
Dynamic Stresses in Weld Metal Hot Crackin; 

The dynamic relationship between mechanical and metallurgical factors 
influenced by restraint and welding parameters 

creates conditions favorable to hot cracking 

BY T. ZACHARIA 

ABSTRACT. This paper presents the re
sults of a study aimed at understanding 
the influence of dynamic stresses, in
duced by thermal and mechanical load
ing, on weld metal hot cracking. The 
study attempts to resolve the relationship 
between the dynamic stress distribution 
in the specimen, particularly near the 
trailing edge of the pool, and the ob
served cracking behavior in a Sigmajig 
test specimen. The transient stress distri
bution in the specimen resulting from 
mechanical and thermal loading was cal
culated for a Type 316 stainless steel 
specimen. The initiation and propaga
tion of the crack during welding was vi
sually monitored using a stroboscopic vi
sion system. The numerical results were 
used to understand the init iation and 
propagation of weld metal hot cracks 
during controlled welding of a specimen 
subjected to external restraint. The re
sults of this study indicate that for hot 
cracking to occur, there exists a dynamic 
relationship between the metallurgical 
and mechanical factors, which can be in
fluenced by the welding conditions and 
mechanical restraint. 

Introduction 

Hot cracking, which occurs during 
welding, is a major problem that affects 
the welding and weldability of a number 
of structural materials. Despite being one 
of the most investigated phenomena in 
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welding (Refs. 1-16), hot cracking still re
mains a major problem for many ad
vanced (Refs. 5-7) and conventional al
loys (Refs. 8-16). 

Hot cracking is believed to occur dur
ing the last stages of solidification, near a 
local solidus that could be significantly 
lower than the equilibrium solidus of the 
alloy. It generally occurs when the ther
mal and mechanical strains exceed the 
ductility of the almost solidified weld
ment. Three theories, shrinkage brittle
ness (Ref. 1 7), strain (Ref. 1 8), and super-
solidus cracking (Ref. 19) are currently 
offered to explain hot cracking in alloys. 
The shrinkage-brittleness theory suggests 
that hot cracks develop during the mushy 
stage, if a critical level of strain is ex
ceeded, when the coherent network of 
dendrites crack open to relieve the strain. 
The strain theory, on the other hand, sug
gests that hot cracking can occur only 
during the last stages of solidification, 
when continuous liquid films are distrib-
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uted along the solidif ication grain 
boundaries. In the 1960s, Borland devel
oped the generalized supersolidus crack
ing theory (Ref. 19), which includes con
cepts from both the previous theories. A 
good review of the theories mentioned 
above is available in References 1 and 2. 
While each of the above theories offer 
significant insights into hot cracking, 
each also has its limitations and can only 
be used as a guideline for interpreting ex
perimental data. 

It is clear from reviewing the hot 
cracking theories that for cracking to 
occur both metallurgical and mechanical 
factors must be present. It is well estab
lished that during welding, the nonuni
form thermal distribution in and around 
the weldment generates stress and strain 
gradients. Although considerable work 
related to the metallurgical factors affect
ing hot cracking has been performed 
over the years (Refs. 1-21), very little has 
been done to understand the mechanical 
factors that affect hot cracking in weld
ing. There have been some studies that 
attempted to study the thermal stresses 
and strains that occur during welding. 
However, there has been no attempt, 
until recently (Refs. 22, 23) to correlate 
the weld metal cracking response to the 
thermal-mechanical strains that develop 
in the weldment during welding. 

This paper presents the results of a 
study aimed at understanding the mech
anism of hot cracking in a specimen sub
jected to external restraint. A recently de
veloped hot-cracking test, the Sigmajig 
test (Ref. 20), was used to study the crack
ing response, during welding, of a mate
rial under mechanical loading. The study 
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Table 1 — Chemical Composition of 0.25-
mm-Thick Type 316 Stainless Steel (Ref. 18) 

C 
Mn 
P 
S 
Si 
Ni 
Cr 
Mo 
Cu 
N 

Composition (wt-%) 

0.018 
1.70 
0.032 
0.010 
0.34 

12.16 
17.04 
1.98 
0.05 
0.047 SECTION A - A 

0 05 1.0 INCHES 

Fig. / — Schematic of the Sigmajig test fixture (Ref. 20). 

attempts to resolve the relationship be
tween the dynamic stress distribution in 
the specimen, particularly near the trail
ing edge of the pool, and the observed 
cracking behavior. The transient stress 
distribution in the specimen resulting 
from the pre-applied loading as well as 
thermal loading was calculated for a 
Type 316 stainless steel (SS) specimen. 
The initiation and propagation of the 
crack during welding was visually moni
tored using a stroboscopic vision system. 
The calculated transient stress state in the 
Sigmajig specimen was used to under
stand the initiation and propagation of 
hot cracks during welding under con
trolled conditions. Analyzing the Sigma
jig test provided an opportunity not only 
to understand the test better, but also to 
understand the fundamental mecha
nisms, mechanical and metallurgical, 
that cause cracking during welding. 

Procedures 

Material 

The material used in this investigation 
was a commercial Type 316 SS alloy, 
which is moderately sensitive to hot 
cracking. The chemical composition is 
listed in Table 1 (Ref. 20). 

Sigmajig Testing 

For most practical purposes, the crack 
susceptibility of a material is assessed by 
one of any number of hot cracking tests. 
Many laboratory and production line 
tests have been developed to evaluate 
the hot cracking susceptibility of struc
tural materials (Refs. 3, 4). Recently, the 
Sigmajig test (Ref. 20) has been devel
oped to quantitatively assess the crack 
susceptibility in thin sheet. 

The Sigmajig test fixture is shown 
schematically in Fig. 1. The fixture ap
plies a transverse stress, prior to welding, 
to a 50-mm-square (2-in.) specimen held 

firmly between steel grips. After preload
ing, an autogenous gas tungsten arc 
(GTA) weld is produced along the speci
men centerline. The applied stress is se
quentially increased, specimen by spec
imen, until centerline cracking initiates. 
The basis of the test is the determination 
of the threshold stress above which a 
centerline crack forms at the trailing edge 
of the weld pool (Ref. 20). 

Sigmajig tests were performed on 
0.25-mm-thick (1-in.) sheet material, 
which had a prior cold work of - 2 5 % 
(Ref. 21). Full penetration autogenous 
GTA welds were made in the horizontal 
position with a Hobart Cyber-Tig II weld
ing machine using a 1.6-mm ('/(.-in.), 2% 
thoriated tungsten electrode. The weld
ing parameters used in this investigation 
are: arc current 20 A DCEN and a travel 
speed of 14.8 mm/s (30 in./min). The 
welding current and duration are entered 
through digital switches, enabling accu
rate programming. The arc length was 
0.76 mm (0.03 in.). Argon cover gas with 
a flow rate of 8 L/min (142 cm3/s) was 
used. 

Following Sigmajig testing, selected 
welds were mounted and polished for 
optical metallography. Samples were 
prepared using standard procedures and 
then etched using H N 0 3 and H 2 0. 

Numerical Analysis 

The stress distribution in the Sigmajig 

specimen was calculated using a cou
pled thermal-mechanical model. The de
tails of the calculation and the computa
tional models are documented 
elsewhere (Refs. 24-26). The tempera
ture and stress distribution during Sigma
jig testing was obtained by numerically 
solving the governing equations (Refs. 
24-26) that represent the essential phys
ical features of the process. In the solu
tion of the dynamic stress distribution in 
the specimen, a plane strain assumption 
was utilized. This assumes that all the dis
placement occurs in the plane of calcu
lation (the plane of the sheet) and that the 
displacement normal to this plane is 
zero. The material properties, such as 
yield strength, elastic and plastic moduli, 
coefficient of thermal expansion, Pois
son's ratio, thermal conductivity, density, 
heat capacity, and viscosity, were all 
treated as temperature dependent in the 
calculation (Ref. 26). 

Figure 2 shows the finite element 
mesh used for the two-dimensional, 
plain strain analysis. The finite element 
mesh consisted of 1500 elements, with 
the smaller elements near the weld cen
terline. Symmetry about the longitudinal 
axis was assumed in the calculation. In 
the stress analysis, a zero displacement 
boundary condition along the x-axis was 
used to represent restraint due to the fix
ture. The material behavior was repre
sented by a temperature-dependent 
elasto-plastic model (Ref. 25). The result-
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Fig. 2 — The grid system used for calculating the dynamic stress distribution during testing. 
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Fig. 3 —The stroboscopic vision system setup. 

ing moving arc problem was solved for 
the entire length of the specimen. 

Visual Examination 

Crack initiation and growth in the Sig
majig specimen was observed using a 

Fig. 4 — Optical photomicrograph of the Sig
majig specimen showing partial centerline 
cracking in the fusion zone. 

stroboscopic weld vision system shown 
in Fig. 3. The camera system consists of 
two strobe illumination units, a camera 
head, and a system controller. A special
ized video camera head provides elec
tronic shuttering capability and sufficient 
optical sensitivity. The vision system uses 
an image intensifier tube used primarily 
for night vision. The tube can produce a 
20,000-fold increase in the brightness of 
an image. A separate system controller 
sends appropriate trigger commands to 
fire the strobe units and to initiate shut
tering. 

Results 

Sigmajig Testing 

The cracking response of the Type 316 
alloy given in Table 1 was established 
using the Sigmajig test. The threshold 
stress of this heat of Type 316 stainless 

steel was measured to be 124 MPa (18 
ksi), at the lower end of the range, 103 to 
344 MPa (15 to 50 ksi), for commercial 
heats. The applied stress was varied from 
124 MPa (18 ksi) to 206 MPa (30 ksi) in 
order to change the stress distribution in 
the specimen and produce different lev
els of cracking. Figure 4 shows an optical 
micrograph of the weld fusion zone 
showing partial centerline cracking in 
the Sigmajig specimen. In the extreme 
case, the applied stress produced com
plete separation and failure of the speci
men. Figure 5 shows a typical fracture 
surface of the test showing classical hot 
cracking or solidification cracking, char
acterized by the presence of a liquid f i lm. 
Also, with increased applied stress, some 
amount of necking was observed near 
the centerline. This is in agreement with 
previous observations (Ref. 21). 

Numerical Results 

The sequence of events in Sigmajig 
testing involves preloading the specimen 
to a desired level, followed by autoge
nous GTA welding. Therefore, in the ini
tial phase, the test is very similar to that 
of a tensile test. In the present analysis, 
the preloading was presumed to be done 
over a 2-s interval. Figure 6 shows the 
calculated stress distribution in the sheet 
specimen, prior to welding, for a pre-ap-
plied load of 2224 N (500 Ib). The stress 
distribution in the specimen computed 
transverse to the welding direction (Fig. 
6A) reveals stress concentration at the 
corners due to the restraint from the fix
ture. Overall, the calculations reveal a 
tensile stress field everywhere in the 
specimen. The maximum stress at the 
corners is close to 330 MPa (48 ksi), and 
the minimum stress level is close to 130 
MPa (1 8 ksi). At the same time, transverse 
to the loading direction, the calculated 
results (Fig. 6B) show compressive re
gions near the two free edges, due to the 
Poisson effect. During tensile testing, it is 
this component of the stress that causes 
the material to neck down. These results 
are consistent with expected behavior 
during the preloading phase. 

After preloading to the desired level, 
an autogenous bead-on-plate weld is 
made on the specimen to assess the hot 
cracking tendency of the weld metal 
under the imposed thermal and mechan
ical loading conditions. Figure 7 shows 
the calculated temperature distribution 
in the specimen after 4 s. The resulting 
stress distribution, computed transverse 
to the welding direction, for a pre-ap-
plied stress of 1 72 MPa (25 ksi) is pre
sented in Fig. 8. Ahead of the weld pool, 
the result shows a compressive stress 
possibly due to the restraint by the cooler 
material further from the heat source. 
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Contrary to our expectations, the results 
also show a compressive stress behind 
the weld pool. Further behind the weld 
pool, the stresses along the weld center-
line become tensile. If the material is un
able to accommodate the tensile stresses 
with sufficient elastic or plastic deforma
tion and if a susceptible solid plus liquid 
microstructure exists in the tensile re
gion, then hot cracking may develop 
along the weld centerline at the weakest 
location in the specimen. Since the tem
perature distribution in the specimen 
changes as a function of time and loca
tion, it is expected that the resultant ther
mal stresses also wil l change. 

The calculations were repeated for 
different levels of applied stress, main
taining the same welding parameters. 
Figure 9 shows the stress distribution, 
computed transverse to the welding di
rection for an applied stress of 103 MPa 
(15 ksi) and 172 MPa (25 ksi). For the 
sake of clarity, only the compressive en
velope (0 MPa Contour) surrounding the 
weld pool is plotted. Four isotherms 
ranging from 1400 to 1 700 K are overlaid 
on the plot. It is clear that the compres
sive envelope surrounding the weld pool 
changes as a function of the applied 
stress, shrinking with increasing me
chanical restraint. As a result, with in
creased mechanical loading, the loca
t ion behind the weld pool where the 
transverse stress field changes from com
pression to tension moves closer to the 
trailing edge and possibly to a more sus
ceptible microstructure. It must be 
pointed out that the mechanical model 
that was solved may not be accurate at 
temperatures very close to the melting 
point of the material. However, it is ex
pected that the general trends should be 
reasonably accurate. 

As already mentioned, a compressive 
stress at the trail ing edge was not ex
pected and the inclination was to dismiss 
the results as an inability of the mechan
ical model to describe the trailing edge of 
the weld pool with sufficient accuracy. 

mM 
. — w * 

Fig. 5 — Typical crack surface of Sigmajig specimen showing classic hot cracking 

However, in reviewing the published lit
erature on thermal stresses during weld
ing, it became apparent that some exper
imental studies had reported the 
possibility of a compressive stress at the 
trail ing edge of the weld pool (Refs. 
27-29). Johnson (Ref. 27) studied dy
namic plastic strains during GTA welding 
using Moire fringe analysis. He suggests 
that the material surrounding the weld 
pool must experience a compressive 
stress depending on the temperature dis
tribution around the weld pool. As an ex
ample, he considered the two cases 
shown in Fig. 10. In the case of spot GTA 
welding, the hot metal surrounding the 
stationary heat source is restrained by the 
cooler metal further from the heat source. 
The restraint is uniform all around, thus 
the resulting stress pattern is uniform. 
With increasing heat input, the metal 
near the heat source wi l l be compressed 
on all sides, and the hottest material near 

the solid-liquid interface begins to yield 
in compression. 

For the case of a moving heat source, 
the presence of a compressive stress all 
around is not intuitively obvious. The 
temperature distribution is symmetrical 
about the welding direction. However, 
along the welding direction, the moving 
heat source produces a completely asym
metrical thermal distribution. As dis
cussed above, for the case of spot GTA 
welding, thermal stress wil l be generated 
due to the nonuniform thermal distribu
t ion. However, for the moving heat 
source, the compressive stress would be 
much more intense in the front of the arc 
than behind it (Ref. 27). Johnson (Ref. 27) 
suggests that this asymmetry in the com
pressive stress field, in the welding di
rection, would cause the plastically de
forming metal to shift rearward, so as to 
reduce the unbalanced front-to-rear 
stress pattern. The metal movement 

Fig. 6 — Calculated stress distribution in the Sigmajig specimen for a pre-applied load of 2224 N (500 Ib). A — Transverse component of 
stress; B — longitudinal component of stress. 
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Fig. 7 — Calculated temperature distribution in the Sigmajig specimen after 4 s. 

would clearly be dependent on the ma
terial properties and the temperature dis
tribution near the weld pool. No attempt 
was made to quantitatively study this be
havior. 

In a separate work, Chihoski (Refs. 28, 
29) attempted to resolve the stress field 
around a moving weld pool. His motiva
tion was to address the disagreement be
tween the accepted and apparently obvi
ous view of a tensile stress at the trailing 
edge of the weld pool and a proposed 
compressive stress at the trailing edge of 
the weld pool. The work clearly showed, 
using Moire fringe analysis, that the ther
mal stress behind the weld pool was 
compressive largely due to the plastic 
flow of material from the front to back. 
The study showed that further behind the 
weld pool the stress changed from com
pressive to tensile. In addition, the results 
clearly showed that changing the weld
ing conditions, such as welding speed or 
material or others, brought about 
changes in the extent and magnitude of 
the stress fields and the location of tran
sition from a compressive field to a ten

sile field. The numerical results obtained 
in this study are in excellent qualitative 
agreement with the experimental results 
of Johnson (Ref. 27) and Chihoski (Refs. 
28, 29). 

Direct Observation of the Weld Area 

Our current understanding of crack
ing mechanisms relies on careful deduc
tions and speculations based on metallo
graphic inspection, subsequent to 
welding, of the weld solidification struc
ture and the crack morphology. An im
proved understanding of weld metal hot 
cracking can be obtained by direct visual 
observation of weld solidification and so
lidification cracking. Previous attempts 
at direct visual observation of weld so
lidification cracking have had very lim
ited success (Ref. 30), primarily due to 
the lack of adequate resolution. 

Welding represents an extremely dif
ficult problem for in-situ observations, 
particularly due to the very high temper
atures and the intense arc plasma. The 
molten weld pool and the solidification 

150.0 MPa 
(COMPRESSIVE) 

45 50 

Fig. 8 — Calculated stress distribution in the Sigmajig specimen after 4 s. 

front are submerged within the luminous 
volume of the arc plasma. Viewing is fur
ther degraded due to the extreme varia
tion in the brightness within the viewing 
area. For example, during arc welding, 
one can expect an intense bright area in 
the middle of the pool as opposed to the 
periphery of the weld pool . Conse
quently, direct viewing of the weld pool 
using conventional video techniques is 
difficult. Infrared cameras are commonly 
used to view the weld area during weld
ing. The technique monitors longer in
frared wavelengths emitting from the 
weldment to provide information on 
temperature. However, these images 
have limited spatial resolution and can
not provide precise information on finer 
details of the weld. 

ln the present investigation, a strobo
scopic weld vision system was used to 
study weld solidification and cracking in 
a Sigmajig specimen. Figure 11 is a se
quence of photographs showing different 
stages of crack initiation and growth dur
ing Sigmajig testing of Type 316 stainless 
steel. This series of pictures was obtained 
for an applied stress of 193 MPa (28 ksi), 
which is more than the threshold stress of 
1 24 MPa (18 ksi) for this heat of material. 
The welding speed used is 14.8 mm/s (30 
in./min), as noted earlier. Since the Sig
majig specimen is 50-mm (2-in.) long, 
the entire test takes 4 s to complete after 
arc initiation. The video technology used 
records 30 frames per second, each 
frame consisting of two fields. Therefore, 
up to 240 separate fields or pictures of 
the weld pool are recorded during the en
tire test duration. In order to provide a 
fixed frame of reference, the electrode 
and the camera head were held station
ary, and the fixture and specimen were 
moved. 

Initially, the arc interacts wi th the 
leading edge of the specimen and the 
molten metal beads up, due to surface 
tension, along the solid-liquid interface. 
With continued welding, the molten 
metal accumulates along the interface 
until sometime later when the weld pool 
is established. As a result, a weld pool, in 
the traditional sense, is not formed until 
later when the advancing solidification 
front envelopes the liquid at the trailing 
edge. Once formed, the weld pool re
sponds to the overall heat transfer condi
tions, adjusting its shape to a tear drop, 
and follows the welding arc. Figure 11A 
shows a well-defined trailing edge of the 
molten weld pool. It is clear from the 
photograph that there is no obvious sep
aration or centerline crack at the trailing 
edge of the weld pool. Figure 11 B shows 
the first evidence of crack initiation and 
separation along the weld centerline. 
Notice that the location of the crack is 
clearly a significant distance behind the 
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Fig. 9 — Compressive envelope surrounding the weld pool for two levels of mechanical loading. 
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Fig. 10 — Comparison of thermal effects for a 
stationary and a moving heat source. The dif
ferent temperature distributions give rise to 
different shapes and characteristics of the re
gion where plastic flow takes place (Ref. 25). 

trailing edge of the weld pool. When first 
observed, the location of the crack was 
surprising since it was expected that the 
crack would form at or very near the trail
ing edge of the weld pool. If the stress dis
tribution in the specimen is favorable, 
this crack would grow as shown in Fig. 
11C. With continued welding, the pho
tograph shows the crack following the 
trailing edge of the weld pool. Since the 
applied load is fairly constant, as the 
crack grows, the applied stress increases 
due to decreased load-bearing area. As a 
result, the crack front (tip) advances to
ward the trailing edge of the weld pool as 
shown in Fig. 11D, ultimately producing 
complete failure of the specimen. 

From the photographs, it is clear that 
the centerline crack initiates at a finite 
distance behind the weld pool. Once ini
tiated, if the conditions are favorable, the 
crack grows toward the trailing edge and 
follows the weld pool. The fact that the 
crack initiates at a distance behind the 
weld pool became apparent when the 
Sigmajig test was repeated at a slightly 
lower applied stress of 1 72 MPa (25 ksi). 
Figure 12 shows a macrograph of the 
Sigmajig specimen after testing, showing 
a centerline crack extending from almost 
the midpoint to the terminal region of the 
weld. The crack surface was examined 
using a scanning electron microscope 
(SEM) to verify that it was hot cracking. 
Figure 13 shows an SEM photomicro
graph of the fracture surface that is typi
cal of hot cracking. Figure 14 shows the 
last two frames recorded during in-situ 
observation of the test. Surprisingly, the 
images did not show any cracks. It is 
clear from the photograph that there is no 
obvious separation or centerline crack 

within the field of view. Careful exami
nation of the photographs revealed a 
slight depression along the centerline, 
where the terminal liquid appears to be 
stretched, which could be an indication 
of impending separation. 

Discussion 

In reviewing of the hot-cracking liter
ature (Refs. 1-19), it became apparent 
that the overwhelming majority of these 
studies have concentrated on metallurgi
cal aspects of cracking. Most of these 
studies have dealt with the essential me
chanical factors in a very cursory man

ner, simply assuming a tensile stress field 
at the trai l ing edge of the weld pool 
where solidification is occurring. During 
welding, both tensile and compressive 
stresses are invariably present in a solid
ifying weldment due to nonuniform ther
mal distribution and other mechanical 
restraints. Since all alloys do not hot 
crack, it is clear that some liquid-plus-
solid microstructures are more suscepti
ble to hot cracking than others, stresses 
being equal. By the same token, not all 
welds in a given alloy hot crack, sug
gesting that a certain critical level of 
stress must be exceeded at some location 
in an alloy containing a susceptible mi-

Fig. 11 — Sequence of photographs showing various stages in the Sigmajig testing. 
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12 — Macrograph of the Sigmajig specimen showing centerline crack 

crostructure. Clearly, it would be desir
able to understand the nature of this 
stress, the location where the crack initi
ates, whether it is at the trailing edge of 
the weld pool or some other location, 
and the stress state that promotes crack 
propagation. 

in considering hot cracking in a weld 
between two parallel sheets of an alu
minum alloy, Pumphery and Jennings 
(Ref. 17), using the model shown in Fig. 
15, suggested that longitudinal cracking 
results when the total contraction com

prised of contraction in zone BC (cooling 
region) minus the expansion in zones AB 
and CD (heating region) exceeds a criti
cal value. Intuitively, it is easy to under
stand the argument that prior to solidifi
cation, the material goes through a phase 
change from solid to liquid, thereby com
pletely relieving any stresses. Upon so
lidification, shrinkage strains develop at 
the trailing edge of the weld pool caus
ing hot cracking or solidification crack
ing. While this explanation appears logi
cal, any separation that occurs along the 

j lSK l / X28P ' .2 

13 — SEM photomicrograph of the frac
ture surface shown in Fig. 12 that is typical of 
hot cracks. 

plane A-D is likely to heal because of the 
plentiful supply of l iquid metal that is 
available from the molten pool. In order 
to form a hot crack, it is likely that the 
separation must be isolated from the 
reservoir of liquid metal (weld pool). 

It is obvious that our understanding of 
the thermal strains and stresses that cause 
hot cracking in weldments is incomplete, 
ln considering the mechanical factors 
that affect hot cracking, factors other than 
solidification shrinkage must be consid
ered. Factors such as mechanical re
straint, thermal distortion, and plastic de
formation can alter the local stress 
distribution near the weld pool. Isolating 
the shrinkage stress and ignoring the 
other factors may be an oversimplifica
tion, and may not fully explain the rela
tionship between dynamic stresses and 
hot cracking. It is necessary to under
stand the heat flow in the welded speci
men and associated thermal stresses and 
distortion, when discussing hot cracking. 
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Fig. 14 — Photographs from in-situ observa
tion of the Sigmajig test specimen shown in 
Fig. 12. 

Fig. 15 — Conditions obtained in a butt joint weld between two parallel and restrained metal 
sheets (Ref. 19). 
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The results presented in Fig. 8 show a 
compressive envelope around the weld 
pool. Further behind the weld pool, the 
stress field acting transverse to the weld
ing direction changes to a tensile field. 
Depending on the applied mechanical 
restraint experienced by the specimen 
during welding, this compressive enve
lope can be expanded or contracted 
around the weld pool. 

The idea of a compressive stress at the 
trai l ing edge of the weld pool that 
changes to a tensile stress at some dis
tance behind the pool is consistent with 
in-situ observations of crack initiation 
and growth. Figure 16 is a schematic 
showing the relationship of dynamic 
stresses to observed hot cracking behav
ior. Fig. 16A indicates the region of inter
est showing a liquid fi lm extending from 
the trailing edge of the weld pool. The 
transverse stress acting on the weld cen
terline is presented schematically in Fig. 
16C. The compressive stress immedi
ately behind the pool prevents the for
mation of hot cracks at the trailing edge 
of the weld pool. At a discrete distance 
behind the weld pool, the transverse 
stress changes from compressive to ten
sile. If liquid is present, as shown in Fig. 
16A, it is likely that hot cracks wil l form. 
If, on the other hand, due to changes in 
the composition of minor elements, the 
location of the terminal solidif ication 
temperature TE is shifted as shown in Fig. 
16B, it is unlikely that hot cracking would 
occur. Similarly, changes in the thermal 
distribution (welding speed, heat input, 
etc.) and external restraint can also shift 
the transition location (from compressive 
to tensile stresses), influencing the hot 
cracking behavior. 

The Type 316 alloy used in this inves
tigation is expected to solidify in the pri
mary austenite mode (Ref. 21). During 
solidif ication as primary austenite, 
chromium, silicon, sulfur, and phospho
rus are rejected to the liquid. Therefore, 
the last liquid that solidifies along the so
lidification grain boundaries may have 
relatively high concentrations of these el
ements. Matsuda, ef al. (Ref. 3), observed 
particularly high levels of phosphorus 
along cell boundaries in fully austenitic 
weldments and related this to greater sus
ceptibility of hot cracking in these alloys. 
Kujanpaa, ef. al. (Ref. 14), has shown that 
the sulfur content in the liquid f i lm, based 
on auger electron spectroscopy (AES) 
measurements of the crack surface, can 
be as high as 2000 times the bulk sulfur 
content. In the present alloy, containing 
0.01 wt-% S, the sulfur content in the in
terdendritic liquid can be as high as 20 
wt-%. This would imply, based on the bi
nary Fe-S system, a solidification tem
perature of 1300°C (2372°F) for the ter
minal phase. At the extreme, continuous 

liquid films can be expected at tempera
tures as low as a 1000°C (1832°F) [Fe-S 
(938°C), Fe-P (1048°CJ, which is ap
proximately 400°C (752°F) below the 
bulk solidus temperature of the alloy. 

The threshold stress for this alloy was 
determined to be 124 MPa (18 ksi). 
Therefore, centerline hot cracks are not 
expected to form below an applied stress 
of 1 24 MPa (1 8 ksi). From Fig. 6A, for an 
applied stress of 103 MPa (15 ksi), the lo
cation where the stress changes from 
compressive to tensile is at a temperature 
of about 1500 K (1 227°C). Increasing the 
applied stress to 172 MPa (25 ksi) shifts 
this point to a location that is at 1600 K 
(1327°C). Qualitatively, this agrees with 
the idea that centerline hot cracking ini
tiates at a location well away from the 
weld pool, at or near the location where 
the temperature is close to a local 
solidus, which is lower than the equilib
rium solidus of the alloy. 

From the results of this study, it is clear 
that the dynamic stress distribution in a 
specimen during welding is very com
plex. As would be expected, the results 
also indicate that this stress field is sensi
tive to external restraint. 

Summary and Conclusions 

A study was conducted to understand 
the mechanism of hot cracking in a Type 
316 austenitic stainless steel specimen 
subjected to external restraint. The em
phasis of this study was to understand the 
dynamics of cracking due to mechanical 
and thermal loading in a material in 
which the cracking response is reason
ably wel l understood metallurgically. 
State-of-the-art techniques were used to 
visually observe the hot cracks as they 
developed. Additionally, the dynamic 
stress state in the specimen was calcu
lated for the welding conditions based on 
a knowledge of thermal and mechanical 
loading and material properties. Com
bining the different sources of informa
tion, an attempt was made to provide a 
better understanding of weld metal hot 
cracking. 

The results clarified that centerline 
cracking in a full-penetration weld sub
jected to external restraint initiates at a 
location separated from the molten pool. 
This is contrary to the popular belief that 
cracking initiates at the trailing edge of 
the weld pool. Once initiated, the crack 
propagates and follows the trailing edge 
of the weld pool if the dynamic stress 
state and the metallurgical factors are fa
vorable. 

The numerical results indicate the 
presence of a compressive stress behind 
the weld pool that would prevent sepa
ration of the weld at the trailing edge of 
the weld pool. 

DISTANCE 

Fig. 16 — Conditions in a Sigmajig specimen, 
where an autogenous bead is deposited on a 
sheet subjected to external restraint. 

The results reaffirmed that weld metal 
hot cracking that occurs during and im
mediately after welding is due to the 
presence of small quantities of liquid re
siding at solidification boundaries and, at 
the same time, being subjected to tensile 
strains. 

The results of this study indicate that 
for hot cracking to occur, there is a nec
essary dynamic relationship between the 
metallurgical and mechanical factors, 
which can be influenced by the welding 
conditions and mechanical restraint. 
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RECOMMENDATIONS TO ASME FOR CODE GUIDELINES 
AND CRITERIA FOR CONTINUED OPERATION OF EQUIPMENT 

The results contained in this bulletin were obtained through projects undertaken by the PVRC 
Task Group on Continued Operation of Equipment. 

The objective was to make recommendations to ASME Codes and Standards to develop 
guidelines and criteria for continued operation of equipment. In addition, the task group had the 
responsibility of making recommendations for developing guidelines for evaluating piping, 
nondestructive examination of material degradation, and operation and maintenance history and life 
cycle management. 
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