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Abstract

Finite element simulations using an internal state vari-
able constitutive model coupled with a void growth and
damage model are used to study weld solidification crack-
ing of 6061-T6 aluminum. Calculated results are compared
with data from an experimental program determining the
locations of failure as a function of weld process param-
eters and specimen geometry. Two types of weld solidifi-
cation cracking specimen were studied. One specimen, in
which cracking did not occur, was used to evaluate finite
element simulations of the thermal response and calcula-
tions of average strain across the weld. The other specimen
type was used to determine the location of crack initiation
as a function of weld process parameters. This information
was used to evaluate the finite element simulations of weld
solidification cracking. A solidification model which in-
cludes dendrite tip and eutectic undercooling was used in
both thermal and mechanical finite element analyses. A
strain rate and temperature history dependent constitutive
model is coupled with a ductile void growth damage model
in the mechanical analyses. Stresses near the weld pool are
examined to explain results obtained in the finite element
analyses and correlated with experimental observations.
Good agreement is obtained between simulation and experi-
ment for locations of crack initiation and extent of crack-
ing. Some effects of uncertainties in material parameters
are discussed.

Introduction

Weld solidification cracking occurs during the final
stages of solidification. The load histories required to cause
cracking can vary greatly depending on the material and the
processing conditions. Cracks usually appear to initiate in
the solid + liquid region of the weld, although the initiation
point may occur near a local solidus temperature signifi-
cantly lower than the equilibrium solidus. As solidification
cracking is one of the most serious weld related manufac-
turing defects, it has been studied experimentally for more
than 50 years [e.g. 1-3]. Many numerical simulations of the
stresses, strains, and distortions in welded plates have been
reported over the last 20 years. However, only recently have
numerical simulations aiming to predict and understand
solidification cracking been attempted [4-9]. The metallur-
gical and thermomechanical aspects of the solidification
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cracking problem and the interaction bet een them 1§Zot
yet well understood. Factors that 1nﬂu (lq
behavior of a particular part include alloy comr
boundary conditions, and welding conditions such as the
rate of energy input to the part, welding speed, and weld
process.

A large number of weldability tests have been devel-
oped [10]. Many of these use an externally applied strain to
characterize the relative weldabilities of materials. For some
materials which are especially prone to solidification crack-
ing, such as 6061-T6 Al, the augmented strains are very
close to zero as measured by tests such as the Varestraint
test[11]. Other tests, such as the Sigmajig test [12], apply a
prestress to the specimen. Cracking susceptibility is mea-
sured as the external load required to cause cracking for a
given set of weld conditions. Again, different tests tend to
rank materials’ cracking susceptibility differently. In addi-
tion, many of the tests do not represent conditions actually
encountered in manufacturing. Even those tests that are
termed representative do not necessarily simulate conditions
that might be encountered in the range of manufacturing
situations of interest. For this reason it is of considerable
interest to develop a simulation methodology that may be
used in predicting the cracking susceptibility of a particular
weld.

Experiments

Two types of specimens were studied. Rectangular
plates 76.2 mm x 152.4 mm x 6.35 mm (3 in x 6 in x 0.25
in) were used to verify thermal and mechanical analyses on
crack-free welds. A 127 mm (5 in) x 25.4 mm (1 in) groove
was milled in the center of the specimen to leave a 1.27 mm
(0.050 in) thick web where the weld was placed. The GTA
process was used with process parameters of 17V, 55 or 70
A, and 12.7 mm/s (30 in/min) torch travel speed. Figure 1
shows a schematic of the specimen and the instrumenta-
tion. Arrays of thermocouples were placed across the bot-
tom side of the weld at various locations along the weld
length. Two arrays of lines with 1.27 mm (0.050 in) spac-
ing were also scribed on the bottom side of the specimen.
These grids were monitored with video cameras to provide
strain histories across the weld.

Figure 2 shows the disk specimen used to study crack
initiation. These specimens were not instrumented. Weld
process parameters were varied and the location of crack
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initiation was observed. The disks were 6.35 mm thick with
the weld placed on the center of the 12.7 mm wide groove.
The web thickness in the groove was 1.27 mm. Specimen
outside diameter was 101.6 mm. A 6.35 mm hole was used
to mount the specimen to a fixture. In the tests, three cur-
rent levels were used for each circular weld. Four disk tests
will be discussed and are listed in Table 1. All tests used a
voltage of 17 V.

current (A) travel
speed (mm/s
Test position around disk
0-120° 120-240° 240-360°
1 50 55 60 6.35
2 30 40 50 6.35
3 60 70 80 10.7
4 40 50 60 10.7
Table 1.  Weld process parameters for disk tests.

The location of through-thickness crack initiation was
the quantity of interest for comparison with the finite ele-
ment analyses. Figure 3 shows how cracks typically initi-
ated on the outer edge of the weld fusion zone and ran to the
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Figure 1.

Schematic of rectangular specimen and
instrumentation. Dimensions in inches.

Figure 2. Top view of disk specimen used to study crack
initiation.

centerline where they continued to propagate. Table 2 lists
the locations at which cracks initiated for each test.

Test crack initiation
(distance from weld start)
1 0°
2 190°
3 0
4 160°

Table 2.

Locations at which through-thickness cracks ini-
tiate.

Figure 3. Photo showing crack initiating from outside
edge of weld fusion zone.

Thermal Finite Element Analyses

In order to capture some aspects of the solidification
behavior, a solidification model incorporating both dendrite
tip and eutectic undercooling was used. The determination
of the fraction solidified as a function of temperature and
weld speed is described in [13]. Briefly, a pseudo Al-Si
phase diagram was constructed based on Al-Si binary and
Al-Mg-Si ternary phase diagrams. This estimated phase
diagram was used to determine undercooling effects for the
weld process parameters of interest.

Figure 4 shows the resulting fraction solid curve as a
function of temperature for 6.35 mm/s weld speed. Under-
cooling of approximately 6° K is calculated for a 12.7 mm/
s weld speed.

The Sandia code JACQ3D [14] was used to perform
the analyses. Thermal properties were obtained from the
High Temperature Materials Information Analysis Center
[15]. The specific heat curve was modified to represent the
rate of solidification shown in Fig. 4. Figure 4 shows that
the material is nearly 60% solidified within a few degrees
of the liquidus temperature. Distributing the latent heat of
fusion according to the fraction solid curve in Fig. 4 results
in a very nonlinear specific heat curve, shown in Figure 5.
Figure 5 shows a spike at the eutectic temperature (approxi-
mately 828 °K) and a large spike near the liquidus tempera-
ture at 920-930 K. The flat region at the liquidus shows
the temperature region over which the solidification at the
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Figure 4. Fraction solid as a function of temperature for
6061-T6 Al, 6.35 mm/s (15 ipm) travel speed.

liquidus temperature was distributed to avoid numerical dif-
ficulties. Feng [4] and Dike et al [8] showed how different
solidification models could affect isotherm shapes near the
weld pool. Specifically, it was shown that isotherms are
more elongated near the tail of the pool in the solidification
temperature range when these solidification models areused
compared to assuming a uniform solidification rate. As the
weld pool is surrounded by a compressive stress and fol-
lowed by tensile transverse stress, factors that causes the
weld pool to become elongated may increase the chance of
solidification cracking. The susceptible material may be
pushed closer to the trailing tensile region.

Figure 5 also shows the thermal conductivity increas-
ing by roughly a factor of 4 at the liquidus temperature.
The conductivity is modified in this manner to account for
enhanced convection that occurs in the weld pool due to
stirring and digging of the welding arc. The multiplication
factor is based on studies of fluid mechanics and heat trans-
fer in the weld pool [16].

Energy was input to the thermal model using a double
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Figure 5. Specific heat and thermal conductivity curves

used in thermal analyses.

ellipsoidal volumetric heat source [17]. Heat source effi-
ciency was assumed to be 75%. Thermal losses were ac-
counted for by radiative and free convection heat transfer
being combined into a temperature dependent effective con-
vective heat transfer coefficient.

Figure 6 shows the mesh used for the rectangular speci-
men. It is constructed of approximately 32,000 8-node hex
elements. Typically the mesh was constructed to have sev-
eral elements across the width and length of the weld pool.

A representative comparison of temperature histories

from analysis and experiment for the rectangular specimen
is shown in Figure 7. Thermocouple locations on one side
of the weld are indicated by solid symbols, thermocouples
on the opposite side by open symbols. Calculated tempera-
tures are indicated by solid lines. The data shows that the
thermocouples did not end up being equally spaced away
from the weld centerline. The analysis curves are at the
nominal locations specified in the thermocouple schematic,

Figure 6. Mesh used in finite element analyses of
rectangular specimen.

Figure 1. The results in Figure 7 indicate that the analysis
compares well with the test, as the calculated temperature
histories fall between the experimental curves. There is a
difference in the curve shape at the location closest to the
weld centerline. The analysis curve is significantly wider
than the thermocouple history from the peak temperature of
approximately 1100 K (liquidus temperature is approxi-
mately 920 °K) to 600 K. There was only one thermo-
couple that survived at this location, so it is not clear how
much scatter there is in the data at this location. The peak
temperatures do agree well. There are still many details
that could be improved to match analysis to experimental
thermal data, but overall, the thermal analyses were suffi-
ciently accurate to proceed to the mechanical analyses.

Mechanical Finite Element Analyses

A strain rate and temperature history dependent inter-
nal state variable constitutive model [18-21] was used in
the mechanical analyses. A nonlinear least squares pack-
age specifically designed to fit parameters to the model [22]
was used to generate a parameter set based on data gener-
ated for this work [23]. A representative comparison of the
constitutive model's predicted response with experimental
data for a strain rate of 0.2 s "1 is shown in Figure 8. The
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yield stress and elastic constants as a function of tempera-
ture are shown in Figure 9.

The elastic modulus was determined by calculating the
slopes from elevated temperature compression test data from
[23] and assuming a hyperbolic tangent form for the tem-
perature dependence. This results in a very small modulus
at melt. Other measurements of elastic constants [24] indi-
cate the modulus decreases linearly to approximately 50%
of its room temperature value at melt. It was not clear which
is the most appropriate behavior to assume with regards to
the finite element model and the fit to the constitutive model.
Various assumptions for the temperature dependence of
Young's modulus, Poisson's ratio, and thermal linear expan-
sion were examined. Results will be presented using the
temperature dependencies shown in Figure 9. Thermal lin-
ear expansion was assumed to increase nearly linearly from
room temperature with the expansion due to the liquid-solid
phase transition included.

The damage model is based on the Cocks-Ashby model
of growth of a spherical void in a rate dependent plastic
material [25]. The effects of damage due to the growth of
an initial distribution of voids or initial porosity is modeled
by the introduction of a scalar internal state variable ¢. The
variable acts to degrade the elastic moduli and concentrate
the stress in the deviatoric flow rule. When damage reaches
a critical value, failure occurs.

The evolution of the damage parameter ¢ is given by

¢=B[—1—-(l-¢>}\Dﬂ )
(1-¢)"

where IDPI is the magnitude of the deviatoric plastic stretch.
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Figure 9. Elastic constants and yield stress used in
mechanical analyses.

The term B is a measure of the triaxiality (pressure/effec-
tive stress). The exponent n in (1) controls the rate at which;
voids grow for a given level of stress triaxiality. Tests were
conducted to obtain a rough estimate of how the damage
exponent n varies with temperature [23]. Notched tensile
specimens with different ratios of the notch radius to the
minimum specimen diameter were used to introduce vari-
ous levels of triaxiality into the gage section of the speci-
men. Trial and error finite element analyses were used to
determine the damage exponent once parameters for the plas-
ticity model have been determined from compression tests.

The temperature dependence of the damage exponent
1, as estimated through trial and error finite element analy-
ses of the elevated temperature notched tensile specimens,
is described by Eqn. 2. Using data from three temperatures
(293 °K, 593°K, 693 °K) and an estimated saturation level,
a hyperbolic tangent shape is assumed for n as a function of
temperature as

n(T) = ng+(ng-ng){ 1+ tanh [(C1-THC7]}/2, 2)

where T is temperature, n, = 5.8 is the room temperature
value, n=0.6 is the saturation value, and C =625 °K and
C,=61 °K are constants fit to the data. The saturation value
is the value to which the function tends at melt. From ex-
tensive data in the literature it is known that cracks do not
initiate in the weld pool itself, but rather during the later
stages of solidification or very soon after solidification is
completed. Figure 10 shows a crack surface in the region
of the initiation site. It is evident from the second phase
eutectic constituents and the smooth dendrite surfaces that
crack initiation occured during the final stages of eutectic
solidification.

The constitutive model subroutine was modified such
that damage increased only in elements that were below the
coherent temperature. The coherent temperature was deter-
mined from the solidification model as the temperature at
which the material was 75% solidified. This is approxi-
mately when the material is able to carry a tensile load due
to the dendrites forming an interconnecting network [26,27].
In addition, if the element temperature was above the solidus
temperature, damage was only allowed to increase if the
element was resolidifying - this prevented material failing
as it melted.

Time steps were selected such that several steps were
taken during the solidification temperature range. This
choice resulted in time steps of approximately 0.035 s. When
strains averaged across the weld were the item of interest,
larger time steps (~ 0.2 s) could be taken without signifi-
cantly altering the predicted average strain across the weld.
The finite element code JAS3D [14,35] was used with a
dynamic relaxation solver to perform the analyses.

The rectangular specimens were used to validate tem-
peratures and strains calculated in the analyses. Figure 11
shows strain history comparisons for two rectangular plates
that did not crack. Two current levels were used and strains
were measured at different locations. The locations are
shown by the video strain grids in Fig. 1. Gage length was
approximately 6.35 mm. The curves show the change in
grid point separation relative to the initial 6.35 mm span
across the weld as a function of time. The 55 A test with




outer ring of elements using contact surfaces. Two elements
were used through the web thickness. The disk appeared to
remain flat during the experiment and the majority of welds
were full penetration with fusion zone boundaries perpen-
dicular to the web surface.

Calculations of Solidification Cracking
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Figure 10. Fractograph of solidification crack surface in
6061-T6.
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strains recorded 2 in (50.8 mm) from the starting edge of
the plate shows the grids initially becoming farther apart
before the weld pool reaches the measurement location, The
strain becomes negative before the weld pool reaches the 2
in measurement location due to shrinkage of the weld. A
similar response is observed for the 70 A test 4 in from the
starting edge of the plate, except no initial expansion is ob-
served in the calculated strain. The expansion shown in the
experimental data at the 4 in location is within the uncer-
tainty of the video measurement technique {0.2%). The
welding torch arrives at the 2 in and 4 in locations at ap-
proximately 2.5 s and 6.5 s, respectively.

Previous work focused on the Houldcroft specimen
[5,8]. It was not used for validating cracking calculations
because it is more a test of crack extension rather than crack
initiation. It was felt that finite element predictions of crack
initiation are more reliable than predictions of crack extent,
and crack initiation is of more interest at this time. There-
fore a test in which location of crack initiation varied with
process parameters was sought. The circular patch test, de-
scribed in the Experiment section, was found to be useful
for studying crack initiation. Several finite element models
of the specimen were generated, with a representative model
presented in Figure 12. It was constructed of approximately
8500 8-node hex elements. To reduce the number of ele-
ments in some models, the central hub was connected to the

Figure 12. Example of finite element mesh used in crack
initiation simulations.

In the context of the constitutive and the void growth
and damage models, three requirements must be satisfied
simultaneously to cause an element to fail in the solidifica-
tion region. The first requirement is the hydrostatic pres-
sure must become tensile somewhere in the solidifying
material. Without a tensile pressure there is no driving force
for void growth. If the hydrostatic pressure is not tensile,
in Eqn. 1 is zero, resulting in zero rate of change in damage.
The second requirement is that the material be plastically
deforming while a tensile pressure exists, since void growth
occurs only during plastic deformation in the model. The
third requirement is that the level of triaxiality, or the ratio
of the pressure over the effective stress (p/c,. ), be large
enough to drive the void growth to failure. For a given
value of p/G ;. , the damage exponent in Eqns. 1 and 2 must
be large enough to cause damage to increase to the failure
level during the time the three requirements above are satis-
fied. For the case of solidification cracking, these criteria
must be satisfied in the solidification temperature range.

Many analyses were performed to study the relation-

ship between stress, temperature, and damage for an ex-
e o %00 ' ] periment in which the crack formed very near the start of
«® the weld. Because the material response near melt is not
‘c‘; © B IR well characterized, analyses were performed to determine
Lo Analvse ] how the choice of elastic constant, damage exponent, and
thermal expansion behaviors near melt affected the items

listed above.

y Figure 13 shows the pressure, von Mises stress, and
esees s O temperature history for an element near the start of the weld
at the weld centerline. It shows the effective stress going
R, very close to zero during the time the material is melted.
- The effective stress then rises smoothly as the temperature
drops below the final solidification temperature The pres-
time (5) sure becomes tensile (negative here) near 550 °K, well be-
low the solidus temperature. As the rate of energy input is

Figure 11. Comparison of calculated and measured increased into the part, for instance by increasing the cur-
strains for two rectangular specimen tests. rent and keeping other quantities the same, the temperature
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at which the pressure becomes tensile increases. For in-
stance, increasing the current by 35% causes the tempera-
ture at which the pressure at the weld centerline becomes
tensile to increase by more than 50 °K. Other factors such
as the temperature dependence of the elastic constants and
the yield strength influence when the pressure becomes ten-
sile. The tensile pressure crossover temperature (where it
becomes tensile during solidification) increases as the elas-
tic modulus is increased. The thermal expansion tempera-
ture dependence also influences this tensile pressure cross-
over. More expansion appears to push the tensile region
closer to the weld pool. A similar response is observed when
the yield strength is increased in the solidification range.
The interaction of these effects still needs to be determined,
and it is apparent that to quantitatively predict solidifica-
tion cracking material properties near melt must be better
defined. Also not included in any of the modeling are ef-
fects of grain size and microstructure, which are known to
influence solidification cracking.

Another experimental observation is that once the
cracks started they continued to follow the weld to the end
of the test. To understand part of the reason for this, histo-
ries of pressure/effective stress were compared for elements
on the weld centerline at different positions along the weld.
This analysis did not allow cracks to form. Figure 14 shows
these histories for elements 0 °, 90 °, 180°, and 270° from
the start of the weld. The pressure/effective stress ratios are
plotted against temperature for each element to compare
when the pressure becomes tensile with respect to the ele-
ment temperature. Figure 14 shows that the temperature at
which the pressure becomes tensile increases as the weld
proceeds - indicating that the likelihood of solidification
cracking increases at greater distances from the weld start.
This is partly due to the overall temperature of the part in-
creasing as the weld progresses and the contraction of all
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Figure 13. Pressure, effective stress, and temperature as a
function of time for an element at weld center.

the elements previously welded. It can also be observed
from Figure 14 that the pressure/effective stress is relatively
constant for a period after the weld pool passes. Itis also of
interest to note that the ratio is relatively independent of
position around the weld, at least for the modeling assump-
tions used here. This indicates that the loading does not
necessarily increase with distance from the weld, but rather
that the tensile loading appears to develop in material more
susceptible to cracking as the torch travels around the disk.

It was also observed in the experiment that cracks usu-

ally initiated on the edge of the weld farthest from the disk
center, as shown in the close-up in Figure 3. The finite ele-
ment analyses provide some indication of why this may
occur. Figure 15 shows pressure/effective stress ratios as a
function of temperature for five elements spanning the weld
at a location close to the start of the weld. Element A is
closest to the center of the disk and is at the inner edge of
the weld. Element E is at the edge of the weld closest to the
outer edge of the disk. Elements B, C, and D are equally
spaced between A and E, with element C being at the weld
centerline. Figure 15 shows that with respect to tempera-
ture, the pressure becomes tensile first at the inner and outer
edges of the weld. This may partially explain why cracks
initiate on the outer edge of the weld. The centermost ele-
ment is loaded by a tensile pressure last. Again all of the
locations show about the same level of triaxiality (pressure/
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Figure 14. Temperature at which pressure becomes tensile
(<0) as a function of distance from weld start
for disk specimen.

effective stress). In Figure 15 it appears that the innermost
element actually sees tensile loads slightly earlier tempera-
ture-wise than the outer element. Figure 16 shows time his-
tories of pressure for the five elements. This figure indi-
cates that the outermost element is subjected to the tensile
load earlier in time than the innermost element. This would
suggest the outer element should fail first even though the
innermost element is loaded in tension at a higher tempera-
ture. Failure of the outermost element will relieve some of
the load so the inner element would be less likely to fail.
This is consistent with the behavior observed in the experi-
ments.

Another indication that the outer edges of the weld are
more likely to be crack initiation sites than the center is that
the temperature at which the stress drops below the local
yield stress occurs last at the outer elements. This would
indicate that material is plastically deforming during solidi-
fication longer in elements at the weld edge than at the weld
center. This is shown in Figure 17. The yield stress is shown
to drop from approximately 10 MPa at the nonequilibrium
solidus temperature of 828 °K to approximately 0.6 MPa at
the liquidus temperature of 923 K. Forest and Bercovici
[26] and Nedreberg [28] both discuss test data for yield
strength near melt indicating yield strengths at the solidus
temperature for aluminum alloys on the order of a few MPa.
The yield stress drops to zero between 75% and 85% frac-
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Figure 16. Time histores of pressure for elements
spanning weld near weld start.

tion solid in [26]. Figure 17 indicates that effective stress in
the center element C in the weld drops below the yield stress
near 870 °K in this example. In the two elements just off-
center, the effective stress drops below yield near 865 “K.
Finally, in the elements at the weld edges the effective stress
drops below yield near 835 ‘K. The actual temperatures at
which this occurs are probably not well predicted, but the
trend appears to be consistent with the experimental obser-
vations of crack initiation.

Simulations of the four tests described in Tables 1 and
2 were performed to determine where cracking would ini-
tiate. Figure 18 shows predicted cracking fortest 1 in which
a continuous crack formed near the start of the weld at ~0°.
Welding begins at the top of the figure and proceeds clock-
wise. The dark areas show failed elements which represent
cracks. Figure 18 shows some cracking is predicted on both
sides of the weld, but more failure occurs on the outside
edge of the weld. This is somewhat consistent with the ob-
servations of cracks initiating on the outer edge of the weld.
Cracking is not predicted to go to the weld centerline, rather
it stays on the outer edges of the weld. One explanation for
this is that no information is included in the model regard-
ing grain orientation or any directionality or property
changes due to the microstructure. In addition, the
discretization of the model may not be sufficient to capture

20F

15

T T I 1 H

= yield strength

element
—+ A
-o-B
-=-C
-e-D
= E —

F

a

=)

= 10}

%]

g

5
5
okt
800

1 1 +
820 840 860 880 900
temperature (K)

Figure 17. Effective stress as a function of temperature
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Figure 18, Predicted cracking for test 1. Welds start at
top of disk and proceed clockwise. Dark areas
show failed elements.

Figure 19. Calculated cracking for test 2, where cracking

began near 190° in the experiment.




the crack extension correctly. Rather it appears more as a
continuous series of initiations. Another observation is the
failures are discontinuous at first. This is due partly to the
tolerances used in the analyses. Tighter tolerances produce
less of the discontinuous failures but essentially reproduce
the failure shown in Figs. 18 and 19, though at significantly
greater computational expense. It also was observed in ex-
periments on similar geometry specimens in Al-Cu alloys
that for some conditions many cracks would initiate but not
propagate early in the weld.

The same modeling assumptions and procedures were
applied to the other three disk tests. Figure 19 shows calcu-
lated cracking for test 2, in which cracking began at 190° in
the experiment. The analysis shows failure beginning near
130° with a continuous crack beginning near 165°. Table 3
lists the results for the analyses corresponding to the four
disk tests described in Table 2. Failure in the simulations is
presented by listing the angles at which a continuous crack
forms. Analyses with higher resolution, spatially and per-
haps temporally, would provide a more definitive estimate
of when cracking initiates using the current damage model.
Another consideration in comparing the calculated and ex-
perimental results is that a limited number of experiments
were performed, so the scatter in the experiments is not
known. The main objective was to demonstrate the correct
trends, and if the models are calibrated to a test, they do
seem to be useful in predicting trends for other process pa-
rameter sets and geometries. The same modeling assump-
tions were used on the rectangular plates in which no dam-
age was observed in the tests. No failure was predicted in
the models.

location of crack initiation
Test (distance from weld start)
experiment model
1 0 0°
2 190° 165°
3 Q° 5°
4 160° 130°

Table 3. Comparison of measured and calculated crack

initiation locations for disk tests.

Summary and Conclusions

A series of experiments and analyses were performed
to develop finite element techniques for modeling weld so-
lidification cracking in 6061-T6 aluminum. Conditions for
failure in terms of an internal state variable plasticity model
coupled with a ductile void growth damage model were dis-
cussed with reference to solidification cracking. In order
for solidification cracking to occur three conditions must
be satisfied during solidification. (1) The solidifying mate-
rial must experience a tensile hydrostatic stress, (2) the
material must be deforming plastically for voids to grow,
(3) the ratio of the hydrostatic stress / effective stress must
be sufficiently large for the voids to grow fast enough such
that failure occurs before the material cools significantly
below the local solidus temperature.

It was demonstrated that the temperature at which the
pressure behind the weld pool becomes tensile increases with
stiffer elastic constants, higher yield strength, increased
power input, and for the disk specimen, distance from the
weld start. It was observed that the magnitude of the
triaxiality (pressure/effective stress) does not appear to sig-
nificantly increase with location around the disk. The like-
lihood of cracking increases with distance from the weld in
the disk specimen because the temperature at which the pres-
sure behind the pool becomes tensile increases. The effect
of this is that material more susceptible to cracking is loaded
by the tensile pressure as the weld proceeds around the disk.

The thermomechanical conditions responsible for caus-
ing crack initiation on the outside edge of the weld fusion
zone in the disk specimens were explained by noting that at
the outer edges of the weld tensile pressures develop at
higher temperatures than at the weld center. The outer edge
cracks rather than the inner edge because the outer edge
sees the tensile pressure earlier in time than the inner edge.
Further, under the assumptions used in this work, the outer-
most elements under go plastic deformation over a larger
temperature range than the center elements.

Finally, four disk tests were simulated and calculated
crack initiation locations bounded those observed in the
experiments. However, the observed centerline cracking
was not predicted.

Future work will focus on including more information
about the microstructure and better defining the mechani-
cal properties near melt. Also of interest is extending the
modeling techniques to capture alloy dependence of solidi-
fication cracking. Improvements in the model to predict
the weld centerline cracks observed in the experiments is
another goal.
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