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ABSTRACT. A finite element model has 
been developed to quantitatively evalu- 
ate the local thermomechanical condi- 
tions for weld metal solidification 
cracking in a laboratory weldability test 
(the Sigmajig test). The loading mecha- 
nism in the Sigmajig test was simulated 
by means of nonlinear spring elements. 
The effects of weld pool solidification on 
the thermal and mechanical behaviors of 
the specimen were considered. An effi- 
cient algorithm was developed to include 
the solidification effects in the material 
constitutive relations. Stress/tempera- 
ture/location diagrams were constructed 
to reveal the local stress development be- 
hind the traveling weld pool where solid- 
ification cracking occurs. Based on the 
concept of the material resistance to 
cracking and the mechanical driving 
force for cracking, the calculated local 
stress in the solidification temperature 
range was used to explain the experi- 
mentally observed cracking initiation be- 
haviors of a nickel-based superalloy 
single crystal under different welding and 
loading conditions. 

Introduction 

Weld solidification cracking (hot 
cracking) is one of the major forms of 
weld defects that develops during the 
weld fabrication process. It has been well 
recognized that solidification cracking 
during welding, ingot casting, and 
continuous casting have the same root - -  
from the combined effects of metal- 
lurgical and mechanical factors. Metal- 
lurgical factors relate to the conditions of 
solidification, grain size, presence of low 
melting constituents, etc. Mechanical 
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factors relate to the conditions of 
stresses/strains developed in weld metal 
during solidification, as a result of solid- 
ification shrinkage and nonuniform tem- 
perature changes at positions in and 
around the weld (Ref. 1). 

Research efforts over the past forty 
years have revealed a comprehensive but 
qualitative picture about the nature of 
weld metal solidification cracking. For 
common engineering alloys, weld pool 
solidification is a nonequilibrium pro- 
cess which results in the formation of a 
dendritic microstructure under condi- 
tions of constitutional supercooling. Dur- 
ing the later stage of the solidification 
process, there exists a brittle temperature 
range (BTR) in which the strength and 
ductility of the alloy are very low, as low 
melting point constituents segregate be- 
tween dendrites and form liquid films. At 
the same time, tensile stresses/strains 
arise from solidification shrinkage, ther- 
mal contraction of parent metal and ex- 
ternal restraints. Like many other 
cracking problems, solidification crack- 
ing occurs when the mechanical driving 
force exceeds the material resistance to 
cracking (primarily influenced by alloy 
composition, welding process, and heat 
input). The mechanical driving force is 
influenced by welding process, heat 
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input, joint configuration and rigidity, 
and the thermomechanical properties of 
alloys. 

In order to understand the solidi- 
fication cracking problem, both the 
solidification behavior and the thermo- 
mechanical behavior during welding 
must be evaluated. In the past, studies 
have been conducted from these two dif- 
ferent perspectives. Most studies, how- 
ever, have focused on the metallurgical 
factors, that is, the low strength and duc- 
ti l ity of the alloy during solidification. 
Until recently (Refs. 2-4), progress in 
understanding of the mechanical effects, 
namely, the thermal stress/strain con- 
ditions associated with solidification 
cracking (the mechanical factors), has 
been very limited and experimental in 
nature (Refs. 5-8). The cracking driving 
forces for different situations could not be 
compared systematically. In addition, 
some parameters - -  such as local cool- 
ing rate in the weld pool and its influence 
on the solidification behavior (thus the 
material resistance to cracking) - -  are not 
available for different situations, due to 
the lack of heat transfer analysis in the 
vicinity of the weld pool. 

Laboratory weldability tests have been 
used to study the weld metal solidification 
cracking phenomena (Ref. 9). During the 
past half century, many different weld- 
ability tests have been devised with com- 
pletely new or modified tests under 
continuous development. Despite this, 
laboratory weldability test results often 
do not reflect field experience. It can be 
argued that one of the primary difficulties 
in applying the weldability testing results 
to actual welding fabrications is the lack 
of quantitative assessment of the local 
stresses/strains within the solidification 
region during welding. 

The Sigmajig test (Ref. 10) is a hot 
crack test commonly used for sheet 
metal. The test uses a preapplied load 
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during welding and determines a thresh- 
old stress above which a centerline crack 
initiates. The threshold stress has been 
shown to be sensitive to variations in the 
alloy's composition, welding processes 
and parameters, and is used as a quanti- 
tative index for an alloy's susceptibility to 
cracking. The consensus is that 1) the 
higher the threshold stress, the more re- 
sistant to cracking the alloy will be; and 
2) cracking should not be expected in the 
Sigmajig test when the preapplied stress 
level is below the alloy's threshold. How- 
ever, it needs to be recognized that the 
prestress is not the local stress acting at 
the trailing edge of a traveling weld pool 
where solidification cracking occurs. In 
the past, few attempts have been made to 
correlate the external preapplied stress to 
the local stress/strain field at the crack 
initiation site. 

In the development of a nickel-based 
superalloy, the weldability of the alloy 
was characterized using the Sigmajig 
test. When the test was conducted with- 
out applying a load, some alloy compo- 
sitions exhibited a severe tendency for 
weld centerline solidification cracking. 
However, with preapplied load, the 
threshold stress values could be mea- 
sured as high as 200 MPa. Similar results 
were also reported for FeAI alloys (Ref. 
11 ). These experimentally observed phe- 
nomena are difficult to interpret without 
considering the local stress/strain condi- 
tions in the BTR. 

As a continuing effort to quantify the 
thermomechanical contributions to so- 
lidification cracking, this study provides 
a detailed finite element analysis of the 
dynamic development of the local ther- 
mal stresses at the trailing edge of the 
moving weld pool that influence the for- 
mation of solidification cracking in the 
Sigmajig test. The experimentally ob- 
served crack initiation behavior under 
various welding and loading conditions 
is explained according to the local stress 
evolutions obtained from the computa- 
tional models. 

Experimental Techniques 

Material 

The material used in this study was 
an experimental nickel-based superalloy 
single crystal. The nominal composi- 
tion was 15Cr-8.5Co-1.75Mo-2.5W-1 Ta- 
3.5AI- 4.5Ti-0.9Nb (wt-%), similar to that 
of IN-738 (Ref. 12). The 0.79-mm-thick, 
50 by 50 mm 2 Sigmajig test specimens 
were cut from a single crystal casting in 
the plane normal to the [001] crystal 
growth direction. The edges of the spec- 
imen were along [100] and [010] 

directions. The dendritic microstructure 
of the casting was preserved in the spec- 
imen prior to welding. The solidification 
temperature range of the alloy was deter- 
mined using the differential thermal anal- 
ysis (DTA). The on-cooling bulk liquidus 
and solidus temperatures of the alloy 
were 1601 and 1404 K, respectively, 
measured at a cooling rate of 0.33 K/s. 

Welding and Sigmajig Testing 

An autogenous gas tungsten arc (GTA) 
weld was made along the centerline of a 
specimen, i.e., along the [100] crystallo- 
graphic direction of the single crystal. 
The welding was performed using a Ho- 
bart Cyber-Tig II welding power source 
and a 1.6-mm (0.0625-in.), 2% thoriated 
tungsten electrode. Two welding speeds, 
10 in./min (4.23 ram/s) and 35 in./min 
(14.8 mm/s), were selected to study the 
effect of welding speed on the occur- 
rence of cracking. The welding current 
was set at 32 A for the low welding speed 
(4.23 mm/s) and 75 A for the high weld- 
ing speed (14.8 mm/s). The arc length 
was set at 0.031 in. (0.79 mm). The arc 
voltage was dependent on the actual arc 
length and welding speed, which varied 
from 10 to 10.5 V in the high-speed tests 
and 8.5 to 9.5 V in the low-speed tests. 
Argon shielding gas was used during the 
test to protect the weld pool. The copper 
chill block usually placed beneath the 
specimen to control the weld width was 
removed during the test in order to avoid 
analyzing the complex contact heat loss 

from the block. With the above welding 
parameters, full joint penetration welds 
were obtained in all tests. 

The Sigmajig test fixture is shown 
schematically in Fig. 1. The prestress was 
maintained by the two Bellville washer 
stacks in the load train. This loading ar- 
rangement gives a displacement/load 
curve with a slope of 6.167 x 10 -4 mm/N 
(0.108 mils/Ibf) for each stack of the 
washers (Ref. 10). In order to apply a ten- 
sile stress to the specimen, the stacks of 
washers were tightened against the steel 
grip prior to welding, i.e., subjecting a 
compressive load and shortening its 
length. In this sense, the loading train of 
the Sigmajig test can be considered as 
precompressed "push" springs in the 
computational models. Because of the 
thermal expansion/contraction of the 
specimen, the actual stress applied to the 
specimen by the loading train is expected 
to fluctuate around the prestress level 
during the test. 

Two prestress levels were selected: 10 
ksi (68.9 MPa) and 25 ksi (172 MPa). In 
addition, some specimens were welded 
under the stress-free condition: the spec- 
imens were simply laid on the bottom 
steel grips without the top steel grips 
being tightened up against the bottom 
ones. Thus, the restraining effect from the 
loading fixture did not exist in the stress- 
free tests. A total of six combinations of 
loading (restraint) and welding condi- 
tions were investigated. 

In some tests, the initiation and prop- 
agation of the crack were visually moni- 
tored using a stroboscopic vision system. 
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Fig. I - -  Schematic representation of the Sigmajig test fixture (Ref. 10). 
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The details of the vision system have 
been described in Ref. 3. 

C o m p u t a t i o n a l  M o d e l  

For the system under consideration, it 
is not necessary to solve for the temper- 
ature and stress fields simultaneously 
since the dimensional changes are negli- 
gible and the mechanical work done is 
insignificant compared to the thermal en- 
ergy from the welding arc (Refs. 13, 14). 
In this study, the heat transfer analysis 
was first conducted independent of the 
stress analysis. The temperature history 
obtained from the heat transfer analysis 
was then used as the thermal loading in 
the stress simulation. It was further as- 
sumed that the specimen does not crack 
in the mechanical model. Finite element 
formulation formed the basis for this 
analysis. 

Heat Transfer Model 

Since full penetration welds were 
obtained in the test, the heat transfer in 
the specimen was modeled as a two- 
dimensional heat conduction problem. 
A symmetric half of the single-crystal 
plate was discretized with four-node lin- 
ear isoparametric quadrilateral elements, 
which are more suitable for the problems 
involving latent heat effect (Ref. 15). 
Smaller elements were used near the 
fusion zone. The heat flux from the mov- 
ing welding arc was assumed to have a 
spatial distribution of radial symmetric 
Gaussian profile in the plane of the plate, 
but uniformly distributed over the entire 
thickness of the plate, which can be ex- 
pressed as: 

3TIVI 
qarc(X, y, t )=  lrHr~ exp 

(1) 

where H is the thickness of plate, Vis the 
welding voltage, I is the welding current, 
and v is the welding speed. A constant 
arc efficiency, q, of 70% was used for gas 
tungsten arc welding (GTAW). The arc 
beam radius, rb, was taken to be the same 
as the electrode diameter (1.6 mm). 

In the above equation, it was assumed 
that the x-axis was along the centerline of 
the weld bead, and the origin of the co- 
ordinate system was located at the center 
of the specimen--Fig. 2. The welding arc 
was started at x = x 0 (x0<-25 mm), a lo- 
cation on the run-on copper tab, and 
moved in the positive direction along the 
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Fig. 2 - -  Geometric representation of the Sigma j ig test and boundary conditions in computational 
models. 

x-axis. In addition, the effect of the steel 
grips on the temperature distribution of 
the specimen was assumed to be negligi- 
ble and thus was not taken into account 
in the heat transfer analysis. 

The convective and radiative heat 
losses from the surfaces of the plate were 
considered, whereas the heat loss from 
the edges of the plate was ignored. Thus, 
all of the boundary conditions, i.e., the 
heat loss from the plate surfaces and the 
heat flux from the arc, can be incorpo- 
rated into the heat diffusion equation in 
terms of internal heat generation or loss 
(body heat flux), Q: 

ax~ ax; -~ ~)  Q=pCp-~ (2) 

and 

Q= 
H + qarc + qi 

(3) 

where T is the temperature, K is the ther- 
mal conductivity, p is the density, (~p is 
the specific heat, h is the convective heat 
transfer coefficient, (~ is the Stefan-Boltz- 
mann constant, and E is the radiation em- 
missivity. T~ is the ambient temperature, 
which was assumed to be 300 K, and qi 
is an internal heat generation term. 

Due to the experimental nature of the 
single crystal used in the study, the ther- 
mophysical properties were not readily 
available. The values adopted in the 
computational analyses were the average 
values based on the data for several su- 
peralloys with similar compositions 

(Refs. 16-19). Temperature dependent 
thermal conductivity and specific heat 
were used, as shown in Fig. 3. In order to 
account for the increased convective 
heat transfer by the molten metal flow in 
the weld pool, the thermal conductivity 
was enhanced linearly from the solidus 
(1404 K) to the liquidus (1601 K) and re- 
mained constant above the liquidus. The 
conductivity value for the liquid was five 
times that at the solidus temperature. A 
constant density of 8.11 g/cm 3 was taken 
for the entire temperature range. The 
convective heat transfer coefficient, h, 
and the radiative emissivity, ~, were as- 
sumed to be 84 W/m2K and 0.2, respec- 
tively. The latent heat of fusion of pure 
nickel, 297.6 J/g (Ref. 19), was used. 

The last term in Equation 3, qi, was 
used to include the effect of latent heat of 
fusion that is absorbed and released dur- 
ing the melting and freezing of weld 
metal. In general, the latent heat release 
rate during weld solidification is not a 
constant and can be related to the com- 
positions and cooling rate by considera- 
tion of the solidification kinetics of 
welding processes (Ref. 20). However, 
for the experimental alloy used in this 
study, some necessary thermophysical 
data were not available to allow such a 
treatment. The following simplified ap- 
proach was used instead in the heat trans- 
fer analysis. 

The solidification temperature range 
(1601 to 1404 K) of the alloy was evenly 
divided into three intervals. The latent 
heat was assumed to be released in these 
three intervals by a ratio of 7:2:1, with a 
major portion of the latent heat being re- 
leased in the first interval: 
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t 3L dT  
0.7 I for T ~ (1535,1601K) 

TI - T s dt  

3L 
qi = 0.2 d T  f o r T  ~ ( 1 4 7 0 , 1 5 3 5 K )  

TI - T s dt  

3L d T  
0.1 - - f o r t  ~ (1404,1470K) 

TI - T s dt  

(4) 

where L is the volumetric latent heat, and 
T I and T s are the liquidus and solidus of 
the alloy, respectively. This treatment was 
consistent with experimental observa- 
tions (Ref. 21) and DTA measurement 
(Ref. 22) in which the solidification rate 
is highest in the early stages. 

Mechanical Model 

The mechanical responses of the 
superalloy specimen during the Sigmajig 
test were essentially treated within the 
confines of continuum mechanics of 
solids. In light of the thickness of the 
specimen, the problem was considered 
as a geometrically nonlinear plane stress 
problem. Nonzero stress components 
only exist in the plane of the specimen. 
In those cases where prestress was ap- 
plied, the steel grips of the Sigmajig 
fixture were also included in the model, 
with the same plane stress assumption 
but a different thickness (38 mm). It 
was assumed that there was no relative 
displacement between the steel grips 
and the testing plate. This condition was 
enforced in the model by equating the 
nodal displacements of the steel grips to 
the corresponding ones of the specimen. 

Similar to the heat transfer analysis, 
only half of the specimens needed to be 
modeled due to the symmetry with re- 
spect to the weld centerl in~Fig. 2. The 
specimen and the steel grips were dis- 

cretized with eight-node second order 
isoparametric quadrilateral elements 
with a reduced integration scheme. 

As discussed earlier, the loading train 
of the Sigmajig test can be effectively 
modeled as a pair of "push" springs. 
Since the rigidity of the other part of the 
loading train (the loading bolts, for ex- 
ample) is much greater than that of the 
Bellville washers, the relative displace- 
ment of the push spring during preload- 
ing and the subsequent welding is 
controlled by the compliance of the 
washers. After some simple manipu- 
lation, the following equation was de- 
rived to describe the load and 
displacement relation of a push spring 
during welding: 

F = 1621.4u - 19.69G o (5) 

where F(N) is the force in the spring, and 
u (mm) is the displacement of the spring, 
relative to its position after preloading. It 
also represents the displacement of the 
nodal point of the specimen that is con- 
nected with the spring; o% (MPa) is the 
prescribed stress level for a given test. In 
the mechanical model, it was assumed 
that the springs could only move along 
the y-direction, i.e., normal to the weld 
centerline--Fig. 2. 

For a complete anisotropic body, 21 
elastic constants are required to describe 
the elastic stress/strain relationship. Be- 
cause of the face-centered cubic struc- 
ture of the single crystal superalloy, the 
alloy exhibits a cubic symmetry with re- 
spect to its <100> crystallographic direc- 
tions. Thus, the required elastic constants 
reduce to three: c 11, cl 2, and c44. For the 
plane stress condition, the stress and 
elastic strain relation can be written as: 

I o lZ°' l 
Ozz I c,, o 

L O 0 0 c44 

(6) 

with the constraint of o'zz = 0. 
According to the data for several 

nickel-based superalloys (Refs. 19, 23, 
24), the elastic constants are not strong 
functions of composition. Thus, the sin- 
gle crystal elastic constants used in this 
study were based on pure nickel (Ref. 25) 
and extrapolated for temperatures above 
900 K: 

cl 1 = 269.9- 0.0595T- 4 x 10-4T 2 

cl 2 = 149.9 - 0.0024T - 9 x 10-6T 2 

c44 = 135.3 - 0.038T - 1 x 10-6T 2 (7) 

where the elastic constants are in GPa, 
and the temperature, T, is in Kelvin. 

However, the plastic constitutive rela- 
tion for the experimental single crystal 
alloy was not available. This study used 
a rather simplified temperature depen- 
dent isotropic linear work-hardening 
constitutive relation with a plastic modu- 
lus of 2Oy s. (~ys is the initial yield strength 
of the alloy (Fig. 4), similar to those of IN- 
738. 

The thermal expansion, AI/I ,  is also 
shown in Fig. 4. The rapid change in ther- 
mal expansion in the solidification tem- 
perature range is related to the 5% 
volumetric solidification shrinkage of the 
alloy (Ref. 16). 

As discussed in Ref. 20, the effects of 
solidification in the GTAW weld pool 
need special consideration when the me- 
chanical responses of a welded structure 
are formulated on the basis of continuum 
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proach of Ref. 20, the effect of solidifica- 
tion shrinkage was treated by using the 
"effective" thermal expansion coefficient 
in the solidification temperature range. 
The shrinkage was assumed to be linearly 
distributed in the solidification tempera- 
ture range and effectively treated as an 
additional thermal expansion/contrac- 
tion term caused by temperature change. 
In addition, the shrinkage in the upper 
one-third AT, where AT is the solidifica- 
tion temperature range, was assumed to 
cause deformation in the liquid metal 
only, so that it was neglected in the ef- 
fective thermal expansion coefficient. 
Similarly, the "normal" thermal expan- 
sion due to temperature change was also 
neglected for temperatures above 1535 K. 

In place of the tedious dynamic ele- 
ment rebirth scheme used in Ref. 20, the 
other solidification effects, i.e., the anni- 
hilation of plastic strain upon solidifica- 
tion and the change of initial temperature 
in thermal strain calculation, were 
treated by modifying the material consti- 
tutive relation in the solidification tem- 
perature range in this study. Special 
attention was paid to avoid the possible 
numerical convergence difficulties that 
could arise due to the drastic changes of 
plastic and thermal strains upon solidifi- 
cation. The algorithm was robust. The 
computational time was essentially the 
same as in the case in which the solidifi- 
cation effects were not included. 

Results 

Sigmajig Test 

Both centerline (longitudinal) and 
transverse cracks were observed in this 
study. Figure 5 shows the welds with 
cracks in some selected specimens. Table 
1 summarizes the occurrence of the cen- 
terline cracking under the conditions in- 
vestigated. The severity of the centerline 
cracking is represented by the percent 
cracking, defined as the fraction of the 
specimen length cracked. As indicated in 
the table, the crack length and initiation 
point for centerline cracking depend on 
both the arc welding speed and the pre- 
stress level. Cracks were observed in 
three cases: 1) low welding speed and 
high prestress (4.23 mm/s, 172 MPa); 2) 
high welding speed and high prestress 
(14.8 mm/s, 172 MPa); and 3) high weld- 
ing speed and zero prestress (14.8 mm/s, 
stress free). Cracks initiated at the weld 
start when the welding speed was high. 
On the other hand, centerline cracking 
did not initiate until the solidification 
front passed the middle point of the plate 
in the low welding speed tests. 

The observed transverse cracks were 

(A) 

(B) 

~ +  ~ ~ <,', ~., ....... 

(c) 

(D) 

(E) 

(F) 

Fig. 5 -- Appearance o f  welds and solidif ication cracks. Magnification: 2x. Welding direction is 
from left to right. A - -  4.23 ram~s, free specimen; B - -  4.23 ram~s, 68.9 MPa; C - -  4.23 mm/s 
172 MPa; D - -  14.8 mm/s, free specimen; E - -  14.8 ram~s, 68.9 MPa; F -  14.8 mm/s 172 MPa. 

quite unusual, since the Sigmajig test was 
designed for testing the susceptibility of 
centerline cracking. Using the strobo- 
scopic vision system, it was observed that 
the initiation site for the transverse cracks 
was not located on the centerline of the 
weld. The cracks started from a location 
in the fusion zone close to the weld in- 
terface, as shown in Fig. 6. 

The tendency for the transverse crack- 
ing seems dependent upon the welding 
speed only. Severe transverse cracking 
occurred in the high-speed welding 

Table 1--Percent Cracking of Centerline 
Solidification Cracks 

Prestress 
Level Welding Speed 
(MPa) 4.23 rnm/s 14.8 mm/s 

Stress free 0% 15%** 
68.9 0% 0% 

172 50%* 100% 

*Crack initiated approximately at the middle point 
of the weld. 
**Crack initiated at the start of the weld. 
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Fusion Line Weld Centerline 

(A) (B) 

Fig. 6 - -  Transverse crack init iat ion site. A - -  ar row points to the crack init iation location; B - -  shows the same view after the crack was ful ly de- 
veloped across the fusion zone. 

(14.8 mm/s) tests with an average of 
seven cracks per specimen, whereas only 
three or less cracks were observed in 
each low welding speed specimen, re- 
gardless of the loading condition--Fig. 5. 
Note also in Fig. 5 that the transverse 
solidification cracks did not cross the 
centerline cracks, indicating that the 
transverse solidification cracks might ini- 
tiate at a lower temperature than that of 
the centerline solidification cracks. In 
fact, it was observed that, especially in 
the low-speed welding tests, some trans- 
verse cracks continued to propagate in 
the heat-affected zone (HAZ) well after 
the welding was completed. Neverthe- 
less, SEM examination revealed that the 
fracture surface of the transverse cracks 
indeed exhibited the characteristics typi- 
cal of solidification cracking--Fig. 7. 

Numerical Analysis 

As noted earlier, the bulk liquidus and 
solidus temperatures measured from 
DTA for the alloy investigated are 1601 
and 1404 K, respectively. It is expected 
that the actual solidus during weld metal 
solidification would be lower than 
1404 K due to the nonequilibrium solid- 
ification process involved. Direct ob- 
servation (Ref. 3) on the solidification 
cracking of Type 316 stainless steel has 
revealed that the weld centerline crack- 
ing often initiated at a location some dis- 
tance behind the apparent trailing edge 
of the weld pool, i.e., at a temperature 

below the bulk solidus of 316 steel 
(1645 K, according to Ref. 26). Solidifi- 
cation cracking could also initiate at a 
higher temperature (even reach the bulk 
solidus temperature when the external 
loading rate is high) as noted by Matsuda, 
et al. (Ref. 21). Although it is possible in 
principle to roughly estimate the crack 
initiation temperature based on the frac- 
ture surface morphology (Ref. 27), the 
present study did not determine the crack 
initiation temperature experimentally, 

Fig. 7 -  Typical fracture surface o f  transverse 
cracks shows characteristics o f  sol idif ication 
cracking. 

primarily because it may vary from spec- 
imen to specimen as the welding and 
loading conditions change. Instead, this 
study assumes that, depending upon the 
testing conditions, cracking would initi- 
ate anywhere between 1600 and 1300 K 
as long as the stress/strain condition and 
the microstructure at that particular tem- 
perature favor such an event. Therefore, 
this study focused on the local stress evo- 
lution over the entire temperature range 
between 1600 and 1300 K. 

In previous studies (Refs. 20, 28), it 
was found that, using the modeling ap- 
proach outlined earlier, the prediction of 
the temperature field around the weld 
pool is quite accurate. Therefore, experi- 
mental temperature measurement was 
not conducted in this study for model val- 
idation. However, the calculated weld 
pool size (width and length) for both 
welding speeds was compared with that 
of the actual ones. The agreement was 
very good as shown in Table 2. 

Before discussing the local stress field 
around the weld pool under various test- 
ing conditions, it is worth examining first 
the predicted dynamic reaction of the 
loading springs during the test. Figures 8 
and 9 show the reaction forces in the load 
springs as a function of time for a pre- 
stress level of 68.9 MPa. The reaction 
force, F, is normalized with respect to the 
preapplied load, Fo, in the figures. Figure 
8 presents the results for the low welding 
speed (4.23 mm/s) and Fig. 9 for the high 
welding speed (14.8 mm/s). It is clear that 
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Table 2~Comparison of Predicted and Measured Apparent Weld Pool Size 

Width, mm 
Welding Speed, mm/s  Measurement* FEM** 

4.23 4.0 4.1 
14.8 3.2 3.2 

Length, mm 
Measurement*** FEM** 

n/a 9.11 
18.6 18.2 

*Measured under a 10X microscope. 
**Used the bulk solidus temperature (1404K) as determined in the DTA. 

***Based on the apparent weld pool shape of a completely separated specimen (Fig. 5F). 
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the response of the loading springs de- 
pends upon the welding speed. Further- 
more, they both resemble the general 
characteristics of the loading train's re- 
sponse as experimentally monitored by 
Goodwin (Ref. 10) for the case of low 
stress and no crack. The force in the 
spring at the starting end of the specimen 
(leading spring) is represented by the 
solid curve in the figures. It decreases first 
when the arc enters the specimen, 
reaches a minimum when the arc is ap- 
proximately at the middle point of the 
plate, and then essentially recovers to the 
preloading level prior to welding as the 
specimen cools. The loading spring at the 
finishing end of the specimen (trailing 
spring) responds later than the first, 
reaches a minimum when the welding 
arc is about to leave the specimen, and 
then recovers similarly. In fact, the calcu- 
lated final loads in the loading springs 
were compared favorably with the mea- 
sured values in the loading train. For ex- 
ample, the calculated final loads for the 
low welding speed case (4.23 mm/s and 
68.9 MPa) were 1370 and 1478 N for the 
leading and the trailing springs, respec- 
tively, whereas the corresponding mea- 
sured values were 1450 and 1536 N. 
Thus, the reactions of the loading train in 
the Sigmajig test were appropriately sim- 
ulated in the present analysis. 

Figures 10 and 11 show the tempera- 
ture and thermal stress distributions at 
6.3 and 11.4 s, for the case of 4.23 mm/s 
and 172 MPa. The upper half of the fig- 
ures shows the stress distributions, and 
the lower half shows the corresponding 
temperature distributions. Both the trans- 
verse and longitudinal stresses are 
shown. The scale was chosen such that 
the stresses in the temperature range of 
interest could be clearly presented. Part 
of the steel grips are also shown in the fig- 
ures. The stress patterns in the specimen 
are very complex. Most importantly, a 
comparison of the local stress fields be- 
tween the two time intervals demon- 
strates that the local stress distributions in 
the vicinity of a weld pool - -  particularly 
around the trailing edge of the weld pool 
- -  are greatly influenced by the location 
of the weld pool in the specimen, even 
for a given testing condition. When the 
weld pool is at the middle of the speci- 
men (Fig. 10A), the entire solidification 
region (1600 to 1300 K) is immersed in a 
compressive transverse stress field. The 
maximum compressive stress zone (-60 
MPa and less) covers the temperature 
range between 1500 and 1300 K where 
cracking is most likely to occur. The com- 
pressive transverse stress zone around 
the weld pool reduces both its extent and 
magnitude when the weld pool moves to 
the finishing end of the specimen (Fig. 
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(A) 

(B) 

Fig. I 0  - -  Transverse thermal stress contours and corresponding temperatures for the case of  4.23 
mm/s, 172 MPa: A - -  at 6.3 s; B - -  at 11.4 s. 

10B). In fact, the lower portion of the 
solidification temperature range (1400 to 
1300 K) experiences tensile transverse 
stress, although the higher portion still 
sees a moderate compressive transverse 

stress (no less than -30 MPa). 
Note that this type of strong spatial de- 

pendency of local stresses was exhibited 
in all the cases analyzed in the present 
study. Clearly, it forms the basis for ex- 

plaining the variations in crack initiation 
under different testing conditions. 

Discussions 

As noted earlier, solidification crack- 
ing results from the competition between 
the material resistance to cracking and 
the mechanical driving force for crack- 
ing. When the mechanical driving force 
exceeds the material resistance, cracking 
occurs. In general, the material re- 
sistance to cracking depends upon the 
intrinsic cracking process, which is gov- 
erned by variables such as the interfacial 
tension that determines the energy 
needed to separate the interdendritic 
bonding, the fluidity of the molten metal 
that determines how fast the liquid metal 
can fill the interdendritic region, and the 
dendrite morphology that determines the 
solid bridging of the dendrites. Any other 
factors that can influence these intrinsic 
variables will also influence the material 
resistance to cracking. Among the factors 
that strongly affect the intrinsic variables 
are alloy composition, solidification ki- 
netics, cooling rate, welding parameters 
(heat input, welding speed), and welding 
process and procedure. In general, the 
material resistance varies from location 
to location, and it evolves as the solid- 
ification process goes on at a given 
location. 

Because of the nature of weld mi- 
crostructure, it is expected that the evo- 
lution of the material resistance to 
centerline cracking will be different from 
that of transverse cracking. Furthermore, 
the evolution of material resistance for a 
given cracking mode is expected to be 
different for different welding speeds. It is 
th us important to recognize that, because 
cracking is controlled by both mechani- 
cal driving force and material resistance, 
it is meaningless to use o n l y  the differ- 
ences in mechanical driving force to as- 
sess the occurrence of cracking under 
different welding speeds. Likewise, the 
mechanical driving forces should not be 
directly compared between a centerline 
crack and a transverse crack. 

On the other hand, it is reasonable to 
assume that the evolution of material re- 
sistance at a given location does not 
change for different prestress conditions. 
It is also reasonable to assume that the 
evolution of material resistance does not 
change once a steady weld pool is estab- 
lished for a given welding condition. This 
means that the evolution of material re- 
sistance for a given welding speed is sim- 
ilar along the weld centerline, except in 
the starting and finishing parts of the 
weld. Thus, if the computational model 
reflects the thermomechanical condi- 
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(A) 

(B) 

Fig. 11 - -  Longitudinal thermal stress contours and corresponding temperatures for the case o f  
4.23 mm/s, 172 MPa: A - -  at 6.3 s; B - -  at 11.4 s. 

weld. Thus, if the computational model 
reflects the thermomechanical condi- 
tions experienced in the vicinity of the 
weld pool, the mechanical driving forces 
obtained from the analysis should be 
able to explain the different solidification 

cracking behaviors under these "com- 
parable" material resistance conditions. 

The parameters representing the me- 
chanical driving force for solidification 
cracking may be a complex function of 
the stresses and strains in the solidifica- 

tion temperature range. As a first approx- 
imation, this study assumes that the stress 
transverse to the weld centerline is re- 
sponsible for the occurrence of center- 
line cracking, and the longitudinal stress 
for transverse cracking. In addition, other 
parameters can also play an important 
role, for example, the mechanical strains 
accumulated in the solidification tem- 
perature range (Ref. 20). 

Direct observations during the test 
revealed that the centerline solidification 
cracks appeared to initiate on the center- 
line of the weld. Since the evolution of 
transverse stresses varies from point to 
point along the weld centerline, it is im- 
portant to examine the stress evolution 
for all positions along the centerline in 
the crack initiation temperature range. To 
this end, transverse stress/location/tem- 
perature diagrams were generated from 
the computational analysis for each of 
the six testing conditions--Fig. 12. The 
diagrams were constructed by tracing the 
transverse stress evolution of each nodal 
point on the centerline as the tempera- 
ture decreases from 1600 to 1300 K. By 
the same procedure, the diagrams for the 
longitudinal stresses were constructed 
using a set of nodal points close to the 
weld interface where transverse cracks 
were observed to initiate. They are 
shown in Fig. 13. These diagrams give an 
overview of the variations in mechanical 
driving force in the solidification temper- 
ature range for the alloy studied. The ef- 
fects of position, welding, and loading 
conditions on the mechanical driving 
force are clearly presented. 

In general, the evolution of the trans- 
verse stress at a point on the weld cen- 
terline is such that a compressive stress is 
first developed upon cooling from the 
liquidus temperature of the alloy. In the 
region around the weld start, this com- 
pressive stress normally changes to a ten- 
sile stress before the completion of 
solidification. As the weld pool enters the 
middle portion of the specimen, transi- 
tion to tensile stress gradually shifts down 
to lower temperatures. In certain loading 
and welding conditions, the compressive 
stress dominates the entire crack initia- 
tion temperature range (1600 to 1300 K). 
It should be noted that this general trend 
is consistent with other recent computa- 
tional studies on the local stress distribu- 
tions around a traveling weld pool (Refs. 
3, 4, 20). However, the development of a 
second tensile stress hump after the so- 
lidification front passes the middle point 
of the specimen, as shown in Fig. 12, has 
not been reported in the past. The exis- 
tence of this second tensile stress region 
plays an important role in explaining a 
fundamental cracking phenomenon ob- 
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Fig. 12 - -  Transverse stress, location and temperature diagrams for y = 0 (weld centerline). A - -  14.8 ram~s, free specimen; B - -  14.8 ram~s, 68.9 
MPa; C - -  14.8 mm/s, 172 MPa; D - - 4 . 2 3  mm/s, free specimen; E - - 4 . 2 3  ram~s, 68.9 MPa; and F - - 4 . 2 3  mm/s, 172 MPa. 

served in the Sigmajig test, which will be 
discussed later. 

The longitudinal stress is compressive 
near the liquidus temperature~Fig. 13. 
However, it always changes to a tensile 
stress before cooling down to 1300 K, re- 
gardless of the prestress levels and the 
welding conditions. 

Stresses at the Centerline 
Crack Initiation Sites 

In the high welding speed tests, the 

experiment has revealed that a centerline 
solidification crack, if it occurs, would 
initiate at the starting edge of the speci- 
men-Fig. 5. Centerline cracks were ob- 
served in the high and low loading 
conditions (172 MPa and stress free spec- 
imens), while the medium loading con- 
dition (68.9 MPa) did not cause any 
centerline crack. Intuitively, it is difficult 
to comprehend why centerline cracking 
occurs in the stress-free specimen but not 
in a moderately prestressed specimen 
based on the threshold prestress concept. 

However, this phenomenon can be read- 
ily interpreted in terms of the local stress 
evolution at the starting edge of the spec- 
imen where the centerline crack initiates. 
According to the diagrams of Fig. 12A-C, 
a tensile transverse stress field develops 
at the weld start for all three loading 
conditions used in the high welding 
speed tests. The maximum tensile stress 
is located at about 2.5 mm from the edge 
of the specimen. For a better comparison, 
Fig. 14 plots the transverse stress evolu- 
tion at that location only. Compressive 
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transverse stresses were initially devel- 
oped there upon solidification from 
1600 K, then changing to tension before 
temperature drops to 1500 K for all three 
prestress conditions. However, the ten- 
sile stress in the 68.9 MPa case is always 
lower than the other two cases over the 
entire crack initiation temperature range. 
Therefore, the initiation behaviors of the 
centerline cracking during the high weld- 
ing speed tests are well explained in 
terms of the transverse stress evolution at 
the crack initiation site. 

The tendency for centerline cracking 
under the low welding speed was found 
to be different. Centerline solidification 
cracking was observed only in the 
172 MPa case. During welding, the 
centerline cracking was initiated some- 
where between 25 to 30 mm from the 
starting edge of the weld. According to 
the computational results (Fig. 12D-F), 
except in the weld start region, the first 
half of the weld centerline is subjected to 
a very strong compressive stress field in 
the entire crack initiation temperature 

range. Transition toward a tensile stress 
field begins only after the solidification 
front passes approximately the middle 
point of the specimen, as indicated by the 
humps in the stress/temperature/location 
diagrams. However, only in the 172 MPa 
case does the tensile transverse stress 
field fully develop. For the stress free 
specimens, the transverse stress becomes 
tensile only at one nodal point (x = 15 
mm) over the entire weld centerline, and 
not at all in the 68.9 MPa specimens-- 
Fig. 15. 
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According to Fig. 12, a tensile stress 
region begins to develop at a location 
about 37.5 mm from the weld starting 
edge (x = 12.5 mm) when the tempera- 
ture approaches 1300 K for the 172 MPa 
case. Compared with experimental ob- 
servation, the predicted cracking initia- 
tion site is about 5 mm further away from 
the weld starting edge. 

As mentioned earlier, a fundamental 
characteristic of centerline solidification 
cracking in the Sigmajig test is that it is 
very rare to have a crack length between 
60 to 100% (Ref. 10). This means that a 
centerline crack normally does not initi- 
ate until the solidification front passes the 
middle point of the specimen. If the pre- 
stress is sufficiently high, the crack initi- 
ates at the start of the weld, followed by 
a complete specimen separation (100% 
cracking). This phenomenon has been at- 
tributed to the variations in the reaction 
force in the loading train, as monitored 
with a strip-chart recorder during the test 
(Ref. 10). However, based on the results 
of the present work, a new explanation is 
proposed. The initiation of a centerline 
crack is directly related to the second 
transverse stress hump located after the 
middle point in the specimen in the 
stress/location/temperature diagrams. 
According to Fig. 12, the site where the 
hump first breaks into tension would be 
located between x = 15 mm and x = 20 
mm (about 40 to 45 mm from the starting 
edge of the specimen) in the low welding 
speed cases. The transition to tension is 
closer to the middle point of the speci- 
men in the high welding speed cases. 
Obviously, if a centerline crack does not 
initiate at the start of the weld, then it will 
not initiate until a tensile transverse stress 
appears again in the hump. As the pre- 
stress further increases, the transition 
position in the hump shifts toward the 
middle point of the specimen, creating a 

longer centerline crack. 
Note that the humps not only appear 

when a prestress is applied, but also in 
the stress free specimens. Therefore, it 
can be argued that the variations of the 
reaction force in the loading train are not 
the dominant factor to cause the exis- 
tence of the hump and thus the absence 
of a 60 to 100% longitudinal centerline 
crack. Careful examination of the calcu- 
lated temperature field indicates that the 
front of the weld pool is very close to the 
end of the specimen when a hump begins 
to develop--Fig. 10B. A more reasonable 
explanation is thus related to the interac- 
tion between the weld pool and the free 
edge of the specimen. When the weld 
pool is in the middle of the specimen 
(Fig. 10A), there is a sufficient ligament of 
material between the front of weld pool 
and the finishing edge of the specimen. 
This ligament is not yet exposed to ele- 
vated temperatures and thus is high in 
strength and rigidity. This rigid ligament 
prohibits the free outward expansion of 
the weld pool and favors the develop- 
ment of compressive stresses in the vicin- 
ity of the weld pool. As the front of the 
weld pool approaches the finishing edge 
of the specimen, the material in front of 
the weld pool becomes very hot and soft 
and cannot prevent the free expansion of 
the weld pool and the adjacent areas. 
Therefore, the weld pool effectively 
opens up and promotes the chance for its 
trailing edge to experience a tensile stress 
field. 

Transverse Cracking 

Figure 11 reveals that the front side of 
the weld pool is immersed in a compres- 
sive longitudinal stress field. For the lo- 
cations of the same distance from the 
weld starting edge, tensile stress begins to 
develop first at a location close to the 

weld interface. This type of stress distri- 
bution favors the initiation of transverse 
cracks at a location close to the interface, 
which is consistent with the experimental 
observations as mentioned earlier. 

The longitudinal stress evolution is 
shown in Fig. 13. The first striking feature 
is that, unlike the transverse stress, the 
longitudinal stress evolution is essen- 
tially independent of the prestress (the 
mechanical restraint conditions) for the 
two welding speeds used in this study. 
This is reflected in the weldability test by 
the fact that the severity of transverse 
cracking was not influenced by the mag- 
nitude of the prestress--Fig. 5. 

The second feature observed in Fig. 
13 is that there are subtle differences in 
both the magnitude and the distribution 
of the longitudinal stress for the two 
welding speeds. In the case of high speed 
welds, as shown in Fig. 13A-C, the 
buildup of the longitudinal stress quickly 
reaches the maximum level, and this 
maximum stress is maintained through 
the length of the weld, except in the re- 
gions representing the starting and termi- 
nating craters. As noted earlier, the 
material resistance in the locations cov- 
ered by this maximum stress plateau 
would not vary. Therefore, it is expected 
that the transverse cracks, if formed, 
would be located either prior to or as 
soon as the plateau is reached. As shown 
in Fig. 13, the longitudinal stress evolu- 
tion reaches the plateau at a location 
about 7.5 mm from the weld starting 
edge of the specimen which is compara- 
ble to the location where the first trans- 
verse crack was observed--Fig. 5. 

In the case of low welding speed tests 
(Fig. 13D-F), the buildup of the maxi- 
mum longitudinal stress occurs well into 
the length of the weld and close to the 
finishing end of the weld. Also, the max- 
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imum stress attained in the low-speed 
welds is much lower than the high-speed 
welds. The gradual buildup of the longi- 
tudinal stress evolution from the starting 
end to the finishing end of the weld made 
it possible for the transverse solidification 
cracking to initiate at locations away 
from the weld starting edge of the speci- 
men, as observed in the tests. 

Effect of Restraint in Sigmajig Test 

As already mentioned, centerline 
cracking in the stress free specimen was 
not expected since the measured thresh- 
old stress for cracking was in excess of 
68.9 MPa. This can be attributed to the 
restraining effect of the steel grips in the 
Sigmajig test, as explained below. 

According to the principle of heat 
conduction, the welding heat input from 
the arc needs time to diffuse from the 
weld pool into the adjacent HAZ and 
base metal. As shown in Fig. 10, while 
the temperature at the trailing edge of the 
weld pool begins to decrease (on cool- 
ing), the temperature in the surrounding 
base metal and HAZ is still rising (on 
heating). Thus, the base metal and the 
HAZ are still in the expansion stage. The 
thermal expansion of the base metal and 
HAZ can be partially relieved in the weld 
pool, since the weld pool is the most de- 
formable region in the specimen due to 
the low stiffness of material at elevated 
temperatures. For a freestanding speci- 
men without any restraint, the thermal 
expansion can also be relaxed by the 
movement toward the free edges of the 
spec!men. For the free prestress Sigmajig 
specimen used in this study, the upper 
half of Fig. 16 clearly demonstrates that 
the transverse movement in the region 
around the trailing edge of the weld pool 
is toward the weld centerline. This is 
consistent with many experimental ob- 
servations of the inward transverse 
movement of the interface (Refs. 6, 29, 
30). Also shown in the figure is the op- 
posite movement of the upper edge of the 
specimen, which would be otherwise 
prohibited by the steel grips. Hence, it 
can be reasoned that the thermal expan- 
sion in the adjacent base metal and HAZ 
will push the weld fusion boundary in- 
ward to the centerline of the weld, and 
this inward movement is enhanced if the 
specimen is constrained by the steel 
grips. A related analysis (Ref. 2) also re- 
ported similar restraining effects on the 
fusion boundary movement. This expla- 
nation is also supported by the high- 
tensile transverse stress at the weld 
starting edge of the specimen in this 
study. Therefore, the steel grips used in 
the Sigmajig test not only serve as part of 

Fig. 16 - -  Deformation of  the 5igmajig specimen at t = 2s; 14.8 mm/s, restraint free (dotted lines 
= undeformed mesh). The bottom half shows the temperature distribution. The region around the 
trailing edge of the weld pool moves toward the weld centedine, and the opposite movement in 
the region away from the centedine. Displacement magnification: 5x. 

the loading train to apply the prescribed 
load to the specimen, but also act as a 
restraining fixture that prevents the free 
thermal expansion of the specimen dur- 
ing welding and retards the development 
of tensile transverse stresses in the solid- 
ification temperature range. 

A common practice used in solidifi- 
cation cracking prevention is to mini- 
mize the restraint effects from the fixtures 
during welding, but the results of this 
study indicate that the restraining effect 
could be beneficial if applied correctly. 
Therefore, the proper placement of re- 
straint by means of local heating and 
mechanical rolling needs to be further 
exploited. 

Finally, note that the local stresses cal- 
culated in this study were based on the 
finite element formulation of continuum 
solid mechanics. In this regard, the local 
stresses are still the macroscopic "con- 
tinuum" stresses in nature. The analysis 
cannot reveal the microscopic stresses 
that act on the dendrite bridges and cause 
the separation of the dendrites. However, 
the results of the present investigation 
suggest a postulate that deformations at 

the microscopic level are controlled, to a 
significant degree, by the development of 
the macroscopic stress/strain conditions 
in the vicinity of a weld pool. It is impor- 
tant to recognize that, under this postu- 
late, it is possible to use computational 
models like the one presented in this 
work to systematically investigate the so- 
lidification cracking behaviors under 
various welding conditions. The fact that 
the calculated thermal stress results cor- 
relate very well with the experimental 
observations clearly provides strong sup- 
port for such a postulate. 

Conclusions 

In this study, the solidification crack- 
ing behaviors of a nickel-based super- 
alloy single crystal in the Sigmajig 
weldability test have been investigated. A 
finite element model has been developed 
to evaluate quantitatively the thermo- 
mechanical conditions for the weld metal 
solidification cracking phenomenon. 
Stress/temperature/location diagrams 
were constructed that reveal the complex 
local stress development at the trailing 
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edge of the moving weld pool. Based on 
the concept of the material resistance to 
cracking vs. the mechanical driving force 
for cracking, the calculated local stress 
evolution in the solidification tempera- 
ture range provided a good explanation 
for the experimentally observed solidifi- 
cation cracking init iation behaviors 
under different testing conditions. 

1) The nickel-based superalloy single 
crystal shows severe solidification crack- 
ing susceptibility under the testing con- 
ditions investigated. Both centerline and 
transverse cracks were observed in the 
tests. The initiation of centerline cracks is 
strongly influenced by the loading con- 
dition and the welding speed, with de- 
creased cracking tendency under lower 
welding speed. However, the formation 
of transverse cracks is primarily affected 
by the welding speed. High welding 
speed promotes transverse cracking. 

2) The development of transverse 
stress is strongly influenced by the con- 
straining effect of the loading fixture. 
When the prestress is low, this restraint 
effectively retards the development of 
tensile stress in the solidification temper- 
ature range so that the weld experiences 
a lower tensile stress than in the fixture- 
free case. This leads to the observation of 
centerline cracking that occurs in the 
fixture-free test, not in the moderately 
preloaded test. 

3) The interaction between the front of 
the moving weld pool and the edge of the 
specimen promotes the formation of a ten- 
sile transverse stress field as the weld pool 
advances toward the end of the specimen. 

4) The development of high-tensile 
longitudinal stress in the solidification 
temperature range provides the neces- 
sary mechanical condition for the forma- 
tion of transverse cracks in the fusion 
zone. In agreement with the observed 
tendency of transverse cracking, the 
computational results show that the de- 
velopment of the longitudinal stress 
strongly depends upon the welding 
speed and is essentially independent of 
the preloading levels. The quick devel- 
opment of the maximum longitudinal 
stress plateau in the high-speed welding 
case, as opposed to the gradual buildup 
in the low-speed welding case, explains 
the difference in cracking severity at the 
two welding speeds. 
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