
Solidification of Austenitic Stainless Steel 
Weldments: Part III—The Effect of Solidification 

Behavior on Hot Cracking Susceptibility 

The formation of a low-melting eutectic and S and P 
segregation along fusion zone grain boundaries promotes 

the formation of hot cracks 

BY J. C. LIPPOLD AND VV. F. SAVAGE 

ABSTRACT. The hot cracking susceptibili
ty of several austenitic stainless steel filler 
metals and a Type 304L stainless steel 
base metal was evaluated using the Vare
straint test. Generally, alloy weldments 
which exhibited Ferrite Number (FN) 6-12 
and solidified as primary delta ferrite 
were the most resistant to fusion zone 
hot cracking, although no direct correla
tion was found between FN and crack 
susceptibility. 

Fully austenitic Type 310 and highly-
ferritic Type 312 weld pads were particu
larly susceptible to hot cracking and 
exhibited extensive backfilling of fusion 
zone cracks. The higher alloy content of 
both Type 310 and Type 312 promoted 
the formation of a greater proportion of 
eutectic constituents along grain and sub-
grain boundaries in the fusion zone dur
ing the final stages of solidification and 
rendered these alloys more susceptible 
to hot crack formation. In addition, con
siderable sulfur and phosphorus segrega
tion was detected in backfilled regions of 
Type 308, 310, and 312 weldments. 

Introduction 

Effect of Ferrite on Hot Cracking Resistance 

The beneficial effects of delta ferrite in 
reducing or preventing hot cracking in 
austenitic stainless steel weldments was 
first reported in the early 1940's (Ref. 1). 
Initial work by Borland (Ref. 2) and Hull 
(Ref. 3) indicated that austenitic stainless 
steel welds and castings which contain 
5-10 volume-percent delta ferrite pro
vide optimum resistance to hot cracking 
in a variety of alloys. Since that time, 
numerous investigations concerned with 
the properties and weldability of fully-
austenitic and duplex stainless steels in 
both cast and wrought form have been 
reported. 

Hot cracking, or solidification cracking, 
is believed to occur at or above the 

solidus temperature of the lowest melting 
phase present (Ref. 4, 5). During the final 
stages of solidification, narrow, solid 
bridges separating areas of low melting 
liquid are subject to the greatest propor
tion of the shrinkage-induced strains. An 
increase in the amount of low-melting 
phase or in the inherent strain resulting 
from solidification shrinkage may cause 
fracture of these solid bridges, thus form
ing hot cracks. 

Investigations of fully-austenitic weld 
metals have revealed a high incidence of 
hot cracking both in the fusion zone and 
in the base metal adjacent to the fusion 
zone. The cracking susceptibility of these 
steels is attributed to the presence of 
low-melting films along grain and sub-
grain boundaries (Ref. 6-8). Microprobe 
analysis of the intergranular regions indi
cated that these low-melting films were 
enriched in elements such as sulfur, phos
phorus, silicon, and manganese (Ref. 7, 
9-11). Work performed by Cordea et al. 
(Ref. 6) on ultra-pure Type 310 indicated 
that a decrease in solidification cracking 
occurred as a result of reducing sulfur 
and phosphorus levels to trace amounts. 
Reducing the silicon content to less than 
0.10 wt-% was found to be helpful in 
preventing the formation of continuous 
liquid films along austenite boundaries. 

In addition to the cracking associated 
with eutectic and other low-melting films, 
several investigators have reported the 
incidence of what is termed "ductility-
dip" cracking (Ref. 6, 9, 12). Such crack
ing propagates intergranularly in the solid 
state at temperatures 100-300°C 
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(200 —600CF) below the equilibrium soli
dus, and the cracks formed are generally 
much less extensive than solidification 
cracks. The incidence of both heat-
affected zone (HAZ) cracking (Ref. 13) 
and cracking in previous passes of multi
pass welds (Ref. 14) have also been 
reported in fully-austenitic weldments. 

By comparison, austenitic stainless 
steels which produce a duplex austenite-
ferrite microstructure in as-deposited 
welds are reported to be more resistant 
to both fusion zone and HAZ hot crack
ing than fully-austenitic alloys. It is pro
posed that the greater grain boundary 
area present in duplex weldments 
reduces the chances of forming continu
ous low-melting films along grain bound
aries (Ref. 2). In addition, the fact that 
delta ferrite has a greater solubility for 
harmful elements such as sulfur and phos
phorus than does austenite is postulated 
to reduce the volume of low-melting 
constituents formed during solidification 
(Ref. 2, 3, 6, 8, 9). 

The relative hot cracking susceptibility 
of austenitic stainless steels has been 
compared by a variety of methods in
cluding the cast pin tear test (Ref. 3), the 
Varestraint test (Ref. 8,12,15), the fissure 
bend test (Ref. 14), and several others 
(Ref. 7,10,16,17). Regardless of the test
ing method used, the conclusion reached 
is that welds containing a few volume-
percent delta ferrite at room temperature 
are generally more resistant to hot crack
ing than fully-austenitic welds. Results of 
such tests indicate that, although fusion 
zone and HAZ cracks may be present in 
duplex weldments, they are less severe 
than those found in fully-austenitic 
welds. 

Effect of Alloy Composition on Ferrite 
Distribution and Morphology 

The distribution and morphology of 
delta ferrite in austenitic stainless steel 
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Fig. 7 - Crack sensitivity of alloys relative to the Fe-Cr-Ni ternary system (from Masumoto et 
al.-Ref. 16) 

weldments is dependent on the elec
trode and base metal compositions, 
welding parameters, the local weld cool
ing rate, and the degree of dilution. 
Recognizing that the chemical composi
tion has the greatest effect on controlling 
the amount of retained ferrite, Schaeffler 
(Ref. 18) and more recently DeLong (Ref. 
19) have developed diagrams for pre
dicting the volume-percent of weld metal 
ferrite. 

Attempts to reduce hot cracking sus
ceptibility in fully austenitic weldments by 
varying the alloy composition has met 
with limited success. Although many 
authors have reported that reducing the 
sulfur and phosphorus content increases 
the hot cracking resistance (Ref. 2, 7, 
9-11), reduction of these elements to 
trace amounts in both base materials and 
filler metals is difficult and costly. Increas
ing manganese contents from normal 
levels (generally 1-2 wt-%) to 5-10% 
decreases hot cracking resistance as a 
result of its ability to combine with excess 
sulfur. However, there is some indication 
that increased manganese results in 
decreased corrosion resistance (Ref. 20). 

Extensive studies by Hull (Ref. 21) and 
others (Ref. 9-11, 15, 20, 22) reported the 
harmful effects of silicon, columbium, 
and titanium on hot cracking resistance. 
An increase in the carbon content from 
0.1 to 0.4-0.5 wt-% reduced the extent 
of microfissuring by increasing the 
amount of interdendritic eutectic avail
able to backfill cracks formed at high 
temperatures (Ref. 9). However, high car
bon contents promote sensitization and 
subsequently degrade corrosion resis

tance. 
Results of hot cracking tests per

formed by Arata et al. (Ref. 15) indicate 
that small additions of nitrogen to the 
shielding gas can significantly reduce the 
amount of retained delta ferrite and 
result in an increase in hot cracking. The 
effect of nitrogen is particularly important 
since increasing the arc length during 
welding increases the nitrogen content of 
the as-deposited weld metal (Ref. 23). 

Although weld metal composition is 
important in determining the amount of 
ferrite present in an as-deposited weld, 
welding parameters influence both the 
cooling rate and dilution and thus signifi
cantly affect both the amount and the 
morphology of the ferrite (Ref. 24). High 
heat input welds result in slow cooling 
rates and thus coarse microstructures, 
although studies performed by Wata
nabe et al. (Ref. 23) indicate that heat 
input has little effect on the overall ferrite 
content if dilution effects are neglected. 
However, control of both weld dilution 
and arc length through proper selection 
of welding parameters is necessary to 
maintain desired levels of delta ferrite in 
the resultant weldment. 

Microsegregation During Solidification 

The microsegregation which results 
from non-equilibrium weld solidification 
has been rigorously reviewed in both Part 
1 and Part 2 of this investigation (pub
lished December, 1979, and February, 
1980, respectively, in the Welding Jour
nal). Solidification under Case III solidifica
tion conditions* results in local composi

tional variations of chromium and nickel 
within the weld substructure. In addition, 
the segregation of secondary alloying 
elements to grain and subgrain bound
aries during solidification may occur to 
varying degrees with a subsequent effect 
on the hot cracking susceptibility of the 
weldment. 

During solidification as primary austen
ite, chromium, silicon, sulfur, and phos
phorus are rejected to the liquid and may 
exist in relatively high concentrations in 
the final solid which forms along the 
solidification boundaries. Matsuda et al. 
(Ref. 25) observed particularly high levels 
of phosphorous along cell boundaries in 
fully austenitic weldments and related this 
to the inferior weldability of these 
alloys. 

During solidification as primary delta 
ferrite, relatively less sulfur and phospho
rus is rejected to the liquid. In addition, 
the last-to-solidify region is enriched in 
both manganese and silicon, and thus 
these elements are more likely to com
bine to form phosphides and sulfides 
(Ref. 9). Carbon was not found to segre
gate significantly during primary gamma 
or delta solidification. 

The importance of primary solidifica
tion from the liquid was illustrated by 
hot cracking tests performed by Masu
moto et al. (Ref. 16). Fusion welds which 
solidified as primary austenite were sus
ceptible to hot cracking, while those 
which formed primary delta ferrite were 
immune. Figure 1 shows the relative posi
tion of these alloys with respect to the 
Fe-Cr-Ni ternary phase diagram. Clearly, 
this work indicates that control of the 
solidification mode is important in pro
ducing crack-free welds and castings. In 
addition, the authors found no correla
tion between cracking susceptibility and 
the ferrite content as estimated by the 
Schaeffler-DeLong diagram. This is an 
extremely significant indictment against 
the concept of correlating the ferrite 
content at room temperature with the 
susceptibility to hot cracking. 

Objectives 

The objectives of this portion of the 
investigation were: 

1. To evaluate the hot cracking sus
ceptibility of a full range of austenitic 
stainless steel filler metals and a Type 
304L base material which solidify as either 
primary austenite or primary ferrite. 

2. To determine the relationship 
between the solidification process and 
the hot cracking propensity of these 
alloys. 

*ln Case 111 solidification there is no diffusion in 
the solid and no mechanical mixing in the 
liquid. Concentration changes in the liquid 
occur by diffusion only. These boundary 
conditions can be shown to be closely approx
imated in most fusion welding processes. 
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Table 1—Chemical Composition Wt-%(a) 

Material Ni Mn Mo 

304L (base 
316 
V-308 
308 
309 
312 
310 

metal) 

(a)Average of two independent 

18.65 
18.80 
20.07 
20.42 
23.60 
29.44 
27.11 

analyses 

9.66 
12.16 
10.08 
9.92 

12.32 
8.79 

21.50 

0.64 
0.48 
0.41 
0.31 
0.44 
0.44 
0.47 

1.57 
1.72 
1.02 
1.84 
1.62 
1.61 
1.65 

-
2.28 
0.09 
0.14 

-
0.21 
0.07 

0.024 
0.067 
0.045 
0.050 
0.070 
0.120 
0.110 

0.011 
0.017 
0.023 
0.019 
0.008 
0.013 
0.002 

0.034 
0.029 
0.015 
0.025 
0.014 
0.020 
0.014 

Table 2—Welding Parameters for Varestraint Specimen Preparation and Testing 

Welding process: 
Arc current: 
Arc voltage: 
Filler metal feed rate: 
Carriage travel speed: 
Shielding gas: 

Welding process: 
Arc current: 
Arc voltage: 
Travel speed: 
Shielding gas: 
Electrode-work distance: 
Electrode: 
Electrode extension: 

Specimen preparation 

Gas metal arc (GMA), three passes 
200 ± 10 A 
28 ± 1 V DCRP 
375 ipm (159 mm/s) 
12.5 ipm (5 mm/s) 
Argon-2°o 0 2 , 40 cfh 

Varestraint testing 

Cas tungsten arc (CTA) 
180 ± 10 A 
12 ± 0.5 V, DCSP 
4 ipm (1.7 mm/s) 
Argon, 40 cfh 
3A2 in. (2.4 mm), measured cold 
)fe in. (3.2 mm), centerless ground, W-ThC>2 
1.5 in. (38.1 mm) from the water-cooled collet 

Fig. 2-Schematic of Varestraint sample preparation 

Experimental Procedure 

The hot cracking susceptibility of a full 
range of commercial austenitic stainless 
steel filler metals was evaluated using the 
Varestraint test (Ref. 26). These included 

filler metals which produced either fully-
austenitic or duplex microstructures in 
the as-welded condition. In addition, a 
Type 304L base material was tested. The 
compositions of these alloys are listed in 
Table 1. 

in the following manner. A 6.4 mm (14 
in.) thick Type 304L stainless steel plate 
was selected for the base material. The 
plate was sectioned into bars of dimen
sions of 0.64 X 5.1 X 30.5 (14 X 2 X 12 
in.). A groove 0.2 cm (0.080 in.) deep and 
16 mm (0.615 in.) wide was then 
machined parallel to the 30.5 cm (12 in.) 
dimension along the centerline of the 5.1 
cm (2 in.) dimension. The bars were 
thoroughly degreased with acetone and 
wiped dry. 

Three gas metal arc (GMA) welds 
were deposited in the groove using the 
desired filler metal to produce a single 
layer weld deposit. The welding parame
ters used are listed in Table 2. Individual 
welds were wired, brushed and thor
oughly cleaned between passes. Follow
ing welding, the weld reinforcement was 
machined flush with the specimen sur
face and the surface was belt sanded to 
remove any oxides formed during the 
GMAW process. The specimens were 
again degreased with acetone prior to 
Varestraint testing. The three-step sample 
preparation is illustrated schematically in 
Fig. 2. 

Specimens were tested over a range of 
augmented strains from VA to 2%, giving 
results shown in Table 3. Following test
ing, the extent of hot cracking in each 
sample was determined with the aid of a 
binocular microscope equipped with a 
filar eyepiece. A magnification of X50 
was used to measure crack lengths. For 
each sample the total crack length, maxi
mum crack length, and total number of 
cracks was recorded. A distinction was 
made between fusion zone cracks and 

Table 3—Results of Testing 

Material 

304L (base metal) 
309 
316 
V-308 
308 
312 
310 

at Augmented 

Relative 
hot-cracking 

resistance 

1 
2 
3 
4 
5 
6 
7 

Strains of 1% and 2% 

Average crack 
length, in.(a) 

0.006 
0.008 
0.008 
0.010 
0.011 
0.019 
0.027 

Total crack 
length, in.(b) 

0.032 
0.047 
0.060 
0.089 
0.112 
0.193 
0.318 

Ferrite Number 
Magne Gage 

5.5 
10.5 
6.5 

10.0 
9.0 

> 40 
< 1.0 

Defong(c> 

5.0 
11.5 
5.0 
9.0 
8.0 

-
— 

( a )Determined at 2"o augmented strain. 
( b )Determined at 1% augmented strain. 
( c ) Weld pad dilution by Type 304L base metal estimated to be 3 0 V 
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ALLOY 

304L 
308 
309 
312 
316 
310 

CR/NI 

1.93 
2.0 
1.92 
3.35 
1.55 
1.26 

30 40 50 60 7C 
Weight Percentage Nickel 

Fig. 3—Location of commercial 300-series alloys relative to the Fe-Cr-Ni 
liquidus surface 
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Fig. 4 — Total crack length vs. augmented strain for 300-series filler 
metals and a Type 3041 base metal tested using the Varestraint 
test 

fissures associated with the HAZ. 
The ferrite number (FN) of the weld 

pad was determined prior to testing using 
the Magne Gage. Three readings were 
taken at 25 mm (1 in.) intervals along the 
pad. In addition, the FN of the sample 
was measured following Varestraint test
ing. The DeLong diagram (Ref. 19) was 
also employed to estimate weld metal 
ferrite content. 

Microanalysis of selected areas of the 
Varestraint specimens was performed 
with the aid of the electron microprobe 
at an accelerating voltage of 20 kV with a 
nominal specimen current of 0.25 micro
amperes. The spatial resolution of the 
electron probe was on the order of 2-3 
microns. 

Results and Discussion 

Solidification Behavior 

In order to predict the initial solidifica
tion product of the Type 304L base 
material and the filler metal weld pads 
which were evaluated with the Vare
straint test, the position of these alloys 
relative to the Fe-Cr-Ni liquidus surface is 
illustrated in Fig. 3. Since dilution of the 
filler metal by the base material during 
specimen preparation was on the order 
of 30%, the final composition of the alloy 
weld pads was shifted along a tie line 
connecting the individual filler metal com
position to that of the Type 304L base 

metal. 
Since the Cr/Ni ratio of Types 304L, 

308 and 309 are roughly equivalent and 
that of Type 312 is considerably higher, 
dilution by the Type 304L base metal had 
no effect on the initial solidification prod
uct; in all weldments made with these 
alloys, delta ferrite was the primary phase 
formed during solidification. The compo
sition of Type 316 lies on the line separat
ing the Cr-rich primary delta ferrite region 
from the Ni-rich primary austenite region; 
thus, dilution of this alloy by the base 
metal increased the ultimate Cr/Ni ratio 
and favored solidification as primary delta 
ferrite. 

By contrast, despite dilution of the 
Type 310 filler metal by the base metal 
the final weld pad composition remained 
within the Ni-rich region where solidifica
tion occurs as primary austenite. In addi
tion, the austenite-stabilizing effect of the 
nominal carbon and nitrogen concentra
tions in the weld pad was not sufficient to 
shift the primary phase from that pre
dicted by Fig. 3. 

Evaluation of Hot Cracking Susceptibility 

The best index of relative hot cracking 
susceptibility among the filler metals was 
provided by plotting the total crack 
length, measured on the surface of the 
as-welded pad, versus the augmented 
strain, over a range from VA to 2%, as 

illustrated in Fig. 4. Using this method, 
Type 310 and Type 312 weld metal pads 
proved to be more susceptible to fusion 
zone hot cracking over the full range of 
augmented strain than any of the other 
commercial weld pads or the autogenous 
welds on the Type 304L base metal. 
Cracking associated with the heat-af
fected zone (HAZ) was generally insignifi
cant and is not included in the data 
presented in Fig. 4. 

At 2% restraint, Type 304L exhibited 
only half the total crack length of both 
Type 316 and 309, which in turn were 
more resistant to hot cracking than either 
lot of Type 308. In addition, Type 310 
and 312 weld pads exhibited over three 
times the total crack length of the other 
alloys at the same restraint level. 

Comparison of the maximum crack 
length at various strains within the same 
alloy composition or among different 
alloys at equivalent strains proved to be a 
poor index for evaluating relative hot 
cracking resistance. Frequently, one large 
crack in the as-tested weld pad would be 
accompanied by several small fissures 
and thus would not be representative of 
the overall behavior of the pad. The 
threshold strain, or limiting strain at which 
materials are determined to be crack 
resistant, was more indicative of the hot 
cracking resistance of the alloys. Type 
316 proved to be effectively crack resis
tant at 0.5% strain, while Types 308, 309 
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Fig. 5-Hot cracks in a Type 310 weld pad 
tested at 2% restraint. Mixed acid etch. X100 
(reduced 17% on reproduction) 

and 304L exhibited a similar degree of 
crack resistance at 0.25%. Types 310 and 
312 were susceptible to hot cracking at 
0.25%, and thus the threshold strain for 
these alloys lies below this value of aug
mented strain. 

The determination of the average 
crack length among alloys tested at 
equivalent augmented strain provided 
another suitable method for evaluating 
relative hot cracking resistance from the 
Varestraint crack length data. Both the 
average crack length, evaluated at 2% 
restraint, and the total crack length, from 
the alloy pads and autogenous Type 304 
base metal tested at 1% restraint, are 
listed in Table 3. 

Based on these two criterion Type 
304L was the most crack resistant, while 
Types 310 and 312 again proved to be 
the most susceptible to weld hot crack
ing. 

Similar results were obtained by Lundin 
(Ref. 27), who employed the fissure bend 

test and Arata et al. (Ref. 15) who utilized 
the Varestraint test. In general, they 
found that alloys which solidified as pri
mary austenite and, as a consequence, 
exhibited little or no retained ferrite in the 
weld deposit were more susceptible to 
hot cracking. 

Relation of Crack Resistance to Ferrite 
Number 

The ferrite numbers (FN) of the weld 
metal pads, determined with the aid of 
both the Magne Gage and the DeLong 
diagram are also listed in Table 3. Their 
listing was an attempt to correlate the 
amount of weld metal ferrite with the 
resistance to hot cracking. Since little 
change in the overall FN occurred as a 
result of the GTA weld pass employed 
during the Varestraint test, Magne Gage 
readings taken prior to testing are pre
sented. The FN as estimated by the De-
Long diagram was adjusted for the dilu
tion of the filler metals by the Type 304L 
base metal, although the limited range of 
the diagram precluded estimation of 
weld metal ferrite in the highly-alloyed 
Type 310 and Type 312 weld pads. 

Despite the difference in ferrite mea
surement methods, the DeLong diagram 
and the Magne Gage provided compara
ble estimates of weld metal ferrite. In 
addition, a rough correlation existed 
between the apparent FN of the weld 
pad and its corresponding resistance to 
hot cracking. The Type 310 weld pad 
which solidified as primary austenite and 
contained essentially no delta ferrite 
(FN < 1) was extremely susceptible to 
hot cracking, while Types 316, 308 and 
309, which solidified as primary delta 
ferrite and exhibited FN 6-12, proved to 
be more crack-resistant. However, the 
Type 304L base material which solidified 
as primary delta ferrite exhibited the best 
resistance to hot cracking. This occurred 
despite the fact that the as-tested weld
ment exhibited only FN 5, while the Type 

312 weld pads which exhibited a FN 40 
were extremely susceptible to cracking. 

It is apparent that alloys which by 
nature of their initial composition exhibit 
either a minimal amount of retained fer
rite such as Type 310, or an extreme 
amount such as Type 312, are inherently 
susceptible to hot cracking. On the other 
hand, there appears to be no direct 
correlation of the FN with the cracking 
susceptibility of the alloys which fall 
between these two extremes. For exam
ple, Type 308 with FN 12 is more suscep
tible than Type 304L with FN 5 at an 
equivalent level of restraint. It is interest
ing to note, however, that a correlation 
does exist between the sulfur content of 
these alloys (304L, 308, 316, and 309), as 
listed in Table 1, and the cracking suscep
tibility presented in Table 3. Both Type 
304L and Type 309 which contain rela
tively low levels of sulfur are more crack 
resistant than both heats of Type 308 and 
also Type 316 which contain increased 
levels of impurity elements. 

Thus, the amount of residual delta 
ferrite necessary to ensure an "accept
able" level of hot cracking resistance is 
specific to a particular alloy composition, 
and, unfortunately, may vary greatly 
within the nominal composition limits of 
that alloy (Ref. 28). 

Microstructure of the Varestraint Weld Pads 

Metallographic examination of the var
ious alloy weld pads revealed that hot 
cracks propagate primarily along fusion 
zone grain boundaries (as defined by 
changes in substructure growth orienta
tion) irrespective of the solidification 
behavior of the particular alloy. Fully 
austenitic Type 310 weld pads exhibited 
large austenite grains, which provided 
smooth paths for the initiation and prop
agation of hot cracks. The extreme 
degree of macrocracking, which oc
curred at these sites when this alloy was 
tested at 2% restraint, is evident in Fig. 5. 
In addition, numerous fissures were 
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Fig. 6-Hot cracks in weld pads tested at 2% restraint: A-Type 316; B-Type 308; C-Type 309. Mixed acid etch. X100 (reduced 26% on 
reproduction) 
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Fig. 7-Hot cracks in Type 312 weld pad 
tested at 2% restraint. Note backfilling at A, B 
and C Mixed acid etch. X100 (reduced 28% 
on reproduction) 

observed; these initiated and propagated 
in the solid-state, remote from the solid-
liquid interface at the instant of applied 
strain. The "ductility-dip" cracks have 
been observed by previous investigators 
(Ref. 9, 15, 16) in fully austenitic weld
ments (these were not included in the 
crack length data of Fig. 4). 

The alloy weld pads, which solidified as 
primary delta ferrite and contained less 
than FN 12 in the as-deposited weld pad, 
exhibited a more refined microstructure 
and were typically more resistant to weld 
hot cracking than the fully austenitic 
weldments. Weld pads produced with 
Types 316, 308 and 309 filler metals and 
tested at 2% restraint are shown in 
Fig. 6. 

The duplex microstructure in these 
alloy pads is characterized by a vermicu
lar distribution of dark-etching delta fer
rite separated by the unetched austenite. 
Both Type 308 and Type 316 exhibited 
small cracks along fusion zone grain 
boundaries, although no cracks were 
observed in the Type 309 weld pad 
following mechanical polishing. In addi
tion, ductility-dip cracks were not 
observed in any of the duplex stainless 
steel weld pads which were tested. 

Alloy pads produced with Type 312 
filler metal solidified initially as primary 
delta ferrite but upon cooling to room 
temperature precipitation of Widman
statten austenite occurred along the fer
rite grain and subgrain boundaries. The 
resultant microstructure consisted of 
large ferrite grains surrounded by a con
tinuous austenite phase at the grain 
boundaries, as shown in Fig. 7. It is these 
continuous austenite networks which 
provide sites for the initiation and propa
gation of hot cracks during the Vares
traint tests. In addition to the "open-
crack" morphology shown previously, 
significant grain boundary liquation and 
crack backfilling was observed in Type 

{ i V w ' ^ - ' V - h . A;-^\A~ 

rAf^r:;rr\.^J\ $f£ f/. 
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.-i- : - \ a I v ' ys i. 
Fig. 8 —Fusion zone microstructure of Type 
304L weld pad. Mixed acid etch. X500 (re
duced 28% on reproduction) 

312 Varestraint specimens, as may be 
seen at points A, B, and C in Fig. 7. 

Hot cracking was observed in both the 
fusion zone and adjacent HAZ of the 
Type 304L Varestraint specimens. Al
though some small cracks were observed 
during crack length measurements on the 
as-welded surface, all disappeared after 
mechanical polishing. Therefore, no pho
tomicrographs of cracks in Type 304L 
could be obtained. However, the resul
tant fusion zone microstructure which 
exhibits a vermicular ferrite morphology 
(FN 5) is shown in Fig. 8. 

It is postulated that superficial hot 
cracks in the HAZ of the 304L base metal 
initiated along liquidated austenite grain 
boundaries or solute bands and propa
gated into the fusion zone upon applica
tion of sufficient augmented strain. How
ever, the cracks were either very shallow 
or were healed by backfilling except at 
the surface of the weldment. 

Morphology of Fusion Zone Hot Cracks 

Frequently, regions near the bound
aries and tip of the fusion zone cracks 
appeared metallographicaliy distinct from 
adjacent regions in the bulk microstruc
ture. Their appearance suggested that 
crack backfilling by liquid of dissimilar 
composition may occur during the final 
stages of solidification. Since the compo
sition of this backfilled material is either 
enriched or depleted in solute (de
pending on the particular distribution 
coefficient, kG, of the solute element), the 
effective solidus temperature of this 
material is depressed below that of the 
bulk solidus and subsequently promotes 
the formation of hot cracks in the pres
ence of sufficient mechanical and/or 
shrinkage strains. 

Figure 9 provides a schematic repre
sentation of the situation which exists at 
the advancing solid-liquid interface at the 

instant that strain is applied during the 
Varestraint test. Note that a narrow 
region of solute enrichment or depletion 
exists within the liquid slightly in advance 
of the interface. This is representative of 
the steady-state stage of Case III solidifi
cation which has been reviewed previ
ously (Ref. 29) on a microscopic scale 
during solidification of the individual cells 
or dendrites. However, since on a macro
scopic scale the advancing interface is 
essentially planar, a liquid diffusion zone 
must exist between the bulk solid of 
nominal composition and the liquid weld 
pool of the same composition. 

If the weldment solidifies as primary 
delta ferrite, the liquid diffusion zone in 
Fig. 9 is enriched in nickel and depleted in 
chromium. Conversely, during solidifica
tion as primary austenite, the region in 
advance of the solid-liquid interface is 
enriched in chromium and may be slightly 
depleted in nickel (kNi ss 1.0). 

When sufficient strain exists in the 
system (in this case, when the specimen is 
bent in the Varestraint test), cracks may 
form along regions where segregation 
tends to be the most extensive —in this 
case at the grain boundaries. Subsequent
ly, solute-rich or solute-lean liquid from 
the diffusion zone may be drawn into the 
cracks by capillary action. The volume of 
this material tends to be great in compar
ison to the thin films normally encoun
tered along subgrain boundaries (result
ing from the terminal transient stage of 
solidification). As a result, these sites pro
vide a unique opportunity to evaluate the 
composition of the last-to-solidify materi
al often associated with the initiation and 
propagation of hot cracks. 

Type 308. Figure 10 shows the region 
surrounding the crack tip at a fusion zone 
grain boundary in a Type 308 Varestraint 
weld pad tested at 2% augmented strain. 
Note the extensive light-etching region 
surrounding, and to the right of, the crack 
in the left hand portion of the photomi
crograph; this reflects the Ni-enriched 
solute diffusion zone which existed in 
advance of the moving solid-liquid inter-
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Fig. 9 —Schematic showing formation of back
filled cracks 
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Fig. 10-Backfilled crack in Type 308 weld 
pad. Mixed acid etch. X500 (reduced 34% on 
reproduction) 

face at the instant the crack formed and 
was drawn into the newly formed crack 
by capillary action. As a result, the austen
ite and ferrite in this region form a more 
extensive divorced eutectic than is nor
mally observed and a significant amount 
of ferrite solidifies at the boundary (along 
the center line of the crack path). 

A concentration profile across region 
3-3 is presented in Fig. 11. This reveals 
that the unetched region surrounding the 
crack is Ni-enriched and Cr-depleted rela
tive to the alloy nominal composition; it 
thus reflects the average composition of 
the solute diffusion zones which impinge 
at the boundary and backfill the resultant 
crack. The dark-etching material at the 
crack tip is enriched in chromium and, 
therefore, reflects the composition of the 
eutectic ferrite which forms during the 
terminal transient stage. In regions out
side the boundaries of the backfilled 
crack, the composition rapidly ap
proaches the nominal composition of the 
alloy. This reflects the steady-state solidi
fication stage that preceded the comple
tion of solidification. Careful analysis of 
the backfilled region also indicated that 
there exists a localized enrichment in 
both sulfur and phosphorus at the crack 
tip. 

A more conventional duplex micro-

TYPE 308 TRACE 3-3 
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structure was observed in regions more 
remote from the fusion zone grain 
boundary. An acicular, austenite-ferrite 
morphology can be seen at region 4-4 in 
Fig. 10. A concentration profile across this 
region is presented in Fig. 12 and indi
cates that little variation from the nominal 
composition is resolvable within the acic
ular region. The light-etching material at 
the boundaries of the acicular region is 
accompanied by a significant enrichment 
in nickel and thus corresponds to the 
terminal transient stage of solidification. 
Note that no eutectic ferrite is evident 
within this light-etching region. 

Type 312. Numerous backfilled hot 
cracks at fusion zone grain boundaries 
were observed in Type 312 weld pads 
which were tested at 2% restraint. A 
typical region in an as-tested pad is 
shown in Fig. 13; it is clear that the cracks 
propagate within fully austenitic regions 
of the subgrain boundaries. 

Since Type 312 exhibits a high Cr/Ni 
ratio, this alloy solidifies as primary delta 
ferrite and the resultant solute diffusion 
zone which forms at the advancing solid-
liquid interface during steady-state solidi
fication is enriched in nickel and depleted 
in chromium. Thus, at the completion of 
solidification, as adjacent solute diffusion 
zones impinge, a Ni-enriched liquid back
fills cracks along the grain boundaries and 
forms a divorced ferrite-austenite eutec
tic mixture in this region. Since a substan
tial volume of backfilled liquid exists along 
these boundaries a significant amount of 
the final solid consists of eutectic ferrite, 
as indicated by the arrows in Fig. 13. 

Following solidification, some of the 
primary ferrite transforms to Widman
statten austenite by means of a diffusion-
controlled reaction as the alloy cools 
through the two-phase ferrite plus aus
tenite field. This plate-like austenite, 
which is evident in Fig. 13, nucleates from 
the eutectic austenite that formed during 
the terminal transient stage of solidifica
tion. 

Figure 14 is a concentration profile 
across a backfilled subgrain boundary at 

TYPE 308 TRACE 4-4 
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Fig. 11 — Concentration profile across region 
3-3 in Fig. 10 
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Fig. 12 —Concentration profile across region 
4-4 in Fig. 10 

mf 
Fig. 13 - Backfilled hot cracks in Type 312 weld 
pad. Arrows indicate eutectic ferrite particles 
along centerline of the backfilled region. 
Mixed acid etch. X500 (reduced 37% on 
reproduction) 

position 7-7 in Fig. 13. Since a significant 
amount of eutectic ferrite was formed 
along the backfilled crack, the spatial 
resolution of the electron beam was 
improved relative to the width of this 
constituent. Consequently, a consider
able enrichment in chromium above that 
of the nominal composition is observed 
when the beam is centered precisely on 
the eutectic ferrite. In addition, the region 
surrounding this ferrite is enriched in 
nickel and depleted in chromium; it corre
sponds to the average composition of 
the diffusion zone liquid which backfilled 
the subgrain boundary. 
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TYPE 310 TRACE 1-1 

Fig. 15 —Backfilled crack region in Type 310 
weld pad. Mixed acid etch. X500 (reduced 
37% on reproduction) 

The width of the backfilled region also 
permitted more accurate analysis of the 
silicon, manganese, and phosphorus con
centrations in the last-to-solidify constitu
ents. Sulfur analysis is confounded by the 
presence of molybdenum which has a 
characteristic x-ray peak which overlaps 
the Ska peak. As a result, the degree of 
sulfur segregation can only be deter
mined qualitatively at best and thus is 
omitted from the plot in Fig. 14. 

The microprobe data for the other 
elements indicate that an enrichment in 
both phosphorus and manganese is asso
ciated with the backfilled region, while 
silicon exhibits little or no partitioning. A 
significant increase in the S(Mo) concen
tration was also observed; this is thought 
to reflect the segregation of sulfur rather 
than molybdenum which is a ferrite stabi
lizing element and would be more solu
ble in the ferrite during primary solidifica
tion. 

Type 310. Of the alloys tested using 
the Varestraint test, Type 310 weld pads 
were unique in that solidification oc
curred as primary austenite. As a conse
quence, they contained very little delta 
ferrite in the as-welded microstructure. 
During the steady-state stage of primary 
austenite solidification, the diffusion zone 
liquid in advance of the solid-liquid inter
face is enriched in chromium. Thus, when 
this region impinges upon an adjacent 
diffusion layer during the terminal tran
sient stage, a liquid persists at the grain 
and subgrain boundaries whose average 
composition is Cr-rich relative to the 
nominal composition. If the Cr/Ni ratio in 
this final liquid is sufficiently high, ferrite 
may form as a result of the austenite-
ferrite eutectic reaction. 

Numerous backfilled hot cracks were 
observed in Type 310 Varestraint speci
mens which were tested at 2% restraint. 
As noted previously in both Type 308 
and 312 weld pads, a dark-etching con
stituent was frequently observed at the 
grain and subgrain boundaries where sig
nificant backfilling occurred, as shown in 
Fig. 15 at region 1-1. In addition, a 
definite substructure differing from that in 
the adjacent fusion zone subgrain is 
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Fig. 16 — Concentration profile region across 
region 1-1 in Fig. 15 

apparent on either side of the crack. This 
substructure is formed during the solidifi
cation of the backfilled, diffusion zone 
liquid contained within the already-solidi
fied walls of the crack. 

A concentration profile across the 
backfilled region at 1-1 is presented in 
Fig. 16. The profile indicates that the 
dark-etching constituent in the center of 
the backfilled crack exhibits a high Cr/Ni 
ratio, and hence, corresponds to the 
eutectic ferrite formed during the termi
nal transient stage of solidification. The 
backfilled material surrounding this con
stituent is enriched in chromium relative 
to the nominal composition and thus 
reflects the average composition of the 
steady-state diffusion zone. A substantial 
increase in phosphorus corresponding to 
the location of the eutectic ferrite indi
cates that the partitioning of this element 
is particularly severe when solidification 
occurs as primary austenite. The enrich
ment of S(Mo) in this region was small 
relative to the backfilled cracks in both 
the 308 and 312 weld pads; this was 
probably a result of the low concentra
tion of these elements in the original alloy 
(Table 1). However, some segregation of 
sulfur is apparent in the backfilled 
region. 

A concentration profile across a cellu
lar dendrite adjacent to the backfilled 
grain boundary is shown in Fig. 17. The 
concentrations of chromium and nickel 
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Fig. 17 — Concentration profile across region 
2-2 in Fig. 15 

within the dendrite show little variation 
from the alloy nominal composition, and 
undoubtedly correspond to the composi
tion of material formed during the 
steady-state stage of solidification. A sub
stantial increase in chromium at the cellu
lar dendrite boundaries is indicative of the 
impingement of adjacent Cr-rich diffusion 
layers during the terminal transient stage. 
Note that only scattered particles of fer
rite exist along these subgrain boundaries 
in Fig. 15. 

Relationship Between Solidification Behavior 
and Hot Cracking Susceptibility 

Microanalysis of backfilled cracks in the 
austenitic stainless steel weld pads indi
cated that substantial regions of low-
melting liquid may exist along solidifica
tion boundaries, particularly in alloys 
which contain a large proportion of chro
mium and/or nickel (such as Type 310 
and Type 312). These alloys lie in closer 
proximity to the ternary eutectic point 
(49Cr-43Ni-8Fe) and would be expected 
to form a larger proportion of eutectic 
constituents than alloys more remote 
from this composition (Types 304, 304L, 
316 and 308). 

This problem is compounded by the 
fact that both Type 312 and Type 310 
tend to exhibit relatively smooth bound
ary regions along which the low-melting 
liquid can persist as a continuous film and 
promote crack formation. Types 304L, 
308, and 316 weld pads solidified as 
primary delta ferrite with a more complex 
cellular dendritic morphology and pro
duced a smaller proportion of eutectic 
constituents. For this reason, it is unlikely 
that continuous films could form along 
grain and subgrain boundaries, thus 
reducing the chance of hot crack forma
tion. 

Undoubtedly, the segregation of sec
ondary alloying elements and impurity 
elements, particularly sulfur and phos
phorus, have a synergistic effect on pro
moting or retarding weld hot cracks. 
Sulfur has frequently been cited as a "bad 
actor" regarding both hot cracking and 
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boundary liquation. For this reason, spe
cial attention was devoted to this ele
ment. In all cases, apparent increases in 
sulfur concentration were noted at the 
backfilled regions of cracks tips in both 
duplex (Type 308 and 312) and austenitic 
(Type 310) weld pads. However, 
although the nominal sulfur content of 
the Type 310 alloy pad was not detect
able by microanalysis, sulfur appeared to 
be present over a 6-micron range within 
the backfilled region centered on the 
eutectic ferrite. This indicates that the 
segregation of sulfur during the final 
stages of primary austenite solidification is 
considerable, even in alloys with presum
ably "safe" levels of this impurity. Phos
phorus, which was more easily detected 
by the electron microprobe, was always 
observed in increased concentrations 
within backfilled regions, particularly in 
the alloys which solidified as primary 
austenite. 

If a small amount of eutectic ferrite 
forms along the primary austenite sub-
grain and grain boundaries a portion of 
the sulfur and phosphorus may be assim
ilated by the ferrite, thereby reducing the 
cracking propensity. During solidification 
as primary delta ferrite, the sulfur and 
phosphorus are dispersed to a greater 
degree within the initial solidification 
product. As a result, less is available for 
segregation at the solidification bound
aries. 

Conclusion 

Results of the Varestraint test indicated 
that austenitic stainless steel weldments 
which solidify as primary delta ferrite and 
exhibit FN 5-12 in the as-welded micro-
structure are more resistant to hot crack
ing than either a wholly-austenitic Type 
310 or a highly-ferritic Type 312 weld 
pad. The coarse grained microstructure 
of both the Type 310 and Type 312 
weldments permit the formation of con
tinuous, low-melting eutectic films along 
fusion zone grain boundaries. In the pres
ence of sufficient mechanical and/or 
thermally induced strain, rupture occurs 
along these liquated boundaries at tem
peratures below the solidus temperature 
of the bulk microstructure. 

The refined microstructure of the 
duplex weldments of Type 304L, 316, 
308, and 309 creates more boundary 
area over which low-melting eutectic 
phases are distributed. As a result, it is 
unlikely that continuous films could exist. 
In addition, these alloys contain smaller 
proportions of chromium and nickel. 

Thus they would form a smaller amount 
of eutectic constituents along the solidifi
cation boundaries. 

The extreme segregation of sulfur and 
phosphorus into the backfilled cracks of 
Type 308, 310, and 312 weldments indi
cates that even small amounts of this 
element can affect the weldability of the 
alloy, particularly in alloys which solidify 
as primary austenite. 
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