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ARTICLE INFO ABSTRACT

Keywords: A method was developed to investigate Zn-induced liquid metal embrittlement under simultaneous action

Advanced high strength steel of compressive stress and elevated temperature to simulate key aspects of the conditions that occur during

Galvanising resistance spot welding of steel sheet. We demonstrate the capability of the experimental set-up to analyse

Liquid metal embrittlement microstructural changes and phase transitions in the base substrate on the example of a medium Mn steel in

Welding process combination with Zn. Major advantages of the testing methodology are high heating rates achieved through
inductive heating and the application of a simplified compressive stress-state resembling key characteristics
of spot welding conditions, i.e. indenting into the material as opposed to tensile testing. Furthermore, the
method allows for post-mortem investigations and characterisation of Zn-enriched intermediate layers via
specially prepared cross-sections on the mesoscale. This methodology was used to demonstrate that there were
no notable changes in the reference material (IF steel) upon application of stress and temperature, whereas
the medium Mn steel exhibited the formation of an intermediate layer at the liquid/solid interface, which
constitutes an important mechanism with respect to liquid metal embrittlement.

The methodology developed aims at unravelling the complicated influence of the stress-state and tem-
perature during resistance spot welding under well-defined laboratory conditions by varying the Zn coating,
temperature, and load independently, thus providing a means to uncover the fundamental mechanism of liquid
metal embrittlement.
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1. Introduction

In recent years, advanced high-strength steels (AHSS) have become
increasingly important for the design of lightweight automotive parts,
owing to increasing demands on improved formability and energy-
absorbing properties. These steels contain in many cases manganese
(Mn), which not only enables the formation of complex and multiphase
microstructures with increased strength and ductility but also facilitates
weight reduction through increased strength [1-3]. Due to the higher
strength of Mn steels, thinner and lighter components can be produced
without compromising structural integrity, contributing to the vehicle’s
weight reduction, which leads to better fuel efficiency and reduced
emissions.

An efficient way to protect steels against corrosion is coating with
Zn [4-6]. Since the 1930s, resistance spot welding (RSW) has been
used as one of the preferred methods to join the parts of e.g. car
bodies. During RSW heat is locally introduced and causes melting of
the material to join the parts in the form of a spot weld [7-12].

During RSW, especially at increased current and welding times,
some galvanised high-strength steel grades can be prone to cracking at
the shoulders and at the centre of the weld spots that affect the crash-
worthiness of the component [13-19]. The formation of shoulder cracks
is known to be caused by liquid metal embrittlement (LME), where it
has been reported that the simultaneous action of stress, temperature
and a liquid metal (e.g. Zn) are prerequisites for the occurrence of
LME [20]. Zn-induced LME typically leads to cracking at the shoulders
of the weldment, where both tensile and compressive stresses are
present. In contrast, the weld centre is primarily affected by Cu-induced
embrittlement originating from contact to the electrode rather than Zn-
induced LME. This is characterised by local embrittlement, i.e. a loss in
elongation and ultimate tensile strength which occurs over a range of
temperatures and strain rates, due to rapid penetration of the liquid
metal into the microstructure along the grain boundaries [21-25].

In the last decade, grain boundary penetration, wetting and LME
have been observed in various solid/liquid material combinations,
including Zn-induced LME in galvanised steels [22,26-28]. However,
mainly twinning induced plasticity (TWIP) and transformation induced
plasticity (TRIP) steels with higher Mn contents were investigated
using high temperature tensile tests and welding tests. The number of
investigations on the effect of liquid Zn on medium Mn steels is up-
to date limited and further studies are necessary to understand the
underlying mechanisms that are causing embrittlement in these mul-
tiphase microstructures comprising a significant fraction of austenite
in an effort to combat the effect of LME.

The focus of this work is to design an experimental set-up that
allows to systematically vary the major influencing factors, inter alia,
the Zn coating, time, temperature, and load independently in order to
study Zn-induced LME on a laboratory scale. Further, the developed
methodology is used to compare a medium Mn steel with a reference
(IF) steel. The effects of Zn, temperature and load were investigated
using scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS).

2. Experimental procedure
2.1. Materials

To investigate the influence of Zn-induced LME, a medium Mn
steel with the composition Fe-0.05%C-12%Mn-3%Al in wt.-% and an
austenite content of about 40% was investigated [29-31]. Instead of
galvanising, a Zn (4N5) foil with 0.1 mm thickness was used to simulate
the Zn coating. The medium Mn steel was cut into cylinders with
a height of 4 mm and a diameter of 7 mm using electric discharge
machining (EDM). The surface layer that might be contaminated with
copper (Cu) (due to electric discharge erosion) was removed since Cu
can also cause embrittlement of steels [32-36]. Furthermore, a purely
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Fig. 1. Load and temperature curves over time during the compression test of Fe-
0.05wt.-%C-12wt.-%Mn-3wt.-%Al steel, with a magnified view of the critical period
between 6 and 10 s. The experimental set-up enables the application of a short load
impulse within seconds upon reaching the desired temperature.

ferritic, industrially produced hot-dip galvanised IF steel supplied by
Salzgitter AG was investigated as a reference, where LME is not ex-
pected to be observable. Due to the galvanised sheet provided, the
cylinder height was 1 mm with a constant diameter of 7 mm.

2.2. Experimental set-up and testing procedure

The custom test set-up was built on a Zwick Roell 1484 testing
machine. It enables high-temperature compression tests with inductive
heating, capable of reaching temperatures exceeding 800 °C. The ex-
periments were performed at 800 °C, with a heating rate of 109 K s7!.
The set-up enables the simultaneous application of compressive stresses
of up to 10 kN and high temperatures, thereby providing an approach
to simulate some aspects of the resistance spot welding process under
well-defined and controlled laboratory conditions. A notable feature of
the set-up is the use of compressive stresses as opposed to a tensile
stress-state, e.g. as in hot tensile testing using a Gleeble thermomechan-
ical simulator, which is commonly used to access the effect of LME [37].
However, it should be noted that while RSW induces a complex three-
dimensional stress state, the applied compression test represents a
more idealised stress condition. This approach enables a controlled
variation of stress, temperature, and Zn interaction while facilitating
future modelling approaches such as crystal plasticity or phase-field
simulations, which are more challenging under indentation-like stress
conditions.

To simulate the welding process and avoid evaporation of the Zn,
the Zn foil was placed between two steel cylinders (each with a height
of 4 mm). This “sandwich” was stacked between two ceramic stamps
in the Zwick-Roell testing machine and clamped with a compressive
pre-load of 100 N (2.6 MPa based on the sample geometry) to prevent
the sample-sandwich from slipping away.

An induction coil was placed around the sample-sandwich to ensure
homogeneous heating of the samples. In order to ensure accurate moni-
toring of the sample temperature, a thermocouple was embedded at the
centre of the sample, thus ensuring direct contact between the bimetal
junction and the specimen. In the automated mode, the experiment is
temperature-controlled: when a temperature of 800 °C was reached, the
machine compressed the sample with the set load for a duration of less
than a second, immediately followed by quenching the sample to room
temperature with compressed air, while sustaining a force of 50 N.
That said, it is possible to individually adjust temperature and load up
to 800 °C and up to 10 kN, respectively. Fig. 1 shows an exemplary
temperature-load curve and Fig. 2 depicts the experimental set-up.
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Fig. 2. (a) Schematic of the experimental set-up of the high temperature compression test on a Zwick Roell 1484 at temperatures of 800 °C and forces of 100 MPa using the
example of Fe-0.05wt.-%C-12wt.-%Mn-3wt.-%Al steel and (b) photograph of the respective set-up. During the experiment, the coil is placed around the sample.

b) c)

Cross-section

Fig. 3. Sample preparation steps of Fe-0.05wt.-%C-12wt.-%Mn-3wt.-%Al steel: (a)
cylindrical sample with ground surface before the compression test (red dashed line
indicates the cutting line), (b) cut samples after the test, with the cross-section still
showing the spark-erosive contaminated layer, and (c) two samples glued together with
the cross-sections facing upwards after the final polishing step with OPS.

2.3. Sample preparation

To characterise the relevant area of the samples using SEM and
EDS, i.e. the surface normal to the compression direction, a sharp edge
is needed on the surface within the sample’s cross-section. To ensure
this, both halves of the sandwich sample were separated along their
mutual solidified zinc layer and transversely cut using EDM after testing
(Fig. 3). Subsequently, the two cut samples were fixed on a holder with
the cross-sectional surfaces facing upwards, ensuring that the Zn-coated
surfaces were in contact with each other to avoid contamination of the
near-surface areas.

To produce sharp edges the samples were then grinded up to a
grit size of 4000 and polished using a diamond suspension down to a
particle size of 0.25 pm. The final step of the metallographic preparation
comprised polishing using an oxide polishing suspension (OPS) for 50 s,
followed by cleaning. After the preparation, the samples were mounted
on a (SEM) stub using silver adhesive and analysed using a SEM (Helios
Nanolab 600i, FEI Inc.).

3. Results and discussion

The experiments were performed at a temperature of 800 °C and
an initial strain rate of >102 s~! based on investigations by Beal et al.
Jung et al. and Kang et al. [38-40] who showed the appearance of
LME in galvanised high Mn steels at high strain rates and temperatures
above 700 °C. Furthermore, according to Beal et al. stresses slightly
above the yield stress are necessary for Zn-induced LME [38]. Based
on preliminary investigations on the medium Mn steel, an approximate
yield strength (Rpo,z) of 100 MPa can be assumed at 800 °C [29-31],
which was applied as a compressive load in the experiments. The initial
strain rate allowed to reach the required stresses within one second.

Based on these parameters, we systematically varied (i) presence
of Zn, (ii) temperature, (iii) load, and analysed the microstructure of
surface-near sample areas with a special focus on indications for LME.

3.1. Influence of Zinc

First, experiments were performed without the presence of Zn to
distinguish microstructural features of the near-surface areas that occur
in the presence of Zn only. The analysis of SEM micrographs of the
surface cross-section of the medium Mn steel after compression at
800 °C with stresses of 100 MPa and 160 MPa, respectively, showed
no cracks or any evidence of material embrittlement. No significant
difference was observed between samples compressed with 100 MPa
and 160 MPa, indicating that a variation of the compressive load within
this range does not affect the surface/interface characteristics.

3.1.1. Zinc and temperature

Heating a medium Mn sample-sandwich containing a Zn-layer to
800 °C for a short period (without applied stress) causes melting of
the Zn layer, resulting in a noticeable alteration of the material’s
surface/interface characteristics, Fig. 4. The SEM micrograph reveals
a porous layer on top of the bulk material, due to the molten and
resolidified Zn (denoted by (i) in Fig. 4). Below this top layer is an
intermediate layer that is compact (i.e. less porous) but comparatively
coarse-grained with the bulk material located just underneath (inset in
the SE image in Fig. 4). EDS measurements showed that the top porous
layer was not only rich in Zn (60-80 at.-%), but also contained iron (Fe)
(10-20 at.-%) and small amounts of aluminium (Al). The intermediate
layer ((ii) in Fig. 4) was composed of Fe, Zn and Al, while the bulk
region ((iii) in Fig. 4) remained unchanged and no diffusion of Zn into
the bulk or penetration of the grain boundaries with Zn were evident.

Fig. 5 shows an electron backscatter diffraction (EBSD) phase map
of the galvanised steel sample and illustrates the microstructural changes
in the near-surface region. A thin austenitic layer can be seen below
the coarse-grained intermediate layer, indicating that the influence of
temperature and the resulting liquid zinc is sufficient to induce a phase
transformation in the steel. However, the layers appear thicker in the
EBSD image than in the EDS and SE images. This discrepancy is due to
the 70 °C tilt required for EBSD imaging, which, despite tilt correction,
introduces geometric distortion that makes the layers appear thicker
than in the 0 °C EDS images.

The exact composition of the intermediate layer was difficult to
determine due to its relatively small size compared to the huge EDS
interaction volume of about 1 pm in bulk materials. Further investi-
gations using EDS on thin foils or atom probe tomography (APT) are
required to quantitatively measure the composition of the intermediate
and austenitic layer with higher accuracy. In any case, the analysis
showed that the Zn does not form a pure Zn layer on top of the material,
but that Fe and Al dissolved into the most-top Zn layer, leading to
the formation of an intermediate layer even in the absence of applied
stress, presumably due to Zn diffusion into the bulk. In addition, no
Zn penetration along grain boundaries was observed, indicating that
the simultaneous action of temperature and stress is required to induce
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Fig. 4. EDS images and line scan in at.-% of galvanised Fe-0.05wt.-%C-12wt.-%Mn-3wt.-%Al steel samples after heat treatment at 800 °C with a Zn-rich layer (i), intermediate
layer (ii) and bulk material (iii). The inset in the SE image and Zn EDS map depicts an enlarged view of the intermediate layer.

Fig. 5. EBSD phase Map of galvanised Fe-0.05wt.-%C-12wt.-%Mn-3wt.-%Al steel
sample after heat treatment at 800 °C indicating BCC and FCC phase.

LME. In addition, the intermediate layer in the medium Mn steel
contains significant amounts of Al, and the Fe-Zn-Al phase diagram
suggests that no intermetallic phases are expected at 800 °C. Instead,
the formation of a-Fe with Zn and Al incorporation is likely, explaining
the deviation from the intermetallic phases predicted in the binary
Fe-Zn system.

3.1.2. Zinc, temperature and stress

Subsequent experiments were conducted with applied stress on
sample-sandwiches comprising two cylinders of medium Mn steel with
a Zn foil placed between them. The compression tests of these sample-
sandwiches were performed at 800 °C under stresses of 100 MPa
(approximate yield stress at 800 °C), 160 MPa, 180 MPa and 200 MPa.
Fig. 6 shows corresponding SE images of the surface-near region of the
compressed sample-sandwiches. At 800 °C and a stress of 100 MPa, a
porous surface layer and an intermediate layer formed above the bulk
material (Fig. 6a), as observed previously without the application of
stress. From the micrographs, it appears that there is no significant
difference in the intermediate layer formed during compression at
stresses of 100-200 MPa (the top-most layer could not be preserved
during metallographic samples preparation of the samples compressed
at 160 MPa, 180 MPa and 200 MPa). However, compared to the tests
without applied stress, the intermediate layers were much thicker in all

compressed samples. Further analysis using EDS was performed on the
sample compressed at 100 MPa (Fig. 6a).

Fig. 7 presents EDS maps and line scans of the sample compressed
at 100 MPa and 800 °C in the presence of Zn. The analysis confirms
that the intermediate layer, which was less than 4 pm thick in the
unstressed sample, had increased to about 15-20 pm in the compressed
sample. While the intermediate layer appears relatively compact in the
uncompressed sample, in the compressed sample, the regions between
the newly formed coarse grains exhibit porosity and extend into the
top-most Zn-rich layer. The composition of the top-most layers was
similar in the compressed and uncompressed samples containing about
70-75 at.-%, Zn between 20-25 at.-%, and Al up to 5 at.-%. The
intermediate layer in the compressed sample was rich in Fe (~70 at.-%)
and contained Zn (~20-25 at.-%), enriched with Al when compared to
the bulk matrix and contained small amounts of Mn. Zn was segregated
in the intergrain regions of this intermediate layer. No Zn diffusion into
the bulk material was evident from the EDS measurement.

Such a coarse-grained layer with Zn-enriched intergrain regions
has been observed in high Mn, TRIP, and TWIP steels [15,40-43],
suggesting that the experimental set-up developed in the present study
is able to reproduce the processes and mechanisms acting during RSW
of Zn-coated materials.

3.1.3. IF steel

For reference, experiments were conducted on an industrially pro-
duced galvanised IF steel supplied by Salzgitter AG that is not sensitive
to LME [40]. Due to the lower yield strength of the IF steel at 800 °C the
plastic deformation of the surface layer was significantly higher than in
the medium Mn steel, Fig. 8a. The formation of a Fe-Zn layer was not
observed in the IF steel, Fig. 8. Penetration of Zn along grain boundaries
or cracking was not evidenced.

3.2. Final discussion

During compression of the medium Mn steel in contact with Zn at
800 °C slightly above the yield strength (R ) a Fe-Zn intermediate
layer formed in between the Zn-rich top layer and the bulk material.
This layer was enriched in Al with respect to the matrix composi-
tion and contained small amounts of Mn. The thickness of this layer
amounted to 15-20 pm and the intergrain regions were enriched in
Zn. It is important to note that, although the porous nature of this
intermediate layer might initially be mistaken for cracking of the base
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Fig. 6. SE images of the Fe-0.05wt.-%C-12wt.-%Mn-3wt.-%Al steel sample with Zn pressed at 800 °C and different stresses; (a) 100 MPa, (b) 160 MPa, (c) 180 MPa, (d) 200 MPa

with Zn-rich layer (i), intermediate layer (ii) and bulk material (iii).
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Fig. 7. EDS images and line scan in at.-% of galvanised Fe-0.05wt.-%C-12wt.-%Mn-3wt.-%Al steel samples after the experiment at 800 °C and 100 MPa with Zn-rich layer (i),

intermediate layer (ii) and bulk material (iii).

substrate, detailed analysis did not reveal any evidence of cracking in
the base steel or Zn penetration into the grain boundaries of the bulk
material, causing LME. When the same medium Mn steel was brought
into contact with Zn and heated to 800 °C without applying compres-
sive stress, a similar intermediate layer formed, however, significantly
more compact/less porous and thinner (less than 4 pm) and without any
Zn enrichment in the intergrain regions/grain boundaries. The small
amounts of Mn detected in this intermediate layer indicates that the
layer formed from dissolution of the bulk material, as solid diffusion of
Mn is very slow [44], hence Mn will not diffuse over several pm during
the short time of the experiment. In both experiments the top Zn-rich
layer contained about 20 at.-% Fe and small amounts of Al, indicating
the diffusion of Fe and Al from the matrix into the liquid Zn.

Similar intermediate layers, as evidenced in the current experiment,
were observed in the case of high Mn TRIP and TWIP steels [15,40-43],
indicating that such layers can form not only in austenitic-martensitic
Mn steels, but also in purely austenitic Mn steels. In any case, interme-
diate layers that impede direct wetting of the bulk substrate and grain

boundaries by liquid Zn can be thought of as aiding in the prevention of
LME. It is noteworthy, that the (ferritic) IF reference steel in the present
study did not form such an intermediate layer. The exact mechanism of
the formation of the intermediate layer and its mechanistic importance
for the prevention of LME will be discussed in detail elsewhere [45].

4. Conclusion

In this work, high temperature compression tests were conducted on
a medium Mn steel in the presence of Zn. The aim of this study was to
develop and validate a new experimental method to study Zn-induced
LME on the laboratory scale with independent control of temperature,
stress, base alloy and coating. In summary, the following conclusions
can be drawn:

+ A novel method was successfully developed to simulate the con-
ditions of resistance spot welding by applying compressive stress
and elevated temperature, providing a reliable approach to inves-
tigate Zn-induced LME.
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Fig. 8. IF steel sample after compression testing with Zn at 800 °C and 127 MPa; (a)
High deformed region and (b) less deformed area.

The methodology allows the high-resolution analysis of changes
at the liquid/solid interface and relevant phase transitions within
the bulk material, which are critical to understanding the LME
process.

The use of inductive heating enables high heating rates of the
order of 102 K 571, and the application of a stress-state that ap-
proximates spot welding conditions and offers additional insights
compared to traditional tensile testing methods.

Post-mortem investigations were showcased that allow, detailed
characterisation of Zn-rich layers through specially prepared cross-
sections, which is essential for understanding the effects of LME
on the micro- and mesoscale.

Initial findings indicate that while the reference IF steel displayed
no significant microstructural changes in the vicinity of the lig-
uid/solid interface, in the medium Mn steel a coarse and porous
intermediate layer between the Zn-rich surface layer and the bulk
layer formed, suggesting that it might play a crucial role for
prevention of LME.

Overall, the developed method proves to be a powerful tool for sim-
ulating and studying LME in steels, with the added advantage of
independently varying the base alloy, Zn coating, temperature, and
load. This approach offers a controlled and systematic way to unravel
the fundamental mechanisms involved in LME.
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