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Zinc-Induced Liquid Metal Embrittlement in

Austenitic Microstructures

This study explores the impact of liquid metal embrittlement cracking on the
tensile properties and failure mechanism of an austenitic microstructure

BY A. GHATEI-KALASHAMI AND Y. N. ZHOU

Abstract

The problem of liquid metal embrittlement
(LME) is one of the main concerns to be addressed
when developing high-strength automotive steels.
Although LME has been extensively investigated
over the past decade, the role of LME-induced
cracking on the failure mechanism of steel
substrates has not been adequately explored. This
study investigates the influence of LME cracking
on the tensile properties and failure mechanism of
an austenitic microstructure. An in-depth analysis
of the LME crack propagation path revealed that
the crack propagated predominantly along high-
angle, random grain boundaries. The detailed failure
analysis showed that the Zn-coated austenitic steel
failed in an intergranular mechanism without any
plastic strain being applied to the grains during
deformation. The results of the study indicate
that stress-assisted grain boundary diffusion is
responsible for the premature failure of Zn-coated
austenitic microstructures at much lower tensile
stresses than that of the uncoated specimen. It was
found that the application of thermomechanical
conditions characterized by low stress and low
temperature, combined with microstructures
featuring a low Zn grain boundary diffusion rate, can
effectively reduce LME cracking.
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Introduction

Advanced high-strength steels (AHSS) offer an excep-
tional combination of high/ultrahigh strength and remarkable
ductility, making them an excellent material for reducing
vehicle weight while maintaining passenger safety (Ref. 1)
However, AHSS are susceptible to corrosion; therefore, zinc
(Zn) coatings are commonly applied to protect them from
corrosive environments (Refs. 4, 5). The Zn coating protects
the steel in two distinct ways (Ref. 6): first, it provides barrier
protection by physically separating steel from the corro-
sive environment. Second, Zn is used as a galvanic anode
where it corrodes in place of steel when exposed to corrosive
media (Ref. 6). Although a Zn coating offers protection from
corrosion, it may resultin liquid metal embrittlement (LME)
cracking during subsequent manufacturing steps, such as
hot stamping (Refs. 7, 8) and resistance spot welding (RSW)
processes (Refs. 2, 9,11).

LME is an intergranular degradation phenomenon that
occurswhenaductile metal (e.g., AHSS) is exposed to liquid
metal (e.g., liquid Zn) while simultaneously experiencing a
tensile load (Ref.12). The LME in Zn-coated steels (hereafter
called the Fe-Zn system) exhibits some distinctive charac-
teristics that distinguish it from other LME couples (Ref.13).
For instance, the LME cracking in the Fe-Zn system most
commonly occurs at a high temperature (i.e., higher than
650°C [1202°F]) (Refs. 14-15), which is beyond the critical
temperature for ferrite to austenite transformation in most
families of AHSS (Ref.16). Due to this nonequilibrium phase
transformation, the effect of metallurgical factors, such as
initial microstructural or grain boundary characteristics, on
LME crack susceptibility remains unclear. For example, it is
frequently reported that austenitic microstructures have
the highest susceptibility to LME cracking, whereas ferritic
microstructures exhibit low LME susceptibility (Refs.12,17).
This led to the conclusion that a fully ferritic decarburiza-
tion layer could be used as a technique for mitigating LME
cracks in AHSS (Ref. 18). This strategy has the potential to
be effective in certain thermomechanical conditions (Ref.
12); however, recent investigations have shown that LME
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Fig. 1 — Schematic illustration of the uncoated and
Zn-coated tensile test specimens along with the
thermomechanical process parameters used in this
study to investigate LME cracking in austenitic steel.

cracking occurs in a fully ferritic decarbonization layer in dual-
phase (DP) (Ref.19) and quenched and partitioned (Q&P)
steels (Refs. 20-21). Additionally, LME cracks were observed
in the subcritical heat-affected zone (SCHAZ) during RSW
of transformation-induced plasticity (TRIP) steel, further
indicating that LME cracking can occur in ferric-martensitic
microstructures (Ref. 22).

To resolve the controversy regarding the role of metallur-
gical factors in LME crack susceptibility, extensive studies
have been conducted on LME cracking in single-phase
ferritic and austenitic microstructures (Refs. 12, 16, 17).
While such microstructures may have a completely different
chemical composition (e.g., high content of Ni and Cr) than
AHSS (Refs. 12, 17), the knowledge gained from studying
LME in such simple microstructures is perfectly applicable
to AHSS. In recent studies by the present authors (Refs.
12, 17), LME crack susceptibility was examined in ferritic
and austenitic microstructures, and it was found that both
initial microstructures are susceptible to LME cracking.
The ferritic microstructures were more prone to LME crack
initiation with a low crack propagation rate, which resulted
in a much higher frequency of smaller cracks. The auste-
nitic microstructures were found to be resistant to crack
initiation, while the LME crack propagation rate was sig-
nificantly higher, resulting in fewer cracks that were much
larger. Consequently, the results obtained in these studies
were correlated with the target problem, which was the
occurrence of LME cracks in fully ferric decarburization
layers. It was found that due to the low LME crack propaga-

tion rate in ferritic microstructures, a decarburization layer
may be an effective method for mitigating LME. However,
under severe thermomechanical conditions during RSW
and due to steel’s chemical composition (e.g., Si content),
numerous LME cracks can propagate rapidly, resultingina
higher LME susceptibility in asample with a deeper decar-
burized layer (Refs. 12,19).

The purpose of this study is to gain a better understanding
of LME-induced cracking in the Fe-Zn system. Specifically,
this study examines the effect of grain boundary misori-
entation and grain boundary character distribution on
LME crack susceptibility. Additionally, the present study
investigates the effects of LME-induced cracking on the
failure behavior of austenitic structures, which facilitates
a better understanding of the mechanisms responsible for
LME crack propagation. The results of this study will contrib-
ute to a better understanding of this complex phenomenon
in Zn-coated steels.

Materials and Methods

The as-received material was 304-type austenitic with a
thickness 0of1.0 + 0.1 mm (0.039 + 0.004 in.). The chemical
composition of the steel per ASTM A240 (Ref. 23) is shown
in Table 1. The Zn coating was applied to the steel panels
using an electro-galvanizing (EG) process. The Zn coating
layer thickness was approximately 10 um.

The uncoated and Zn-coated specimens were subjected
to the thermomechanical cycle of the high-temperature
tensile test using a Gleeble 3500 thermomechanical simu-
lator machine. The tensile specimens were cutinto dog bone
shapes using a ProtoMax waterjet cutter. The dimensions of
the tensile test specimen, as well as the thermomechanical
parameters used in this study, are shown in Fig. 1. A detailed
description of the high-temperature tensile test can be found
in Refs. 12 and 24. To determine LME severity, the tensile
curves of Zn-coated samples were compared to the uncoated
samples. The LME crack severity was quantified by calculating
the ductility loss based on Equation 1:

Strain(bare) - Strain(coated)

©)

Ductility loss =

Strain(bare)

The fracture toughness of the uncoated and zinc-coated
specimens was also assessed by measuring the area under
stress-strain curves. Microstructural characterization
was conducted by scanning electron microscope (SEM,
JSM7001F), energy-dispersive spectroscopy (EDS), and
electron backscatter diffraction (EBSD) methods. The EBSD
samples were prepared with a conventional sample prepa-
ration procedure and a final vibratory polishing step. The
postprocessing analysis of EBSD data was performed using
the MTEX (Ref. 25) toolkit in MATLAB.

NOVEMBER 2024

339-s



340-s

300

——600 (Uncoated)
250 \ - --600 (Zn-coated)
—_ \
< 200 ' ——700 (Uncoated)
g .
= 1 ---700 (Zn-coated)
& 150 | :
£ | ——800 (Uncoated)
» \
100 ) ---800 (Zn-coated)
50 | ——900 (Uncoated)
)
0 - --900 (Zn-coated)
0 ]

Temperature (°C)

0.4

0.3 0.5 0.6 0.7
Strain (%)
100 140
% e 120 - wri
80 S
Sl ¢.~ : ".’E1oo - / u.m.
» g | R?=0.9939 .- | S, |Re=0.9925
8 . ! - 80 m
> I o | T,
£ . & ! £ 60 5]
"g' " | The most severe effect of LME =2 t
a3 1 L 4 m The mostsevere:
20 | # ! " “.. effectof LME |
10 } %
0 . . . ‘I 0 L L !’ .E
500 600 700 800 900 1000 500 600 700 800 900 1000

Temperature (°C)

Fig. 2 — A — The strain-stress curves of the uncoated and Zn-coated specimens after high-temperature tensile
testing at temperatures between 600 and 900°C; B — the variation of ductility loss as a function of testing
temperature; C — the variation in the toughness of the uncoated and zZn-coated specimens at different tensile

test temperatures.

Results

High-Temperature Tensile Properties

Figure 2A shows the representative strain-stress curves
for uncoated and zinc-coated austenitic steels after tensile
testing at temperatures between 600 and 900°C (1112 and
1652°F). The resultsindicate that there is a notable difference
in tensile properties between the uncoated and Zn-coated
specimens under the same thermomechanical conditions.
Figure 2B illustrates the change in ductility between the
Zn-coated specimen and the uncoated sample. Based on
the results of the test performed at 600°C, the presence of
the Zn coating led to a 20% reduction in the ductility of the
austenitic steel substrate. Moreover, ductility loss increased
significantly with the increasing testing temperature where
approximately 90% of the steel substrate’s ductility was lost
after tensile testing at 900°C. This indicated that the defor-
mation behavior of austenitic steel changed from a ductile
behavior to a completely catastrophic brittle one. The varia-
tion of the fracture toughness of the specimens as a function

of testing temperature is shown in Fig. 2C. With increasing
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testing temperature, the fracture toughness decreased, with
the temperature of 900°C showing the greatest reduction
in toughness in comparison to other testing temperatures.
According to Fig. 2, the Zn-coated steel exhibited significantly
lower tensile properties in terms of ductility and fracture
toughness than uncoated steel. The primary reason for the
transition from ductile to brittle behaviorin the presence of
Zn coating is associated with the formation of LME cracking
in the Zn-coated samples. The results show that LME sig-
nificantly affected the tensile properties of the austenitic
microstructure at 900°C, with a 90% reduction in ductil-
ity and near zero toughness. Consequently, the uncoated
and Zn-coated specimens after the tensile test at 900°C
were characterized in detail to determine how LME-induced

cracking can result in this substantial reduction of tensile
properties.

Figure 3Aillustrates the cross-sectional SEM micrograph
of uncoated and Zn-coated specimens after the tensile test
at 900°C. The uncoated sample failed in a ductile manner,
exhibiting clear evidence of plastic deformation (i.e., necking)
and voids at the fracture surface. The Zn-coated specimen,
however, demonstrated an entirely brittle failure behavior




lUncoated/steel

Fig. 3 — A — SEM micrographs of the cross sections
of the uncoated and Zn-coated austenitic specimens
after high-temperature tensile testing at 900°C; B

— the EDS-Zn maps of the LME cracks formed in the
Zn-coated specimen. The high-magnification EDS
analysis was conducted in Region (1) and Region (I1).

Table 1 — Chemical Nominal Composition (wt-%) of the
As-Received Austenitic Steel

© Mn Si Ni Cr Fe

0.08 2.00 0.75 8-12 18-20 Bal.

with no sign of plastic deformation (i.e., an almost flat fracture
surface). Additionally, the SEM micrographs of the Zn-coated
specimen showed several LME cracks that were formed in
the area near the fracture surface. The results indicate that
LME-induced cracking was the primary mechanism respon-
sible for the degradation of the mechanical properties of the
Zn-coated specimen. Figure 3B shows the EDS element maps
of the LME cracks formed in the Zn-coated specimen. Results
indicated the presence of Zn within the crack, which is one
of the most prominent characteristics of a Zn-induced LME
cracking. The high-magnification EDS analysis of the LME crack
isalso shown in Fig. 3 asindicated by Regions (1) and (I) in the
EDS maps. The EDS maps show that Zn was penetrated along
the grain boundary network of the steel substrate. The results
confirm that the Zn melted and rapidly penetrated through
the microstructure of the coated steel specimen, resulting in
a significant reduction in the mechanical properties.
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Fig. 4 — The EBSD-IPF maps along with grain
boundary misorientation distribution in the vicinity
of the LME cracks. The high-magnification EBSD
analyses in two regions of the LME cracks are
indicated as Region (1) and Region (ll) in this figure.

LME Crack Characterization

To gain a deeper understanding of the role of LME crack-
ing in the degradation of the mechanical properties of
the austenitic steel substrate, the LME cracks were fur-
ther characterized by EBSD analysis. Figure 4 shows the
EBSD-IPF maps in the vicinity of the LME cracks of the
austenitic specimen, which showed that the orientation of
the grains on both sides of the LME cracks is different, indi-
cating a crack propagated predominantly along the grain
boundaries. This can be further confirmed by the high-
resolution EBSD analysis of the LME crack (i.e., Regions [I]
and [II] in Fig. 4), which indicated that LME cracks propagated
along the grain boundaries. Moreover, the grain boundary
misorientation distribution analysis showed that LME cracks
only propagated along high-angle grain boundaries (i.e.,
misorientation higher than15 deg), and no cracks were found
along the low-angle boundaries (i.e., misorientation lower
than15 deg). The results are completely consistent with the
literature (Ref. 26), further emphasizing the intergranular
nature of LME cracking.
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Fig. 5 — The distribution of coincidence site lattice (CSL) boundaries in the vicinity of the LME cracks, where
black lines indicate random grain boundaries and colored lines represent CSL boundaries (i.e., £3, 25, 27, and
¥11). The red circles indicate triple junctions containing at least one CSL houndary.

As LME cracks propagated completely intergranular, the
grain boundary characteristics of the steel substrate can
have a significantimpact on the crack propagation path. The
analysis of grain boundary misorientation revealed that a high
fraction of grain boundaries have a misorientation angle of
60 deg (i.e., yellow lines in Fig. 4). This specific misorientation
angle between two grains corresponds to a coherent twin
boundary (60 deg/<111>) that is consistently observed in
steels with austenitic microstructures (Ref.17) and TWIP steel
(Ref. 27). Itis evident from Fig. 4 that no LME cracks propa-
gated along the twin boundaries. The twin boundaries have
demonstrated to be highly resistant to various intergranular
cracking phenomena such as stress corrosion cracking (Ref.
28), hydrogen embrittlement (Ref. 29), and LME cracking
(Refs. 11, 30). This is due to the relatively ordered structure
of the boundary and the low grain boundary energy of the
boundary. Despite the existence of a high percentage of twin
boundariesin the investigated austenitic steel, crack suscep-
tibility to LME was higher in steel substrate than in ferritic
steel with virtually no twin boundaries (Ref. 12).

Other than the grain boundary misorientation angle,
the distribution of grain boundaries is also a key factor in = R .
determining the susceptibility of the steel to LME cracking. Fig. 6 — SEM micrographs of the fracture surface
Consequently, the grain boundary character distribution  of the austenitic specimen after tensile testing
(GBCD) maps were calculated to determine the significance at 900°C: A — uncoated specimen; B — Zn-coated

specimen.
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Fig. 8 — The variation of maximum tensile strength
of the Zn-coated specimens as a function of test
temperature.

of grain boundary type distribution in LME crack propagation
behavior. In Fig. 5, black lines indicate random grain bound-
aries while colored lines represent coincidence site lattice
(CSL) boundaries (i.e., £3, 25, 27, and £11). Additionally, the
red circlesin Fig. 5 are indicative of triple junctions containing
at least one CSL boundary. Figure 5 clearly shows that LME
cracks propagated only along random boundaries, while no
cracks were observed propagating along twin boundaries
(i.e., Z3) or other low-index CSL boundaries. Furthermore,
the LME cracks did not propagate along triple junctions con-
taining at least one CSL boundary. The points are known to
impede the propagation of cracks in numerous intergran-
ular cracking phenomena (Refs. 30, 31). This implies that
when the crack reached these junctions, it either completely
stopped or changed direction, depending on the magnitude
and direction of the applied tensile stress. Razmpoosh et
al. (Ref. 26) investigated the effects of the grain boundary
misorientation angle on the LME crack behavior during laser
dissimilar welding of 304 stainless steel and Zn-coated Mn
steel. The results showed that no LME cracking occurred in
some specific misorientation angles such as ~38 deg and
60 deg that corresponded to £5 and £3 special boundaries,
respectively (Ref. 26).

Failure Analysis

Toinvestigate the effect of LME-induced cracking on failure
behavior, fracture surfaces of the uncoated and Zn-coated
austenitic microstructures were analyzed by fractography
analysis. The SEM micrographs of the fracture surface of the
uncoated specimen are shown in Fig. 6A. Itis evident that a
ductile fracture was the predominant mode of fracture for
uncoated steel. It is known that ductile fractures occur in
three stages (Ref. 32): (i) void nucleation, (ii) void growth,
and (iii) void coalescence. Therefore, the uncoated sample
failed in a completely ductile manner, in agreement with the
results shown in Figs. 2 and 3. The SEM images of the fracture
surface of the Zn-coated specimen are shown in Fig. 6B. The
analysis of the fracture surface of the Zn-coated sample did
not reveal any distinct indications of plastic deformation,
such as voids, dimples, or slip lines. Conversely, the fracture
surface of the Zn-coated sample presented intergranular
cracks. Additionally, the EDS analysis confirmed the presence
of liquid Zn on the fracture surface. The liquid Zn crystals
observed at the fracture surface are consistent with the
findings reported in the existing literature (Ref. 33). Muru-
gan et al. (Ref. 33) studied Zn transport mechanisms in TRIP
steel using fractography analysis and revealed a variety of Zn
morphologies on the fracture surface, including a continuous
film of Zn; discontinuous globules of Zn between two grains;
and discontinuous, spike-like globules of Zn. The authors
indicated that the liquid Zn penetrated the grain boundary
and exhibited a considerable degree of wettability. It has
been shown by the present authors in a recent study that
austenitic microstructures exhibit an intergranular cracking
morphology in contrast to ferritic microstructures, which
exhibit a hybrid LME-induced failure pattern that exhib-
its both dimples and intergranular cracking (Ref. 12). This
observation further confirms the high susceptibility of the
austenitic microstructure to LME cracking. Furthermore, the
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Fig. 9 — The schematic illustration of the role of LME-induced cracking in the failure mechanism of the
austenitic steel during the high-temperature tensile test. (The stress-stain curve was adopted from the data
presented in Fig. 1for the testing temperature of 900°C to illustrate how Zn-induced LME cracking affected the

tensile properties of the austenitic steel.)

lack of plastic deformation during LME crack propagation
was evident in Fig. 6B, which clearly shows that the grains
between the intergranular cracks were not affected during
the high-temperature tensile test.

To further investigate whether LME crack propagation is
associated with plastic deformation activity or has a brittle
behavior, the plastic strains of the grains were calculated
for both low-magnification and high-resolution EBSD data.
Figure 7 shows the kernel average misorientation (KAM),
grain reference orientation deviation (GROD), and grain ori-
entation spread (GOS) maps in the vicinity of the LME cracks.
KAM refers to the average misorientation between a kernel
point and its neighbors, excluding those outside the grain
boundary, which reflects the local lattice curvature and can
be used to map the mesoscopic strain distribution of grains
(Ref. 34). Based on the KAM maps of the investigated LME
cracks, it is evident that the grains near the cracks experi-
enced a high degree of plastic deformation, in contrast to
grains located further away from the cracks that appear to
have been unaffected by plastic deformation.

The GROD and GOS maps were also constructed from
EBSD data to shed more light on the possibility of plastic
deformation activity during LME crack propagation. AGROD
map shows in-grain misorientations relative to the selected
reference orientation, which provides a better estimate of
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plastic deformation than other misorientation parameters
(such as KAM) as it does not depend on the step size of the
EBSD data (Ref. 35). GOS refers to the deviation in orientation
between each scan point contained within a grain and the
grain’s average orientation (Ref. 36). It can be seen from Fig.
7 that the grains did not experience any plastic deformation
during crack propagation. However, only grains very close to
LME cracks showed higher GROD and GOS values. The results
indicate that the plastic strain was distributed inhomoge-
neously and was limited to the grains on both sides of the
LME crack. The results agree with the fractography analysis,
which shows that LME cracking occurred completely brittlely
without any plastic deformation.

Discussions

The results presented in this study clearly show that aus-
tenitic steel has a high susceptibility to LME cracking at
temperatures within the range of 600 to 900°C. It was also
shown that the susceptibility of the investigated austenitic
steel to LME cracking increased with the increasing test-
ing temperature where, after the tensile test at 900°C, the
sample showed a complete transition from ductile to brittle
behavior. Itis known that LME-induced cracking occurs rap-



idly during the high-temperature tensile test, resulting in a
significant reduction in the ductility of the steel substrate
(Refs.12,37,38). Additionally, it is known that LME cracking
occurs in the Zn-coated steels within a temperature range
known as the “ductility trough” (Refs. 14, 38-42), which
indicates that the most severe reduction in tensile proper-
tiesoccursin thistemperature range. The LME temperature
range varied between 700° and 900°C for various types of
steel substrates (Refs. 14, 38-42). The results presented
in Fig. 2 show that LME cracking occurred at temperatures
between 600° and 900°C, which indicates that the investi-
gated austenitic steel is highly susceptible to the formation
of LME cracks.

According to strain analysis by EBSD maps (Fig. 7), two
important aspects of LME cracking were revealed. First, LME
crack propagation occurred in a completely brittle manner,
and the specimen did not undergo any plastic deformation
during the cracking process. This is entirely consistent with
the high-temperature tensile test results, which indicate that
the Zn-coated specimen failed due to a brittle failure mecha-
nism. Second, it was shown that tensile stressis an essential
prerequisite for the occurrence of LME cracking, as only
grains close to cracks showed high KAM values, indicating
that tensile stress was present during crack propagation, but
its magnitude was insufficient to cause plastic deformation.

The degradation in the tensile properties of the Zn-coated
specimens can be explained by the mechanism responsible
forthe formation of LME cracks in the Fe-Zn couple. Recent
investigations have revealed that the stress-assisted grain
boundary diffusion mechanism (also known as the Gordon-An
mode [Ref. 43]) is the most plausible explanation for the
occurrence of LME cracks in different families of Zn-coated
steels (Refs. 42, 44, 45). According to this mechanism, Zn
atoms first diffuse along grain boundaries of steel due to an
atomic diffusion mechanism, resulting in a decrease in grain
boundary cohesion. The presence of tensile stress results
in cracking along the susceptible grain boundary, allowing
liquid Zn to flow into the crack area, leading to the formation
of LME cracks (Refs.17,43). The role of Znin the decohesion
mechanisms of the steel grain boundary has been recently
explored through density functional theory (DFT) calculations
comparing the tensile properties of a Zn-containing grain
boundary and a clean grain boundary (with no Zn atoms) (Ref.
46). The results revealed that the Zn-doped grain bound-
ary had lower strength and elongation than the clean grain
boundary. The presence of Zn reduced the strength of the
Fe-Fe interatomic bond and changed the electronic struc-
ture of the grain boundary, both of which contributed to a
significant decrease in grain boundary cohesion (Ref. 46).
Consequently, grain boundaries would be susceptible to
intergranular cracks at stress levels much lower than those
in the uncoated condition.

The stress-assisted grain boundary diffusion mechanism
described here can provide an excellent explanation for the
observations made in this study. The EBSD characteriza-
tion of LME cracking (Figs. 4 and 5) demonstrated that LME
occurs predominantly along high-angle random boundaries.
Additionally, the results indicated that despite having a high
proportion of CSL boundaries, the austenitic microstructure
is highly susceptible to LME. The primary reason for this can

be attributed to the high grain boundary coefficient of Zn
in austenitic structures (i.e., FCC crystal structure), result-
ing in a high diffusion rate along grain boundaries and the
occurrence of LME cracks (Ref.12). The results also showed
that CSL boundaries are highly resistant to LME. Therefore,
innovative techniques such as grain boundary engineering
(GBE) can be used to increase the fraction of CSL boundaries,
thereby reducing the formation of LME cracks in austen-
itic microstructures (Ref. 30). Furthermore, the increase in
LME susceptibility with increasing testing temperature can
be explained by factors affecting the kinetics of the grain
boundary diffusion process. According to Gordon and An (Ref.
43), LME cracking occurs in two stress-controlled stages:
(i) the transfer of embrittler atoms (e.g., Zn atoms) from the
absorbed to the dissolved state (at the surface) and (ii) diffu-
sionalong grain boundaries. Therefore, the Gordon-An model
(Ref. 43) suggests that LME cracking is a temperature- and
stress-sensitive phenomenon in which anincrease in stress
level and temperature facilitate the formation of LME cracks.
The model also predicts that there exists a critical stress
below which no LME-induced fracture can occur. Critical
stressis highly dependent on temperature, and its magnitude
decreases with anincrease in temperature, which is consis-
tent with the findings of this study. Figure 8 illustrates the
variation of the maximum tensile strength of the Zn-coated
specimens as a function of temperature. Figure 8 shows that
the magnitude of tensile stress decreased with increasing
temperature. This indicates that temperature plays a signif-
icantrole in determining the susceptibility to LME cracking,
asincreasing temperature significantly decreases the critical
stress required to trigger LME cracking. The observation is
consistent with the mesoscale plastic deformation analysis
presented in Fig. 7, which showed that no plastic deformation
occurred during LME-induced cracking at 900°C. Based on
this observation, the Zn diffusion rate was high enough at
this temperature to trigger crack initiation and propagation,
even when the applied tensile stress was low.

Based on the results presented in this section, an excel-
lent correlation was found between the LME-induced failure
and the underlying mechanism of the LME. Figure 9 sum-
marizes the main findings of this study regarding the role of
LME cracking in the degradation of the tensile properties of
austenitic microstructures. The uncoated specimen failed
with a fully ductile behavior, with void nucleation and void
coalescence, and extensive necking before failure. For the
Zn-coated specimen, LME-induced cracking was the pri-
mary cause of the failure. The results revealed that the LME
cracks propagated rapidly through the grain boundaries ata
low applied tensile stress, resulting in a catastrophic brittle
failure in the Zn-coated specimen.

Conclusions

This study examines the effects of Zn-induced LME cracking
onthe tensile properties and failure mechanism of austenitic
microstructures during a high-temperature tensile test. The
results indicate that austenitic steel is highly susceptible to
LME cracking at temperatures between 600° and 900°C.
With increasing testing temperatures, the susceptibility to
LME cracking increased until the sample at 900°C showed
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completely brittle behavior lacking both ductility and fracture
toughness. The following are the main conclusions that can
be drawn from this study:

1. The LME crack propagation path analysis revealed
that LME predominantly occurs along high-angle random
grain boundaries. Moreover, a detailed failure analysis
demonstrated that the Zn-coated sample failed due to an
intergranular fracture mechanism in which no plastic defor-
mation was applied to the grains during deformation.

2.The premature failure of the Zn-coated authentic micro-
structure was correlated to the mechanism responsible for
the formation of LME cracks. Stress-assisted grain boundary
diffusion is the most plausible explanation for the failure of
the specimen at lower tensile stress when compared to the
uncoated specimen.

The results of this study provide further evidence of the
high susceptibility of austenitic microstructures to LME crack-
ing. The results also clearly demonstrate the critical role of
temperature in LME crack formation, which can be used to
gain a deeper understanding of this complex phenomenon
during the resistance spot welding process. According to
the present study, stress-assisted grain boundary diffusion
is the most plausible mechanism responsible for the occur-
rence of LME cracks. This leads to the conclusion that any
factor thatimpedesthe grain boundary diffusion mechanism,
such as decreased temperatures, reduced tensile stress, or
microstructures with a low grain boundary diffusion rate,
can potentially reduce the issue of LME in Zn-coated auto-
motive steels. In the case of austenitic microstructures with
ahigh grain boundary diffusion rate of Zn, novel techniques
like grain boundary engineering (GBE) can be employed to
enhance the fraction of coincident site lattice (CSL) bound-
aries and mitigate the issue of LME.
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