filler metal in the 
finite element model is birthed (activated in the model during 
the analysis) at a temperature above melt. A temperature of 
2000 OK, which is approximately 1/4 of the way between the 
liquidus and boiling temperatures, was used here. To account 
for the energy in the filler metal due to being birthed hot, the 
volumetric heat source efficiency is reduced. Interface 
elements were used to control conduction between the various 

Figure 7. Close-up of 2D thermal model showing filler metal for pass 
1 through 4 and interface element groups around each pass. 



surrounding pass 2 are re-included into the model, and the 
backing bar and backing bar interface elements are removed. 
Pass 2 is then processed. Next, pass 3 interface elements are 
re-included, and then pass 3 is processed. This sequenceis 
repeated for the subsequent passes. 

Goldak's (6) double ellipsoid volumetric heat source was 
used to place energy into the finite element models. Heat 
source dimensions were determined from weld cross-sections 
and photos of the solidified weld pool. In addition to the heat 
source dimensions, heat source efficiency must also be 
specified. In this work, the efficiency was initially assumed to 
be 80%, that is 80% of the power indicated by the welding 
controller (volts * amps) was applied to the finite element 
model. The efficiency was then adjusted to 87% to obtain 
good agreement between analysis results and thermocouple 
histories. An example of the type of comparison obtained is 
shown in Figure 8. 

Filler metal cross-sectional area was calculated from wire 
diameter, feed rate, and torch travel speed. Filler pass cross- 
sections were assumed to be trapezoidal, as shown in Figure 7, 
to simplify meshing. Cross-sections of the welded plates 
indicated that for layers of filler metal in which there was 
more than one pass, filler shape was significantly different 
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Figure 8. Sample comparison between thermal analysis and experi- 
ment. Histones for 4 embedded thermocouples the same 
distance from the weld centerline but staggered along the 
plate length are shown. The temperature history from the 
2D analysis is placed in time to coincide with the second 
experimental curve to allow comparison of curve shapes. 

from that assumed in the model. However, comparisons of 
temperature histories and distortions for passes 3 and 4 show 
that large discrepancies in the shape of the filler metal cross- 
section only affected temperatures near the weld and overall 
plate distortion was predicted well. 

Initially, the convection heat transfer coefficient for the 
base material surface was specified to be a constant 0.05 Wl 
cm2 -K. This is approximately 50 times what would be 
calculated for free convection in ambient air. This relatively 
large number was used to cool the plate down artificially 

quickly to possibly reduce CPU time. However, when a more 
realistic heat transfer coefficient was used larger time steps 
were taken to give approximately the same CPU time. In the 
experiments it took a few hours for the plate to cool to room 
temperature. Since a rate independent constitutive model was 
used in the mechanical analyses, this artificially fast cool 
down did not effect final distortion predictions. Also, the high 
convective cooling did not affect temperatures early in time, 
especially in the interior of the plate, which is the area of 
interest. However, strain histories in the restraints at times 
after arc termination were influenced by the plate cooling rate. 

400 s per pass of simulated time (total of 1600 s) was approxi- 
mately 3.5 hours. On the Cray YMP CPU time was 4.4 hours. 
The mesh had 1387 nodes. 

One analysis was completed to consider the feasibility of 
lumping passes together to reduce CPU time. The mesh was 
the same as that shown in Figures 6 and 7, but passes 2 
through 4 were processed simultaneously. Pass 1 was pro- 
cessed separately fiom passes 2-4 because of the backing bar. 
The interface elements around passes 2-4 were all turned on at 
the end of pass 1. In effect, a separate heat source was swept 
over each of passes 2 through 4 simultaneously. Pass 1 was 
simulated for 400 s, with the lumped passes simulated for 800 
s to give the plate more time to cool, since 3 times the energy 
of a single pass had been input to the model. Total shrinkage 
at pass 4 was within 8% of the value from the unlumped 
analysis. This is discussed further in the next section. 

analyses used the results of the thermal analyses as loads. The 
2D model used spring elements to provide restraint against the 
weld shrinkage. ABAQUSIStandard was used for the 2D 
mechanical analyses, while the Sandia code JAC3D was used 
for the 3D analyses. 

The copper backing bar used for the first pass was not 
included in the mechanical analyses. One reason was that it 
did not take much force to remove the bar in the welding 
experiments. Another reason was the uncertainty in the 
amount of contact between the plate and the backing bar. 

As in the thermal analyses, all of the filler metal was 
birthed at time zero and given a specified initial temperature 
of 2000 "K. As each pass was processed, only the material in 
the current and previous passes caused any loading of the 
plate. Filler metal for passes subsequent to the current one 
behaved as very soft, volume-conserving material. For 
example, when pass one is processed, the temperatures read 
from the thermal analysis cause pass 1 to cool down. Passes 2 
through 4 are maintained at the 2000 'K temperature. During 
simulation of pass 2, pass 2 material would be cooled, while 
passes 3 and 4 were kept at 2000 "K. Subsequent passes 
would be handled similarly. Thermal expansion of the filler 
metal is specified such that there is zero expansion at the 
initial 2000 "K birth temperature with shrinkage occumng as 
the temperature is reduced. 

A temperature dependent, rate independent, bilinear 

The CPU time on the SGI Power Challenge machine for 

Mechanical finite element analyses. Mechanical 



elastic-plastic constitutive model was used for the mechanical 
analyses. Values for yield stress, Poisson's ratio, and elastic 
and hardening modulus as a function of temperature were 
based on data from (8). The steel used in that work was 
Swedish steel SS 142172 and SS 142132. Weight percent 
compositions of those steels were reported (9) as 0.2 C, 1.5 
Mn, 0.3-0.6 Si, 0.03 Cr, 0.04 Cu, similar to the API-2W, Grade 
50 composition. The yield stress curve in Figure 9 is some- 
what an average of the curve in (8) ignoring the phase change 
information from that reference. Thermal expansion data was 
provided by HTMIAC (7). %o sets of hardening modulus 
values were used. In one set, used for most of the analyses, 
values for the hardening modulus were estimated to be 1% of 
the elastic modulus for each temperature point used in the 
material property definitions. The second set of hardening 
values were from (8). To aid convergence of the iterative 
solver used in JACSD, the hardening modulus was set to 
roughly 1% of its room temperature value after 800 "C, rather 
than setting it to zero as in (8). Figures 9 and 10 show 
material properties used in the mechanical analyses. 
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Figure 9. Elastic modulus, yield stress, and Poisson's ratio used in 
mechanical analyses, based on data from (8). 
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Figure 10. The two hardening curves and the thermal expansion 
behavior used in the mechanical analyses. 

2 0  mechanical analyses. The 2D finite element model is 
shown in Figure 11. It is the same mesh used for the thermal 
analyses, but the element type has been changed to a general- 
ized plane strain element. Spring elements are connected to 
each side of the base plate and connected to ground. The 
springs were used to generate the loads provided by the H- 
plate restraints. 

To determine the spring force-displacement behavior, the 
3D finite element model shown in Figure 12 was constructed. 
A simple elastic analysis was performed. A displacement 
boundary condition was applied to the central section of the 
plate to pull it towards the weld centerline. The load in the 
restraint was monitored against displacement of the edge of 
the welded plate (Figure 12), since this is where the springs 
are attached in the 2D model. The analysis took less than a 
minute on a Cray YMP using both JAC3D and ABAQUS 
codes. 

The model was used to simulate four passes as described in 
the thermal analysis section. The plate was allowed to cool for 
400 s between each pass in the analysis. Figure 13 shows the 
calculated 2D shrinkage compared with caliper measurements 
from Figure 4. Note that the calculated first pass shrinkage is 
within 25% of the caliper measurement. Passes 2 through 4 
add less than 2 ~ l O - ~  in. per pass additional shrinkage, much 
less than measured. A possible explanation for this is that in 
the 2D model the full length of the weld is effectively heated 
at the same time. This releases most of the shrinkage devel- 
oped in the first pass. Distortion from the second pass 
therefore was quite similar to that of the first pass. The small 
amount of additional shrinkage observed in pass 2 may be due 
to a somewhat larger amount of filler participating in the 
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Comparison of 2 0  mechanical analysis with experiment. 
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Figure 11. Mesh used for 2D mechanical analysis in ABAQUS. 
Spring elements used to model restraint forces are 
shown. 
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Figure 12. Mesh used to determine force-deflection behavior for 
springs in 2D mechanical model (Figure 11). 
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Figure 13. Comparison of cumulative average in-plane shrinkage 
for 4 passes from 2D analysis and experiment. Note 2D 
analysis does not predict significant additional shrinkage 
subsequent to pass 1. 

shrinkage and the fact that not all of pass 1’s shrinkage is 
released. It is clear that the 2D model does not perform well 
in this problem. With these results in mind, focus was shifted 
to 3D analyses. 

30 mechanical analyses. 73~0 types of 3D analysis were 
performed. One type was meant to be similar to the 2D model 
so that the results of 2D and 3D modeling assumptions could 
be evaluated. To simulate the 2D model, the full length of the 
3D weld was heated at the same time, so the temperature is not 
a function of position along the length of the weld. The results 
were quite similar to the 2D results, indicating this problem is 
not a good candidate for simulating the mechanical response 
in 2D. The second type of 3D analysis closely simulated the 
actual welding process where the heat source is swept down 
the length of the weld. This generated results very close to 
those obtained in the experiment. 

is constructed of hex elements with a somewhat coarser mesh 
in the cross-section of the filler metal blocks than used in the 
thermal analyses. The model has approximately 24,000 nodes. 
The fine mesh near the weld is connected to the coarse mesh 
of the base plate using contact surfaces. 

The mesh used in the 3D models is shown in Figure 14. It 

Mapping 2 0  temperature histories to 3 0  model. With the 

Figure 14. Mesh used for 3D mechanical analyses. 

observation that 2D mechanical analyses were not going to 
produce good results, the problem of generating thermal loads 
for the 3D mechanical analyses arose. There were several 
problems with performing 3D thermal analyses in the same 
way that 2D analyses had been done. One problem was that 
ABAQUS does not have a conjugate gradient solver for 
thermal analyses. With some of the 2D analyses taking 1/2 to 
1 hour per pass, multiplying the number of nodes by 20 and 
using the direct solver in ABAQUSBtandard was not feasible. 
JACQ3D is a thermal version of the Sandia code JACSD, but 
does not have interface elements. A 3D thermal analysis with 
JACQ3D is possible using contact surfaces and birthing 
techniques. However, there is a problem birthing a long 

planes represent 2-D solutions at different times 

Figure 15. Schematic illustrating mapping of 2D thermal solution to 
3D model. 

“rope” of filler metal in a 3D analysis. Parts of the rope that 
are far fiom the current torch position will be conducting into 
the base material and previous passes during the time it takes 
the torch to traverse the weld. The rope of filler material may 
be broken into many small pieces so that in the limit, each 
element of filler material is birthed hot just as the torch 
reaches its location. This is essentially what is desired for a 
3D thermal analysis. However, this element by element birth 
is not yet implemented. Also, it is possible that the 3D 
thermal analysis could be quite CPU time intensive, even 
using a conjugate gradient solver. To overcome these prob- 
lems, 2D thermal solutions were mapped onto the 3D meshes. 
Figure 15 shows a schematic of the concept. The series of 
planes represent the temperature distribution at different times 
in the 2D analysis. Interpolating between the planes provides 
an estimate of the 3D temperature field at a specified time in 
the 3D model. By marching the set of 2D solutions along in 
time, a good approximation of the 3D thermal solution is 
obtained. The quality of the approximation will depend 
partially on torch speed relative to the material properties. 

produced using a 3-D thermal analysis and a mapped 2D 
Figures 16 and 17 qualitatively compare the thermal field 
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Figure 16. Thermal field generated by sweeping 2D solution over 
3D block. 

Figure 17. Thermal field from true 3D analysis. 

solution for a block of material. The 2D solution tends to have 
higher peak temperatures close to the weld pool and somewhat 
faster rise times in temperature. Mechanical analyses of nodal 
motion using the 3D and mapped 2D thermal histories showed 
a maximum difference in distortions of about 20% for the 
block problem. 

Comparison of 3 0  mechanical analyses with experiment. 
Figure 18 compares average distortions from the two types of 
3D analyses, the 2D analysis, and experiment. Response very 
similar to that of the 2D analysis is produced in the 3D 
analysis in which the full length of the weld is heated simulta- 
neously. This demonstrates that the 2D mechanical model was 
a reasonable representation of the 3D problem in which the 
full weld length was heated at the same time. It also shows 
that the 2D model is not capable of capturing the main factors 
accounting for the accumulating shrinkage as passes are 
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Figure 18. Average in-plane shrinkages from experiment, 2D. and 
3D analyses for the first 4 passes. 

added. 
When the heat source is swept along the weld length, the 

agreement with experiment is very good. The largest error 
occurs for pass 2 (less than 10% error). Simulated distortions 
for the other passes agree very closely with values from the 
experiment. This agreement indicates that the main phenom- 
enon responsible for the increase in shrinkage as passes are 
added is that part of the previous filler metal remains strong 
enough to trap the current shrinkage. Additional filler adds to 
the shrinkage. 

In most of the mechanical analyses the hardening 
modulus was assumed to be 1% of the elastic modulus at a 
specified temperature. This assumption was used until the 
data in (8) was obtained. Average shrinkages from analyses 
using the two different hardening assumptions were within 
10% of each other (Figure 19) and bounded the test data for 
pass 1. Convergence difficulties were observed when 
hardening was set to zero at high temperature in the 3D 
analyses. For that reason, two different values of the 

Figure 19. Average shrinkage calculations comparing response for 
various hardening assumptions. 

hardening above 1000 "K were considered for the data from 
(8). Figure 19 shows that with the lower value of le7 GPa, 
first pass average shrinkage is about 4% less than the 
experimental value. Convergence problems were observed for 
this hardening value for pass 2. When high temperature 
hardening of le8 GPa was used with hardening data from (S), 
average shrinkage was about 4% higher than the experimental 
value for pass 1. It was also about 4% higher for passes 1 and 
2 than shrinkage calculated using the estimated hardening (1 % 
of elastic modulus) curve. The estimated hardening curve 
used a hardening value of le8 GPa at high temperatures 
(Figure 10). 

pass 1. Note there is more shrinkage computed for the finish 
end of the weld than the start end. This was observed in the 
experiments, as was the outward bowing of the restraints 
(from strain gage data). There was little out-of-plane distor- 
tion due to the double-V groove geomehy. This deformed 
shape was maintained throughout the analysis, though out-of- 
plane bending fluctuated into the page or out of the page in 

Figure 20 shows a top view of the distorted mesh after 



Figure 20. Distorted mesh after pass 1. Displacements are magni- 
fied by 100. 

Figure 20 depending on which pass was being processed. This 
can be observed by examining the relative signs of A-A and B- 
B pin separations in Figure 4. 

Axial strains in the restraints (strains along the length of 
the restraint)were calculated using strain gage data. For each 
pass, two estimates of axial strain in each restraint were made. 
One estimate came from averaging the strain measured by the 
in-line gage of the rosette gages on the top and bottom surfaces 
of the restraint. The other estimate came from averaging the 
strain measured by the uniaxial gages on the edges of the 
restraints (see Figure 3). Average axial strains were calculated 
in the same manner for the finite element analysis. Figures 21- 
24 show the comparisons. The plots show changes in strain for 
the first 400 s of the pass. The comparison is somewhat 
misleading, however, since the plate cooling in the analysis is 
much faster than in the experiment. This does not significantly 
affect strains during the time welding is occurring, but does 
affect them after the arc is terminated. It should not affect 

Figure 21. Comparison of pass 1 axial restraint strains from analysis 
and experiment. 
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Figure 22. Comparison of pass 2 axialrestraint strains from analysis 
and experiment. 
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Figure 23. Comparison of pass 3 axial restraint strains from analysis 
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Figure 24. Comparison of pass 4 axial restraint strains from analysis 
and experiment. 

final values of the strains, but this has not yet been directly 
verified. Figures 21-24 show fair agreement in the strains 
during the first 100-200 s of the pass. Later in time, strains 
from the analysis are as much as 50% greater than those in the 
experiment. One analysis was completed for pass 4 using a 
more realistic convection heat transfer coefficient of 0.001 W/ 
cm2-K. The strains after 200 s increased (became more 
negative) much more slowly, in better agreement with the 
experimental data. In addition, the final shrinkage differed 



from the value obtained with the fast cooling by less than 1%. 
One 3D analysis was completed using the lumped thermal 

analysis for loading. The 2D temperature solutions were 
swept over the 3D model as previously described. All filler in 
the model was birthed at time zero. Pass 1 was exactly the 
same as in the individual pass analyses. Passes 2-4 were 
heated and cooled simultaneously as if three welding torches 
traveled the plate length together. Figure 25 shows how the 
lumped analysis compared with the unlumped analysis. 
Distortion accumulated to pass 4 in the unlumped analysis is 
very close to the experimental point. Accumulated shrinkage 
in the lumped analysis overshoots the distortion by less than 
8%. The lumped analysis tohl (thermal + mechanical) CPU 
time required about half that of the unlumped analysis. These 
results indicate that there is the possibility of saving a signifi- 
cant amount of CPU time through lumping of passes in a 3D 
analysis. It may be that some criteria could be specified as to 
the number of passes that could be lumped at one time. A 
possible criteria could be requiring the cross-sectional area of 
the lumped passes be no more than a certain fraction of the 
combined areas of the base plate and previous passes. This 
would still provide a relatively large heat sink for the lumped 
passes so that the plate and previous passes were not over- 
heated and softened in a grossly unrealistic manner. It is to be 
expected that as the number of passes that are lumped together 
increases, any estimates for stresses or temperatures near the 
weld will decrease in accuracy. 
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Figure 25. Comparison of shrinkages calculated with and without 
pass lumping for 3D model and simulated traveling heat 
source. 

Summary 

Average in-plane distortions for four passes in a 2-314" 
thick steel plate were successfully modeled using 2D thermal 
analyses combined with 3D mechanical finite element 
analyses. TWO-dimensional mechanical analyses and 3D 
models in which the entire weld length was heated simulta- 
neously were not capable of predicting the additional distor- 
tion accumulated after the first pass. A brief consideration of 
pass lumping to reduce CPU time requirements showed 
promising results. Strains in the mechanical test specimen 

restraints compare favorably with test results during the time 
the weld is occurring. Due to artificially high convection 
cooling rates in the analyses, analysis strains in the restraints 
as a function of time did not agree well with experimental 
values later in time. It was noted that strain history compari- 
sons were improved by using more realistic cooling rates in 
the analyses and that the calculated shrinkages would not 
change significantly from those obtained with the high cooling 
rate. 

Acknowledgments 

Discussions with A. Ortega, D. Bamman, J. Lathrop, V. 
Prantil, and M. Callabresi (all at Sandia, Livermore) greatly 
aided to the successful completion of this work. This work 
was funded under DOE CRADA SC9311162. 

References 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Daniewicz, M. D., M. D. McAninch, B. McFarland, 
and D. Knoll, Int. Conf. Proc. Modeling and Control of 
Joining Processes, Orlando, Florida, Dec. 1993, p. 239- 
246. 
"Specification for Steel Plates for Offshore Structures", 
API Specification 2W (SPEC 2W), American Petro- 
leum Institute, Washington, DC., (1993) 
"ABAQUS User's Manual Version 5.4", Hibbitt, 
Karlsson, & Sorenson, Inc., Pawtucket, RI, (1995) 
Biffle, J. H., JAC3D - A Three-Dimensional Finite 
Element Computer Program for the Nonlinear Quasi- 
Static Response of Solids with the Conjugate Gradient 
Method", Sandia Report SAND87-1305, Sandia 
National Laboratories, Albuquerque, NM, (1993) 
Goldak, J., M. Bibby, J. Moore, R. House, B. Patel, 
Met. Trans. B, 17B, 587-600 (1986) 
Goldak, J., A. Chakravarti, and M. Bibby, Met. Trans. 

Bogaard, R. H., and P. D. Desai, High Temperature 
Materials Information Analysis Center, Purdue 
University, West Lafayette, Indiana. Private communi- 
cation, (1994) 
Wikander, L., L. Karlsson, L. E. Lindgren, and A. S .  
Oddy, Int. Conf. Proc. Modeling and Control of Joining 
Processes, Orlando, Florida, Dec. 1993. p. 239-246. 
Unterweiser, P. M., and M. Penzenik eds.. "Worldwide 
Guide to Equivalent Irons and Steels", ASM, Metals 
Park (1979) 
Ortega, A. R., J. F. Lathrop, R. E. Corderman, E. A. 
Fuchs, B. V. Hess, K. W. Mahin, A. F. Giamei, To 
appear in Proc. of Modeling of Casting, Welding, and 
Advanced Solidification Processes. TMS, Warrentown, 
PA, (1995) 
"Babcock and Wilcox CRADA Final Report", M. 
Callabresi and C. Schultz, eds., Sandia National 
Laboratories, Livermore, CA. (1995) 
Oddy, A. S.,  J. M. J. McDill, and M. J. Bibby, Trans. of 
Canadian SOC. for Mech. Eng., 10(3), 129-134, (1986) 

B, 15B, 299-305 (1984) 



, 

. .  

DISCLAIMER 

. .  

This report was prepared as an account of work sponsorai by an agency of the 
United States Government Neither the United States Government nor any agency 
therwf,,nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or w- 
fulntss of any information, apparatus, product, or disciosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cif?c commercial product, process, or service by trade name, trademark, manufac: 
turer, or otherwise does not ncccssady constitute or imply its endorsement, mrn- 
mendation, or favoring by the United States 'Government or any agency thereof. 
The views'and opinions of authors exprcsked'hercin do not necessarily state or 
reflect those of the United States Government or any agency themf. 

, -  

> I  

. -  


