Resistance of Austenitic Stainless Steels
to Ductility-Dip Cracking: Mechanisms

Both columnar & (ferrite) grains with continuous v (austenite) along grain boundaries
and equiaxed 6 grains resist cracking but not skeletal/lacy o, as often suggested
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ABSTRACT

In Ni-based alloys, precipitates that form along grain
boundaries (GBs) during terminal solidification have been
shown to pin GBs and resist GB sliding, which can cause
ductility-dip cracking (DDC). As a result, it is often suggest-
ed that the stainless steel skeletal/lacy 6 in a y matrix re-
sists DDC because it pins GBs. In the present study,
austenitic stainless steels 304, 316, 310, and 321 were
guenched with liquid Wood’'s metal (75°C) during welding.
Quenching captured the elevated-temperature microstruc-
ture and simultaneously induced cracking, thus revealing
the mechanisms of the resistance to DDC. In addition, DDC
was much higher in 310 than 304, 316, and 321, which is
consistent with results of conventional tests. Both 304 and
316 solidified as columnar § grains, with continuous y
formed along GBs soon after solidification to resist DDC
along the GBs. 321 solidified as equiaxed grains of § instead
of columnar, and the tortuous GBs associated with
equiaxed grains resisted DDC. 310, however, solidified as
coarse, straight y grains with little 5 along the GBs, and so-
lidification GBs migrated to become locally straight. The re-
sulting GBs were long, straight, and naked, which is ideal for
DDC. In 304, 316, or 321, skeletal/lacy 6 in a y matrix did not
exist in the fusion zone near the mushy zone, where DDC
occurs. This proved skeletal/lacy & cannot resist DDC as of-
ten suggested. Instead, the present study identified two
new mechanisms of resistance to DDC: 1) formation of con-
tinuous or nearly continuous v along boundaries of colum-
nar § grains and 2) solidification as equiaxed & grains.
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Introduction

Because an alloy melts and solidifies over a range of tem-
peratures during welding, a mushy zone (S + L) forms be-

tween the weld pool (L) and the fusion zone (S), and a par-
tially melted zone (S + L) exists in the region of the work-
piece around the weld pool as illustrated in Fig. 1 (Ref. 1).
The mushy zone is semisolid, and it has little strength be-
cause grains or dendrites are not bonded to each other but
separated by liquid films. It also has very limited ductility
near the end of solidification, where little liquid is left to ac-
commodate deformation. The region of the fusion zone near
the mushy zone, represented by the shaded area in the fu-
sion zone, can also have limited ductility. This is because a
significant ductility drop can occur in an intermediate tem-
perature range below the solidus temperature T, often in
the range of 0.6-0.9 T (Ref. 2).

Metals shrink upon solidification due to the higher densi-
ty of solid than liquid, for example, 6.6% for Al and 4.0% for
Fe (Ref. 3). Metals also shrink upon cooling due to thermal
contraction (caused by the thermal expansion coefficient).
Thus, the mushy zone, the partially melted zone, and the fu-
sion zone all tend to shrink upon solidification and cooling
during welding. However, they cannot shrink freely because
they are connected to the much bigger and cooler workpiece.
This obstructed shrinkage induces tension and hence crack-
ing (Ref. 4). Cracking during welding includes solidification
cracking (SC) in the mushy zone, liquation cracking in the
partially melted zone, and ductility-dip cracking (DDC) in
the region of the fusion zone near the mushy zone, all of
which are intergranular.

DDC can occur in an intermediate temperature range below
the solidus temperature T, often between 0.6 and 0.9 T;. In
the case of stainless steels and Ni-based alloys, this translates
to 800°-~1150°C. DDC typically occurs in austenitic materials
along nearly straight grain boundaries (GBs), which make
crack propagation easy. It has been suggested that DDC occurs
by GB shearing (Ref. 5) or GB sliding (Refs. 6-9), like creep but
much faster and typically along a nearly straight GB (Ref. 2).
Migration from a cellular or dendritic solidification grain
boundary (SGB) to an essentially straight migrated grain
boundary (MGB) can occur after solidification, presumably by
diffusion to reduce the GB area and hence surface energy. Oth-
er theories have also been proposed for DDC, including GB
embrittlement caused by impurities such as S and P segregat-
ing to GBs (Refs. 10-12).
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Fig. 1 — Ductility dip in the region of the fusion zone near the
mushy zone and the ductility-dip temperature range.

DDC in Ni-based alloys has been studied extensively. It of-
ten occurs along MGBs, which are straight and thus easy for
crack propagation. Ramirez and Lippold (Refs. 6, 7) proposed
the following mechanism for the resistance to DDC: If precipi-
tates form at the end of solidification (such as NbC via a eutec-
tic reaction), the GBs are pinned by these precipitates, result-
ing in a “tortuous” GB that resists sliding due to the mechani-
cal locking effect of the tortuous boundary. This mechanism
has been verified with welds of Ni-based alloys. DDC in stain-
less steels has not been studied as extensively. Arata et al. (Ref.
13) showed with the Varestraint test that 310 stainless steel is
much more susceptible to DDC than 304, 316, and 321 stain-
less steels. Nissley et al. (Ref. 14) showed with the strain-to-
fracture test that 310 is much more susceptible to DDC than
304. Nishimoto et al. (Ref. 15) studied the effect of S and P on
DDC in 310. Shibata et al. (Ref. 16) showed GB migration in
310 welds.

Kou and Le (Ref. 17) first demonstrated liquid-Sn quench-
ing during welding and captured the microstructural evolution
in stainless steels. Sn quenching was used by subsequent in-
vestigators (Refs. 18-27) to study welding of stainless steels.

Recently, Liu et al. (Ref. 28) first used liquid Wood’s metal
(Refs. 29, 30) for quenching during welding. Wood’s metal (a
eutectic alloy consisting of 50% Bi, 26.7% Pb, 13.3% Sn, and
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Fig. 2 — Vertical sections of Fe-Cr-Ni phase diagram: A — At
74 wt-% Fe (Ref. 36); B — at 55 wt-% Fe (Ref. 37).

10% Cd by weight) melts at 70°C (Ref. 30) and is thus cool
enough for quenching Al alloys during welding (Ref. 28). Yu et
al. (Ref. 31) and Liu et al. (Ref. 32) used Wood’s metal quench-
ing to study solidification cracking in stainless steels. The ele-
vated-temperature microstructure revealed by Wood’s metal
quenching was significantly clearer than that by Sn quenching
(Ref. 17). In-situ x-ray diffraction by synchrotron radiation
(Refs. 33-35) is useful for studying microstructure evolution
during welding. But Wood’s metal quenching is simple and in-
expensive enough to be used in any welding lab.

Experimental Procedure

Austenitic stainless steels 304, 310, 316, and 321 were

Table 1 — Compositions of Stainless Steels in wt-%

(o Si Mn P S Ni Cr N Cu Mo Co Ti Ee Cr,/Nig,
304 0.022 0.43 110 0.026 0.003 8.090 18.32 0.053 balance 1.847
310 0050 0580 176 0.020 0.001 1910 24] 0.03 0.08 on balance 1128
316 0.024 0.4 1.55 0.029 0.002 10.04 16.71 0.031 0.29 2.03 balance 1619
321 0.033 0.49 1.01 0.031 0.001 9.0 1710 0.013 0.32 0.30 0.3 balance 1.658
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welded by the gas tungsten arc welding process. Their com-
positions are shown in Table 1. They 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 (4 in.) thick and welded along the centerline in the
length direction. Welding was conducted from under the
workpiece to provide room for quenching from above the
workpiece. Direct current electrode negative 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.
31). 304 and 316 were electrochemically etched with a solu-
tion consisting of 60 g of oxalic acid in 600 mL of water. The
voltage was 10V, and the etching time was 15 s. 310 was
etched with mixed acids consisting of 10 mL HNO,, 20 mL
HCl, and 30 mL H,O. The etched samples were examined by
optical microscopy. Electron backscatter diffraction (EBSD)
was conducted using a Thermo Scientific™ Lumis™ EBSD de-
tector installed on a JEOL JSM-7001F scanning electron mi-
croscope at Thermo Fisher Scientific in Fitchburg, Wis.

Results and Discussion

For convenience of discussion, the vertical sections of the
ternary Fe-Cr-Ni phase diagram are shown at 74 wt-% Fe in
Fig. 2A for 304 (~ Fe-18Cr-8Ni) (Ref. 36) and at 55 wt-% Fe
(~ Fe-25Cr-20Ni) in Fig. 2B for 310 (Ref. 37).

Evidence of y along Boundaries between &
Dendrites

Figure 3 compares, for 304, the room-temperature
microstructure of the fusion zone and the elevated-tempera-
ture microstructure captured during welding. The welding
direction is indicated. These longitudinal optical micro-
graphs were taken at the top surfaces of the welds near their
centerlines. In the room-temperature micrograph in Fig. 3A,
the thick, dark broken line indicates the crater boundary
near the centerline of the weld top surface, that is, the
boundary between the crater of the weld and the fusion
zone behind it. Two columnar grains are present in the mi-
crograph, one on the left and the other on the right. As can
be seen, skeletal (or vermicular) d-ferrite (SF) exists in the
grain on the left while lacy (or lathy) &-ferrite (LF) exists in
the grain on the right. This microstructure of skeletal/lacy
O-ferrite in a matrix of austenite 7 is typical in the fusion
zone of 304 stainless steel at room temperature. In either
grain, the microstructure is continuous across the crater
boundary because of epitaxial growth of the grains from the
boundary into the weld pool when the arc was turned off.

The elevated-temperature micrograph in Fig. 3B differs
dramatically from the room-temperature micrograph in Fig.
3A. First, dendrites of the primary solidification phase 0 are
visible in the mushy zone. The secondary dendrite arms are
clear near the pool boundary but become unrecognizable be-
hind it because of coarsening due to fast solid-state diffusion
in a body-centered-cubic (BCC) structure like 8. Second, be-
hind the dark broken line, 7 starts to form along the bound-

Fusion-zone microstructure of 304 stainless steel

B At elevated temperatures

A At room temperature

SF: skeletal d-ferrite
LF: lacy d-ferrite
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Fig. 3 — Longitudinal optical micrographs along the center-
lines of the top surfaces of the 304 welds: A— Room-temper-
ature microstructure of a weld made without quenching
showing skeletal/lacy 5-ferrite; B — elevated-temperature mi-
crostructure of a weld captured by quenching during welding
showing no skeletal/lacy &-ferrite in the fusion zone near the
mushy zone, where DDC occurs during welding.

aries between 8 dendrites by the & — ¥ transformation. The
farther behind the line, the deeper y grows into § dendrites.
Since y grows deep into & dendrites, bonding between & den-
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304 stainless steel quenched during welding
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Fig. 4 — Optical micrographs showing the elevated-tempera-
ture microstructure of 304 captured by quenching during
welding. Boxed areas indicate the locations of EBSD analysis
in Fig. 5.

drites is significantly strengthened. This suggests crack prop-
agation in the solid state along the boundaries between &
dendrites, that is, DDC, is much more difficult.
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A 304 quenched during welding: phase maps
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Fig. 5 — Phase maps shown by EBSD: A — Top boxed area in
Fig. 4, that is, at the pool boundary; B — bottom boxed area
in Fig. 4, that is, at about 375 um behind the pool boundary.

It is thus obvious that the resistance to hot cracking can-
not be interpreted based on the room-temperature
microstructure of the fusion zone. This is why quenching
during welding is needed to capture the elevated-tempera-
ture microstructure responsible for resisting DDC. The pres-
ent study is believed to be the first to investigate DDC by
quenching during welding.

Like in Fig. 3A, two columnar grains are present in Fig. 3B.
Behind the dark broken line, the grain on the right shows vy
growing in specific directions into d-ferrite from the bound-
aries between 8 dendrites. This inward growth of yinto 9,



however, is not evident in the

Quenchlng durlng welding showmg much more DDC in 310

grain on the left. Inoue et al. (Ref.
19) showed the § — y transforma-
tion can occur along the austenite
habit plane into the d-ferrite den-
drites if the Kurdjumov-Sachs ori-
entation relationships exist be-
tween O-ferrite and the austenite
Y, namely, (110)5//(111),and
[111]5//[110],. Had the 304 not
been quenched during welding,
the resultant d-ferrite morpholo-
gy of the grain on the right would
have been lacy similar to the LF
region in Fig. 3A. In Fig. 3B, the
Kurdjumov-Sachs relationships
do not exist in the columnar grain
on the left. Had the 304 not been
quenched during welding, the re-
sultant d-ferrite morphology of
the grain on the left would have

been skeletal, similar to the SF re- z fU S!O n’ zone .

ion in Fig. 3A. N
ponmTE welding SC: solldlflcatlon crackmg
Confirmation of y along direction DDC: ductility-dip cracking

Boundaries between &
Dendrites

Figure 4 is an optical micro-
graph of 304 quenched during
welding, similar to that in Fig. 3B.
Figure 5A is the phase map of the
top boxed area in Fig. 4 shown by
EBSD. The dendrites are BCC,
that is, 8-ferrite. The regions be-
tween dendrites are FCC, that is,
austenite . Figure 5B is the phase
map of the bottom boxed area in
Fig. 4. This area is about 375 um
behind the pool boundary. Again,
the dendrites are BCC, that is, 0-
ferrite, and the second phase that
forms along the boundaries be-
tween O-ferrite dendrites is FCC,
that is, austenite ¥. Thus, the
EBSD analysis has confirmed that
in the fusion zone of 304 near the
mushy zone, Yy forms along the
boundaries between §-dendrites.

Susceptibility to DDC
Revealed by Quenching

Figure 6 shows the macrographs of the stainless steels
quenched during welding. Most of the liquid was pushed out
of the weld pool by liquid Wood’s metal during quenching.
As shown, SC (cracking near the pool boundary) is much
more in 310 than in 304, 316, and 321. This is consistent
with the experimental results of Arata et al. (Ref. 38) and
Senda et al. (Ref. 39) based on the Varestraint test as well as

Fig. 6 — Cracking induced by Wood'’s metal quenching: A — 304; B — 316; C — 321, D — 310.
Cracking only occurs near the pool boundary in A-C, indicating mainly solidification
cracking. Cracking also occurs far behind the pool boundary in D, indicating severe DDC
as well as solidification cracking.

Liu et al. (Ref. 32) based on the transverse-motion weldabili-
ty test. Figure 6 also shows DDC (cracking well behind the
pool boundary) is much more severe in 310 than in 304,
316, and 321. This is consistent with the experimental re-
sults of Arata et al. (Ref. 13) based on the Varestraint test
and Nissley et al. (Ref. 14) based on the strain-to-fracture
test. Thus, the relative susceptibility to DDC revealed by
Wood’s metal quenching during welding is consistent with
that shown by conventional tests.
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Fig. 7 — 304 quenched during welding: A — Macrograph; B —
micrograph showing solidification cracking in the mushy
zone. Absence of DDC in the fusion zone suggests nearly
continuous vy along the boundaries between 6 dendrites
resists DDC.

Quenching during welding is useful for understanding
the mechanism of resistance to DDC because the elevated-
temperature microstructure responsible for the resistance
can be captured simultaneously when DDC is induced. The
elevated-temperature microstructure of the fusion zone
near the mushy zone, where DDC occurs during welding, can
be related to the resistance (or susceptibility) to DDC to
identify the mechanism responsible for the resistance to
DDC.
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Fig. 8 — Another 304 quenched during welding: A — Macro-
graph; B — micrograph showing solidification cracking in the
mushy zone. Again, the absence of DDC in the fusion zone
suggests nearly continuous y along boundaries between &
dendrites resists DDC.

304 Stainless Steel

Figure 7 is an example of the microstructure of 304 stain-
less steel quenched during welding. The thick, dark broken
line in Fig. 7B indicates the onset of the formation of y along
boundaries between columnar 8 dendrites. This formation is
caused by the 8 — y transformation when the two-phase
region of (8 +7) in Fig. 2A is reached soon after solidification.
Ahead of the broken line is the mushy zone near the weld



pool. Solidification cracking occurs in the mushy zone along
the boundary between a columnar dendritic grain on the
right and another on the left. This GB continues beyond the
broken line into the fusion zone as indicated by the thick
white arrowhead at the bottom of Fig. 7B. No cracking, how-
ever, is visible along the GB in the fusion zone behind the
broken line. This suggests the nearly continuous 7y along the
GB resists DDC.

A similar example of the microstructure of 304 stainless
steel quenched during welding is shown in Fig. 8. Solidifica-
tion cracking occurs in the mushy zone along the GB be-
tween a columnar dendritic grain on the right and another
on the left. No significant cracking, however, is visible along
the GB in the fusion zone behind the broken line. This again
suggests the nearly continuous y along the GB resists DDC.

316 Stainless Steel

An example of the microstructure of 316 stainless steel
quenched during welding is shown in Fig. 9. Again, the thick
dark broken line indicates the onset of the formation of y
along the boundaries between columnar 8 dendrites in the
fusion zone. Solidification cracking is evident in the mushy
zone. DDC occurs in the fusion zone but is soon arrested by
the v that forms along boundaries between § dendrites.
Thus, as in the case of 304 shown in Figs. 7 and 8, yalong
boundaries between the columnar & dendrites in the fusion
zone resists DDC.

321 Stainless Steel

Figure 10 shows the microstructure of 321 stainless steel
quenched during welding. This case is different from the previ-
ous cases of 304 and 316 shown in Figs. 7-9. First, y does not
form along the boundaries of d-ferrite grains until about 900
pwm behind the pool boundary (about 500 um behind the crack
tip). Second, &-ferrite grains are equiaxed instead of columnar.
As shown by Liu et al. (Ref. 32), equiaxed grains can nucleate
at TiN particles in 321 stainless steel during welding. If the Ti
and N contents are significant and if the welding conditions
favor nucleation of d-ferrite grains at TiN particles, solidifica-
tion as equiaxed grains can occur in 321. Since the GBs associ-
ated with equiaxed grains are tortuous, they resist crack prop-
agation better than the long, straight GBs associated with
columnar grains. Thus, it is not surprising that DDC occurs in
the fusion zone but is soon arrested by the tortuous GBs of the
equiaxed grains. The bottom of the mushy zone is likely near
the tip of the crack. In Fig. 10A, a lighter-etching area exists
behind the weld pool and is followed by a darker-etching area
(also in Fig. 6C). The darker-etching area is where y forms
along the boundaries of §-ferrite grains, as shown by Fig. 10C.
Thus, the boundary between the lighter- and darker-etching
areas behind the weld pool in Fig. 10A is where 7y starts to
form. Thus, DDC is resisted by tortuous GBS associated with
the equiaxed-dendritic solidification mode of this weld instead
of by the formation of y along boundaries between &
dendrites.

310 Stainless Steel

Figure 11 is an example of the microstructure of 310

316 quenched durin
in fusion zone
resists DDC

g welding showing y along & boundaries

[ pOOl KUY 'mm

solidification

Fig. 9 — 316 quenched during welding: A — Macrograph; B —
micrograph showing solidification cracking in the mushy
zone. Shallow penetration of DDC into the fusion zone sug-
gests nearly continuous y along the boundaries between &
dendrites resists DDC.
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Fig. 10 — 321 quenched during welding: A — Macrograph; B —
micrograph showing solidification cracking in the mushy zone.
Shallow penetration of DDC into the fusion zone suggests tor-
tuous boundaries of equiaxed -ferrite grains resist DDC.
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stainless steel quenched during welding. Unlike the cases of
304, 316, and 321 stainless steels, the microstructure near
the pool boundary and that far behind it are similar, as
shown in Fig. 11A. In other words, there is no evidence of
solid-state transformation after the end of solidification.
This is consistent with the vertical section of the Fe-Cr-Ni
phase diagram in Fig. 2B. As indicated by the vertical dotted
line, 310 (approximately Fe-25Cr-20Ni in composition)
should solidify as primary austenite Y. When the three-
phase triangle of (8 + ¥ + L) is reached during solidification,
some interdendritic § should form. After solidification is
over, however, the alloy does not cool down into the two-
phase region of (8 + 7). Consequently, there should be no
solid-state Y — & transformation after solidification ends.

As compared to the cases of 304, 316, and 321 shown in
Figs. 7-10, cracking near the pool boundary, that is, solidifica-
tion cracking, is much more severe in 310. As mentioned pre-
viously, this is consistent with the experimental results of Ara-
ta et al. (Ref. 38) and Senda et al. (Ref. 39) based on the Vare-
straint test and Liu et al. (Ref. 32) based on the transverse-mo-
tion weldability test. Well behind the pool boundary, cracking
is also evident, much more than in the cases of 304, 316, and
321. Thus, DDC is much more severe in 310 than in 304, 316,
and 321. As also mentioned previously, this is consistent with
the experimental results of Arata et al. (Ref. 13) based on the
Varestraint test and Nissley et al. (Ref. 14) based on the strain-
to-fracture test.

As can be seen in Fig. 11A, 310 solidifies as coarse,
straight, columnar dendrites. Similar dendrites in 310 have
been identified as y dendrites by EBSD (Ref. 31). Liu et al.
(Ref. 32) showed that, unlike the 8 dendrites in 304, ¥ den-
drites in 310 do not start to bond to each other to resist ten-
sion and, hence, solidification cracking until very late in so-
lidification. In other words, liquid films persist along the
boundaries between dendrites to keep them from bonding
to each other to resist solidification cracking. There can be
two reasons for this delayed bonding. First, back diffusion,
which diminishes the GB liquid, is much slower in FCC (y)
than in BCC (J). Dendrite arms are very clear in 310 not
only near the pool boundary but even far behind it. For in-
stance, just to the right of the label SGB in Fig. 11D, an array
of clear secondary dendrite arms can be seen even though
they are far behind the pool boundary. They are as clear as
the secondary dendrite arms near the pool boundary shown
in Fig. 11B. The very clear secondary dendrite arms far be-
hind the pool boundary are a clear indication of slow back
diffusion. Second, the amount of interdendritic 6 formed in
310 is small, that is, not much liquid L is consumed by the (8
+ 7+ L) three-phase reaction. So, neither back diffusion nor
the three-phase reaction significantly helps deplete the
grain-boundary liquid in 310.

Thus, & dendrites in 304 can bond to each other early to
resist solidification cracking, but Y dendrites in 310 are still
separated by continuous liquid films late in solidification.
This explains why 310 is much more susceptible to solidifi-
cation cracking than 304. Liu et al. (Ref. 28) showed backed
diffusion diminished GB liquid in Al-4Mg alloy and caused
early bonding of dendrites to resist solidification cracking,
which is much better resistance than Al-4.4Cu.

After solidification is over, the coarse, straight, columnar
grains in 310 still promote cracking, that is, DDC. As can be
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310 quenched during welding showing much DDC along long straight naked grain boundaries (GBs), caused
by coarse straight y grains, litle GB & and GB migration
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..... - : welding
Y direction

_______ ¥ SGB: solidification grain boundary (dotted line, curved);

25um

MGB: migrated grain boundary (broken line, nearly straight)

Fig. 1 — 310 stainless steel quenched during welding: A — Microstructure closely behind the weld pool showing DDC deep into the
fusion zone as well as SC; B — SC; C-E — DDC along the straight migrated grain boundaries (MGBS).

seen in Fig. 11C-E, there is little § along the SGBs, and SGBs
migrate to become locally straight MGBs. Thus, the long,
straight, naked MGBs become ideal paths for DDC. This ex-
plains the high susceptibility of 310 to DDC.

Mechanisms of Resistance of Stainless
Steels to DDC

As mentioned previously, in Ni-based alloys, precipitates
that form along GBs during terminal solidification have been
shown to pin GBs and resist DDC. This mechanism has been
verified in Ni-based alloys (Refs. 6, 7). The fact that the fusion
zones of austenitic stainless steels resisting DDC show skele-

tal/lacy 0 in a matrix of Yy often leads one to suggest that skele-
tal/lacy 0 resists DDC because it pins GBs (Refs. 14, 40, 41).
Lee et al. (Ref. 40) studied hot cracking in flux cored arc
welding of 304 with welding wires varying in both the Cr
and Ni contents. DDC was observed in a weld containing
16.7 wt-% Cr and 14.0 wt-% Ni. Its fusion zone showed
columnar v dendrites, thus indicating primary-y solidifica-
tion. The measured ferrite content was 0%. DDC, however,
was not found in a weld containing 18.5 wt-% Cr and 10.9
wt-% Ni. The fusion zone showed skeletal/lacy ferrite, and
the measured ferrite content was 12.2%. It was pointed out
that, in the weld with 0% ferrite, MGBs and DDC were
straight because no ferrite existed to pin GBs to resist DDC.
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Mechanisms of resistance of austenitic stainless steels to
ductility-dip cracking (DDC)
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Fig. 12 — Mechanisms of resistance of austenitic stainless
steels to ductility-dip cracking: A — Nearly continuous y along
boundaries between columnar & dendrites resists DDC; B —
tortuous boundaries between equiaxed d-ferrite grains resist
DDC; C — long, straight, naked boundaries between columnar y
dendrites unable to resist DDC. Skeletal/lacy 6 is not a mecha-
nism as often suggested because it does not even exist in the
fusion zone near the mushy zone, where DDC occurs.

Jang et al. (Ref. 41) studied DDC in flux cored arc weld-
ing of 316L with welding wires varying in both the Cr and Ni
contents. It was reported that no DDC occurred when skele-
tal/lacy d existed in the y matrix because the GBs were tor-
tuous due to the pinning effect of the skeletal/lacy 9.

Based on the elevated-temperature microstructure of
304, 316, and 321 shown in Figs. 7-10, two mechanisms of
resistance to DDC are possible. The first mechanism, as il-
lustrated in Fig. 124, is the formation of nearly continuous y
along boundaries of columnar J grains. The second is solidi-
fication as equiaxed J grains as illustrated in Fig. 12B. Skele-
tal/lacy & does not exist in the fusion zone near the mushy
zone, where DDC occurs during welding. Thus, skeletal/lacy
0 cannot resist DDC, as has been suggested. GBs that are
long, straight, and essentially naked, such as those in 310
stainless steel, have poor resistance to DDC. This is illustrat-
ed in Fig. 12C.

Conclusions

1. The mechanisms of the resistance of austenitic stain-
less steels to DDC were investigated by quenching 304, 310,
316, and 321 with liquid Wood’s metal during welding.
Quenching captured the elevated-temperature microstruc-
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ture in the region of the fusion zone closely behind the
mushy zone, where DDC occurs, and simultaneously in-
duced DDC. This novel technique revealed how the mi-
crostructure resisted DDC and hence the mechanisms of the
resistance to DDC.

2. The susceptibility to DDC induced by Wood’s metal
quenching was much more severe in 310 than in 304, 316,
and 321, which is consistent with the experimental results
of Arata et al. (Ref. 13) based on the Varestraint test and
Nissley et al. (Ref. 14) based on the strain-to-fracture test.

3. 304 and 316 both solidified as columnar § grains and a
8 — vy transformation occurred soon after solidification, re-
sulting in the formation of a nearly continuous Yy along the
boundaries between columnar d grains. Since Y grows deep
into 0, d grains are bonded together firmly by 1y to better re-
sist DDC along & GBs.

4. 321 solidified as equiaxed 8 grains (likely by heteroge-
nous nucleation at TiN particles), and the tortuous bound-
aries associated with equiaxed grains resisted DDC.

5. 310 solidified as coarse, straight, columnar grains of y
with little d along GBs, and the GBs migrated to become lo-
cally straight. The resulting long, straight, and naked GBs
became ideal paths for DDC.

6. The present study showed two new mechanisms for the
resistance of austenitic stainless steels to DDC: 1) formation of
nearly continuous Y along boundaries of columnar 8 grains and
2) solidification as equiaxed § grains. It also showed that skele-
tal/lacy & cannot resist DDC as widely believed because it does
not even exist in the region of the fusion zone near the mushy
zone, where DDC occurs during welding.
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