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Finite element simulations using an internal state variable constitutive model are used to study weld 
solidification cracking of 6061-T6 aluminum. Stress and strain hlstories at the weld centerline for two 
types of specimen are studied with regards to application of strain-based failure criteria for predicting 
weld solidification cracking. 
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1. Introduction 

Weld solidification cracking has been observed ex- 
perimentally for more than fifty years. Finite element 
simulations of weld solidification cracking are much 
more recent [l-71. The metallurgical aspects of solidi- 
fication cracking have been studied in much more detail 
than the thermomechanical aspects and the interaction 
between them is not yet well understood. 

Many theories have been presented aiming at the 
capability of predicting weld solidification cracking. 
References [I] and [8] present overviews of several theo- 
ries. Some do not include a consideration of the me- 
chanical loads while others do not consider microstruc- 
tural aspects. Some theories focus on strains as the criti- 
cal factor in determining if cracking occurs, while oth- 
ers focus on stresses. 

In this work we present calculations of stresses and 
strains in two types of specimens. Calculated strains at 
crack initiation sites are compared for different weld 
parameters with respect to strain-based failure criteria. 

2. Experiments 

The experiments are discussed in detail in [7]. 
Briefly, two types of 6061-T6 aluminum specimens, 6.35 
mm thick with 1.27 mm thickness in the welded regions, 
were used to study solidification cracking. One type of 
specimen was a 101.6 mm diameter disk shown sche- 
matically in Figure 1. Table 1 lists parameters for two 
test welds. Figure 2 shows the second type of specimen 
with dimensions of 76.2 mm x 152.4 mm. Welds were 
made using 55 A and 70 A currents and 12.7 m d s  travel 
speeds. All welds were made using the gas tungsten arc 
process with a voltage of 17 V. 

Table 1. Weld process parameters for disk 
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3. Thermal Finite Element Analyses 

A solidification model incorporating both dendrite 
tip and eutectic undercooling was used. Reference [7] 
provides details about the 3D thermal analyses. 

Information from the solidification model was used 
in the thermal analyses to modify the temperature de- 
pendent specific heat. Calculations were verified using 
thermocouples, fusion zone cross-sections, and weld 
pool ripple shapes. 
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Figure 1. Schematic of weld on disk specimen showing 
location of weld and locations of elements used to study 
stresses and strains. 
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Figure 2. Schematic of rectangular specimen used to 
verify calculations of temperatures and average strains 
across the weld. 

4. Mechanical Finite Element Analyses 

A strain rate and temperature history dependent in- 
ternal state variable constitutive model [9] was used in 
the 3D mechanical analyses. The thermal expansion 
strain increased nearly linearly with temperature to 
1.85% at the solidus temperature of 828 "K. The slope 
of the thermal expansion strain was increased through- 
out the solidification range of 828 "K to 928 "K to ac- 
count for an additional 2.2% of expansion strain due to 
the liquid-solid phase transition [I]. The strain was dis- 
tributed at a rate dictated by the solidification model's 
prediction of fraction solid as a function of temperature. 
Additional details may be found in 171. 

5. Strains in the Weld 

Video techniques were developed to measure strains 
as the weld approached and traversed specific regions 
of the weld. Comparisons of calculated and measured 
strain histories averaged across the weld for Houldcroft 
specimens and the rectangular specimens discussed here 
have been presented in [5 ]  and [7] respectively. The 
gage length over which the strains were measured was 
approximately 6.35 mrn for both cases. These compari- 
sons provided some confidence that the techniques and 
properties used in the simulations were useful in pro- 
viding good estimates of the mechanical responses for 
specimens that did not crack. We now present calcu- 
lated strains along the weld centerline to study the ap- 
plicability of strain-based failure criteria for solidifica- 
tion cracking. 

5.1 DISK SPECIMENS 
Figure 1 shows the locations of elements used to 

study the stress and strain histories for the disks. The 
elements of interest are located at the weld centerline at 
o", 90", 180", and 270" from the weld start. Figure 3 
shows histories of total strains for four elements located 
along the length of a weld for a simulation of Test 1 in 
Table 1. In Test 1, the specimen cracked very close to 
the weld start. Failure was not allowed in the calcula- 
tion so that the strain at various crack initiation points 
could be determined. It is interesting to note that nei- 

~ 

ther the peak nor the final strains increase monotoni- 
cally with position along the weld for this set of weld 
parameters. More importantly, the recovery strains, 
which arise as the material experiences a tensile stress, 
do increase with distance from the weld start. This is 
consistent with observed cracking trends. All locations 
experience very similar histories, with final strains be- 
tween 2% and 4%, similar in magnitude to strains aver- 
aged across the welds in previous comparisons [5,7]. 
However, strain histories averaged across the welds do 
not show the large dips observed both in simulations 
and experiments at the centerline. 

The large dips observed are associated with the pass- 
ing of the weld pool. Figure 4 shows the transverse strain 
history of the element at 90" for the simulation of disk 
Test 1 relative to the temperature and transverse stress 
histories. The curves show that the dip in strain begins 
very near when the temperature reaches the liquidus tem- 
perature (928 OK). The bottom of the dip occurs before 
the tail of the weld pool (liquidus temperature) passes 
the element. The strain does not level off until approxi- 
mately 100 "K below the solidus temperature of - 828 
"K. 

The response can be explained by examining the 
transverse stress history relative to the strain history. A 
large compressive stress is observed just prior to the ar- 
rival of the weld pool. When the weld pool reaches the 
element, the stress becomes close to zero until after the 
weld pool passes. The large increase in shrinkage (strain) 
occurs when the weld pool is passing the element. The 
response can be thought of as the material being in com- 
pression, then having a "hole" form by the passing weld 
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Figure 3. Total transverse strains for elements along 
disk weld centerline for simulation of Test 1 in Tablel. 

pool which allows a large contraction in the material 
due to the preexisting compressive load. The leveling 
off of the strain corresponds to the passing of the weld 
pool and the development of a tensile stress at that point. 

Figure 5 presents total transverse strain histories for 
disk weld Test 2 in Table 1. The specimen cracked at 
approximately 190" from the weld start in this test. 
Again, no damage was allowed to accumulate in the 
simulation. Figure 5 shows a response similar to that in 
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Figure 4. Transverse stress and strain and temperature 
for centerline element at 90" in simulation of disk weld 
Test 1. 

Figure 3 for Test 1. However, the magnitudes of the 
peak strains are a few percent smaller and the peak strains 
do increase monotonically. 

5.2 RECTANGULAR SPECIMENS 
The strain response calculated for the rectangular 

specimens is quite similar to that calculated for the disks. 
Figure 6 shows the total transverse strain histories for a 
70 A, 17 V, 12.7 m d s  GTA weld on a rectangular speci- 
men. The elements are located on the centerline near 
the weld start, halfway along the weld, and near the end 
of the weld. Damage accumulation was turned off in 
this analysis. Another simulation at 55Ashows the same 
trend with peak strains approximately 2% larger for the 
70 A weld. Final strains (at 8 s, when the arc is turned 
off) were nearly identical for both analyses, with -2% 
and -5% at the start and midpoint of the welds, respec- 
tively. 

5.3 MECHANICAL STRAINS 
Mechanical strains are often used in strain-based 

solidification cracking failure criteria. The mechanical 
strain is defined here as the total strain less the thermal 
strain referenced from the liquidus temperature. It rep- 
resents the mechanical strain accumulated during solidi- 
fication. 

Matsuda and coworkers [ 10,l I] studied mechanical 
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Figure 5. Total transverse strains for elements along 
disk weld centerline for simulation of Test 2 in Tablel. 

strains required to cause cracking in several types of so- 
lidification cracking susceptibility specimens. They mea- 
sured the critical strains as functions of temperature and 
strain rate to develop ductility curves. A schematic of a 
ductility curve is shown in Figure 7. Matsuda et al. ob- 
served that the critical strain typically decreased as the 
mechanical strain rate was increased. Figure 7 also il- 
lustrates a theory by which cracking is determined to 
occur by comparing the material's ductility curve to cal- 
culated or measured mechanical strains, or hot strains as 
termed in [I]. If the strains are below the ductility curve 
for all temperatures in the solidification temperature 
range, the material will not crack (curve 3 in Fig. 7). 

Table 2 lists calculated mechanical strains for ele- 
ments at O", go", 180", and 270" for disk tests 1 and 2, as 
well as for rectangular specimen tests at 55 A and 70 A at 
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Figure 6. Total transverse strains for elements along 
rectangular specimen weld centerline for 70 A, 17 V, 
12.7 m d s  GTA weld. 

the start, midpoint, and near the end of the welds. The 
mechanical strains listed are calculated at the solidus 
temperature during solidification. The results for disk 
tests 1 and 2 show monotonically increasing mechani- 
cal strains with distance from the weld start, even though 
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Figure 7. Schematic illustrating concept of hot strain 
versus threshold strain for predicting solidification crack- 
ing, from [ 11. Cracking would occur for curve 1. Crack- 
ing would not occur for curve 3. 
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the total strains do not increase monotonically. Mechani- 
cal strains in the rectangular plate welds increase with 
distance from the weld start to beyond the middle of the 
weld length, then decrease. 

Mechanical strains of 3.6% were calculated for the 
locations where cracks initiated in both the disk tests (0 O 

for Test 1, 190 for Test 2). Mechanical strains of more 
than 4% at the solidus temperature were calculated for 
the 70 A weId, but no cracking was observed in either 
the 55 A or 70 A rectangular welds. Mechanical strain 
rates averaged over the solidification temperature range 
were similar for both specimens (- 10% s-l ) at all loca- 
tions, indicating that a theory like that illustrated in Fig- 
ure 7 would suggest that at least the 70 A rectangular 
plate weld should crack. 

0” 90” 180” 270” 
3.6 3.9 4.1 4.2 

Table 2. Calculated mechanical strains accumulated dur- 
ing solidification at various locations for disk and rect- 
angular specimens. 

I I accumulated mechanical straid I between liquidus and I specimen test 
solidus temperature (%) 

I location 

I I disk I 2 1 1.9 2.7 3.6 3.9 

location 11 
rectangular 70A 

Reference [7] discusses the application of a void- 
growth based failure model which correctly predicts the 
location at which continuous cracks form in the disk 
specimens, and predicts no continuous cracks in the rect- 
angular specimens. The calculations used a strain rate 
and temperature dependent constitutive model coupled 
with a void growth damage model. Damage evolution is 
based on the level of stress triaxiality [9]. 

6. Summary and Conclusions 

Finite element simulations of weld solidification 
cracking susceptibility tests were presented for two types 
of specimens. Strain histories for elements on the weld 
centerline at several locations along the lengths of the 
welds were examined. Mechanical strains were calcu- 
lated and compared for different tests and different crack- 
ing responses. The comparisons indicate that a strain- 
based failure criterion would not correctly predict the 
observed cracking trends for the different specimens. 
However, there is considerable uncertainty in some as- 
pects of the high temperature material properties. Ex- 
perimental measurements of strains and temperatures 
along the weld centerline on different types of specimen 
are required to more rigorously determine the accuracy 
of the current models and to address the applicability of 
strain based and void growth based failure criteria. 
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