
Hot Ductility and Weldability of Free 
Machining Austenitic Stainless Steel 

AISI 303 stainless steels can exhibit weldability generally 
equivalent to many 300-series austenitic stainless steels, 

provided the solidification mode is primary ferrite and the 
inclusion orientation effects are taken into account 

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

ABSTRACT. This paper evaluates hot 
ductility behavior and hot cracking sus
ceptibility of free machining Type 303 
austenitic stainless steel. The materials 
utilized, for evaluation and comparison, 
include several lots of AISI Type 303, 304, 
347, 316NG (Nuclear Grade) and 347NG 
austenitic stainless steels. 

Hot ductility was evaluated using the 
Gleeble simulator, whereas the hot crack
ing behavior was studied using a multiple 
bead Varestraint technique. The multiple 
bead technique enables the simultaneous 
evaluation of the hot cracking propensity 
of the fusion zone, the base metal HAZ 
and the weld metal HAZ. The 303 
materials were evaluated with regard to 
orientation (rolling direction, longitudinal/ 
transverse), manufacturing conditions 
(forged and continuously cast), ferrite 
level and composition (S, C and N). Fur
thermore, the solidification behavior of 
the weld metal was studied using a 
quenching technique. 

The results of Gleeble simulations indi
cate that the hot ductility behavior of the 
303 austenitic stainless steels is variable, 
depending on orientation and lot. How
ever, all lots tested in the longitudinal 
orientation exhibited behavior similar to 
that of AISI 304, 316NG and 347NG 
stainless steels. However, in the trans
verse orientation, the 303 hot ductility 
results revealed reduced ductility as com
pared to the longitudinal orientation tests 
on the same lot. The hot cracking sensi-
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tivity of the 303 fusion zone, weld metal 
HAZ and base metal HAZ is comparable 
to that of the other austenitic stainless 
steels evaluated (304, 347, 316NG and 
347NG). The fusion zone and weld metal 
HAZ cracking sensitivity is directly related 
to the solidification behavior as influ
enced by composition. The addition of 
nitrogen to the shielding gas, which alters 
the primary solidification mode from fer
ritic to austenitic, significantly increases 
the hot cracking susceptibility of the 
fusion zone and weld metal HAZ. 

Introduction 

It is widely accepted that the free-
machining type austenitic stainless steels 
are "unweldable" due to the nature of 
elemental species added to enhance 
machinability, enabling faster cutting rates 
and better chip formation. Selenium and 
sulfur are the principal additions; howev
er, the use of selenium has been discon
tinued due to its toxicity. Therefore, the 
sulfur-bearing materials are currently the 
only remaining grades of free machining 
austenitics. 

The weldability of free machining aus
tenitic stainless steels from various lots/ 
heats has been known to be significantly 
different, albeit within the AISI 303 com-
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position limits. Some producers claim that 
chemistry-controlled 303 materials can 
be readily welded by any of the fusion 
processes even without the addition of a 
filler metal. The AISI 303 specification 
requires a sulfur content of 0.15% mini
mum, and most lots exceed this value (a 
common level being 0.3%). The solubility 
of sulfur in austenite is less than 0.01% at 
ambient temperature, thus the sulfur 
exists largely as metallic sulfides (chip 
breakers). Upon melting or exposure to 
high temperatures (as in welding), sulfur 
has been assumed to be redistributed, 
tending to segregate to grain boundaries 
in the solid state or to solidification sub-
boundaries in the fusion zone, promoting 
liquid films and enhancing hot cracking 
tendencies. Very little literature exists on 
the weldability of the 303 grade of free-
machining type austenitic stainless steels. 
Existing data further show that weldability 
varies on a heat-to-heat or producer-
to-producer basis. 

Since hot cracking occurs at or near 
the solidus temperature of the material, 
solidification behavior and high-tempera
ture microstructure during welding are 
important to the understanding of hot 
cracking. Recently, many investigators 
(Refs. 1-13) have attempted to provide 
greater understanding of the mechanism 
of formation of the room-temperature 
ferrite in weld metals and its relationship 
to hot cracking. The presence of ferrite is 
related to reduced hot cracking suscepti
bility when the ferrite content is about 
5~10% at room temperature. More
over, investigators (Refs. 2-4, 8-12) have 
also attempted to correlate the hot crack
ing susceptibility of austenitic stainless 
steels with the primary solidification 
mode and ferrite morphology in addition 
to the room-temperature ferrite content, 
even though a good correlation between 
room-temperature ferrite and the prima
ry solidification mode has been found. In 
general, if the ratio of the amount of 
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Table 1—Materials Studied 

Type Heat Mn Cr Ni Mo Nb CS<a) Creq Nieq Cre q /Nie q FN<b> Shape 

316NC 
316NG 

304 
304 
347 

TP347 
NC 
303 

303 

303 

303 

D-441103 
D-440104 

56072 
638731 
876195 
173268 

0A1090 

1C5713 

B652133 
C656133 
656471 

(a) ASTM grain size. 

0.011 
0.010 
0.065 
0.058 
0.045 
0.025 

0.022 

0.092 

0.038 

0.038 

1.70 
1.75 
1.54 
1.62 
1.60 
1.74 

1.75 

1.78 

1.44 

1.44 

0.020 
0.019 
0.030 
0.020 
0.032 
0.033 

0.023 

0.029 

0.029 

0.029 

(b) Measured ferrite content with Magne-Cage 

0.001 
0.001 
0.025 
0.029 
0.007 
0.006 

0.350 

0.310 

0.310 

0.340 

0.51 
0.52 
0.51 
0.68 
0.54 
0.34 

0.39 

0.52 

0.72 

0.69 

17.25 
17.25 
18.39 
20.32 
17.80 
18.25 

17.32 

17.49 

17.64 

17.74 

12.85 
12.90 
8.60 
9.16 
9.71 

10.77 

9.69 

8.90 

9.34 

9.35 

2.47 
2.56 
0.21 
0.24 

-
— 

0.40 

0.38 

0.24 

0.34 

0.094 
0.101 

— 
— 
— 

0.022 

0.036 

-

0.044 

0.044 

— 
-
-
-

0.67 
0.37 

-

-

-

3.2 
3.3 
4.2 
4.3 
9.0 
5.0 

-

-

_ 

20.5 
20.6 
19.4 
21.6 
19.0 
19.0 

18.3 

18.7 

19.0 

19.1 

16.9 
17.1 
11.3 
11.7 
11.9 
13.1 

12.3 

12.6 

12.5 

12.5 

1.23 
1.20 
1.72 
1.85 
1.60 
1.46 

1.49 

1.48 

1.52 

1.53 

0 
0 

2.4 
4.0 
3.0 
4.0 

2.0 

2.0 

2.0 

3.0 

Pipe 
Pipe 
Pipe 
Pipe 
Plate 
Pipe 

14-in.-diameter 
Bar 

Square 1- X 1-in. 
Bar 

1-in.-diameter Bar 

4'/2-in.-diameter 
Bar 

ferrite-forming elements (Cr, Mo, Si, Nb, 
etc.) to the austenite-forming elements 
(Ni, Mn, C, N, etc.) is adjusted such that 
ferrite is the primary solidification phase, 
the alloy is considered more resistant to 
fusion zone hot cracking than alloys that 
form austenite as the primary solidifica
tion phase. 

This study has evaluated the hot ductil
ity behavior and weldability of several 
lots of 303 materials. The Gleeble hot 
ductility test and the Varestraint, sub-
scale moving torch, multiple bead tech
nique, which has been recently devel
oped in the Welding Research Group at 
The University of Tennessee (Ref. 14), 
were used to evaluate and form a basis 
of comparison between the 303 
materials, and 304, 316NG and 347NG 
grades of austenitic stainless steels. The 
303 steels were evaluated with regard to 
orientation (rolling direction, longitudinal/ 
transverse), ferrite content, sulfur and 
carbon levels. Furthermore, the solidifica
tion behavior of the 303 fusion zone was 
studied. 

Experimental Procedures 

Materials 

The materials evaluated in this investi
gation comprise four heats of AISI 303 
free machining austenitic stainless steel. 
The compositions of the steels, together 
with measured ferrite content (Magne-
Gage) in the autogenous fusion zone, are 
given in Table 1. As Table 1 shows, three 
heats of 303 were received as round bars 
of different diameters. One heat (IG5703) 
was a square bar. Heats B652133 and 
C656133 came from one master heat, 
but were processed differently: 
B652133 — continuously cast to near net 
shape; and C656133 — ingot forged to 
net shape. Heat 656471 (4 ,/2-in./114-mm 
diameter) was used to investigate effects 
of working direction (longitudinal and 

transverse to the rolling direction) on the 
hot ductility and hot cracking behavior. 

The hot ductility and hot cracking test 
results for the 303 materials were com
pared with 304, 347, 316NG and 347NG 
materials recently evaluated at The Uni
versity of Tennessee (Ref. 15). The com
positions of the AISI 304, 347 and the 
nuclear grades of 316 and 347 are given 
in Table 1. 

Hot Ductility Tests 

Hot ductility tests were conducted 
using a Gleeble, which is essentially a 
high-speed, hot tensile testing machine, 
instrumented so that the 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 the hot ductility tests may be 
any temperature below the bulk melting 
temperature of the material being stud
ied. Therefore, the technique can pro
vide the tensile properties of any micro-
structure that may occur within the weld 
heat-affected zone. 

The tests employed a cylindrical speci
men 0.25 in. (6 mm) in diameter and 4 in. 
(100 mm) long aligned in the rolling direc
tion (all heats) and transverse direction 
(Heat 656471). The specimen was 
clamped between two water-cooled 
jaws separated 0.8 in. (20 mm) from each 
other, which, in addition to serving as 
grips for tensile testing, also provided a 
means for introducing a current through 
the specimen and ensured a rapid rate of 
cooling when the current flow was inter
rupted. The heating current was con
trolled electronically throughout the 
desired thermal excursion by means of a 
signal obtained from a fine wire thermo
couple percussion-welded to the center 
of the specimen gauge length. During 
testing, the instantaneous temperature of 
the specimen was compared with a ref

erence temperature and the flow of cur
rent was increased, decreased, or inter
rupted as required. 

The thermal cycle utilized corresponds 
to that in I ' / i - in. (38-mm) thick stainless 
steel welded with an energy input of 70 
kj/ in. (2.8 kj/mm). The cross head speed 
was 2.5 in./s. The on-cooling tests were 
conducted from the zero ductility tem
perature (ZDT), which was determined 
from the on-heating tests. The principal 
data of interest in the test evaluation are 
the percentage reductions in area upon 
tensile fracture. The reduction in area 
data are plotted versus test temperature 
for comparative evaluations. 

In this study, the criteria generalized by 
Nippes, ef al. (Ref. 16), were used to 
define differences in the ductility behav
ior of the various lots. The basic criterion 
is based on the ductility recovery on-
cooling from the ZDT when compared to 
the on-heating ductility. The on-heating 
behavior is divided into two categories. 
Class H1 behavior occurs when the hot 
ductility increases with increasing temper
ature and then there is a rapid loss of 
ductility over a narrow temperature 
range. Class H2 behavior is described by 
a continuous decrease in ductility over a 
wide range of temperatures as the tem
perature approaches the ZDT. The on-
cooling behavior is characterized as Class 
C1 when the on-cooling ductility is equiv
alent to the on-heating ductility. Class C2 
behavior is characterized by an on-cool
ing ductility the same as on-heating 
above 2000° ~ 2200°F (1093° ~ 
1204°C), but is significantly lower for 
temperatures below this temperature 
range (ductility dip). Class C3 behavior is 
characterized by an on-cooling ductility, 
which is significantly less than the on-
heating ductility at all testing tempera
tures. According to Nippes, et al. (Ref. 
16), materials which exhibit either Class 
C2 or Class C3 behaviors are susceptible 
to HAZ cracking during welding or subse-
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quent service. 
In order to obtain clean unoxidized 

fracture surfaces, some selected hot duc
tility tests were conducted with argon 
shielding in an atmosphere chamber 
incorporated into the Gleeble. Several 
alternate chamber evacuations (10 mi
crons) and backfilling with argon provid
ed a chamber atmosphere which resulted 
in clean fracture surfaces with no detect
able oxidation. These samples were uti
lized to clearly reveal the fracture mor
phology and delineate the evidence of 
liquid films present during fracture. 

Varestraint Hot Cracking Test 

Recently, new concepts in Varestraint 
testing for hot cracking have been intro
duced by the Welding Research Group at 
The University of Tennessee (Ref. 14). 
The ability of the Varestraint technique to 
more definitively define hot cracking has 
been enhanced by modifying the sub-
scale, moving torch, Tigamajig device to 
test both in the longitudinal and trans
verse modes. A multipass weld technique 
has also been incorporated which 
enables simultaneous evaluation of the 
base metal HAZ, the weld metal HAZ and 
the fusion zone. In the modified multipass 
technique, two parallel passes are depos
ited with a premeasured spacing 
between them (depending upon the 
energy input, thickness and 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 also simulta
neously produces a HAZ in the weld 
metal of the first pass —Fig. 1. In this 
study, to obtain an enhanced cracking 
evaluation of both the weld metal and 
base metal HAZ, a fourth and fifth pass 
were superimposed directly on the third 
pass. The augmented strain is applied 
during the last pass as the torch just 
reaches the center of the sample. Thus, 
the augmented strain is applied to the 
solidifying interface at the point of tan
gency of the sample and the radius die. In 
this technique, the base metal is sub
jected to four intentional HAZ exposures, 
and the weld metal experiences three 
HAZ exposures, and all are strained 
together with the fusion zone of the fifth 
pass. A schematic representation of the 
position and sequence of the weld passes 
in relation to each other and the strain 
application point is shown in Fig. 1. The 
energy input for each pass was 7.7 kj/in. 
(0.3 kj/mm) (100 A, 13 V, 10 ipm/254 
mm/min) and the interpass temperature 
was maintained at room temperature. 
The passes were run with 100% Ar shield
ing and also with 0.8 vol-% nitrogen in the 
shielding gas. In this investigation, only 
the longitudinal test mode was utilized 
since the transverse mode essentially 
evaluates only the fusion zone cracking 

potential (Ref. 14). 
After testing, the as-welded surface 

was examined with a 70X binocular 
microscope, and each crack was mea
sured and the total crack length deter
mined. The total crack length is plotted 
versus augmented strain for comparative 
evaluation. 

Solidification Study 

To investigate the solidification mode 
and high-temperature microstructure 
(ferrite morphology) of the fusion zone, 
Heat B652133 was selected. Samples 
from this material were quenched in ice 
water during autogenous GTAW. With 
this quenching technique, the instanta
neous weld microstructure was effective
ly retained at room temperature for care
ful study. 

The welding conditions for the autoge
nous GTAW were: 220 A, 12 V, at 4 ipm 
(100 mm/min) with Ar shielding gas. In 
addition, the effect of nitrogen on the 
solidification mode, resulting ferrite con
tent and morphology of the 303 material 
was investigated by adding 0.8 vol-% N2 

to the Ar shielding gas. 

Metallographic Examination 

For metallographic examination, the 
mounted samples were polished to 1 / i 
and electrolytically etched in chrome-
acetic solution: 25-g chromic acid, 133-
mL acetic acid and 7-mL H 20. Optical 
light microscope, SEM and EDAX were 
utilized. 

Fractography was conducted on the 
hot ductility samples tested in the argon 
atmosphere. For the fractographic exami
nation of the fracture surfaces of the 
Varestraint hot cracking samples, the 
cracks were excised by thin disc slicing 

and the crack faces were opened by 
fracturing the sample through the crack 
at liquid nitrogen temperature. Fracto
graphic examination was accomplished 
only on the fusion zone crack surfaces 
because of the difficulty in opening the 
very small HAZ cracks. 

Results and Discussion 

Gleeble Hot Ductility Tests 

The typical hot ductility behavior of 
AISI 303 is shown in Figs. 2-3. Figures 2A 
and 2B are results for the material in the 
continuously cast condition (B652133) 
and in the ingot forged condition 
(C656133), respectively. These were split 
from one master heat (i.e., B652133 and 
C656133 have the same chemical com
position). Figure 3 shows results for Heat 
656471 tested in the longitudinal and 
transverse orientations, respectively. For 
comparison, the hot ductility behavior of 
two heats of Types AISI 304 and AISI 347 
alloys is given in Figs. 4-5. In all figures, 
the reduction in area is plotted as a 
function of the test temperature. The 
solid line represents the on-heating 
behavior and the dashed line the on-
cooling behavior upon cooling from the 
ZDT (measured from on-heating tests). 

The on-heating/on-cooling hot ductili
ty response of all heats of 303 shows a 
Class H1/C1 behavior. Figures 2A and 2B 
reveal that the prior manufacturing con
ditions (continuously cast and ingot-
forged conditions) do not have an effect 
on the hot ductility behavior. However, 
Fig. 3 reveals that the hot ductility behav
ior of 303 is somewhat orientation sensi
tive. The longitudinal orientation hot duc
tility tests result in an H1 on-heating 
behavior and show almost complete duc
tility recovery at all testing temperatures, 

UDNGITIDINAL 
MODE SAMPLE 

MAGNIFICATION OF 
TEST REGION 

Fig. 1 - Varestraint 
longitudinal mode 
sample (multipass 
technique) and 
magnification of the 
test region 
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Fig. 2-A -Hot ductility test results for continuous cast B652133 (303); B-hot ductility test results for ingot forged C656133 (303) 

Fig. 3-Hot ductility 
test results for 656471 
(303), longitudinal and 
transverse orientation 
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upon cooling from the ZDT of 2475°F 
(1357°C). The transverse orientation hot 
ductility test results show that the ductili
ty, both on-heating and on-cooling, is 
significantly lower than that in the longitu
dinal orientation. The maximum hot duc
tility obtained in the transverse orienta
tion, both on-heating and on-cooling, is 
about 50%, which is approximately 60% 
of the maximum ductility in the longitudi
nal orientation ( ~ 90%). These data 
show that the hot ductility of 303 is 
orientation sensitive and an impaired hot 
cracking resistance in the base metal HAZ 
can be expected when strains arise in the 
transverse orientation. 

The hot ductility behaviors of AISI 304 
and AISI 347 are shown in Figs. 4 and 5, 
respectively. AISI 304 has a Class H1 
on-heating behavior. However, the on-
cooling behavior shows a Class C2 on-
cooling behavior, having a ductility dip 
around 2000°F (1093°C) when tested 
from the ZDT of 2475°F. Figure 5 shows 
that AISI 347 has a Class H2 on-heating 
behavior; that is, the ductility continuous
ly decreases with increasing temperature 
to the ZDT of 2450°F (1343°C). The 
on-cooling behavior exhibits virtually no 
recovery of ductility upon testing from 
the ZDT of 2450°F until 2200°F (C3 
behavior). 

The above comparison shows that the 
hot ductility behavior of 303 is similar to 
the hot ductility behavior of the other 
grades of austenitic stainless steels. 
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Fig. 4-Hot ductility test results for 56072 (304) Fig. 5-Hot ductility test results for 876195 (AISI 347) 

Metallographic examination via optical 
and scanning electron microscopy was 
conducted on the fractured hot ductility 
samples which were tested in the argon 
atmosphere. The evidence of liquid films 
which existed at the instant of fracture 
was easily detectable on the clean frac
ture surfaces. 

A typical fracture surface from AISI 303 
(Heat 0A1090) tested on-heating at the 
ZDT of 2500°F (1371 °C) is shown in Fig. 
6A at 20X. The higher magnification frac
tograph in Fig. 6B shows evidence of a 

liquid film which existed at the instant of 
fracture. However, the microfracture 
mode is difficult to discern due to the 
extensive prior liquid film on the fracture 
surface. The intergranular nature of the 
fracture is clearly seen in the longitudinal 
section of the hot ductility sample shown 
optically at 300X in Fig. 7A. Secondary 
cracking in regions near to the fracture 
surface can also be seen. In Fig. 7B, 
evidence of grain boundary liquation that 
occurred during the thermal cycle and 
the subsequent propagation of cracks 

along the liquated grain boundary are 
clearly delineated. Thus, intergranular 
fracture at the ZDT is related to grain 
boundary liquation. 

Varestraint Hot Cracking Tests 

Multipass Varestraint tests were con
ducted to examine the fusion zone, weld 
metal HAZ and base metal HAZ cracking 
propensity as described earlier. The total 
crack length in each of the weld regions 
was measured and was plotted versus 

2 _ . - > $ » - ' . < . ; • " - « ' . * • > > . ; < • < • # . 

Fig 6 - Typical fracture surface in heat OA1090 (303) tested on-heating to a ZDT of 2500"F. SEM. A -20X; B-5000X 
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the augmented strain. Hot cracking tests 
were conducted on Heats B652133, 
C656133 and 656471. For Heat 656471, 
tests were conducted with the samples 
extracted in both the longitudinal and 
transverse orientations. Recall that 
B652133 and C656133 have the same 
composition, but a different prior manu
facturing history. 

Fusion Zone Cracking Sensitivity 

The behavior of 303 is compared to 
that of the 316NG, 304 and 347 materials 
in Figs. 8 and 9. For easy comparison, the 
test results for several 316NG heats are 
given in each figure as a hatched area 
representing the data spread. The results 
for 303 are shown as dotted lines in each 
figure. In Fig. 8, test results for samples 
tested with a 0.8 vol-% N2-containing 
argon shielding gas are presented. Tests 
with nitrogen-containing shielding gas 
were conducted only at the 4% augment
ed strain level, due to limited availability 
of material. 

Figure 8 shows that the sensitivity of 
303 to fusion zone cracking falls within 
the cracking range of the 316NG alloys. 
However, the lower ferrite-containing 
303 alloys have a slightly higher sensitivity 
than the higher ferrite-containing Type 
304 and 347 alloys. Figure 8 further 
shows that the prior manufacturing con
dition does not significantly affect the 
fusion zone hot cracking susceptibility. 
The ingot-forged condition (C656133) 
shows a slightly lower total crack length 
at all strain levels and has a higher thresh
old strain than that of the continuously 
cast condition (B652133). However, the 
difference is small. A 0.8 vol-% nitrogen 
addition into the argon shielding gas sig
nificantly increased the fusion zone hot 

cracking susceptibility of 303 Heat 
B652133. The total crack length, at 4% 
strain, increased five times (from 2.5 mm 
to 12.5 mm). The measured ferrite con
tent was zero. Thus, the higher cracking 
susceptibility of the argon-0.8% N2 

shielded 303 can be related to its reduced 
ferrite content and solidification mode 
change from a primary ferritic to a prima
ry austenitic. 

Test results for both the longitudinal 
and transverse orientations of 303 Heat 
656471 are given in Fig. 9. As in the case 
of 303 Heat B652133 and C656133 (Fig. 
8), the cracking susceptibility falls within 
the extent of cracking range of the 
316NC alloys. Further, as anticipated, 
there is no effect of orientation on the 
fusion zone hot cracking susceptibility. 

Weld Metal HAZ Cracking 

Figures 10 and 11 compare the weld 
metal HAZ cracking susceptibility of 303 
with that of 316NC, 304 and 347 steels. 
Figure 10 shows that the weld HAZ 
cracking susceptibility of 303 Heats 
B652133 and C656133, as in the case of 
fusion zone cracking, is similar to that of 
316NC and 347 alloys when tested with 
100% Ar shielding gas. However, with the 
nitrogen addition to the shielding gas, a 
significant increase in the cracking sus
ceptibility in the weld metal HAZ is evi
dent. 

The weld metal HAZ cracking behavior 
of 303 Heat 656471 tested in both longi
tudinal and transverse orientations is giv
en in Fig. 11. There is no significant 
variation in susceptibility to weld metal 
HAZ cracking between tests in the longi
tudinal and transverse orientations. Note 
also that 303 Heat 656471 has a higher 
threshold strain (1.6%) than 316NG 

(0.95%), a desirable condition. As in the 
case of fusion zone cracking, when 303 
has a primary ferritic solidification (duplex 
austenite/ferrite microstructure), its weld 
metal HAZ cracking is comparable to that 
of other 300 series. 

There is a paucity of literature which 
addresses weld metal HAZ cracking. The 
theory of reheat cracking, in multipass 
welding, proposed by Lundin and Chou 
(Ref. 17) partially explains the nature of 
the data for the fully austenitic materials 
which cracked to a greater extent than 
the duplex materials (austenitic-ferritic 
weld metal). Additional research must be 
undertaken in this area to fully under
stand the significance of the results 
and their relationship to the proposed 
theory. 

Base Metal HAZ Cracking 

The extent of the base metal HAZ 
cracking is shown in Figs. 12 and 13. As in 
the case of the weld metal HAZ cracking, 
there is no significant effect of the prior 
manufacturing condition on the base 
metal HAZ cracking susceptibility. Both 
B652133 and C656133 (Fig. 12) fall at the 
lower portion of the cracking range for 
316NG and are similar in behavior to TP 
347NG. This compares very favorably 
with the results of the Gleeble hot ductil
ity tests. Both 303 Heats B652133 and 
C656133 had an H1 on-heating behavior 
and a C1 on-cooling behavior, exhibiting 
almost complete recovery of ductility 
upon cooling from the zero ductility tem
perature—Figs. 2A and 2B. 

The 303 Heat 656471 (Fig. 13) when 
tested in the longitudinal orientation 
shows a slightly higher sensitivity than 
that of 347NG and 304, and falls in the 
upper portion of the range of 316NG, 
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and exhibits behavior similar to AISI 347. 
When tested in the transverse orienta
tion, the 303 base metal HAZ hot crack
ing susceptibility, in terms of the total 
crack length, increased significantly, as 
shown in Fig. 13. However, as the aug
mented strain decreased, the total crack 
length decreased noticeably, resulting in 
the same threshold strain as in the case of 
the longitudinal orientation. The greater 
susceptibility of 303 Heat 656471 in the 
transverse orientation could have been 
anticipated from its poor hot ductility 
behavior in the transverse orientation — 
Fig. 3. Careful metallographic examina
tion revealed that the majority of cracks 
were along the interphase boundaries 
between elongated sulfides and the 
matrix. There was no evidence of either 
constitutional liquation along the inter
phase boundaries or melting of sulfides. 
Therefore, strain applied perpendicular 
to the elongated sulfides was effective in 
promoting primarily mechanical cracking 
along the interphase boundaries. 

The Varestraint hot cracking test 
results show that the sensitivity of 303 to 
fusion zone, weld metal HAZ and base 
metal HAZ cracking is comparable to that 
of 316NG, 304 and 347 varieties. The 
prior manufacturing conditions and 
working orientation did not significantly 
affect the fusion zone and weld metal 
HAZ cracking propensity. However, the 
base metal HAZ cracking and hot ductility 
behavior is orientation sensitive, in that 
welding restraint stresses will be more 

effective in promoting cracking when 
present transverse to the working (roll
ing) direction. A small nitrogen addition 
(0.8 vol-%) to the argon shielding gas 
significantly increased both the fusion 
zone and the weld metal HAZ cracking 
susceptibility due to ferrite content 
changes. 

Metallographic and 
Fractographic Examination 

A metallographic and fractographic 
examination was conducted on 303 Heat 
B652133 tested at 4% augmented strain 
level both with and without the nitrogen 
addition to the shielding gas. A fracto
graphic evaluation was accomplished 
only on the fusion zone cracks because 
of difficulty in opening the small cracks in 
the weld metal HAZ and the base metal 
HAZ. 

The surface appearance of the sam
ples, tested at 4% strain with and without 
nitrogen in the shielding gas, is shown at 
18X in Figs. 14A and 14B. These macro
graphs clearly show that the extent of 
cracking is increased by the nitrogen 
addition to the shielding gas. 

Figures 15A and 15B show typical 
fusion zone cracks under both shielding 
conditions (with and without N2). These 
figures reveal that hot cracks propagate 
along the fusion zone solidification 
boundaries. The grain boundaries can be 
distinguished by changes in the direction 
of the cellular dendritic substructure as 

growth proceeds. The sample in Fig. 15B 
has ferrite as the primary solidification 
phase resulting in the duplex austenitic-
ferritic microstructure (FN = 3). Howev
er, a fully austenitic microstructure 
resulted from the shielding gas nitrogen 
addition (Fig. 15A). Sulfides precipitated 
primarily along the ferrite-austenite 
boundaries in the case of 100% Ar shield
ing. Some sulfides were also noted in the 
cellular dendritic substructure bound
aries. However, in the fully austenitic 
weld metal, the globular sulfides precipi
tated almost exclusively along the solidifi
cation cell boundaries. 

Figures 16A and 16B show typical weld 
metal HAZ cracking in nitrogen-added 
and 100% Ar samples. Cracking in both 
instances is intergranular. Figure 16B fur
ther shows that HAZ cracking in the 
100% Ar specimen occurred in lower 
ferrite regions. The low ferrite region (B) 
shows globular-type ferrite compared to 
the higher ferrite fusion zone, which has 
a vermicular-type ferrite (A). The region B 
was termed the 'Hazard HAZ' region by 
Lundin and Chou (Ref. 17) in their newly 
proposed theory of reheat hot cracking. 
They found that this region exhibited a 
relatively low ductility, and fissures 
occurred if the strain imposed upon the 
weld exceeded the strain tolerance of 
this local microstructural region. The 
presence of globular-type ferrite in 
Region B can be explained by the work of 
David (Ref. 18), who found that vermicu
lar ferrite is unstable during reheating in 
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multipass welding and transforms to the 
stable, globular-type ferrite. The fully aus
tenitic weld metal (Fig. 16A) shows more 
extensive cracking than the duplex/fer-
rite-containing weld metal (Fig. 16B). This 
is also explained by the theory proposed 
by Lundin and Chou (Ref. 17). They 
explained that " for fully austenitic stain
less weld metals, the fissuring propensity 
becomes significant as the weld metal is 
reheated to a high temperature. Due to 
the absence of ferrite in the austenite 
matrix, the grain boundary segregation of 
certain harmful elements and the grain 
growth during reheating are the major 
factors influencing the fissuring propensi
ty." They further go on to say that 
" . . . the temperature range, in which the 
ductility is at the lower value, ranges from 
approximately 1800°F to the solidus tem
perature. This Hazard HAZ region in the 
fully austenitic welds is generally more 
extensive than the Hazard HAZ region in 
the ferrite containing welds." 

A typical base metal HAZ crack in a 

« % t 

mi. I 
A's 

specimen of 303 welded with 100% Ar 
shielding gas is shown in Fig. 17. The 
addition of nitrogen to the shielding gas 
did not influence the extent of base metal 
HAZ cracking. Figure 17 shows that 
cracking occurred along the liquated 
grain boundaries, but the cracking and 
grain boundary liquation were not associ
ated with sulfides. There is no evidence 
of constitutional liquation between MnS 
and the matrix. The elongated manga
nese sulfides, just next to and parallel 
with the fusion line, did not dissolve 
during multiple welding cycles (4 cycles). 
This can be explained with the aid of the 
Mn-S phase diagram which indicates that 
the melting temperature of pure MnS is 
1610° ± 10°C (2930° ± 18°F). There
fore, even in regions immediately adja
cent to the fusion line, the sulfides do not 
melt or have a high tendency towards 
resolution during a multiple thermal histo
ry before straining in the Varestraint test. 
An EDAX analysis of crack tips along grain 
boundaries showed some evidence of 
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Fig. 17- Typical base metal HAZ crack in B652133. A -500X; B- 1000X. OLM 

sulfur segregation in addition to silicon 
segregation. The segregation may result 
from the small amount of sulfur in solid 
solution which was not associated with 
manganese in the form of MnS in the 
as-received condition, but the exact ori
gin and nature of the sulfur segregation 
are unknown. 

Figure 17 shows evidence of backfilling 
of a crack immediately adjacent to the 
fusion line (see arrow). When a sample is 
strained, a crack initiates and propagates 
along the liquated grain boundary. When 
the crack intersects the liquid weld pool, 
liquid from the fusion zone is drawn into 
the crack by capillary action and heals the 
crack. This can be noted from the exis
tence of the fine globular sulfides along 
the widened boundary; these sulfides 
have the same shape as those in the 
fusion zone. 

Fractographic evaluation of the hot 
crack tested samples was conducted 
principally on 303 Heat B652133, shielded 
with 100?o Ar. The crack faces were 
opened by fracturing the remaining liga
ments at liquid nitrogen temperature. The 
samples were ultrasonically cleaned in 
acetone for 10 min before examination. 

Figure 18A shows the fracture appear
ance of a sample tested at 4% strain. The 
hot cracked surface exhibits a typical 
columnar grain growth boundary along 
which the crack propagates. Higher mag
nification micrographs are shown in Fig. 
18B. Figure 18 shows a smooth cellular-
dendritic structure running along the 
columnar grain boundaries, which gives 
evidence of the existence of liquid films at 
the instant of fracture. The EDAX analysis 
indicates that sulfides in the base metal 
consist mainly of manganese and sulfur 
(MnS). However, the sulfides in the fusion 
zone contain chromium, iron, manganese 
and sulfur, indicating a complex sulfide. 
Arata, ef al. (Ref. 1), also found similar 
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Fig 18 — Typical appearance of the hot crack fracture surface. A — 500X; B — 5000X. SEM 
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complex sulfides in the fusion zone of the 
0.2 ~ 0.22% S-containing Type 304 and 
310 stainless steels. Their EDAX analysis 
showed that sulfides were composed of 
S, Mn, Cr, Fe and Ni. The exact composi
tional nature of sulfide in the weld metal 
is not known, and further studies with 
TEM and STEM are required to clearly 
define the type. 

Solidification Behavior 

To observe the high-temperature 
solidification microstructure, samples 
from 303 Heat B652133 were rapidly 
quenched in ice water during welding 
(with and without the nitrogen addition 
to the Ar shielding). The quenched weld 
metal enables the primary solidification 
modes to be defined and permits com
parison of the high-temperature micro-
structure with the room-temperature 
microstructure (ferrite content and mor
phology). As has been indicated, the 
samples welded with the nitrogen-con
taining shielding gas were shown to have 
a higher susceptibility to hot cracking in 
the fusion zone than those welded with 
100% Ar shielding. The higher fusion 
zone hot cracking susceptibility was re
lated to the low ferrite content (FN ~ 0 
with N2) at room temperature. 

The instantaneous microstructures at 
the solid-liquid interface regions of 303 
Heat B652133, under Ar 4- 0.8 vol-% N2 

and Ar shielding conditions, are shown in 
Figs. 19A and B, respectively. In the 
etched condition (chrome-acetic acid 
solution), the a-ferrite appears dark and 
the 7-phase has a light appearance. In the 
sample welded with 100% Ar shielding 
(Fig. 19B), the darkly etched dendrite 
stems have advanced to the solidification 
interface, revealing that the sample has a 
primary ferrite solidification mode. How
ever, in the sample welded with the small 

:T^?-iftl£SK' '-3: 

Fig. 19 —Instantaneous microstructure of the solid-liquid interface region. A —Ar + 0.8 vol-% N2; 
B- 100% Ar. 100X. OLM 

addition of nitrogen (0.8 vol-% N2) to the 
shielding gas (Fig. 19A), the well-defined 
lightly etched dendrites are close to the 
solidification front, indicating that the cel
lular dendrites solidified as austenite in 
the early stages of freezing. Thus, with 
the small addition of nitrogen, which is a 
strong austenite stabilizing element, the 
solidification changed from a primary fer
ritic to a primary austenitic mode. The 
darkly etched regions between the pri
mary and secondary dendrite arms, in 
regions next to the S-L interface, are not 
5-ferrite, but were liquid at the moment 
of the sudden quenching in ice water and 
have retained their own segregation pat
tern upon rapid cooling. The existence of 
liquid at the moment of quenching is 
clearly seen at a higher magnification in 
Fig. 20A. Figure 20A further shows that 
during quenching, a crack formed and 
propagated along a grain boundary. 

The evidence for liquid between den
drite arms/stems at the moment of 

quenching also can be noted in the sam
ple tested with 100% Ar shielding, as 
shown in Fig. 20B. The prior liquid drops 
are indicated by arrows. Figure 20B 
reveals that the region near the solidifica
tion front (A) has a ferrite content greater 
than 60% at the high temperature at the 
moment of quenching. In regions behind 
the solidification front (B and C), which 
were at lower temperatures than region 
A at the moment of quenching, the 
ferrite level is less, due to the partial 
transformation of ferrite to austenite dur
ing cooling below the solidification tem
perature. 

The results of this preliminary solidifica
tion study clearly indicate that the fusion 
zone hot cracking resistance of the 303 
alloy is directly related to the solidification 
modes. Alloy compositions which solidify 
with a primary ferritic solidification mode 
have a higher hot cracking resistance 
than those which solidified with a primary 
austenitic solidification mode. 
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Fig. 20 —Higher magnification of microstructures in Fig. 19. 300X OLM 
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Conclusions 

The above test results on several heats 
of 303 free-machining type austenitic 
stainless steel indicate the following: 

1) The hot ductility behavior in the 
longitudinal orientation is variable, but all 
lots tested to date exhibited behavior 
similar to the standard 304, 316NG and 
347 alloys. 

2) The transverse orientation hot duc
tility results revealed reduced hot ductility 
as compared to the longitudinal orienta
tion tests on the same lot. 

3) The Varestraint test results reveal 
that the sensitivity of 303 to fusion zone 
cracking is comparable to that of fully 
austenitic 316NG, but is slightly higher than 
that of the 304 and 347 alloys. The prior 
manufacturing conditions and orientation 
did not significantly affect the fusion zone 
susceptibility to hot cracking. 

4) The fusion zone cracking is sensitive 
to the ferrite content, and thus, a nitro
gen addition (0.8 vol-% N2) to the shield
ing gas leads to a significant increase in 
hot cracking susceptibility. 

5) The weld metal HAZ cracking sensi
tivity of 303 is- comparable to that of 
316NG, 347 and 304 alloys. As in the case 
of fusion zone cracking, the prior manu
facturing processes and orientation did 
not significantly influence the extent of 
cracking. 

6) The base metal HAZ cracking of 
303 is also comparable to that of other 
alloys, but is orientation sensitive in that 
the testing strains are more effective in 
promoting cracking when present trans
verse to the working direction. The base 
metal HAZ cracking susceptibility of 303 
agrees well with the Gleeble hot ductility 
test results. 

7) The fusion zone and weld metal HAZ 
cracking sensitivity is directly related to the 
solidification behavior as influenced by 
composition of the fusion zone. 

The above results have shown that not 

all lots of 303 should be considered 
"unweldable." With careful control of 
weld orientation and specification of a 
chemistry which will ensure that the 
material will have a primary ferrite solidi
fication mode (and thus will have a suffi
ciently high ferrite content in the weld 
metal), the economic advantages of a 
free mechinable grade of austenitic stain
less steel can be combined with those of 
welded fabrications. 
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