
Introduction

     Stainless steels are widely used in chemical and power 
industries. Numerous investigations have shown they are 
susceptible to cracking during solidification (Refs. 1–9).
Austenitic stainless steels that are more resistant to solidifica-
tion cracking tend to have a fusion-zone microstructure that
is not fully austenite #. They also contain a small but signifi-
cant amount (≥ 5%) of lacy or skeletal ∃-ferrite (Refs. 1–3).
Consequently, it has been widely accepted for decades that
the lacy/skeletal ∃ structure resists solidification cracking.
     Depending on its composition, when a liquid austenitic
stainless steel is cooled to solidify, the primary solidification
phase (the dendrites that form from the liquid) can be either
∃-ferrite, which is body-centered cubic (bcc), or austenite #,
which is face-centered cubic (fcc). Usually, if the primary solidi-
fication phase is #, the resultant fusion zone is almost fully #
with little ∃. However, if the primary solidification phase is ∃,
the resultant fusion zone tends to show a lacy/skeletal ∃ struc-
ture at room temperature. Thus, austenitic stainless steels that
solidify with primary ∃ tend to be significantly less susceptible
to solidification cracking than those that solidify with primary
#, as shown by Masumoto et al. (Ref. 4).
     Shankar et al. (Ref. 3) summarized many factors that
have been proposed to explain the benefits of having a
small, but significant, amount of ∃-ferrite in the # matrix
(Refs. 10–16). For instance, the irregular crack path caused
by the presence of skeletal/lacy ∃ in the # matrix can arrest
cracks. The lower interface energy of ∃/# than that of either
#/# or ∃/∃ can resist cracking. The skeletal/lacy ∃ refines #
and thus resists cracking. The large ∃/# interface area dis-
perses sulfur (S) and phosphorus (P). The ∃ ∀ # transforma-
tion reduces tensile stresses. Much more S and P can dis-
solve in ∃, and less S and P are thus present at grain bound-
aries to cause cracking. Thermal stresses are reduced be-
cause ∃ is more ductile than # and because the thermal ex-
pansion of ∃ is less than that of #. Homogenization of S and
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ABSTRACT

    The susceptibility of austenitic, ferritic, and duplex stain-
less steels to solidification cracking was evaluated by the
new Transverse Motion Weldability (TMW) test. The focus
was on austenitic stainless steels. 304L and 316L were
least susceptible, 321 was significantly more susceptible,
and 310 was much more susceptible. However, some 321
welds were even less susceptible than 304L welds. These
321 welds were found to have much finer grains to better
resist solidification cracking. Quenching 321 during welding
revealed spontaneous grain refining could occur by hetero-
geneous nucleation. For 304L, 316L, and 310, a new explana-
tion for the susceptibility was proposed based on the con-
tinuity of the liquid between columnar dendrites; a discon-
tinuous, isolated liquid allows bonding between dendrites
to occur early to better resist cracking. In 304L and 316L,
the dendrite-boundary liquid was discontinuous and isolat-
ed, as revealed by quenching. The liquid was likely depleted
by both fast back diffusion into ∃-dendrites (body-centered
cubic) and the L + ∃ + # reaction, which consumed L while
forming #. In 310, however, the dendrites were separated by
a continuous liquid that prevented early bonding between
them. Back diffusion into #-dendrites (face-centered cubic)
was much slower, and the L + ∃ + # reaction formed little ∃.
Quenching also revealed skeletal/lacy ∃ formed in 304L and
316L well after solidification ended; thus, skeletal/lacy ∃
did not resist solidification cracking, as had been widely
believed for decades. The TMW test further demonstrated
that both more sulfur and slower welding can increase sus-
ceptibility.
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P is faster because of faster diffusion in # bcc than in ∀fcc.
     Yu et al. (Ref. 17) quenched 304 stainless steel with
Wood’s metal (at 75!C) during welding. In the mushy zone,
the primary solidification phase # and the ∀between # were
identified by electron backscatter diffraction (EBSD). Opti-
cal microscopy showed the lacy/skeletal # structure did not
exist in the mushy zone but in the fusion zone far behind
the mushy zone.
     Soysal and Kou (Refs. 18–20) recently developed the
Transverse Motion Weldability (TMW) test to evaluate the
susceptibility of Al alloys to solidification cracking. This is a
simple lap welding process in which the lower sheet moves
slowly in the transverse direction of welding to cause trans-
verse tension in the mushy zone and hence solidification
cracking. In the most widely used Varestraint test (Ref. 21),
the workpiece is bent suddenly during welding to induce
tension. Unlike the Varestraint test, the TMW test (Refs. 2,
18, 19) can do the following: 1) allows the use of filler met-
als to evaluate their significant effect on solidification crack-
ing; 2) imposes deformation on the mushy zone alone in-
stead of the whole workpiece; 3) imposes slow, instead of
sudden, deformation (more realistic for welding); 4) sepa-
rates crack initiation from crack propagation; 5) avoids li-
quation cracking and hence its interference with solidifica-
tion cracking; 6) significantly reduces the cost of the appara-
tus; and 7) significantly reduces the amount of workpiece
material required for testing.
     The first purpose of the present study was to assess the
susceptibility of various stainless steels to solidification
cracking using the new TMW test. This is because the test
has not yet been used for stainless steels, and it has several
significant advantages over the most widely used Vare-
straint test. The second purpose was to explain why some
austenitic stainless steels are more susceptible than others.

Experimental Procedure

     The stainless steels used in the present study included
austenitic stainless steels 304L, 316L, 321, and 310; ferritic
stainless steel 430; and duplex stainless steel 2205. Their com-

positions are shown in Table 1. Stainless steel 304L-A was
higher in sulfur (0.014 wt-%) than 304L-B, 304L-C, and 304-D
(0.002 or 0.003 wt-%). The 321 was a stabilized-grade stain-
less steel with Ti added to form TiC instead of Cr23C6, which
can lead to Cr depletion and hence corrosion along the grain
boundaries in the heat-affected zone (HAZ) (Refs. 1, 2).
     The upper sheet was 3.2 mm (1⁄8 in.) thick, 25.4 mm (1 in.)
wide, and 127 mm (5 in.) long. The lower sheet was 3.2 mm
(1⁄8 in.) thick, 76.2 mm (3 in.) wide, and 76.2 mm (3 in.) long.
Before welding, the leading edge of the lower sheet stuck out
beyond the upper sheet by 10 mm. The surfaces near the ex-
pected welding path were polished to remove oxides and
then cleaned with acetone.
     To evaluate the susceptibility to solidification cracking,
the TMW test (Refs. 18–20) was used. In the TMW test, a
stationary upper sheet was lap welded to a lower sheet that
moved slowly in the transverse direction of welding to in-
duce transverse tension in the mushy zone and hence so-
lidification cracking. To evaluate the susceptibility to crack
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Fig. 1 — Two options of the TMW test: A — One-speed test for
assessing susceptibility to crack initiation; B — two-speed
test for assessing susceptibility to crack propagation.

Fig. 2 — Example of a weld illustrating the TMW test: A —
Schematic (top motion guides not shown) (Refs. 18, 19); B —
304L stainless steel after being tested at 0.4 mm/s lower-
sheet speed (initially 0.7 mm/s).

A

B

BA



initiation, the one-speed option of the TMW test was used
as illustrated in Fig. 1A. The lower sheet moved at a single,
constant speed (V) throughout the test. If the weld did not
crack, the experiment was repeated at a higher V to see if
cracking would occur. To evaluate the susceptibility to
crack propagation, however, the two-speed option was
used as illustrated in Fig. 1B. The first speed of the lower
sheet was set higher at 0.7 mm/s to ensure crack initiation.
After a short weld length of about 14 mm, the lower sheet
was suddenly slowed down to a second speed (e.g., 0.2
mm/s). If the crack did not propagate, the experiment was
repeated at the same first speed and a higher second speed
to see if the crack would propagate. A servo motor was pro-
grammed with the help of a computer to move an Al plate
along a sliding stage and push the lower sheet.
     Gas tungsten arc welding (GTAW) was conducted under
the following conditions: 110-A welding current with the di-
rect current electrode negative (DCEN) polarity, 10- to 11-V
arc, 1.27-mm/s (3-in./min) welding speed (torch travel
speed), 3.15 × 10–4 m3/s (40 ft3/h) Ar gas flow rate, and 3.2-
mm-diameter tungsten electrode with a 15-deg electrode-tip
angle. The torch was inclined 20 deg toward the joint.
     To initiate the TMW test, the servo motor was turned on
to push the lower sheet, the arc was initiated 2 s afterward,
the torch carriage was turned on 4 s afterward, the arc was
extinguished 30 s afterward, and the carriage and the motor
were then turned off to end the experiment.
     The crack length was measured after each experiment.
The normalized crack length was plotted against the lower-
sheet speed V. In the one-speed test, the normalized crack
length equaled the crack length divided by the weld length.
On the other hand, in the two-speed test, the normalized
crack length equaled the crack length under the second
speed divided by the weld length under the second speed.
A transition range of the lower-sheet speed V was identi-
fied, over which the normalized crack length increased
from 0 (no crack) to 1 (full crack).
     To help explain the results of the crack susceptibility tests,

austenitic stainless steels 304L, 310, 316L, and 321 were
quenched with Wood’s metal (75!C) during bead-on-plate
welding. The workpiece was 102 mm (4 in.) long, 51 mm (2
in.) wide, and 1.6 mm (1⁄16 in.) thick. It was welded along the
centerline in the length direction. This thinner workpiece al-
lowed for more effective quenching than the workpiece for lap
welding. DCEN was used with Ar shielding. The torch travel
speed was 1.35 to 1.48 mm/s (3.2 to 3.5 in./min), the welding
current was 48 to 55 A, and the voltage was 7.8 to 10 V. The
arc length was initially set at 2.3 mm.
     The resultant welds were cut, polished, and etched (Ref.
17). 304L and 316L were electrochemically etched with a so-
lution consisting of 60 g of oxalic acid in 600 mL of water.
The voltage was 10 V and the etching time was 15 s. 310 was
etched with mixed acids consisting of 10 mL HNO3, 20 mL
HCl, and 30 mL H2O. The etched samples were examined by
optical microscopy — with or without differential interfer-
ence contrast (DIC) — and scanning electron microscopy
(SEM). EBSD was used to identify the phases present in the
microstructure.

Results

     Figure 2 shows an example of 304L after the TMW test. A
schematic sketch of the TMW test (Refs. 18, 19) is also includ-
ed as a reference. Figure 3 shows examples of the workpiece af-
ter the one-speed TMW test for crack initiation. For 316L, no
cracking occurred at the lower-sheet speed of 0.25 mm/s, but
cracking occurred all the way to the end at 0.30 mm/s. For
310, full cracking occurred even at the relatively low speed of
0.15 mm/s, which indicated a higher crack susceptibility than
316L. On the other hand, for 304L, no cracking occurred even
at 0.30 mm/s, thus indicating a lower crack susceptibility than
316L. Thus, Fig. 3 suggests the crack susceptibility decreased
in the order of 310 > 316L > 304L.
     Figure 4 shows examples of the 310 workpiece after the
one- and two-speed TMW tests. The one-speed test in Fig.
4A shows a crack that stopped shortly after initiation. The
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Table 1 — Compositions of Stainless Steels in wt-%

                       C             Si         Mn          P              S              Ni              Cr            N            Cu          Mo        Co        Ti              Fe            Creq/Nieq

304L-A        0.025        0.54       1.74       0.025        0.014         8.06         18.06      0.063       0.25                                             balance          1.761

304L-B        0.022        0.42      1.33      0.035       0.003        8.070          18.11        0.037                                                          balance          1.890

304L-C        0.024        0.48      1.05      0.020       0.002       8.060         18.13       0.050                                                          balance          1.831

304L-D        0.022        0.43       1.10       0.026       0.003       8.090        18.32       0.053                                                          balance          1.847

   310           0.050       0.580      1.76       0.020        0.001         19.10           24.1         0.03        0.08         0.11                                balance          1.128

   316L           0.024         0.4        1.55      0.029       0.002        10.04          16.71        0.031        0.29       2.03                               balance          1.619

  321A          0.033        0.49       1.01        0.031         0.001          9.0           17.10        0.013        0.32        0.30                  0.3        balance          1.658

  321B           0.013         0.49       1.76       0.027        0.001          9.2           17.14        0.016        0.49       0.46                  0.2        balance          1.743

  321C           0.014         0.50      1.82      0.025       0.0001        9.26          17.35         0.01         0.29       0.36                 0.16        balance          1.767

   430           0.160        0.287     0.45      0.030      0.0044       0.319         16.05                                   0.043                              balance          2.719

  2205          0.016        0.390     1.39      0.028        0.001        5.790        22.27       0.170        0.25        3.13       0.19                   balance         2.589



two-speed test in Fig. 4B shows a crack that stopped shortly
after crack propagation had started. In both cases, the nor-
malized crack length Lcrack/Lweld < 1. In both the one-speed
test in Fig. 4C and the two-speed test in Fig. 4D, the normal-
ized crack length Lcrack/Lweld = 1. The crack in the crater was
excluded from Lcrack or Lweld.
     Figure 5 shows the SEM image of the fracture surface of
304-C after the two-speed test. The first speed was 0.7
mm/s and the second speed was 0.4 mm/s. The dendritic
fracture surface confirmed the crack had been caused by so-
lidification cracking (Ref. 2). In making this weld, an addi-
tional Ar shielding at 4.72 × 10–4 m3/s (60 ft3/h) behind the
torch was used. This helped to clearly reveal the fracture
surface by keeping it from becoming oxidized.
     The results of the two-speed TMW test of 304L, 316L, and
310 are shown in Fig. 6A–C, with the normalized crack length
plotted against the lower-sheet speed V. As shown, a transi-
tion range of V existed between no cracking and full cracking.
The level of V at which the transition range existed decreased

in the order of 304L, 316L, and 310. The V levels of the transi-
tion ranges of 304L and 316L were significantly higher than
that of 310, suggesting that both 304L and 316L resist solidifi-
cation cracking significantly better than 310.
     Figure 7 shows the results of the two-speed TMW tests of
ferritic stainless steel 430 and duplex stainless steel 2205. The
transition range of 430 appeared to be at a V level slightly high-
er than that of 2205, suggesting 430 resists solidification
cracking slightly better than 2205.
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Fig. 3 — Top views of the workpiece after the one-speed TMW
test at various levels of lower-sheet speed V: A — 316L not
cracked at 0.25 mm/s; B — 316L cracked at 0.30 mm/s; C — 310
cracked at 0.15 mm/s; D — 304L-D not cracked at 0.30 mm/s.

Fig. 4 — Close-up views of tested 310 welds showing normal-
ized crack lengths: A — Partial crack after the one-speed
test at 0.075 mm/s; B — partial crack after the two-speed
test at 0.7 and then 0.035 mm/s; C — full crack after the one-
speed test at 0.2 mm/s; D — full crack after the two-speed
test at 0.7 and then 0.2 mm/s.

A B

A B

C D

C D



Discussion

Consistency with Varestraint Test Results

     In the TMW test, the lower the V level of the transition
range, the easier it was for the motion of the lower sheet to
cause solidification cracking and hence the higher the crack
susceptibility became. The two-speed TMW test results shown
in Figs. 6 and 7 are summarized in Fig. 8. V was plotted upside
down so the highest crack susceptibility was near the top of
the plot just like the highest crack length was near the top for
the most crack-susceptible alloy in the Varestraint test. Figure
8 shows the transition range was at the lowest V level for 310
and highest for 304L and 316L, i.e., the crack susceptibility
was the highest for 310 and lowest for 304L and 316L. The
crack susceptibility decreased in the order of 310 > 2205 > 430
> 316L > 304L-C.
     Based on the WRC-1992 diagram (Ref. 22), the Cr equiva-
lent was defined as Creq = wt-% Cr + wt-% Mo + 0.7 (wt-%
Nb). The Ni equivalent was defined as Nieq = wt-% Ni + 35
(wt-% C) + 20 (wt-% N) + 0.25 (wt-% Cu). In Table 1, the
Creq/Nieq ratio was calculated using these formulas for each
stainless steel based on its composition. In Fig. 9, the transi-
tion range of V for each stainless steel in Fig. 8 was plotted
against its Creq/Nieq ratio. The curve of the crack susceptibili-
ty vs. Creq/Nieq based on the Varestraint data (Ref. 1) was also
included in Fig. 9 for comparison. As shown, the relative
crack susceptibility based on the transition range of V in the
TMW test for crack propagation was consistent with the rela-
tive crack susceptibility based on the Varestraint test data.
This suggests the TMW test can be applied to stainless steels
to evaluate their susceptibility to solidification cracking. As
mentioned previously, however, the TMW test has several
significant advantages over the Varestraint test (Ref. 21).

321 Microstructure and Crack Resistance

     Figure 10A shows the results of the two-speed TMW
test on 321A. The transition range of V was 0.13–0.20

mm/s. When the one-speed TMW test was to be conducted
for comparison, 321A was already used up. The additional
material available, i.e., 321B, differed from 321A slightly in
composition. As shown in Table 1, 321A contained 0.013
wt-% N and 0.3 wt-% Ti, and 321B contained 0.016 wt-%
N and 0.2 wt-% Ti. The slightly higher Ti content of 321A
was probably required to match its slightly higher C con-
tent, i.e., to tie up C in the HAZ as TiC so that no Cr23C6

would form to cause grain-boundary corrosion (Refs. 1, 2).
Figure 10B shows the results of the one-speed TMW test of
321B. The transition range of V was 0.34–0.35 mm/s,
which was much higher than that of 321A (0.13–0.20
mm/s) and, in fact, even higher than that of 304LC
(0.27–0.325 mm/s, as shown previously in Fig. 6A). Thus,
the crack susceptibility of 321B was much lower than that
of 321A and even lower than that of 304LC, as shown in
Figs. 10C–D and 8. These results were surprising.
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Fig. 5 — SEM image showing the dendritic fracture surface of
304L-C, which confirms solidification cracking.

Fig. 6 — Results of the TMW two-speed tests of austenitic stainless steels: A — 304L; B — 316L; C — 310.

A B C



     Although 321A was tested with the two-speed TMW
test and 321B was tested with the one-speed TMW, the
test results shown in Fig. 10 were not believed to be affect-
ed significantly by the difference between the two versions
of the TMW test. As will be shown later in this research,
the results of the one-speed test were similar to those of
the two-speed test. Thus, the much lower crack susceptibil-
ity of 321B than 321A was likely to be real. As shown in
Table 1, Creq/Nieq = 1.658 for 321A and 1.743 for 321B. As
indicated by the Varestraint test curve in Fig. 9, the crack
susceptibility did not change much between Creq/Nieq = 1.5
and Creq/Nieq = 2.0. Thus, the small difference between
Creq/Nieq = 1.658 for 321A and Creq/Nieq = 1.743 for 321B
could not be the reason for the much lower crack suscepti-
bility of 321B. 
     To find out why 321B was much less susceptible to so-
lidification cracking than 321A, their lap welds were cut
vertically along the welding direction near the centerlines
of the welds. The welds made without moving the lower
sheet were selected because the longitudinal vertical cross
sections could be prepared without interference from
cracks.
     The fusion-zone microstructure of 321A is shown in Fig.
10E. Coarse, long, columnar grains grew along the welding
direction and upward toward the top of the weld. As shown
in Fig. 10F, fine equiaxed grains were present in the fusion
zone of 321B, much finer than those in 321A. The enlarged
micrographs in Fig. 10G and F again show the striking mi-
crostructural difference between the two 321 stainless
steels. Both lacy ! and skeletal ! were visible in the fusion
zone, the latter of which was easier to see in 321A.
     To sum up, significant grain refining was evident in 321B,
and it significantly reduced the crack susceptibility. Grain re-
fining is known to reduce the susceptibility to solidification
cracking (Ref. 2). A semisolid with fine equiaxed grains can

better rearrange the grains to accommodate tensile strains
without cracking (Ref. 23). It can also have a greater grain-
boundary area to distribute and dilute harmful impurities (S
and P) or low-melting segregates (Ref. 2). However, it is un-
clear how fine grains formed in 321B. To answer the question,
quenching was conducted during welding. A 1.6-mm-thick
sheet was selected because quenching can be effective in bead-
on-plate welding of a thin sheet. Additionally, the weld pool
can be pushed out and the sheet can be rapidly cooled by liquid
Wood’s metal. The material 321C contained 0.01 wt-% N and
0.16 wt-% Ti, as shown in Table 1. It had a Creq/Nieq = 1.767,
which is very close to that of Creq/Nieq = 1.743 for 321B.
     Figure 11 shows the evidence of equiaxed dendritic
grains growing in the mushy zone of 321C. Particles ap-
peared to be present within the equiaxed grains (indicated
by arrows). They are likely TiN particles. Equiaxed grains
have been shown to nucleate from TiN particles in GTAW
of ferritic stainless steels containing N and Ti (Refs. 24,
25). For instance, Koseki et al. (Ref. 25) showed (by
quenching with liquid Sn during welding) equiaxed grains
grew from the TiN nuclei in a Fe-19Cr-2Mo-0.19Ti-
0.0162N ferritic stainless steel. They showed coarse
columnar grains in GTAW of Fe-17Cr-0.007Ti-0.0097N but
fine equiaxed grains in Fe-17Cr-0.3Ti-0.0092N.
     In this study, an attempt was made to measure the com-
position of the particles, such as those inside the equiaxed
grains in Fig. 11B. However, no significant Ti was found be-
cause TiN particles already dissolved in the acid solution
during etching. Only larger particles that still remained
showed significant Ti.
     To still verify that TiN can form in 321B, its solidifica-
tion path was calculated based on its exact composition in
Table 1. The thermodynamics software Pandat™ 2019 (Ref.
26), the iron-alloy database PanFe 2019 (Ref. 27), and the
Scheil solidification model (Ref. 2) were used. As shown in
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Fig. 7 — Results of the two-speed TMW test: A — Ferritic stainless steel 430; B — duplex stainless steel 2205.
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Fig. 12A, TiN precipitated from the liquid, which can serve
as the heterogeneous nuclei for ∀-ferrite to nucleate and
grow into equiaxed grains. The solidification path was also
calculated for 321B without N, as shown in Fig. 12B. There
were no solid precipitates from the liquid before ∀started
to form.
     It seems reasonable to expect grain refining in 321 when
there are more N and Ti available to form TiN precipitates as
potential nucleation sites. However, grain refining may de-
pend not only on the chemical composition but also the
welding conditions. For instance, grain refining did not oc-
cur in lap welding of 3.2-mm-thick 321A, but it occurred in
bead-on-plate welding of 1.6-mm-thick 321C even though N
and Ti were both less in 321C.

Crack Initiation and Propagation

     The results of the one-speed test of 304L-D, 316L, and 310
are shown in Fig. 13. As shown in Table 1, 304L-C and 304L-D
were very close in composition. The transition range increased
in the order of 310, 316L, and 304L-D, with 304L-D and 316L
being significantly higher than 310. The one- and two-speed
TMW test results of 310, 316L, and 304L in Figs. 6 and 13 are
summarized in Fig. 14. It shows the one-speed test results
were similar to the two-speed test results. This suggests the
susceptibility of these austenitic stainless steels to the initia-
tion of solidification cracking is similar to that of the propaga-
tion of solidification cracking. Both tests showed the crack sus-
ceptibility decreased in the order of 310 > 316L > 304L, which
is consistent with the results of Arata et al. (Ref. 28) and Senda
et al. (Ref. 29) based on the Varestraint test.
     316 stainless steel is known to cover a fairly wide range
of the Ni content; the more Ni that is present, the higher
the solidification cracking susceptibility tends to be. As can
be seen in Fig. 14A and B, both the one- and two-speed
TMW tests showed the crack susceptibility of 304L and
316L were much lower than that of 310. In Fig. 14C, howev-
er, the crack susceptibility of 316L was significantly higher

than that of 304L though still not close to that of 310. This
is likely because the Ni content in 316L was significantly
higher in the study of Arata et al. (Ref. 28), i.e., 15.1 wt-%,
and in the study of Senda et al. (Ref. 29), i.e., 13.0 wt-%,
than in the present study (10.0 wt-%). 

New Explanation for Susceptibility

     A new explanation for the susceptibility of austenitic stain-
less steels to solidification cracking is proposed as follows
based on the continuity of the liquid between columnar den-
drites in the mushy zone. If the liquid is continuous, colum-
nar dendrites are separated from each other everywhere;
thus, it is easy for tension (induced by welding) to pull them
apart to cause solidification cracking. However, if the liquid is
depleted to become discontinuous and isolated, columnar
dendrites can bond to each other early to resist cracking at lo-
cations where no liquid exists. No matter if the bonding is ∀-
to-∀, !-to-!, or ∀-to-!, a solid bridge between dendrites is
much stronger than a liquid bridge. Thus, the susceptibility
can be much lower if the liquid between columnar dendrites is
depleted to become discontinuous and isolated. As shown in
the next three sections, this depletion of dendrite-boundary
liquid can be more significant in primary-∀solidification,
such as with 304L and 316L, than in primary-! solidification,
such as with 310.

304L Microstructure and Crack Resistance 

     To reveal the liquid along the boundaries between colum-
nar dendrites in the mushy zone, quenching during bead-
on-plate welding was conducted on a single 1.6-mm sheet as
previously described. Quenching can reveal the elevated-
temperature microstructure during welding. The vast major-
ity of studies on solidification cracking in stainless steels
were based on the room-temperature microstructure of the
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Fig. 8 — Summary of the two-speed TMW test results in Figs.
6 and 7. 310 is most susceptible because even a very slow V
(e.g., 0.05 mm/s) can make it crack. The transition range of V
increases; hence, crack susceptibility decreases in the order
of 310 > 2205 > 430 > 316L > 304L-C. Fig. 9 — Susceptibility of stainless steels as a function of

Creq/Nieq with Cr equivalent Creq and Ni equivalent Nieq defined
by WRC-1992 (Ref. 22). The curve is based on data from the
Varestraint test (Ref. 1).



fusion zone, which may not exist at elevated temperatures
during welding.
     Figure 15 shows the results of 304L quenched during
welding. The liquid along the boundaries between #-den-
drites appeared discontinuous and isolated. The liquid was
likely depleted by both fast back diffusion into bcc (#-den-
drites) and significant L + #  + ∀reaction, which consumed
L while forming ∀. This is further explained as follows.
     Figure 15A illustrates the vertical section of the Fe-Cr-Ni
phase diagram at 74 wt-% Fe (Ref. 30), showing the solidifi-
cation of Fe-18Cr-8Ni, which is essentially 304. The optical
micrograph in Fig. 15B was taken near the centerline of the
top surface of the mushy zone. Most of the weld pool had
been pushed out by liquid Wood’s metal during quenching,
but a small amount of the quenched weld pool can still be
seen near the pool boundary, i.e., the front of the mushy
zone. Columnar dendrites growing in the welding direction
are visible.
     In view of Fig. 15A, 304 (~ Fe-18Cr-8Ni) can be expected
to solidify as primary #-ferrite under the normal cooling

rate encountered in arc welding. That is, the columnar den-
drites in Fig. 15B are #-ferrite. This is confirmed by the
EBSD phase map in Fig. 15C, which shows the dendrites as
bcc and the interdendritic regions as fcc. In the previous
study from Yu et al. (Ref. 17), EBSD was also used for phase
identification. However, the location of EBSD analysis was
well behind the pool boundary and near the end of the
mushy zone, where the secondary dendrite arms were no
longer clear to help distinguish dendrites from interdendrit-
ic regions. Consequently, the EBSD only revealed alternating
bands of # and ∀. Thus, Fig. 15C provides further confirma-
tion of the primary #-dendrites in the mushy zone of 304L.
     As can be seen in Fig. 15B, the secondary arms of the #-
dendrites were clear near the pool boundary but vague just
slightly behind it. That is, the secondary dendrite arms
coarsened very quickly during solidification. This was a
clear indication of fast diffusion in #-ferrite, which was
consistent with its bcc structure. Diffusion is much faster
in a bcc solid such as #-ferrite than in a fcc solid such as
austenite ∀(Refs. 31, 32). Back diffusion can be expected
to be much faster in #-dendrites than in ∀-dendrites. Fast
back diffusion causes the interdendritic liquid to diminish
quickly during solidification (Ref. 23). This has been
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Fig. 11 — Equiaxed dendritic solidification mode of 321-C: A —
Longitudinal horizontal optical micrograph at the top surface
of the mushy zone near its centerline behind the weld pool; 
B — boxed area in A enlarged and photographed with DIC. Ar-
rows indicate likely heterogenous nucleation sites.Fig. 10 — Comparison between the two heats of 321: A, C, E, 

G — 321-A; B, D, F, H — 321-B. A–D show the TMW test results
and crack susceptibility. E–H show the longitudinal vertical
optical micrographs near the centerlines of the welds.
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shown in Al alloys (Refs. 33-36), which leads to discontinu-
ous dendrite-boundary liquid and hence early bonding of
Al-rich dendrites to each other to better resist solidifica-
tion cracking (Refs. 37, 38).
     Figure 15D shows the SEM images of the upper boxed
area in Fig. 15B. The boundary between two columnar ∃-
dendrites is visible. The smooth phase that exists continu-
ously along the dendrite boundary is the # that has formed
by the L + ∃ + # three-phase reaction during solidification. As
can be seen in the vertical section for 304 in Fig. 15A, the
apex of the L + ∃ + # three-phase triangle was only slightly
below the liquidus temperature of 304. Thus, the three-
phase reaction may occur shortly after solidification starts,
i.e., shortly behind the pool boundary. The liquid that still
existed in the mushy zone was quenched. During elec-
troetching, the quenched residual liquid L dissolved in the
etching solution and left behind holes and grooves. A similar
microstructure is shown in Fig. 15E, which is the SEM image
of the lower boxed area in Fig. 15B. In the SEM image of a
304 stainless steel quenched during directional solidifica-
tion and electroetched with oxalic acid, # also appeared
smooth and the quenched residual liquid was also etched
out as holes or grooves (Refs. 39–41).
     It is worth pausing here to point out that, in austenitic
stainless steels, an L + ∃ + # reaction may occur by the peri-
tectic reaction L + ∃ ! # , which consumes both L and ∃ to
form #. The reaction may also occur by the eutectic reaction
L ! ∃  + #, which consumes L to form both ∃ and #. It seems
that a clear composite-like eutectic of ∃ + # has not been re-
ported. In fact, it is still unclear now which reaction occurs
in 304 stainless steel.
     Thus, the liquid along the boundaries between ∃-dendrites
was depleted to become discontinuous and isolated by both
fast back diffusion into bcc (dendrites of ∃) and significant 
L + ∃ + #reaction, which consumed L while forming #along the
boundaries. This explained the low susceptibility of 304L. The
recent study of Yu et al. (Ref. 17) was the first to attribute the
low susceptibility of 304 to the L + ∃ + #reaction.
     According to Fig. 15A, the ∃ ! # solid-state transforma-
tion can occur when the ∃ + # two-phase region is reached
during cooling. In Fig. 15B, the broken horizontal line indi-
cates the onset of the ∃ ! # transformation. The amount of
∃ decreased with increasing distance behind the line. Far be-
hind this line, as shown in Fig. 15F, only thin residual ∃ was
left in the #-matrix of the fusion zone. Lacy ∃-ferrite can be
seen on the left half and skeletal ∃-ferrite in the right half. 
     Thus, it is clear that the lacy/skeletal ∃ structure cannot re-
sist solidification cracking as widely believed because it does
not even exist in the mushy zone, where solidification cracking
occurs. It exists in the fusion zone far behind the mushy zone.
     It is worth mentioning that, for austenitic stainless
steels, the calculated freezing temperature range may not
necessarily correlate well with the crack susceptibility. When
back diffusion is significant, the calculated freezing temper-
ature range may be too wide if the Scheil solidification mod-
el (Ref. 23) is used because the model does not consider back
diffusion. To consider back diffusion, a kinetics model is also
needed, and the shape of dendrites needs to be assumed as
an approximation (e.g., planar, cylindrical, or spherical). The
diffusion coefficients may not be readily available for multi-
component alloys, such as austenitic stainless steels. The

freezing temperature range during welding can also be diffi-
cult to measure accurately.

316L Microstructure and Crack Resistance

     Figure 16 is the microstructure of 316L quenched during
welding, shown near the centerline of the top surface of the
mushy zone. Figure 16A shows an optical micrograph taken
with DIC. According to the phase diagram, calculated based
on the composition of 316L shown in Table 1 using the ther-
modynamics software Pandat (Ref. 26) and the database
PanFe (Ref. 27), 316L should solidify as primary ∃-ferrite.
Thus, ∃-dendrites can be expected to grow in the mushy zone.
     Figure 16B and C is, respectively, the SEM images of the
upper and lower boxed areas in Fig. 16A. Figure 16C is locat-
ed at the boundary between two columnar grains growing in
two different directions, where much liquid was trapped
when one grain impinged upon the other at an angle during
solidification. As mentioned previously, the smooth phase
that existed continuously along the dendrite boundary was
the # that formed by the L + ∃ + # reaction during solidifica-
tion. The holes and grooves were left by the quenched resid-
ual liquid that dissolved in the etching solution during elec-
tro etching. Thus, as in the case of 304L (Fig. 15), the low
crack susceptibility of 316L can be attributed to the deple-
tion of the dendrite-boundary liquid by fast back diffusion
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Fig. 12 — Solidification paths of 321-B: A — With the exact
composition of 321-B used (including 0.016 wt-% N and 0.2
wt-% Ti) and showing precipitation of TiN from the liquid be-
fore solidification starts; B — with the same composition ex-
cept with no N and showing no precipitation.
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into ∀-dendrites (bcc) and the L + ∀ + # reaction that con-
sumed L while forming #.
     As in 304L, lacy or skeletal ∀formed not in the mushy
zone but in the fusion zone far behind it, as shown in Fig.
16D. This, again, indicates that the lacy/skeletal ∀structure
cannot resist solidification cracking as was widely believed.

310 Microstructure and Crack Resistance

     Figure 17A is the vertical section of the Fe-Cr-Ni phase
diagram at 55 wt-% Fe (Ref. 42). It shows Fe-25Cr-20Ni,
which is close to 310, should solidify as primary austenite #.
Figure 17B displays the microstructure of quenched 310.
Columnar #-dendrites grew in the mushy zone. As shown,
310 (~ Fe-25Cr-20Ni) should solidify as primary #. This has
been confirmed by EBSD (Ref. 17). As displayed in Fig. 17C,
deep into the mushy zone, the #-dendrites were still separat-
ed by continuous liquid films. The L + ∀ + # reaction formed
particles of ∀, as can be seen in Fig. 17D. However, overall,
the L + ∀ + # reaction did not significantly form ∀in 310 and
did not significantly consume liquid. As mentioned previ-
ously, back diffusion is much slower in fcc solids than in bcc
solids. Thus, the liquid along the boundaries of #-dendrites
was not significantly depleted either by back diffusion nor
by the L + ∀ + # reaction. Consequently, columnar #-den-
drites were separated from each by continuous liquid films
and could thus be easily pulled apart under tension to cause
solidification cracking.
     The long, straight boundaries between #-dendrites can be
another problem for 310. As can be seen in Fig. 17B, the #-
dendrites often have thick primary arms with relatively short
secondary arms. In fact, the macrographs of 310 welds show
coarse, straight grains in the fusion zone (Ref. 17). On a long,
straight boundary between #-dendrites, even a very small
amount of liquid may be enough to form a continuous film, as
shown in Fig. 17C. A long, straight boundary is also an easy
path for crack initiation and propagation. To sum up, 310 re-
sists cracking poorly because thin continuous liquid films per-
sist along #-dendrite boundaries due to the following: 1) slow

back diffusion in fcc (#); 2) insignificant L + ∀ + #reaction; and
3) long, straight #-dendrite boundaries.

Sulfur Increases Crack Susceptibility

     To show that the TMW test can correctly determine the ef-
fect of sulfur on solidification cracking, additional TMW test-
ing was conducted using 304L-B as the lower sheet, which con-
tained 0.003 wt-% S, and 304L-A as the upper sheet, which
contained significantly more S, i.e., 0.014 wt-% S. The trans-
verse cross section of the lap weld showed it consisted of 37%
of the upper sheet and 63% of the lower sheet. Assuming good
mixing in the weld pool, the weld S content (S%)weld = 0.37
(0.014%) + 0.63 (0.003%) = 0.007%. The results of the one-
speed TMW test are shown in Fig. 18, with those of 304L-D
(Fig. 13A) included for comparison. As shown, the crack sus-
ceptibility at 0.007 wt-% S was higher than that at 0.003 wt-%
S. This is consistent with the well-known fact that S increases
the susceptibility of stainless steels to solidification cracking
(Refs. 1, 2).

Slower Welding Speed Increases Crack 

Susceptibility

     To determine the effect of the welding speed (torch travel
speed) on solidification cracking, 304L-C was welded at
0.635 mm/s in the two-speed TMW test and compared to
that welded at 1.27 mm/s. As shown in Fig. 19, the crack
susceptibility was higher at the lower welding speed. When
the welding speed was reduced under the same welding cur-
rent and voltage, the mushy zone became larger, thus
widening the region vulnerable to solidification cracking.

Accuracy of Test Results

     The transition range is shown as the average ± error in
Figs. 6, 7, 10, 13, 18, and 19. The average was taken as the
centerline of the range, and the error was taken as the half
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Fig. 13 — Results of the TMW one-speed tests of austenitic stainless steels: A — 304L; B — 316L; C — 310.
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width of the range. Below the range, the normalized crack
length was always zero. Above the range, it was always 1.0.
The accuracy or repeatability of the test results is further
discussed as follows.
     First, in each of the 12 different cases tested, a distinct
transition range was observed. Second, an average of ten welds
were made in each case to determine the transition range. The
error in the location of the transition range was mostly from 
± 0.005 to ± 0.030 mm/s. In three cases, the error was larger at
± 0.050 mm/s. The first case involved ferritic stainless steel
430 (Fig. 7A), which is known for its severe grain growth in the
HAZ. The coarse HAZ grains could affect the fusion-zone grain
structure significantly, and this effect might vary from weld to
weld, thus widening the error. 
     The second case was duplex stainless steel 2205 (Fig. 7B).
The amount of austenite and ferrite relative to each other
and their distributions might vary somewhat from work-
piece to workpiece, thus widening the error. The last case in-
volved welding two sheets of different S contents (Fig. 18B).
The relative amounts of the upper sheet (0.014 wt-% S) and
the lower sheet (0.003 wt-% S) in the weld might vary some-
what from weld to weld, thus causing more error. In any
case, making more than ten welds may change the width of
the transition range somewhat, but the location (the center-
line of the width) of the transition range on the V-axis
should change less. Since the crack susceptibility is deter-
mined by the location of the transition range, not the width,
the test results are expected to be accurate. The accuracy of
the test results has also been shown by their consistency
with the data from Lippold and Kotecki (Ref. 1), Arata et al.

(Ref. 28), and Senda et al. (Ref. 29).
     When the welding conditions and the sample size are
changed, the test results are expected to be affected. Howev-
er, if reasonable changes are made to all stainless steels be-
ing tested, the resultant relative crack susceptibility should
be similar. This is true with other test methods as well, such
as Varestraint testing.

Strain Rates 

     It has been recognized that the strain rate plays an impor-
tant role in solidification cracking (Refs. 37, 38, 43). It is obvi-
ous that a significant amount of strain may not necessarily
cause solidification cracking if it is applied so slowly that solid-
ification already ends while the strain is still increasing.
     In the Varestraint test, the global strain and the strain rate
in the workpiece can be very different from the local strain and
strain rate in the mushy zone, where solidification cracking oc-
curs (Refs. 44, 45). Coniglio (Ref. 44) pointed out that, in Vare-
straint testing, the weld metal shows significantly higher
strains (more than 2%) and strain rates (more than 100%/s)
than the applied strain (0.5%), and the strain rate (40%/s) on
the workpiece surface was calculated based on ! = H/(2R + H)
× 100%. ! is strain, H is workpiece thickness, and R is the ra-
dius of the bending block. So, in the Varestaint test, the self-
induced strain is not necessarily minimized so that the exter-
nally applied strain alone can be used as the crack-susceptibili-
ty index. This seems to be also true with other tests. Bakir et
al. (Ref. 46) showed in the controlled tensile weldability test of
304 stainless steel by laser beam welding that the local strain
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Fig. 14 — Crack susceptibility ranking of 310 > 316L > 304L: A — Based on the one-speed test (Fig. 13); B — based on the two-speed
test (Fig. 6); C — based on the Varestraint test. In A and B, the higher the transition range of V needed to cause full cracking, the
lower the susceptibility. Susceptibility ranking in A and B is consistent with that in C.
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rate near the crack (e.g., 18%/s) can be much higher than the
global strain rate (e.g., 4%/s). In the TMW test of 6061 Al by
GTAW, the local strain rate near the crack (e.g., 8%/s) can also
be higher than the global strain rate across the top width of
the weld (e.g., 0.7%/s nominal, i.e., without including the cur-
vature effect of the weld top surface) (Ref. 47).

Effect of Quenching

     Liquid-metal quenching during welding has been used to
study solidification and phase transformations in stainless
steel welds (Refs. 7, 25, 48–51) since Kou and Le (Ref. 48)
first demonstrated liquid-Sn quenching. Liu et al. (Ref. 36)
used liquid Wood’s metal to quench Al alloys during welding.
Yu et al. (Ref. 17) used liquid Wood’s metal to quench stain-

less steels during welding.
     Before quenching is applied during welding, phase trans-
formations and changes in phase fractions in the L + # and 
# + ∀regions have already occurred under normal welding
without quenching. The extents of the transformations in-
crease with increasing distance behind the pool boundary. Far
behind the pool boundary, transformations are nearly com-
plete. These extents can be “frozen-in” or “captured” by
quenching because rapid cooling allows hardly any time for
diffusion to change them any further. Thus, the fractions of #,
∀, and L during normal solidification can be “frozen-in” by
quenching. This is why quenching is used both in directional
solidification (Refs. 39–41) and welding (Refs. 7, 17, 25,
48–51). 
     Brooks et al. (Ref. 51) quenched stainless steel with liquid
Sn during welding. Microsegregation in the transverse direc-
tion across the dendrites was clearer near the pool boundary
and gradually faded away from the pool boundary. Liu et al.
(Ref. 36) quenched 2014 Al (~ Al-4.4Cu) and 5086 Al (~ Al-
4Mg) with liquid Wood’s metal during welding. In both cases,
the dendrite arms were finer, and microsegregation was clear-
er near the pool boundary and gradually coarsened and faded,
respectively, away from the pool boundary. These are exam-
ples showing the use of quenching to “freeze-in” the evolution
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Fig. 16 — Microstructure near the centerline of the top sur-
face of the 316L weld quenched during welding: A — Behind
the weld pool (DIC); B — SEM image of the upper boxed area
in A; C — lower boxed area in A; D — lacy/skeletal # far 
behind A (DIC).

AB

C

D

Fig. 15 — 304L quenched during welding: A — Vertical section
of the Fe-Cr-Ni phase diagram showing Fe-18Cr-8Ni (close to
304) solidifies as primary ferrite # (Ref. 32); B — microstructure
near the centerline of the weld top surface behind the weld
pool; C — phase map showing bcc dendrites and fcc interden-
dritic regions; D — SEM image of upper boxed area in B; E —
lower boxed area in B; F — lacy/skeletal # far behind B.
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of microstructure and microsegregation in normal welding.
     With primary-∃solidification such as in 310, the inter-
dendritic liquid solidifies into ∃as expected. With primary-#
solidification such as in 304L, however, the interdendritic
liquid solidifies into the metastable phase ∃(fcc) instead of
the equilibrium phase # (bcc). This has been confirmed by
EBSD and is caused by fast cooling during quenching. This is
consistent with the well-known primary-∃solidification of
304 in laser beam welding, where the cooling rate is very high.
     At the pool boundary, as shown in Fig. 20, the solidification
structure of the interdendritic liquid was fine cells of ∃for 310
as well as 304L. The fine cellular solidification structure was
caused by the fast cooling rate during solidification. For 304L,
the ∃cells between the dendrites were confirmed by EBSD.
     Inside the 304L mushy zone, the #-dendrites remained as
dendrites during quenching. Perhaps after the mushy zone
was solidified completely and continued to cool during
quenching, some #-dendrites might transform into ∃. It is
still being investigated if massive transformation could oc-

cur under fast cooling during quenching. Since this is a sol-
id-state transformation that takes place after solidification
ends, it cannot affect solidification cracking. Thus, the non-
equilibrium kinetics caused by quenching-induced fast cool-
ing, whether it is the rapid solidification of the interdendrit-
ic liquid in the mushy zone into the metastable phase ∃or
the possible massive transformation of some #-dendrites in
the mushy zone into ∃, do not affect the discussion on the
crack susceptibility.

Summary and Conclusions

     The new TMW test, which has several significant advan-
tages over the most widely used Varestraint test, was utilized
to evaluate the susceptibility of stainless steels to solidifica-
tion cracking. Although this study focused on austenitic
grades, ferritic and duplex grades were also tested. The sus-
ceptibility differences among the tested austenitic grades
were analyzed with the help of quenching during welding.
Spontaneous grain refining was found to occur in some welds
and greatly reduced their susceptibility. Furthermore, a new
explanation for the susceptibility was proposed based on the
continuity of the liquid along the boundaries between colum-
nar dendrites and the reduction of the continuity due to the
depletion of the liquid caused by fast back diffusion and sig-
nificant L + # + ∃reaction. The TMW test further demonstrat-
ed the significant effect of the sulfur content and the welding
speed on the susceptibility. The present study represents a
significant extension beyond the recent study by Yu et al.
(Ref. 17) on 304 and 310 without susceptibility testing. Their
new explanation for the much lower susceptibility of 304
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Fig. 17 — 310 quenched during welding: A — Vertical section of
the Fe-Cr-Ni phase diagram showing Fe-25Cr-20Ni (close to 310)
solidifies as primary austenite ∃ (Ref. 42); B — microstructure
near the centerline of the weld top surface behind the weld
pool; C — SEM image of the small boxed area in B; D — big
boxed area in B. Wide mushy zone (~ 350 ∀m) and coarse
grains further reduce crack resistance.
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Fig. 18 — Effect of sulfur content on solidification cracking
susceptibility shown by the one-speed TMW test: A, C —
304L-D with 0.003 wt-% S; B, D — 304L-A (0.014 wt-% S)
welded to 304L-B (0.003 wt-% S).

C

B

D

A



than 310 was based on the L + ∀ + #reaction, which is includ-
ed as part of the new explanation in the present study. 
     The conclusions of the present study are as follows: 
     1) The new TMW test was used to evaluate the suscepti-
bility of stainless steels to solidification cracking, including
austenitic, ferritic, and duplex stainless steels. The relative
crack susceptibility of 304L, 310, 316L, 430, and 2205 was
consistent with the Varestraint test data.
     2) The TMW test can evaluate the crack susceptibility based
on either crack initiation or crack propagation, as demonstrat-
ed using 304L, 310, and 316L. Both tests showed that the sus-
ceptibility decreased in the order of 310 > 316L > 304L. 
     3) The TMW test showed the susceptibility of 321 can
vary significantly, from being significantly more susceptible
than 304L to less. The low-susceptibility 321 welds were
found to have very fine equiaxed grains in the fusion zone,
which are known to help resist solidification cracking.
Quenching 321 during welding confirmed that fine equiaxed
grains formed in the mushy zone, most likely by heteroge-
neous nucleation on TiN particles, as shown by thermody-
namic calculations. Thus, grain refining by TiN may occur in
321 with sufficient Ti and N and under favorable welding
conditions.
     4) A new explanation for crack susceptibility has been
proposed. The susceptibility is high if the liquid along the
boundaries between columnar dendrites is continuous be-
cause the dendrites can be easily separated under tension.
However, it could be much lower if the liquid is depleted by
fast back diffusion and a significant L + ∀ + # reaction, mak-
ing the liquid discontinuous and isolated and allowing the
dendrites to bond to each other early to resist cracking
wherever the liquid is absent.

     5) In 304L and 316L, the liquid between ∀-dendrites was
discontinuous and isolated as revealed by quenching. Back
diffusion was fast in bcc (∀-dendrites), and the L + ∀ + # reac-
tion consumed L while forming #. In 310, however, the liq-
uid between #-dendrites was continuous. Back diffusion was
much slower in fcc (#-dendrites) than bcc, and the L + ∀ + #
reaction formed little ∀.
     6) The much lower susceptibility of 304L and 316L than
310 shown by the TMW test cannot be explained based on the
fusion-zone microstructure of lacy/skeletal ∀in a #matrix. As
revealed by quenching, this microstructure forms far behind
the mushy zones of 304L and 316L, well after solidification
ends. Thus, the lacy/skeletal ∀structure is unlikely to resist so-
lidification cracking, as was widely believed for decades.
     7) Increasing the S content and decreasing the welding
speed both tend to increase the solidification cracking suscep-
tibility, as demonstrated by further TMW testing on 304L.
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dendrite tips into very fine cells of #: A — 304L; B — 310.
Boxed areas are enlarged. # (fcc) is confirmed by EBSD.

B

A

Fig. 19 — Effect of welding speed on solidification cracking
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