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Liquid-metal embrittlement (LME) of galvanized (Zn-coated) advanced high-strength steels is a long-known 
problem in materials science. Here we reveal the initial microstructural processes underneath the Zn-coating 
that lead to LME-microcrack initiation in the steel substrate. We track the microstructural evolution during 
the first tens of milliseconds and find pronounced signatures of Fe-Zn intermetallic precipitation in both ferrite 
grain boundaries and at internal ferrite-oxide phase boundaries. In concert with novel CALPHAD-integrated 
density-based thermodynamic modelling, we demonstrate that Zn-rich intermetallic phase-nucleation can 
occur at markedly low processing temperatures due to a segregation transition. We show that a small Zn- 
enrichment caused by Zn bulk-diffusion during the initial temperature rise in a joining process is sufficient to 
induce the segregation transition and subsequent nucleation of Fe-Zn intermetallic grain-boundary phases, which 
the experiments link to crack initiation sites. These findings direct focus onto LME-controlling microstructural 
and thermodynamic phenomena at temperatures below the ductility trough and the austenite formation 
temperature.   

1. Introduction 

Materials science contributes to energy efficiency via the continued 
development of novel high-performance structural materials that push 
the strength-ductility envelope. A prominent example are modern 
advanced high-strength steels (AHSSs) [1–3]. Over the past decades, 
these alloys have enabled considerable weight reductions in the auto-
motive sector, thereby decreasing greenhouse emissions. A common 
dual-phase (DP) AHSS [4] consists of a ferrite (α) -martensite (α′) (or 
bainite) microstructure, whereas more complex AHSSs are high 
Mn-containing transformation-induced plasticity (TRIP) [5] or 
twinning-induced plasticity (TWIP) steels [6]. To protect such 
high-grade and advanced alloys from property degradation by corro-
sion, zinc (Zn) coatings are often applied through a galvanizing process 
[7,8]. Whilst protective, a Zn-coating comes with problems – the AHSS 
substrate becomes susceptible to liquid-metal embrittlement (LME) 
[9–12]. 

LME is a long-known structural degradation process, in which a 
liquid metal penetrates a solid substrate. Classical examples are Al-Ga 

[13–15] or Ni-Bi [16] binaries, and numerous LME-couples are known 
for iron (Fe), including Fe-Pb [17,18], Fe-Sn [19], or Fe-Zn [9–12], of 
which the latter one has gained increasing technological relevance with 
the advent of galvanized AHSSs. Despite the long history and in-depth 
studies on LME, the fundamental origins of LME in the Fe-Zn system 
remain unclear, besides the consensus that a large disparity in melting 
point [20], some local or far-field driving stress, and the ability of the 
embrittler to penetrate the solid substrate are the basic prerequisites [9, 
10,21]. 

In comparison to other LME couples, the low melting temperature of 
Zn (approx. 693 K [20]), the very short time scales during which LME 
occurs in joining of AHSSs (typically < 1s [22]), and the complex 
microstructure of AHSSs [4-6,23], make direct observations essentially 
impossible. As a result, much of the existing evidence around LME 
cracks, grain-boundary (GB) weakening, and microstructural changes 
remain bound to post-mortem studies, where indeed cracks and obser-
vations linked to cracked microstructural environments have been the 
focus. These include Zn infiltrated cracks [9,10,12,24-36], intermetallic 
phases inside cracks [25,37-40], or preferred GB paths [27-30,41,42]. 
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Such efforts remain mostly studies addressing the micrometer scale 
signatures of the cracking phenomenon and elementary distributions 
from which mechanistic interpretations can be made. 

Post-mortem micron-scale observations are valuable from a 
perspective of the occurred material failure but leave a too large gap to 
the various proposed models [25,29,32,37-39,41-44] that seek 
explaining the fundamental origin of the structural degradation mech-
anism. Given the difficulty in bridging between micron-scale post--
cracking LME observations and atomic-scale mechanisms, efforts have 
been made to optimize controlling processing parameters [33,35,45, 
46], alloying [26,37,47], or to reduce the severity of LME via coating 
modifications [48,49]. However, selected studies have recently brought 
light into the atomic-scale and nano-scale structural modifications 
during LME of the Fe-Zn couple, targeting two central embrittling sce-
narios: 1) chemical GB weaking via an electronic binding state change 
[50], and 2) secondary GB phase nucleation [25], both of which alter the 
interface energy between grains. The two cases have in common that 
they require fast Zn transport ahead of the crack tip, which may occur 
via the Gordon-An model [51] of stress-assisted embrittler transport. 
Remaining a reasonable model for fast Zn diffusion into uncracked GBs, 
the first case of chemical interface weakening does not include Fe-Zn 
intermetallic phase formation prior to cracking. In other words, brittle 
intermetallic phases are not expected ahead of the crack tip in intact GB 
environments. They would form via additional liquid Zn infiltration and 
subsequent alloying with the substrate material after cracking, and a 
crack should not pass-through intermetallic compounds. 

In our previous work [25], compelling evidence was presented that 
the Γ- (Fe3Zn10) [52], Γ1- (Fe22Zn78) [53] and δ-phase (Fe13Zn126) [52, 
54] are formed prior to cracking, which constitutes the second scenario 
mentioned above. In conjunction with such nanoscopic phases present 
in the uncracked GB network, nano-scale transmission electron diffrac-
tion revealed the presence of a heterogeneous strain distribution, sug-
gesting strong local lattice-strains. With these new insights into 
uncracked but LME-affected GBs, questions arose regarding how iso-
lated intermetallic phases can form far away from the actual crack and if 
insights into the time-evolution of the uncracked GB network during 
joining can advance the understanding in how Zn can be transported 
quickly into the steel substrate. 

To this end, Zn-transport into the steel substrate as a function of 
welding current cycles is tracked during resistance spot welding (RSW). 
With several interruptions to the RSW process, we aim to temporally 
resolve the emerging critical phenomena leading to LME. Specifically, a 
detailed microstructural analysis is conducted at ≈1/5 and ≈5/8 of a 
weld, which demonstrates i) a change in Zn penetration from initial bulk 
diffusion in combination with preferred solid-state wetting at α/oxide 
interfaces to GB diffusion and wetting along martensite-GBs (α′, at 
higher temperatures austenite (γ)), and ii) that initial LME-cracking 
indeed favors GBs in which high Zn-containing intermetallics form as 
early as after 1/5 of the full weld. This is remarkable, as the local tem-
perature does not rise beyond approx. 520 K during this early stage of 
LME. To fundamentally understand this, a novel CALPHAD-integrated 
thermodynamic approach [55,56] is used to investigate the atomic 
interaction between Zn and Fe at the GBs. Combined with the experi-
ments, the thermodynamic modelling demonstrates that the GBs are 
undergoing a segregation transition, which has significant consequences 
for subsequent Zn-rich intermetallic formation. The origin and mecha-
nism of this segregation transition are outlined in detail in a related 
manuscript [57]. In concert, the thermodynamic calculations and ex-
periments suggest that LME-cracking is emerging very early during the 
process due to thermodynamically favored interfacial intermetallic 
formation at low temperatures and a subsequent solid wetting phe-
nomenon during continued heating, both of which weaken the GBs 
significantly. 

2. Experimental and computational details 

The investigated AHSS is an industrially produced 1.4 mm thick 
third-generation galvanized sheet steel containing ~6 wt. % alloying 
elements combining Si, Mn, Al, Cr, Mo, and B with a tensile strength 
exceeding 1 GPa, and characteristic temperatures, Ms, Ac1 and Ac3 being 
~ 473 K, 973 K and 1123 K, respectively. To avoid surface oxide for-
mation due to alloying-element segregation to the steel surface, which is 
known to impair the Zn-coating adhesion [58], the AHSS was annealed 
in N2-5%H2 atmosphere containing a partial pressure, pO2, of 2.52 ×

10− 21 atm. This step promotes internal oxides and binds near-surface 
alloying elements in the steel. Subsequently, galvanization in a Zn-0.2 
wt. % Al (Zn-0.5 at. % Al) bath followed, which produced a GI-coating 
on top of the steel. The GI-AHSS was resistance spot welded in a 
three-layer stack assembly, where the top sheet was the GI-AHSS, fol-
lowed by two 1.5 mm thick sheets of galvanized extra deep drawing steel 
(EDDS), containing 0.002 wt. % C, 0.08 wt. % Mn, 0.10 wt. % P, 0.005 
wt. % S, 0.005 wt. % Si, and 0.017 wt. % Cu (0.009 at. % C, 0.08 at. % 
Mn, 0.18 at. % P, 0.009 at. % S, 0.010 at. % Si, 0.015 at. % Cu). RSW was 
carried out using a 75/85kVA Taylor-Winfield RSW instrument with a 6 
mm diameter copper electrode, following processing conditions that are 
used in the automotive sector and that follow the SEP1220-2 guidelines. 
During RSW, a constant electrode force of 4.5 kN and current of 9.2 kA 
were applied, as schematically depicted in Fig. 1. The applied welding 
current is just below expulsion, corresponding to the highest current for 
achieving a maximum nugget size. During a full weld, we differentiate 
between an electrode squeeze phase, followed by the weld, after which a 
hold period and electrode unloading is applied (Fig. 1). For the here 
investigated samples, the duration of the squeeze and hold time were 
kept constant, being 1167 ms and 300 ms, respectively. However, as 
indicated in Fig. 1, samples are produced with different welding dura-
tions of 83 ms (5 weld cycles), and 250 ms (15 weld cycles), representing 
microstructural states of an interrupted weld. In addition, the 
as-galvanized but unwelded microstructure is investigated as to have a 
well-defined reference state for the intermediate LME-microstructures. 
Microstructural details and LME after a complete weld (383 ms) were 
reported on earlier [25]. 

Following interrupted welding, cross-sectional samples of the weld 
were prepared. These were mechanically polished according to standard 
procedures, ending with a chemo-mechanical colloidal silica (50 nm 
particle size) polish. Microstructural analysis was done using a LEO 
Gemini 1530 VP scanning electron microscope (SEM) with a Bruker 
e− FlashHD electron back scattered diffraction (EBSD) detector. Trans-
mission electron microscopes (TEM), JEOL JEM-2200FS with JEOL EX- 
24065 JGP EDS detector, as well as FEI Thermis Z, were used for detailed 
structural investigations. TEM specimens were prepared using FEI 
Quanta 3D FEG focused ion beam (FIB) equipped with an EDAX AME-
TEK Octane Elect EDS detector and extracted from the steel both in an 
in-plane and out-of-plane orientation. 

Fig. 1. A schematic showing the RSW sequence and the number of welding 
cycles. Unwelded, 5 cycles, 15 cycles microstructures are considered, corre-
sponding to 0, 83, and 250 ms of welding time, respectively. The welding time 
of the full weld corresponds to 383 ms. 
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The experiments are complemented with finite element method 
(FEM) simulations using the COMSOL software package [59] to simulate 
the pressure-temperature profiles at the electrode periphery. Used 
simulation parameters are summarized in the Table 1. Through the FEM 
simulations, the temperature history of the investigated microstructures 
after 5 cycles and 15 cycles can be assessed (see also Fig. 10, Discussion 
Section). 

To further shed light onto observed GB-phenomena, CALPHAD-in-
tegrated density-based thermodynamic modeling is performed for 
studying the segregation and precipitation in an α-GB. While based on 
the robust CALPHAD approach, the density-based model has been suc-
cessfully applied when studying GB phenomena in a broad range of 
materials including steels, Al alloys and high-entropy alloys [56,60-62]. 
In this model, the thermodynamic properties are expressed as a function 
of composition and atomic density per unit volume. Central to this 
approach is that the atomic density, ρ, of the GB is reduced relative to the 
adjacent bulk material by which the GB free energy is linked to the bulk 
thermodynamic data [55,63]. For an α-GB in the Fe-Zn binary system, 
the Gibbs free energy can be described as follows: 

Gα(T, ρ, xZn) = xFeGα
Fe(T, ρ) + xZnGα

Zn(T, ρ) + ρ2ΔHα
Fe, Zn(T, xZn)

− TΔSα
mix(T, xZn) (1)  

with 

Gα
i (T, ρ) = ρ2EB

i + ρ
(
GB

i (T) − EB
i

)
. (2) 

Here, EB
i and GB

i are the potential energy and the Gibbs free energy of 
a pure substance i, and ΔHα

Fe, Zn and ΔSα
mix are the mixing-enthalpy and 

-entropy changes, respectively, which are determined via the Thermo- 
Calc TCFE11 database [64]. We use the most recent thermodynamic 
data, but it should be noted that the excess effect of elastic interactions 
among solute atoms and GBs are neglected here. Current efforts 
including such effects in the density-based framework [62], and in 
particular for the Fe-Zn system, are underway. In this study, the value of 
ρ is set to be 0.9 to generically assess the thermodynamic consequences 
for a high-angle BCC Fe(α)-GB between two Zn-containing grains. The 
GB segregation behavior is determined by applying the equal chemical 
potential condition, and the formation of Γ precipitates at the GB in 
association with Zn segregation is subsequently studied. Further 
computational details can be found in Ref. [57]. 

3. Results 

3.1. Microstructure of the as-galvanized sample 

In order to quantify the microstructural changes during processing 
and therefore LME, the as-galvanized unwelded material is examined 
first. Fig. 2 summarizes the essential features of this as-galvanized state, 
exhibiting a coarse-grained structure immediately underneath the steel/ 
coating interface (Fig. 2a) as visualized with SEM in backscatter electron 
(BSE) contrast. EBSD reveals that coarse α grains dominate the near 
coating region, whereas the matrix consists of α, retained γ, and α′ 

(Fig. 2a and b). Mapped over the area displayed in Fig. 2c, higher con-
centrations of oxygen as well as Mn, Si, Al were identified with EDS 
along α-GBs near the coating interface (Figs. 2e-h), indicating the for-
mation of GB-oxides containing Mn, Si, and Al [41,65]. Within the 
resolution of EDS, no Zn can be detected in the steel or at GBs under-
neath the coating (Fig. 2d), demonstrating that Zn diffusion into the 
substrate has not occurred during the galvanization process. 

A more detailed microstructural characterization of the near coating 
region was done using TEM, revealing sub-micron particles as well as 
GB-precipitates (Fig. 3a). These particles and precipitates are again 
found to be (Mn, Si, Al)-oxides, as deduced from EDS mapping, of which 
selected element distributions are depicted in Figs. 3c-e. Similar 
microstructural heterogeneity in the approximately top 25 μm subsur-
face region has been reported earlier when focusing on the effects of 
annealing prior to galvanization [66]. In the remainder of the document, 
this near surface layer is referred to as the coating substructure. Despite 
the marked microstructural variation of grain size, phase distribution, 
and presence of oxides, the as-galvanized state does not reveal any 
microscopic Zn inside the steel (Fig. 3b). As such, the Zn-coating is 
predominantly in contact with α and α-GBs. 

3.2. Microstructure after 5 cycles 

Applying an interrupted weld of 5 cycles (Fig. 1), equivalent to 83 ms 
processing time, leads to an incomplete weld. Post-welding analysis with 
SEM shows no indications for any intergranular cracking. However, 
clear differences in comparison to the as-galvanized steel in the coating 
substructure of the steel are observed. First, the coating substructure 
observed in the as-galvanized steel has essentially disappeared at this 
observation length scale. The original transition from the substructure to 
the bulk material is indicated with a dashed line in Fig. 4a but cannot 
anymore be discerned by the former transition to a coarse-grained 
microstructure in the substructure. Second, Zn has begun to infiltrate 
the steel substrate, which is demonstrated by SEM-EDS scans in Fig. 4b. 
This Zn-penetration appears over an approximate distance of 2-3 μm and 
emerges as a front that moves into the steel. This volumetric transport is 
much different than the commonly presented highly localized Zn-traces 
in fully processed Fe-Zn couples [25,26,29,31,38,39,42,44]. 

More detailed investigations of the substructure after 5 cycles 
welding are done by BF-STEM and STEM-EDS, summarized in Fig. 5. At 
this higher resolution, it becomes clear that the coarse-grained ferritic 
microstructure that initially extended 25 μm into the steel has now 
reduced to ca. 4 μm from the surface (Fig. 5a). Although the elemental 
Zn SEM-EDS map shown in Fig. 4b presents a rather homogeneous dis-
tribution, STEM-EDS mapping shown in Fig. 5b reveals a much more 
heterogeneous picture. This discrepancy arises due to the difference in 
interaction volumes of both used methods. Now, preferential Zn- 
penetration is seen along α/oxide phase boundaries (Fig. 5c and d) 
and along α-GBs (Figs. 5e and f). The very diffuse Zn distribution around 
the α-GBs indicates a solution gradient away from the boundaries but is 
also convoluted with an image projection. In other words, the GB is 
clearly detectable via crystallography, whereas the Zn distribution only 
vaguely marks the GB with the highest Zn concentration of around 50 at. 
%. A much more distinct Zn-layer is generally observed around the ox-
ides (Figs. 5c and d), where α/oxide interface peak-concentrations of up 
to 25 at. % are measured, which with increasing distance to the oxide 
decay to less than 10 at. % (Fig. 5g). In contrast to the α/α-boundaries, 
the α/oxide-boundaries exhibit a very homogeneous Zn profile around 
the oxide inclusions. This, and the high Zn concentration near the oxides 
suggests solid-state wetting [67] at the phase boundaries. In addition to 
the enhanced Zn interface concentrations, islands of high Zn content are 
found across the substructure. Using selected-area diffraction (SAD, 
Figs. 5h and i), they can be identified as Γ-phase grains and they are 
mostly observed around oxides and at α-GBs. That means, the Fe3Z-
n10-intermetallic phase has already formed at this early stage of welding. 
Yet, LME cracking still remains absent. 

Table 1 
Parameters used in the RSW-FEM simulations  

Parameter Value Unit 

Plate thickness 1.4 mm 
Squeeze time 40 ms 
Welding time 380 ms 
Hold time 300 ms 
Off time 500 ms 
Welding current 9.2 kA 
Frequency 50 Hz 
Applied force 4.5 kN 
Air temperature 293.15 K 
Heat transfer 25 W⋅m− 2⋅K− 1  
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3.3. Microstructure after 15 cycles 

Adding 10 more weld cycles, which amounts to ca. 170 ms additional 
processing time, yields a dramatically different microstructural picture. 
Now, several Zn-infiltration paths along GBs can be identified in the 

electrode periphery. Fig. 6a exemplifies this with a Zn path along GBs 
that extends ca. 30 μm below the steel/coating interface. The EDS Zn 
map shown in Fig. 6b corresponds to the indicated dotted box in Fig. 6a 
and clearly demonstrates how Zn is now present at the GBs instead of 
within the grains. The typical widths of these Zn traces decrease with 
distance away from the surface, reducing from a few hundred nm to 
several 10s of nm. We emphasize that the local Zn concentration high-
lighted in Fig. 6b does not coincide with any resolvable crack at this 
observation scale. Along with the numerous Zn traces along GBs, the 
microstructure changed from still ferritic after 5 cycles to almost 
exclusively α′ after 15 cycles. This means, the steel temperature must 
have risen above the Ac3 temperature (1123 K), where α transforms into 
γ that upon cooling results in the martensitic structure seen at room 
temperature. 

TEM observations of the substructure provide a more detailed view 
of the phase mixture and Zn distribution after 15 weld cycles (Fig. 7a). 
Now the strong presence of α′ can be seen (Fig. 7b), also revealing 
pockets of retained α that is preferentially located along a crack path 
that is situated only a few microns away from the sample surface. Such 
retained polygonal α indicates that the Zn concentration was locally too 
high and therefore outside of the existence domain for γ, which has a 
maximum Zn solubility of ca. 10 at. % [20]. An example of such a 
Zn-enriched GB is shown in Fig. 7c, showing a strongly heterogeneous 
chemical distribution. SAD is again used to investigate if the 
Zn-enrichment is present in the form of elementary pure Zn or if a Fe-Zn 
intermetallic has formed. The latter is the case, as demonstrated in 
Figs. 7d and 7e, showing the presence of the Γ-phase that is discontin-
uously distributed and follows the chemical heterogeneity seen with 
EDS. Tracing the infiltration path, Γ- and α-grains can be located 
alongside with it in surface near regions, whereas further into the sub-
strate α′ dominates the microstructure. 

Fig. 2. a) BSE cross-sectional micrograph showing the 
microstructure of the galvanized steel. The depth of the 
surface substructure is indicated by the white arrow 
(approximately 25 ~ 30 microns). b) Phase distribution 
map obtained by SEM-EBSD showing that the dominant 
phase is α. The rest of the microstructure consists of α′, 
bainite, and retained γ. Elemental mapping was per-
formed across the region shown in c). d) to h) 
Elemental maps of Zn, Mn, Si, Al, and oxygen at the 
steel/coating interface, respectively. The distribution of 
Mn, Si, Al, and O clearly indicates the formation of GB 
oxides. Zn diffusion into the substrate is not resolvable.   

Fig. 3. a) BF-STEM micrograph showing the microstructure of the coating 
substructure. Brighter regions along the GBs indicate the formation of internal 
oxides. b) to e) Elemental maps of Zn, Mn, Al, and Si obtained by STEM-EDS. As 
can be seen, (Mn, Si, Al)-oxides are distributed inside grains as well as along the 
GBs connecting towards the steel/coating interface. 
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In order to shed a more detailed light onto the role of Fe-Zn inter-
metallic formation after 15 cycles, STEM-EDS and STEM is employed at 
the tip of a localized Zn-infiltration path along GBs. Fig. 8a displays an 
overview of such an environment, where the Zn-trace (Fig. 8b) is now 
confined to α′-GBs (prior γ-GBs). It is important to keep in mind that this 
is a non-cracked environment and the local TEM-resolved crack dis-
cussed in Fig. 7a is located approximately 10-15 μm further away in the 
direction towards the surface. The several μm long Zn-enriched GB-path 
becomes discontinuous with varying the infiltration width of several 10s 
of nm at the root (Fig. 8b) and several nm at its outmost front (Fig. 8d). 
Figs. 8c and 8d are the corresponding zoomed-in BF-STEM images of the 
boxes c and d in Fig. 8b, respectively. Along its length going from top to 
bottom in Fig. 8b, the Zn-content decreases, which is exemplified by a 
concentration exceeding 40 at. % within box c, whereas ca. 5 at. % can 
be resolved within box d. 

The narrow Zn-trace along the GB in Fig. 8b raises again the question 
in which form the Zn is present. This was investigated using scanning 
electron nanobeam diffraction (SEND, also known as 4D-STEM [68]) at 
the tip of the Zn-infiltration path both within box c and box d in Fig. 8b. 
Figs. 9a and 9b show the areas enclosed by dashed lines in Fig. 8b and 
that subsequently were mapped with SEND/4D-STEM. Using this 
method, spatially resolved diffraction patterns allow reconstructing a 
detailed grain map. For the indicated sub-area in Fig. 9a the corre-
sponding map is shown in Fig. 9c. Fig. 9d depicts the grain map of the 
mapped sub-area of Fig. 9b. Enclosed with a dashed line in Fig. 9c, direct 
mapping of diffraction patterns along the infiltration path demonstrates 
the presence of the Γ1-phase. A corresponding diffraction pattern is 
displayed in Fig. 9f. In contrast to such a spatially extended signature of 
an intermetallic compound, Fig. 9d only reveals superimposed diffrac-
tion patterns for both the Γ-phase and α′. Since the complexity of the 
local diffraction pattern is high and automated analysis of the 16,000 
local diffraction patterns may result in misleading information, we begin 
with only considering diffraction patterns that have an elevated in-
tensity for diffraction vectors ranging between 3.5 and 4.5 nm− 1, being 
all smaller than those expected for α and α′ whose length of the shortest 
g-vector is approximately 5 nm− 1. This yields the intensity map shown 
in Fig. 9e, indicating a few selected regions with outstandingly high 
intensities (white areas) that are now considered for further analysis. 
Choosing those patterns as close as possible to a zone axis allows a clear 
identification of the Fe3Zn10-intermetallic or Γ-phase as the GB-phase. A 
corresponding diffraction pattern is shown in Fig. 9g. We note that this 
approach does not exhaustively capture all GB-phases, as the g-vector 
range is limited and since some pattern intensities are simply too low to 
be properly indexed due to the alignment of the crystal with respect to 

the viewing direction. 
Given the large density difference between α (or α′) and Fe3Zn10, 

which amounts to approximately 5%, expectations are that the local 
nucleation of the Γ-phase should be accompanied with lattice strain 
singularities. The presence of these can be revealed using the SEND/4D- 
STEM diffraction data via the construction of a relative lattice-strain 
map, the procedure of which is described elsewhere [25]. Fig. 9h re-
veals how significant lattice-strain enhancements are present along the 
Zn-containing GB, with specifically high values coinciding with the lo-
cations at which Fig. 9e exhibits intensities for the Γ-phase. This match is 
not perfect when comparing Figs. 9h and 9e, which is attributed to the 
fact that not all the Γ-nanograins within the GB align crystallographi-
cally with the applied g-vector filter. Furthermore, the 
thermo-mechanical history of the sample is expected to yield a rather 
complex internal strain distribution that will be convoluted with the 
expansion-strain arising from the Γ-phase. Nevertheless, these detailed 
insights clearly show how the Zn far ahead of the crack tip already 
promotes the formation of a brittle and lattice-strain generating inter-
metallic phase in the GB-network early during the process. 

4. Discussion 

4.1. Intermetallic formation at temperatures below the ductility trough 

In view of the outlined and detailed microstructural evolution during 
LME, it is initially instructive to put the present results into the context 
of the temperature and mechanical pressure as a function of time. Whilst 
not directly accessible during the experiments, a good insight into the 
temperature and stress fields can be gained through FEM simulation 
using the COMSOL package (see also Methods Section) [59]. Fig. 10 
summarizes the effective (von Mises) stress and the temperature as a 
function of time in the periphery of the weld. The precise location 
relative to the electrode to which the data in Fig. 10 applies, is indicated 
with an arrow in the schematic shown in the inset of Fig. 10. Vertically 
shaded areas extending over the first 83 ms (5 cylces) and 250 ms (15 
cycles) cover the process time of the here investigated microstructures. 
The initial stress peak corresponds to the application of the electrodes 
onto the weld stack and subsequent stress relaxation due to deformation, 
and the second stress peak after ca. 120 ms emerges in response to 
thermal stresses that develop during heating. These are able to relax 
upon continued heating. 

The FEM simulations of the first 83 ms are in good agreement with 
the observation that Figs. 4 and 5 mostly reveal α. After 250 ms (15 
cycles) a temperature somewhat above to the Ac3 temperature is 

Fig. 4. a) BSE micrograph showing the subsurface microstructure of the 5 cycles sample. The coating substructure, which was extending into the top 25 μm of the 
unwelded sample, as indicted with the dashed line, is not anymore identifiable. b) EDS elemental mapping of Zn for the surface region indicated in a), clearly 
revealing Zn diffusion into the AHSS. 
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reached, which is compatible with the corresponding microstructure 
shown in Figs. 7 and 8 that is dominated by α′. The γ formation- 
temperature at 1123 K must thus have been passed during the first 15 
weld cycles. 

Remarkable is, however, that Γ-phase formation and solid wetting of 
α/oxide-interfaces are already seen after 5 cycles, or 83 ms, which 
covers the still rising temperature regime in Fig. 10. Even within some 
error of the FEM-generated temperature profile, it is concluded that the 
temperature during the first 5 cycles (83 ms) is far below the melting 
temperature of Zn (693 K) or the ductility trough (973 ~ 1173 K). 
During these initial 83 ms, volume diffusion into the first few micro-
meters of the steel substrate occurs with an at STEM-EDS resolution 

highly heterogeneous Zn distribution, where local concentrations 
amount (within experimental uncertainty) to 25 at. % and more 
(Figs. 5d and 5g). Such a high local Zn concentration, at for example an 
α/oxide-interface, suggest at a solid-state wetting phenomenon [67]. We 
will see later that thermodynamic calculations indicate how a rather 
small bulk Zn concentration and a miscibility-gap driven segregation 
transition can explain the experimental observations after only 83 ms. 

Further processing to 250 ms (15 cycles) reveals a dramatic change 
to an α′ dominated microstructure, where all Zn is essentially restricted 
to the GBs. Microcracking along α′ (prior γ) - GBs is observed with TEM, 
with evidence that crack initiation sites are linked to environments of 
both the Γ-phase and residual α (Fig. 7). These are close to the substrate 

Fig. 5. a) BF-STEM micrograph of the coating substructure of the 5 cycles sample. b) Zn elemental map revealing a heterogeneous distribution of Zn in the area 
enclosed by a dashed line in a). c) and d) HAADF-STEM micrographs and Zn elemental maps at the α/oxide-interface, respectively. e) and f) BF-STEM micrograph and 
a STEM-EDS map showing the Zn distribution at an α-GB. g) Concentration profile across an α/oxide interface, which shows a maximum concentration of 
approximately 25 at. % at the interface. h) BF-TEM micrograph of an Fe-Zn compound formed around a GB oxide, which is identified as the Γ − phase by SAD in i). 
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surface, which is compatible with the high required Zn-concentrations 
needed to remain outside the γ phase-domain at high temperatures. 
Further into the substrate, only α′ is observed (Fig. 8). 

Tracing the Zn infiltration path along the GBs deeper into the steel 
substrate reveals a continuously decreasing Zn concentration (Fig. 9). 
Along the infiltration front, individual Zn containing nm-sized regions 

Fig. 6. a) SE image of the 15 cycles sample extracted from the weld periphery region. b) Elemental map of Zn for the area enclosed by a dotted line in a), revealing Zn 
infiltrated GB-paths that within the resolution of SEM do not reveal decohesion. TEM specimens were extracted at the right most tip of the infiltration path 
(see Fig. 8). 

Fig. 7. a) BF-STEM micrograph of the coating substructure of the 15 cycles sample. b) BF-TEM micrograph of the microstructure a few microns away from the Zn 
infiltration path, showing fine martensitic microstructure. c) Elemental Zn-map recorded within the dotted box in a) that reveals a heterogenous distribution confined 
to GBs. d) A micrograph in the c) indicated region where Zn accumulation has been observed. e) SAD pattern of the grain indicated in d), revealing the Γ − phase. 
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are identified. SEND and a careful diffraction map analysis demonstrates 
the presence of nano-scale (~10 nm) Γ-precipitates, around which local 
lattice strain enhancements are resolvable (Fig. 9). This clearly shows 
that the Γ-phase is intimately linked to the reaction front between the 
substrate and the Zn. As soon as Zn is present in either the bulk at the 
beginning of the process, or in the GB network after the γ-α′ trans-
formation, Γ-phase nano-precipitates emerge as a reoccurring micro-
structural feature. This is surprising, given that local Zn-concentrations 
can remain well below the required amounts according to the equilib-
rium Fe-Zn phase diagram [20]. 

4.2. GB intermetallic-phase formation via a segregation transition 

In view of the experimental observations that demonstrate how Zn- 
rich intermetallic phases, specifically the Γ-phase, form at low temper-
atures, the question arises how sufficient Zn can locally be supplied? To 
address this questions, CALPHAD-integrated density-based calculations 
are conducted, as introduced in the Methods Section. This model enables 
computing GB thermodynamic free-energy and phase-behavior, as a 
function of both temperature and alloy composition, as recently 
demonstrated for selected applications [56,60-62]. Here, this approach 
is applied to understand the interaction of Zn atoms with the Fe GBs and 
its influence on the GB precipitation. Before addressing intermetallic 
phase formation, Zn segregation into α-GBs needs to be understood. The 
simulations reveal that for only a few atomic percent Zn in the α-grains, 
adjacent GBs can undergo massive Zn segregation. Corresponding 
equilibrium segregation isotherms in Fig. 11 show large segregation 
transitions, i.e., jumps in the segregation isotherms for various 

temperatures. The giant Zn segregation transition originates from a 
magnetic miscibility gap in the Fe-Zn system, as is discussed in [57]. The 
results in Fig. 11 show that for as low as 2 at. % Zn in the bulk alloy, a 
segregation transition of more than 60 at. % Zn into the GB can occur. 
The very low amount of Zn required in the solid solution bulk phase 
emphasizes that the segregation transition is primarily controlled by the 
thermodynamic driving forces, rather than diffusion of Zn atoms, 
because even the short time during the early stages of welding is enough 
to initiate the Zn segregation transition at the GB. 

Based on recent investigations that have shown how a GB 
segregation-transition phenomenon can be accompanied with spinodal- 
like interfacial phase decomposition [70], also here similar interfacial 
decomposition with Zn-rich and Zn-poor islands are expected along the 
α-GB. Note that the spinodal-like interfacial phase decomposition is 
mainly governed by redistribution of the Zn atoms via short-distance 
diffusion within the GB plane. As a result of the jump in the segrega-
tion isotherms (Fig. 11), interfacial Zn-rich islands with a very high Zn 
concentration form and thus provide the local requirements for a 
Γ-phase nucleation at the GBs. This scenario is depicted in Figs. 12a-d. In 
order to study the possibility of such a segregation-induced GB-preci-
pitation, the energetics of nucleation must be considered. Considering a 
finite-width of the Zn segregated GB, the energy of nucleation can be 
described as 

ΔGΓ
nucl = ΔG × V + γintf A (3)  

where V ≈ π
6 ηA and A are the volume and surface area of the nucleating 

Γ-precipitate, η is the GB width, ΔG = GΓ − GGB is the driving force for 
the formation of new Γ phase from the segregated GB, and γintf is the 

Fig. 8. a) BF-STEM micrograph of the 15 cycles sample at the right-hand tip of the Zn infiltration seen in Fig. 6b. The microstructure is mainly martensitic. b) 
Elemental map of Zn, showing a Zn distribution along prior γ-GBs. c) and d) BF-STEM images of the infiltration paths that correspond to the dashed boxes in b). The 
infiltration widths in c) and d) are approximately 50 nm and several nms, respectively. 
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energy of the Γ-phase interface. A successful nucleation requires ΔGΓ
nucl 

< 0. Even though no information on γintf is available, the feasibility of 
the nucleation can still be assessed by studying the driving force, ΔG: 
Indeed, since γintf > 0, the nucleation is only feasible if ΔG < 0. Using 
the CALPHAD-integrated method, GGB = G(ρ= 0.9, T, xZn) is 
computed using Eqs. (1) and (2) and GΓ(T, xZn) is obtained from the 
Thermo-Calc TCFE11 database. 

Fig. 12e summarizes the obtained free-energy curves for the GB 
α-phase (GGB) and the Γ-phase (GΓ), across a temperature range from 
498 to 873 K. On the same panel, x∗

Zn values, i.e., the GB compositions 
corresponding to the jump at the segregation transition-point shown in 
Fig. 11, and the intersection points between the GB and Γ free energies 
are depicted by circles and diamonds, respectively, for each 
temperature. 

Assuming the GB segregation-transition compositions, Fig. 12f shows 
the driving force for precipitation ΔG = G(ρ= 0.9, T, x∗

Zn) − GΓ(T, x∗
Zn)

as a function of temperature. Interestingly, the calculations reveal that 
with decreasing the temperature, the driving force for the nucleation 
becomes negative and therefore the Γ phase becomes favorable for 
temperatures below a critical point at approximately 750 K. This means 
that the formation of intermetallic Γ-precipitates at the GB is a specific 
feature in the lower temperature regime. These results rationalize our 
experimental observations that reveal the interfacial precipitation of 
Γ-nanoprecipitates in the surface substructure at low temperatures, for 
which relatively low Zn bulk-concentration seem to be needed. We 
therefore conclude that the origin of low-temperature Γ-precipitation is 

the massive segregation transition that increasingly amplifies at lower 
temperature. Once formed, Γ-precipitates may indeed serve as crack- 
initiation sites in the subsurface region in which volumetric Zn- 
transport is seen in the first 83 ms of the microstructural evolution, 
during which the processing temperature still rises (Fig. 10). This 
demonstrates that the low-temperature regime during processing be-
comes critical to understand LME of galvanized high-strength steels. 

5. Summary 

The fundamental origin of LME in a galvanized advanced high- 
strength steel was assessed by carefully tracking the microstructural 
evolution during interrupted welding. Even though industrially viable 
RSW was used for welding, the findings are generally valid and reveal 
fundamental new insights into GB-weakening during LME of Fe-Zn, 
irrespective of the detailed RSW parameters. Focusing on transmission 
electron microscopy in combination with a novel CALPHAD-integrated 
thermodynamic approach for studying GB-phenomena, the following 
conclusions can be made:  

• At temperatures well-below the ductility trough, volume diffusion of 
Zn into the steel occurs, during which high Zn-containing in-
termetallics form. 

• First signatures of local microcracking in the subsurface micro-
structure are seen in microstructural environments of both retained α 
and Fe3Zn10 (Γ-phase). 

Fig. 9. a) BF-STEM micrograph from the right-hand 
side of the Zn infiltration path shown in Fig. 6b. The 
region where SEND is carried out is indicated by the 
white rectangle, which later corresponds to c). b) BF- 
STEM micrograph at the front of the Zn infiltration, 
where the white rectangle marks out the SEND- 
investigated region that corresponds to d), e), and h). 
c) and d) pixel classification maps based on the similar 
features in diffraction patterns of each area indicated in 
a) and b). e) Intensity map of diffraction spots whose 
length of g-vector is between 3.5 ~ 4.5 nm− 1 revealing 
the presence of a GB phase. f) Integrated diffraction 
pattern from the region indicated in c), identifying the 
structure as Γ1. g) an integrated diffraction pattern 
from one of the GB phases indicated by the white arrow 
in e), belonging to the Γ-phase. h) Relative lattice strain 
map calculated with reference to the literature value of 
α lattice constant a = 0.2886 nm [69].   
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• Once the system passes the austinite-formation temperature and 
α′-dominates the room-temperature microstructure, Zn is confined to 
the GB-network, constituting a shift in transport mechanism 
compared to the low-temperature regime.  

• CALPHAD-integrated density-based thermodynamic calculations 
rationalize how grain-boundary nano-precipitation of Fe3Zn10 can 
emerge via a significant segregation transition that leads to strong 
local Zn enrichments in GBs.  

• A critical temperature is identified thermodynamically, below which 
the nucleation of FeZn Γ-phase is favored. 

These findings provide strong evidence for that very early GB-phase 
nucleation at unexpectedly low temperatures is a critical grain- 
boundary weakening step in LME of galvanized advanced high- 
strength steels. Once initiated at locations of Γ-nanoprecipitates, crack 
propagation deeper into the substrate proceeds in conjunction with the γ 
-α′ transformation, at which the Zn transport mechanism changes to be 
bound to the GBs alone. This later stage of crack propagation has not 

been tracked here, which also applies to the related Zn transport at the 
crack tip. However, based on the present observations, we believe that 
this is a step of secondary importance in the LME damage process. 
Decohesion and crack initiation seems to be strongly coupled to the early 
intermetallic nucleation and next steps to strengthen this hypothesis 
require in-depth DFT calculations that can quantify the changes of GB- 
energy due to both the presence of Zn and its Fe-Zn intermetallics. 
Since our conclusion fundamentally relies on the presence of a misci-
bility gap and a segregation transition [55,57], future work should also 
focus on its suppression as to mitigate intermetallic GB-phase 
nucleation. 
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