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Weld Solidification and Cracking Behavior 
of Free-Machining Stainless Steel 

A range of alloy compositions exhibiting good resistance to 
solidification cracking is identified 

BY J. A. BROOKS, C. V. ROBINO, T. J. HEADLEY, AND J. R. MICHAEL 

ABSTRACT. The weld solidification and 
cracking behavior of sulfur-bearing, free- 
machining austenitic stainless steel was in- 
vestigated for both gas tungsten arc (GTA) 
and pulsed laser beam welding processes. 
The GTA weld solidification was consis- 
tent with that predicted with existing so- 
lidification diagrams, and the cracking re- 
sponse was controlled primarily by the 
solidification mode. The solidification be- 
havior of the pulsed laser welds was com- 
plex and often contained regions of pri- 
mary ferrite and primary austenite 
solidification, although in all cases the 
welds were found to be completely austen- 
ite at room temperature•  Electron 
backscattered diffraction (EBSD) pattern 
analysis indicated the nature of the base 
metal at the time of solidification plays a 
primary role in initial solidification• The 
solid-state transformation of austenite to 
ferrite at the fusion zone boundary and 
ferrite to austenite on cooling may both be 
massive in nature. A range of alloy com- 
positions that exhibited good resistance to 
solidification cracking and was compatible 
with both welding processes was identi- 
fied. The compositional range is bounded 
by laser weldability at lower CreJNie~ ra- 
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tlOS and by the GTA weldabdlty at higher 
ratios. It was found with both processes 
that the limiting ratios were somewhat de- 
pendent upon sulfur content. 

Introduction 

The austenitic stainless steels with 
minor additions of sulfur, selenium, or 
lead can exhibit superior machinability 
with improved surface finishes, reduction 
in burring, and higher cutting rates• These 
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alloying elements form second-phase par- 
ticles that act as lubricants and enhance 
chip removal during the machining 
process. The most widely used free-ma- 
chining stainless steel is AIS1303, in which 
sulfur is used at levels as high as 0.4 wt-%. 
This level is an order of magnitude higher 
than the maximum allowable sulfur in 
AISI 304L of the same basic composition. 
Concerns regarding the effect of these 
high-sulfur contents on weld fabrication 
and performance has limited the use of 
sulfur-based stainless steels in applica- 
tions involving welding. 

It is recognized sulfur can be extremely 
detrimental  to weldability, especially in 
the formation of solidification hot cracks. 
However, Varestraint testing of 303 stain- 
less steel by Lundin et al. (Ref. 1) indi- 
cated high levels of sulfur can be tolerated 
without cracking if the weld solidifies as 
primary ferrite, while little sulfur can be 
tolerated if the weld solidifies as primary 
austenite. Brooks et al. (Ref. 2) showed 
similar behavior in Fe-Ni-Cr ternary alloys 
with high levels of both sulfur and phos- 
phorus. In conventional welding processes 
such as GTA and shielded metal  arc 
(SMA), the change in solidification mode 
from primary austenite to primary ferrite 
occurs at a Creq/Nieq ratio of - 1 . 4  when 
using the equivalents of the WRC 92 dia- 
gram (Ref. 3). This ratio is -1 .50-1.55 
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(Refs. 4-6) when using Hammar  and 
Svennson equivalents (Ref. 7). For com- 
positions with CroJNio~ ratios below these 
values, the welds~jpic~lly solidify as pri- 
mary austenite, whereas, above these val- 
ues, solidification occurs as primary fer- 
rite. Other factors such as solidification 
velocity can, however, affect the solidifi- 
cation behavior• 

Little data are available on high-en- 
ergy-density (HED) welds of the free-ma- 
chining austenitic stainless steels• It is 
known that with the high-solidification ve- 
locities common with these processes, the 
transition in solidification mode from pri- 
mary ferrite to primary austenite occurs at 
higher Creq/Nieq ratios than those given 
above, and this is due to dendrite tip un- 
dercooling (Refs. 8-21). Dendrite tip un- 
dercooling increases with increasing ve- 
locity for both ferrite and austenite, but 
the rate of this increase is greater for fer- 
rite. Thus, a critical solidification velocity 
can exist above which the austenite phase 
will solidify at a higher temperature than 
that of ferrite, and it, therefore, becomes 
the stable solidification phase. This criti- 
cal velocity for transition from primary 
ferrite to primary austenite is dependent 
on composition (Refs. 13, 16, 20). In a 
manner similar to the more conventional 
welding processes, the role of the solidifi- 
cation mode is very important in the weld 
cracking behavior during HED processing 
(at least with nominal levels of P and S 
Refs. 22-24). It must also be recognized 
that the solidification and solid state trans- 
formation behavior can be considerably 
different between the HED welding 
processes and the more conventional GTA 
and SMA welding processes (Refs. 9-21). 

In the manufacturing of engineering 
components, it is common to use several 
welding processes. One region of a com- 
ponent may require a GTA weld and an- 
other region a laser beam (LB) weld in the 
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Table 1 - -  Alloy Composit ions (wt-%) and Calculated CrJNi~  Ratios 

Heat No. 1 2 3 4 5 6 7 8 9 10 
C 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
Mn 1.48 1.49 1.48 1.49 1.48 1.48 1.47 1.48 1.49 1.47 
Si 0.62 0.59 0.62 0.61 0.57 0.57 0.59 0.61 0.59 0.61 
P 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
S~,,~ 0.04 0.04 0.04 0.11 0.27 0.42 0.11 0.12 0.27 0.18 
Cr~ 17.55 19.18 18.37 18.45 18.47 18.45 16.87 17.78 17.77 18.16 
Ni~, 10.51 8.92 9.73 8.60 8.49 8.61 10.08 9.29 9.30 8.83 
Mo 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 
Cu 0.31 0.30 0.30 0.30 0.30 0.30 0.30 0.31 0.30 0.30 
N 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Cr~o/Ni ~ 1.48 1.89 1.67 1.85 1.87 1.85 1.48 1.67 1.67 1.78 
(WRC92) 
Cr~qfNi, 1.55 1.95 1.73 1.92 1.94 1.92 1.55 1.74 1.74 1.85 
(H and S) 

(a) AISI allowable composition of 3113: Ni: 8-10%, Cr: 17-19%, S: 0.15% min. 
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Fig. 1 - -  Varestraint results showing total crack length vs. augmented 
strain. 

same material. In other cases, one heat of 
material or one material specification may 
be used for the manufacturing of a variety 
of components. Thus, alloy compositions 
that exhibit good weldability for both 
processes would be very desirable. A goal 
of this investigation was to study the effect 
of sulfur content and solidification behav- 
ior on the weld cracking susceptibility of 
both GTA and pulsed YAG laser beam 
welding (LBW) in 303 type stainless steel 
and to identify any differences that may 
exist between the two processes. Sum- 
maries of these studies, including weld 
property data, have been reported else- 
where (Refs. 25, 26) 

Experiments 

Ten experimental heats were induction 
melted, cast, and hot rolled into strips 

- 7.6 cm wide and 3.2 mm 
thick. Chromium and 
nickel contents were ad- 
justed to provide a range 
of CroJNio~ ratios. Sulfur 

~t i ~q 
content was also varied 
while other minor alloying 
elements and impurities 
were held constant. The 
alloy compositions and 
heat designations are 
shown in Table 1. It can be 
seen that some of the ma- 
terials are equivalent to 
304L with high levels of 
sulfur, and others are char- 
acteristic of the 303 free- 
machining grade with sul- 
fur additions as high as 0.4 
wt-%. Table 1 shows the 
Creq/Nieq ratios calculated 
using the equivalents of 
both Hammar and Svenn- 

son and the WRC 92 diagram. However, 
for subsequent discussion, the Hammar 
and Svennson equivalents are used, and 
compositions are given in wt-%. 

Subsize Varestraint testing (Ref. 27) 
was used to determine the susceptibility to 
solidification cracking of the GTA welds. 
Composite samples were made by cutting 
2.5-cm-wide strips across the width of the 
alloy sheets and electron beam (EB) weld- 
ing these to 304L end tabs. The composite 
specimens were 3.2 mm thick, 2.54 cm 
wide, and 16.5 cm long. Weld parameters 
used for the Varestraint test were 90 A, 12 
V, and 3 mm/s travel speed with argon 
shielding. Duplicate samples were run at 
augmented strains over a range of 0.5 to 
3.6%. Crack lengths were measured at 30X 
magnification on the as-welded samples. 

Autogenous circular welds with a di- 
ameter of 1 cm were used to assess the 

cracking susceptibility of pulsed YAG 
laser welds. Two weld schedules were 
used, one at 20 Hz, 20 W, and 3.4 mm/s (8 
in./min) using 2.5 J/pulse and the other at 
30 Hz, 75 W, and 4.6 mm/s (11 in./min) 
using 3.7 J/pulse. Single-pulse weld crack- 
ing susceptibility was also conducted using 
a Weeter-type test (Ref. 28) with a hole di- 
ameter of 0.483 mm and hole depths rang- 
ing from 0.203 to 0.508 mm. 

Samples for metallographic examina- 
tion were polished and etched with oxalic 
acid, and samples for transmission electron 
microscopy (TEM) analysis were thinned 
using a percloric acid polishing solution. 

Electron backscattered diffraction 
(EBSD) was used to study the crystallo- 
graphic orientation of individual grains in 
the weld metal. Electron backscattered 
diffraction was performed in a JEOL 6400 
or a JEOL 5900LV scanning electron mi- 
croscope (SEM). Samples for EBSD were 
prepared by standard metallographic 
practice followed by light electrolytic etch- 
ing in oxalic acid or electropolishing in a 
perchloric acid solution. Electron 
backscattered diffraction was conducted 
at an accelerating voltage of 20 kV with a 
70-deg sample tilt. It is possible to map the 
orientation of many grains using EBSD. 
This was accomplished with the Noran In- 
struments Orkid system. Automated ori- 
entation mapping with EBSD is done by 
the automated acquisition and analysis of 
EBSD patterns for each pixel in an image. 
In this study the samples were scanned 
with grids of 200 x 200 pixels. 

Results 

GTA Welds 

The GTA weld Varestraint results are 
shown plotted as total crack length vs. aug- 
mented strain in Fig. 1. The crack length 
reported is the average of duplicate tests 
at each strain. It can be seen there is a 
large range in cracking behavior. Heat 2 is 
seen to be by far the most susceptible to 
solidification cracking, whereas Heats 5 
and 10 are extremely resistant to cracking 
(exhibited no cracking even at the highest 
strain of 3.6%). Table 2 shows the maxi- 
mum crack length as a function of aug- 
mented strain for the same set of tests. At 
all strain levels, the maximum crack length 
is greatest again for Heat 2 (Creq/NieQ 
ratio of 1.95 and sulfur content of 
0.039%). It can also be seen for Heats 1, 4, 
6, 7, and 9 that the maximum crack lengths 
at the highest level of strain tested, 3.6%, 
are approximately the same. However, 
their cracking behavior at the lower strain 
levels is considerably different. The crack- 
ing response will be related to solidifica- 
tion mode and microstructure in a later 
section. 
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Fig. 2 - -  A - -  Solidification and cracking behavior o f  Heat 7 containing O. 11% S with a Creq/Nieq ratio o f  1.55, dark etching regions solidified as primary 
austenite, lighter regions as primary ferrite; B - -  higher magnification showing cracks in region o f  primary austenite solidification. 

The alloys can be separated into three 
groups to describe their solidification be- 
havior. Alloys with a Creq/Nieq ratio of 
1.55 (Heats 1 and 7) generally solidified as 
primary ferrite (F/A) but did exhibit some 
regions of primary austenite solidification 
with small amounts of eutectic ferrite 
(A/F). Figure 2A shows the overall solidi- 
fication structure and cracking behavior of 
Heat 7 (0.11% S). The darker etching re- 
gions located primarily near the weld cen- 
terline solidified as primary austenite, and 
the lighter etching regions as primary fer- 
rite. It can be seen cracking occurred in 
both regions. The higher magnification 
micrograph in Fig. 2B shows cracks in the 
primary austenite solidified region. The 
dark etching spherical particles were iden- 
tified as sulfides and are primarily located 
in the interdendritic regions of the struc- 
ture. The cracking behavior of Heat  1 
(with the same CroJNi~ ratio as Heat 7 
but a lower sulfur content of 0.039%) is 
shown in Fig. 3A. This weld generally so- 
lidified as primary ferrite, but many of the 
grain boundary regions solidified as 
austenite, as shown at higher magnifica- 
tion in Fig 3B. This microstructure and 
cracking behavior was similar in Heats 7 
and 1 in the regions of F/A solidification. 
A SEM micrograph of the region ahead of 
the crack in Heat 7 is shown in Fig. 3C. 
The cracks are present along austenite so- 
lidification grain boundaries and are asso- 
ciated with sulfides. The small spherical 
sulfides segregated at the cell boundaries 
and ahead of a crack tip (some of which 

Table 2 - -  M a x i m u m  C r a c k  Length  ( m m )  

Heat No. 1 2 3 4 5 6 7 8 9 10 
Strain 

0.5% 5 
1.0% 0 15 0 0 0 0 13 8 0 0 
2.5% 10 15 0 11 0 10 11 13 0 0 
3.6% 13 18 8 15 0 15 15 8 15 0 

have been etched away during metallo- 
graphic preparation) are clearly visible in 
Fig. 3C. It was found by SEM EDS analy- 
sis that the sulfides contain Mn and Cr. 
Some eutectic ferrite is also apparent in 
Fig. 3C. It appears the regions local to the 
grain boundaries were sufficiently modi- 
fied in composition by segregation and/or 
backfilling with Ni- and S-enriched liquid 
during Varestraint testing to result in 
austenitic solidification with eutectic fer- 
rite (A/F). 

The second group of alloys is those 
with a CreJNie~ ratio in the range of 
1.73-1.85 (~eats~3, 8, 9, and 10). These al- 
loys solidified as primary ferrite and ex- 
hibited a skeletal ferrite morphology with 
some regions of lathy ferrite. An example 
of this microstructure is shown in Fig. 4A 
for Heat  10 with a Cr~JNi..~ ratio of 
-1.85,  tested at a strain o~ 1%. This heat 
did not crack at any strain level tested. The 
micrograph was taken near the trailing 
edge of the weld pool where cracking 
would be expected in the Varestraint test. 
The different etching behavior of the grain 

boundary regions is a result of highly lo- 
calized strain and possibly backfilling dur- 
ing testing. One such region is shown at 
higher magnification in the SEM image of 
Fig. 4B. A large concentration of sulfide 
particles are evident at the ferrite / austen- 
ite boundaries, in the solidification cell 
boundaries,  and especially in the grain 
boundary regions that exhibited the dif- 
ferent etching behavior. 

The third group of alloys is those with 
Cr /Ni ratios in the range of 1 92 to e eq 
1.9~. The microstructure of Heat 2 
(Creq/Nieq ratio --1.95) is shown in Fig. 
5A. l~uch of the microstructure is charac- 
teristic of welds that solidify completely as 
ferrite and then transform to austenite at 
a temperature considerably below that of 
final solidification (Refs. 9, 29, 30). In this 
case, the ferrite exhibits a more lath-type 
structure in which the laths can extend 
across a number of solidification cell di- 
ameters thereby masking the cell bound- 
aries. The grain boundary crack shown in 
the micrograph is typical of alloys in this 
group and occurred when tested at an aug- 
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Fig. 3 - - A  - -  Solidification and cracking behavior of  Heat I containing 
0.04% S with a Cr eq/Ni eq ratio ofl .55; B - -  higher magnification show- 
ing primary ferrite solidified structure except in region o f  crack where final 
solidification occurred as austenite; C - -  SEM image showing Mn and 
Cr containing sulfides with some eutectic ferrite in cell boundaries. 

mented strain of 2.5%. At higher magnifi- 
cation (Fig. 5B), the grain boundary re- 
gions are more apparent and are seen to 
contain little ferrite and a large concen- 
tration of sulfides (even at the low sulfur 
level of 0.039%). Although Heat 2 has one 
of the lowest levels of sulfur, it exhibited 
the most severe cracking of all the heats 
studied. In heats with this high Creq/Nieq 
ratio, but with the higher levels of sulfur, 
the microstructures appeared to be more 
characteristic of F/A solidification (more 
similar to that in Fig. 4). 

Laser Weld Evaluation 

The cracking behavior of laser welds 
made with both weld schedules was as- 
sessed by metallographically examining 
transverse cross sections every 90 deg in 
the circular welds. It was found the two 
heats with a Creq/Nieq ratio of -1 .55  

(Heats 1 and 7) exhib- 
ited severe cracking. 
The sulfur contents of 
these heats are 0.04 and 
0.11%. Heat  9 
( C r J N L  ratio -1.74,  

~H ~H 
sulfur level = 0.27%) 
was the only other heat 
to exhibit cracking in 
these tests, and the 
cracking was much less 
severe than in Heats 1 
and 7. The other  two 
heats with the same 
Cr e/Nie~ ratios similar 
to ~ea t  ~ but lower lev- 
els of sulfur, 0.04% and 
0.12%, did not exhibit 
cracking. Cracking was 
not observed at any sul- 
fur level in the heats 
with the highest 
Creq/Nieq ratios of 1.85 
to 1.95. 

The cracking behav- 
ior of all laser welds is 

plotted in Fig. 6 for different impurity lev- 
els (P+S)  and Creq/Nieq" ratios. Also 
shown are results of the original diagram 
of Pacary et al. (Refs. 22, 23) for 304L 
stainless steel and those of Lienert (Ref. 
24) for 304L and 316L. Note that the 
(P+S)  levels of their studies are typical of 
the low-carbon grades of austenitic stain- 
less steels. The lines separating the region 
of cracking and no cracking are a compi- 
lation of all the data. The justification for 
plotting the results in terms of combined 
phosphorus and sulfur level is based more 
on convention than on experimental data 
(Refs. 5, 31-33). It is recognized both ele- 
ments can form low melting liquids that 
can lead to solidification cracks, but the 
potency of each element may well be dif- 
ferent. It was found in GTA welds of Fe- 
Ni-Cr ternary alloys that phosphorus was 
more detrimental to solidification crack- 
ing response than sulfur (Refs. 2, 9). This 

difference was related to the nature of the 
eutectic liquids, i.e., phosphides formed 
films that more readily wet the solidifying 
boundaries,  whereas sulfides tended to 
form as spherical droplets. The effect of 
these two elements on both HAZ and so- 
lidification cracking is still an area of ac- 
tive research (Ref. 34). Since the goal of 
our work was to determine the effect of 
sulfur level, the phosphorus level was held 
constant and near the upper extreme of 
typical austenitic stainless steel specifica- 
tions. In this way, our results should rep- 
resent worst case behavior for a particular 
level of sulfur in Type 303 alloy, but it must 
be recognized phosphorus may be influ- 
encing the cracking behavior. It can be 
seen in Fig. 6 that the results of this study 
are consistent with those of the other two 
investigators. Only the heat with a 
Creq/Neq ratio of 1.74 and a high level of 
(P + S) would reflect any change to the ear- 
lier diagrams (Refs. 22, 24). It should also 
be noted not all the heats are clearly de- 
fined by the line separating cracking from 
no cracking. This is not surprising and is 
similar to results reported for GTA welds 
(Refs. 5, 35). 

Laser welds were evaluated using light 
microscopy, scanning electron microscopy 
(SEM), and TEM techniques. All welds 
consisted of single-phase austenite with 
no detectable ferrite. Although the laser 
weld solidification behavior and mi- 
crostructures were considerably different 
from the GTA welds, in general they can 
also be separated into three groups based 
on CreJNie_ ratio. Alloys with a CreJNi e 
ratio o~f 1.5"5 (Heats 1 and 7) soli~ifie~ 
completely as austenite. The austenite so- 
lidification structure and severe cracking 
behavior of Heat  7 with 0.11 sulfur is 
shown in the low-magnification micro- 
graph in Fig. 7A. The higher magnifica- 
tion image of Fig. 7B shows the very dis- 
tinct cellular solidification structure 
typical of primary austenite,  with weld 
cracks confined to the austenite grain 
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Fig. 4 - -  Heat 10 Cr, q/Ni eq = 1.85 tested at 1% strain. A - -  Primary ferrite solidified structure exhibiting both skeletal and lathy ferrite morphologies charac- 
teristic o f  alloys with Cr q/Ni,,q ratios o f  1.73-1.85, note." evidence o f  high strain in grain boundary regions resulting from Varestraint test; B - -  SEM image show- 
ing large sulfide particles at solidification grain boundary (A), ferrite/austenite interface (B), and cell boundaries (C). 
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Fig. 5 - -  A - -  Microstrueture o f  Heat 2 typical o f  GTA welds m heats with C%¢/Nieq ratios ofl .92-1.95.  Sample tested tit 2•5% strain exhihiting a crack aml 
a lathyferrite morphology; B - -  higher magnification showhtg sulfides in grain boundary region. 

boundaries. It is interesting to note the 
grain or subgrain size appears  smaller 
than is apparent at the lower magnifica- 
tion in Fig 7A. 

A STEM image from a weld in Heat 1, 
Cr e /Niet. ratio of 1.55, which contains 
0.0~q~o sutfur, is shown in Fig. 8. In this mi- 
crograph, the cellular solidification struc- 
ture resulting from microsegregation is 
also very evident. However, the degree of 
microsegregation was small with a mea- 
sured cell boundary enrichment in Cr and 
Ni of only - 1  wt-%. The particles noted 
with the arrows marked with "O" are 
amorphous Al-containing oxides, and the 
particles marked with "P" are Cr-contain- 
ing phosphides.  However, no sulfides 
were observed in the cell boundaries of 
TEM samples at this sulfur level (0•04%)• 

The composition in regions of cracking 

in Heat 7 was examined using energy-dis- 
persive spectrometry and spectrum imag- 
ing• Spectrum imaging is the collection of 
a full EDS X-ray spectrum at each pixel in 
an image. Once the maps are collected, it 
is possible to form chemical images. A 
SEM image of a region analyzed is shown 
in Fig. 9A, while the maps of phosphorus 
and sulfur are shown in Figs. 9B and 9C. It 
is apparent the phase associated with the 
crack is enriched in both these elements• 

The second group of alloys is those 
with Cre.q/Nieq ratios of -1•74• In general, 
the solidlficaUon behavior of these alloys 
was different than those with lower 
Cr..•/Ni.~ ratios, with the exception of 
Heat 9, which contained a higher level of 
S, 0•27%• The majority of the weld in Heat 
9 also solidified as primary austenite, as 
did the two heats with the Creq/Nieq ratio 

of 1•55. An example of the microstructure 
showing the characteristic austenite solid- 
ified cellular dendritic structure is shown 
in Fig. 10A and at higher magnification in 
Fig. 10B along with several small inter- 
granular  solidification cracks• The fine 
grain structure is again apparent• The 
Weeter test results on this heat were simi- 
lar to the circular welds and showed it was 
relatively resistant to cracking, although a 
few small cracks were observed, as shown 
in Fig. 10C. This sample was etched more 
lightly than the sample in Fig. 10B and 
clearly shows the solidification crack along 
an austenite grain boundary. Also appar- 
ent are darker etching grain boundaries 
that contain large quantities of sulfides• 

The weld microstructures of the other 
two heats with a Creq/Nieq ratio of 1.74 ex- 
hibited a different appearance. A repre- 
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Fig. 6 - -  Plot o f  laser weld cracking behavior. 

sentative microstructure is shown in Fig. 
l l A  for Heat 3 with 0.04% sulfur. These 
welds contain isolated grains (primarily at 
the weld interface and interpulse bound- 
aries) that exhibit the same cellular solid- 
ification structure as the laser welds in the 
low CrJNioo  ratio heats. However, the 
majori~ 'of  tla~e weld is composed of grains 
that exhibit little or no evidence of a so- 
lidification structure. Such a region is 
shown at higher magnification in Fig. 1 lB. 
It was concluded, as have other workers 
(Refs. 9, 12, 19, 23, 25), that grains that ex- 
hibited little segregation solidified as fer- 
rite while grains or regions that clearly 
exhibited microsegregation or well- 
pronounced solidification cells solidified 
as austenite. It is also believed the ferrite 
solidified structure massively transformed 
to austenite during cooling leaving the 
weld completely austenitic. The rationale 
for this interpretation of the solidification 
behavior is discussed in more detail below. 

The third group of alloys (with 
Cre.q/Nie, ratios of -1 .85 to 1.95) solidi- 
fied totally as ferrite and again contained 
no detectable residual ferrite in the opti- 
cal, SEM, or TEM microscopes. The mi- 
crostructure of Heat 2 (Creq/Nieq = 1.95, 
S = 0.04%) is shown at low magnification 
in Fig. 12A, and the overlapping laser 
pulses are clearly visible. The boundary re- 
gions are shown at higher magnification in 
Fig. 12B along with ferrite stringers in the 
base material. The weld microstructure of 
an alloy with a similarly high CreJNieq 
ratio, but with high S content (Heat ~, S = 
0.42), is shown in Fig. 13A. The low-mag- 
nification micrograph appears very similar 
to that shown in Fig. 12A, except it is much 
darker due to the high concentration of 
sulfides. The fusion zone boundary region 
is shown at higher magnification in Fig. 
13B. In this micrograph, the sulfides are 
visible as spherical particles in the fusion 
zone, as large globules at the fusion zone 

boundary,  and as 
stringers (darker etch- 
ing) in the base mater- 
ial. Laser welds of the 
alloys with the high 
Cr o/Nio_ ratios were 

eq ~H 
also studied in TEM. In 
samples with the lower 
sulfur levels, 0.04 wt-%, 
no sulfides were ob- 
served although some 
spherical oxides similar 
to those in Fig. 8 were 
noted. In the alloy con- 
taining the highest sul- 
fur content,  Heat  6, 
sulfides exhibit a bi- 
modal  distr ibution of 
submicron size parti-  
cles, as shown in the 
TEM micrograph in 
Fig. 13C. Many of the 
larger particles in the 
solidified structure are comprised of 
amorphous aluminum oxide surrounded 
by Cr and Mn containing sulfides. The 
largest particles are contained in the so- 
lidification cell boundaries,  although 
many of the particles are also present 
within the columnar dendritic structure. 
The smaller spherical sulfides noted in 
Fig. 13C are more uniformly distributed 
throughout the structure. It is likely these 
particles, - 2 0 0  angstroms in diameter,  
precipitated from the solid state during 
weld cooling. These smaller sulfides also 
contained primarily Mn and Cr. It is in- 
teresting that even with this high sulfide 
content, cracks were not observed in the 
weld structure. 

The austenitic stainless steels are com- 
plicated by the transformation of austen- 
ite to ferrite at high temperature. Thus, in 
GTA welds that solidify as ferrite, a region 
of the H A Z  from which solidification oc- 
curs can, depending upon alloy composi- 

Fig. 7 - - A  - -  Laser weld o f  Heat 7 with a S content o f  0.11% and a 
Cr eq/Ni eq ratio o f  1.55; B - -  higher magnification o f  A showing distinct 
cellular-appearing primary austenite solidification structure and inter- 
granular nature o f  cracks. 

Fig. 8 - -  STEM image of laser weld in Heat 7 

with a S content of  0.04% and a Cr eq/Ni eq ratio 
o f l . 55  showing Al-containing oxides 0 and Cr- 
containing phosphides P 
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Fig. 9 - -  Position tagged spectroscopy results for laser beam weM in Heat 7 showing A - -  region o f  crack, B - -  pho~phorzts map; C - -  sulfur map. Constituent 
associated with crack is enriched in both elements. 
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tion, be ferrite that formed on heating, 
which then transforms back to austenite 
during cooling. Experimental evidence of 
this transformation has been observed 
during Gleeble testing (Ref. 36), liquid tin 
weld quenching (Ref. 30), as well as in as 
solidified weld structures (Ref. 35). The 
formation of HAZ ferrite has also been 
observed in situ using X-ray diffraction 
techniques (Ref. 37). However, initial so- 
lidification as epitaxial austenite before 
the onset of ferrite solidification can also 
occur (Ref. 21). It is not clear with the high 
heating rates of pulsed laser welds if, or to 
what extent, a transformation to ferrite oc- 
curs in the higher Cr /Ni ratio alloys 

e eq 
prior to solidification, qFhe crystal struc- 
ture at the fusion zone boundary at the 
time of solidification would have a major 
effect of the overall weld solidification be- 
havior. To study this in more detail, elec- 
tron backscattered diffraction (EBSD) 
analysis (Ref. 38) was used for both phase 
identification and to determine relative 
crystallographic orientations. 

A number of fusion zone boundary re- 
gions were studied in Heat 3 (Creq/Ni.e q 
ratio -- 1.74). As shown in Fig. 11, a m~x m 
solidification mode of ferrite and austen- 
ite was most apparent at this Creq/Nieq 

ratio. First, different re- 
gions were examined, 
some with grains that 
exhibited a highly cellu- 
lar structure (primary 
austenite) and others 
with grains that exhib- 
ited little segregation 
effects (primary fer- 
rite). It was found in all 
cases that both solidi- 
fied structures were in- 
deed face-centered 
cubic (FCC) with no de- 
tectable regions of fer- 
rite. This observation is 
consistent with the 
TEM results. It was 
also found grains ex- 
hibiting the distinct cel- 
lular structure exhib- 
ited the same 
crystallographic orien- 
tation as the grain from 
which they grew, sup- 
porting the hypothesis that epitaxial 
growth of austenite from austenite had oc- 
curred. Moreover, similar behavior was 
observed at both base metal and inter- 
pulse weld interfaces. An example at an 

~." " ' .,-~ " ' / . =  -,:~.~.x.,-~-:-." ~:~':-~--.,-._ ' ,  • 2 "  --  - • . - .  :" " . ' ' : :  " ~ - :  
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Fig. 10 - - A  - -  Microstructure o f  laser weM in Heat 9 with a S content 
o f  0.27% and a Cr eq/Ni eq ratio o f  1.74; B - -  higher magnification o f  A 
showing small cracks in the primary austenite solidi fled strttctare; C - -  
microstructure of  Heat 9 Weeter test sample showing crack at attstenite 
grain boundary and sulfides along boundaries. 

interpulse boundary where the austenite 
diffraction patterns are the same in both 
regions is shown in Fig. 14. Regions were 
also examined where a cellular solidifica- 
tion region grew for a short distance be- 
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Fig. 11 - - A  - -  Microstructure o f  a laser beam weld in Heat 3 with an S content o f  0.04% and a Cr eq/Ni eq ratio o f  1.74 showing the nature o f  mixed mode so- 
lidification with austenite solidification (dark etching grains) generally confined to region o f  pulse weld boundaries; B - -  higher magnification of  A taken in 

region of  weld overlap. 

Fig. 12 - -  A - -  Microstructure o f  laser weld in Heat 2, Cr eq[Ni eq = 1.95, 0.04% S; B - -  higher magnification of  boundary regions showing primary ferrite so- 

lidified structure. 

fore leading into a more featureless (fer- 
rite solidified) structure. Such a region is 
apparent in Fig. 15 in which the cellular 
structure again has the same orientation 
as the base grain. However, the featureless 
region only a few microns away has a dif- 
ferent orientation, although microstruc- 
turally it appears to be within the same 
grain. The misorientation between the two 
regions (locations 5.1 and 5.2) within the 
weld is appreciable and is approximately 
equivalent to an 18.5-deg rotation about 
(212). This misorientation is greater than 
would be expected for a small angle 
boundary or staking fault. The apparent 
growth of ferrite directly from the base 

grain in which the base grain and solidified 
region have different austenite orienta- 
tions is shown in Fig. 16. 

In a similar manner, orientation maps 
were used to examine a large region of the 
fusion zone boundary. An example of pri- 
mary austenite solidification is shown in 
Fig. 17A in which the sample was tilted 70 
deg to obtain the Kikuchi patterns. Be- 
cause of epitaxial growth, it is impossible 
from the map alone to determine the fu- 
sion zone boundary. It would seem the 
finer-appearing grain structure of the pri- 
mary austenite welds in Fig. 7B is largely 
subgrains with only small orientation dif- 
ferences. The ferrite solidified welds are, 

however, much different. Figure 17B 
shows the orientation imaging map of a 
weld in Heat 2 with a CroJNion ratio of 
1.95. In this map the region of t]ae fusion 
zone boundary is more apparent due to 
the differences in grain orientation. Con- 
siderably more grains are apparent on the 
fusion zone side of the boundary with rel- 
atively few cases where a single substrate 
grain corresponds to a single fusion zone 
grain. The grain size is also much smaller. 
Thus it appears that in the case of ferrite 
solidification, the nucleation and growth 
conditions are more complex, but consis- 
tent with the differences in microsegrega- 
tion behavior. 
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D i s c u s s i o n  

GTA Welds 

It has been well established in conven- 
tional welds, such as GTA, that a strong 
correlation exists between solidification 
mode and weld cracking (Refs. 5, 9, 35, 39- 
42)• Welds that solidify as primary ferrite 
with the secondary solidification of 
austenite, and welds that solidify totally as 
ferrite in which the transformation to 
austenite starts at a temperature near the 
solidus are extremely resistant to solidifi- 
cation cracking• Welds that solidify as 
austenite are very susceptible to cracking, 
although this susceptibility can be signifi- 
cantly reduced at low phosphorus and sul- 
fur impurity levels• The transition in solid- 
ification mode from primary austenite to 
primary ferrite in low-speed GTA welds 
occurs at a Cr~JNi~  ratio - 1 . 5  when 

" H  ~H 
using Hammar and Svennson equivalents 
(Ref. 5) ( -1 .4  when using the WRC dia- 
gram). Similarly, welds that solidify totally 
as ferrite with a lower transformation 
temperature to austenite are also suscep- 
tible to cracking, although this behavior is 
not as well documented. This tendency for 
cracking at high CroJNio_ ratios has been t . q  ' -H 

reported by Kujampaa et al. (Ref. 35) to 
occur at C r J N i ~ .  ratios above - 2.1. 

~H ~H 
In examining the Varestraint data in 

Fig. 1, it can be seen the heat most sus- 
ceptible to weld cracking is Heat 2 with the 
highest Cr.JNL_ ratio, 1•95, and the Iow- 

~ q  ~H 

est sulfur content, 0•04 wt-%. The next 
most susceptible heats, 1, 7, and 4, all ex- 
hibited similar cracking behavior. Heats 1 
and 7 both have a Cr~JNi... ratio of 1•55 
and sulfur levels of 0.~b4 and 0.11%, re- 
spectively, The third heat of this group, 
Heat 4, a Cr.../NL_ ratio of 1.92 and a sul- 
fur level of 0."11 wt-%. The two heats that 
exhibited no cracking at any strain level 
were Heats 5 and 10 with CroJNk_ ratios 
of 1.94 and 1.85 and sulfur levels of 0•27 
and 0.18%, respectively. The overall GTA 
Varestraint cracking behavior is summa- 
rized in Fig. 18 and plotted as (S+P)  con- 
tent vs. Creq/Nieq ratio. In general, it can 

be seen the data can be 
bound with a lower 
limit somewhat above 
1.55 and a higher limit 
at - 1.9. However, it 
was observed that the 
heats with the Creq/Nie~ 
ratio -1 .55  containe~] 
some regions solidified 
as austenite, primarily 
near the weld center- 
line, e.g., Fig. 3, Heat 7 
with 0.11% sulfur. 
These regions were very 
susceptible to cracking. 
The transition in solidi- 
fication from primary 
ferrite to primary 
austenite near the weld 
centerline has been re- 
ported previously in 
both GTAW (Ref. 43) 
and EBW processes 
(Ref. 44), and has been 
at t r ibuted to differ- 
ences in dendrite tip ve- 
locity. In that work it 
was thought the solidi- 
fication velocity was 
higher near the weld 
centerl ine - -  suffi- 
ciently high to exceed 
the critical dendri te tip velocity for the 
change in mode from primary ferrite to 
primary austenite. This type of behavior 
will typically occur at compositions near 
the critical Creq/Nieq ratio of 1.5, and is 
likely the cause of the localized change in 
solidification mode observed here. How- 
ever, it was also observed that in primary 
ferrite solidification regions of welds with 
the Creq/Nieq ratio - 1.55 relatively severe 
cracking also occurred. This is somewhat 
surprising, but it could be seen that in the 
grain boundary regions of cracking, the 
local composition was sufficiently altered 
to promote primary austenite solidifica- 
tion (Ref. 42). This may be due partly to 
backfilling during straining with liquid suf- 
ficiently enriched with Ni and S to result in 
local primary austenite solidification - -  

[ ~ ~ ,  ~ - ~ . ~  . , . 

~ , ~ ;  . ~ . . . ~ - _ . _ v ~ .  . 50 Bm 

Fig: 13 - -  A - -  Microsmwture of  laser weld in Heat 6 with Creq/Nieq = 
1.92 and 0.42% S; B - -  boundary regions showing primary ferrite solid- 
ified structure containing high concentration o f  sulfides, globular sulfides 
at H A Z  boundary, and sulfide and ferrite stringers in base material; C - 
- -  TEM micrograph showing globular sulfides in solidification boundary, 
spherical Mn and Cr conta#dng sulfides nucleated at amorphous ahl- 
minum oxide particles, and fine uniformly distributed sulfides. 

Fig. 3B and 3C• It may be that at this high 
level of S, slightly higher Creq/Nieq ratios, 
with a concomitant larger fraction of fer- 
rite solidification, are required to signifi- 
cantly reduce cracking. It has been ob- 
served that in Fe-Ni-Cr ternary alloys at 
Cr /Ni ratios as high as - 1  6 high lev- 

e q  e .q  " ' ' 

els of suffur tended to promote austenite 
solidification and alter residual ferrite 
content (Ref. 45). In the alloys studied 
here, a h i g h e r C r  /Ni ratio o f - 1 6 i s  

c q  eq 
needed to ensure good cracking resistance 
and may also be due to sulfur acting as a 
Ni equivalent. 

The upper and lower bounds of the 
cracking susceptibility region shown in 
Fig. 18 are consistent with the work of Su- 
utula and Kujanpfi/i (Ref. 35). However, 
the limits are somewhat tightened, - 1.6 to 
1.9, compared to their values of 1.5 to 2.1 
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Fig. 14 - -  S E M  micrograph with EBSD patterns showing epitaxial sofidifica- 
tion o f  austenite at interpulse boundary. The EBSD patterns show both re- 
gions have same austenite orientation. (Heat 3, Creq/Nieq = 1. 73). 

(using Hammar and Svennson equiva- 
lents). The observed cracking at 1.55 is 
well within the data they compiled, espe- 
cially considering the high levels of S and 
different testing techniques. The upper 
limit of 1.9 vs. 2.1 is significantly different 
and may also be related to weld test tech- 
niques. Since the change in cracking be- 
havior is not associated simply with an 
abrupt change in solidification mode, as is 
the case of the lower bound of C r J N i  

~ q  e q  

ratio, it would be expected that the upper 
limit might not be as well defined• How- 
ever, the change in cracking behavior is 
still related to solidification and solid- 
state transformation behavior. It is clear 
from the microstructures, with ferrite ex- 
tending over a number of cell boundaries 
(Fig 5A), that low S welds with Cr e/Ni 

• . . .  q e q  

ratio of --1.92 sohdlfied completely as fer- 
rite. Moreover, the morphology of the fer- 
rite suggests the transformation of ferrite 
occurred at a temperature considerably 
below the solidus temperature (Refs. 9, 
29, 30). The rationale summarized (Refs. 
2, 9) to explain cracking behavior is con- 
sistent with the GTA weld data shown 
here. Solidification crack initiation and 
propagation along the complex interphase 
boundaries, formed during either ferrite- 
austenite solidification, or during the 
high-temperature transformation of pri- 
mary ferrite to austenite, is more difficult 
than along the rather smooth, single- 
phase grain boundaries (Ref. 46). These 
single-phase boundaries occur at both the 
low Creq/Nieq ratios with austenite solidi- 

[1111 

[121] 

[1 To] 

5 um 

fication and at high 
Cr~/Nio~ ratios 

~ H  ~ H  
where single-phase 
ferrite solidifica- 
tion predominates. 
Also, crack propa- 
gation may be more 
difficult along the 
lower surface en- 
ergy 5-y bound- 
aries than along the 
higher energy 8-8 
and q(-~ boundaries 
that are formed during solidification and 
cooling (Ref. 47). 

The upper bound C r J N i = .  ratio of 
- 1.9 for favorable cracking~resis~ance also 
appears to be dependent upon sulfur con- 
tent; i.e., the higher the sulfur level at a 
Cre.q/Nieq ratio of -1.93, the greater the 
resistance to cracking. This behavior was 
also observed in ternary heats doped with 
high levels of sulfur (Ref. 2) and may be 
the result of backfilling from sulfur-con- 
taining eutectic liquid. In Fig. 3, it appears 
from the etching behavior the grain 
boundary regions (which did not form 
cracks) underwent considerable strain and 
contain large amounts of sulfides. These 
observations are consistent with a back- 
filling mechanism. However, it appeared 
microstructurally that higher levels of sul- 
fur extended the range of two-phase F/A 
solidification to higher CrJNio~ ratios 

~ H  ~ H  
which would also improve cracking sus- 
ceptibility. This is consistent with S alter- 
ing the solidification mode at the lower ra- 

Fig. 15 - -  SEM micrograph showing cellular structure growing a short dis- 
tance from the base material and changing to apparent featureless ferrite so- 
lidification. All  EBSD patterns are FCC austenite, and show epitaxial solidi- 
fication o f  austenite from base material with same orientation, while the 
orientation o f  the region that solidified as ferrite differs from the orientation 
o f  the base metal. (Heat 3). 

tios of -1.55 (Ref• 26). 
It has been suggested the maximum 

crack length at the saturation strain level 
may be a better indicator of cracking be- 
havior than the total crack length plotted 
against augmented strain. When analyzing 
Varestraint data, the saturation crack 
length at the highest strains corresponds 
to the temperature-sensitive region for 
cracking. The length of this region in a 
given weld is then directly related to the 
thermal gradient along the weld center- 
line (for a centerline crack) and the weld 
speed. The highest strain tested, 3.6%, 
may be close to the saturation strain. If 
this is the case, the maximum crack 
lengths at 3.6% strain in Table 2 would 
suggest Heat 2 is the most susceptible heat 
and this agrees with the total crack length 
data of Fig. 1. However, based on maxi- 
mum crack length, the cracking behavior 
of Heats 4, 6, 7, and 9 should all be very 
similar and likely not that different from 
Heats 1 and 2. We believe the results in 
Figs. 1 and 18, rather than the maximum 
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Fig. 16 - -  SEM micrograph with EBSD patterns showing solidification as fer- 
rite from base grain. The EBSD patterns show different austenite orientations 
for the two regions. (Heat 3). 

Fig. 1 7 - -  A - -  Orientation imaging map o f  primary attstenite solid(fled laser 
weM o f  Heat 1. Note filsion zone boundary in map is not apparent due to epi- 
taxial growth; B - -  similar map o f  Heat Z Note orientation change across 
much o f  fusion zone boundary. 

crack length at 3.6% strain, may be more 
representat ive of cracking response in 
production environments for the heats of 
material studied here. 

Laser Beam Welds 

Before discussing the solidification 
cracking behavior of the laser beam welds, 
or correlating solidification cracking be- 
havior to solidification mode, one must be 
able to distinguish between the two pri- 
mary modes of solidification. No weld fer- 
rite was present that could more clearly 
define solidification behavior. We con- 
cluded the weld regions that exhibited the 
distinct cellular dendritic structure solidi- 
fied as primary austenite while those re- 
gions that exhibited little or no evidence of 
the cellular solidification structure solidi- 
fied as ferrite. These conclusions were 
based on earlier studies that showed the 
combined effect of dendri te  tip under- 
cooling and solid-state diffusion is much 
more effective in reducing microsegrega- 
tion during ferrite solidification than in 
austenite solidification (Refs. 14, 15). 
However, other workers have proposed 
that the segregation-free,  high-energy- 
density laser welds may be the result of 
partitionless solidification (Ref. 13). In ei- 
ther case, the use of EBSD further sup- 
ported the relationship between the pri- 

mary phase of solidification and the de- 
gree of microsegregation 

There appeared to be three different 
types of initial solidification behavior of 
the laser welds, similar to those reported 
by Lippold (Ref. 23). The first was the ini- 
tial epitaxial growth and continuing solid- 
ification of austenite. The second was the 
initial epitaxial growth of austenite fol- 
lowed by a transition to ferrite solidifica- 
tion within a distance of only a few mi- 
crons. Both behaviors existed with a 
CroJNi..~ ratio of 1.74 at the lower sulfur 
leve~ls. Tile difference in the two behaviors 
may be related to the crystallographic ori- 
entation of the substrate grain and the di- 
rection of maximum heat flow. If the indi- 
vidual grains solidify at a rate near that of 
the macroscopic solidification front, then 
dendri tes  within different grains must 
grow at different velocities. Dendrites in 
grains with a <100> direction aligned 
along that of maximum heat flow (normal 
to the macroscopic solid/liquid interface) 
will grow at a slower rate than dendrites 
within grains with significant misalign- 
ment. Dendrites in these less favorably 
aligned grains must travel further, and 
thus faster, to maintain the velocity of the 
macroscopic solidification front. How- 
ever, their tips will also be at a lower tem- 
perature  and lag those in an adjacent,  
more favorably oriented, grain (Ref. 48). 

These grains may then be cut off during 
the commonly observed competit ive 
growth process. In stainless steel laser 
welds, when the macroscopic interface ve- 
locity is near that of the critical transition 
velocity for 8---~y solidification (Creq/Ni e . 
ratio - 1 . 7  in this study), the increaser] 
dendrite growth velocity in less favorably 
aligned grains may promote austenite so- 
lidification. When the growth direction is 
more favorably aligned and dendrite tip 
velocities are slower, a transition from ini- 
tial solidification of austenite to the 
growth of ferrite will occur. However, 
growth of ferrite will first require nucle- 
ation. As a result, the transition to ferrite 
solidification will occur for velocities 
somewhat slower than that of the com- 
monly calculated critical transition veloc- 
ity (Ref. 15). 

The third condition appeared to be di- 
rect solidification of ferrite from the sub- 
strate. This was the common mode at the 
higher Cr .JNL~ ratios -1 .9 .  There ap- 
peared to b~ no~recursor solidification of 
austenite, and the austenite orientations 
were usually different across the interface. 
It also appeared in many cases that a sin- 
gle grain of ferrite solidified from a single 
substrate grain - -  Fig. 16. This suggests 
the fusion zone boundary region was fer- 
rite at the time of initial solidification, pos- 
sibly as a result of a massive transforma- 
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Fig. 18 - -  Summary of GTA weld results showing region of good solidi- 
fication cracking resistance. 

Fig. 19 - -  Combined results of both GTA and pulsed laser welds (Figs. 
6 and 18) showing a region of good weldability limited by LBWat  low 
Creq/Nieq ratios and by GTA at high ratios. Note that only LBW data is 
shown. 

tion on heating. If ferrite nucleated at the 
austenite interface during initial solidifi- 
cation, numerous grains may coincide 
with individual substrate grains unless fer- 
rite nucleated on austenite with a pre- 
ferred, low-energy configuration. Low- 
energy orientations between ferrite and 
austenite established during both solidifi- 
cation (Refs. 49, 50) and solid-state trans- 
formations (Ref. 9) have been observed in 
stainless steel welds. The EBSD patterns 
in Fig. 17B covering a large region of the 
weld show the FZ  boundary region con- 
sists of more grains than that of the corre- 
sponding substrate. However, this is pri- 
marily a result of the solidified ferrite 
massively transforming to austenite, yield- 
ing a finer grain structure than that of the 
parent ferrite grain, which complicates in- 
terpretation of the solidification behavior 
(Ref. 51). It is also possible the massive 
transformation could initiate at the 
austenite fusion and interpass boundaries, 
resulting in no orientation change across 
the boundary; this was not commonly ob- 
served. It is evident initial solidification of 
ferrite in the pulsed laser welds is complex 
and needs further study• Nevertheless, the 
use of segregation patterns to distinguish 
solidification mode, which is important for 
this study, is consistent with the crystallo- 
graphic orientations observed for the dif- 
ferent structures. 

Irrespective of the details of the solidi- 
fication mechanics, it was found only 
welds that solidified as primary austenite 
exhibited weld cracking. This behavior is 
consistent with earlier results on pulsed 
laser welds with lower levels of phospho- 
rus and sulfur (Refs. 22-24). Our data is 
also consistent with previous work that in- 
dicates the change in solidification mode 

due to dendrite tip undercooling occurs at 
a Creq/Nieq ratio of about 1.68-1.7. The 
line in Fig. 6 separating cracking from no 
cracking for Creq/Nieq ratios below - 1 . 7  
was defined by the data of Pacary et al. and 
Lienert. In the Creq/Nie. q ratio range be- 
tween -1 .6  and 1•7, their welds often ex- 
hibited mixed modes of solidification of 
ferrite and austenite. Pacary et al. showed 
a vertical line separating cracking and no 
cracking at - 1 . 6 7  and Lienert  at 1.7. 
Those lines generally corresponded to the 
transition to nearly complete ferrite solid- 
ification. However, we found that with a 
CroJNL. ratio of 1.74, the welds still so- 
lidified in a mixed mode, although the 
fraction of primary ferrite solidification 
was typically high, - 7 5 %  or greater. An 
exception was Heat  9 with the highest 
amount of sulfur (0.27%), in which a large 
fraction of the weld solidified as primary 
austenite. In this heat, however, only a 
small amount of cracking was observed. In 
this heat, the solidified grain boundaries 
contained large amounts of sulfides, which 
implies sufficient eutectic liquid was avail- 
able to heal or prevent the formation of 
nearly all cracks in a manner similar to the 
GTA welds in Heat 6. In Fig. 6, it is pri- 
marily the results from this heat that led us 
to incorporate the sulfur dependence at 
the higher Creq/Nieq ratio of - 1.7. It is not 
clear why the solidification behavior of 
Heat 9 is different than the other heats 
with the same CrJNioo  ratio, but, as with ~H ~H 

the GTA welds, S appears to be playing a 
role as an apparent austenite former. The 
mixed mode solidification behavior of the 
other two heats with C r J N i  ratios of 

• ~Yl C 
-1 .74  is also different than t~ae single- 
phase ferrite mode observed by Lienert, 
see Fig. 6. These differences further sug- 

gest the possible role of sulfur in solidifi- 
cation behavior. However, it should be 
noted similar discrepancies in solidifica- 
tion mode at constant C r J N L o  ratios 

~H t '4  
were also observed in another study in- 
volving austenitic stainless steels and elec- 
tron beam welds (Ref. 20), although in the 
current study, the basic compositions are 
almost identical except for sulfur. Differ- 
ences in weld parameters between the dif- 
ferent studies discussed here may also be 
playing a role in solidification behavior 
(Ref. 52)• 

In light of the GTA Varestraint test re- 
suits, it is interesting to note the laser 
welds with the highest C r J N L o  ratios 

~H ~4 
seemed resistant to cracking. This lack of 
cracking is inconsistent with the hypothe- 
sis that cracking susceptibility is high for 
single-phase ferrite solidification when 
the transformation to austenite occurs at 
lower temperatures, as it would for a mas- 
sive transformation• It was evident that 
even though the solubility of sulfur is 
higher in ferrite than in austenite, a large 
amount of sulfides still formed during so- 
lidification. Since no cracking was ob- 
served at any level of sulfur tested, a sim- 
ple eutectic healing mechanism cannot be 
invoked. 

In one of the heats with the lowest 
Cre~l/Nie. q ratio that solidified as austenite 
and exhibited extensive cracking (Heat 7), 
it was found low melting phases associated 
with the cracks contained both sulfur and 
phosphorus - -  Fig. 9. The sulfur content 
of this heat was 0.11%. However, sulfides 
were not observed in TEM in the austen- 
ite solidified welds of Heat  1 with the 
lower sulfur level, which still exhibited se- 
vere cracking. Thus, it is conceivable phos- 
phorus is primarily responsible for crack- 
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ing and not sulfur. The phosphorus con- 
tent of all the heats was relatively high, 
0.03%. Given the higher phosphorus solu- 
bility in ferrite than austenite, higher lev- 
els of phosphorus  may be to lera ted in 
those heats solidifying as ferrite. In addi- 
tion, the finer grain size of primary ferrite 
solidification (Fig. 17) should also reduce 
the tendency for cracking. 

The results of the GTA and laser weld- 
ing trials can be combined  to describe 
alloy compositions that are amenable  to 
welding with either conventional or HE D 
processes. This combinat ion is shown in 
the summary plot of Fig. 19. As shown, a 
lower weldabil i ty limit occurs at a 
Cr /Ni ratio o f - 1  7 and is established 

e e q  
by t~e laser weld process, while the upper 
weldability limit of - 1.9 is established by 
the GTA process. The boundaries at these 
limits are sloped, which implies the limits 
are somewhat dependent  upon sulfur con- 
tent, although additional data is desirable. 
As discussed earlier, it is important to em- 
phasize that although the data is portrayed 
in terms of total impurity level (P+S) ,  it 
should be remembered  this portrayal is 
based more on convention than a strong 
experimental or theoretical basis. Never- 
theless, Fig. 19 illustrates reasonable fab- 
r icat ion weldabil i ty can probably be 
achieved in f ree-machin ing  grades 
through suitable choice of alloy composi- 
tion. The mechanical properties of GTA, 
EB, and laser beam welds in these alloys 
are reported elsewhere (Refs. 25, 26). 

Summary 

The cracking response of GTA welds 
was controlled primarily by solidification 
mode.  Using Suutula  equivalents ,  the 
lower bound of Creq/Nieq ratio for good 
cracking resistance was -1 .6 ,  while the 
upper bound was -1 .9 .  This response is 
consistent with existing rationale for de- 
scribing solidification cracking behavior 
of austenitic stainless steels. However, at 
the upper limit, high sulfur appeared to re- 
duce the cracking susceptibility of the sin- 
gle-phase ferrite solidified welds. This re- 
duct ion  may be a t t r ibuted  to eutect ic  
healing involving sulfur-containing-liquid 
and/or a change in solidification mode due 
to sulfur acting as a Ni The exact role of 

e q "  

sulfur appears to be complex. It was some- 
what surprising the heat with the highest 
C r J N i . ~  ratio and the lowest level of sul- 
fur~vas t~ae most susceptible to GTA weld 
cracking. 

The solidification behavior of pulsed 
laser welds was also generally related to 
Cr /Ni ratio However, solidification in 

e e q  " 
theqiaser welds is complex, and in many 
cases the welds exhibited mixed mode so- 
l idification behavior.  As with the GTA 
welds, the solidification cracking behavior 

of the laser welds was related to solidifica- 
t ion mode.  At Creq/Nieq ratios of 1.55, 
welds solidified as austenlte and were sus- 
ceptible to cracking. Welds in alloys with 
CroJNL_ ratios of 1.74 solidified in a 
mixed mode, with some regions solidifying 
as ferrite and other regions as austenite, 
but, in general, appeared to exhibit good 
cracking resistance.  However,  with the 
same CreJNi e . ratio but a higher level of 
sulfur, 0.2~%, ~he amount  of austenite so- 
lidification increased and a small amount  
of cracking was observed. At the Creq/Nieq 
ratios of 1.92, the welds solidified com- 
pletely as ferrite, but,  unl ike the GTA 
welds, the resistance to cracking was high 
at all impurity contents. In the laser welds, 
phosphorus is likely to play a major role in 
weld cracking behavior.  For  the alloys 
studied, good cracking resistance was ob- 
served within a range of Creq/Nieq ratios of 
--1.7 to 1.9, with the lower limit estab- 
lished by the laser process and the upper 
limit established by the GTA cracking be- 
havior. 
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