
Weldability Evaluations of Modified 316 
and 347 Austenitic Stainless Steels: 

Part I— Preliminary Results 

Weldability is equivalent to or better than that of 
unmodified 300 series austenitic stainless steels 

BY C. D. LUNDIN, C. H. LEE, R. MENON AND V. OSORIO 

ABSTRACT. This paper evaluates the hot 
ductility and susceptibility to hot cracking 
of modified 316 (316NG) and 347 stain
less steels. Tests conducted include the 
standard Gleeble hot ductility test and a 
modified Varestraint test. The modified 
Varestraint test permitted the simulta
neous evaluation of the hot cracking 
susceptibility of the fusion zone, weld 
metal HAZ and the base metal HAZ. The 
fusion zone cracking susceptibility is in 
line with currently applied concepts re
lated to delta ferrite content and solidifi
cation morphologies. The 347 materials 
were found to be less crack sensitive in 
the fusion zone than the low ferrite 
(0-1'/2 FN) containing 316 materials. For 
the 347 materials, a higher ferrite content 
in the fusion zone resulted in reduced 
cracking. Among the materials tested, the 
AISI 347 and French modified ICL 473Nb 
were found to be the most susceptible to 
weld metal HAZ and base metal HAZ 
cracking. This relative evaluation is based 
on total crack length and threshold strain. 
The results of the hot ductility tests did 
predict, in some instances, the potential 
susceptibility to weld metal and base 
metal HAZ cracking. The AISI 347 
showed the poorest recovery on cooling 
from the zero ductility temperature 
(ZDT), which is in agreement with the 
Varestraint test results. 

Optical and electron microscopy have 
revealed that the cracking in the weld 
metal and base metal HAZ is associated 
with solute-rich grain boundaries adja-
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cent to the fusion line. In the 316NC 
materials, the grain boundaries were 
found to be enriched in silicon and 
molybdenum. In the 347 materials, cracks 
were found at grain boundaries that 
were enriched with silicon and niobium, 
exhibiting evidence of liquid films pro
duced by constitutional liquation associat
ed with niobium carbide. 

Introduction 

The occurrence and detection of inter
granular stress corrosion cracking (IGSCC) 
of weld-sensitized AISI 304 and 316 stain
less steel piping in BWR systems has 
necessitated the development of alter
nate alloys that possess inherent immuni
ty or significantly greater resistance to 
IGSCC than standard AISI grades. Two of 
the candidate materials which have 
received the most attention are the 
nuclear grades of 316 and 347-316NG 
(in the U.S.) and 347NG (in japan and 
Europe), respectively. These modified 
alloys have a controlled chemistry to 
improve IGSCC resistance and strength. 

The 316NG specifies a maximum car
bon content of 0.02% and a nitrogen 
content of 0.06-0.1% such that it meets 
strength requirements for the nominal 
AISI 316 alloy. The 316NG has also con
trolled manganese and phosphorus con
tents to decrease IGSCC susceptibility 
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and to maintain the alloy strength. The 
modified 347 materials are TP 347NG 
(West Germany), 347LPN (Japan) and ICL 
473Nb (France). The major chemistry 
alteration in the modified 347 alloys is in 
the carbon and niobium contents, such 
that the Nb/C ratio of the modified alloys 
is higher in comparison to AISI 347 (>13 
vs. >8). Although the Nb/C ratios have 
been significantly increased, the maxi
mum amount of Nb in the modified alloys 
is lower than in AISI 347 because of lower 
carbon content. The Japanese modifica
tion, 347LPN, has an additional control on 
phosphorus and nitrogen contents to 
improve resistance to IGSCC, as well as 
for improved weldability and strength. 

Although the new stainless steels, 
316NG and modified 347, have been 
proven to be more resistant to IGSCC 
and sensitization, very little information 
about their weldability is available in the 
open literature. This paper includes pre
liminary test results on the hot ductility 
behavior and hot cracking sensitivity of 
the modified alloys. The detailed metal
lurgical evaluation of the hot ductility and 
hot-crack tested samples will be included 
in a future paper. The hot ductility and 
hot cracking tests were conducted using 
the Gleeble and a modified Varestraint 
test. The modification to the Varestraint 
test has resulted in its ability to simulta
neously evaluate the hot cracking pro
pensity of the fusion zone, the weld 
metal HAZ and the base metal HAZ. The 
hot cracking behavior of the weld metal 
and base metal HAZ has been correlated 
with the hot ductility data. Further, the 
weldability of the modified alloys has 
been compared with that of the standard 
AISI grades. 

Materials 

The materials evaluated in this research 
program comprise two heats of standard 
AISI 304 and 347 (USA); four heats of 
316NG (USA), modified 347 - 347LPN (Ja-
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Table 1—Compositions of Materials Studied 

Type 

AISI 347 
347LPN 
ICL 473Nb 
TP347 
TP 347NG 
316NG 
316NG 
316NG 
316NG 
304 
304 

Identification 

AISI 347 
347LPN 
ICL 473Nb 
TP 347 
TP 347NC 
316NC-A 
316NC-B 
316NG-C 
316NG-D 
304-A 
304-B 

C 

0.045 
0.014 
0.018 
0.042 
0.025 
0.012 
0.018 
0.017 
0.020 
0.065 
0.058 

Mn 

1.6 
1.64 
1.49 
1.58 
1.74 
1.54 
1.37 
1.73 
1.39 
1.54 
1.62 

P 

0.032 
0.012 
0.029 
0.025 
0.033 
0.027 
0.021 
0.025 
0.025 
0.030 
0.020 

S 

0.007 
0.005 
0.011 
0.002 
0.006 
0.023 
0.009 
0.004 
0.015 
0.025 
0.029 

Si 

0.54 
0.30 
0.50 
0.47 
0.34 
0.46 
0.51 
0.49 
0.48 
0.51 
0.68 

Cr 

17.8 
18.4 
18.3 
18.1 
18.3 
16.3 
17.0 
16.6 
17.3 
18.4 
20.3 

Ni 

9.71 
9.25 
9.01 
9.18 

10.77 
10.15 
11.25 
11.5 
11.51 
8.60 
9.16 

Mo 

_ 
-

0.37 

-
-

2.06 
2.23 
2.13 
2.20 
0.21 
0.24 

N 

_ 
0.062 
0.075 

-
0.022 
0.098 
0.097 
0.100 
0.083 

-
— 

Nb 

0.67 
0.26 
0.49 
0.63 
0.37 
0.01 

-
— 
-
— 
— 

Co 

_ 
0.06 
0.17 

-
-

0.15 
— 
-
— 

0.13 
0.16 

GS<*1 

9.0 
8.0 
9.2 
8.4 
5.0 
5.0 
4.2 
5.0 
5.9 
4.2 
4.3 

Nb/C 

14.8 
18.5 
27.2 
15.0 
14.8 

-
-
— 
-
-
-

FN(b) 

3.0 
5.4 
3.6 
4.1 
4.0 
2.0 
0.2 
0.0 
1.6 
2.4 
4.4 

(a) Grain size: ASTM size number. 
(b) Measured ferrite content in autogenous fusion weld metal (Magne-Gage). 

pan) and ICL 473Nb (France); and two 
heats of modified 347-TP 347 and TP 
347NG (Germany). The compositions of 
the steels, together with the ASTM grain 
sizes and the ferrite contents measured in 
the as-welded fusion zone with a Magne-
Gage, are given in Table 1. 

Experimental Procedures 

Varestraint Hot Cracking Test 

The Varestraint concept has been used 
since 1965 in a variety of ways to evalu
ate the hot cracking of austenitic stainless 
steels. The ability of the Varestraint tech
nique has been enhanced by modifying 
the subscale Tigamajig to test both in 
longitudinal and transverse modes. A 
multipass weld technique has also been 
employed. The new multipass technique 
enhances the ability to provide simulta

neous evaluation of the base metal HAZ, 
weld metal HAZ and the fusion zone. 

In the modified multipass technique, 
two parallel passes are deposited with a 
premeasured spacing between them (de
pending upon the energy input, thick
ness, and chemical composition of the 
material to be tested). The third pass is 
positioned so that it produces a base 
metal HAZ which overlaps the HAZ of 
the second pass and simultaneously 
produces a HAZ in the weld metal of the 
first pass. In this study, to obtain 
enhanced cracking evaluation of both 
weld metal and base metal HAZ, a fourth 
and fifth pass were superimposed direct
ly on the third pass. The augmented strain 
is applied during the last pass as the 
welding gun just passes the center of the 
sample, such that the augmented strain is 
applied to the solidifying interface at the 
center of the sample. Therefore, four 

Fig. 1 — Varestraint 
longitudinal mode 
sample (multipass 

technique) and 
magnification of the test 

region 

LONGITUDINAL 
MODE SAMPLE 

MAGNIFICATION OF 
TEST REGION 

base metal HAZ and three weld metal 
HAZ exposures are strained together 
with the fusion zone of the fifth pass. The 
longitudinal strain for a specific radius of 
the die block can be approximated from 
the equation: 

e (%) ~t/(2R) X 100 
where t is augmented longitudinal strain, t 
is specimen thickness, and R is radius of 
the die block. 

A schematic representation of the 
position and sequence of the weld passes 
and a magnified test region are shown in 
Fig. 1. The energy input for each pass was 
7.7 kj/in. (0.3 kj/mm), 100 A, 13 V, at 10 
ipm (254 mm/min) and the interpass 
temperature was maintained at a room 
temperature of 72 °F (22°C) for the Va -in. 
(3-mm) thick specimens. 

Gleeble Hot Ductility Tests 

Hot ductility tests were conducted 
using a Model 510 Gleeble, which is 
essentially a high-speed, hot-tensile 
tester, instrumented so that heating and 
cooling of the test specimen can be 
accurately programmed to reproduce 
the rapid temperature changes that occur 
during welding. The peak temperature 
employed in hot ductility tests may be 
any temperature below the bulk melting 
temperature of the material being stud
ied. Therefore, the technique provides 
the tensile properties of any microstruc
ture which may occur within the weld 
heat-affected zone. 

The test employs a cylindrical speci
men, 0.25 in. (6 mm) in diameter and 4 in. 
(102 mm) long, aligned in the rolling 
direction. The specimen is clamped 
between two water-cooled jaws sepa
rated 0.8 in. (20 mm) from each other, 
which, in addition to serving as grips for 
tensile testing, provide a means for intro
ducing the current to the specimen and 
insuring a rapid cooling when the flow 
current is interrupted. The heating cur
rent is controlled electronically through
out the desired thermal excursion by 
means of a signal obtained from a fine 
wire thermocouple percussion welded to 
the center of the specimen gauge length. 
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Fig. 2-Hot ductility test results for 304 (Heat 304-A). Class HI 
on-heating behavior and C2 on-cooling behavior from a ZDT of 
2475°F 

Fig. 3-Hot ductility test results for 304 (Heat 304-B). Class H1 
on-heating behavior and C3 on-cooling behavior from a ZDT of 
2475 "F 

During testing, the instantaneous temper
ature of the specimen is compared with a 
reference temperature, and the flow of 
current is increased, decreased, or inter
rupted as required. 

The thermal cycle utilized is that for a 
1'/2-in. (38-mm) thick stainless steel plate 
with an energy input of 70 kj/ in. (2.8 
kj/mm). The on-cooling tests are con
ducted from the zero ductility tempera
ture, which is determined from the on-
heating tests. The data of interest in the 
test evaluation are the percentage reduc
tion in area at a specific temperature for 
on-heating and on-cooling. These data 
are plotted versus test temperature. 

Results and Discussion 

Hot Ductility Evaluation Using the Gleeble 

The Gleeble device evolved because 
of the need to duplicate weld HAZ ther
mal histories and the concomitant neces
sity to test the resultant microstructures. 
The utilization of the Gleeble dates to the 
late 1950's, when it was used to investi
gate the hot ductility of high temperature 
alloys (Ref. 1). The major advantage of 
using the Gleeble is that it provides one 
with the capacity to separate the effects 
of the mechanical factors from the metal
lurgical factors. The test not only proves 
to be invaluable in establishing the rela
tive cracking tendencies of various stain
less steels, but also provides the ability to 
differentiate between materials of the 

same nominal composition on a heat-
to-heat basis. 

The on-heating behavior of various 
materials has been classified into two 
categories. Class H1 behavior occurs 
when the ductility gradually increases 
with increasing test temperature, and 
then there is a rapid loss of ductility over 
a narrow temperature range. The Class 
H2 behavior is classified by a continuous 
decrease in ductility over a wide range of 
temperatures as the test temperature is 
increased. The on-cooling behavior is 
characterized as Class C1 , when the on-
cooling ductility is the same as on-
heating. Class C2 behavior is character
ized by an on-cooling ductility the same 
as on-heating above 2100°F (1150°C), 
but is significantly lower for temperatures 
less than 2100°F (1150°C) (ductility dip). 
Class C3 behavior is characterized by an 
on-cooling ductility which is significantly 
less than the on-heating ductility at all 
testing temperatures. According to 
Nippes, et al. (Ref. 1), materials which 
exhibit either Class H2 or Class C3 behav
iors are susceptible to weld HAZ crack
ing, either during welding or in subse
quent service. In the subsequent discus
sions on hot ductility behavior of the 
various materials, the above classifica
tions of on-heating and on-cooling ductil
ity behavior are used to distinguish 
between the hot cracking potential of the 
various materials. 

The hot ductility behavior of two heats 

of AISI 304 is shown in Figs. 2 and 3, 
respectively. The solid line represents the 
on-heating behavior and the dashed line, 
the on-cooling behavior. Both heats 
show Class H1 on-heating behavior. Heat 
A shows a Class C2 on-cooling behavior, 
whereas Heat B shows a behavior bor
dering on Class C3. All on-cooling tests 
were performed from a zero ductility 
temperature (ZDT) of 2475°F (1357°C). 

Figures 4 and 5 show the typical hot 
ductility behavior of 316NG. The on-
heating behavior is typically Class H1. The 
on-cooling hot ductility behavior of Heat 
C shows a ductility dip (Class C2). Heat B 
shows C1/C2 behavior; however, it 
recovers to only 60% of its maximum 
on-heating ductility. 

Figures 6 to 10 show the hot ductility 
behavior of AISI 347 and the modified 
347 varieties (ICL 473Nb, 347LPN, TP 
347NG and TP 347). AISI 347 (Fig. 6) 
shows a Class H1 on-heating behavior, a 
Class C3 on-cooling behavior from the 
ZDT, and virtually no recovery in ductility 
until the on-cooling test temperature 
reaches 220O°F (1205°C). 

The French variety of type 347 (ICL 
473Nb) reveals intermediate on-heating 
behavior (between H1 and H2), and C1 
on-cooling behavior is shown from 
2475°F (Fig. 7). 

The Japanese modified material (347 
LPN) has the best hot ductility response 
among the Type 347 varieties —Fig. 8. It 
has a Class H1 on-heating behavior, a 
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Fig. 4 - Hot ductility test results for 316NG (Heat C). Class H1 on-heating 
behavior and C2 on-cooling behavior from a ZDT of 2475°F 

Fig. 5 - Hot ductility test results for 316NG (Heat B). Class H1 on-heating 
behavior and C1/C2 on-cooling behavior from a ZDT of 2475°F 
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Fig. 6-Hot ductility test results for AISI 347. Class HI on-heating 
behavior and C3 on-cooling behavior from a ZDT of 2475°F 

Fig. 7-Hot ductility test results for ICL 473Nb. Class H1/H2 on-heating 
behavior and Cl on-cooling behavior from a ZDT of 2475°F 
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Fig. 9-Hot ductility test results for TP 347NG Class HI on-heating 
behavior and C2 on-cooling behavior from a ZDT of 2450 "F 

Class C1 on-cooling behavior, and hot 
ductility which has fully recovered upon 
cooling from a ZDT of 2500° F 
(1370°C). 

The hot ductility responses of TP 347 
NG and TP 347 are shown in Figs. 9 and 
10. The TP 347NG is the German modi
fied 347, DIN 1.4550. Its carbon content 
is 0.025%, and the Nb/C ratio is 15. The 
nuclear grade heat is modified in both 
carbon content (DIN specified C <0.04%) 
and in the niobium to carbon ratio (DIN 
specified Nb/C > 1 3 , Nb <0.65%). This 
material shows a Class H1 on-heating 
behavior and Class C2 on-cooling behav
ior from a ZDT of 2450°F (1345°C). On 
cooling from 2450°F (1345°C), a ductility 
dip occurs at approximately 2000°F 
(1095°C). 

The TP 347 has a carbon content of 
0.042% C and Nb/C ratio of 14.8. This 
material does not meet the nuclear grade 
specification for carbon content but is 
modified in the Nb/C ratio. Figure 10 
shows a Class H2 on-heating behavior 
and a Class C3 on-cooling behavior upon 
cooling from the ZDT of 2400° F 
(1315°C). The relatively poor ductility 
response of this material, as compared to 
the TP 347NG, is most likely related to the 
higher carbon content and a concomitant 
higher Nb content, the presence of 
which has been known to be detrimental 
to the hot ductility and hot cracking 
behavior of Type 347 alloys. 

Metallographic examination via optical 

and electron microscopy was conducted 
on fractured hot ductility samples. A 
typical intergranular fracture in 316NG 
tested on-heating to a ZDT of 2475°F 

(1357°C) is shown in Fig. 11A. Figure 11B 
shows the fracture as having occurred in 
a well-defined intergranular mode. The 
evidence of liquation is obscured, due to 
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Fig. 11 - Fractographs of 316NG tested at the ZDT of 2475°F. A- 16X; 
B-450X 

Fig. 12 — Longitudinal section of 316NG hot ductility specimen tested at 
the ZDT of 2475"F. OLM. A - 100X; B-500X 

Fig. 13 —Longitudinal section of AISI 347 hot 
ductility specimen tested at the ZDT of 

2450"F. Top left- 150X; top right-4000X; 
bottom right —EDAX on particle in top right 
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Fig. 15 — Extent of fusion zone cracking vs. applied strain in 347 and 304 
steels 

the oxide film on the surface. A longitudi
nal section of the hot ductility sample is 
shown in Fig. 12. Secondary cracking in 
regions near to the fracture surface is 
seen. In Figure 12B, grain boundary liqua
tion which occurred during the thermal 
cycle and the propagation of cracks 
along the liquated grain boundaries dur
ing testing are evident. The intergranular 
fracture at the ZDT is clearly related to 
grain boundary liquation. 

A longitudinal cross-section typical of 
AISI 347 tested at the ZDT of 2450°F 
(1345°C) is shown in Fig. 13. Intergranular 
cracking is seen along preferentially 
liquated segregation bands. In Fig. 
13 (middle), a liquated boundary is noted, 
and EDAX analysis reveals the particle at 
the boundary to be Nb-rich (carbide). 
The loss in hot ductility at elevated tem
peratures in the AISI 347 and other 347 
grades is primarily related to constitution
al liquation of niobium carbide. 

The hot ductility tests indicate that the 
316NG materials possess relatively good 
ductility, and in the 347 types, AISI 347 
exhibited the poorest hot ductility 
response. 

Varestraint Hot Cracking Tests 

Multipass Varestraint tests were con
ducted as described earlier. A simulta
neous evaluation of the fusion zone, base 
metal HAZ and the weld metal HAZ was 
performed. Multiple cycling was found to 
enhance the fissuring tendencies in all 
types of austenitic stainless steels tested. 
Preliminary tests were also conducted in 
the transverse mode, the results of which 
are reported elsewhere (Ref. 6). The 
transverse mode essentially evaluates 
only the fusion zone cracking potential. 
The longitudinal mode was therefore 
preferred since it provided maximum 
cracking sensitivity information related to 
the weld fusion zone, weld metal HAZ 
and base metal HAZ. The total crack 
length in each of the regions was mea
sured and plotted vs. the augmented 
strain level. 

Fusion Zone Cracking Sensitivity— The 
behavior of the 316NG materials is com
pared to that of the 304 type steels in Fig. 
14. The ferrite content of the autogenous 
fusion zone has a pronounced effect on 
the fusion zone cracking sensitivity, with 

higher ferrite numbers resulting in 
decreased sensitivity. The AISI 304 steels 
show the lowest sensitivities; AISI 304 is 
generally considered to be one of the 
most weldable of the 300 series steels. 

The fusion zone cracking sensitivity of 
the 347 steels is shown in Fig. 15. The 
same general trends with regard to the 
influence of ferrite level on the fusion 
zone cracking sensitivity are observed. 
The relative ranking indicates that the 
Japanese 347LPN and the German TP 
347NG exhibit the lowest cracking poten
tial, with the French ICL 473Nb and the 
AISI grade being slightly more crack sensi
tive. Figure 16 compares the relative 
cracking susceptibility of 304, 316NG and 
347. The 347 steels appear to be less 
susceptible to fusion zone cracking than 
the low-ferrite (0-1!/2 FN) 316NG 
materials and are equivalent to AISI 304. 
The effect of ferrite content appears to 
override any basic compositional differ
ences with regard to fusion zone crack 
sensitivity. 

In considering the influence of compo
sition of fusion zone cracking sensitivity, 
the concepts of Takalo, et al. (Ref. 2), can 
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Fig. 76 — Extent of fusion zone cracking vs. applied strain in 316NG, 304 

and 347 steels 

Fig. 18 —Extent of weld 
metal HAZ cracking vs. 

applied strain in 304 
and 347 steels 

1.1 

1.2 

i L° 

0.8 • 

§ 0.6 

0,4 

0,2 

0,0 

VARESTRAINT TEST RESULTS 

EXTENT 

301 

• 

OF HELD METAL HAZ 

Vs. 

APPLIED STRAIN 

AND 347 STAINLESS 

y 
^ 

CRACKING 

STEELS 

s 
^^•klSl 347 

r** IO. *73 Kb 

^-34 7 LPN 
/j30i 

jr/\nx..h 
jr [1? 3*7 KC 

J304 
_#a-a Bt.B 

2 3 
APPLIED STRAIN (X) 

0.4 

0.2 

0.0 
0 1 2 3 4 5 

APPLIED STRAIN (X) 

Fig. 17—Extent of weld metal HAZ cracking vs. applied strain in 316NG 
and 304 steels 

be applied. They state that when the 
ratio of the Cre q /Nie q is less than 1.5, the 
weld solidifies as primary austenite, which 
leads to increased susceptibility to fusion 
zone cracking. Heat 316NG-A has the 
highest Cre q /Nie q ratio (1.35) among the 
316NG materials, and it shows the highest 
threshold strain for cracking, and there
fore the lowest cracking susceptibility. In 
the case of the 347 materials, the Creq/ 
Nieq ratio varies from 1.43 to 1.86, and 
for 304, it lies between 1.72 and 1.85, 
which indicates ferrite as the primary 
solidification structure. The hot cracking 
susceptibilities can therefore be ex
plained using Takalo's criterion (1.5-2.0 
Cre q /Nie q results in the maximum resis
tance to cracking). 

Weld Metal HAZ Cracking Susceptibili
ty- Figures 17 and 18 compare the weld 
metal HAZ cracking susceptibility of AISI 
304 with 316NG and 347 varieties, 
respectively. In Fig. 17, the crosshatched 
region represents all heats of 316NG 
evaluated. The ferrite level, per se, does 
not appear to have any significant effect 
on the relative ranking of the 316NG or 
304 materials. 

The extent of weld metal HAZ cracking 
in the 347 steels is shown in Fig. 18. The 
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Fig. 20 — Extent of base metal HAZ cracking vs. applied strain in 347 and 
304 steels 

Japanese 347LPN and the German TP 
347NG appear to be the most resistant to 
weld metal HAZ cracking. There is no 
significant difference in behavior be
tween the 316NG and 347 steels, and 
these classes of steels would be expected 
to behave similarly in actual weld situa
tions. 

There is a paucity of literature that 
addresses weld metal HAZ cracking. The 
theory of reheat cracking proposed by 
Lundin and Chou (Ref. 3) partially explains 
the nature of the data for the highest 

ferrite potential materials, which have 
cracked to a lesser extent than the lower 
ferrite potential materials. Additional 
work needs to be conducted in this area 
of investigation to understand the signifi
cance of the results and relationship to 
the proposed theory. 

Base Metal HAZ Cracking—lhe extent 
of base metal HAZ cracking is shown in 
Fig. 19 for 316NG and 304 materials. The 
304 materials fall at the lower end of the 
range for the 316NG materials. The 

enhanced ferrite potential is probably 
responsible for the lower susceptibility of 
the 304 steels. The results for the 347 
steels are shown in Fig. 20. The AISI 347 is 
found to be the most susceptible to base 
metal HAZ cracking, as was the case for 
fusion zone and weld metal HAZ crack
ing. Type 347LPN behaves similarly to 
304. Types TP 347NG and ICL 473Nb 
follow in order, as far as increased sus
ceptibility to cracking is concerned. The 
347LPN exhibited excellent hot ductility 
properties as compared to AISI 347. 

Fig. 21-Typical surface of an evaluated Varestraint test sample 
showing the various crack location regions. Fusion zone (A); weld metal 
HAZ (B); base metal HAZ (C) 

Fig. 22-Fusion zone cracking in 316NG (FN = OJ, 4% strain. 200 X. 
OLM 
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Fig. 23 — Hot cracking in the fusion zone of 316NG tested at 4% strain. 
Top - 2000X SEM; bottom - EDAX in the crack tip (A) and bulk matrix 
ffl 

•+y^Tm* sjg* * 
Fig. 24 — Mechanically fractured surface of fusion zone cracking in 
316NG, 4% strain. A - 1800X; B-4500X 

Clearly, some correlations between hot 
ductility properties and base metal HAZ 
cracking susceptibility can be at
tempted. 

Metallographic and Fractographic 
Examination 

The location of the cracks in the vari
ous regions of the modified Varestraint 
sample was shown schematically in Fig. 1. 
The regions are marked on an actual 
Varestraint sample macrograph in Fig. 21. 
The fusion zone of a 316NG Varestraint 
sample polished parallel to the weld sur
face is shown in Fig. 22. The substructure 
is cellular-dendritic, and cracking has 
taken place in an intergranular-interden-
dritic fashion. A crack in the fusion zone 

of 316NG is shown in Fig. 23. The EDAX 
analysis shows that the crack-tip region 
(along a grain boundary) is enriched in Si, 
Mo and Cr, when compared to the 
center of a solidification cell. A typical 
fusion zone crack surface is shown in Fig. 
24, with a cellular-dendritic structure 
clearly evident. The smooth features of 
the fracture surface indicate the presence 
of a liquid film at the instant of crack
ing. 

Typical weld metal HAZ and base met
al HAZ cracking are shown in Figs. 25A 
and B, respectively. Cracking in both 
locations is intergranular, and EDAX anal
ysis reveals that the crack tips are 
enriched in Si and Mo, just as in the case 
of fusion zone cracks. The cracking mor
phology in the 347 materials is different 

from that in the 316NG material. The 
cracks in 347 materials exhibit a more 
branched appearance in a finer cellular-
dendritic matrix as compared to the fer
rite-free 316NG. A typical fusion zone 
crack in AISI 347 is shown in Fig. 26. The 
crack tip is revealed to be enriched with 
segregates of Si and Nb (as contrasted to 
Si and Mo in 316NG). 

Typical base metal HAZ cracking is 
shown in Fig. 27. The intergranular nature 
of the crack is evident, and the EDAX 
analysis shows the liquated regions to be 
enriched in Nb and Si. The detrimental 
effect of silicon segregation on hot crack
ing in the 300 series austenitic steels has 
also been observed by Chou (Ref. 4) and 
others (Ref. 5). Additional work using 
Auger spectroscopy and STEM are 

44-s j FEBRUARY 1988 



"•a. 

B 

' f 

g 

-

'jrtcrri 

/ 

Lt '-^p^^ 
' • ' > • * a 

IwLj^V' • 

! 

§§§Su 

i l J ? t " " 

r ^ ! < - " 5 . • •• 

Fig. 25-Typical—A — weld metal HAZ cracking and-
HAZ cracking in 316NG, 4% strain, 200 X. OLM 

B — base metal 

Ub . H 
OOeiB3BB 

Co uununu 

Fig. 26—Hot cracking in the fusion zone of AISI 347 tested at 4% strain. 
Top - 5000X SEM; bottom - EDAX in the crack tip (A) and bulk matrix 
(BJ 

planned to determine the influence of the 
full spectrum of elemental distributions. 
The metallographic and fractographic 
examinations reveal the following: 

1) A liquid film is inherent in the crack
ing mechanism. 

2) Segregation of certain elements 
exacerbates the cracking tendency. 

3) Si is a major factor in the cracking 
occurrences. 

4) A ferrite-containing microstructure 
is less sensitive to cracking than a fully 
austenitic microstructure. 

5) Liquation of Nb-rich regions results 
in enhanced base and weld metal HAZ 
cracking susceptibility in the 347 alloys. 

Summary 

Based on the results of the Varestraint 
tests, the materials can be ranked inde
pendently for susceptibility to hot crack
ing in the fusion zone, weld metal HAZ 
and the base metal HAZ. The hot ductility 
behavior can be best compared to the 
base metal HAZ cracking susceptibility, 
since these tests evaluate the same weld 
region. When the hot ductility behavior is 
compared to the base metal HAZ Vares
traint results, there are some striking cor
relations and contradictions. The AISI 347 
material, which showed poor recovery 
on-cooling behavior in the hot ductility 

tests, shows an enhanced susceptibility to 
base metal HAZ cracking. The Japanese 
material, 347LPN, which showed excel
lent hot ductility properties, was the least 
sensitive to base metal HAZ cracking 
among the 347 materials tested. How
ever, the 316NG materials, which 
showed relatively good hot ductility 
recovery, also exhibited a similar or slight
ly higher (on a relative basis) sensitivity to 
base metal HAZ than the 304 materials. 
On the other hand, the 304 steels which 
exhibited poor on-cooling hot ductility 
(304-A showed a ductility dip) were 
found to be virtually immune to base 
metal HAZ cracking. 
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Fig. 27 - Typical base metal HAZ cracking in AISI 347 tested at 4% strain. Left - 200X OLM; middle - 2000X SEM; right - EDAX in the grain boundary (A) 
and inside grain (B) 

The reasons for these differences are 
not available at present, and this makes 
definitive predictions of hot cracking 
behavior from hot ductility behavior diffi
cult. Additional work is ongoing to further 
understand the ramifications of the 
results of the tests. 

Conclusions 

1) The modified Varestraint test using 
three to five passes has the ability to 
simultaneously evaluate the fusion zone, 
weld metal HAZ and the base metal 
HAZ. 

2) The susceptibility to hot cracking in 
the fusion zone in 316NG and 347 
materials is related to the ferrite potential 
of the autogenous fusion zone, with a 
higher ferrite content resulting in 
decreased susceptibility. By virtue of this, 
the modified 347 materials have a lower 
susceptibility than the 316NG steels. 

3) The 347 and 304 materials show a 
lower cracking susceptibility than the 
316NG materials, as far as cracking in the 
weld metal HAZ is concerned. Among 
the 347 materials, AISI 347 showed the 
greatest susceptibility. 

4) With the exception of AISI 347, the 
modified 347 and 316NG materials show 

an equivalent susceptibility to cracking in 
the base metal HAZ. 

5) A liquid film is inherent in the crack
ing mechanism, and segregation of cer
tain elements exacerbates the cracking 
tendency, i.e., Si, Mo in 316NG, and Si, 
Nb in 347. 

6) Liquation of Nb-rich regions results 
in enhanced base metal and weld metal 
HAZ cracking susceptibility in the 347 
alloys, especially in AISI 347. 

7) When the hot ductility behavior is 
compared to the base metal HAZ Vares
traint results, there are some striking cor
relations and contradictions. The reasons 
for these differences are not apparent at 
the present time. Additional work aimed 
at a more detailed assessment is under 
way. 
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