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ARTICLE INFO ABSTRACT

Handling editor: SN Monteiro Liquid metal embrittlement (LME) presents a major barrier to the widespread adoption of advanced high-
strength steels in automotive applications. Despite extensive research, decoupling its early-stage cracking and
propagation micromechanisms remains challenging and is a key research gap. Distinguishing these stages is
crucial to understanding the conditions and factors that are favourable for LME and to developing mitigation

strategies. Moreover, it can improve the accuracy of predictive models through detailed knowledge from initi-
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Zri_cgr;[: :;iszzlsms ation to propagation. In this study, this challenge is addressed by performing interrupted Gleeble hot tensile tests
TWIP steel on a Zn-galvanised twinning-induced plasticity steel, simulating resistance spot welding conditions. This

approach enables tracking LME progression under applied stress and identifying fracture micromechanisms at
early and advanced stages of cracking. Additionally, existing theories on LME micromechanisms are often
contradictory, highlighting the need for fundamental research in this area. The findings reveal that LME begins
with the contact between liquid Zn and the substrate, leading to Zn diffusion into the substrate by diffusion-
induced grain boundary migration and dissolution of the substrate by erosion-corrosion. This dissolution gen-
erates defects on the substrate and facilitates Fe diffusion into liquid Zn. Subsequently, defects are filled with
liquid and the Zn-rich defect tips, connected to grain boundaries, enhance Zn grain boundary diffusion and
weaken intergranular cohesion. Under tensile stress, these weakened boundaries decohere and lead to crack
nucleation. Newly formed crack surfaces allow fresh Fe-rich liquid Zn to penetrate, continuing the process until
fracture. Future work will focus on the influence of microstructure on LME crack growth.

Interrupted testing

1. Introduction

The shift from conventional high-strength steel to advanced high-
strength steel (AHSS) offers the opportunity to create lighter and
stronger vehicles, leading to enhanced safety, reduced material con-
sumption, and improved fuel efficiency. Consequently, waste and CO,
emissions are reduced. Among AHSS options, high-manganese twinning-
induced plasticity (TWIP) steels are particularly promising for the
automotive industry due to their exceptional balance of strength,
toughness, and high work-hardening rates [1]. However, despite their
benefits, AHSS, especially austenitic grades, are highly susceptible to
liquid metal embrittlement (LME) [2-4]. This susceptibility represents a
significant challenge to progressing towards a future with a greener,
safer, and more efficient automotive sector.

LME is characterised by ductility loss of solid-liquid metal couples (e.
g., Zn-Fe, Al-Ga, and Ni-Bi) triggered by the simultaneous action of
high temperature and tensile stress [5-8]. For instance, in the automo-
tive industry, LME often happens during resistance spot welding, per-
formed thousands of times in the vehicles’ assembly. At high
temperatures, the anti-corrosion Zn coating melts and penetrates
through the steel grain boundaries, leading to decohesion, which, along
with the weld’s residual tensile stresses, assists in cracking, leading to
material embrittlement. However, this explanation provides a general
and simplified understanding of LME, and numerous theories to eluci-
date LME micromechanisms have been developed in the past decades.

The most well-accepted LME models in the Fe-Zn system are the
brittle fracture Stoloff-Johnson-Westwood-Kamdar (SJWK) and the
grain boundary-based ones [9-12]. The SJWK model explains that the
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strain-activated adsorption of atoms of liquid Zn at the crack tip of the
Fe-based substrate reduces the cohesive strength of grain-to-grain bonds
[11,12]. Under sufficiently large tensile stress, the weakened bonds
break. As tensile stress and the supply of liquid Zn atoms at the crack tip
to freshly created surfaces remain, the process repeats, leading to crack
propagation. On the contrary, according to the grain boundary-based
models — Gordon-An and Klinger [9,10] — LME crack nucleation and
propagation are preceded by stress-assisted diffusion of atoms of liquid
Zn through grain boundaries of the Fe-based matrix [9,10]. Gordon-An
[9] states that accumulating Zn atoms over a sufficient concentration
cracks open the grain boundary. Similarly, Klinger [10] assumes the
formation of a diffusion wedge at the grain boundary, resulting in high
thermodynamically generated tensile stresses normal to the grain
boundary and, finally, grain boundary fracture. In both models, crack
propagation occurs through consecutive steps of grain boundary diffu-
sion and crack nucleation.

Studies on LME in TWIP steels [2,13-15] are divided between the
abovementioned theories. Lee et al. [13] and Beal et al. [2] suggest that
LME results from the sequential infiltration of liquid Zn along austenitic
grain boundaries, leading to crack formation along the Zn penetration
path, which allows further infiltration. This model aligns with the SIWK
mechanism. Conversely, Razmpoosh et al. [15] propose that the initial
stage of LME is driven by rapid grain boundary diffusion. As the solu-
bility limit of Zn in austenite is reached, liquid Zn forms, decohering the
grain boundary. Subsequently, the LME crack opens, allowing fresh
liquid Zn to infiltrate and advance along the crack path, consistent with
the Gordon-An model. Kang et al. [14], in turn, suggest that both liquid
Zn grain boundary percolation and stress-assisted solid-state grain
boundary diffusion models may play a role. As can be noticed, existing
theories on LME micromechanisms are contradictory, and the diver-
gence among them highlights the complexity of LME micromechanisms.
Moreover, the rapid progression of LME and the limitation of performing
in situ tests due to the high vapour pressure of Zn prevent experimental
verification of LME micromechanisms, particularly in the early cracking
stages. Consequently, the phenomenon remains incompletely under-
stood. Since early-stage cracking and crack propagation may involve
different chemical and physical processes, by studying them separately,
we can better understand the specific conditions and factors that influ-
ence each stage and develop targeted strategies to mitigate the LME
sensitivity of AHSS. To address these challenges and enable separate
analysis of the nucleation and propagation stages, an interrupted
approach in welding and hot tensile tests has been proposed.

This study focuses on characterising LME in Zn-galvanised TWIP
steel. In addition to its promising application in the automotive industry,
twinning-induced plasticity (TWIP) steel offers a single-phase structure
with high LME susceptibility that remains stable at elevated tempera-
tures, reducing the complexity of analysing LME mechanisms. An
innovative approach was employed using interrupted Gleeble hot tensile
testing to simulate resistance spot welding conditions and track LME
progression. By applying progressively higher stress levels, the interac-
tion between Zn and the steel microstructure was examined, allowing
the identification of micromechanisms active both at early and
advanced stages of cracking. This comprehensive understanding of the
distinct stages of LME will help enhance the performance and reliability
of Zn-galvanised TWIP steel components in service.

Table 1
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2. Materials and methods
2.1. Material

The investigated material was a Zn hot-dip galvanised, fully
austenitic TWIP steel. The sheets were 1.23 mm thick with an approxi-
mately 12 pm Zn layer. The chemical composition of the steel substrate,
measured by X-ray fluorescence (XRF) and LECO combustion analysis,
and its tensile properties are presented in Table 1. Fig. 1 (a) presents a
scanning electron microscopy (SEM) image and Fig. 1(b—d) its respective
energy-dispersive spectroscopy (EDS) maps for Zn, Fe, and Al, showing
the flat, flawless interface between the Zn coating and steel substrate,
and an interfacial Al-rich layer. Furthermore, Fig. 1 (e) shows the
normal inverse pole figure (IPF-ND) of a randomly selected region of the
TWIP steel substrate, where the black and red lines represent the high-
angle grain boundaries (>15°) and the ) 3 boundaries, which consti-
tute about 70 % of the twin boundaries. The grain size of the TWIP steel,
excluding coherent ) 3 twin boundaries, is 5.4 + 1.7 pm (used EBSD
parameter: max ferret diameter with 15° tolerance angle). The single-
phase austenitic microstructure was deliberately chosen for this study
to make the investigation of LME micromechanisms in AHSS less
complex.

2.2. Gleeble hot tensile tests

Hot tensile tests were performed via the Gleeble thermomechanical
simulator to mimic the resistance spot welding process. Aiming to
decouple early-stage cracking and propagation micromechanisms, hot
tensile tests interrupted at predefined stress levels to capture interme-
diate LME stages are proposed as the main experimental approach. To
define the most interesting test conditions for interrupted hot tensile
tests, the susceptibility of the Zn-galvanised TWIP steel to LME and its
ductility through the temperature range first need to be understood.
Then, samples were first tested up to fracture at 600 °C, 700 °C, and
800 °C, in load control mode at 30 kN/s. Fig. 2 displays the specimens’
dimensions and orientation, and the used Gleeble thermomechanical
profile. The thermomechanical profile parameters have been selected
based on [16] to be representative of welding conditions. According to
DiGiovanni and Biro [16], the tensile strain rate should be between 0.1
and 1.0 s % In our study, we selected a strain rate of 0.3 s~1. However,
since we performed interrupted tensile tests at different load levels,
these needed to be executed in load control mode. To ensure consistent
deformation conditions between displacement-controlled and
load-controlled tests, we first conducted displacement-controlled tests
and recorded the corresponding load rate. The resulting load rate of 30
kN/s was found to be equivalent to the displacement rate of 0.3 s~}
under our test configuration. One uncoated (not susceptible to LME used
as reference material) and two Zn-galvanised TWIP steel samples were
tested for each temperature. Zn-galvanised specimens have the Zn
coating removed at one of the sides where the thermocouple is welded.
The steel samples were stripped of their Zn coating through chemical
etching in a 15 % HCI and 2 % hexamethylenetetramine solution, where
the surface intended to be nonexposed is protected with duct tape. It is
important to mention that the length of the homogeneously heated area
has been estimated by placing thermocouples at the centre of the tensile
specimen (control thermocouple) and 1 mm, 2 mm, and 3 mm away
from the control thermocouple. The temperature difference between the
control thermocouple and the ones 1 mm, 2 mm, and 3 mm away was
0 °C, 20 °C, and 60 °C, respectively. This means that the length of the

Chemical composition, measured by XRF and LECO, and tensile properties of the studied TWIP steel substrate.

Material Fe C Mn Al Ni Cr, S, Si, Ti, P Yield Strength (MPa) Tensile Strength (MPa) Uniform Elongation (%)
TWIP wt.%
Bal. 0.62+0.01 16.8+0.3 1.30+0.02 0.5+0.01 0.24 + 0.02 435 900 54
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Fig. 1. (a) SEM micrograph of the Zn-galvanised TWIP steel. (b—d) EDS elemental maps for Zn, Fe, and Al, respectively, of area (a) highlighting the Zn-rich coating,
Fe-rich substrate, and an interfacial Al-rich layer. (e) IPF-ND map of a randomly selected region of the TWIP steel substrate, where high-angle grain boundaries
(15°-60°) are indicated by black lines and ) 3 twin boundaries by red lines. RD, LD, and ND denote rolling, loading, and normal directions, respectively.

specimen subjected to homogenous conditions is 2 mm (considering a
symmetrical temperature distribution on both the right and left sides of
the control thermocouple), and further study will focus on the areas
within this range.

By comparing the displacement of uncoated and coated samples, it
has been observed a progressive loss of ductility with the increase in
temperature: 10 %, 50 %, and 80 % at 600 °C, 700 °C, and 800 °C,
respectively. While at 600 °C, the material is barely affected, the Zn-
galvanised TWIP steel is dramatically embrittled at 800 °C. Hence,
interrupted hot tensile tests were carried out at 800 °C to evaluate the
material in its highest state of susceptibility to LME. Based on the

1619

stress-stroke curves at 800 °C (Fig. 3(a)), four stress levels, namely S1,
S2, S3, and S4, were selected. These levels represent different stages of
material behaviour: S1 (90 MPa) lies in the elastic regime, correspond-
ing to 0.78 of the yield stress (y); S2 (140 MPa) is in the plastic regime,
just after the yield point at 1.22 8y; S3 (170 MPa) is also in the plastic
regime, far above the yield point at 1.48 8y; and S4 (175 MPa) is near
fracture, at 1.52 3y. The stress—stroke curve in Fig. 3 (a) displays slight
oscillations, which result from Gleeble’s thermal and force control
feedback loop. These minor fluctuations remain in a narrow range and
do not interfere with the validity of the mechanical data. The theoretical
thermomechanical test profile for interrupted tests is shown in Fig. 3 (b).
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Fig. 2. Illustrations of (a) tensile specimens, indicating their dimensions and orientation and (b) Gleeble thermomechanical profile up to fracture. All dimensions are

in mm. TD stands for transverse direction.
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Fig. 3. Illustration of (a) stress-stroke curve of Zn-coated sample tested at 800 °C up to fracture indicating the selected stress levels — S1, S2, S3, and S4 - for the
interrupted hot tensile and (b) theoretical thermomechanical interrupted test profile.

A high cooling rate was applied to suppress diffusional mechanisms and
prevent further defect evolution, thereby retaining the chemical and
defect configurations existing at 800 °C. The theoretical cooling curve is
designed following a linear regression with a constant cooling rate of
78 °C/s, indicating a steady temperature decrease over time. However,
the observed cooling behaviour has a non-linear temperature decrease
that can be described by the polynomial regression 4.21x% — 165x +
1782.7, where x represents time in seconds. While the overall cooling
behaviour deviated from linearity, the average cooling rate within the
temperature interval of 800 °C to 400 °C—encompassing the formation
of Fe-Zn intermetallics and the temperature range where Zn remains in
the liquid state—remained close to the intended 80 °C/s. Hence, the
non-linear cooling does not significantly affect the interpretation of Zn
diffusion or phase formation.

2.3. Characterisation of LME micromechanisms

To investigate LME micromechanisms, in-depth characterisation was
performed on the cross-section of tensile specimens — rolling direction/
loading direction (RD/LD) x normal direction (ND) plane — of inter-
ruptedly tested (S1, S2, S3, and S4) and fractured samples. Samples were
metallographically prepared following grinding and polishing steps with

1620

3 pm and 1 pm diamond paste and colloidal silica suspension (OPS).
Since the Zn coating and the TWIP steel vary in hardness and other char-
acteristics, they behave differently during metallographic preparation.
Therefore, following the previously described procedure, only the TWIP steel
substrate will be adequately prepared for microscopic analysis. To study the
Zn coating, the homogeneously heat-treated length of the tested specimen has
been prepared in a JEOL SM-0910 cross-section polisher under an Ar + ion
beam accelerating voltage of 4 kV and a current of 12 pA for 36 h. A silicon
wafer has been glued on the sample’s surface to protect the area of interest
from beam damage.

The homogeneously tested volume in the TWIP steel substrate cross-
section of tensile specimens has been characterised using SEM, EDS,
electron backscattered diffraction (EBSD), and transmission electron mi-
croscopy (TEM). The EBSD data has been acquired on a Helios G4 PFIB SEM
using a current of 3.2 nA for general scans and 13 nA for identification of
intermetallics and an accelerating voltage of 30 kV, a tilt angle of 70°, and
step size of 50 nm using TEAM-EDAX software in a hexagonal scan grid, and
post-processing it with EDAX-OIM Analysis™ v8 software. The cleanup of
EBSD data for the steel substrate has been the first post-processing step for
some scans. First, neighbour orientation correlation with a grain tolerance
angle of 15° and a cleanup level of 5 was applied for points with a confidence
index lower than 0.1. Then, neighbour confidence index correlation cleanup
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was performed for points with a confidence index lower than 0.1. Afterwards,
grains were defined with a tolerance angle of 15° and a minimum size of 5
pixels, with multiple rows required. For the Fe-Zn intermetallic layer, EBSD
pattern quality was insufficient for successful indexing and phase
discrimination using conventional Hough transform-based indexing
[17]. For optimum indexing success, all patterns were recorded during
EBSD data acquisition and processed off-line using NPAR [18] combined
with the spherical indexing method available in the EDAX OIM Analysis
9 software. NPAR maximises the pattern quality and the spherical
indexing method, then matches the optimised experimental EBSD pat-
terns against dynamical or kinematical simulations [19]. As the entire
pattern is used, the method is not dependent on detecting individual
bands. The phase and orientation can be identified correctly for
poor-quality patterns where only fragmented information is present. For
this analysis, dynamical simulations [20] were prepared for the ex-
pected phases and the patterns in the EBSD maps were matched against
all candidates. Indexing success is indicated by a cross-correlation co-
efficient that illustrates how well a pattern can be matched against the
master pattern.

The phase composition of the TWIP steel and the Zn-galvanised TWIP
steel has been investigated before and after hot tensile tests by X-ray
Diffraction (XRD) to study the phase transformations during the thermo-
mechanical test. XRD experiments were performed using a Bruker D8
Advance diffractometer with Co-Ka radiation. Diffractograms were
recorded over the 15° < 2 8 < 60° range, with a step size of 0.028° in 20
and counting time per step of 1s for investigating the coating through its
entire thickness and the steel substrate. The penetration depth of XRD in
Zn was calculated in the AbsorbDX (Bruker) as approximately 13 pm and
28 pm for 2 0 of 40° and 100°, respectively. This was done to verify
whether the full Zn coating thickness would be able to be analysed.
CALPHAD thermodynamic simulations via ThermoCalc were also per-
formed for the steel composition under study to understand which
Fe-Mn-Zn phases are likely to form under equilibrium conditions. Note

(a) S,= 90 MPa

l—’ RD/LD
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that only Fe-based phases and Fe-Zn intermetallics were selected in the
database to be represented, and the chosen temperature was 400 °C,
which is the lowest temperature thermodynamically simulated results
are experimentally verified by ThermoCalc. To analyse more accurately
the Zn diffusion into the steel substrate, Electron Probe Micro Analysis
(EPMA) was performed with a JEOL JXA 8900R microprobe, using an
electron beam energy of 10 keV and beam current of 50 nA employing
Wavelength Dispersive Spectrometry (WDS). To locally investigate the LME
micromechanisms involved in the early-stage cracking, cross-sectional TEM
samples were produced from the surface of the S4 condition by focused ion
milling (FIB) in a Helios G4 PFIB SEM. This lamella has been analysed by a
FEI cubed Cs corrected Titan and elemental mapping was done in STEM,
using the super-X in the ChemiSTEM™ configuration. Transmission
Kikuchi diffraction (TKD) has been performed in the TEM lamella in the
Helios G4 PFIB SEM using 13 nA and 30 kV at a — 30° tilt angle.

3. Results
3.1. Fe—Zn interactions

Studying the Zn-Fe interactions is key to understanding LME
micromechanisms. Fig. 4 displays representative cross-sectional SEM
micrographs and EDS elemental maps for Fe and Zn of interruptedly
tested tensile specimens at S1, S2, S3, and S4 stress levels, at 800 °C,
where x is the distance from the control thermocouple (specimen’s
centre). By integrating data from SEM and EDS, the following points
were observed: (1) after the hot tensile tests, the steel substrate exhibits
defects including microcracks and surface-connected cavities with var-
iable severity of damage, where slightly and strongly affected zones
alternate, irrespective of the distance from the control thermocouple; (2)
with temperature and stress, Zn is seen to have diffused across the steel
substrate within a contained area; (3) the depth of the diffused Zn layer
in the steel substrate varies according to the damage severity and the

(c) S5= 170 MPa

Zn

(d) S= 175 MPa

Fig. 4. SEM micrographs in secondary electrons (SE) mode of the cross-section surfaces of tensile specimens tested at 800 °C and (a) S1 = 90 MPa, (b) S2 = 140 MPa,
(c) S3 = 170 MPa, and (d) S4 = 175 MPa conditions and their respective Zn and Fe EDS maps. x is the distance between the analysed area and the control ther-
mocouple position.
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applied stress level; and (4) during hot tensile tests, the Zn coating un-
dergoes transformation due to diffusion reactions between Zn and Fe.
These observations will be further examined in the following para-
graphs. For points 1 and 3, the defect density is beyond the scope of the
current study, which focused on the comparative microstructural anal-
ysis between damaged and non-damaged areas.

The Zn and Fe EDS maps show that, in all stress levels, Zn diffuses
across the steel substrate, forming a Zn-rich austenite layer (y-Fe(Zn))
with a wavy-shape front (Fig. 4). Fig. 5 (b) and 5 (¢) show the EPMA
elemental distribution maps of Zn and Al, respectively, measured over
the area highlighted in Fig. 5 (a). The colour bars represent the relative
concentration levels. The quantitative line scan results for Zn, Al, and Fe
along the line indicated in Fig. 5 (a) are displayed in Fig. 5 (d). The
higher sensitivity of EPMA compared to EDS reveals that the Zn con-
centration within the y-Fe(Zn) layer is not uniform. Instead, it exhibits a
gradient, decreasing progressively as it extends deeper into the steel
substrate. Note that the EPMA maps also show that after tensile testing
at 800 °C, the Al signal at the interface appears as discrete regions of
varying intensity along the interface, indicating a discontinuous distri-
bution in the interface (pointed out by the white arrows in (Fig. 5 (¢)), in
contrast to the continuous layer observed in the as-received material
(Fig. 1).

The depth of Zn diffusion into the steel substrate varies depending on
the severity of damage and the applied stress level (Fig. 6). About 20 to
40 Zn depth measurements were made for non-damaged and damaged
conditions, respectively, for each investigated stress level (S1 — S4).
Statistical analysis using ANOVA followed by Tukey’s HSD post-hoc test
was performed to assess statistical differences. In this context, stress
conditions with p-values lower than 0.05 were considered statistically
different, indicating a low probability that the observed difference
occurred by chance.

Across the damaged areas, Zn diffusion depths under stress

AlLevel
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__
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Fig. 6. Zn signal depth into the steel substrate as a function of the stress level
and the appearance of the steel substrate, damaged or not damaged.

conditions S1 and S2, where the applied stress is below or near the yield
strength, were comparable, averaging around 3 pm. Under S3 and S4,
where the applied stress exceeded the yield strength by a larger margin,
Zn depths were comparable, at approximately 4 pm, and greater than S1
and S2. Statistical differences between all stress conditions were sig-
nificant except between S3 and S4 (p-value higher than 0.05), likely
due to the relatively small stress increment of 5 MPa between them.
In the non-damaged regions, Zn diffusion depths were considerably
lower overall, increasing slightly with stress up to S3. As in damaged
areas, S3 and S4 stress levels presented similar average values (2.3 and

(b)

Fe

Elemental content (wt.%)

Zn

Al

T
9 10 11 12 13

Position (pm)

Fig. 5. (a) SEM micrograph of a cross-section area of the tensile specimen interruptedly tested at S3 = 170 MPa and 800 °C and EPMA (b) Zn map, (c) Al map and (d)
linescan profile of Fe, Zn, and Al of the area within the dashed rectangle in (a) and dashed line in (b). The white arrow in (b) represent the EDS scanning line. The
white arrows on (c) point out to discontinuous parts of Al layer on the interface.

1622



V. Bertolo et al.

2.2 pm, respectively), and statistical differences between all stress
conditions were also significant, except again between S3 and S4.
Lastly, the large standard deviation bars in Fig. 6 reflect substantial local
variation in Zn diffusion, likely driven by microstructural
heterogeneities.

For all the discussed cases, the diffusion is considered considerable
for a thermomechanical process of 1.5 s at 800 °C, which suggests a
rapid diffusion process beyond expected equilibrium predictions. Con-
cerning the shape of the diffusion front, the correlative microscopy,
which combines high-magnification EBSD and EDS (Fig. A2 in Appendix
A), reveals that the wavy shape is attributed to grain boundaries mostly
with misorientation angles in the range of 40°-54°. Interestingly, it can
also be seen in Fig. 4 that defects on the steel substrate are contained
within the boundaries of y-Fe(Zn) layer.

3.2. Characterisation of Fe-Zn intermetallics

Transformations within the Zn coating occur during hot tensile
testing due to Zn-Fe diffusion reactions (Fig. 4). These transformations
are evident from changes in both the coating’s appearance and the
distribution of Zn and Fe compared to the as-received condition (Fig. 1).

ZnlZnO
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18 -
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12 1
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24
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To assist in analysing phase transformations in this system, a ternary
Fe-Mn-Zn phase diagram was simulated using Thermo-Calc (Fig. A1 in
Appendix A). However, the LME process is inherently non-equilibrium
in nature, involving rapid heating and short exposure times that
deviate significantly from equilibrium thermodynamic conditions. This
may lead to potential discrepancies between theoretical and actual
phase compositions. Therefore, experimental verification was conduct-
ed using XRD, EDS, and EBSD to confirm the phases present after Gleeble
hot tensile tests.

XRD analysis reveals that the as-received (AR) material consists of
Zn, ZnO, and y-Fe, corresponding to the coating and steel substrate,
respectively (Fig. 7(a)). In contrast, interruptedly tested specimens (S1,
S2, S3, and S4) contain Fe-Zn intermetallic phases, including FeZn; (5),
Fe3Znjo (I'), and FesZng; (I'1), as shown in Fig. 7(a). Due to their similar
cubic crystal structures, I and I'1 are difficult to distinguish via XRD and
are therefore collectively represented as I' [21]. Notably, the XRD
spectra for all interruptedly tested specimens are nearly identical,
indicating that tensile stress does not influence the formation of Fe-Zn
intermetallics.

A combined EDS and EBSD analysis was conducted to examine the
distribution of Fe-Zn intermetallic phases—¢, 8, I', and ['l—within the

y-FelZn
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Fig. 7. (a) XRD spectra of the RD x TD plane of the as-received (AR) Zn-galvanised TWIP steel, the hot tensile specimens tested up to fracture and interruptedly tested
at S1, S2, S3, and S4 stress conditions at 800 °C, and (b) EBSD phase maps of the interruptedly tested S1 = 90 MPa specimen includes the EDS line scan elemental
analysis where the thermodynamically simulated phases are represented in the elemental concentration-distance plot. The white arrow in b) represent the EDS

scanning line.
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coating. Fig. 7(b) presents the spherical indexing cross-correlation map
overlaid with the phase map, alongside the Fe and Zn elemental distri-
bution along the EDS linescan. Based on the measured Fe and Zn con-
tents, the thermodynamically predicted phases are indicated in grey
within the corresponding regions in the chart.

Additionally, grains near the steel substrate were successfully
indexed with a body-centred cubic (BCC) crystal structure. However,
ferrite was ruled out as a possibility, as it was not detected in the XRD
analysis. Furthermore, Fe and Zn content in this layer suggested it was
most likely a cubic I" phase. Although Zn stabilises ferrite, the high Mn
content in TWIP steel, known as an austenite stabiliser, prevents ferrite
formation near the substrate. It is also worth noting that, while the
intermetallic phases in Fig. 7(b) appear in well-defined layers, in other
regions, their distribution was more irregular (see Fig. A3 in Appendix
A). Overall, the experimental results correlate well with thermody-
namically predicted equilibrium phases.

3.3. LME damage micromechanisms

Having analysed Fe-Zn interactions during the early stages of LME,
the focus shifts to understanding the micromechanisms of LME damage.
Examination of damaged regions in the cross-section of tensile speci-
mens near failure (S3 condition) reveals a stronger Zn signal within the
wider damaged areas of the steel substrate, as highlighted by the dashed
white rectangles in Fig. 8(a). This observation suggests that liquid Zn has
percolated through the cracks. Additionally, EDS and EPMA analyses at
this scale (Figs. 4, 5 and 8) show no evidence of preferential Zn diffusion
along grain boundaries.

Crystallographic analysis of the damaged areas under the S3 condi-
tion provides further insight into LME micromechanisms in its early
stages. A comparison between the SEM micrograph and the IPF map
indicates that many regions appearing as part of the steel substrate

(b)
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(well-polished areas indicated by black arrows in Fig. 8(a)) are not
indexed as austenite (Fig. 8(b)), despite displaying high-quality
diffraction patterns. This characteristic has been similarly observed for
intermetallic phases, reinforcing the hypothesis that liquid Zn percolates
through the y-Fe(Zn) layer at high temperatures. The IPF map analysis
(Fig. 8(b)) further reveals that at least 20 % of the austenitic grains
within the damaged y-Fe(Zn) layer exhibit clear signs of transgranular
damage. This fraction may be underestimated as, in some areas, the
separation between grains is significant, making it difficult to distin-
guish between transgranular and intergranular defect patterns. More-
over, certain grains also display atypical shapes, with irregular and
disrupted morphology, with internal void-like regions (e.g., pink grain
in Fig. 8(b) on the upper left side), and distorted jagged boundaries
where they interface with adjacent grains (e.g., light-blue grain in Fig. 8
(b) on the upper central area). This may also indicate transgranular
degradation. However, confirming this interpretation is challenging in
the absence of an adjacent grain section with the same orientation.

TEM analysis was conducted on a FIB-milled lamella from the S4
condition (Fig. 9). The results reveal that defects caused by the inter-
action of liquid Zn with the steel substrate terminate at steel grain
boundaries. Furthermore, EDS linescans across grain boundaries—both
those connected to and isolated from damaged regions (Fig. 9(b) and (c),
respectively)—provide insight into Zn diffusion behaviour at the nano-
scale. Zn diffusion was detected along grain boundaries connected to
damaged areas, with Zn concentrations ranging between 4 % and 10 %
within regions extending 5 nm-45 nm in length. Considering the grain
boundary thickness of approximately 0.5 nm [22], it indicates that
lateral bulk Zn diffusion into neighbouring grains occurred. In contrast,
no Zn diffusion was observed in isolated grain boundaries.

Fig. 8. (a) SEM micrograph and Zn EDS elemental map and (b) IPF-ND-section surface of a tensile specimen interruptedly tested at S3 = 170 MPa and 800 °C. The
dashed rectangle in (a) and (b) highlight the areas with higher concentrations of Zn and areas of transgranular fracture, respectively. Black arrows in (a) indicate
well-polished areas that are not indexed as austenite, despite their good diffraction patterns, likely indicating the presence of Fe-Zn intermetallics. Black and red lines

in (b) are high-angle and )3 grain boundaries, respectively.
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Fig. 9. TKD, TEM, and EDS analysis of a FIB-milled lamella from S4 = 175 MPa. (a) Image quality map showing the position of grain boundaries relative to defects
generated by Fe dissolution in liquid Zn. (b) and (c) TEM micrograph, Zn EDS map, and elemental content-position plot of Fe, Zn, and Mn measured along a grain
boundary linked and not linked to defects, respectively. The black arrows in (b) and (c) represent the EDS scanning line.

4. Discussion
4.1. Zn diffusion in Fe

The as-received Zn-galvanised TWIP steel has a thin, continuous
Fe-Al inhibition layer (Fig. 1). This layer is formed during galvanisation
by the strong affinity between Al — present in the Zn coating — and Fe —
from the steel substrate. Its presence prevents Fe-Zn reactions, and,
consequently, the formation of Fe-Zn intermetallics [13,23]. However,
the Fe-Al inhibition layer is known to break down at elevated temper-
atures (between 420 °C and 800 °C) [13,24-26]. Consequently, Fe-Zn
interdiffusion and severe reaction between liquid Zn and the steel sub-
strate occur, as shown in Figs. 4 and 5.

The Zn diffusion into the steel substrate is substantial, asymmetrical,
and exhibits a wavy front. These observations suggest that Zn transport

1625

in Fe does not follow a conventional lattice diffusion mechanism but
occurs through an alternative transport process. Based on the reported
lattice diffusion coefficient in austenite, D}, = 1.13x1071* m? s7! at
900 °C [27], the diffusion coefficient at 800 °C was estimated using an
activation energy range of 218-263 kJ/mol and a pre-exponential factor
between 2x10" # to 6x10~3 m? s~ ! for Fe diffusion in Zn [28]. Due to the
absence of direct experimental data for Zn diffusion in y-Fe, these
Fe-in-Zn parameters were used as an approximation. The calculated
diffusion coefficient for Zn in y-Fe at 800 °C lies between 9.5x107 % and
4.9x10715 m? s71. Thus, the expected diffusion depth after 1.5 s (total
time at 800 °C during the hot tensile test) corresponds to approximately
50-130 nm. Note that the diffusion of Fe in Zn is expected to be faster
than the diffusion of Zn in Fe. Since at 800 °C Zn is in a liquid state, it
allows for significantly higher atomic mobility and faster diffusion.
Consequently, the calculated diffusion coefficients and the diffusion
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depths for Zn in Fe of 50-130 nm are likely overestimated. Still, the
measured Zn diffusion depth in our experiments is approximately 3 pm,
about two orders of magnitude greater than the predicted values. One
factor that should be considered in the diffusion process is stress.
Notably, under stresses well above the yield point, as in the S3 and S4
conditions, the Zn diffusion depth increases, indicating a stress-assisted
process. However, it is observed that the increase in the applied stress
from 90 MPa (S;, below yield stress) to 175 MPa (S4, well above yield
stress) results in about 35 % increase in Zn diffusion depth. However,
attributing such an extensive Zn penetration (3—-4 pm instead of 50-130
nm) solely to stress-assisted lattice diffusion would require an unreal-
istically high diffusion coefficient. Shewmon, Abbas, and Meyrick [29]
observed similar diffusional behaviour in their study of a Fe-Zn couple
after annealing. Note that their experiments were performed under
significantly different thermal and temporal conditions compared to
those representative of LME during welding. Specifically, their anneal-
ing treatments were performed at 450 °C for durations ranging from 12
to 192 h, and at 550 °C for durations between 3 and 192 h. Despite these
differences, they reported unexpectedly rapid diffusion rates for their
annealing conditions, a finding comparable to the accelerated diffusion
observed in our study under LME conditions. The authors reported three
relevant aspects for this study: 1) the abnormally fast diffusion in a
Fe-Zn couple of 2-4 orders of magnitude higher than in lattice diffusion;
2) the inhomogeneous diffusion where interfaces had both negligible
and considerable diffusion within the same sample; and 3) discontin-
uous changes in Zn concentration from consecutive grains at the same
distance from the steel surface (as observed in this study due to the wavy
diffusional front (Fig. 8(b)) [29]. behaviour to diffusion-induced grain
boundary migration (DIGM) [29]. DIGM occurs when solute atoms
diffuse along grain boundaries, such as Zn in the steel substrate, and
some of them diffuse into adjacent grains, generating a chemical
gradient. Consequently, this gradient acts as a driving force for grain
boundary movement, leaving behind an enriched zone of diffusing
atoms. In this study, the presence of a chemical gradient is supported by
TEM observations (Fig. 9), which revealed Zn diffusion along grain
boundaries adjacent to damaged areas and lateral bulk Zn diffusion into
adjacent grains. This phenomenon results in accelerated solute transport
under conditions where lattice diffusion would be negligible [30].
Notably, the measured diffusion depth is approximately two orders of
magnitude higher than expected for bulk diffusion of Zn in y-Fe at the
same temperature and holding time. Based on the relationship x = /Dt,
where x is the diffusion depth, D the diffusion coefficient, and t the
diffusion time, this suggests an effective diffusion coefficient about four
orders of magnitude higher than the usual bulk diffusivity, further
supporting the involvement of fast diffusion pathways such as DIGM. As
diffusion is led by boundary migration, DIGM results in a wavy diffusion
front which follows the boundary shape, as observed in this study
(Figs. 4, 5 and 8). Moreover, the grain boundary migration may signif-
icantly vary from boundary to boundary [30-32]. For instance, coherent
twin boundaries such as )3 are not observed to undergo DIGM [30,32].

Fig. 10. IPF-ND of a non-damaged cross-section surface of a tensile specimen
interruptedly tested at S3 = 170 MPa and 800 °C. Black and red lines are high-
angle and ) 3 grain boundaries, respectively.
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By comparing IPF maps from damaged (with higher Zn diffusion depth,
Fig. 8) and non-damaged areas (with lower diffusion depth, Fig. 10) of
an S3 sample, it was observed that the percentage of £3 grain boundaries
in the first layer of grains adjacent to the Zn coating was higher in
non-damaged regions (45 %) compared to damaged regions, in grains
where bulk Zn diffusion had occurred (25 %). Special grain boundaries,
especially >3 ones, have the highest symmetry and, consequently,
lower free volume, mostly acting as diffusion barriers [33-36]. In this
case, since the defects on the steel substrate were observed to be limited
to the y-Fe(Zn) layer, the lower severity of damage in certain areas may
be attributed to the lower diffusion paths leading to less driving force for
grain boundary migration. This correlation between ) 3 grain bound-
aries and the reduced solid-state Zn bulk diffusion is observational and
needs to be confirmed.

To support the hypothesis of DIGM in the investigated material, the
size of grains at the interface in the as-received and damaged zones was
measured and found to be comparable at 2.5 pm. However, the grain size
in the affected areas by the liquid Zn is very likely underestimated due to
the considerable severity of damage. Hence, it is difficult to confirm the
DIGM event. Thus, while DIGM is proposed as a plausible mechanism,
further in situ or time-resolved studies are needed to confirm its
occurrence.

Concurrently with the atomic diffusion of Zn into Fe, liquid Zn
severely reacts with the steel substrate, assisting the Fe diffusion into
liquid Zn.

4.2. LME damage and micromechanisms

Although intergranular cracking is typically a key characteristic of
LME micromechanisms [9-12], it was observed that the initial exposure
to liquid Zn led to transgranular deterioration in at least 20 % of the
austenitic grains of the steel substrate. This suggests that different
micromechanisms may be active at the onset of the LME process. This
behaviour aligns with the well-established aggressive corrosive nature
of liquid Zn, which has been shown to dissolve Fe in Zn-galvanised steels
[37-39]. Peng, Wu, and Zhang [37] performed in situ high-temperature
confocal laser scanning microscopy analysis and observed the
erosion-corrosion effect of liquid Zn in a 22MnB5 steel. Their study
showed surface defects similar to those observed in this work (Fig. 4).
Hence, the observed transgranular cracking may be attributed to the
dissolution-driven degradation of the steel substrate caused by liquid Zn.

However, in Ref. [37], the first sign of erosion-corrosion appears at
510 °C, with a heating rate of 8 °C/s. This means that the heating process
from room temperature to 510 °C took about 60 s, which is significantly
longer than the 1.5 s holding time at 800 °C used in Gleeble simulations
herein. Nevertheless, it is important to consider that the
erosion-corrosion rate increases sharply with the liquid Zn temperature
[40]. To evaluate the plausibility of this mechanism under our shorter
timescales, we refer to the findings of Wang et al. [40], who observed
that increasing the temperature of liquid Zn from 520 °C to 550 °C raises
the erosion-corrosion rate in 316L austenitic stainless steel from 120 to
230 pm h™!. Based on their data between 460 °C and 550 °C, we per-
formed an exponential regression (y = 0.0256e°°164X) to extrapolate the
erosion-corrosion rate to 800 °C. The resulting projected rate at 800 °C is
approximately 12770 pm h™!. At this rate, during the 1.5s holding at
800 °C in the Gleeble hot tensile tests performed in this study, the ex-
pected dissolution depth is around 5 pm. This supports the hypothesis
that erosion-corrosion can realistically occur within the Gleeble simu-
lation of RSW timeframe and may contribute to the early stages of LME
cracking. As a result of this dissolution, Fe from the steel substrate dif-
fuses into the molten Zn coating [38,41,42]. In this scenario, defects
generated at the interface create additional surface area, which can
improve the wetting behaviour of liquid Zn on steel. Moreover, the
presence of these defects intensifies the local stress field at grain
boundaries (crack tips coinciding with austenitic grain boundaries
(Fig. 9(a)), likely enhancing Zn grain boundary diffusion and
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accelerating the LME process, increasing its severity [43]. From here,
three mechanisms may act to induce grain boundary decohesion and
initiate LME cracking according to the literature: 1) pure solid-state Zn
atomic diffusion [9,10]; 2) formation of liquid Zn when Zn reaches its
solubility in y-Fe [14]; and 3) formation of Fe/Zn intermetallics leading
to local heterogeneous stress distribution [44]. The first hypothesis is
based on the Klinger-Gordon-An grain boundary diffusion model [9,10].
In this case, the solid-state Zn grain boundary diffusion leads to grain
boundary decohesion and cracking. The second theory is similar, but
considering that when Zn atoms at grain boundaries reach their solu-
bility in austenite, they form liquid Zn [14]. This liquid Zn film weakens
the metallic bonds by adsorption-induced decohesion [15], opening a
new crack. Lastly, the third premise is based on recent studies that
observed the nucleation of Fe-Zn intermetallics along grain boundaries
at high temperature, which results in local stress, favouring cracking
[44]. To assess the plausibility of intermetallic formation at 800 °C at
grain boundaries, we considered the local compositions measured via
TEM-EDS (Fig. 9(b): 53 wt% Fe, 39 wt% Zn, 8 wt% Mn) along grain
boundaries ahead of defect tips. According to the Fe-Zn-Mn ternary
equilibrium diagram at 800 °C (Fig. A4, Appendix A), the presence of the
I" phase (FesZny) at grain boundaries is possible. However, no conclu-
sion can be drawn from this information since the experimental condi-
tions — notably the very rapid heating rate (1000 °C/s) and brief
holding time (1.5 s at 800 °C) — deviate significantly from equilibrium,
limiting the applicability of equilibrium phase predictions via
Thermo-Calc. Once the crack is formed, fresh liquid Zn percolates the
crack, providing a readily available source of Zn atoms to diffuse
through the grain boundaries and continue the LME process up to
fracture.

During cooling to room temperature, the liquid Zn enriched in Fe
transforms into Fe-Zn intermetallics such as FeZng (8), FesZnq (I'), and
FesZny1 (1), as observed in Fig. 7. The presence of intermetallics inside
the crack of a specimen tested up to fracture (Fig. A5, Appendix A)
confirms the percolation of liquid Zn in the steel substrate at high
temperatures. However, it is important to mention that some of these
intermetallics may also have formed at 800 °C as previously explained.

To provide a visual overview of the mechanisms discussed above,
Fig. 11 schematically describes the early-stage cracking LME micro-
mechanisms. It highlights the Fe-Zn interactions and mechanisms of Zn
diffusion and grain boundary weakening that promote embrittlement.
The LME stages compatible with our experimental observations are.

1. Upon heating from room temperature to 800 °C, the continuous
Fe-Al inhibition layer observed at as-received Zn-galvanised TWIP
steel (Fig. 1), which separates the steel substrate from the Zn coating,
locally breaks down (Fig. 5). This degradation exposes the austenitic
steel substrate to direct contact with liquid Zn, enabling the onset of
interfacial reactions and diffusion processes. This step is crucial in
initiating the conditions necessary for subsequent Fe-Zn
interactions.

. Once the steel substrate is exposed to liquid Zn, Zn atoms very likely
begin diffusing along high-diffusivity paths, i.e., grain boundaries.
Observed features such as uneven Zn diffusion — with areas of both
limited and extensive diffusion within the same sample — and a
wavy diffusion front (Fig. 4) suggest that this process is probably
enhanced by diffusion-induced grain boundary migration (DIGM). At
the same time, defects appear on the steel surface (Fig. 4) and may be
attributed to localised dissolution of the steel substrate through
erosion—corrosion as liquid Zn aggressively interacts with the steel
surface. This dissolution also promotes outward Fe diffusion into the
liquid Zn.

. Defects generated on the steel surface during the dissolution stage by
liquid Zn act as preferential pathways for liquid Zn percolation.
These defect tips, which predominantly coincide with grain bound-
aries (Fig. 9), amplify local stress concentrations at these interfaces.
The combined effect of localised stresses and the accumulation of
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liquid Zn at these sites enhances Zn atomic diffusion along the grain
boundaries. As a result, grain boundaries adjacent to these defect tips
become progressively enriched with Zn (Fig. 9), accelerating the
conditions for embrittlement.

. At this point, three mechanisms are possible for causing grain
boundary decohesion and LME cracking: 1) pure solid-state Zn
atomic diffusion; 2) solid-state Zn atomic diffusion followed by the
formation of a liquid Zn film when Zn reaches its solubility in y-Fe;
and 3) formation of Fe-Zn intermetallics leading to local heteroge-
neous stress distribution.

. Following crack initiation, liquid Zn infiltrates the newly formed
intergranular cracks, effectively replenishing the crack path with
embrittling liquid Zn. This percolation process maintains further Zn
atom accumulation at grain boundaries ahead of the crack tip.
Consequently, the local conditions for intergranular weakening are
re-established, perpetuating a cyclic embrittlement mechanism
wherein stages from (3) repeat, driving progressive crack propaga-
tion under sustained mechanical and thermal conditions.

One of the most widely accepted LME models [9,10], along with
many related studies [3,14,15] in Zn-galvanised TWIP steels, describes
LME solely as a diffusion-driven phenomenon. While this framework
captures important aspects of LME behaviour, our findings suggest a
synergistic role of DIGM and dissolution of the steel substrate by liquid
Zn by erosion-corrosion active in the early stages of embrittlement.
These insights provide a more comprehensive understanding of LME and
can support the development of targeted mitigation strategies and
optimised material design. Such advancements are essential for
enhancing the performance and reliability of Zn-coated steels submitted
to high-temperature and stress processes (e.g., resistance spot welding
and forming), particularly in automotive applications.

5. Conclusions

This study successfully identified the early-stage liquid metal
embrittlement (LME) cracking mechanisms in Zn-galvanised, fully-
austenitic, twinning-induced plasticity (TWIP) steel through interrupted
Gleeble hot tensile tests and comprehensive microscopic analyses. In this
investigation, the degradation sequence and the contributing factors
that control the onset of LME were established. The key findings are as
follows.

1. The onset of LME appears to be associated with a synergistic role of
diffusion-induced grain boundary migration and the dissolution of
the steel substrate by liquid Zn through erosion-corrosion. Fast solid-
state bulk Zn diffusion is observed to form a y-Fe(Zn) layer, within
which dissolution defects are confined.

. Defects formed on the steel surface in contact with liquid Zn are
observed to be heterogeneous, resulting in damaged and non-
damaged areas within the same sample. The character of the
austenitic grain boundaries at the steel surface likely governs the
severity of surface degradation. Non-damaged areas show a higher
fraction of } 3 boundaries (45 %) than damaged areas (25 %), whose
high symmetry is known to hinder grain boundary diffusion and
suppresses DIGM. As a result, > 3 grain boundaries likely limit the
steel surface deterioration.

. Following the initial surface degradation stage, experimental ob-
servations indicate grain boundary diffusion ahead of defect tips,
which preferentially align with austenitic grain boundaries. Local
stress amplification at these defect tips likely enhances Zn grain
boundary diffusion and may accelerate the LME process. Conse-
quently, these sites facilitate a more rapid Zn accumulation along
neighbouring grain boundaries compared to regions without such
defects, intensifying embrittlement conditions.

. The accumulation of Zn atoms along grain boundaries may lead to
grain boundary weakening and, under tensile stress, promote
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Fig. 11. Schematic illustration of the sequential steps leading to the onset of LME in the studied Zn-galvanised TWIP steel. The black and red lines represent high-
angle random and )3 CSL grain boundaries, respectively. ¢ is the tensile residual stress.
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cracking through three possible mechanisms: (1) pure solid-state Zn
diffusion; (2) liquid Zn film formation once Zn reaches its solubility
limit in y-Fe; and (3) Fe-Zn intermetallic formation, generating local
stress concentrations.

. Once the cracks form, they become infiltrated by liquid Zn, supplying
new Zn atoms to the forward grain boundaries. Then, the local
conditions for solid-state Zn grain boundary diffusion and inter-
granular weakening are re-established, sustaining crack growth until
fracture occurs.

This study provides a foundational understanding of the micro-
mechanisms governing early-stage LME cracking in Zn-coated TWIP
steels. Future research will focus on how microstructure influences crack
propagation, particularly the role of grain boundaries and their orien-
tation to applied stress. Establishing these relationships will offer deeper
insights into factors controlling crack growth and resistance, contrib-
uting to the design of LME-resistant steels.
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() (b) (c)

Fig. A2. SEM, Zn EDS map, and unique grain colour map of an area at the tensile specimen’s y-Fe(Zn)/y-Fe steel substrate boundary interruptedly tested at S3 =170
MPa and 800 °C. For reference, one of the grains of the unique grain colour map has been illustrated in the SEM image. Black lines in (c) are high-angle
grain boundaries.
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Fig. A3. EBSD phase maps of the interruptedly tested S1 = 90 MPa specimen showing the Fe-Zn intermetallics also observed distributed in irregularly distrib-
uted layers.
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Fig. A4. Equilibrium ternary phase diagram of Fe-Mn-Zn system at 800 °C calculated via ThermoCalc (CALPHAD method). For this calculation, only Fe-based
phases and Fe-Zn intermetallics were selected in the database to be represented.
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Fe

Fig. A5. SEM micrographs and Fe and Zn EDS maps of a crack in the cross-section of the specimen tested up to fracture. In the SEM micrograph, expected phases
according to thermodynamically simulations (CALPHAD method), based on elemental content measured by EDS, are identified.
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