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ABSTRACT

This study examines how weld time (WT) influences the Fe-Zn interface and liquid metal embrittlement (LME)
during resistance spot welding (RSW) of electrogalvanized TWIP steel. Eight weld times ranging from 300 ms to
1700 ms were investigated under constant welding parameters. At 300 ms, the Zn coating remained intact with
no intermetallic (IM) phases detected. At 500 ms, continuous layers of 8, I', and a-Fe(Zn) phases formed at the
weld shoulder, confirmed by SEM-EDS, STEM-EDS, and EBSD, with a-Fe(Zn) showing Al enrichment and Mn
depletion. At 700 ms, initial LME cracks appeared, accompanied by fragmented IM layers. For weld times be-
tween 900 ms and 1700 ms, crack width and depth increased significantly (from ~21 pm to ~490 pm), while IM
phases were absent. Finite element analysis (FEA) simulations of temperature distribution correlated with
experimental observations: IM formation occurred within the predicted stability range at 500 ms, became
discontinuous at 700 ms, and disappeared at higher weld times as local temperatures exceeded 800 °C. These
results demonstrate that IM formation precedes LME crack initiation and that prolonged weld time accelerates IM
breakdown and crack propagation. The findings provide a mechanistic link between thermal conditions, inter-
facial reactions, and LME severity, offering guidance for optimizing RSW parameters in automotive applications.

1. Introduction

In automotive manufacturing, reducing fuel consumption and
lowering vehicle weight without compromising on strength or crash
resistance has been a major objective in recent decades to improve the
overall carbon footprint [1]. Advanced high-strength steels (AHSS)
provide both high strength and elongation, making them suitable for
automotive applications [2-4]. Resistance spot welding (RSW) is the
primary joining technique in automotive manufacturing, with 3000 to
5000 spot welds typically present in each vehicle. In RSW, a weld joint is
formed by the combined effect of electrode force and Joule heating
produced by melting and solidification that leads to the formation of a
weld nugget. The process is controlled through parameters including
electrode force, electrode geometry, welding current, squeeze time,
weld time, and hold time. Each RSW cycle consists of three stages. In the
first stage called 'squeeze time', an electrode force is applied on the steel
sheets in the absence of welding current. This is followed by the 'weld
time (WT)', during which the force is maintained while current is
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applied to form the spot weld. Finally during the 'hold time', the elec-
trode force is maintained by water-cooled electrodes in the absence of
welding current [5,6]. The temperature and stress generated during
RSW can allow liquid Zn to penetrate into the steel substrate, leading to
the formation and propagation of cracks. This phenomenon, known as
liquid metal embrittlement (LME), is a major concern for AHSS such as
twinning-induced plasticity (TWIP) steels, since every weld can act as a
failure site [7]. Multiple studies show TWIP steels are highly susceptible
to LME despite their strength and ductility, due to their austenitic
microstructure being particularly susceptible to embrittlement [8-12].
LME mechanisms are not yet fully understood because crack initiation
and propagation depend on the combined effects of stress, temperature,
strain, and steel microstructure. The local variations in stress, temper-
ature, and microstructure across a weld further increase this complexity
and result in different types of LME cracks forming in different regions of
the weld [7]. Several theories have been suggested to explain the
micro-mechanisms of LME, which depend on the specific solid/liquid
metal pair. In the Fe-Zn system, stress-assisted GB diffusion is considered
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to be the dominant micro-mechanism [13,14]. Most stress-assisted LME
models are based on the Rehbinder effect, where Zn diffuses into the
steelGBs, lowers the steel surface energy, and causes embrittlement once
a critical stress is reached [14-16].

Fe-Zn intermetallics (IM) play an important role at controlling LME
at the interface of the steel substrate and Zn coating during RSW. When
the Zn coating is subjected to temperatures above 427 °C under elec-
trode force, it reacts with Fe to form IM compounds. The presence,
thickness, and stability of these compounds determine how Zn is
transported and how it remains available at the interface [17-21]. Ac-
cording to Murugan et al., at 700 °C the & (FeZn; ) phase in the interface
coating transforms into liquid Zn and I' (FesZn¢). Under these condi-
tions, I' is not stable with Fe, leading to the formation of a thin Zn-rich
ferritic (a-Fe(Zn)) layer as Zn diffuses into Fe. Zn redistribution between
a-Fe(Zn), I, and liquid Zn continuously re-establishes equilibrium, with
Zn ultimately moving from the liquid phase through I' into the steel
[22]. Lee et al. reported that an Al-rich diffusion-inhibiting layer sup-
presses the formation of Fe-Zn IM at the Zn/steel interface, but this layer
is destroyed during RSW due to heat and electrode stress. In cracked
regions, fine a-Fe(Zn) particles appear on the steel surface and cracks
propagate along austenite grain boundaries beneath this layer [23]. The
crack area consists of I' and a-Fe(Zn), showing that Zn infiltrates grain
boundaries. The a-Fe(Zn) particles increase interfacial area and act as
brittle phases, providing pathways for Zn infiltration and thereby
accelerating LME, which becomes more severe with higher welding
current [22]. Additionally, Al enrichment zones at the Fe-Zn interface
have been observed in previous studies. This Al-rich interfacial region
acts as a diffusion barrier between the Zn coating and the steel substrate
[24-26]. When Fe-Zn IMs at the coating-steel interface break down, Zn
from the coating is available to diffuse into the GBs of the substrate.
Ikeda et al. reported that in grain boundaries infiltrated with Zn but not
yet cracked, a nanoscale I" phase could be characterized. The observa-
tion of this phase indicates that strain heterogeneities are locally
enhanced within the grain boundary network, and IM formation does
not occur only after cracks develop and liquid Zn penetrates, but instead
acts as a primary nanoscale factor that weakens grain boundaries and
promotes crack initiation [27].

Although different Fe-Zn IM phases have been reported in studies
where welding current was varied, the true sequence of events before,
during, and after IM formation at the weld interface has not been studied
in detail. Furthermore, no previous study has combined high resolution
Fe-Zn interface characterisation with a validated FEA model to explain
IM formation and breakdown during LME in RSW. Additionally, while
weld current has been widely studied, the effect of weld time has
received little attention. While prior studies have characterized Fe-Zn
interface under Gleeble testing conditions or under limited RSW con-
ditions, the evolution of the Fe-Zn interface from pre-IM formation
through crack initiation and propagation as a function of a RSW heat
input has not been established. Furthermore, a direct quantitative link
between the local thermal history at LME-sensitive regions and the
experimentally observed IM phases has not been reported. This study
addresses these gaps in LME literature. Increasing the weld time not only
increases the temperature in the nugget and shoulder (area adjacent to
the electrode) regions but also influences the diffusion kinetics that
govern IM formation and stability [28-31]. The effect of weld time on
these processes is not well understood, leaving a gap in knowledge about
the evolution of the Fe-Zn interface during RSW. In this study, eight
welding conditions with WT from 300 ms to 1700 ms were studied, and
the Fe-Zn interface evolution was characterized, while keeping all other
welding parameters constant. The aim of the study is to capture the
evolution of the Fe-Zn interface at the weld shoulder: before IM for-
mation, during IM formation, crack initiation and crack growth. The
weld shoulder was selected because LME cracks consistently initiate in
this region due to the availability of liquid Zn and favourable stress and
temperature conditions [32]. Furthermore, an FEA simulation of the
RSW process with the same materials, weld setup and parameters was
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run to validate the experimental observations and provide a complete
picture of the Fe-Zn interface during RSW.

2. Material and methods
2.1. Materials

The steel grade in this study was a 1.23 mm thick, electro-galvanized,
cold-rolled austenitic TWIP steel. During RSW, this TWIP sheet was
placed on top of two DX54 steel sheets of thickness 1.5 mm each to form
a heterogeneous triple-layer stack, as illustrated in Fig. 1. The triple-
layer configuration and use of DX54 steel were chosen to increase the
stress concentration and heat input, which are conducive to LME crack
formation [18]. The concentrations of the primary alloying elements in
the TWIP steel are listed in Table 1. The composition of the DX54 sheet is
given in Table 2.

2.2. Welding setup

Resistance spot welding was carried out using a 1000 MHz MFDC
spot welding machine with constant current control. ISO5821 F1-16-20-
6 CuCrlZr electrodes were tip-dressed prior to welding. The welding
current, electrode force, squeeze time, and hold time settings are spec-
ified in Table 3. A total of eight weld times were selected, ranging from
300 ms to 1700 ms in 200 ms increments. The parameters were opti-
mized such that no expulsion was observed at WT = 1700 ms. Four
samples were produced for each welding condition to ensure repro-
ducibility and statistical reliability.

2.3. Characterization

A VHX7000N optical microscope was employed to locate LME cracks
on the surface of the spot welds. These identified crack regions were
then selected for cross-sectional analysis. For SEM preparation, the
cross-sections were ground with progressively finer grit sandpapers and
polished sequentially using 3 pm silica paste followed by 1 pm diamond
paste and OP-S liquid to obtain a smooth surface suitable for imaging.
Scanning electron microscopy (SEM) was carried out using a JEOL®

Force
TWIP steel
DX54 steel
DX54 steel
Rolling direction (RD)
Force

Normal direction (ND)

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
17.3 1.49 0.61 0.36
Table 2
Composition of alloying elements in DX54 steel in wt%.
C Si Mn P
0.12 0.5 0.6 0.1
Table 3

RSW process parameters.

Weld Electrode Squeeze Hold Weld time (WT) (ms)
current force (kN) time (ms) time
(kA) (ms)
7.4 4.5 150 150 300, 500, 700, 900,

1100, 1300, 1500,
1700

IT800SHL™ equipped with a field emission gun, operating at 10 kV and
a beam current of 3.2 nA. The system was also equipped with an Oxford
Instruments® Maxim 100™ detector to perform Energy Dispersive
Spectroscopy (EDS) and.

Electron Backscatter Diffraction (EBSD) for microstructural analysis.
X-ray diffraction (XRD) analysis was performed using a Bruker D8
Discover diffractometer with an Incoatec Microfocus Source (IuS)
operated at 50 kV and 1000 pA with Cu Ko radiation. Measurements
were carried out in continuous 6-26 mode with a step size of 0.04° and a
dwell time of 2 s per step. Data were analysed using Bruker DiffracSuite
software. Scanning transmission electron microscopy (STEM) was per-
formed using a JEOL JEM-2200FS Cs-corrected microscope operated at
200 kV, equipped with a Schottky field-emission gun (FEG) and a JEOL
JED-2300D EDX system. Electron transparent lamellae were prepared
by the conventional lift-out method using a Helios G4 PFIB UXe xenon
plasma focused ion beam (FIB). To protect the interface features from
ion milling damage, a thin layer of platinum was deposited by beam-
induced deposition prior to thinning. The parameters to extract STEM
lamellae using FIB were obtained from Krenn et al. [33].

2.4. FEA simulation

FEA simulations were performed using SORPAS to model the RSW
process and estimate the temperature distribution across the weld. The
simulation setup replicated the experimental RSW configuration, using
the same material properties of the sheets, electrode geometry, coating
conditions, and thicknesses as the actual spot welds. The thermo-
mechanical properties of the steel sheets were obtained from JMatPro
[34]. The simulations were performed at weld times of 500 ms, 700 ms,
and 900 ms to correspond with the experimental conditions. Fig. 2
shows the weld simulation mesh used in SORPAS. The main objective of
the simulations was to determine the temperature distribution at
different regions of the weld, particularly near the Fe-Zn interface, to
validate experimental observations.

3. Results
3.1. Microstructure characterisation of LME cracks

SEM analysis of the RSW joints (Fig. 3) shows the evolution of the Fe-
Zn interface with increasing weld time. At 300 ms, the Zn coating and

interface remained intact, with no visible damage. At 500 ms, no LME
cracks were observed, but the Zn layer showed local break-up and pore
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5mm

Fig. 2. RSW FEA setup to calculate temperature distribution.

formation. At 700 ms, the first LME cracks appeared at the weld
shoulder, consistent with Type B intergranular cracks. As the weld time
was increased to 900 ms, 1100 ms, 1300 ms, 1500 ms and 1700 ms, the
severity of embrittlement was observed to increase. LME severity was
quantified by measuring the width and depth of cracks. Since Fe-Zn IM
formation and crack initiation occur between 300 ms and 700 ms, most
characterization in this study was focused on this weld time range.

The crack depth and width from all samples at each weld parameter
were averaged. Both the average depth and width showed the same
increasing trend with weld time, as shown in Fig. 4. The average crack
depth was ~21 pm at 700 ms and increased to ~32 pm at 900 ms. As the
weld time increased to 1100 ms, the depth reached ~60 pm. As the weld
time was increased further, a larger increase was observed in crack
depth, reaching ~125 pm, ~220 pm, and ~490 pm at 1300 ms,
1500 ms, and 1700 ms, respectively. Similar trends were observed for
crack width, with an average length of ~2 pm at a weld time of 700 ms,
and increasing to an average width of ~57 pm at the highest weld time
of 1700 ms. The Zn coating thickness was measured both on regions
away from the weld and in the weld shoulder. The Zn coating away from
the weld was measured to be between 5 and 10 pm, consistent with
typical electrogalvanized coatings [4]. In the weld shoulder region, the
coating thickness increased to 15-25 pm due to the accumulation of
liquid Zn, because the electrode force drives molten Zn outward from the
weld centre.

3.2. Fe-Zn interface characterization

In this section, welds produced at 300 ms, 500 ms and 700 ms are
studied in further detail. The characterization focuses on the weld
shoulder region, and results from SEM, EDS and EBSD are presented.
These characterization techniques are used to identify the phases pre-
sent at the Fe-Zn interface and to describe the elemental distribution in
and around the interface at different weld times. From the composition
of the steel used, the Fe-Zn phase diagram as well as other studies on the
Fe-Zn interface [33], the possible phases present in the interface is listed
in Table 4.
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a

LME crack

Fig. 3. (a) Representative optical micrograph of weld cross-section at WT = 1700 ms showing an LME crack (b) SEM micrographs of RSW shoulder region at weld
time of (i) 300 ms (ii) 500 ms (iii) 700 ms (iv) 900 ms (v) 1100 ms (vi) 1300 ms (vii) 1500 ms (viii) 1700 ms
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Fig. 4. (a) Schematic diagram for crack dimension measurement (b) Average of 4 samples LME crack depth and crack width at different weld times, error bars

indicate one standard deviation.

Table 4
Possible phases present in Fe-Zn interface [33,35].
Phase Formula Crystal structure Temperature range (°C)
o-Fe o-Fe(Zn) BCC <782
r FesZno BCC ~530-665
I, FesZny; FCC ~540-665
d FeZnjo HCP ~530-782
4 FeZni3 monoclinic ~430-530

3.2.1. WT = 300 ms

At a weld time of 300 ms, the electrogalvanized Zn coating remains
intact on the TWIP steel. The steel retains its fully austenitic structure,
and no Fe-Zn IM phases can be identified by EBSD, as shown in Fig. 5.
Analysis along the weld shoulder shows no evidence of LME cracks. The

Zn coating is unindexed by EBSD and appears black in colour.

From the EDS elemental map, three distinct regions can be identified
at the interface, as shown in Fig. 5. The average weight percentage of
various alloying elements in these regions is measured (Table 5). The
uppermost region corresponds to the Zn coating, below which there is an
intermediate interface layer that is Fe rich and shows enrichment in Al
and depletion of Mn relative to the bulk TWIP steel substrate, which
forms the bottommost layer.

3.2.2. WT = 500 ms

At a weld time of 500 ms, no LME crack was observed in the RSW
samples. However, multiple IM phases are observed in the weld shoulder
region. These phases appear as distinct layers at the Fe-Zn interface. To
characterize the phases and their distribution, XRD, SEM-EDS, EBSD and
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Al Kal Mn Lal,2
Coating

Interface

Steel

Fig. 5. Characterization of RSW sample at WT = 300 ms showing (a) EBSD phase map of Fe-Zn interface (b) EDS elemental map showing the different layers of the

Fe-Zn interface.

Table 5
Average weight percentage of different elements in the coating, interface and
steel substrate.

Fe (wt %) Zn (wt %) Al (wt %) Mn (wt %)
Coating 12.93 78.34 0.23 0.18
Interface 60.91 24.97 4.15 8.37
Steel 75.21 0.47 1.86 17.25

STEM-EDS analyses were performed on this sample. The analysis was
performed in the Fe-Zn interface at the weld shoulder region, shown in
Fig. 6.

3.2.2.1. XRD. XRD analysis was carried out in the weld shoulder region
to identify the phases present. The XRD spectrum is shown in Fig. 7 with
the detected phases labelled. Zn, ZnO, & and I" were identified from the
diffraction peaks. Notably, a-Fe(Zn) and y-Fe could not be identified by
XRD. Due to the similar atomic configurations, I and I'; IM phases are
not easily distinguishable [35] (see Fig. 8).

3.2.2.2. EBSD. Fig. 8(a) and (b) shows the EBSD phase map of the Fe-Zn
interface at two different magnifications of 1500x and 6000x respec-
tively, and indicates the formation of layered Fe-Zn IMs. The § phase is
observed at the top, followed by a layer of I'. Below this, a continuous
chain of a-Fe(Zn) is present at the interface, with austenitic Fe under-
neath. The a-Fe chain is interspersed with the I' phase and exhibits an
elongated morphology. Although EBSD phase identification character-
izes the intermediate layer as a-Fe(Zn), the results need further valida-
tion due to potential misindexation during EBSD. Thus, SEM-EDS and
STEM were used to validate EBSD characterization. a-Fe(Zn) was iden-
tified by its Fe-rich composition (>72 wt% Fe, while I' was identified by
its Zn-rich composition (~73 wt% Zn). This approach is described in
detail in the EDS and STEM subsections below.

3.2.2.3. EDS. Elemental mapping and point composition analysis were
done to study the distribution of alloying elements at the Fe-Zn inter-
face, as shown in Fig. 9. The elemental maps show Zn-rich IM layers,
beneath which an Fe-rich, Zn-poor phase is interspersed within a Zn-
rich, Fe-poor phase. The Fe-rich phase, identified as a-Fe(Zn) by EBSD,

Fig. 6. Analysis area of RSW shoulder Fe-Zn interface for characterization.
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Fig. 7. XRD spectrum from weld shoulder of RSW sample at WT = 500 ms

Fig. 8. EBSD phase map of RSW sample at WT = 500 ms at a magnification of (a) 1500x (b) 6000x

Fe Ka1 Zn Lal,2

Al Kal Mn Kel

Fig. 9. SEM-EDS map of RSW Fe-Zn interface at WT = 500 ms of alloying elements.

is enriched in Al, with Al concentration higher than in the surrounding
steel or IM layers. The same phase also shows Mn depletion compared to
the steel substrate, which is confirmed by point analysis. The Fe-rich
phase has a composition of 72.06 wt% Fe, 18.92 wt% Zn, 5.91 wt% Al
and 2.11 wt% Mn. The region above this phase contains 73.18 wt% Zn,
20.43 wt% Fe, 0.24 wt% Al and 4.67 wt% Mn. Based on composition and
phase identification, the Fe-rich phase is most consistent with a-Fe(Zn),
while the phase above corresponds to the I" phase.

3.2.2.4. STEM. STEM analysis was carried out on a lamella extracted
from the Fe-Zn interface. The objective of this analysis was to confirm
the identity of the BCC phase that EBSD had suggested as a-Fe. STEM-
EDS line scans and point elemental analysis were performed to deter-
mine the composition of the different phase regions, as shown in Fig. 10.

The STEM-EDS results validate the SEM-EDS observations, showing
that a Zn-rich a-Fe layer forms between the austenitic steel and the Fe-Zn

IM layers, as shown in Fig. 11. The Fe and Zn weight percentage
measured in these grains corresponds stoichiometrically to o-Fe(Zn)
[22]. Similarly, the phase surrounding these grains is characterized to be
I', which forms an uneven interface with the underlying austenitic steel.
STEM-EDS elemental mapping further confirms these results, showing a
Zn-rich interface containing grains that are relatively poorer in Zn, Al
and Mn and enriched in Fe.

3.2.3. WT = 700 ms

Characterization of the RSW samples at WT = 700 ms were per-
formed using EDS and EBSD, as shown in Fig. 12. A narrow LME crack is
observed at the edge of the weld shoulder. At the crack opening, no IMs
or a-Fe(Zn) grains were present. Unlike the continuous layered structure
observed at 500 ms, these phases appear discontinuous and fragmented
in the 700 ms sample. These results indicate that 700 ms represents the
transition stage, where IM layers begin to break down and LME crack
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Marker Fe Zn Al Mn
wt% wt% wt% wt% 80
X 78.45 18.20 1.85 1.5 ; 60
2291 7445 0.15 2.48 : 40
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Fig. 10. STEM-EDS analysis of RSW sample at WT = 500 ms showing (a) point analysis to measure elemental distribution of different phases, (b) line scan of Fe-Zn

IM phases, (c) weight percentages of various alloying elements from point analysis.

Fig. 11. STEM-EDS map of RSW Fe-Zn interface at WT = 500 ms

formation is observed. Some isolated features are indexed as BCC within
some austenite grain interiors. As no change in composition was
detected in these regions by SEM-EDS or STEM-EDS, these features are
attributed to EBSD phase misindexation.

3.2.4. WT = 900 ms to 1700 ms

Fig. 13 shows the EBSD phase maps obtained from RSW samples with
weld times between 900 ms and 1700 ms. LME cracks are present in all
samples within this range. No Fe-Zn IM phases were characterized at any
of the RSW samples. As shown in Fig. 4, both the depth and width of the
LME cracks increase with increasing weld time. At a weld time of 900 ms
to 1300 ms, the crack initiates in the shoulder region and all the char-
acterized grains are predominantly austenitic. At weld times of 1500 ms

and 1700 ms, the lower part of the crack extends into the weld fusion
zone, which is indexed as ferritic. While the crack dynamics and growth
in the weld fusion zone are affected by the welding conditions, it is not
the focus of this study.

3.3. Comparing FEA and experimental observations

3.3.1. Comparison of weld nugget geometry

To validate the accuracy of the FEA model, the weld nugget areas
from the RSW simulation and the experimentally obtained weld cross-
sections were compared at weld times of 500 ms, 700 ms, and 900 ms.
Fig. 14 shows the comparison between the experimental cross-sections
and the simulated weld nuggets, and Table 6 summarizes the
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Fig. 12. EBSD phase map of RSW weld shoulder region at WT = 700 ms showing LME crack and IM formation.
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Fig. 13. EBSD phase maps of RSW samples at weld times of (a) 900 ms (b) 1100 ms (c) 1300 ms (d) 1500 ms (e) 1700 ms

calculated nugget areas.

At 500 ms, the simulation predicted incomplete fusion between the
two DX54 sheets, which was consistent with the experimental cross-
section. The difference between simulated and experimental nugget
areas was 5.91%. At 700 ms, the model predicted a larger weld nugget
extending into the bottom sheet, matching the micrograph, with a
4.87% difference in area. At 900 ms, the same trend was observed, with
the nugget fully developed and a smaller difference of 1.69% between
simulation and experiment.

The fusion zone boundary was selected as the validation reference
because it provides a clear, unambiguous geometric feature for com-
parison. Although comparing the geometry of the HAZ would be more
useful to validate the model, in fully austenitic TWIP steel the HAZ does
not produce a sharp phase transformation boundary in cross-section or
EBSD maps, making its geometry difficult to define reliably without
introducing additional uncertainty.

3.3.2. Temperature distribution analysis

Fig. 15 shows the temperature distribution predicted by the FEA
simulation across the weld cross-sections at weld times of 500 ms,
700 ms, and 900 ms, corresponding to the end of the weld time stage
when the peak temperature is reached. Four points, A, B, C, and D,
located between 3.4 mm and 5 mm from the weld centre were selected
for detailed temperature analysis. These positions correspond to the
weld shoulder region, where Fe-Zn IMs were experimentally observed.
Fig. 15 also shows the temperature evolution at these points throughout
the weld cycle.

At a weld time of 500 ms, the simulation shows that location D
reaches a peak temperature of 470 °C. Locations C reaches a peak
temperature of 645 °C and B reaches 816 °C. The peak temperature at
Location A is 882 °C. At a weld time of 700 ms, location D reaches at
peak temperature of 587 °C. Locations C and B reach peak temperatures
of 771 °C and 930 °C, respectively, while location A reaches 980 °C.
Locations A and B reach a temperature above the boiling point of Zn. At
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Fig. 14. Comparison of weld nugget geometry between RSW cross-sections and FEA simulations at weld times of (a) 500 ms (b) 700 ms (c) 900 ms

Table 6

Comparison of weld nugget area between RSW cross-section and FEA

simulation.

Average weld nugget area from RSW

Weld nugget area from FEA simulation

sample (mm?) (mm?)
6.52 £ 0.23 6.93
9.57 £ 0.38 10.06
10.43 + 0.42 10.61

Temperature (*C)
B oren

1.500E+03

13526403

1.204E+403

1.056E +03

9.080E +02

7 600E +02

6.120E+02

3.160E +02

1.680E+02

2000E +01

WT =500 ms

a weld time of 900 ms, locations A, B, C and reach peak temperatures of
1067 °C, 1015 °C, 875 °C and 675 °C respectively.

4. Discussion

In this study, all welding parameters were kept constant except for
weld time to characterize the development of the Fe-Zn interface.
Increasing weld time increases the temperature in the nugget and
shoulder regions, which directly affects the formation of IMs, infiltration
of Zn in the steel GBs, and the initiation and propagation of LME cracks
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Fig. 15. Temperature distribution during RSW at weld times of 500 ms, 700 ms and 900 ms
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[28,30]. An FEA model was developed on SORPAS to replicate RSW
conditions. The FEA model accurately reproduces RSW conditions based
on the comparison between the simulated and experimental weld nugget
areas and nugget geometry. The differences in calculated nugget areas
could be a result of loss of material from the cross-section during sample
preparation or cutting.

When the temperature in the weld region exceeds 419 °C, Zn begins
to melt. The applied electrode force pushes liquid Zn from the electrode-
steel interface onto the weld shoulder [7]. At the lowest weld time of
300 ms, the Fe-Zn interface at the weld shoulder does not form IM layers.
Some Al segregation at the interface is observed. Although not charac-
terized by EBSD, this Al rich region is consistent with Al segregation at
the Fe-Zn interface reported in galvanized steels [24-26]. At a weld time
of 500 ms, the temperature at the weld shoulder region (locations C and
D from Fig. 15) are between 470 °C and 650 °C, as calculated by the FEA
model. Locations A and B exceeds 800 °C, above the stability limit for
IMs. According to the Fe-Zn phase diagram, § transforms to I' and liquid
Zn at 660 °C and I" becomes o and liquid Zn at 782 °C [35,36]. These
peritectic reactions results in the layers of IM phases observed at the
Fe-Zn interface at the weld shoulder. SEM-EDS, STEM, and EBSD char-
acterization of the 500 ms sample showed the formation of , ['/T'1, and
a-Fe(Zn) layers above the austenitic steel. The identification of a-Fe(Zn)
within the I' matrix has been debated, with different studies reaching
different conclusions depending on the methods used. Bertolo et al. re-
ported a similar interfacial phase but characterized it as I" from spherical
indexation analysis of EBSD data and the absence of an a-Fe peak in XRD
spectra [37]. In contrast, the present results from SEM-EDS and
STEM-EDS show compositions with Fe contents greater than 75 wt%,
consistent with a-Fe(Zn). EBSD also indicated a BCC structure, further
supporting this identification. The absence of a-Fe(Zn) peaks in XRD
performed in the current study could be due to the limited penetration
depth of X-rays in the weld shoulder, where excess Zn solidifies after
being displaced from the electrode-steel interface. The calculated
thickness of the Zn layer in the weld shoulder is between 15 and 25 pm,
which is higher than the penetration depth of the characterization
technique, which is roughly 10 pm [38]. The Fe-Zn phase diagram is
used here to identify which phases are thermodynamically stable at the
estimated local temperatures, not as a quantitative prediction of phase
fractions. The non-equilibrium conditions of RSW mean that exact
transformation temperatures will deviate from equilibrium values, and
the spatial distribution and amount of each phase will be governed by
local kinetics.

Several other studies have also reported a-Fe(Zn) forming withina I’
matrix immediately above the austenitic steel, in agreement with the Fe-
Zn phase diagram [39], which permits a-Fe(Zn) as a stable phase under
these conditions [8,22,27,35]. EDS analysis also indicates that a-Fe(Zn)
is enriched in Al compared to both the surrounding IMs and the bulk
TWIP steel, while also showing a depletion in Mn. This partitioning
behaviour suggests that Al is preferentially stabilized in the Fe-rich a-Fe
(Zn) phase. According to Lee et al., an Al-rich layer typically forms be-
tween the Zn coating and the steel, acting as a barrier for Zn penetration.
When welding temperatures and stresses cause the Al oxide barrier to
break down, IMs can form, but the Al originating from the oxide layer
does not diffuse far due to limited mobility [8]. Al is a ferrite stabilizer
[40], and Mn in an austenite stabilizer [41]. During RSW, in regions
where Al weight percentage is higher (1.85 wt% compared to 0.72 wt%)
and Mn concentration is lower (2.48 wt% compared to ~17 wt%) than
in the bulk TWIP steel, it becomes thermodynamically favourable for
a-Fe(Zn) to form. This explains the observed Al enrichment and Mn
depletion in a-Fe(Zn), as well as its stability at the Fe-Zn interface under
welding conditions. It is also important to note that the EDS line scan
profiles of Fe and Zn at the interface collected in the present study
closely matched the results by other studies discussed in this section.

At WT = 700 ms, LME cracks initiate at the weld shoulder, but IMs
are not present near the crack opening. Unlike the continuous chain of
IM phases observed at WT = 500 ms, these IM layers at WT = 700 ms are
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broken and discontinuous. At a weld time of 700 ms, Fig. 15 from the
FEA simulation shows the temperature at locations A and B exceed the
boiling temperature of Zn. Location C reaches 771 °C which is almost at
the maximum temperature of o-Fe(Zn) formation. This predicts a
partially formed and discontinuous IM layer, consistent with the
experimental observation of fragmented Fe-Zn layers shown in Fig. 12.
At a weld time of 900 ms, locations A, B, and C all reach temperatures
above 800 °C, too high for Fe-Zn IM stability. These conditions corre-
spond to the absence of IMs and the appearance of LME cracks in the
experimental samples. Crack openings provide escape paths for liquid
Zn from the weld shoulder [17,19,42]. As a result, once cracks have
initiated, the conditions are no longer favourable for stable intermetallic
layers to form. At weld times between 900 ms and 1700 ms, results show
that local temperatures at the weld shoulder exceed the stability range of
Fe-Zn IMs. EBSD analysis confirms that no Fe-Zn IM phases are present
at these weld times, while LME cracks are observed in all samples. The
absence of 8, I', I'; and a-Fe(Zn) phases indicate that the shoulder region
experiences temperatures above ~800 °C - above the upper stability
limit for Fe-Zn IMs. The LME cracks at weld times of 1500 ms and
1700 ms grow into the martensitic weld fusion zone. The progressive
increase in crack depth and width from 900 ms to 1700 ms indicates that
continued heating enhances liquid Zn penetration along GBs under
tensile stress. This suggests that once IMs break down, liquid Zn can
penetrate through the austenitic GBs and diffuse through the steel,
propagating the LME crack [43]. It should be noted that all character-
ization was performed on samples cooled to room temperature. The
phases observed are therefore affected by both heating and cooling,
rather than the peak temperature microstructure alone. During cooling,
liquid Zn re-solidifies and the local temperature passes back through the
IM stability windows, which may result in additional phase
transformations.

The findings of this study point to several directions for future work.
The formation of a-Fe(Zn) is promoted by Al and suppressed by Mn,
suggesting that steel composition and Zn coating chemistry could be
tailored to encourage this barrier layer to form during RSW. Studying
the effect of these alloying elements and coating composition could
provide a route to reducing LME susceptibility. The effect of these IM
layers on the mechanical properties of the weld joint is also worth
investigating. Finally, the approach used here - isolating a single RSW
parameter and characterising its effect on the Fe-Zn interface and LME -
can be repeated for other parameters such as welding current, electrode
force, and hold time to build a more complete understanding of how
each one affects LME crack initiation.

4.1. Conclusions

This study characterizes the evolution of the Fe-Zn interface during
RSW as a function of weld time, providing experimental snapshots of the
interface before IM formation, during IM formation, at crack initiation,
and during crack propagation - a sequence that has not been reported
previously under actual RSW conditions. The combination of high res-
olution characterisation and FEA temperature modelling at LME crack
locations to explain Fe-Zn interface behaviour during LME in RSW has
not been reported previously.

At a weld time of 300 ms, the Zn coating remained intact and no IMs
were observed. At 500 ms, §, I, and a-Fe(Zn) phases formed as contin-
uous layers at the weld shoulder. The a-Fe(Zn) phase was confirmed by
SEM-EDS, STEM-EDS, and EBSD, showing Al enrichment and Mn
depletion. At 700 ms, cracks initiated at the weld shoulder. IMs were
absent at the crack opening but appeared as discontinuous and frag-
mented layers farther from the weld centre. Between 900 ms and
1700 ms, crack width and depth increased, and no IMs were present at
the interface.

The FEA model, validated by comparison of simulated and experi-
mental weld nugget areas, was used to analyse temperature distribution
during welding. Simulations showed that at 500 ms, shoulder
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temperatures at selected locations matched the stability range for 3, T,
I'1, and a-Fe(Zn), supporting the formation of continuous IM layers. At
700 ms, higher local temperatures predicted partial IM stability,
consistent with fragmented layers observed experimentally. At 900 ms,
temperatures exceeded the IM stability range, corresponding to condi-
tions favourable for LME crack formation.

Overall, the combined experimental and simulation results show that
Fe-Zn IM formation occurs before LME crack initiation and that
increasing weld time leads to IM breakdown as local temperatures
exceed their stability range. The validated FEA model provides a reliable
method to link thermal conditions with interfacial reactions during RSW
of TWIP steel.
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