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ARTICLE INFO ABSTRACT
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Liquid metal embrittlement (LME) during resistance spot welding (RSW) of Zn-coated twinning-induced plas-
ticity (TWIP) steel results in intergranular cracking driven by the interaction of liquid Zn, tensile stress, and the
grain boundary (GB) network. This study investigates how GB misorientation and orientation relative to the
electrode force loading axis influence the LME crack path across six weld times from 700 ms to 1700 ms. A
comparative framework was developed in which, at each triple junction along the LME crack, the misorientation
and angle relative to the loading axis of the chosen LME grain boundary are evaluated against those of the
unchosen LME-free grain boundary. £3 coherent twin boundaries were LME-free at all weld times regardless of
their orientation to the stress axis. Non-twin coincident site lattice (CSL) boundaries (£5 to £41) were pre-
dominantly LME-free at low weld times but progressively became LME GBs at high weld times, when their stress
normalisation factor exceeded that of the competing boundary. The fraction of triple junctions where the LME
grain boundary had the higher stress normalisation factor increased from 58% at 700 ms to 91% at 1700 ms,
while the preference for the higher-misorientation-angle boundary declined from 73% to 56% over the same
range. An LME susceptibility index incorporating grain boundary energy, temperature-dependent Zn diffusivity,
and stress alignment is proposed as a framework for predicting crack path selection and guiding grain boundary
engineering strategies (GBE) to reduce LME in resistance spot welded TWIP steel.

Coincidence site lattice
Grain boundary engineering
Zn diffusion

1. Introduction weld time, and hold time. The process proceeds in three stages. First, in

the squeeze time, the electrode force is applied without welding current

In recent decades, the automotive industry has focused on decreasing
vehicle weight and fuel consumption while maintaining strength and
crash resistance in order to reduce the overall carbon footprint [1]. To
meet these requirements, advanced high-strength steels (AHSS) are
increasingly used, as they combine high strength and ductility for
structural automotive components [2-5]. Twinning induced plasticity
(TWIP) steel is one such AHSS used in the automotive industry. Resis-
tance spot welding (RSW) is the main joining method in automotive
manufacturing, with each vehicle typically containing between 3000
and 5000 spot welds. During RSW, a weld nugget is created through the
combined action of electrode force and Joule heating, which leads to
melting and subsequent solidification at the interface between the steel
sheets that are joined. The welding cycle is governed by parameters such
as welding current, electrode force, electrode geometry, squeeze time,
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to keep the sheets in contact with each other. Next, during the weld time
(WT), the applied force is maintained while current passes through the
sheets and generates resistive heating to melt the interface between the
sheets. Finally, in the hold time, the current is switched off and the force
is maintained by water-cooled electrodes to form a metallurgical bond
between the steel sheets [6]. During RSW, the combined thermal and
stress conditions can cause the Zn coating to melt and penetrate grain
boundaries (GBs) in the solid steel substrate. This penetration can lead to
crack formation, a phenomenon known as liquid metal embrittlement
(LME) [7]. LME is a critical concern for advanced high-strength steels
such as TWIP steel, as each weld can act as a potential failure site in
automotive applications. Despite their high strength and ductility, TWIP
steels have been shown in multiple studies to be highly susceptible to
LME [8-11]. LME crack initiation and growth are governed by the
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combined influence of stress, temperature, strain, and steel micro-
structure. In addition, spatial variations of stress, temperature, and
microstructure within the weld increase the complexity of the phe-
nomenon and contribute to the formation of different types of LME
cracks [8,12-15].

Several mechanisms have been proposed depending on the solid/
liquid metal system involved. For the Fe-Zn system, stress-assisted grain
boundary (GB) diffusion is considered the dominant micro-mechanism.
Stress-assisted LME models are derived from the Rehbinder effect, in
which liquid Zn penetrates GBs, reduces the surface energy of the steel,
and promotes embrittlement once a critical stress level is exceeded
[16-18]. Since stress-assisted GB diffusion is considered to play a
dominant role in the Fe-Zn system, the characteristics of the GBs influ-
ence LME crack initiation and propagation. The weld times investigated
in this study (700 ms to 1700 ms) are sufficient for liquid Zn to melt,
diffuse along GBs, and cause embrittlement via the Rehbinder mecha-
nism [19,20]. Among these characteristics, GB misorientation is a
crystallographic parameter that defines the orientation relationship
between adjacent grains [17,20,21]. Because GB structure and energy
are directly related to misorientation, variations in misorientation may
affect the susceptibility of specific boundaries to Zn diffusion under the
combined action of stress and temperature during RSW [16]. Therefore,
understanding how GB misorientation influences LME behaviour is
essential for clarifying crack path selection and identifying which
boundaries are more likely to act as preferential pathways for crack
growth.

Bhattacharya et al. studied the influence of starting microstructure
on the severity of embrittlement in Zn coated AHSS [22]. The study
concluded that the prior austenitic GBs (PAGBs) provided low energy
paths for crack propagation and hence are preferred for embrittlement.
The DP steel's lower area fraction of PAGBs, because of the inter-critical
annealing, reduces the availability of low energy paths for crack prop-
agation [22]. Although misorientation angles were measured between
grains on either side of the crack, the number of GBs misorientation
angles analysed was insufficient to ascertain which grains were
preferred for crack propagation. For a given microstructure, it was
observed that for a misorientation angle greater than 15°, a lower critical
stress is required for LME, due to the increase in grain boundary energy
[23]. Atomistic models and TEM observations were employed to study
the kinetics of liquid metal penetration in the Al-Ga system. The ob-
servations of this study quantitatively verified that a low unit cell vol-
ume of the coincident site lattice (CSL) ¥ GBs enabled much slower
liquid metal penetration compared to high ¥ GBs. Razmpoosh et al.
validated these observations for a Fe-Zn system, and investigated the
influence of GB misorientation angle and crystallographic plane on LME
crack propagation and LME susceptibility of FCC Fe-Zn couple [24]. A
trace analysis technique using EBSD was applied to LME susceptible
GBs, where it was concluded that the orientation of GB planes had a
significant effect on the crack path. It was observed that liquid Zn
penetrated the GBs of the Fe matrix along high-index planes and the (5 3
1) plane had the highest susceptibility to exhibit LME [24]. According to
Razmpoosh et al., LME cracks in Fe-Zn systems tend to follow high-angle
random austenite GBs, and the susceptibility of these boundaries de-
pends on the tensile stress component normal to the boundary plane,
with a threshold stress of roughly 80% of the yield strength required to
trigger liquid Zn penetration and grain-boundary decohesion [24]. Ac-
cording to Gong et al., the applied stress axis controls both the depth and
rate of liquid metal penetration along GBs once a critical normal stress
on the boundary is exceeded [25]. According to Hong et al., the sus-
ceptibility of individual GBs to embrittle is governed by the stress
component perpendicular to the grain-boundary plane together with the
grain-boundary character, so that high-angle random, high-index
boundaries with larger excess free volume are most prone to embrit-
tlement, whereas low-X CSL boundaries remain comparatively LME
resistant [26]. Bertolo et al. studied Zn-galvanised TWIP steel and
deliberately induced LME cracks, then reconstructed the crack path
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relative to the austenite grain boundary network [27]. Using EBSD
mapping and tracing the crack path, the study showed that intergranular
LME cracks preferentially propagate along HAGBs and avoid low-X CSL
boundaries. In this framework, the global tensile axis defines the stress
state, and the orientation of individual boundaries relative to this axis
determines the resolved normal stress and their susceptibility to LME.
Although previous studies have examined the role of GB character in
LME crack propagation, how these relationships evolve under the con-
ditions present during RSW has not been systematically studied. In
particular, the combined influence of GB misorientation and the orien-
tation of GBs relative to the loading axis during welding remains un-
clear. Furthermore, the extent to which welding parameters affect these
relationships during crack propagation is not well understood. There-
fore, this study investigates how GB misorientation and GB orientation
with respect to the loading axis influence LME crack paths, and how
these effects change under different welding parameters during RSW.

2. Material and Methods
2.1. Materials

A heterogeneous triple-stack configuration was used for the RSW
experiments. The top sheet was galvanized, cold-rolled austenitic TWIP
steel with a thickness of 1.23 mm and an approximate Zn coating
thickness of 12 um. This TWIP steel is known to be susceptible to LME
[8-10,28].

During RSW, the TWIP sheet was placed on top of two DX54 steel
sheets, each with a thickness of 1.5 mm and an average Zn coating
thickness of approximately 15 um, as illustrated in Fig. 1. DX54 is a
deep-drawing steel grade that is used for its high forming ability DX54
sheets were used in the triple-stack configuration to increase the heat
input during welding and thereby promote the formation of LME cracks
[29]. All steel sheets were coating with Zn .

The chemical composition of the main alloying elements in the TWIP
steel is listed in Table 1. The composition of the DX54 sheet is listen in
Table 2. XRF was used to ascertain the composition of the steel sheets.
The balance for both compositions is Fe.

Force
TWIP steel (1.23 mm)
DX54 steel (1.5 mm)
DX54 steel (1.5 mm)
Rolling axis (X-direction)
Force

Normal axis (Y-direction)

Fig. 1. Schematic representation of the RSW setup showing the sample coor-
dinate system.
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Table 1

Composition of alloying elements in TWIP steel in wt%.
Mn Al C Ni Cr, S, Si, Ti, P
17.3 1.49 0.61 0.36 0.24

Table 2

Composition of alloying elements in DX54 steel in wt%.
C Si Mn P
0.12 0.5 0.6 0.1

2.2. Welding setup

Spot welds were produced using a 1000 MHz MFDC spot welding
machine operating under constant current regulation. The welding pa-
rameters used in this study are summarized in Table 3 and were selected
following internal optimization. During welding, the electrode force,
welding current, squeeze time, and hold time were kept constant. The
welding current was chosen as the highest value that did not produce
expulsion at a weld time (WT) of 1700 ms.

ISO5821 F1-16-20-6 CuCrlZr electrodes were used and tip-dressed
prior to welding. A total of eight weld times were investigated,
ranging from 300 ms to 1700 ms with intervals of 200 ms, and four
samples were produced for each weld time condition.

2.3. Characterization

LME cracks on the surface of the spot welds were first identified using
a VHX7000N optical microscope. Regions containing cracks were then
selected for cross-sectional analysis. For SEM preparation, the samples
were ground using progressively finer grit sandpapers and subsequently
polished using 3 pm silica paste, followed by 1 ym diamond paste and
OP-S liquid to produce a smooth surface suitable for imaging. Micro-
structural characterization was performed using a JEOL® IT800SHL™
scanning electron microscope equipped with a field emission gun,
operated at 10 kV with a beam current of 3.2 nA. The microscope was
fitted with an Oxford Instruments® Maxim 100™ detector, which was
used to carry out Energy Dispersive Spectroscopy (EDS) and Electron
Backscatter Diffraction (EBSD) analyses. EBSD data were post-processed
using EDAX-OIM Analysis™ v8 software. Grains were defined using a
tolerance angle of 15° and a minimum grain size of 5 pixels with mul-
tiple rows required. Taylor factor maps were calculated considering the
12 slip systems in FCC Fe. The critical resolved shear stress (CRSS) was
set to the default value of 0.2, and the Cauchy strain tensor was defined
as 1, -0.5, and 0.5, corresponding to a uniaxial tensile axis along the A1l
direction (y-direction in this study), as prescribed by Bertolo et al [27].

2.4. FEA model

Finite element analysis (FEA) of the RSW process was performed
using SORPAS to evaluate the evolution of stresses in the weld region.
The simulations focused on the weld shoulder area, where LME cracks
were observed in the experiments. The model was conFig.d to replicate
the experimental welding conditions, including sheet materials, sheet
thicknesses, electrode geometry, and applied welding parameters.

Table 3
RSW process parameters.

Welding Electrode Squeeze Hold Weld time (ms)
current (KA) force (kN) time (ms) time

(ms)
7.4 4.5 150 150 300, 500, 700, 900,

1100, 1300, 1500
and 1700
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Temperature dependent thermo-mechanical properties of the steel
sheets were obtained from JMatPro and implemented in the simulation.
The simulations provided the evolution of stress components in the x
and y directions as a function of time at the weld shoulder. These stress-
time profiles were used to assess the orientation of the loading axis
relative to the GBs in the TWIP steel.

3. Results
3.1. Microstructure characterization of LME cracks

Fig. 2 presents the EBSD image quality (IQ) maps of LME cracks
obtained from the different RSW conditions, covering weld times from
700 ms to 1700 ms. No LME cracks were observed at weld times of 300
ms and 500 ms, so these weld conditions are not part of the study. The IQ
maps also reveal the GB network in the cross-section. In the Fig., black
lines represent high angle GBs (HAGBs) with misorientations between
15° and 65°, while blue lines denote low angle GBs (LAGBs) with mis-
orientations between 5° and 15°. £3 CSL GBs are highlighted in red and
represent twin boundaries, which are predominant in TWIP steel. The
LME crack in Fig. 2 at a weld time of 1700 ms is observed to propagate
into the weld fusion region,

Fig. 3 also shows the variation in LME crack depth and width as a
function of weld time. Both crack depth and width increase with
increasing weld time, which can be attributed to the higher heat input
during welding.

3.2. Analysis framework

The misorientation analysis framework used in this study is illus-
trated schematically in Fig. 4. This framework is adapted from the study
by Bertolo et al [27]. Fig. 4(a) shows a schematic representation of the
grain structure and GB network in the TWIP steel RSW cross-section.
Two distinct categories of GB misorientations are identified and
measured. The first category, indicated by blue arrows, are the mis-
orientations between adjacent grains separated by the LME crack - that
is, the GBs along which LME crack propagation occurs. These are
referred to henceforth as 'LME GBs'. In the schematic, this corresponds
to the misorientations between grain pairs G1/G2, G2/G3, G3/G4,
G4/G5, and G5/G6. The second category, indicated by red arrows,
comprises the misorientations between grains that form part of a triple
junction that the LME crack passes through, but did not propagate - that
is, the GBs at each triple junction that were available to the crack as an
alternative path but were not selected. These are referred to henceforth
as LME-free GBs. In the schematic, these correspond to grain pairs
G1/G3, G2/G4, G3/G5, and G4/G6. This paired measurement at each
triple junction - one LME GB and one LME-free GB forms the basis of the
comparative crack path analysis. By comparing the LME and LME-free
GBs, the study aims to understand how the GB character affects the
LME crack path under changing RSW parameters.

The loading direction in Fig. 4(a) corresponds to the direction of the
applied electrode force during RSW, which generates compressive
stresses along this axis. The magnitude of the stresses in the y-axis
(loading direction) and x-axis is shown in Fig. 5, where both the
electrode-axis (y) component 6y and the transverse (x) component 6y are
negative. This compressive stress state is from the combined effect of
thermal expansion and the electrode force [30,31]. The y-component is
more compressive than the x-component (cy < ox < 0) for the entire
duration of the RSW cycle. Under this biaxial stress state, the normal
stress acting on a grain boundary inclined at angle 0 to the y-axis is given
by the standard plane-stress transformation [32]:

6n(0) = 0y-sin?(0) + oy-cos?(0)

In the stress-assisted GB diffusion model, it is the stress gradient
along the normal to the GB plane that governs the thermodynamic
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Fig. 2. EBSD image quality map showing LME cracks and grain structure for different RSW weld times.
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Fig. 3. (a) Schematic diagram for crack dimension measurement (b) Average LME crack depth and crack width at different weld times, with the error bars rep-

resenting standard deviation.

driving force for Zn transport. The stress gradient causes a gradient in
the chemical potential resulting in the thermodynamic driving force for
diffusion [33]. The Fe-Zn system undergoes grain boundary wetting
governed by the condition ygg > 2ys1, independent of the macroscopic
stress state, where ygp is the surface energy of the grain boundary and yg;,
is the surface energy of the solid-liquid interface [34,35]. Once Zn has
penetrated a boundary, the stress-assisted diffusion model predicts that
the diffusing Zn atoms generate local tensile stress at the crack tip
through a wedging mechanism, providing the driving force for inter-
granular decohesion even in the absence of macroscopic tensile loading
[33]. The angle between an LME GB and the loading direction is denoted
by 6, and the corresponding angle for an LME-free GB is denoted ¢. From
these angles, a stress factor is defined as the cosine of the angle the GB
makes with the loading direction which is equal to 1 when the GB is
parallel to the loading axis and 0 when the GB is perpendicular to the

loading axis. The stress factor therefore provides a normalised scalar
measure of the mechanical driving force acting on each grain boundary.
The macroscopic biaxial compressive field measured in this study
therefore does not prevent LME from occurring. Boundaries experi-
encing the least compressive normal stress i.e. those most parallel to the
electrode force direction, are the preferred pathways for Zn-driven crack
propagation, which is the basis for the stress normalisation factor used in
this analysis. It should be noted that the stress normalisation factor used
throughout this analysis is a geometric approximation derived from the
macroscopic, bulk stress field at the weld shoulder as computed by FEA.
It does not capture the local stress state at individual GBs, which is
modified by elastic and plastic anisotropy between neighbouring grains,
local stress concentrations at triple junctions, and the changing tem-
perature across the HAZ during the weld cycle [36]. As a result, the
stress normalisation factor should be interpreted as a relative metric to
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Loading direction

LME crack

I

(b)

Fig. 4. (a) Schematic representation of grain structure surrounding LME crack with white X denoting GB triple junctions, blue arrows denoting misorientation
between LME GBs and red arrows denoting LME-free GBs (b) Representative EBSD IQ map showing GB misorientation measurements surrounding LME cracks.
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Fig. 5. Stress in the X and Y directions vs time plot in the weld shoulder region calculated using the FEA model at a weld time of 900 ms.

compare two competing boundaries at a triple junction. This approxi-
mation is considered acceptable to compare which of two boundaries at
the same triple junction experiences the less compressive normal stress,
where both boundaries are subject to the same macroscopic stress.

Fig. 4(b) shows a representative EBSD IQ map illustrating the LME
crack path and the misorientation measurements made at LME GBs and

(a)

LME-free GBs at triple junctions ahead of the crack. The GB mis-
orientations calculated from the EBSD data capture both the misorien-
tation angle and the misorientation axis. This measurement procedure
was applied to all LME cracks observed across the six weld times
investigated in this study.

At a weld time of 1700 ms, the width of the LME crack was too large

(c)

Fig. 6. (a) IQ map showing GBs at weld time = 1700 ms (b) process of 'closing' the LME crack to identify neighbouring grains (c) reconstructed grain boundary map

to perform misorientation analysis.
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to directly determine the original GB structure across the crack. To
address this, the micrograph was separated along the crack and the re-
gions on either side were reconstructed and stitched together, as illus-
trated in Fig. 6. This reconstruction was possible by matching features
such as grain morphology and the geometry of the weld fusion zone on
both sides of the crack, which allowed neighbouring grains to be iden-
tified. GB orientation relationships were determined only for the FCC
TWIP phase of the steel and were not evaluated within the fusion zone.

3.3. GB misorientation and loading axis orientation

Fig. 7 presents the misorientation angle distributions for LME GBs
and LME-free GBs for all weld times, and Fig. 8 shows the misorientation
distribution function (MDF) map for LME and LME-free GBs combined in
one map. The distribution of LME GB misorientation angles follows an
approximately Gaussian profile centred in the range of 35-55°. This
indicates that the LME crack does not exhibit a strong preference for a
specific misorientation angle within in the HAGB range. The crack
propagates through random HAGBs that constitutes the majority of
boundaries in the material. The number of triple junctions identified for
each weld time is summarised in Table 4. At each triple junction, there is
an LME GB and LME-free GB ahead of it. From both Fig.s, it can be seen
that for LME GBs, the MDF reveals a preferential clustering of mis-
orientations in the <111> tilt axis family at misorientation angles be-
tween approximately 25° and 45° where the crack propagates through
random HAGBs that constitutes the majority of boundaries in the ma-
terial. In contrast, for LME-free GBs, the MDF displays a sharp, high-
intensity peak at the <111> axis and misorientation angles of 55-65°,
which corresponds to £3 CSL coherent twin boundaries that are a
characteristic microstructural feature of low stacking fault energy TWIP
steels [10]. This observation holds consistently across all weld times
investigated in this study: in every condition, the LME crack path never
propagated through a X3 twin boundary. The avoidance of 3 bound-
aries by the LME crack, regardless of weld time or temperature indicates
that these boundaries are a structural barrier to liquid metal penetration
and crack propagation.

At each triple junction the LME crack passes through, the crack faces
a choice between two GBs that differ in their misorientation angle and
orientation relative to the loading axis. To determine which of these
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factors govern the path the LME crack selects and how they are affected
by weld time, the assessed misorientation and the stress normalisation
factor is for both sets of GBs at each triple junction. Fig. 9 presents
scatter plots of the stress normalisation factor against misorientation
angle for LME GBs and LME-free GBs across all six weld times. GBs are
classified into six categories to enable systematic comparison: (a) LME
LAGBs (misorientation < 15°), (b) LME HAGBs (misorientation > 15°,
non-CSL), (¢) LME CSL GBs (X5-X41, excluding £3), (d) LME-free
HAGBSs, (e) LME-free CSL GBs (£5-X41), and (f) LME-free =3 GBs. For
HAGBs through which the crack propagates (filled blue circles), the
distribution evolves with weld time. At 700 ms, these boundaries are
spread across the full stress normalisation factor range (~0.1-1.0) with
misorientation angles between ~25-55°. With increasing weld time, the
GBs progressively cluster at higher stress factors. When the weld time is
above 1300 ms most points lie between 0.8-1.0, and at 1700 ms they are
concentrated near 1. For LAGBs that the LME crack propagates through
(filled blue triangles), the stress normalisation factor lies between 0.6
and 1.0 at all weld times, indicating that crack propagation through
LAGBs occurs only when they are well aligned with the loading axis. £3
CSL boundaries (filled red triangles) were consistently observed to be
LME-free. Non-X3 CSL GBs the LME crack propagated through (filled red
squares) were not observed at the lowest weld time but appear at higher
weld times, primarily at high stress normalisation factors, indicating
crack propagation when their orientation is more aligned with the
loading axis. LME-free HAGBs (unfilled blue circles) are distributed
broadly across all stress factors and misorientation angles at every weld
time, and this distribution does not change significantly between 700 ms
and 1700 ms. However, their overall fraction decreases with weld time.
LME-free non-X3 CSL boundaries (filled red squares) are present across
all stress factors up to a weld time of 1100 ms, but at higher weld times
some of these boundaries allow LME cracks to propagate through when
their stress factor is sufficiently high. The distribution of stress nor-
malisation factors for LME and LME-free GBs and the average angle of
both sets of GBs with the loading axis is shown in Fig. 10. These indi-
vidual trends are further quantified in Fig. 13. For all weld times, the
distribution for LME-free GBs remains largely unchanged across the full
range of stress normalisation factors. In contrast, the distribution for
LME GBs evolves with weld time. At 700 ms and 900 ms, although a
peak is observed at high stress normalisation factors, LME GBs are
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Table 4

Number of triple junctions analysed at different weld times.

Weld time (ms)

Number of triple junctions analysed

700 52
900 55
1100 64
1300 77
1500 89
1700 85
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present across the full range from 0 to 1. With increasing weld time, the
fraction of LME GBs at higher stress normalisation factors (0.7-1.0) in-
creases. By 1700 ms, no LME GBs are observed below a stress normal-
isation factor of 0.5, and approximately 80% of these GBs lie above 0.8.

Fig. 11(a) shows that the percentage of £3 CSL boundaries remains
approximately constant for all weld times. This is expected because
these twin boundaries are uniformly distributed in the TWIP steel
microstructure and are not affected by the welding parameters. Fig. 11
(b) shows the fraction of LME-free CSL boundaries that are not twin
boundaries. This percentage decreases from ~26% at a weld time of 700
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Fig. 9. GB misorientation angle vs stress normalisation factor with loading axis of different types of GBs for all weld times.
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Fig. 11. For weld times between 700 ms and 1700 ms, (a) Percentage of LME-free GBs are not CSL 3 twin GBs (b) percentage of LME-free CSL GBs that are non 3.

ms to ~15% at 1700 ms. Since the overall GB distribution in the
microstructure does not change with weld time, this indicates that a
greater fraction of these boundaries are embrittled at higher weld times.

Fig. 12(a) shows the fraction of LME GBs that are LAGBs. This in-
creases from ~6% at 700 ms to 17.4% at 1700 ms. Fig. 12(b) shows the
percentage of LME GBs that are non-twin CSL boundaries (£5-X41). This
fraction is 2.6% at 700 ms, increases to ~4% at 1100 ms, and further
increases to 16% at 1700 ms. When both boundaries ahead of a triple
junction are random HAGBEs, the preference for the boundary with the
higher stress normalisation factor increases with weld time. At 700 ms,
the boundary with the higher stress factor is selected in 63% of cases,
increasing to 68% at 900 ms and 72% at 1100 ms. This trend becomes
more pronounced at higher weld times, reaching 88% at 1300 ms, and
remaining high at 85% and 87% for 1500 ms and 1700 ms, respectively.

Fig. 13(a) shows the percentage of triple junctions where the LME GB
has a higher misorientation angle than the LME-free GB, excluding CSL
boundaries. Previous studies indicate that GBs with higher misorienta-
tion angles are more susceptible to LME. At a weld time of 700 ms, the
higher misorientation GB was the preferred crack path in 73% of the
cases. This percentage is 68% at 900 ms and 72% at 1100 ms, but de-
creases to 58% at 1300 ms, 55% at 1500 ms, and 56% at 1700 ms,
indicating a downward trend. Fig. 13(b) shows the percentage of cases
where the LME GB has a higher stress normalisation factor than the LME-
free GB, for non CSL boundaries. In contrast to misorientation, this
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metric shows a clear increasing trend. At 700 ms, the boundary with the
higher stress normalisation factor is the preferred crack path in 58% of
the cases, increasing to 91% at 1700 ms.

4. Discussion

The results of this study are interpreted within the framework of
stress assisted GB diffusion, which is the accepted transport mechanism
for LME in the Fe-Zn system [16,20,37]. DiGiovanni et al. observed that
Zn penetration depth increased with applied stress, with a diffusion
profile predicted by the stress-assisted diffusion model of Klinger and
Rabkin [20,33]. Murugan et al. showed that LME sensitivity in galvan-
nealed medium Mn steel during high-temperature tensile testing is
governed not only by the presence of liquid Zn but by the fraction of
effective liquid Zn available at the moment of deformation [38]. At the
atomic scale, GB decohesion in the Fe-Zn system occurs when Zn atoms
diffuse through the GB ahead of the propagating crack and weakens the
Fe-Fe bonds and causes fracture under applied load [33]. Chen et al.
found that the segregation of TWIP steel alloying elements like Al, Mn,
Mo, and Ti to the o/y interface has an effect on the interfacial cohesion
[39]. Based on this framework, the results presented in the previous
section are now examined in detail. The influence of GB misorientation
and orientation with respect to the loading axis on LME crack propa-
gation is discussed by considering each type of grain boundary
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Fig. 12. For weld times between 700 ms and 1700 ms, (a) percentage of LME GBs that are LAGBs (b) percentage of LME GBs that are CSL =5 to 341.
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Fig. 13. For weld times between 700 ms and 1700 ms, (a) percentage of GBs where the LME GB misorientation angle is greater than the LME-free misorientation
angle (b) percentage of GBs where the LME GB stress factor > LME-free GB stress factor.

individually. The analysis presented in this study is further used to
propose a predictive index for LME susceptibility, combining the effects
of grain boundary character and stress alignment. In addition, these
results are used to identify grain boundary engineering strategies that
can be applied to reduce LME susceptibility.

4.1. Effect of GB type on LME crack path

4.1.1. HAGBs

The misorientation angle distributions in Fig. 7 show that the LME
crack propagates predominantly through random HAGBs, consistent
with the general HAGB distribution of the recrystallised austenite in
TWIP steel [40]. This observation is in agreement with the studies by
Razmpoosh et al., Bertolo et al. and Bhattacharya et al. who noted that
higher misorientation angles correspond to higher GB energy, greater
excess free volume, and faster GB diffusivity for substitutional solutes,
and makes stress-assisted Zn diffusion kinetically faster along these
boundaries [20,24,27]. The MDF for LME GBs in Fig. 8 reveals clustering
in the (111) tilt axis family at a misorientation of 25-45°, and is
consistent with the observations of Bertolo et al. that misorientation
angle above approximately 25° reduces the minimum stress factor
required for LME to approach zero [27]. As more GBs become embrittled
by Zn diffusion, the misorientation angle between competing boundaries
at a triple junction becomes less useful in determining which boundary
is susceptible to LME. When the analysis is limited to triple junctions
where both competing boundaries are random HAGBs, the preference
for the boundary with the higher stress normalisation factor increases
with weld time. The percentage rises from 63% at 700 ms to 68% at 900
ms and 72% at 1100 ms, followed by a sharper increase to 88% at 1300
ms, and remains high at 85% and 87% for 1500 ms and 1700 ms,
respectively. Since both boundaries in this case are structurally similar,
this trend indicates that crack path selection is controlled by mechanical
factors rather than GB misorientation. With increasing weld time, as
more HAGBs become sufficiently embrittled, the crack preferentially
follows boundaries better aligned with the loading axis.

4.1.2. CSL GBs

4.1.2.1. 23 GBs. X3 coherent twin boundaries are avoided by the LME
crack for all six weld times, despite these boundaries constituting ~30-
33% of available GBs. This observation validates previous findings by
Razmpoosh et al and Bertolo et al. [24,27]. Bertolo et al. confirmed this
resistance specifically in the same TWIP steel under Gleeble hot tensile
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conditions, where no £3 boundary participated in Zn penetration or
cracking even at stress normalisation factors as high as 0.8 [22]. The
present RSW study demonstrates that this was observed across a range of
weld times and correspondingly high temperatures and weld heat in-
puts. The thermodynamic condition for liquid metal GB penetration
requires ygp > 2ysL, where ygp is the grain boundary energy and yg, is
the solid-liquid interfacial energy [23]. For coherent £3 {111} twin
boundaries in FCC austenite, the near-zero excess free volume means
this condition is not met under the conditions of RSW, independent of
stress state. In Fig. 9, 3 boundaries (filled green triangles) appear at
stress normalisation factors between 0.8-1 in all weld time conditions,
without the crack propagating at any weld time.

4.1.2.2. X5 to X241 CSL GBs. The fraction of non-twin CSL (£5-X41)
boundaries in LME-free GBs (Fig. 11a) varies from ~26% at 700 ms to
~15% at 1700 ms and the increase in LME GBs that are non-twin CSL
boundaries (Fig. 11b) from ~3% to ~16% show that these GBs are more
prevalent in the LME crack path as the weld time increases. At each weld
time condition there is an effective diffusion depth for Zn governed by
the combined effects of temperature, applied stress, and time. These CSL
boundaries have a lower excess free volume and GB energy than random
HAGBs but higher than £3 [41]. Murugan et al. found that LME severity
increases linearly with the fraction of effective liquid Zn at the defor-
mation temperature [38]. In RSW, higher weld times increase peak HAZ
temperature and reduce isothermal solidification extent during the weld
cycle, increasing the effective liquid Zn fraction at the moment of peak
tensile stress. In 100% of the observed cases where the LME crack tra-
versed a non-twin CSL boundary, the stress factor of that boundary
exceeded that of the competing LME-free GB at the same triple junction.
Gong et al.'s observation also shows that GB decohesion under LME is
dependent on orientation, with boundaries aligned parallel to the
loading axis showing little or no cracking even when structurally sus-
ceptible [42]. This demonstrates that structural embrittlement is a
necessary but not sufficient condition for non-twin CSL boundaries: the
mechanical driving force must also be locally favourable.

4.1.3. LAGBs

LAGBs fraction increases with weld time in LME GBs from approxi-
mately 6% at 700 ms to ~17% at 1700 ms (Fig. 12a). In contrast to
random HAGBs, which at a weld time of 700 ms are distributed across a
wide range of stress normalisation factors, LAGBs appear in the crack
path exclusively at stress normalisation factors above 0.7 across all weld
times. Razmpoosh et al. confirmed that low-angle random boundaries
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resist LME [24], and Bertolo et al. found in the same TWIP steel that
LAGBs required a normalised stress factor of at least 0.5 to participate in
LME under hot tensile conditions [27]. The present RSW results are
consistent with both findings, and show that LAGBs are only affected by
LME when they are well-aligned with the loading axis, when the stress
normalisation factor is above 0.5. At weld times below 1300 ms, Zn
diffusion is insufficient to overcome the barrier for diffusion via LAGBs
[21,43]. As weld time increases and HAZ temperatures rise, the Zn
diffusivity along all boundary types increases, and the greater cumula-
tive Zn flux eventually reaches the threshold required to embrittle even
LAGBs [17,33]. In every observed case where the LME crack traversed a
LAGB, the stress normalisation factor of that LAGB exceeded that of the
competing boundary at the same triple junction. At 700, 900 and 1100
ms, the differences in the percentage of LME GBs that are LAGBs are
within ~2% of each other. Thus it is not possible to determine with
confidence whether this apparent reduction reflects a real physical trend
or statistical scatter.

4.2. Misorientation angle vs stress normalisation factor

Fig. 13 shows that the preference for the higher-misorientation
boundary declines from 73% at 700 ms to 56% at 1700 ms, while the
preference for the boundary with the higher stress normalisation factor
increases from 58% to 93% over the weld time same range. The stress-
assisted diffusion model of Klinger and Rabkin predicts that the diffu-
sion flux along a grain boundary scales with both the GB diffusivity and
the normal stress acting on the boundary [33]. The GB diffusivity itself is
an exponential function of GB energy, which in the HAGB regime is
controlled principally by the excess free volume associated with the GB
structure [20,21]. At lower temperatures, the absolute GB diffusivity is
lower across all GB types, and the relative difference in diffusivity be-
tween a high-energy and a lower-energy random HAGB is large enough
to make misorientation a criteria that determines the crack path. A GB
with a higher misorientation angle presents a structurally more open
pathway for Zn penetration, such that the crack preferentially selects it
even when the stress alignment is less favourable. This is consistent with
the observation of Razmpoosh et al. that crack propagation in the Fe-Zn
system is a function of both misorientation angle and the stress
component perpendicular to the boundary plane, with misorientation
acting as a necessary condition for penetration at low applied stress
[23].

As weld time increases, peak HAZ temperatures rises. Mahadevan
et al. showed in this same TWIP steel system that Zn diffusion distance
ahead of LME cracks increases with weld time, with GB diffusion esti-
mated to be approximately 30 times greater than bulk diffusion [19]. As
temperature increases, the relative differences in diffusivity between
competing random HAGBs of different misorientation angle narrow,
because all boundaries in the HAGB regime share a qualitatively similar
open atomic structure. The misorientation dependent difference that
made one boundary a more preferred crack path than another at low
weld times becomes less of a deciding factor when both boundaries are
now above the diffusion threshold required for Zn penetration and
intergranular decohesion.

Murugan et al. demonstrated that LME severity scales with the
fraction of effective liquid Zn present at the moment of peak tensile
stress [38]. At higher weld times, the effective Zn fraction available at
the weld shoulder increases. Once both competing boundaries at a triple
junction are susceptible to Zn penetration, the mechanical driving force
becomes the sole remaining discriminator. Boundaries more parallel to
the loading axis experience a less compressive (or more tensile) normal
stress, which both thermodynamically favours GB wetting per the con-
dition ygp > 2ysy. and increases the stress-assisted Zn flux through the
wedging mechanism described by Klinger and Rabkin [33,34]. Gong
et al. similarly observed that once a critical stress threshold is exceeded,
the orientation of the boundary relative to the applied stress axis con-
trols the depth and rate of liquid metal penetration (angle 6), with
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boundaries parallel to the loading axis being least mechanically sup-
pressed [25]. The two factors should therefore be understood not as
competing explanations for LME crack path selection, but as sequential
governing parameters whose relative effects shifts as the temperature of
the process increases. The key novel finding of this study is therefore
that the relative importance of GB orientation with the stress axis in-
creases with weld time and temperature. At lower weld times, GB
misorientation has a greater influence on crack path selection, while at
higher weld times the orientation of the boundary relative to the stress
axis becomes progressively more important. This has not previously
been identified or quantified under RSW conditions.

4.3. Proposed framework for LME GB susceptibility index

The trends identified above provide the basis for an LME suscepti-
bility index. Such an index, combining GB energy, stress normalisation
factor, and Zn diffusivity, offers a framework for assessing which
boundaries are more likely to be LME susceptible under a given set of
conditions. This could be a predictive tool for grain boundary engi-
neering strategies aimed at reducing LME in RSW of TWIP steel.

The GB structural character is a function of five independent
macroscopic degrees of freedom: three parameters describing the crys-
tallographic misorientation between adjacent grains, and two parame-
ters describing the inclination of the boundary plane [44]. The present
analysis captures the misorientation component through the misorien-
tation axis-angle pair, and approximates the mechanical component
through the angle relative to the loading direction. Both are projections
of higher-dimensional quantities, which cannot directly be used to
predict LME. The Read-Shockley model gives the GB energy y « 6(A — In
0), where A is a material constant that depends on elastic moduli and
Burgers vector [44]. This function increases with 6 up to approximately
15°, where the dislocation cores begin to overlap and the model breaks
down. In the HAGB regime, GB energy no longer varies with misorien-
tation angle alone and is also dependent on the misorientation axis. The
depth and width of the energy minima at CSL orientations depend on the
% value and the boundary plane orientation. For £3 coherent twin
boundaries on the (111) plane, the energy approaches zero for perfectly
coherent boundaries [44]. This has also been experimentally verified in
Cu bicrystals by Wang et al [45]. Saylor et al. confirmed experimentally
that the GB energy function shows Read-Shockley behaviour at small
misorientations and a broad minimum near the £3 misorientation, and
additionally found that the energy depends on the rotation axis [46].
The trends observed across all weld times and boundary types suggest
that a unified predictive criterion for crack path selection at a triple
junction is a useful direction for future work. Based on the present ob-
servations, such an index would need to incorporate at minimum: (i) the
GB energy as a proxy for structural susceptibility to Zn penetration; (ii) a
temperature-dependent Zn diffusivity term that scales with the excess
free volume; and (iii) a mechanical stress normalisation factor capturing
boundary alignment with the loading axis. The present study does not
develop or validate such an index quantitatively; rather, it is proposed as
a framework to guide future experimental and modelling efforts,
informed by the trends identified here.

Several limitations would need to be acknowledged in applying such
an index. The GB energy required as input is not measured for this
specific TWIP steel HAZ microstructure and would need to be deter-
mined experimentally through five-parameter characterisation or
atomistic simulation. Additionally, the relationship between GB energy
and Zn diffusivity is taken from an empirical approximation that has
been validated primarily in other FCC systems rather than Fe-Zn-Mn at
RSW temperatures, and the relevant diffusion constants are not accu-
rately calculated for the conditions studied here. The stress normal-
isation factor used throughout this study is a static approximation of
what is in reality a transient, spatially varying stress tensor that evolves
throughout the weld cycle [20]. Finally, the framework does not
incorporate grain boundary chemistry, which Razmpoosh et al. showed
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can independently modify embrittlement susceptibility through solute
segregation [24]. Validating such an index quantitatively would require
five-parameter GB characterisation to resolve boundary plane orienta-
tion, atom probe or STEM-EDS measurements of solute segregation at
individual boundaries, and stress state calculations at individual GBs
from crystal plasticity modelling rather than the macroscopic FEA stress
field used in this study.

4.4. Grain boundary engineering for LME mitigation

The results of this study show that grain boundary engineering (GBE)
is a potential strategy to reduce LME susceptibility in TWIP steel. Across
all six weld times investigated, £3 coherent twin boundaries were
avoided by the LME crack, regardless of their orientation relative to the
loading axis. This behaviour establishes that the structural resistance of
>3 boundaries to liquid Zn penetration is not overcome by the me-
chanical driving force alone. Their near-zero excess free volume pre-
vents the thermodynamic condition yGB > 2ySL required for GB wetting
from being satisfied under RSW conditions. The finding that non-x3 CSL
boundaries (£5-X41) similarly resisted LME at lower weld times, only
becoming relevant at higher weld times at high stress normalisation
factors, indicating that CSL GBs also offer a degree of structural
protection.

GBE through thermomechanical processing (TMP) can be used to
increase the fraction of low-X CSL boundaries through repeated cycles of
small plastic pre-strain and subsequent annealing [47]. TMP drives
strain-induced grain boundary migration (SIBM) accompanied by
annealing twin formation, which creates CSL boundaries and disrupts
the connected random HAGB network [48]. Kokawa et al. demonstrated
that an optimised TMP treatment in type 304 austenitic stainless steel
maximises the CSL boundary fraction and produces a clear discontinuity
in the corrosive random boundary network, arresting the propagation of
intergranular attack from the surface [49]. Zhang et al. applied 5%
compressive pre-strain to 316L austenitic stainless steel and showed that
the special boundary fraction increased from 55% to 74% after
annealing at 1273 K for 90 minutes, with the growing X9 and X27
boundary populations progressively replacing segments of the random
HAGB network [50]. An LME crack cannot propagate indefinitely if the
random boundary network is interrupted by clusters of CSL boundaries
that are structurally impermeable to liquid Zn.

The present study demonstrates that the relative influence of GB
misorientation on crack path selection reduces with increasing weld
time: at 700 ms, higher misorientation boundaries are preferred in 73%
of triple junctions, but falls to 56% at 1700 ms. At the highest weld times
and heat inputs, the combination of temperature, Zn availability, and
increased peak stresses at the weld periphery means that even non-X3
CSL boundaries become susceptible to LME. Practically, a GBE treatment
would need to be integrated as a final heat treatment step after the
conventional continuous annealing cycle, or designed as a modified
annealing schedule compatible with galvanising operations, since
standard continuous annealing produces a largely recrystallised micro-
structure. The LME susceptibility index framework proposed in the
preceding section, which would incorporate GB energy, stress normal-
isation factor, and a temperature-dependent diffusivity term, could
serve as a quantitative design target for such a process.

5. Conclusions

This study investigated the influence of GB misorientation and
orientation relative to the loading axis on LME crack path in Zn-coated
TWIP steel RSW across six weld times from 700 ms to 1700 ms. The
following conclusions can be drawn:

— LME GBs were predominantly random HAGBs with misorientation
angles of 35-55°. £3 coherent twin boundaries were LME-free at
every weld time investigated regardless of their orientation relative
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to the loading axis. Non-twin CSL boundaries (£5-X41) were pre-
dominantly LME-free at low weld times but progressively became
LME GBs at higher weld times, at high stress normalisation factors
and only when their stress factor exceeded that of the competing
LME-free GB at the same triple junction.

— The fraction of triple junctions at which the LME GB had a higher
stress normalisation factor than the competing LME-free GB
increased from 58% at 700 ms to 91% at 1700 ms. Simultaneously,
the preference for the higher misorientation GB reduced from 73% to
56%. LAGBs appeared as LME GBs only at high weld times and only
at high stress normalisation factors.

— An LME GB susceptibility index is proposed that combines GB
orientation and character, stress-assisted diffusion and a mechanical
orientation factor. This framework provides a basis for interpreting
the observed trends across all boundary types and weld times within
a single predictive criterion, and could be a quantitative design
target for grain boundary engineering strategies aimed at reducing
LME susceptibility in TWIP steel during RSW.
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