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• Plastic deformation-based criteria are
revealed to comprehend the origin and
mechanism of cracking in ZnAlMg coat-
ings.

• Micro-mechanical properties and orien-
tations of microstructural constituents
are correlated with the cracking/dam-
age.

• Most of the cracks were nucleated in
detrimental binary eutectic phase.

• Substantial heterogeneous deformation
within the coating led to stress/strain lo-
calization mostly in the binary eutectic.

• Primary zinc grains with a low Schmid
factor (m b 0.32) and a low strain hard-
ening exponent (n b 0.33) experienced
cracking.
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In-depth investigation of themicroscale deformation behavior of ZnAlMg coatings is essential to reveal the origin
and mechanism of cracking in these coatings. In this work anisotropic microstructural damage and cracking of
multiphase Zn1.8Al1.8Mg alloy coatings produced by hot-dip galvanization process on a steel substrate have
been studied extensively. Nanoindentation coupled with orientation image microscopy (OIM) is utilized to de-
termine the local micro ductility/strength of the existing phases as well as the orientation dependent
micromechanical properties of primary zinc grains. Plastic deformation and damage behavior of the coating
are evaluated through in-situ tensile/bending tests, micro-digital image correlation and in-situ OIM analyses.
Stress distribution fields and nucleation sites of cracks within the coating microstructure are investigated using
extended finite element method. Three quantitative plastic deformation-based criteria are revealed to correlate
the coating microstructure to micro-mechanical properties to comprehend the cracking phenomenon. In partic-
ular, the binary eutectic is identified as the most detrimental constituent for compatible plastic deformation.
Local strain hardening exponent and Schmid factor of primary zinc grains are found to play a significant role in
clarifying the cracking behavior. The results of this study are considered as an important step towards designing
microstructure controlled ZnAlMg coatings with superior formability.

© 2019 The Authors. 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/).
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1. Introduction

Zinc-coated steels produced via hot-dip galvanization (HDG) pro-
cess are regarded as the vital materials for household, construction
and automotive industries. By addition of aluminum and magnesium
(both elements N1.5wt%) to the conventional pure zinc coatings, the re-
sultant ZnAlMg coating offers superior corrosion resistance and friction/
wear performance [1,2]. Nevertheless, these hot-dip ZnAlMg coatings
currently deliver very low cracking resistance once subjected to forming
processes [3,4]. Microstructural damages of ZnAlMg coatings lead to
cracking in severely deformed areas and result in the formation of
large opening sites and subsequently deteriorate the in-service corro-
sion resistance. Thus, obtaining in-depth knowledge of the underlying
causes and sources of the damage is considered to be instrumental in
designing cracking-resistant ZnAlMg coatings.

Most of the research works on ZnAlMg coatings in the literature
have been assigned to microstructure, corrosion resistance and produc-
tion techniques rather than mechanical properties, cracking behavior
and forming performances [5–10]. Previous studies have examined
the mechanical response and cracking of conventional hot-dip pure
zinc coatings, reporting the effect of coating thickness [11], the role of
texture [12], grain boundary features [13], roughness driven plasticity
[14], intergranular cracking [15], adhesion performance [16], deforma-
tion modes [17], substrate and stress state roles [18,19], and HDG pro-
cess parameters [20,21]. A few studies have been also conducted on
the as-cast bulk alloyswith chemical composition close to ZnAlMg coat-
ings. It has been reported that, the deformation of cast ZnAlCuMg alloy
is substantially influenced by temperature and strain rate, resulting in
the activation of various basal, non-basal and twining systems [22]. Pri-
mary zinc (Zn) grains are declared as the most probable suppliers to
bulk deformation compared to existing eutectics in ZnAl alloy [23]. A
specific study regarding cracking of ZnAlMg coatings was conducted
by Park et al. [24] on Zn2.5Al3Mg and Zn6Al3Mg coatings. They utilized
cross-sectional electron backscatter diffraction (EBSD) analysis and
stated that crystallographic orientations of the primary Zn and the eu-
tectic constituents affect the cracking tendency of the coating subjected
to bending. Based on the cross-sectional observations, they reported
that the occurrence of cracking alongside the basal plane in 〈0001〉 per-
pendicular to normal direction of the zinc grains/eutectic phaseswas re-
markably high. They stated that, due to the difference in coefficient of
thermal expansion (CTE) between the coating phases and the substrate,
a tensile stress regime is generated in the coating. The anisotropic elastic
moduli (E) of the phases present were used to interpret cracking in the
coating. In addition, they observed microstructure cracking both in the
as-received and deformed conditions of some samples. Although they
performed valuable observation on the cracking phenomenon of
ZnAlMg coatings and indicated the effect of crystallographic orientation,
there still remain many open questions and uncertainties regarding the
actual cracking behavior of these coatings. In particular, the following
critical issues are not sufficiently covered: (1) the micro-mechanical
analysis of the phases present and their interaction in the microstruc-
ture, (2) the origin and mechanism of the microstructural scale crack-
ing, (3) the plastic deformation-based causes to explain the
orientation dependent cracking of these coatings, where it must be
noted that the cracking ofmetallicmaterials ismainly governed by plas-
tic deformation rather than by elastic behavior as received main atten-
tion in previous work. Moreover, to get proper insight in cracking
behavior, it is required (1) to performmore extensive orientation imag-
ing microscopy (OIM) with more statistical data, (2) to map with suffi-
cient local precision stress/strain field during deformation within the
microstructure to capture the onset and localization of damage and
cracks. Only such extensive studies will develop the required knowhow
allowing the developments of new precise strategies to reduce the
cracking tendency and improve the ductility of ZnAlMg coatings.

Considering the aforementioned literature, plastic deformation and
cracking mechanism of ZnAlMg coatings have thus not been
systematically scrutinized yet. In this study owing to in-situ evaluations,
we have established an in-depth approach towards comprehending the
genesis and mechanism of microstructural scale cracking in
Zn1.8Al1.8Mg coatings (MagiZinc®) for the first time. To address this,
real-time in-situ scanning electron microscopy (SEM) deformation as-
sessments, multi-aspect microstructural and OIM, local micro-
mechanical properties determinations by nanoindentation, micro-
digital image correlation (μ-DIC) and finite element analysis (FEA)
were exploited to analyze microstructural evolution, plastic deforma-
tion and damage/cracking of ZnAlMg coatings. The main contribution
of the present paper is to correlate the micro-mechanical properties
and crystallographic orientations of microstructural constituents with
cracking/damage behavior. In particular, we have developed quantita-
tive plastic deformation-based criteria - as a collective predictive bench-
mark - to firstly comprehend damage and cracking origin/mechanism,
and secondly providing some insights to enhance the cracking resis-
tance within these coatings.

2. Materials and methods

The as-received Zn1.8Al1.8Mg coated steel sheets with a total thick-
ness of 0.61 mm (coating thickness 10–15 μm on both sides of the steel
sheets) produced by continuous hot-dip galvanization process (HDG)
were cut into small samples (10 × 10 mm) for microstructural charac-
terizations. The surface of the samples was first mechanically polished
using 1 μm diamond suspension and water-free lubricant on a Struers
MD Nap disc to obtain relatively smooth surface. Thereafter it was flat
ion milled for 15 min by means of an ion polisher (JEOL IB-19520CCP)
in order to attain a good surface quality for microstructural character-
izations, nanoindentation tests and EBSD analysis. The surfacemorphol-
ogy/microstructure of the coating was studied by scanning electron
microscopy (SEM, Philips XL30-FEG ESEM). Electron dispersive X-ray
spectroscopy (EDS) mapping was performed in Tescan LYRA SEM–FIB
dual beam microscope.

In order to evaluate local micromechanical properties of different
phases in the coating microstructure, nanoindentation experiments
are conducted utilizing MTS Nano Indenter XP with a Berkovich tip
using the continuous stiffness measurement (CSM) mode. Load con-
trolled indentations with an applied force of 3 mN and spacing of
8 μm between the indents are employed. This spacing value is chosen
based on the grain size of primary zinc to collect enough statistical
data over themicrostructural components of the coating. Yield strength
(σy) and strain hardening exponent (n) associated with each indent are
calculated using raw nanoindentation data analyzed in a MATLAB code
generated based on the method proposed by Dao et al. [25].

To analyze the chronological damage and crackingmechanism in the
coating, in-situ tensile tests were carried out utilizing Kammrath &
Weiss (K&W) 5000 N tensile and compressionmodule in SEM. The ten-
sile samples had a gauge dimension of 11.5 mm (length) × 3.5 mm
(width) × 0.61 mm (thickness). The cracking behavior was also evalu-
ated by in-situ bending (buckling) experiments using the same stage
on 20mm (length) × 7mm (width) × 0.61mm (thickness) rectangular
samples (see Fig. S1 in the supplementary data). In this study, in-situ
bending tests were performed in such a way that two shorter sides of
the rectangular samples were fixed and compressed using the module.
In-situ μ-DIC analysis was performed to acquire strain mapping in the
multi-phase microstructure of the coating. For high accuracy DIC
study, the tensile sample was prepared with the same procedure
given earlier and followed by decoration of the coating surface using
yttria-stabilized zirconia (YSZ) nano-particles solution to achieve
proper image contrast and particle distribution. GOMCorrelate software
was used for DIC post processing analysis. The same preparation
method was also employed for tensile/bending test samples. The con-
figuration of the in-situ tests and tensile specimen are provided in sup-
plementary data (see Fig. S2a). It should bementioned that, in this study
all the mechanical tests were conducted at room temperature.



3M. Ahmadi et al. / Materials and Design 186 (2020) 108364
OIM analyses on nanoindented regions and cracked zones were per-
formed using SEM, Philips XL30 ESEM equipped with EBSD detector.
Scanning step size of 200 nm and acceleration voltage of 25 kV were
used to acquire EBSD patterns. In order to locally investigate the orien-
tation dependent damage and cracking initiation in the microstructure,
in-situ OIM and tensile test were carried out utilizing a K&W tensile
module in a Tescan LYRA FIB/SEM equippedwith an EDAX TSL OIM sys-
tem (see Fig. S2b in supplementary data for the configuration of in-situ
EBSD experiment). All the obtained EBSD data were then analyzed by
means of EDAX-TSL OIM™ Analysis 8 software. In order to determine
the Schmid factor maps, principle slip systems of zinc phase i.e. basal,
prismatic and first order pyramidal and their equivalent crystallo-
graphic families were implemented by considering the corresponding
applied stress state.

Extended finite element method (XFEM) was exploited to simulate
stress fields and predict the damage/crack initiation within the coating
microstructure subjected to tension. For this purpose, a two dimen-
sional (2D) microstructural representation was utilized and exposed
to uniaxial tensile force from both lateral sides. The model was gener-
ated by partitioning the 2D representation in accordance with a distri-
bution and morphology of the phases in a real region of interest (ROI)
of the microstructure. The mechanical properties obtained by nanoin-
dentation and in-situ tensile/DIC tests were implemented into the FEM
model for the corresponding phases within the microstructure.
Traction-separation damage model was used to capture the crack initi-
ation phenomenon in this simulation executed in commercial
ABAQUS™ software.
Fig. 1. (a) SEMmicrograph showing themicrostructure of ZnAlMg coating consisting of three ph
3. Results and discussions

3.1. Microstructure and local mechanical properties

SEMmicrographs of Zn1.8Al1.8Mg coating microstructure are dem-
onstrated in Fig. 1. Themicrostructure consists of three different constit-
uents, i.e. primary zinc (Zn), binary eutectic (BE) and ternary eutectic
(TE). Elemental distribution within the microstructure was revealed
by EDS (see Fig. 1b–d). As it can be observed, Zn is spread all over the
coating, whereas magnesium is detected in the binary and ternary eu-
tectics. Aluminum element can be only observed in the ternary eutectic.
The dark ribbons in the binary and ternary eutectics correspond to
MgZn2 intermetallic compound as shown in Fig. 1a. Therefore, thin bi-
nary eutectic platelets of Zn/MgZn2 and fine granular/fibrous ternary
eutectic composed of Zn/MgZn2/Al are surrounded by primary zinc
grains (10 to 50 μm in diameter) within the typical microstructure of
Zn1.8Al1.8Mg coating. It should be noticed that, the fraction of MgZn2
phase in the binary eutectic is significantly higher than that of the ter-
nary eutectic.

From solidification point of view, it has been reported that [26], first
Zn crystals are solidified followed by the solidification of interdendritic
binary eutectic and ternary eutectics, respectively. Depending on the
coating composition and HDG processing parameters, several types of
microstructures are reported in the literature [27]. Due to non-
equilibrium conditions in HDG process (including fast cooling rates), it
is less likely that Mg2Zn11 intermetallic has been formed (see XRD pat-
tern of the coating in Fig. S3 in supplementary data). The characteristic
ases, and the corresponding elementalmap of (b) zinc, (c)magnesiumand (d) aluminum.
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diffraction peaks associated withMg2Zn11 phase are not detected in the
obtained XRD pattern.

The first and foremost step towards understanding the mechanical
response of a polycrystalline multiphase metallic material is to study
the localmechanical properties of existing phases and their global inter-
actions. For this purpose, around 180 nanoindentation tests were per-
formed on the coating surface to cover enough grains. The principle
target in these experiments was to capture all the existing phases
using nanoindentation with a relatively high collected statistical data.

Example of force versus displacement into surface curves associated
with nanoindentation tests conducted on various phases are shown and
compared in Fig. 2. Based on these curves one can notice that, the
micromechanical behavior and work hardening of each phase is essen-
tially different from each other. Zinc phase exhibits the highest penetra-
tion depth and lowest slope of loading profile among the phases by
applying the same magnitude of normal force. Higher penetration
depth of the indenter can be observed for the ternary eutectic compared
to the binary eutectic. This pronounced difference perceived by
nanoindenation experiments establishes the main basis to link the mi-
crostructure and mechanical behavior of the coating. To elaborate, the
mean results of about 180 nanoindentation experiments are summa-
rized in Fig. 3.

As shown in Fig. 3a, the sequence of elastic modulus magnitudes are
revealed as follows: EZn N ETE N EBE. It is important to note that, the error
bar associated with the elastic modulus of primary zinc grains is larger
than those of the other existing phases. This scattering is mainly attrib-
uted to the crystal anisotropy of hexagonal close packed (HCP) zinc
grains. The binary eutectic particularly consisting of high fraction of
MgZn2 phase exhibits the lowest elastic modulus among the constitu-
ents. However, as depicted in Fig. 3b, an inverse trend is found for the
hardness values i.e.HBE NHTE NHZn. This ismostly attributed to the pres-
ence of hard MgZn2 phase (with low elasticity) within the eutectics. In
order to achieve a plastic deformation-based insight, it is essential to
have access to yielding and straining information of the microstructure
components in addition to elastic properties. Here, strain hardening ex-
ponent (n) is chosen as the main indication of microscale ductility ex-
tent. As presented in Fig. 3c, zinc grains deliver the highest average n-
value (0.34) among all the phases (nZn N nTE N nBE). Very lowmagnitude
of n (0.08) associated with the binary eutectic demonstrates the low
tendency of this phase to withstand plastic deformation. On the other
hand, considering results given in Fig. 3d, the binary eutectic exhibits
the highest yielding stress among the constituents (σBE N σTE N σZn)
identical to the obtained hardness trend. Therefore, in spite of having
high yield strength, the binary eutectic is appeared as the most detri-
mental constituent in terms of micro-ductility response. This behavior
is mostly governed by the presence of hard but brittle MgZn2 phase
Fig. 2. Typical force versus displacement into surface profile for different phases of ZnAlMg
coating obtained by nanoindentation test.
which is known as a non-deformable intermetallic in room tempera-
ture. It is significant to mention the fact that there exist scatters in the
obtained nanoindentation results; however, from a comparative point
of view, the discussed correlations are valid owing to the large number
of statistical data of nanoindentation on the microstructural phases and
the pronounced micromechanical differences observed in the loading
profiles. The observed scattermay arise from the fact that, some indents
might be situated on phase/grain boundaries of present phases [28]. In
addition, the crystal anisotropy of both hexagonal Zn and MgZn2 grains
may have influenced the achieved results (this topic will be studied ex-
tensively in the following sections).

In order to take the influence of crystallographic orientation on local
mechanical properties into account, OIM analysis was conducted on the
nanoindented regions and one example is given in Fig. 4. As it can be ob-
served in Fig. 4a and b, several zinc grains of different crystallographic
orientations are covered by nanoindentations. Another significant ob-
servation is that the eutectic zinc phases normally follow the same ori-
entation of the adjacent parent zinc grains. It is important to note that
each dendrite of zinc phase may contain some sub-grains. This might
be attributed to recrystallization of fine zinc grains during production
of the coating in continuous hot-dip galvanization. As depicted in
Fig. 4c, kernel average misorientation (KAM) intensity is found to be
higher in the indented regions (revealing red color) indicating severe
lattice distortion induced by nanoindentation. Moreover, regions with
high density of grain boundaries display higher KAMvalues. Another re-
mark is the presence of some tensile twins typically following direction
of ½1 2 1 0� in the microstructure, which most probably are formed dur-
ing hot-dip galvanization as shown in Fig. 4d.

To link themicromechanical properties of individual grains obtained
by nanoindentation with crystal orientation determined with OIM, the
orientation angle, θ, is defined as the angle between the hexagonal c-
axis of Zn grains and the loading (indentation, tension) direction. Ac-
cordingly, the corresponding local strain hardening exponents (n-
values) of Zn grains attained by nanoindentation versus the measured
θ values are plotted in Fig. 5. It is worth mentioning that, for each data
point given in Fig. 5, depending on the availability of the indented
grain orientations, at least four indented grains with close HCP crystal
orientation to [0001] direction were considered and the average
amount of corresponding n-values was used.

As it can be noticed, measured n-values exhibit an increasing trend
with respect to θ. Accordingly, a forth order polynomial was fitted on
the data points (R2 = 0.98) and the expression was found as follows:

n ¼ 1:428� 10−8θ4−2:233� 10−6θ3 þ 1:027� 10−4θ2−4:631
� 10−4θþ 0:29 ð1Þ

where θ is the orientation angle of Zn grains, i.e. the angle between the
hexagonal c-axis of Zn grains and the applied loading (indentation, ten-
sion) direction, and n is the strain hardening exponent. Therefore, as a
consequence of HCP mechanical anisotropy, a plastic deformation pa-
rameter (n-value) was successfully linked to crystal orientation. This
empirical equation enables revealing the deformation behavior at mi-
crostructural scale and therefore to evaluate micro-ductility response
of zinc grains undergone specific deformation test. This equation can
also be applied to evaluate the micro-ductility of other zinc-based al-
loys. The trend observed in Fig. 5 seems to be consistent with the re-
ported elastic modulus variations with respect to the anisotropy of Zn
crystals [29].

3.2. Crack initiation behavior

3.2.1. In-situ tensile and bending tests
Chronological observation of the coatingmicrostructure subjected to

tension is a key factor to scrutinize the origin of cracking in ZnAlMg
coatings. To achieve this, in-situ SEM uniaxial tensile experiment is



Fig. 3. Local mechanical properties obtained by nanoindentaion associatedwith different phases of ZnAlMg coating: (a) elastic modulus; (b) hardness; (c) strain hardening exponent and
(d) yield strength.
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conducted in such a way that cracking evolution can be traced locally. A
ROI at the gauge length center of ZnAlMg coated steel tensile specimen
was selected and tracked while performing the tensile tests at multiple
intervals. The true stress-strain curve of Zn1.8Al1.8Mg coated steel ob-
tained by tensile test is given in Fig. 6a. As revealed, the steel substrate
exhibit Lüders band behavior (Upper yield strength = 410 MPa) in
the early stages of the plastic deformation followed by strain hardening
up to ɛ=0.21, reaching the ultimate tensile strength 508MPa. The SEM
micrographs of ROI evolution at selected critical intervals during in-situ
tension are illustrated in Fig. 6b–d (the tensile direction is horizontal).
As it can be observed in Fig. 6c, by applying 1.5% strain on the sub-
strate/coating system, first micro-cracks start to nucleate at the binary
eutectic (shown by circles in Fig. 6c) throughout the ROI of the coating
microstructure. The cracking initiation corresponds to the global stress
of 400MPa occurring in the Lüders region described in Fig. 6a. The pro-
nounced crack initiation can be explained by the nanoindentation re-
sults discussed in Section 3.1. As it has been demonstrated, despite
exhibiting high yield stress value, the binary eutectic offers the lowest
micro-ductility among all the phases due to the presence of brittle
MgZn2 intermetallic. It is significant to note that, the attained flow
curve of the substrate/coating system is mostly controlled by the
much thicker steel substrate. Therefore, the measured global stress/
strain may differ from the actual stress/strain magnitudes imposed
within the thin ZnAlMg coating microstructure. In addition, deforma-
tion of the steel substrate having Lüders behavior can generate an inho-
mogeneous stress field over the coating leading to stress/strain
localization. The possible negative effect of Lüders banding behavior of
the steel substrate on the cracking of ZnAlMg coating has been shown
previously [30]. In particular, the binary eutectic comprising of a ductile
component (Zn) and a brittle component (MgZn2) experiences latent
stress contrast in its constituents resulting in early failure. In other
words, very thin lamellas of binary eutectic prescribe a size effect in
which dislocation source for slip is limited leading to early fracture of
this phase. These explanations can contribute to illuminate the early
fracture of binary eutectic at around 400 MPa global stress, in spite of
exhibiting high yield stress (650 MPa) estimated by nanoindentation
method. As deformation proceeds to 15% global strain, the formed
cracks are mostly widened and arrested by the adjacent Zn grains.
Most of the primary zinc grains seem to be able to accommodate the ap-
plied deformation, yet there exist some damages in a few zinc grains in-
dicated by red circles in Fig. 6d. In order to figure out the contributing
factors determining the cracking tendency of primary Zn grains, de-
tailed EBSD analysis is conducted and will be discussed further in
Section 3.4.

In addition to in-situ tensile experiments, some in-situ bending
(buckling) tests are also performed to evaluate the bendability of the
ZnAlMg coatings. Fig. 7a depicts the microstructure of the coating
after 15° bending. As it can be observed, all of the cracks initiated in
the binary eutectic in transgranular mode confirming the previous ob-
servations regarding less-ductile binary eutectic phase in tensile test.
The pronounced discrepancy of mechanical properties between the bi-
nary eutectic and primary zinc grains resulted in arresting the micro-
cracks at the binary eutectic/primary Zn interface at small bending
angle up to 15°. By increasing the bending angle to 30°, some more
cracking incidents take place within the microstructure as presented
in Fig. 7b. The initiated crack in the binary eutectic further propagates
through primary Zn and may be deflected towards another Zn grain
on its path. In spite of not detecting any crack deflection in tensile
tests, here the cracking behavior seems to be different in bending
mode exhibiting both propagation and deflection. However, as it can



Fig. 4. OIM analysis on a nanoindented region: (a) SEM micrograph, (b) image quality plus inverse pole figure map, (c) image quality plus kernel average misorientation map and
(d) image quality plus twinning map (twin boundaries are indicated by red lines). (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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be noticed in Fig. 7b, not all the Zn grains may serve as propagation or
deflection cracking sites for the initiated micro-crack.

3.2.2. DIC analysis
The obtained global strain by means of in-situ tensile test incorpo-

rates the mechanical response of both the steel substrate and ZnAlMg
coating. Certainly, themeasured global strainmay differ from the actual
strain values anddistributionswithin the coatingmicrostructure under-
gone tension. Digital image correlation (DIC) can assist in evaluating the
micro-mechanical behavior of individual microstructure constituents
[31]. Fig. 8a illustrates the decorated ROI of the coating microstructure
prior to in-situ tensile/μ-DIC analysis. The ROI is composed of fair
amount of primary Zn, binary eutectic and ternary eutecticwith the typ-
ical distributions within the coating microstructure. Fig. 8b demon-
strates the overlaid DIC strain map on the ROI after applying 1% global
tensile strain.
Some interesting phenomena can be detected using this analysis.
The imposed tensile deformation on the coating led to heterogeneous
strain partitioning within the coatingmicrostructure. Most of the strain
accumulation takes place over the binary and ternary eutectics rather
than the primary zinc grains. Although both binary and ternary eutec-
tics experienced severe strain localization, in the case of binary eutectics
it mostly leads to crack initiation with large opening due to its low
micro-ductility. In spite of exhibiting highly deformed zone, ternary eu-
tectic seems to accommodate the applied deformation without
exhibiting crack at this stage. On the other hand, a nucleated crack
within the binary eutectic is detected as designated in Fig. 8b. Neverthe-
less, some primary zinc grains may also tolerate strain localization due
to their non-favorable crystallographic orientations for plastic deforma-
tion. This issuewill be discussed in details by using EBSD analysis on the
cracked zinc grains. It should be noticed that, narrower strain concen-
tration is developed regarding primary Zn grains compared to the



Fig. 5. Variation of local strain hardening exponent with zinc crystal orientation.
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eutectics. The pronounced strain distribution contrast could be also in-
fluenced by deformation-driven effects from underlying steel substrate.
Since the conducted DIC analysis lies in the early stage of Lüders band
region of the steel substrate (onset of crack initiation in the coating),
heterogeneous stress/strain transfer from substrate to the coating may
play a significant role in the observed strain field in the ROI. In other
words, the coating microstructural components fail to accommodate
the multiaxial stress generated by the underling substrate [32]. In addi-
tion to obtaining strain field mapping, the precise local strain value at
Fig. 6. (a) Trueflowcurve obtained for ZnAlMg coated steel using in-situ SEMuniaxial tensile tes
and (d) the ROI after 15% strain (The tensile direction is horizontal).
whichmicro-cracks were initiatedwas also captured using DIC analysis,
typically in the range of 0.03–0.04.

3.2.3. Finite element analysis (FEA)
In order to estimate the local stress distribution and predict the

cracking initiation within the microstructure of ZnAlMg coating, a set
of extended finite element method (XFEM) simulation was performed
on a two dimensional (2D) microstructure representation. The gener-
ated 2D FEM model, experimental ROI subjected to tension, von Mises
stress field result and shear stress distribution are illustrated in Fig. 9.

TheXFEM results imply that,most of stress concentration is substan-
tially generated in the binary eutectic as shown in Fig. 9c. A severe stress
localization can be noticed in the brittle binary eutectic between the
two adjacent Zn grains reaching a maximum 692 MPa. By meeting the
critical point required for crack initiation (around 1% tensile strain),
the binary eutectic begins to crack perpendicular to the loading direc-
tion. This simulation agrees well with the experimental observation of
the ROI given in Fig. 9b. As indicated by arrows in Fig. 9d, due to the
large variation of mechanical properties between the primary zinc and
binary eutectic, severe shear stress concentrations are created at the
phase boundaries. Therefore, large difference of mechanical properties
(i.e. yield strength and micro ductility) in the coating microstructure
seems to be detrimental for the formability of the coating and facilitate
the cracking phenomenon during tension. A more homogenized micro-
structure incorporating phases with high micro-ductility (i.e. primary
zinc and ternary eutectic) seems to be helpful to restrain the stress lo-
calization and subsequently to delay/hinder cracking initiation in
ZnAlMg coating. It is worth mentioning that, integrating the extended
t; (b) SEM image of the ROI prior to in-situ uniaxial tensile test; (c) the ROI after 1.5% strain



Fig. 7. SEM observation in bending ZnAlMg coating sample: (a) bent to 15° encompassing
crack initiation in the binary eutectic; (b) bent to 30° revealing crack propagation and
deflection.

Fig. 8. (a) SEM micrograph of YSZ nanoparticles decorated ROI before performing in-situ
tension/μ-DIC test; (b) DIC strain map of the ROI at 1% global tensile strain (the tensile
direction is horizontal).
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finite element model with crystal plasticity approach can further im-
prove the prediction of cracking behavior of ZnAlMg coatings, which is
not the main focus in this work.

3.3. Damage development and deformation analysis

Damage development and deformation mechanisms as the inte-
grated result of micro-mechanical properties and crystallographic ori-
entation are studied intensively using in-situ EBSD analysis next. As
the consequence of high mechanical anisotropy, low symmetry and
hexagonal unit cell, zinc-based alloys normally exhibit heterogeneous
deformation as the five independent slip systems required for von
Mises criterion fail to be satisfied [23]. The reported [33] principal slip
systems of HCP zinc are depicted in Fig. 10. Second order pyramidal
and twining may also add to these deformation mechanism based on
the condition of the loadings [17].

To scrutinize themicrostructural evolution, deformationmechanism
and damage development in ZnAlMg coating, a set of uniaxial tension
combined with real time in-situ EBSD analysis was exploited. Fig. 11
demonstrates the results of in-situ EBSD analysis on a chosen ROI in
the center of the gauge length of tensile specimen. The experiment
was conducted in three stages, i.e. ROI prior to deformation (Fig. 11a),
ROI at 0.5% tensile strain (Fig. 11b) and at 2% tensile strain (Fig. 11c).
Each part of Fig. 11 encompasses the following items: corresponding
SEM micrograph, image quality (IQ) plus inverse pole figure (IPF)
map, IQ plus Schmid map, IQ plus local orientation spread (LOS) map
and finally LOS distribution chart of each test stage which are also writ-
ten on the top of Fig. 11.
As Fig. 11a depicts, the chosen ROI prior to deformation consists of
three typical constituents i.e. primary Zn, binary eutectic and ternary eu-
tectic indicated by arrows in the SEM micrograph. Some twins are also
visible in the primary zinc parent grains as indicated in the IPF map.
Concerning Schmidmaps in Fig. 11, it is important to state that, theprin-
ciple Zn slip systems displayed in Fig. 10 (including all the equivalent
crystallographic families) were considered and the corresponding
Schmidmaps were calculated and plotted according to tensile principle
stress state along rolling direction (RD). As shown in Schmid map of
Fig. 11a, Zn grains numbered 1 and 2, exhibit a high Schmid factor
(m) 0.48, whereas their twining products have a low m-factor 0.21. In
contrast, Zn grain No. 3 exhibits lowm-factor equals to 0.19. LOS distri-
bution chart andmap of ROI prior to deformation suggest that, the num-
ber fraction of low orientation spread (0–1°) is predominantly high. By
applying 0.5% tensile strain, the number fraction of intermediate orien-
tation spread (1–2°) becomes dominant as described in Fig. 11b. As the
deformation proceeds to 2% tensile strain, more microstructural evolu-
tion is occurred as presented in Fig. 11c. The needle-like twins are coa-
lesced and grown within their parent grains as the consequence of lack
of available slip deformation. In principle, the ratio of critical resolved
shear stress (CRSS) among basal slip and twining is described as 1:15
[17]. Thus, the principle slip systems presented in Fig. 10 seemly fail to
prevail as dominant deformationmechanisms in some regions and sub-
sequently an alternative deformation twinning is activated. The number
fraction of high angle LOS (2–3°) is substantially increased in this stage
compared to the previous steps. Themost concentrated sites of high LOS
values are designated by arrows in the LOS map in Fig. 11c. Grain No. 3
with a low m-factor, twin boundaries and binary eutectic experienced
high LOS concentration. Moreover, reaching the required strain/stress
for crack initiation in this step, somemicro-cracks are formed in the bi-
nary eutectic as shown in the SEM micrograph (Fig. 11c). The origin of
these micro-cracks are revealed in MgZn2 platelets in the magnified



Fig. 9. Finite element analysis simulation results: (a) meshed model incorporating microstructural constituents of ZnAlMg coating, (b) SEMmicrograph of the ROI at 1% tensile strain,
(c) von Mises stress distribution and (d) shear stress field (the tensile direction is horizontal).
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SEM image. Interestingly, the cracked sites in the ROI exhibit high LOS
values in their vicinity as indicated by dashed ellipses in LOS map.
Therefore it is noticed that the higher the LOS value, the higher the
probability of the microstructural features to suffer damage and crack-
ing. Twin boundaries and Zn grains with low m-factor are revealed as
two other potential sites for damage development within ZnAlMg coat-
ing microstructure. It should be noticed that, despite measuring rela-
tively high m-factor (0.42) associated with the binary eutectic, it has
undergone cracking during the imposed plastic deformation. This is
probably attributed to the fact that, the binary eutectic is comprised of
brittle and non-deformable MgZn2 platelets which are not considered
in the calculation of Schmid factor. Therefore, the Schmid factor crite-
rion is only applicable for the deformation analysis of the primary Zn
grains in this study. To scrutinize the cracking genesis in the binary eu-
tectic, regardless of crystallographic orientation parameter, it is neces-
sary to take into account the residual tensile stress built within the
thin platelets as the consequence of difference in the coefficient of ther-
mal expansion (CTE) during solidification of Zn andMgZn2 constituents
Fig. 10. Principal slip systems of HCP Zn crystal implemented for the calculation of Schmid
factor (m).
[24], or pronounced solidification shrinkage [34] resulting in micro-
crack formation in the thin lamellas. Some evidences of such hypothesis
are provided in the supplementary data (see Fig. S4).

3.4. Cracking mechanism

In addition to the cracking genesis in ZnAlMg coating system studied
in this work, the crackingmechanism of the primary Zn grains is essen-
tial to investigate. As it is manifested in Section 3.2.1, some primary Zn
grains may experience damage during deformation and result in large
open cracks. To elaborate on the cause for this phenomenon, EBSD anal-
ysis is conducted on the regions encompassing cracked Zn grains. Fig. 12
depicts the EBSD results of a cracked area after 10% strain subjected to
uniaxial tension, and Figs. 13–15 demonstrate EBSD results of three dif-
ferent cracked areas on a coating sample bent to 30°. All thesefigures in-
clude image quality (IQ), IQ plus inverse pole figure (IPF), the
corresponding Schmid map and HCP unit cells of the critical numbered
grains. For the bent sample, the same procedure is followed for Schmid
factor calculation as described earlier, assuming dominant tensile stress
regime on the top free surface of a bent specimen [35,36]. The detailed
crystallographic orientation andmicro-mechanical information of all la-
beled grains with numbers are given in Table 1. Using the expression
(Eq. 1) established on orientation-micromechanical properties relation-
ship in Section 3.1, strain hardening exponent of various grains is calcu-
lated and reported in Table 1. It should be noted that, the n-values are
calculated by measuring θ - HCP orientation angle with respect to RD
(parallel to the tensile direction) - and plugging in Eq. (1).

According to the results given in Fig. 12 and Table 1, all the Zn grains
with a low m-factor and low n-value experienced transgranular crack-
ing during tensile test. For instance, grain No. 1 having c-axis almost
parallel to the tensile direction or RD (θ = 2.1°), exhibited a very low
strain hardening exponent (n=0.289) and also quite low Schmid factor
(m= 0.03), oriented unfavorably and consequently experienced crack-
ing. On the other hand, grain No. 3 possessing a high n-value 0.368 and a
pretty highm-factor accounts to 0.44 exposed as a favorable orientation
to accommodate plastic deformation without enduring cracking. In ad-
dition, the formed cracks in grains No. 1 and 2 are arrested at the bound-
aries of adjacent grainswith a highm-factor. Fig. 13 (areaNo. 1) delivers



Fig. 11. In-situ tension and OIM analysis: (a) a ROI prior to deformation, (b) the ROI at 0.5% global tensile strain and (c) the ROI at 2% global tensile strain.
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more insight towards the cracking of the microstructure subjected to
bending. The observed crack in this figure, seems to be initiated in
MgZn2 phase and further propagated through the neighbor Zn grains.
Fig. 12. OIM analysis on a cracked area after uniaxial tension: (a) image quality (IQ); (b) inver
numbered Zn grains.
Grain No. 1 oriented with c-axis nearly parallel to RD exhibiting low m
and n values, serves as an unfavorable orientation and underwent
cracking. Whereas, the other adjacent Zn grain (No. 2), possessed an
se pole figure (IPF) map over IQ, (c) Schmid map plus IQ and (d) selected HCP crystals of



Fig. 13. OIM analysis on the cracked area No. 1 after bending: (a) image quality (IQ); (b) inverse pole figure (IPF) map over IQ; (c) Schmid map plus IQ and (d) selected HCP crystals of
numbered Zn grains.
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orientation with c-axis perpendicular to RD, and prevails as a favorable
alignment for resisting crack propagation. Furthermore, Fig. 14 (area
No. 2) confirms the previous observation indicating the importance of
grain orientation to activate primary slip systems of HCP Zn and
resulting in high m-factor to repel crack formation. The created crack
in this area are also got arrested when reaching to a ductile Zn grain
with highm-factor. Based on Fig. 15 (area No. 3), one can notice that, al-
most all the Zn grainswith lowmandn-values cracked perpendicular to
RD after bending test. However, grain No. 5 with almost high m-factor
(0.39) and intermediate strain hardening exponent (n = 0.321)
displayed a cracking deflection site in the bent sample. This observation
ismainly attributed to the fact that, the deformation gradient (including
shear stress) in the bending test ismore complicated than that of uniax-
ial tensile regime (the implemented stress state for Schmid factor calcu-
lations). The observed cracking deflection incidents are rarely seen in
the coatingmicrostructure and are only formedwith a specific θ around
32° in bendingmode rather than uniaxial tension. Hence in general, tak-
ing bothm and n parameters into consideration, primary Zn grainswith
m b 0.32 and n b 0.33 display cracking during deformation. It is signifi-
cant to notice that, by providing unfavorable orientation for global de-
formation, the observed cracks are all formed along the basal cleavage
plane of Zn crystals. These (0001) cleavage planes are regarded as the
most detrimental cleavage orientations for zinc-based alloys [37] lead-
ing to brittle fracture [38]. Based on the aforementioned results, the
spatial orientation of the primary Zn grains with respect to loading di-
rection play an important role in extent of cracking in ZnAlMg coatings.
An additional supportive EBSD results on a different cracked region is
given in supplementary data (see Fig. S5).

4. Final remarks

In this paper we manifested that the micro-mechanical and crystal-
lographic orientation dependent interplay between themicrostructural
constituents of ZnAlMg coating determines the origin and extent of
damage and cracking within these coatings. To gain such end, we me-
thodically introduced a plastic deformation-based approach to address
the underlying mechanisms using specific criteria. These three plastic-
deformation based criteria can be described as follows: (1) Different
micro-ductility behaviors are revealed for various phases in the coating
microstructure, indicating the binary eutectic as the most detrimental
constituent in which most of the cracks initiate; (2) Primary Zn grains
possess different magnitudes of local strain hardening exponents (n
values) as a result of HCP zinc orientation angle (θ) correlated by
Eq. (1). Accordingly, Zn grains with unfavorable orientations with re-
spect to loading direction (exhibiting n b 0.33) endured cracking during
tensile/bending deformations; (3) Based on the deformation mecha-
nism analysis, Schmid factor field associated with coating microstruc-
ture was determined for tensile and bending modes. Correspondingly,



Fig. 14. OIM analysis on the cracked area No. 2 after bending: (a) image quality (IQ); (b) inverse pole figure (IPF) map over IQ; (c) Schmid map plus IQ and (d) selected HCP crystals of
numbered Zn grains.
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Zn grains with a low Schmid factor (m b 0.32) lacking dislocation mo-
tion for plastic deformation experience cracking. The collective package
of thementioned criteria offers a quantitative benchmark incorporating
Fig. 15. OIM analysis on the cracked area No. 3 after bending: (a) image quality (IQ); (b) inver
numbered Zn grains.
micromechanical properties, spatial orientation and deformation re-
sponse to anticipate damage and cracking of ZnAlMg coating
microstructure.
se pole figure (IPF) map over IQ; (c) Schmid map plus IQ and (d) selected HCP crystals of



Table 1
Detailed crystallographic orientation and micro-mechanical information of all labeled grains.

Test Area no. Zn grain no. Average grain orientation Orientation angle, θ (°) Schmid factor, m Strain hardening exponent, n Cracked?

Tensile 1 1 ð6 12 6 1Þ½1 0 1 0� 2.1 0.03 0.289 Yes
1 2 ð3 6 9 1Þ½11 9 2 3� 14.5 0.25 0.298 Yes

1 3 ð37 1 36 2Þ½3 5 2 22� 85.3 0.44 0.368 No
1 4 ð5 4 1 15Þ½8 41 49 5� 63 0.42 0.335 No

Bending 1 1 ð35 32 3 3Þ½9 12 21 2� 8.5 0.14 0.292 Yes

1 2 ð0 1 1 23Þ½11 6 17 1� 86.4 0.49 0.371 No
2 1 ð6 9 15 5Þ½11 9 2 3� 19.1 0.29 0.304 Yes
2 2 ð10 12 22 1Þ½6 5 1 22� 77 0.47 0.346 No

3 1 ð4 11 7 3Þ½6 1 5 0� 8.4 0.14 0.292 Yes
3 2 ð4 1 3 0Þ½4 14 10 3� 15.3 0.26 0.299 Yes
3 3 ð2 11 13 2Þ½10 6 4 3� 22.1 0.3 0.309 Yes

3 4 ð5 4 1 0Þ½3 6 9 2� 12.6 0.21 0.296 Yes
3 5 ð12 13 1 2Þ½6 4 10 5� 32.5 0.39 0.321 Yes
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To elaborate, a schematic representation of microstructural scale
cracking behavior of ZnAlMg coatings is given in Fig. 16. Cracking path
beginswith nucleation of tinymicro-cracks inMgZn2 platelets of binary
eutectic as the result of strain localization in this region in stage I. As the
deformation proceeds to a certain stress/strain threshold, these micro-
cracks coalesce and growmostly perpendicular to binary eutectic plate-
lets (e.g. stage II in Fig. 16). When the crack reaches the interfaces be-
tween the primary Zn grains and binary eutectic, there might be two
situations according to the in-situ evaluations performed earlier. The
first circumstance is that the adjacent Zn grain (e.g. Zn grain No. 1 in
Fig. 16) exhibits an orientation close to [0001] perpendicular to the
loading direction, i.e. the cases given in Fig. 17a and b. In this situation,
the primary slip systems of Zn grain are activated by easy dislocation
motion and subsequently ductile plastic deformation takes place in-
stead of cleavage cracking (assuming the force direction is parallel to
RD). Consequently, the crack is arrested in the primary zinc grain
boundary. On the contrary, the second circumstance is that the adjacent
Zn grain possesses an orientationwith HCP c-axis parallel to the loading
direction (see Fig. 17c) and incorporates low m-factor and n values,
serving as a favorable site for the propagating crack (e.g. cracked Zn
Fig. 16. Schematic representation of the cracking mechanism in ZnAlMg coatings.
grain No. 2 at stage III, Fig. 16). In particular, by increasing of θ (the ori-
entation angle of HCP c-axis with respect to the loading direction) from
0 to 90°, cleavage (brittle fracture) becomes less dominant, and princi-
ple ductile deformation mechanisms including basal dislocation slip ef-
fectively activate and prevent crack propagation. The mentioned
cracking mechanism is associated with the coating undergone uniaxial
tension. However, for bending mode, there might be an additional
Fig. 17. (a) Zn HCP crystal orientation favored for cracking resistance type 1, (b) Zn HCP
crystal orientation favored for cracking resistance type 2 and (c) Zn HCP crystal
orientation leading to cracking (assuming the loading direction is parallel to RD).
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stage called crack deflection. Based on the attained results, if the neigh-
bor Zn grain of a propagating crack is aligned with a maximum θ=35°
to RD, cracking deflectionmay occur by cleavage in stage IV as shown in
Fig. 16. It should be stated that, Fig. 16 delivers the typical cracking
mechanisms of ZnAlMg coatings; however, an individual crack may
also form in a zinc grain with unfavorable orientation without prior nu-
cleation in the binary eutectic.

Considering the foundation laid in this study, some practical insights
can be derived for reducing cracking tendency and accordingly design-
ing a new generation microstructure controlled formable ZnAlMg coat-
ings. The volume fraction of hard but brittleMgZn2 intermetallic need to
be reduced in the microstructure. This can be achieved by decreasing
the fraction of binary eutectic encompassing large amount of MgZn2

platelets. This solution is feasible by tailoring the composition (Al/Mg
contents) in the coating and/or galvanization processing parameters.
Orientation modification strategies should be implemented in such a
way that (1) zinc grains orientate their basal plane parallel to the sub-
strate/coating surface (Fig. 17a); (2) the basal plane of zinc grains pref-
erably align parallel to tensile loading direction (Fig. 17b). In addition,
grain refinement can be considered as a suitable solution to increase
the ductility index by introducingmore grain boundary and dislocation
obstacles to resist crack propagation. This solution can be performed via
composition control and/or modification of HDG process parameters.

5. Conclusions

The origin and mechanism of damage/cracking in hot-dip ZnAlMg
coatings on a steel substrate is extensively investigated. Multi-aspect
characterization and mechanical testing evaluations including nanoin-
dentation coupled with EBSD, in-situ SEM tensile/bending, in-situ
EBSD, μ-DIC analysis and XFEM simulations, are integrated to correlate
the micro-mechanical properties with the microstructure in order to
profoundly comprehend the cracking behavior. On the light of this
study, corresponding microstructure controlled formable ZnAlMg coat-
ings can be designed. The following conclusions can be summarized:

• The microstructure of Zn1.8Al1.8Mg coating consists of three typical
constituents including primary zinc, binary eutectic and ternary eu-
tectic. The binary eutectic contains zinc and MgZn2 platelets whereas
the ternary eutectic is composed of zinc, MgZn2 and aluminum.

• According to the nanoindenation results, despite possessing the
highest yield strength, the binary eutectic exhibits the lowest strain
hardening exponent (n), i.e. the lowest micro-ductility among the
phases. An empirical equation is proposed to correlate n with the ori-
entation of the primary zinc grains to analyze the cracking tendency of
individual grains.

• Based on the chronological observations during in-situ tests, most of
the cracks are nucleated in the binary eutectic at hard but brittle
MgZn2 intermetallic platelets.

• μ-DIC and XFEM analyses reveal a substantial heterogeneous defor-
mation leading to stress/strain localizationmostly in the binary eutec-
tic where most of the cracks initiate. In contrast, the ternary eutectic
can bear large deformation without cracking.

• In-situ EBSD suggested that, compatible plastic deformation cannot be
fulfilled in ZnAlMg coating and alternative twining mechanisms acti-
vate to accommodate imposed plastic deformation in zinc grains.
The primary Zn grains with a small Schmid factor, twin boundaries
and the binary eutectic phase/interface are detected as themost prob-
able damage incident sites within the coating microstructure.

• Plastic deformation based criteria are revealed to explain/understand
the cracking mechanism of the coating. In general, the primary Zn
grainswith a lowSchmid factor (m b 0.32) and a low local strain hard-
ening exponent (n b 0.33) as a result of their spatial orientation and
mechanical anisotropy experience high cracking tendency during de-
formation.
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