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The study of liquid metal embrittlement in FeeZn systems is challenging because of the high temper-
ature and vapor pressure of Zn, which hinders in-situ investigations with sufficiently high spatial reso-
lution. This is typically associated with subsecond processing steps and the coexistence of a solid
substrate and a liquid Zn phase, which renders direct observations at the microstructural scale difficult.
In this study, we comprehensively investigate the reactions occurring during the rapid heating and
cooling stages of FeeZn systems using synchrotron X-ray diffraction. The phase transformation is
analyzed for specimens with different interfacial structures, with focus on changes in the coating
microstructure above and below the peritectic temperature (782 �C) of the FeeZn system. Advanced
high-strength steel (AHSS) variants with 1.5 wt% Si content show a prominent destabilizing effect at the
onset of FeeZn intermetallic compound formation and a simultaneous deceleration of the liquid Zn
depletion rate compared with other AHSS alloys containing 0 wt% Si. Furthermore, the addition of Si
suppresses the formation of the G phase, which is due to turbulence in the outburst Zn at temperatures
above 773 K. Consequently, the fraction of G phase compounds with accumulated Zn deceases as the
exposure time of the liquid Zn to the ferritic matrix increases owing to the solute redistribution of Si in
the liquid Zn during rapid heating. Meanwhile, the absence of silicon in the substrate causes the for-
mation of a z phase with a low melting point, which delays the formation of liquid Zn via an increase in
the melting point of the Zn layer in the early stage of heating. Additionally, the amount of residual liquid
Zn decreases due to the rapid depletion of Zn during the liquid initiation stage via an equilibrium Fe/Zn
binary phase transformation. The results of this study provide a deeper understanding of the FeeZn
intermetallic phase transformation and the sensitivity to liquid metal embrittlement of third-
generation AHSSs based on silicon content.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Unique challenges to fuel economy and safety standards in the
automotive industry have resulted in the necessity for high-
performance structural materials with formability levels that
satisfy component manufacturing requirements. Third-generation
advanced high-strength steels (AHSSs) are of interest in this
aspect; hence, significant weight savings and corrosion resistance
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have been focused on alloy design. The application of an integral
Zn-based galvanized coating on the surface of AHSS sheets is
essential for increasing the service life of vehicle structures against
corrosion. Resistance spot-welding (RSW) is challenging because
the AHSS sheets involved exhibits a temperature sufficient to melt
the Zn-coated layer on the surface, and thermoemechanical-
induced tensile stresses occur simultaneously. However, third-
generation AHSS grades with strengths exceeding 1000 MPa pose
a high risk during RSWowing to the application of a sacrificial Zn or
ZneFe layer on the surface. During RSW, high temperatures are
attained by the Zn-coated AHSS sheets, causing the Zn-coated layer
on the AHSS surface to melt. This results in the formation of
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Chemical composition (wt.%) of TRIP 1180 samples.

C Mn Si P S Fe

GI-1.5Si 0.17 2.6 1.5 0.008 0.002 Balance
GI-0Si 0.17 2.6 e 0.008 0.002

The microstructural characterization was carried out using Zeiss AXIO scope and
JEOL JSM-7800F field emission scanning electron microscopy (SEM). Fig. 1 presents
the SEM micrograph of the samples with a silicon concentration of 1.5 wt% (here-
inafter referred to as GI-1.5Si) and 0 wt% (hereinafter referred to as GI-0Si). The
micrograph clearly confirms that the steel microstructure is composed of (bainitic)
ferrite and martensiteeaustenite (labeled as a and M/A, respectively). Notably, both
C and Mn are austenite-stabilizing elements, whereas silicon is rejected from car-
bide precipitation and serves as a barrier for further growth during intercritical
annealing.
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intergranular cracks that are larger than 100 mm on the wetted
surfaces. When liquid and solid phases coexist, the infiltration of
the liquid phase reduces the cohesive strength of the matrix grain
boundaries. Ductile metals are not protected against embrittlement
when they are exposed to a liquid metal for only a fraction of a
second [1e5].

Grain boundaries contribute significantly to polycrystalline
materials, which are typically affected by intergranular degradation
phenomena, such as stress corrosion cracking [6e8], hydrogen
embrittlement [9e11], and liquid metal embrittlement (LME)
[12e14]. Furthermore, hot working processes (i.e., hot press form-
ing [15e18] and resistance spot welding [19e22]) are associated
with the rapidity of microscopic processes and drastic temperature
changes, thus rendering temperature monitoring and control
extremely difficult. These processes are different from the con-
ventional heat treatment, as rapid heating and cooling do not allow
the temperature profiles to reach a steady state. The transient na-
ture of rapid heating involving melting and rapid cooling in these
processes can result in the formation of non-equilibrium interme-
tallic compounds (IMCs). Because the phase transformation is
accompanied by turbulence due to the outburst Zn at peritectic
temperatures (773e1073 K) [23], an increasing fraction of these
compounds with accumulated Zn reduces the exposure time of the
liquid phase on the ferritic matrix. To providemore insights into the
inhibition of LME and the related nanoscopic microstructural
changes in the FeeZn system, these phenomena should be inves-
tigated at a small scale. The effect of silicon content on AHSSs has
only been investigated phenomenologically without knowledge
regarding the chemical properties of each intermetallic phase;
hence, further detailed studies are required.

Previous studies have explicitly considered the role of silicon
content in enhancing the formation of FeeZn IMCs; however, they
lacked experimental observation [24e27]. The presence of alloying
elements (such as Sn, Sb, P, S, and Si) in a galvanizing bath or the
chemical composition of AHSS has been shown to affect the non-
uniform FeeZn reaction, thus resulting in increased amounts of
liquid Zn available to cause LME. Recent studies suggest that grain
boundary chemistry-induced alterations in the atomic-binding
strength result in grain boundary decohesion. Owing to the
complexity of the interactions between subsecond processing steps
and the coexistence times of the solideliquid phase, no compre-
hensive framework for the intermetallic phase transition or their
relationship pertaining to the existence of silicon content has been
established hitherto. Therefore, direct observations should be
conducted, and the mechanism by which silicon affects interfacial
reactions should be clarified.

Hence, in this study, we characterize the nucleation of inter-
metallic phases and their subsequent growth based on in-situ in-
vestigations at high spatial resolutions. Laser heating induces phase
transition, and two-dimensional X-ray diffraction analysis reveals
the properties of the transient state, which shows a specified time
delay. Recent developments in ultrafast detectors and the high flux
provided by third-generation synchrotron radiation sources have
facilitated experiments with timescale resolutions relevant for
laser-based industrial implementations. Using the combined
experimental methodology, we aim to perform a study that cor-
relates the thermodynamic and kinetic parameters of the FeeZn
system by altering the composition of the steel substrate with
different concentrations of silicon in AHSS. The growth of the
intermetallic phase and the onset of phase transition during laser
scanning are elucidated and discussed.

The objective of this study is to explore the impact of silicon as
an alloying element on the formation and growth of intermetallic
reaction layers at the interface between a Zn coating layer and AHSS
at elevated temperatures during thermal processing. Controlled
2

experiments are conducted to compare the reactions between the
Zn coating layer and AHSS with and without silicon as an alloying
element, both above and below the peritectic temperature of the
FeeZn binary system. The approach provides evidence that the
nucleation and growth of intermetallic phases during rapid solid-
ification are dependent on the concentration of silicon as an
alloying element. Specifically, our findings suggest that silicon de-
celerates the formation of a uniform and solidified G FeeZn inter-
metallic phase at the interface between the coating and substrate,
while also increasing the overall amount of liquid zinc. This finding
presents an alternative origin to the previously discussed mecha-
nisms described in the literature.

2. Methods

2.1. Materials

Industrially produced third-generation galvanized AHSS sheets
with a tensile strength of 1180 MPa was cold rolled by an identical
amount to a final thickness of 1.6 mm. The nominal chemical
composition of the third-generation transformation-induced plas-
ticity (TRIP) steel is Fee2.6Mne0.7C, with variation in the con-
centration of silicon (Table 1). The cold-rolled TRIP steel sheets
were intercritically annealed to induce variations in the retained
austenite phase. Steel sheets with different chemical compositions
were coated with a ~10-mm-thick zinc layer via hot-dip galvaniza-
tion in a Zn-0.2 wt% Al bath, whereby, in general, the steels can be
corrosion resistant owing to the adherent Zn-coated layer. More
details regarding the selective oxidation and galvanizing processes
are available in the literature [28]. Rectangular samples
(10mm� 10mm� 1.5 mm) rectangular samples were cut from the
samples via electro-discharged machining (EDM).

2.2. Experimental set-up

The experimental setup at the micro-X-ray absorption spec-
troscopy beamline of the Swiss Light Source (SLS) includes a laser
beam, laser beam dumps, a pyrometer, and in-situ synchrotron
micro-focused X-ray diffraction, as shown in Fig. 2(a). An X-ray
focal spot with a full width at half maximum (FWHM) of
40 mm � 40 mmwas generated using a Si (111) monochromator and
KirkpatrickeBaez mirror optics. Monochromatic incident beam
passed through the near-center of the sample and a-Al2O3 was used
as a calibration standard. Photon energy of 17.2 keV (corresponding
to a wavelength of 0.7208 Å) was used to allow for the measure-
ment of a sufficient number of diffraction peaks of the Zn and a-Fe
phases without overlap.

A copper holder was custom developed to be used as a support
and link between the sample and stage. The samples were hori-
zontally fixed on the hole of the copper heat-sink stage, with a



Fig. 1. SEM micrograph of third-generation AHSS microstructure of AHSS (a) GI-1.5Si (1.5 wt% Si); (b) GI-0Si (0 wt% Si). a, a0 , gR, and Fe3C represent (bainitic) ferrite, martensite,
retained austenite and cementite, respectively.

Fig. 2. (a) Experimental setup for in-situ micro X-ray diffraction experiments, with laser system mounted on Micro-XAS beamline (X05DA port of the SLS). (b) Schematic illustration
of the laser system mounted on the Micro-XAS beamline (X05DA port of the SLS). For scale, the sample shown in (a) is 1.6 mm thick.
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glancing angle of 10� to the sample surface. Fig. 2(b) illustrates the
outline of the sample, laser heating, and in-situ X-ray diffraction
systems. The direct beam was aligned with the module border and
shielded by a beam stop. In the experimental setup, the reflection
mode is required by the materials deposited on top of the surfaces
or below them with respect to the primary beam as well as to set
the incidence angle. An incidence angle of 10� allows the pene-
tration depth of the X-ray beam to be varied below the sample
surface and to probe the surface of the sample or interfaces far
below it.

As a laser source, two near-infrared diode lasers (Apollo In-
struments, USA [29]) with a heating capacity of 150 W were in-
clined 20� to the sample, by which the laser beam passing through
the sample can be absorbed via water-cooled beam dumps. Both
sides of the samples were laser heated using two diode lasers with
a laser beam profile measuring 1 mm � 1 mm. The samples were
simultaneously cooled using a Cu heat sink during laser heating and
rapidly quenched at the end of heating. Such an approach mimics
the heatingecooling system of RSW.

2.3. Data analysis

Local microstructures undergo an orderedisorder transition
within a short time because of high heating/cooling rates (up to
106 �C/s). Thus, a high acquisition rate is mandatory to observe
rapid solidification and ordering within a short time. To capture
these phenomena, a rapid X-ray detector with submillisecond time
resolution is required, and background noise must be minimized.
3

The experiments reported herein can be conducted using EIGER X-
ray detectors with an energy threshold to appropriately synchro-
nize the detector with the laser operation. The diffracted photons
were recorded on an EIGER � 4 M single-photon counting detector
(Dectris, Switzerland) with a total active area of 2070 � 2167 pixels
at a pixel size of 75 mm. The detector was operated at a continuous
frame rate of 750 Hz, with an exposure time of 15 ms for each
frame. The detector was placed away from the sample to maximize
the 2q resolution while optimizing the range of the reciprocal
space. Two-dimensional (2D) diffractograms recorded by the
EIGER � 4 M system were screened at the beamline for quality
control using the ALBULA viewer (Dectris, Switzerland). Detector
distance calibration, background subtraction, azimuthal integra-
tion, and averaging were performed using XRDUA v7.1.3.1 [30]. All
diffractions were converted from q to 2q using an in-house Python
script, based on q ¼ 4,p,sinq/l, where q is the scattering vector
(momentum transfer), 2q the diffraction angle, and l the X-ray
wavelength. A series of 2D diffraction patterns was azimuthally
integrated into the one-dimensional (1D) diffraction profiles. The
background was integrated in the range 11 < q < 60 nm⁻1 and then
subtracted. To distinguish the signal from the liquid phase and
systematic background, the background determined at 12,000 ms
was utilized as the specimen was fully solidified at that time. The
systematic background produced by the beam optics and setup was
assumed to remain constant throughout the experiment owing to
the high beam stability provided by the SLS. The integrated peak
intensities, peak positions, and lattice strains were obtained from
the least-squares fitting of Gaussian functions to the 1D
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diffractograms at every point in time. Lattice strains were calcu-
lated from the planar distance, where d ¼ 2,p/q. The analysis and
plotting of X-ray diffraction and imaging were performed using
Python (Anaconda distribution, Continuum Analytics, USA) com-
bined with IPython [31], matplotlib [32], SciPy and NumPy pack-
ages [33]. Perceptually uniform color maps were retrieved from the
Cmocean package [34].

2.4. Temperature evolution

Temperature control was achieved through a direct definition of
the laser current profiles at the measured temperature. A pyrom-
eter targeted at the surface of a workpiece was used to estimate the
mean temperature evolution near the X-ray beam position.
Whereas pyrometers are typically restricted to a narrow wave-
length window and provide only an integrated temperature value
over the full spot size, the evolution of the d-spacing can provide
temperature variations associated with local temperature gradi-
ents. The critical transformation temperatures (Ac1, Ac3, Ms, and Mf)
for the steel were determined using dilatometry, as shown in
Fig. 3(a). Because the melting and boiling points of Zn (Tm ¼ 419 �C
and Tb ¼ 907 �C) are low compared with those of Fe (Tm ¼ 1538 �C
and Tb ¼ 2862 �C), the temperature variance can be obtained for
each experimental result (lattice parameter) using the coefficients
of thermal expansion (CTE) (see in Fig. 3(b)). The temperature
evolution presented in Fig. 3(c) is based on the estimated lattice
parameter and dilatometry of Fe(110). The temperature was esti-
mated from the lattice parameters using the CTE correlation for a-
Fe at temperatures lower than that for g-Fe [35]. The local tem-
perature of the surface as a function of the CTE can be expressed as
follows:

TðdÞ¼ TR þ 302:7þ 719:3� CTE � 57:8� TLE2

where TR is the room temperature, and time t ¼ 0 denotes the onset
of the laser pulse. The peaks associated with the crystalline coating
layer vanished after approximately 1 s. As the reaction occurred in
less than half a minute, heating with a time scale of less than 5 s is
essential for understanding the phenomena. A temperature be-
tween the peritectic temperatures of the d phase (672 �C) and G
phase (782 �C) was selected because the temperature attained at
the LME-sensitive locations of the spot welds might be subcritical
temperatures (e.g., 500 �C-750 �C) [36,37].

3. Results and discussion

3.1. Phase transformation during laser melting processing

The GI-1.5Si and GI-0Si samples were gradually heated for 3 s to
Fig. 3. Temperature can be obtained for each XRD pattern using calculated thermal expansi
generation AHSS are extremely important for temperature calculation. (a) Dilatation respon
of unit cell arising from the temperature variation. (c) Representative lattice parameter and
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achieve full Zn coating melting. Raw images of DebyeeScherrer
rings captured by the EIGER detector before and after laser heat-
ing are shown in Fig. 4 (a) and (b). The figures show two frames
selected from the sequence of time-resolved diffraction patterns,
which display the overall phase evolution during melting and so-
lidification. In fact, m-XRD can be used to probe the entire coating
layer h, which allows clear DebyeeScherrer rings for the (110),
(200), and (211) a-Fe planes in the matrix to be observed. The
fraction of the incident beam was larger than that of the coating
layer, and the initial coating contained the h phase. Any difference
in the FeeZn alloying reactions between the GI-1.5Si and GI-0Si
samples during this time period will directly reflect the effect of
silicon at elevated temperatures. Moreover, several spots within the
(110) ring of the GI-1.5Si sample revealed the existence of nanoscale
fine grains in FeeZn intermetallic phases. This suggests a contri-
bution to diffraction from an intermetallic phase (G-nanograins)
that has formed near the (110) ring; however, the signal was
extremely weak owing to the small scattering volume with a fine
particle size. Intermetallic compounds (IMCs) can be generated by
the abrupt development of FeeZn phases owing to Fe and Zn
interdiffusion through the inhibition layer. However, nanoscale
IMCs can be generated by the formation of small amounts of Si-rich
particles inside liquid Zn during heating, thus resulting in the
limited activation of Fe and Zn interdiffusion. Alternatively, rapid
quenching in the liquid state can limit the diffusion time and result
in the formation of competing phases. Similar effects can be ex-
pected owing to rapid heating; however, most studies pertaining to
hot deformation cracking involving the interdiffusion of chemical
samples have been performed isothermally or at moderate heating
rates [22,24,25,38,39]. However, Fig. 4 (b) shows that GI-0Si is
composed of stable intermetallic layers in the same range of
diffraction angles. Based on the fully solidified diffraction pattern in
Fig. 4 (a) and (b), the intermetallic phases formed entirely between
the intermetallic Fe and Zn phases, including FeZn13(z) (c12=m1)
[40], Fe13Zn126 (d) (P63=mmc) [41,42], Fe22Zn78 (G1) (F43m) [43],
Fe3Zn10 (G) (I43m) [42]. The phases are composed of an FeeZn
intermetallic phase in the range of 26 < q < 31 nm�1. The 2D dif-
fractogram characterizes the ordering reactions between Fe and Zn
with different silicon concentrations in the AHSS substrate, which
directly affect the interaction between the liquid and AHSS sub-
strate during rapid heating and cooling.

In Fig. 4 (c) and (d), the 1D diffraction data before and after the
onset of solidification are shown in the range of 15 < 2q < 40. All the
XRD spectra of the Zn coating exhibited predominant (101)
reflection at 2q ¼ 19.9�, along with the (002), (100), (102), (013),
and (112) characteristic peaks originating from 2q values of 16.8�,
18.0�, 24.7�, 31.2�, and 35.8�, respectively, which corresponds to the
h-phase with a hexagonal structure (P63=mmc). The resulting
diffraction data for different silicon contents show strong
on coefficients. More precise values of the actual thermal linear expansion of the third-
se during heating and cooling cycles of TRIP 1180. (b) Expansion/contraction of volume
temperature variation of a-Fe (110) phase.



Fig. 4. Full q dependence shown by azimuthally integrating each measured 2D image to obtain XRD profile curves before laser scan (t ¼ 0) and fully cooled (t ¼ 10) of (a) GI-1.5Si
and (b) GI-0Si. Representative in-situ x-ray diffraction data obtained from diffraction patterns recorded prior to laser scan and fully cooled samples of (c) GI-1.5Si and (d) GI-0Si.
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dependency on the concentration. In GI-0Si, FeeZn intermetallic
layers formed at the interface between solid Fe and liquid Zn at the
early stage of heating and subsequently developed to Fe13Zn126 (d),
Fe22Zn78 (G1), and Fe3Zn10 (G) phases after cooling. In GI-1.5Si, the
presence of silicon exerted a prominent delaying effect on the
ordering kinetics by reacting with liquid Zn before it can react with
steel, in which case the FeeAl inhibition layer can affect the
transformation. The significant decrease in the intensity of the Zn
reflections indicates order loss at relatively fast disorder kinetics.
5

The reaction sequence during heating to 700 �C and subsequent
cooling can be clearly visualized via a stacked diffractogram con-
tour plot. Fig. 5 shows the azimuthally integrated XRD patterns that
summarize the sequentially arranged diffraction profiles as a
function of time. Laser heating was performed at an amplitude of
90 A for 3 s. The X-ray intensity for each 2q angle at a specific time is
represented by each point on the contour plot. In both the GI-1.5Si
and GI-0Si samples, the diffraction lines disappeared and were
replaced by a broad peak from the liquid phasewhen the Zn coating



Fig. 5. (a) Time series of recorded 2D diffractograms provide information about the phase evolution from the initial state to the subsequent cooling state. (b) Comparison of the
lattice parameter of the a-Fe(110) and temperature profile as a function of time for the GI-1.5Si and GI-0Si samples.
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melted. When the laser was turned off (at t ¼ 1.8 s), the solidifying
material resulted in diffraction peaks, thus allowing the sequence of
phases from the melting temperature to room temperature to be
observed. The peaks for the h and z phases vanished during the
heating phase, and the remaining a-Fe matrix peaks abruptly
shifted to lower angles owing to thermal expansion. Upon solidi-
fication, a-Fe formed thicker lines and shifted to higher angles
owing to thermal contraction. The time resolution during the
experiment was 15 ms. However, in the GI-0Si sample, the G-
Fe3Zn10 phase formed first, followed by d-FeZn10 and G1-Fe5Zn21.
The full range of the d and G phase peaks was evident and revealed
a fine-grained nature. The reaction kinetics can be limited by silicon
diffusion into the lattice, causing the formation of the G-Fe3Zn10
phase first on the surface, followed by that of d-FeZn10 and G1-
Fe5Zn21. This outcome may not be immediately evident from the
FeeZn binary equilibrium phase diagram, which favors the for-
mation of both d and z phases at higher temperatures and a greater
Zn supply. The intensity of the a-Fe(110) peak increased signifi-
cantly and intermittently before decreasing. While the intensity
decreased, the signal of the IMCs became intermittent, which is
attributable to crystallite movement in the liquid phase. Mean-
while, the result for GI-1.5Si confirmed that the crystals of the z
phase were not heterogeneously nucleated at the liquid Zn/steel
interface when the steel substrate contained a high amount of Si.
This implies that the presence of silicon in the liquid state is
transferred from the substrate and triggers a non-equilibrium state
in Fe/Zn.

A summary of the results obtained during the heating experi-
ments is shown in Fig. 5 (b) and (c). The lattice parameters and
temperature profiles of the a-Fe(110) peak are presented as a
function of time. Based on the analysis of the data described in
Section 2, the precise temperatures of the phase transformations
were determined based on plots showing the lattice parameter
evolution of a-Fe(110) at certain 2q angles. The result shows that
6

silicon changed the lattice parameter of a-Fe because the substi-
tutional solution of silicon contracted the ferritic lattice, as shown
in Fig. 5 (b). The lattice parameters of solid solutions depended
mainly on the solute type and concentration. silicon is one of the
less abundant substitutional solutes that degrades the lattice pa-
rameters of steel. These results suggest that the supersaturated
silicon on a-Fe in the early stage of heating can reduce the driving
force for the nucleation of FeeZn phases and thermodynamically
destabilized binary systems [27].

To investigate the effect of silicon content on the alloying of
FeeZn, the phase evolution of the Zn coating during the hot-
working process must be investigated. The trends clearly show
that the FeeZn alloying reaction correlates with the silicon content
at temperatures below the peritectic point when the substrate is
mainly ferritic/martensitic (BCC/BCT). However, silicon can affect
the FeeZn alloying reaction at temperatures above the peritectic
point when the substrate is primarily austenitic (FCC). Fig. 6 pre-
sents representative diffractograms showing the change in the
phase transformation mechanism in the presence and absence of
liquid Zn and Si, respectively. Laser heating was performed at an
amplitude of 80 A for 5 s to increase the peak temperature.

In the case of GI-0Si, the d phase formed first, followed by the G
phase. The d phase that appeared during heating formed as the
main phase when the reaction temperature was between 485 �C
and 672 �C. The increased diffraction intensity and slight decrease
in 2q reveal ordering from the amorphous liquid to the d phase. This
primary d phase coexisted with the liquid upon solidification and
was observed intermittently before stabilizing. The main d phase
appeared to be coarse grained based on the low recorded intensity
of only a few grains, which fulfilled the diffraction condition. The
growth rate of the d and G phases indicates that the d phase
resulted in a low growth rate because the d phase was rapidly
consumed during heating to form the G phase; in this regard, the
melting point was 782 �C. However, the case for GI-1.5Si was



Fig. 6. Transition of FeeZn alloying reaction shown by azimuthally integrating each measured 2D image to obtain XRD profile curves (a) GI-1.5Si (b) GI-0Si. The material is subjected
to laser heat treatments with a heating time of 5 s.
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different, i.e., Znwas fully transformed into small amounts of G and
d during the subsequent cooling. The phase sequence of the Zn
layer during heating was as follows: initial h / Zn melt /

d þ liquid / d þ G þ liquid, whereas during cooling, a-
Fe(Zn) þ solidification G þ decomposition d þ G1. The intensity of
the a-Fe(110) peak increased significantly and intermittently before
decreasing. While the intensity was decreasing, the signal of the
d phase became intermittent, which is attributable to crystallite
movement in the liquid phase. At temperatures above the peritectic
reaction temperature, the temperature at which the change from a-
Fe to g-Fe occurs is important to determine the amount of Fe that
can be included in the intermetallic phase. GI-1.5Si only causes Fe
thermal expansion, whereas GI-0Si results in a decrease in intensity
owing to its participation in the intermetallic phases. The activation
energy can be reduced significantly owing to the low interfacial
energies of the nucleus when considering heterogeneous nucle-
ation at the interface of the two existing phases. Consequently, the
energy barrier for G nucleation at the coherent d/a-Fe interface
should be extremely low. Hence, only a small amount of G phase is
formed after solidification in GI-1.5Si. Cho et al. reported that no
orientation relationships were indicated between a-Fe and each of
G, G, and G1, as well as between the G1 and d phases during the
galvannealing of a MneSi TRIP steel [44]. In the case of GI-1.5 Si, the
nucleation of the G phase is hindered because an orientation
relationship is not indicated between the d phases, which results in
a higher activation energy for nucleation. This can be attributed to
the redistribution of solute atoms such as Si, which have low sol-
ubility in the G phase [45,46]. The accumulation of solute atoms at
the interface changes the interfacial energy.

A detailed analysis of the peak evolution shows the coexistence
of the liquid phase and a-Fe(110) upon solidification (cf. Fig. 6).
Before the lasers were shut off, the a-Fe(110) peaks increased
rapidly. Fe atoms expanded thermally and diffused rapidly through
the amorphous z-phase film to form a compact intermetallic layer.
However, in the GI-1.5Si sample, the crystals of the z phasewere not
heterogeneously nucleated at the liquid Zn/steel interface. Upon
heating, the liquid Zn became saturated with Si, which was
restrictively dissolved in the FeeZn phase, thus promoting FeSi
segregation and increasing the a-Fe intensity. As shown in Fig. 6,
only nanoscale fine IMCs were formed. The phase evolution of the
initial Zn coating during the thermal cycle involved Zn melting, the
formation of a ZneFe intermetallic layer, and a solid solution
comprising a-Fe and Zn. The structure of the coating during the
high-temperature phase development was affected by its silicon
content. The results suggest that adding silicon to a steel substrate
7

causes FeSi crystal segregation in the early stage of heating and
retards FeeZn phase formation owing to difficulty in nucleating the
z phase due to silicon redistribution.

The reactivity of Fe and Zn on a steel substrate depends on the
ability of the solute atoms to segregate at the grain boundaries.
Elements that form compounds and precipitate at the grain in-
teriors result in clean grain boundaries, and the formation is not
hindered by the intermetallic phase [23]. The results of the present
study confirm that the addition of silicon as an alloying element
reduces the nucleation of the d phase. This implies that the silicon
concentration changes in a manner similar to the FeeZn phase
transformation. The phase evolution of the initial Zn coating
included Zn melting, the formation of a ZneFe intermetallic layer,
and a-Fe with Zn in the solid solution of the reacted coating during
the thermal cycle. The coating structures corresponding to high-
temperature phase development were affected by the silicon con-
tent. The results obtained suggest that the addition of silicon to a
steel substrate segregates the FeSi crystal in the early stage of
heating, and that the retardation of the FeeZn phase formation is
caused by the difficulty in nucleating the z phase owing to the
redistribution of the solute Si. Su et al. found that even small
amounts of silicon dissolved in the liquid dramatically reduce Fe
solubility in liquid Zn [47,48].

Fig. 7 (a)e(d) shows the phase evolution of the Zn towards the z
phase prior to the formation of fully liquid Zn. Before the IMCs can
form during cooling, Zn must first rapidly diffuse into the matrix. In
such a scenario, the phase transformation related to the initiation of
liquid Zn is dominated by chemical changes due to Zn diffusion into
the boundary, whereas our observations clearly indicate the
nucleation and growth of intermetallic phases. Based on our ob-
servations, we propose a sequence of intermetallic formations
during the early stage of the heating process, which comprises the
steps schematically summarized in Fig. 7(e).

Fig. 7(e) shows the expected trajectory of the melting point in a
FeeZn system, where the binding of Zn to an intermetallic causes
significant change to the melting temperature of the h layer, which
depends on the size or growth time of FeeZn. The intensity of the
Zn reflections decreased rapidly at 438 �C, indicating the initiation
of liquefaction at a temperature above the melting point of pure Zn
(420 �C). Notably, the phase transformation is a first-order trans-
formation and generates latent heat. During this transformation,
the system either absorbs or releases a significant amount of energy
per volume, and the temperature remains constant as heat is added
[49]. Phase transformations typically occur through reversible
structural fluctuations between disordered and crystalline states



Fig. 7. Phase evolution of the integrated diffraction pattern in the early stage of heating. A resulting phase evolution of GI-0Si was shown as a diffraction angle 2q vs. time stitched
plot of 15 ms segments. The sample was cyclically heated and cooled using increasing laser current with (a) 60A (b) 70A (c) 80A and (d) 90A. The white arrow in the diffraction
image indicates the formation of an intermitted z phase followed by h / z transformation. (e) Melting temperature change of a nucleus as a function of its growth time. A nucleus
can have a melting temperature lower than its reaction temperature owing to melting point depression. (f) Intensity fluctuations in the early stage of heating. Dynamics of
azimuthally integrated Zn(101) and z(312) profiles and structural fluctuations in the early stage of crystallization.

S.-C. Han, D.F. Sanchez, D. Grolimund et al. Materials Today Advances 18 (2023) 100368

8



S.-C. Han, D.F. Sanchez, D. Grolimund et al. Materials Today Advances 18 (2023) 100368
[50]. The experimental results supporting this hypothesis are
shown in Fig. 7 (f). Notably, the onset of liquid zinc formation was
delayed during the initial formation of the FeeZn intermetallic. As
previously mentioned, silicon occupies vacancies in the FeeAl
compounds, thus increasing the barrier effect. The nucleation of
the z phase prior to the complete formation of the liquid state can
only be detected in the GI-0Si sample. A few Si-rich particles were
formed in the Zn-coated layer, and no other intermediate phases
were observed in GI-1.5Si. These results show that the growth of
Fig. 8. Schematic representation of the effect of silicon content on FeeZn alloying reaction a
peritectic reaction (~700 �C) and (b) above the peritectic reaction (900 �C). (For interpreta
version of this article.)
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the Zn layer can be substantially suppressed by the addition of Si.
The amount of Zn was limited by the rate at which it was supplied
through grain boundary diffusion, which creates an Fe-rich local
environment and reduces the driving force for the nucleation and
growth of the G intermetallic phase. Meanwhile, GI-0Si can
decrease the absolute time of the residual liquid Zn owing to the
formation of intermetallic (z phase) during the early stage of
heating and the rapid depletion of Zn caused by intermetallic for-
mation (G phase), which can be directly related to the sensitivity of
nd its microstructural evolution based on data obtained at temperatures (a) below the
tion of the references to color in this figure legend, the reader is referred to the Web



S.-C. Han, D.F. Sanchez, D. Grolimund et al. Materials Today Advances 18 (2023) 100368
LME. These intermetallic phases appear to represent the heating
stage of the FeeZn alloying reaction; therefore, strategies to limit
Zn diffusion into the FeeZn binary system or suppress the nucle-
ation and growth of the intermetallic phase are crucial to prevent
mechanical degradation (i.e., LME) in the next generation of AHSSs.

The findings presented in Figs. 4, Fig. 5, Figs. 6 and 7 support the
hypothesis that the absence of silicon promotes the nucleation of
the z phase prior to Zn melting and accelerates the formation of a
uniform and solidified G FeeZn intermetallic phase at the coating/
substrate interface, resulting in a reduction of the overall amount of
liquid Zn. Based on the present observations, we now propose a
sequence of the FeeZn alloying reaction based on the presence and
absence of silicon concentration in the steel substrate. The steps are
schematically summarized in Fig. 8.

It should be noted that the FeeZn system comprises various
intermetallic phases and Fe and Zn are mutually soluble in one
another. However, the addition of silicon creates a conducive
environment in the Fe(solid)/Zn(liquid) system. At temperatures
below the peritectic temperature (782 �C) in the FeeZn system, the
diffusion of Si into liquid Zn hinders the formation of the FeeZn
intermetallic phase at the interface between solid Fe and liquid
Zn. (refer to Fig. 8 (a)). In this temperature range of approximately
500 �C, the z phase could solidify from the liquid as Fe diffuses into
the coating. In GI-1.5Si, the intermetallic (z) phase is thermody-
namically destabilized and replaced by the ferrite and liquid Zn
phases as silicon is increasingly added to the liquid Zn. At an
elevated temperature, the Fe concentration of Zn penetration in GI-
0Si is enough to reach the solubility limit, and the liquid solidifies
into G phase. In 1.5Si, the Fe dissolution is insufficient to drive
FeeZn intermetallic phase formation.

At elevated temperatures above the peritectic temperature
(782 �C), the Si concentration in the steel substrate influences the
uniformity and thickness of the intermetallic layer at the Fe(solid)/
Zn(liquid) interface (refer to Fig. 8 (b)). In the GI-1.5Si coating, a
small proportion of the nano-scale intermetallic phase, G, is
generated above the interface due to the delaying effect of Si on Fe
dissolution. Consequently, liquid Zn can freely come into contact
with the steel substrate in the GI-1.5Si coating. In contrast, in the
GI-0Si coating, the Fe-saturated liquid alloy transforms into the z/
d / G phases, which begin to form from the liquid Zn state, and Fe
becomes highly concentrated during solidification below the per-
itectic temperature of G. The driving force for G phase trans-
formation is enough to homogeneously nucleate the G phase.
During solidification, after the laser is turned off, the G phase is
replaced by the G1 and d phases, forming uniform intermetallic
layers that effectively prevent direct contact between liquid zinc
and the susceptible matrix. However, the addition of Si leads to a
reduction in the intermetallic phases (z, d, and G), and this desta-
bilizing effect of Si on the FeeZn intermetallic phase explains the
absence of the G phase and increased liquid Zn fraction in the
reacted coating of the GI-1.5Si. It is worth noting that the Si-rich a-
Fe(Zn) appears to be generated after complete solidification.

For the application of advanced high-strength steels (AHSS),
which typically contain Si as an alloying element, it is crucial to
understand the impact of Si content on the FeeZn alloying reaction.
Additionally, surface treatment (i.e., decarbonization) or micro-
alloying can be explored as a means of mitigating Zn-induced
embrittlement, which could be related on the FeeZn alloying
reaction.

4. Conclusion

The specific effect of slight variations in the silicon concentra-
tion on the FeeZn alloying reaction was examined via rapid laser
10
heating and cooling at various temperatures, which mimics the
actual industrial hot-working process. The high spatial and tem-
poral resolution of in-situ synchrotron X-ray diffraction alloys
confirmed the exact temperatures at which liquid phases appeared
and disappeared with respect to silicon content. Slight variations in
the temperature did not significantly affect the FeeZn alloying re-
action. In fact, the FeeZn alloying reaction was significantly
correlated with the silicon content of the AHSS. The key observa-
tions are as follows.

1) Initially, a discontinuous nanoscale intermetallic phase
appeared in the reacted coating of GI-1.5Si, whereas a thick and
continuous intermetallic layer formed at the interface of GI-0Si
due to the increase in Fe content in the liquid Zn.

2) The nucleation and possibly rapid growth of the G FeeZn
intermetallic phase occurs immediately after the break in the
FeeAl inhibition layer at the coating-steel matrix interface.
However, the presence of silicon in the steel substrate sup-
presses the formation of the G FeeZn intermetallic phase as the
interfacial layer, based on 2D diffractograms; these effects were
observed above and below the peritectic temperature (782 �C)
in the FeeZn binary system.

3) The absence of silicon in the steel substrate can create an Fe-rich
local environment, leading to a reduction in the amount of re-
sidual liquid Zn due to the early formation of the intermetallic
(z) phase during heating. This also leads to the formation of a
uniform and solidified G layer, serving as a barrier to prevent
direct contact between the liquid Zn and the steel substrate.

4) The concentration of silicon in the AHSS substrate significantly
affected the FeeZn alloying reaction by increasing the amount of
liquid Zn and reducing the coverage of intermetallics on the
surface, thus resulting in direct contact between liquid Zn and
the steel substrate, which may potentially increase the risk of
LME.
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