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Grain-boundary degradation via liquid-metal embrittlement (LME) is a prominent and long-standing
failure process in next generation advanced high-strength steels. Here we reveal, well ahead of the
crack tip, the presences of nano-scale grains of intermetallic phases in Zn-infiltrated but uncracked grain
boundaries with scanning- and 4D transmission electron microscopy. Instead of the often-reported Zn-
rich Fe-Zn intermetallics, the nano-scale phase in the uncracked infiltrated grain boundaries is identified
as the G-phase, and its presence reveals the local enhancement of strain heterogeneities in the grain
boundary network. Based on these observations, we argue that intermetallic phase formation is not
occurring after cracking and subsequent liquid Zn infiltration but is instead one of the primary nano-
scopic drivers for grain-boundary weakening and crack initiation. These findings shift the focus of LME
from micro- and meso-scale crack investigations to the very early stages immediately following Zn
diffusion, after which secondary phase nucleation and growth emerge as the root-cause for failure.
© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Our societal need for high-performance structural materials,
combined with today's increasing demand for energy efficiency,
continuously promotes the discovery and development of new
complex technological alloys. Specifically, in the area of iron-based
alloys, notably steels, advanced high strength steels (AHSS) of the
third generation are now on the horizon. Besides the best combi-
nation between strength and ductility, these widely used alloys
require additional optimizations for applications in light-weight
structures or harsh environments. To this end, their strength-to-
weight ratio [1], and their corrosion resistance [2] have been in
the focus of alloy design. The particular requirement of an excellent
corrosion resistance of AHSS is oftenmet via the application of Zinc
(Zn)-based coatings that are applied through an industrially viable
continuous galvanizing route.

Whilst galvanizing significantly improves the corrosion resis-
tance of AHSS, a major drawback is the low melting point of Zinc
cience and Engineering, Uni-
1801, USA.

an open access article under the C
that during typical joining operations, such as resistance spot
welding (RSW), forms a molten surface layer in the heat-affected
zone of the process zone at the shoulder or periphery regions of
the weld [3,4]. Even though the liquid Zn only covers the solid
substrate for a fraction of a second, it has become evident that it
promotes embrittlement, thereby representing a case of the known
but fundamentally not equally well understood liquid-metal
embrittlement (LME) phenomenon [5e7].

Most generally, LME can occur when a liquid metal (or alloy) is
in contact with a solid metal (alloy) in the presence of an external
tensile stress. During the coexistence of the liquid and the solid,
grain-boundary weakening of the solid substrate may proceeds via
penetration of the liquid phase. Consequently, local intergranular
micro-cracking might be triggered under the complex stress states
present during most joining processes [6,8,9], followed by further
infiltration of the liquidmetal, which in the case of galvanized AHSS
is Zn. These microscopic processes lead to a significant degenera-
tion of joined-galvanized AHSS components and represent a
fundamental problem of structural integrity [8,10e12].

Material systems that are known to suffer from LME of grain
boundaries are, for example, Ni-Bi [13], Al-Ga [14e17], Al-Hg [18],
and Ti-H [19], and various phenomenological descriptions of the
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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underlyingmechanisms have been proposed. In the case of the here
considered galvanized AHSS, represented by the Fe-Zn binary, only
limited detailed microstructural insights are available. However,
the general steps of how LME proceeds, are believed to be the same.
These steps can be summarized as follows [6,8,11,20e25]: i) stress-
assisted accelerated diffusion of the liquid species into the solid
substrate along the grain-boundary network [8,11,20e22,26], ii)
cracking along infiltrated grain-boundaries [8,20,21,23e25], iii)
crack filling with the liquid metal [8,20e25], and iv) continued
grain-boundary infiltration ahead of the crack tip [20,22,24,25].
Importantly, the formation of intermetallic phases often observed
in LME-cracks is said to occur during steps iii) and iv) and is thus not
the critically weakening step in the degradation process
[6,8,11,21,23e25,27]. Instead, recent studies proposed that grain-
boundary decohesion is caused by chemical effects that alter the
atomic-binding strength [7,22,28]. In the present study, we provide
evidence for nanoscale intermetallic phase nucleation occurring in
Zn-infiltrated but uncracked boundaries far ahead of the crack tip
that revise the commonly presented mechanistic sequence.

The above quoted sequence of events does not specifically
address the origin of grain-boundary weakening, nor does it further
specify the mechanistic details of how cracking proceeds. For
example, what causes the high diffusivity of the molten species?
Why are some grain-boundaries prone to infiltration and/or
cracking and others not? Is interfacial weakening solely due to the
presence of the infiltrating species, or is the formation of secondary
phases critical? These fundamental questions have been central to
the community for decades and demand for detailed atomic- and
nanoscale microstructural investigations to understand LME in
AHSS. Here, we aim at addressing the third of the afore posed
questions.

In contrast to the Al-Ga [14e17] and Al-Hg [18] systems that
show embrittlement at ambient conditions, the fundamental
questions of LME are evenmore challenging to answer for the Fe-Zn
system due to the high temperature of the ductility trough
(700e900 �C) [6] and the high vapor pressure of Zn [29], prohib-
iting in-situ investigations at high enough spatial resolution (e.g.
electron microscopy). Furthermore, LME of galvanized AHSS is
often linked to sub-second processing steps and coexistence times
of the solid substrate and liquid Zn-phase, making direct observa-
tions at the microstructural scale very difficult. These hurdles in
combination with the strong industrial interest have directed focus
on either effects of processing parameters, such as weld pressure
and current [30e32], or on post-mortem analysis of cracked re-
gions [8e10,12,20,22e25,27,33], which reveal rather mesoscale
microstructural changes after cracking with a primary focus on Zn-
infiltrated cracks.

To shed a more detailed light onto the early stages of LME crack
formation and the related nanoscopic microstructural changes in
the Fe-Zn system, we follow here the strategy of finding and
characterizing Zn-infiltrated but uncracked grain boundaries. The
approach reveals evidence for that the nucleation of intermetallic
phases and their subsequent growth may be the root cause of local
grain-boundary decohesion, which would constitute an alternative
origin than hereto discussed in the literature.

2. Materials and methods

We investigate an industrially produced 1.4 mm thick third-
generation galvanized AHSS [containing a maximum of 0.26 wt%
C, 2.0 wt%Si, 2.3 wt%Mn, 0.04 wt%P, 0.01wt%S,1.0 wt%Al, 0.2 wt%Cu,
0.005 wt%B, 0.15 wt%(Ti þ Nb), and 0.6 wt%(Cr þ Mo)] sheet-
material having a tensile strength of more than 1 GPa. The AHSS
was annealed in N2-5%H2 atmosphere containing a partial pressure,
pO2, of 2.52 � 10�21 atm, followed by galvanization in a Zn-0.2 wt%
2

Al bath, which produced a ~9 mm thick GI-coating on top of the steel
containing ferrite, martensite, bainite, and small amounts of
retained austenite. The GI-AHSS was resistance spot welded in a
three-layer stack assembly, where the top sheet was the GI-AHSS,
followed by two 1.5 mm thick sheets of galvanized extra deep
drawing steel (EDDS, containing 0.002C, 0.08Mn, 0.10P, 0.005S,
0.005Si, 0.017Cu e all in wt%). RSW was carried out using a 75/
85kVA Taylor-Winfield RSW instrument with a 6 mm diameter
copper electrode. The welding condition was chosen according to
the SEP1220-2 guidelines [34]. During RSW, a constant electrode
force of 4.5 kN and current of 9.2 kA were applied. This welding
current is just below expulsion, corresponding to the highest cur-
rent for achieving a maximum nugget size. The duration of the
welding squeeze, weld, and hold time were 1167, 383 and 300 ms,
respectively. A cross section sample was prepared by using low
speed sawing, such that a 3 mmwide, 4 mm thick, and 30 mm long
strip centered around theweld spot was obtained. Aftermechanical
polishing, chemo-mechanical polishing with colloidal silica was
conducted to minimize possible residual surface damage. In the
following sections, wewill focus on the Zn infiltrated cracks as well
as uncracked Zn infiltrated grain boundaries, all of which are pre-
sent in the galvanized side of the AHSS. Microstructural details of
the EDDS will therefore be omitted in the following. Microstruc-
tural characterization was carried out using a JEOL 7000F scanning
electron microscopy (SEM) with an energy-dispersion X-ray spec-
trometer (EDS), a JEOL 20210 LaB6 transmission electron micro-
scopy (TEM), and a JEOL 2200 FS scanning transmission electron
microscopy (STEM) equipped with a CEOS probe Cs-corrector and
EDS. Furthermore, scanning electron nano diffraction was per-
formed by using an FEI Themis Z Advanced Probe Aberration Cor-
rected Analytical STEM with a precision of 0.2% and a spatial
resolution of 1.8 nm. TEM specimens were prepared by using FEI
Scios 2 focused ion beam (FIB) via a lift-out method such that
samples with an in-plane and out-of plane orientation of the cross-
sectional view were obtained. TEM specimens displaying cracked
environments were extracted as a cross-section and provide a view
along the crack direction upon imaging with TEM. These cracked
microstructures were typically located about 10e15 mm away from
the crack tip. Uncracked grain-boundary environments were
sampled with an in-plane TEM specimen geometry, where the Zn-
infiltrated boundary is viewed edge on (in the plane of the cross-
sectional cut of the bulk sample), that is in the plane. These un-
cracked environments were either located at the crack tip, or at the
Zn-infiltration front identified ahead of a crack tip.

3. Results and discussion

Fig. 1a displays the cross-sectional view of the spot-welded
sample, where an electrode indentation region and a peripheral
region are indicated. These regions distinguish themselves through
the significantly different LME crack sizes. Cracks under the elec-
trode position are several tens of micrometers long and lack sig-
nificant Zn infiltration, whereas the cracks located in the here
targeted peripheral region are at most 25 mm in length and
essentially filled with Zn (Fig. 1b). These smaller and infiltrated
cracks have been studied intensely on cross-sectional views and are
sought to promote LME-induced failure by intergranular crack
propagation [6,8,20e25,27,33]. The backscattered electron (BSE)
contrast of Fig. 1b highlights a region enclosed with a dashed
rectangle that shows a slightly brighter contrast typically located
several hundred nanometers to several micrometers away from the
main crack. EDS mapping of this and other similar regions reveals
an enrichment of Zn, as shown in the inset of Fig.1b. Thatmeans, Zn
has diffused away from the main crack into the surrounding un-
cracked grain-boundary network. As will become apparent in the



Fig. 1. Cross-sectional SEM micrographs of the spot-welded GI-AHSS steel. a) Cross-
sectional overview of the sample (secondary electron contrast). The GI-AHSS is
located on top of two EDDS. b) Cross-sectional back-scatter electron image of an LME
crack observed at the weld periphery. An arrow inside the dashed box indicates Zn
enrichment, which is supported with an EDS map (inset) of the same enclosed area.

Fig. 2. TEM micrographs of a cracked boundary. a) a BF image of the microstructure
along with the cracking path. As indicated, Fe-Zn intermetallic phase-formation is
observed. Note that the crack deflection occurred at the interface between the d- and
G1-phase as indicated by the red circle. Dislocations in the G-phase are indicated with
white arrows. b) to e) selected area diffraction patterns obtained from the regions
marked with white circles in a). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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following, Zn-containing regions of uncracked grain boundaries, as
indicted in Fig. 1b, are intermetallic phases and not pockets of pure
elementary Zn. We note that similar to earlier work, all in the
following shown data originates from a 2D projection of an inher-
ently 3D problem. In the following, we will primarily consider
grain-boundary environments that contain traces of Zn but that
otherwise do not show any immediate decohesion.

Before turning our attention to such uncracked but infiltrated
boundaries that reflect microstructural features present during the
early stages of LME, we used bright-field (BF) TEM to characterize
the present phases in an infiltrated and cracked region. Fig. 2a
shows such a crack together with selected area diffraction (SAD)
patterns that were taken from the locations b-e indicated in Fig. 2a.
The corresponding SAD patterns are displayed in Fig. 2bee. Inde-
pendent of the SAD patterns, it is evident from the crack path that it
propagates along grain or phase boundaries.

Based on the analysis of the SAD data of Fig. 2 b-e, it can be
concluded that the crack propagates entirely in-between inter-
metallic Fe-Zn phases, including the Fe3Zn10 (G) (I43m) [35],
Fe22Zn78 (G1) (F43m) [36], and Fe13Zn126 (d) (P63=mmc) phases
[35,37]. In addition, lattice correspondence between G/ a� Fe, and
G/ G1 is revealed (Fig. 2d and e). The obtained orientation re-
lationships are h012iG1

// h011iG and h011iG// h011ia�Fe, respec-
tively, of which the latter indicates a cube-on-cube orientation
relationship. Whilst these orientation relationships also have been
observed in the microstructure at the interface between the GI
coating and the AHSS substrate [38,39], we emphasize that the data
of Fig. 2 does not stem from the coating-substrate interface. These
findings demonstrate that the Fe-Zn intermetallic phases were first
3

formed, after which the LME crack propagated along the grain
boundary at intermetallic grain or phase boundaries. As can be seen
from Fig. 2a, the crack predominantly follows phase boundaries
between d=G and G =G1 and a deflection occurs at the d=G1 inter-
face, which is indicated with a red circle. Pure Zn was not observed
in any of the examined cracked regions.

An additional feature of interest in Fig. 2a is the presence of
dislocations inside the G-phase, which indicates plastic deforma-
tion. Examples are highlighted with small white arrows in Fig. 2a.
We note that both theG- and the d-phase have recently been shown
to admit micron-scale plasticity at room temperature [40], whereas
earlier work limited macroscale plastic flow of Fe3Zn10 to a tem-
perature above 300 �C [41]. Both these reports demonstrate that
local stress relaxation via plastic deformation at temperatures well
below the welding temperature can occur. This additional obser-
vation strengthens our conclusion that the G-phase, and likely
other intermetallic phases, form before cracking, because uncon-
strained growth of intermetallic phases in a crack cavity after
cracking is not expected to yield the observed line defects. Instead,
their presence suggests high local stresses. Whilst Fig. 2a exclu-
sively shows cracking through intermetallics, other investigated
locations also reveal cracking at the matrix-intermetallic interface.



Fig. 3. TME-EDS analyzed cracked grain boundary. a) BF image of the crack path. The
white dotted line indicates where the in b) displayed Fe and Zn concentration profiles
have been measured.

Fig. 4. TEM micrograph of a Zn-infiltrated but uncracked boundary. a) BF image
showing the full development of intermetallic phases prior to cracking. b) and c,d) are
SAD patterns of the G1-, and G-phase, respectively. e) is a DF image of grain 2, in which
positions of dislocations are indicated with arrows, suggesting plastic deformation of
the G-phase.
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Fig. 3a highlights this, where Fig. 3b shows a compositional profile
(in arbitrary count units) recorded along the scanning direction
from the steel matrix into the d-phase, above which a G-phase was
identified. Since it is very unlikely that cracking of a Zn-infiltrated
grain-boundary is followed by Fe-Zn intermetallic phase forma-
tion on only one side of the crack, also this observation speaks for
Zn-infiltration and the growth of intermetallic phases prior to any
LME-cracking. As such, cracking seems to be occurring below
782 �C, which is the onset temperature for the G-phase during
cooling in the Fe-Zn phase diagram. Intermetallic precipitation in
the grain-boundary network prior to cracking can further be sub-
stantiated by the fact that intermetallic phases with grain sizes of a
few hundred nanometers can be identified in the uncracked grain-
boundary network of the AHSS. Fig. 4a represents such a case,
where no cracking is observed but the Zn-infiltration has pro-
gressed sufficiently to allow the nucleation and growth of Fe-Zn
intermetallics. Specifically, the grains seen in Fig. 4a are identified
as are G1 (grain 1) and G (grains 2 & 3) phases. The corresponding
SAD patterns for both identified phases are displayed in Fig. 4bed.

Similar to the cracked intermetallics depicted in Fig. 2a, dislo-
cations are observed in all intermetallic grains 1e3 identified in
Fig. 4a. This is demonstrated for grain 2 (G) in Fig. 4e, where arrows
mark line defects, supporting the earlier made conclusion that
significant stresses must be present during nucleation and growth
of the G and G1 phases. The consistent identification of both the G
4

and G1 phases at infiltrated and uncracked grain boundaries sug-
gest that these phases form in the early stages of LME and that the d
or z phases are later products. This may not immediately be ex-
pected from the binary equilibrium phase diagram [42], which at
the higher temperatures and with a high Zn-supply would favor
both d or z Fe-Zn phases. However, given that the amount of Zn is
kinetically limited by the supply through grain-boundary (or bulk)
diffusion that renders the local environment Fe-rich, nucleation of
G Fe-Zn is plausible. Having now defined a scenario, in which the G
(or G1) would represent the first intermetallic phase to be nucle-
ated in a Zn-enriched, but uncracked grain boundary, the next step
is to locate such nanoscale phases in a Zn-rich boundary. To this
end, we pursue analytical (S)TEM investigations on Zn-infiltrated
and intact boundaries, including diffraction mapping to identify
possible nano-crystalline intermetallics.

Fig. 5 displays such a Zn-infiltrated but uncracked grain
boundary imaged with BF-TEM. This uncracked boundary is situ-
ated ahead of a G-phase at an LME-crack tip. Whilst not immedi-
ately discernible in the TEM micrograph in Fig. 5a, SAD allows
identifying the indicated grain boundary. Chemical mapping shown
in Fig. 5b reveals the presence of Zn along the uncracked boundary,
extending well into the G-phase present at the crack tip located on
the right-hand side of Fig. 5b. A line scan across the uncracked grain



Fig. 5. TEM micrographs and elemental map of Zn in an uncracked boundary. a) BF image of a Zn-infiltrated grain boundary. The location of the grain boundary is indicated by a
white dotted line. The elemental map in b) is obtained from the area indicated by the white rectangle in a). c) Line profiles of the Fe and Zn distribution across the uncracked
boundary. The white arrow in b) indicates the EDS scanning path.
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boundary is indicated and the corresponding concentration profiles
for Fe and Zn are shown in arbitrary counts in Fig. 5c. The question
at this point is if the Zn-infiltration in the uncracked boundary is
elementary or if Fe-Zn intermetallic phases already have formed. To
investigate this question, Scanning Electron Nano Diffraction (SEND
also known as 4D STEM [43,44]) is conducted across the Zn-
infiltrated interface.

Fig. 6aec shows integrated diffraction patterns obtained with
SEND for three different regions, being grain A (Fig. 6a), B (Fig. 6b),
and the boundary (Fig. 6c) along the same uncracked grain
boundary displayed in Fig. 5, but at a larger distance away from the
G-phase (further to the right in Fig. 5a). The red arrow in Fig. 6c
indicates a diffraction spot at a length of 3.9 nm�1 in reciprocal
space (0.26 nm in real space), which is noticeable smaller than the
shortest reciprocal vectors present in the diffraction patterns for
the a- or g-Fe phases (approximately 5 nm�1). This suggests a
diffraction contribution from a nanoscale intermetallic phase, the
signal of which is very weak due to a small scattering volume and
that furthermore is convoluted with the contributions from both
grain A and B. In order to separate the different contributions and to
eliminate multiple scattering effects, the diffraction patterns have
been processed in the following way: (i) the intensities of the
diffraction patterns are normalized from 0 to 1. (ii) The intensity
contribution of the diffraction patterns from both grain A and B are
subtracted from the pattern of boundary region (for brevity called
‘C’) in separate pairs (C-A and C-B). (iii) the images now containing
difference intensities (C-A and C-B) are multiplied with each other,
which strongly enhances the contribution from boundary region
(C) in the finally obtained diffraction pattern, which is depicted in
Fig. 6d. White arrows indicated in Fig. 6d now allow determining
the underlying unit cell, which shows an excellent agreement with
the Fe3Zn10 G-phase.

This approach is subsequently used to construct a diffraction
map across the uncracked boundary, which identifies the spatial
distribution of the Fe3Zn10 G-phase in the SEND mapped region.
Fig. 6e reveals where the G-phase can be identified using the in-
tensities of the diffraction spots. That means, brighter colors than
blue map out the locations where a diffraction signal for the G-
phase can be identified. These are primarily located along grain-
boundaries that are indicated with solid lines. Here the grain
boundaries have been located on the basis of diffraction spot in-
tensity ratios from the different grains. Clearly, nanocrystals of the
G-phase decorate the grain boundary, and the spatial deviation
from the grain-boundary line is due to the fact that the grain
boundary is not viewed edge on.

In addition to the spatial mapping of the intermetallic phase in
the uncracked grain boundary, the SEND method allows quanti-
fying an equivalent lattice strain based on the comparison of the
5

spatially resolved diffraction data. This is done by using the stan-
dard lattice parameter for ferrite (a0 ¼ 0:2866 nm) as a reference.
Here, we assume isotropic strain for three lattice translational
vectors for simplicity. Given the reference value a0 and the
d spacing estimated from the length of corresponding g-vector in
reciprocal space, dhkl ¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2þk2þl2
p combined with ε ¼ a�a0

a0
, the

equivalent strain is obtained as ε ¼ dhkl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2þk2þl2

p
a0

� 1. This equivalent
strain is calculated using the shortest (or second shortest, if
diffraction spots are very closely located) g-vector of the recorded
diffraction patterns. Fig. 6f shows the distribution of this equivalent
lattice strain across the areas of grain A and B, using the diffraction
patterns of grain A. The reason for this extended area of grain A is
the fact that the boundary between these two grains is not viewed
edge on, resulting in sufficient diffraction spot intensity of grain A
over the area of grain B. In other words, grain A overlaps with grain
B in the projected view. Strong local fluctuations of primarily
compressive equivalent lattice strains are seen across grain A,
whereas local tensile components are located at the indicated
approximate boundary line in Fig. 6e, where grains A and B overlap.
We note that the spatial resolution of the used SEND method is ca.
1.8 nm, with a conservative equivalent strain precision of 0.2%,
meaning that the fluctuations in Fig. 6f to h are significantly above
the methods sensitivity. Fig. 6g displays the same data for grain B
that does not further overlap with grain A above, which is the
reason for the in gray shaded upper area. Thus, the overlap between
grain A and B is below the boundary line indicated in Fig. 6e,
thereby also defining its position. The strain fluctuations in grain B
seen in Fig. 6g are significantly smaller and less heterogeneous than
in grain A.

Merging the data in Fig. 6f and g generates the equivalent strain
map for the entire region mapped with SEND, as shown in Fig. 6h.
At this point, it has to be noted that there may be strain disconti-
nuities across indicated boundaries, because the g-vectors used to
derive the equivalent strain in each grain do not necessary align,
meaning that different components of the here inaccessible strain
tensor are probed. The composite view of all grains in Fig. 6h re-
veals that the largest strain variations are present along the
boundary between grains A and B, as well as at the right side of
grain B. The latter is in direct contact with a larger G-grains that is
located ahead of the crack tip. We therefore conclude that this
G-grain excerpts a compressive stress onto the adjacent ferrite
grain (A), which is not surprising in view of volumetric increase of
the intermetallic phase. The other regions where G-nanograins
have been identified with SEND (Fig. 6e) do not always correspond
directly to a local equivalent lattice strain heterogeneity. This is not
surprising, because we are mapping a strain signature at room
temperature after a complex thermo-mechanical process during
which the G-nanograins formed. However, it is very apparent that



Fig. 6. Scanning electron nano diffraction data of a Zn infiltrated but uncracked
boundary. a-c) show integrated diffraction patterns obtained from grains A, B, and the
uncracked grain boundary, respectively. The diffraction spot of 3.9 nm�1 indicated by
the red arrow in c) indicates the presence of a nanoscale G-phase, which was identified
based on the processed diffraction pattern in d). e) represents the distribution of the
nanoscale G-phase along the uncracked grain boundaries. f) and g) are the obtained
strain distributions of grain A and B, respectively. h) shows the lattice strain map across
all mapped grains. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 7. Schematic of LME cracking based on the here obtained data. (a) Zn diffuses into
grain boundaries via stress-assisted diffusion. (b) Impurity diffusion of Zn into the
adjacent matrix occurs, followed by the nucleation and growth of initially the G-phase
while maintaining a cube-on-cube orientation relationship. This step was here found
to cause significant strain heterogeneities within the grain boundaries (c) Thermal
stress developed between Fe-Zn intermetallic phases (IMCs) as well as between Fe-Zn
IMCs and a-Fe during cooling down from the ductility trough. Zn-rich Fe-Zn phases
form. (d) LME crack formation along the interfaces between IMCs or IMC phase and the
matrix that subsequently are filled with liquid Zn.

Y. Ikeda, R. Yuan, A. Chakraborty et al. Materials Today Advances 13 (2022) 100196
the boundary between grain A and B, which according to Fig. 6e
contains numerous G-nanograins, also displays distinctly enhanced
fluctuations in local strain. This is not the case for the two grains
located to the far left, where G-nanograins could not be revealed.
We therefore deduce that the nucleation and growth of G-nano-
grains in Zn-infiltrated but uncracked grain boundaries are likely
promoting local cracking. One consequently must consider inter-
metallic precipitation in the grain-boundary network, where
depending on the local stress state, an LME crack connects local
weak environments. This would explainwhy uncracked boundaries
containing intermetallics can be found next to a crack (as in Fig. 1b),
or why local cracks can be identified that are not directly connected
6

to amain crack. However, this is difficult to unambiguously address,
as all insights gained from the here used SEM- or TEM-based
methods inherently are limited to a cross-sectional 2D view of a
3D grain-boundary network.

In concert, the findings included in Figs. 2e7 nurture the hy-
pothesis that LME cracking in the studied AHSS proceeds by Zn
diffusion into the grain-boundary network, followed by nucleation
and growth of intermetallic Fe-Zn phases in the boundary, after
which cracking occurs. We emphasize that a suite of previous
studies has investigated LME cracking of galvanized AHSS and have
concluded that intermetallic phase formation sets in after LME
cracking [23e25,27]. In such a scenario, weakening would be
dominated by chemical changes due to Zn diffusing into the
boundary, whereas our observations clearly speak for nucleation
and growth of intermetallic phases in the boundary that cause local
stress heterogeneities. This is an important mechanistic difference
and effectively places the critical part of the cracking mechanism to
a temperature regime in which the intermetallic phases are stable
(below 782 �C, 550 �C, and 672 �C for the G, G1, and d-phase,
respectively). These temperatures remain above the melting tem-
perature of pure Zn, but given the reducing solubility of Zn in ferrite
with decreasing temperature, Zn supply to the grain boundary
could also be ensured via the surrounding matrix.

In this context, it is instructive to simply consider the build-up of
local stresses via volume expansion. Relative to a-iron, the G, G1,
and d-phase have a 5.5%, 7.9%, and 8.0% lower density, respectively.
In an idealized case, this can be represented by a spherical volume
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expansion in an infinite interface that resembles a mode I crack
geometry. These volumetric differences are significant and are ex-
pected to generate severe stress concentrations that may be more
important than the much discussed far field thermo-mechanical
stresses present during spot welding [8]. Prior to any formation
of intermetallics and their phase transformations during cooling,
Zn must, however, diffuse quickly into the grain-boundary
network. As such, our work unambiguously supports embrittler
transport via solid-state diffusion over liquid Zn flow [45]. This
phase of the LME mechanism is hard to assess, but it has been
suggested that the diffusivity of Zn in iron should be significantly
enhanced by stress to achieve the large penetration depth
[11,21,26]. Two scenarios are possible: 1) a fast Zn diffusion across
the full crack length, and 2) a step-wise diffusion over a scale given
by the length of the uncracked but infiltrated grain boundary. For
the first case, a back-of-the-envelope estimate using the welding
time (t ¼ 400 ms) and a typical crack length (ca. 25 mm) returns a
diffusion coefficient of at least 1.56 � 10�9 m2/s that is several or-
ders of magnitude larger than what the temperature range of the
ductility trough (10�12e10�11 m2/s at 700-900 �C) would suggest,
when considering grain boundary diffusion of Zn [46]. The second
case of a step-wise progression assumes a repeating Zn infiltration
and crack-opening, for which the diffusion distance would be much
smaller. Here, we now assume that the total crack length X is met by
n-times infiltration and abrupt cracking processes, over a total

duration T. This can be expressed as X
n ¼

ffiffiffiffiffiffiffi
D T

n

q
, leading to D ¼ X2

nT,

suggesting that when the unit crack length becomes smaller, the
necessary diffusion constant would be smaller as well. Given the
reference grain boundary diffusion coefficient (10�12e10�11 m2/s at
700-900 �C), again the back-of-the-envelope estimate suggests that
n ranges from approximately 156 to 1562. Therefore, the unit
cracking length could be estimated as X=n, which corresponds to
diffusion lengths between 160 nme16 nm, respectively. This is far
smaller than the infiltration length of Zn in the here studied un-
cracked grain boundaries. These simple thought experiments sug-
gest that, in either case, stress-assisted grain boundary diffusion is
key to explain the resulting crack length, underlining our current
lack of understanding of how quick Zn transport can proceed in the
ductility trough.

Based on our observations, wewill now proceed with proposing
a sequence of the LME-degradation process, according to the
following steps that are schematically summarized in Fig. 7:

� Initially, Zn penetrates along high-angle random grain bound-
aries [12,20e22,33] via stress-assisted diffusion (Fig. 7a). The
diffusivity was not quantitatively assessed here, but the pres-
ence of the embrittler far away from the crack in uncracked
boundaries strongly supports a solid-state diffusion penetration
of Zn.

� Nucleation, and possibly abrupt growth [47e49] of Fe-Zn-
phases in the grain boundary. Due to the high Fe supply in the
infiltrated boundaries, the G-phase forms first, which is further
facilitated by a favorable lattice coherency (low nucleation
barrier) with a-Fe (Fig. 7b).

� Crack-initiating local stress heterogeneities from the nucleation
of G-FeZn may be amplified during cooling if the G-phase de-
velops into the G1 or the d -phase through continued Zn supply.
At the same time thermal stresses increase due to the large
mismatches of thermal expansion coefficients between the
various intermetallic and metal phases (Fig. 7c) [50,51].

� Microcracking at grain boundaries occurs at the interface be-
tween the intermetallic phases or between the intermetallic
phases and the substrate (Fig. 7d).
7

This means that cracks connecting to the surface may again be
filled with liquid Zn, which in turnwould lead to the often reported
fully Zn-filled cracks that were taken as evidence for that the
intermetallic phases inside the cracks form as a result of a solidi-
fying Fe-Zn-liquid [23e25]. However, this secondary infiltration is
not the root cause of the initial failure mechanism but does provide
continued supply of Zn for the surrounding grain-boundary
network.

4. Concluding remarks

Our observations underline the need for focused nanoscale and
atomic scale microstructural investigations that can pin down the
sequence of events leading to macroscopic or mesoscopic LME-
failure. Of particular focus should be the identification of a critical
step, which we here propose being the formation and growth of Fe-
Zn intermetallic phases in the infiltrated but uncracked grain-
boundary network. The findings stand in some contrast to the
recent observation of boundary weakening due to a change of the
binding state of Fe due to Zn [22]. If this change in electronic
structure due to pure chemical effects in the grain boundary would
be the critical part of the failure mechanism, cracking would not
proceed along phase or grain boundaries of intermetallic phases
and their formation would indeed, as proposed in earlier more
coarse-scale studies [23,24], first begin after decohesion of the
boundary and subsequent infiltration of liquid Zn. This seems
incompatible with the vast presence of uncracked environments
containing intermetallics that only can form if sufficient Zn is
present. Based on the here presented results, chemical effects that
change the grain-boundary energy cannot be excluded, but at the
same time Fe-rich intermetallic nanograins develop in the bound-
ary prior to cracking, questioning the critical role of elementary Zn.

In summary, we provide strong evidence for that LME cracking
of Zn-galvanized AHSS steel is driven by the nucleation and growth
of Fe-Zn intermetallic phases. This insight is gained by studying the
nanoscopic microstructural details of infiltrated, but uncracked
grain boundaries. The presence of the here revealed nanoscale in-
termetallics that are embedded in the uncracked grain boundaries
leads to stress heterogeneities due to volumetric differences, phase
transformations during cooling, and mismatches in thermal
expansion between the formed phases that eventually cause local
microcracking. We therefore conclude that the observed formation
of intermetallic phases is not a result of liquid Zn infiltration after
cracking already has occurred. Instead, these intermetallic phases
seem to represent a very early stage of LME degradation and
therefore alloy-design strategies that limit Zn diffusion into the
grain-boundary network or that suppress the nucleation and
growth of intermetallic phases in the grain boundaries would be
key to intrinsically mitigate LME degradation in future generation
advanced high-strength steels.
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