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Cracking limits the formability of Mg-alloyed zinc coatings on steel substrates. Unfavorable crystal ori-
entations and brittle microstructural components serve as the main sources of cracks in these coatings.
In this study, we overcome the deformation-induced cracking and substantially enhance the formabil-
ity of Zn-Al-Mg coatings by controlling their crystallographic texture. To demonstrate this, in-situ scan-
ning electron microscopy uniaxial tensile tests and thorough orientation image microscopy have been
employed. Ultimately, we validate our findings by implementing quantitative plastic deformation-based
criteria, namely local strain hardening exponent and Schmid factor distributions within the examined
coating microstructures. The approach and findings of the present work considerably resolve the long-
lasting cracking problem of these coatings.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Zinc alloys are important coating materials that have been
widely used due to their corrosion resistance, biocompatibility and
natural abundance [1,2]. Amongst zinc-based coatings, Zn-Al-Mg
coatings have attracted a lot of attention owing to their excellent
corrosion resistance. Nevertheless, Mg-alloyed zinc coatings pos-
sess poor cracking resistance and formability in general [3,4]. Sup-
pressing the undesirable initiation and propagation of the cracks
has persisted as a significant challenge. It is therefore crucial to
apply effective solutions in order to attain a crack-free and highly
formable Mg-alloyed zinc-based coating.

Mechanical behaviors of pure zinc and zinc alloy coatings have
been evaluated with regard to orientation, microstructure, damage,
adhesion and formability [5-14]. On the other hand, deformation-
induced cracking in zinc alloy coatings has been an enduring con-
cern for decades. In contrast to the hot-dip galvanized pure zinc
coatings that mostly exhibit intergranular cracking, Zn-Al-Mg coat-
ings suffer from severe transgranular cracking under deformation.
The microstructure of these coatings is typically composed of pri-
mary zinc grain (Zn), coarse binary eutectic (BE) and fine ternary
eutectic (TE) [15]. The core source of micro-cracking in these coat-
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ings has been attributed to the brittle and coarse BE component
of the coating’s microstructure as revealed in our previous study
[15,16]. Moreover, unfavorable crystallographic orientations of the
grains can significantly lead to in-grain cracks and crack propaga-
tion within the microstructure [15,17]. For Mg-alloyed zinc coat-
ings, there is still a lack of systematic work on fostering a desirable
texture that can enhance the cracking resistance and formability.

As a key step towards achieving highly formable Mg-alloyed
zinc coatings, this study provides remarkable enhancement of the
cracking resistance by tailoring the crystallographic texture. In the
present study, we firstly elucidate the considerable improvement
of the cracking resistance by tailoring the crystallographic texture
in the BE-containing ZnAlMg coatings. Secondly, for the first time
we unfold the advantage of simultaneous microstructure and tex-
ture control by a BE-free coating that ultimately results in superb
crack-resistance and formability properties. To confirm our find-
ings, we have incorporated quantitative plastic deformation-based
criteria including local orientation-dependent strain hardening ex-
ponent and Schmid factor distributions.

In this study, four ZnAIMg coatings on steel substrates produced
by an annealing hot-dip simulator are investigated. The specimens
are labelled as follows. Coating C1: a BE-containing ZnAIMg coat-
ing with 1.7-2.0 wt% Al and 1.7-2.0 wt.% Mg on a steel sub-
strate type 1; Coating C2: a BE-containing ZnAlMg coating with
1.7-2.0 wt.% Al and 1.7-2.0 wt.% Mg on a steel substrate type
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2; Coating C3: a texture controlled BE-containing ZnAIMg coating
with 1.7-2.0 wt.% Al and 1.7-2.0 wt.% Mg on a steel substrate type
2; Coating C4: a simultaneously texture and microstructure con-
trolled BE-free ZnAlMg coating with 2.9 wt% Al and 1.9 wt.% Mg
on a steel substrate type 2. The fraction of BE in the BE-containing
coatings (i.e. C1, C2, C3) is found to be 16.5% on average, whereas
the BE-free coating C4 has a residual BE of less than 0.7%. The tex-
ture control has been performed by tuning the galvanizing process
parameters.

Tensile specimens were cut from the hot-dip galvanized sheets
and subjected to mechanical polishing utilizing 1 pm diamond sus-
pension. The samples were then ion polished employing a JEOL
IB-19520CCP ion polisher. Prior to electron backscatter diffraction
(EBSD) analysis, the in-situ tensile tests were conducted up to 0.1
true strain by means of a Kammrath & Weiss tensile module in a
scanning electron microscope (Tescan LYRA SEM-FIB).

In order to capture the crystallographic textures of the coatings,
orientation image microscopy (OIM) analysis was carried out us-
ing an EBSD-equipped Philips XL30 ESEM. For an efficient EBSD
measurement, 500 nm scanning step size and 30 KV accelerat-
ing voltage were employed. The EBSD analyses were executed on
the specimens’ surface at the center of their gauge length. Texture
calculations and crystallographic orientation dependent informa-
tion were identified by performing EBSD analysis using EDAX-TSL
OIM™ Analysis 8 package. Schmid factor distributions were calcu-
lated by applying the primary slip systems of HCP Zn [15].

To validate the EBSD texture measurements and assess the ori-
entation distributions in a statistical manner, a large area (9 cm?)
of the coatings was exposed to XRD texture evaluations. These
measurements were recorded using a Bruker D8 Discover diffrac-
tometer equipped with an area-sensitive detector (Vantec 500).

The orientation-dependent local strain hardening exponent (n)
values were calculated based on a methodology introduced in
our previous study [15]. The following empirical equation for Mg-
alloyed zinc coatings was applied:

n = 1.428 x 10780* — 2.233 x 107693
+1.027 x 107402 — 4.631 x 1040 +0.29 (1)

where 6 is the orientation angle of the grains, namely the angle
between the c-axis of HCP Zn grains and the applied loading di-
rection. This equation relates crystallographic orientations to the
formability properties and cracking tendency of the Zn grains.

Fig. 1 displays the results of the EBSD analysis on the coating
C1 after in-situ tensile testing up to 0.1 true strain. Image quality
(IQ) merged with the inverse pole figure (IPF) map is depicted in
Fig. 1a. The harmonic textures by pole figure (PF) are demonstrated
in Fig. 1b. Fig. 1c presents the IQ map including labelled grains
showing cracks in the deformed microstructure. Fig. 1d provides
the orientation-dependent local strain hardening exponent (n) and
Schmid factor (m) distributions associated with coating C1. As it
can be observed in Fig. 1, coating C1 exhibits quite weak crystallo-
graphic texture. Some primary zinc grains and eutectic regions ex-
perience cracking during the deformation. Orientation-related in-
formation of the large cracks formed after deformation, as labelled
in Fig. 1c, is given in Table 1.

As Table 1 indicates, the grains with low n-values (i.e. n < 0.33)
and low m-values (i.e. m < 0.32) underwent cracking. The major-
ity of the cracks originated in the brittle BE component and prop-
agated through the adjacent Zn grains with low m and n values.
These observations are in good agreement with our previous study
on the cracking behavior of the ZnAlMg coatings. In particular, it
has been shown that the unfavorably oriented Zn grains with low
n-values (n < 0.33) and low m-values (m < 0.32) lack the required
deformation mechanisms through dislocation slip and are there-
fore highly prone to cracking during straining [15]. In contrast, the
favorably oriented grains (e.g. G18) well aligned with (0001) pole
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Table 1
Crystallographic orientation related information, in particular local strain hardening
exponent (n) and Schmid factor (m) values, of the grains labelled in Fig. 1c.

Grain No. n-value m-value cracked
G1 0.289 0.11 Yes
G2 0.296 0.23 Yes
G3 0.289 0.11 Yes
G4 0.308 0.29 Yes
G5 0.292 0.15 Yes
G6 0.308 0.3 Yes
G7 0.299 0.27 Yes
G8 0.293 0.16 Yes
G9 0.293 0.16 Yes
G10 0.297 0.24 Yes
G11 0.295 0.21 Yes
G12 0.289 0.12 Yes
G13 0.293 0.15 Yes
G14 0.295 0.19 Yes
G15 0.295 0.2 Yes
G16 0.292 0.15 Yes
G17 0.289 0.09 Yes
G18 0.348 0.47 No

parallel to the surface normal, possess large n and m values and
thus resist cracking. Here, 30% of the C1 microstructure exhibit n
< 0.33 and 12% are of m < 0.32 (see Fig. 1d) within the stud-
ied area. This consequently boosts the probability of transgranular
crack propagation within the C1 microstructure. Therefore, both BE
and unfavorably oriented Zn grains contribute to the cracking ob-
served in the coating. BE regions are the primary sites for crack
initiation, and the adjacent Zn grains with unfavorable orientations
(i.e. exhibiting low n and m values) propagate the initiated cracks
through. The detailed description of the mechanism of cracking in
Zn-Al-Mg coatings can be found in our previous study [15].

Fig. 2 illustrates the EBSD results of the coating C2 subjected
to uniaxial tensile test up to 0.1 true strain. As it can be conceived,
this coating also exhibits a quite dispersed texture distribution. The
coating shows a large number of cracks after the imposed defor-
mation (see Fig. 2c). Within the examined area, 25% of the mi-
crostructure possess low strain hardening exponent (i.e. n < 0.33)
as Fig. 2d indicates. Hence, a high fraction of grains is present with
a low capacity to plastically deform, which serve as crack propa-
gating sites during the deformation.

The results of the EBSD analyses on the texture-controlled C3
coating and the texture + microstructure controlled C4 coating
after uniaxial tension are given in Fig. 3 and Fig. 4, respectively.
The complete characteristics of all the examined coatings and the
cracking quantification results are given and compared in Table 2.
The results of the XRD texture measurements prior to the defor-
mations are provided in Fig. S1 of the supplementary material for
the sake of statistical validation of the EBSD analyses. The crack-
ing quantifications are executed using image analysis based on the
SEM micrographs of higher magnifications captured from the stud-
ied areas of the coatings such as presented in Fig. 5.

As it can be noticed in Fig. 3b, a relatively concentrated (0001)
fiber texture is obtained in the binary eutectic containing C3. This
is confirmed by the IPF map in Fig. 3a, unveiling that the majority
of the grains shows up in red. The fraction of the harmful orien-
tation incidents (i.e. grains with n < 0.33) are notably reduced in
C3 as shown in Fig. 3d. Yet, a fully concentrated and strong (0001)
fiber texture is achieved for the C4 case as Fig. 4b displays. The
maximum texture intensity is substantially increased from 3.5 for
C1 to 24.5 for C4 as listed in Table 2. The C4 microstructure ex-
hibits zinc grains dominant with favorable (0001) orientation that
delivers pretty high n and m values (as the formability criteria)
shown in Fig. 4d. To compare the cracking tendency among the de-
formed coatings, one can notice that C4 and C3 offer considerable
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Fig. 1. EBSD results of the coating C1 subjected to in-situ tensile test up to 0.1 true strain, (a) IQ plus IPF map, (b) harmonic texture representation by PFs, (c) IQ map and
the labelled grains, (d) distributions of local strain hardening exponent (n) and Schmid factor (m) values within the examined microstructure.
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Fig. 2. EBSD results of the coating C2 subjected to in-situ tensile test up to 0.1 true strain, (a) IQ plus IPF map, (b) harmonic texture representation by PFs, (c) IQ map
showing cracks, (d) distributions of n and m values within the examined microstructure.

Table 2
The information and cracking quantification results of all the examined coatings.
Coating label Microstructure Steel substrate Texture type Max. texture intensity Total No. of cracks No. of cracked Zn grains Average crack length (pum)
C1 Zn + BE + TE type 1 dispersed 35 92 18 214
c2 Zn + BE + TE type 2 dispersed 4.5 83 14 203
Cc3 Zn + BE + TE type 2 nearly concentrated 10 26 2 6.4
Cc4 Zn + TE type 2 fully concentrated 24.5 5 0 3.6
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revealing outstanding cracking resistance, (d) distributions of n and m values within the examined microstructure.

reduction in the number density and average length of the cracks
in comparison with C1 and C2. The total number of the cracks (per
studied areas) are counted as 92 and 83 for the C1 and C2, whereas
they are reduced to 26 and 5 for C3 and C4, respectively. C1 and C2
coated on different steel substrates both exhibit very poor cracking
resistance due to their random and dispersed texture. The cracking
resistance and formability are considerably enhanced in C3 pos-
sessing a nearly concentrated (0001) texture. Although C3 entails
the main source of micro-cracks within binary eutectics, it shows

quite improved resistance against crack propagation compared to
other BE-containing coatings (i.e. C1 and C2) owing to its favor-
able texture. In other words, while the tiny micro-cracks may nu-
cleate in the binary eutectics (see Fig. 5(c)), the favorable orienta-
tion of the primary zinc grains in C3 restrains further transgran-
ular crack propagations. This is confirmed by the low number of
cracked primary Zn grains (i.e. 2) detected within the observation
area of C3. Via the unique combination of crystallographic texture
control and tailoring the coating microstructure (i.e. elimination of
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Fig. 5. Representative SEM micrographs of the studied areas showing the cracking tendencies of the coatings: (a) C1, (b) C2, (c) C3 and (d) C4 deformed to true strain of

0.1.

the BE) in C4, superb cracking resistance and formability are ul-
timately achieved as confirmed by the results given in Fig. 4 and
Table 2. It should be noticed that no primary zinc grain has expe-
rienced cracking during the deformation of C4. The average length
of the cracks has dropped substantially from 21.4 and 20.3 pm for
C1 and C2 to 3.6 pm for C4. These scarce micro-cracks (< 4 pm)
in C4 are merely formed in the minute amount of retained binary
eutectic (as depicted in Fig. 5(d)) and confined between the well-
orientated primary zinc grains (possessing high n and m values).
These micro-cracks are therefore unable to propagate to form a
long crack with large opening. The substantial enhancements of
the cracking resistance attained in the texture-controlled C3 and
C4 considerably outperform the cracking tendency of C2 coated on
the same steel substrate type.

Zinc and its alloys possess HCP lattice structure with a c/a =
1.856 (higher than an ideal c/a = 1.632) that gives rise to the de-
velopment of anisotropic properties under various loading con-
ditions [18]. The inherent crystal anisotropy and complex mi-
crostructural features determine the deformation behavior and the
formability of zinc-based coatings. In principle, the crystallographic
orientation-related phenomena including cleavage, micro-cracking
and deformation mechanisms strongly depend on the collective
texture of a zinc alloy coating. Amongst the slip systems of Zn
crystals, basal and pyramidal <c + a> slip systems are found
more likely to be activated during uniaxial tension [18]. In order
to increase the probability of activation of primary slip systems in
HCP Zn grains, (0001) texture control is employed and validated
by quantitative criteria in the present study. In particular, basal
slip is identified as the most easily activated dislocation slip sys-
tem with the lowest required critical resolved shear stress [19].
Nevertheless, the typical Mg-alloyed zinc coating exhibits a dis-
persed texture that can hinder activation of such basal slips (see
Figs. 1-2) and subsequently facilitates cracking. In other words,
by the presence of some unfavorable crystal orientations (espe-
cially those crystals whose c-axes are parallel to the loading di-

rection) within the microstructure, the possibility of transgranular
crack propagation increases (see Fig. 5a-b). Thus, in the cases of
C1 and C2, these unfavorable orientations are abundant and lead
to severe micro-cracking. On the other hand, C3 and C4 coatings
deliver a concentrated (0001) fiber texture that enhance the ac-
tivation of basal slip with respect to the applied tensile force. In
C3 and (4, the grains exhibit homogenous crystallographic orien-
tation distribution aligned in order to prevent crack propagation.
Therefore, instead of undergoing cracking (e.g. cleavage) [20], the
microstructure of C3 and C4 can effectively accommodate plasti-
cally the imposed deformation. Furthermore, by obtaining a uni-
form and concentrated (0001) texture, the possibility of slip trans-
mission across the grains/phases enhances drastically [21]. Since
the misorientation among the grains decreases by a uniform tex-
ture, it is expected that C3 and C4 can facilitate plastic deforma-
tion through easy slip transmission. In the optimum case, the BE-
free coating C4 does not entail the crack nucleation sites (i.e. coarse
binary eutectics) on one hand and further exhibits a highly con-
centrated (0001) fiber texture to suppress crack propagation on the
other hand, which offers outstanding crack-resistance, ductility and
formability. It is worth mentioning that the other properties of
these coatings (e.g. corrosion resistance) can be influenced by the
texture control. For instance, it is reported [22] that the corrosion
resistance of zinc-based coatings can be enhanced by increasing
the (0001) basal component. Therefore, one expects that the corro-
sion behavior of the texture-controlled coatings in this work might
be also improved as a result, yet this aspect should be separately
studied in detail.

In summary, the cracking resistance of Mg-alloyed zinc coatings
is substantially enhanced by applying crystallographic texture con-
trol. It is demonstrated here that in ZnAlMg coatings with tailored
sharp (0001) fiber texture, transgranular crack propagation through
primary zinc grains is almost completely prevented. Moreover, si-
multaneous texture and microstructure control ultimately offers a
nearly crack-free ZnAlMg coating during tensile deformation, be-
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cause the absence of binary eutectic prevents crack nucleation and
the (0001) fiber texture suppresses crack propagation. The present
work opens a gateway towards next-generation highly formable
Zn-Al-Mg coatings.
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