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A B S T R A C T   

The present study is dedicated to explore the effect of grain refinement on cracking resistance of hot-dip 
galvanized Zn–Al–Mg coatings on steel substrate. In this work, we demonstrate the enhancement of plastic 
deformation and cracking resistance by refining the microstructure (primary zinc grains) of the Zn–Al–Mg 
coatings. For this purpose, two types of Zn–Al–Mg coatings namely, fine grained and coarse grained micro-
structures are investigated utilizing in-situ scanning electron microscopy tensile tests. Electron backscatter 
diffraction technique is used to illuminate the deformation behavior at the scale of grains (and/or within grains). 
The results reveal that the coating with fine grained microstructure possesses higher ductility and cracking 
resistance, whereas the coating with coarse grain microstructure induces more transgranular cracking during 
deformation. Moreover, primary zinc grain refinement has been shown to decrease the fraction of coarse 
deformation twins that serve as undesirable sites of micro-cracking. In particular, both deformation mechanisms 
and cracking behavior are found to be grain size-dependent in these coatings.   

1. Introduction 

Zn–Al–Mg coatings offer significant anti-corrosive protection for 
steel substrates utilized in automotive and construction applications [1, 
2]. Nevertheless, the low cracking resistance of these coatings is a 
challenging downside which requires further improvements [3]. These 
coatings, typically produced by hot-dip galvanizing (HDG) process, 
exhibit anisotropic complex microstructures [4]. The composite struc-
ture of these coatings requires a real-time and local observation of 
deformation evolution at the grain level to detect the cracking sites and 
crack propagation. Accordingly, in order to realize a highly-formable 
and crack-resistant coating, process-materials design parameters need 
to be optimized. One of such parameters is the grain size of the coating 
microstructure and that is the primary motivation of the present study. 

The microstructures of Zn–Al–Mg coatings with different composi-
tions have been studied by applying various approaches before. Many 
studies have reported that the microstructure of these coatings is 
comprised of the primary Zn grains and granular/lamellar eutectic 
structures composed of Mg–Zn intermetallics [5–8]. The microstructures 

of the coatings were broadly modified using a quaternary alloying 
element primarily targeting anti-corrosion improvement [9,10]. It has 
been a continuing interest to correlate the microstructure with corrosion 
properties in Zn–Al–Mg coatings in the literature [11–13]. In contrast, 
tailoring the microstructure for the purpose of enhancing the mechani-
cal performance and cracking resistance of these coatings lacks suffi-
cient research work. Various studies have evaluated the mechanical 
response of zinc-based alloys and coatings on steel substrates [14–22]. 
Mechanical properties of pure zinc and Mg-alloyed zinc coatings have 
been reported to be affected by the weak binary eutectics (BE) within the 
microstructure [23], grain boundary characteristics [24,25], the steel 
substrates [26,27], crystallographic orientation [23,28] and texture [29, 
30], surface roughening, thickness and deformation mode [26,31]. In 
particular, the cracking behavior and formability of Zn–Al–Mg coatings 
on steel substrate have been scrutinized by us previously [23,24,26,29]. 
Based on our previous findings, the inherent properties associated with 
microstructural features significantly influence the resultant cracking 
resistance of these coatings. Grain refinement is a well-known strategy 
to boost the plasticity of metallic materials. This technique has been 
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applied in wide ranges of hexagonal close packed (HCP) alloys [32,33]. 
It has been shown that refining the grains can influence the deformation 
mechanisms by altering the dislocation slip modes and stacking fault 
contributions [34]. In zinc and its alloys, the microstructure mostly 
consists of coarse grains leading to undesired mechanical behavior. To 
resolve this drawback, grain refinement has been performed by addition 
of alloying elements or during the production and processing of the 
specimens [19,21,35]. In the case of hot-dip galvanized Zn–Al–Mg 
coatings, grain refinement has been carried out and corrosion properties 
have been evaluated in the literature [36]. However, the mechanical 
performance, specially cracking behavior of Zn–Al–Mg coatings, has not 
been systematically assessed as a function of grain size. In this work, by 
employing in-situ scanning electron microscopy (SEM) tensile tests and 
electron backscatter diffraction (EBSD) analysis, we have performed a 
comprehensive study of these phenomena. To achieve in-depth under-
standing, the deformation responses of two coatings, with fine and 
coarse primary zinc grain sizes within the microstructures, are explored. 
Particularly, we have enhanced the ductility and cracking resistance of 
hot-dip galvanized Zn–Al–Mg coatings by fostering grain refinement in 
the coating microstructure. Furthermore, we demonstrate that the 
deformation mechanisms associated with these coatings are grain 
size-dependent. 

2. Materials and methods 

In this work, an annealing hot-dip simulator was utilized to fabricate 
the Zn–Al–Mg coatings. ZnAlMg coating type 1 (ZC1) exhibited a fine 
grained microstructure and ZnAlMg coating type 2 (ZC2) had a coarse 
grained microstructure, both produced with the nominal composition of 
1.7 wt% Al and 1.5 wt% Mg on the same interstitial free (IF) steel 
substrate. The microstructural refinement was accomplished by adjust-
ing the galvanizing parameters including after-pot cooling rate and the 
bath temperature. The residual stresses on the samples were minimized 
by applying annealing during the galvanization process. The thickness of 
the as-produced coatings was about 15 μm, and the thickness of the steel 
substrate was 700 μm. The chemical composition (wt%) of the IF steel 
substrate used in the present study is given in Table 1. 

The samples for in-situ tensile tests were extracted from the galva-
nized sheets using laser cutting with the designated dimensions pro-
vided in Fig. 1. The microstructural investigations on the tensile 
specimens were executed within a region (2.5 mm × 1.5 mm) at the 
center of the gauge (approximately 1 mm from the laser cut edges) 
schematically presented in Fig. 1 by a red rectangle. For the high quality 
characterization on all the samples in this study, a few minutes me-
chanical polishing utilizing 1 μm diamond suspension was first carried 
out on the specimens. Afterwards, ion polishing (JEOL IB-19520CCP) 
was employed to enhance the surface quality of the samples for micro-
scopic characterizations. 

Kammrath & Weiss tensile testing module installed in a Tescan LYRA 
SEM–FIB scanning electron microscope was used to perform the in-situ 
tensile tests. The SEM observation of the coating microstructures was 
conducted using the same microscope. Note that the in-situ tensile tests 
are performed on the total coating-substrate system. The true stress- 
strain curves were obtained by converting from engineering stress and 
strain data. 

Orientation image microscopy (OIM) analysis was conducted by 
means of a Philips XL30 ESEM possessing an EBSD detector. In these 
experiments, scanning step size and applied accelerating voltage were 
set as 500 nm and 30 kV, respectively. All the EBSD analyses including 
crystallographic texture measurements were attained by using EDAX- 

TSL OIM™ Analysis 8 software. The characterization and testing pro-
cedures were executed at the room temperature. The grain size, phase 
fractions and crack area factions of the coatings were measured by 
meticulous image analysis performed using ImageJ software. Thresh-
olding method was applied on SEM images to convert the features of 
interest (grains, phases, cracks) into binary formats, and the relevant 
areas were counted by image analysis to get the fraction of phases and 
crack area, and the average equivalent diameter of grains as the grain 
size. 

3. Results and discussion 

3.1. Microstructural characterization 

The microstructural characteristics of ZC1 and ZC2 are revealed by 
SEM images given in Fig. 2. As it can be observed, ZC1’s microstructure 
is clearly finer than that of ZC2. As indicated in Fig. 2b and d, both 
coatings entail three microstructural components, namely, primary zinc 
grains (Zn), binary eutectic (BE) and ternary eutectic (TE). The binary 
eutectic is composed of coarse platelets of Zn and MgZn2 intermetallic 
compound, while ternary eutectic exhibits fine Zn, MgZn2 and Al as 
shown in our previous work [23]. Nevertheless, the fraction of eutectic 
components is found to be much higher in the ZC1 coating. In particular, 
the fraction of BE is measured as 3% in ZC1 and 1.4% in ZC2, whereas TE 
constitutes 36.5% of ZC1 and 9.6% of ZC2. Therefore in total, eutectics 
(BE + TE) constitute 39.5% and 11% of ZC1 and ZC2, respectively. It is 
worth noticing that the primary zinc grains of both coatings encompass 
precipitates which are mostly nanometer-sized Al-rich precipitates [24]. 
The precipitation in primary zinc grains is identified as a significant 
strengthening mechanism of Zn–Al–Mg coating as shown by us [24]. 
Furthermore, the quantified primary zinc grain sizes associated with the 
coating ZC1 and ZC2 are given in Fig. 3. ZC2 microstructure possesses 
over five times larger grain size compared to that of ZC1. The average 
size of the primary zinc grains in the coating ZC1 reaches 9 μm, whereas 
it is found to be 56 μm in the case of ZC2. This pronounced contrast in 
the size of primary zinc grains enables a reasonable comparison of 
deformed microstructures as a function of grain size. 

3.2. EBSD analysis prior to deformation 

The crystallographic texture of the coatings should be studied prior 
to deformation in order to exclude the influence of texture on the 

Table 1 
The chemical composition (wt%) of the IF steel substrate used in this study.  

C Mn Al Ti Ni Cr Cu S P Si Sn 

0.02 0.65 0.57 0.47 0.22 0.17 0.14 0.06 0.04 0.04 0.03  

Fig. 1. The dimensions of the tensile test specimens and the region of the in-
vestigations designated by a red rectangle at the center of the gauge. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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formability and cracking of these coatings. In particular, we have 

previously shown that by fostering a favorable (0001) texture, the 
cracking resistance of the Zn–Al–Mg coatings can be significantly 
improved [29]. Here, the large areas selected from the gauge of the ZC1 
and ZC2 tensile specimens were subjected to EBSD analysis and the re-
sults are depicted in Fig. 4 and Fig. 5. Fig. 4a–c illustrate the image 
quality (IQ) map, inverse pole figure (IPF) map and the crystallographic 
texture representation using pole figures (PFs). As it can be observed in 
Fig. 4a, a homogenous fine grain microstructure of the coating ZC1 is 
revealed, while the coating ZC2 exhibits uniform and coarse primary 
zinc grains as Fig. 5a demonstrates. The majority of the microstructural 
components are detected in red signifying the (0001) orientation ten-
dency for both coatings. As Figs. 4c and 5c illustrate, both of the coatings 
possess a concentrated and strong (0001) fiber texture. This observation 
is critical, because in order to be able to compare the deformation 
response of the coatings, a relatively similar texture is required. Having 
realized this condition, two areas from the ZC1 and ZC2 are selected (as 
specified by a rectangle in Fig. 4a and b) and subjected to in-situ uniaxial 
tensile tests as discussed in the next section. 

3.3. In-situ SEM tensile tests 

In-situ SEM tests offer the possibility to track and observe the local 
generation and evolution of cracks within the microstructure. Accord-
ingly, the coating ZC1 and ZC2 on steel substrates were subjected to in- 
situ tensile tests and the resultant true stress-strain curves are displayed 

Fig. 2. SEM micrographs of the microstructures of (a) Fine grained ZC1, (b) a magnified region in ZC1 revealing primary Zn grains, fine ternary eutectic (TE) and 
coarse binary eutectic (BE), (c) Coarse grained ZC2 and (d) a magnified region in ZC2. The arrows indicate the precipitates. 

Fig. 3. Comparison of the primary Zn grain sizes in the ZC1 and ZC2 coatings.  
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in Fig. 6. The corresponding SEM micrographs at each interruption of 
straining associated with the ZC1 and ZC2 are illustrated in Fig. 7 and 
Fig. 8, respectively. The true strain values are indicated on the top right 
of the corresponding SEM images. It should be pointed out that the same 
field of view is kept for the successive observation and tracked for both 
of the coatings to make a fair comparison. 

As it can be noticed in Figs. 7 and 8, the ZC1 sample begins to show 

micro-cracking from early stage of the deformation at true strain of 0.05. 
Nevertheless, the size of these micro-cracks are found to be less than 3 
μm on an average. As the tensile deformation continues to 0.1 strain, the 
number of the micro-cracks increases sharply as Fig. 7c presents. Most of 
these cracks are nucleated in the weak and less formable BE platelets, as 
the mechanism of such cracking is described in our earlier investigations 
[23]. By approaching the end of the tensile test, these cracks enlarge but 
remain confined in the eutectic regions. In other words, nearly all of the 
micro-cracks in the ZC1 are restricted to the eutectic components 
without propagating into the adjacent primary zinc grains. This fact 
plays a significant role in the cracking resistance of the coating. In the 
case of the coating ZC2, one can observe that the initiation of 
micro-cracking in the binary eutectics occurs at 0.05 true strain as 
illustrated in Fig. 8b. However, the most significant observation in this 
stage is the formation of abundant coarse deformation twins as desig-
nated by arrows in Fig. 8b. By reaching higher strain values, more cracks 
are formed in the BE component of the coating. Nevertheless, the major 
difference here is related to the propagation capability of the cracks. In 
contrast to the ZC1 with finer grains, the ZC2 exhibiting coarse grains 
experiences abundant transgranular crack propagations into Zn grains 
starting from 0.25 true strain. By a close view shown in Fig. 8f, the 
micro-crack generated in BE, has further propagated through the adja-
cent Zn grain resulting in a larger crack. It is important to note that this 
propagating site of the cracking is at the twin boundary within the grain. 
In particular, some twins which are formed in the Zn grains (see Fig. 8b) 
serve as a preferential sites for crack propagation. Among those, G1 and 
G2 are specifically indicated in Fig. 8d. From another point of view, the 
coarse primary zinc grains surrounded by the eutectic phases carry the 
majority of the microscopic strain as shown previously [24]. Due to the 
sharp strain contrast in Zn grains and the surrounding eutectics, large Zn 
grains in the ZC2 seem to experience a geometrical incompatibility to 
accommodate the deformation as Fig. 8 indicates. Consequently, more 
severe in-grain distortions are detectable in the ZC2 in comparison with 
the ZC1. Such severe distortion can give rise to damage and cracking 
within the grains. In total, the observed transgranular propagations of 
the cracks in the coarse Zn grains deteriorate the cracking resistance and 
formability of these coatings as demonstrated at the end of the tensile 
test on the ZC2 (see Fig. 8e). It is worth mentioning that both of the 
coatings, possessing a favorable crystallographic texture, still outper-
form the coatings with dispersed texture. This topic can be found in 
detail in our previous publication [29]. 

Fig. 4. EBSD analysis results of the ZC1 coating microstructure prior to the 
tensile deformation, (a) IQ map, (b) IPF + IQ map and (c) crystallographic 
texture shown by PFs. 

Fig. 5. EBSD analysis results of the ZC2 coating microstructure prior to the 
tensile deformation, (a) IQ map, (b) IPF + IQ map and (c) crystallographic 
texture shown by PFs. 

Fig. 6. The true stress-strain curves of the coatings on a same steel substrate 
attained by performing in-situ tensile tests. The small drops in the curves are due 
to the applied interruptions for SEM characterization of the microstructures at 
different strain levels. 
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3.4. Cracking quantification 

In order to compare the cracking tendency of the coatings in a more 
quantitative way, larger fields of view (FoV) with lower magnification 
SEM images of the coatings at the end of the tensile tests were captured. 
Subsequently, the cracking was quantitatively measured by means of 
image analysis. Fig. 9 shows the large FoV micrographs of the ZC1 and 
ZC2 coatings. The quantification of the crack area fraction within the 
coatings is provided in Fig. 10. 

Figs. 9 and 10 evidently demonstrate the higher cracking tendency of 
the ZC2. Fig. 9 confirms the previous observations in Section 3.3, i.e. the 
cracks in the ZC1 are dominantly created and confined in the eutectic 
components lacking the possibility to form a large open crack. On the 
contrary, the ZC2 exhibits coalesced cracks with larger openings. These 
results imply that the Zn–Al–Mg coatings with large grain sizes are more 
prone to severe cracking in comparison with the coatings with the fine 
grains. It should be mentioned that due to the larger fraction of binary 
eutectic in the coating ZC1 (see Fig. 2), the initiation site density of the 
cracks is expected to be higher for the ZC1 compared to that of the ZC2. 
Nevertheless, the transgranular propagations via primary zinc grains are 
the more detrimental aspect of cracking (specially for corrosion pro-
tection), rather than the confined microcracks in the eutectic regions. 
This transgranular cracking is mostly attributed to the higher probability 
of twin formation (elaborated in the next section) and the geometrical 

incompatibilities that occur within the coarse Zn grains of ZC2. 

3.5. EBSD analysis after deformation 

EBSD analysis can reveal the deformation response of the coatings at 
the grain level. Earlier in this study it was demonstrated that Zn–Al–Mg 
coating microstructures with different grain sizes show distinct defor-
mation and cracking behaviors. In this section, it is intended to further 
investigate the deformation response of the coatings using the EBSD 
technique. To this purpose, the EBSD analyses were executed on the ZC1 
and ZC2 coatings deformed up to 0.1 true strain and the results are 
displayed in Fig. 11. 

As it can be observed in Fig. 11, the crystallographic textures of both 
coatings have been transformed from the initial state of the texture prior 
to deformation (see Fig. 5). The fully concentrated sharp (0001) texture 
is altered to a relatively disperse texture as the pole figures indicate. The 
dominant change in the texture is attributed to the twin formation. In 
particular, as Fig. 11 depicts, the ZC2 exhibits substantial higher 
numbers of twining events per grain compared to the ZC1. The defor-
mation mechanisms of the ZC2 seem to be governed mostly by twinning 
rather than slip. This is in a good agreement with the findings in in-situ 
SEM tensile tests provided in Section 3.3. As Fig. 11b indicates, the 
change in the texture is accumulated in certain areas of the pole figures 
indicated by arrows. To further clarify this and elucidate the grain level 

Fig. 7. SEM micrographs of a selected area in the ZC1 coating during in-situ tensile test. The true strain value for each interruption is given in the corresponding 
images at the top-right corner. 
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Fig. 8. SEM micrographs of a selected area in the ZC2 coating during in-situ tensile test. The true strain value for each interruption is given at the top-right corner of 
the corresponding image. The arrows indicate the deformation twinning inside the Zn grains. (f) A close view of a propagated crack in another area of the 
microstructure at 0.25 true strain. 

Fig. 9. Comparison between the cracking tendency of the coatings using large field of view SEM images at the end of tensile test (i.e. true strain of 0.45): (a) ZC1 and 
(b) ZC2. 
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deformation and damage response of the ZC2 coating, a smaller region is 
selected (see Fig. 11b) and the results of the meticulous EBSD analysis 
are provided in Fig. 12. In particular, Fig. 12a depicts the IPF map 
merged with IQ, Fig. 12b demonstrates the local orientation spread 
(LOS) map and Fig. 12c shows the misorientation distribution along an 
arrow drawn on the grain 3 (G3). 

As it can be noticed in Fig. 12, most of the grains (e.g. G3 and G5) in 
the selected region exhibit twins. Yet, a few of the grains are not 
deformed via twinning (e.g. G4). Fig. 12c implies that the twin formed in 
G3 exhibits 90◦ misorientation with the parent grain, approving the 
tensile (extension) nature of the twin in HCP Zn [37]. This describes the 
change in the texture demonstrated by PFs in Fig. 11b. Moreover, the 
LOS map in Fig. 12b gives an interesting description in terms of the 
deformation for the individual grains of the ZC2 microstructures. As it 
can be conceived, G3 and G5 possessing twins exhibit a higher LOS value 
(especially at the twin boundaries) in comparison with G4 without 
twinning. Higher LOS values are indicative of higher extent of micro 

damage [23]. Therefore, G3 and G5 are potentially susceptible to 
damage and cracking due to the coarse twins and higher in-grain LOS 
values. In contrast, G4 with an unfavorable orientation for twinning 
leaves no twin behind and results in a less in-grain LOS value. This 
strongly supports the elucidations for the damage and micro-crack in-
cidents previously observed on twinned grains of the ZC2 shown in 
Fig. 8. Fig. 13 displays the differences in the deformation of grains in the 
ZC1 and ZC2 coatings using representative SEM images taken after the 
tensile test to 0.1 strain. The grains of the refined ZC1 are dominantly 
deformed through slip as demonstrated by slip traces detected in 
Fig. 13a; whereas the grains in the coarse-grained ZC2 are mostly un-
dergone twinning as Fig. 13b indicates. This suggests that not only the 
cracking extent, but also the deformation mechanism in Zn–Al–Mg 
coatings are grain size dependent. 

Zinc and its alloys with inhomogeneous and multiphase structures 
predominantly show complex deformation behavior. In particular, these 
complexities add up when it comes to Zn alloy coatings due to their 
small thickness (usually around 10–15 μm) and difficulties in sample 
preparation and controlled experimental testing. It has been the subject 
of various studies to increase the strength and ductility of pure zinc and 
zinc alloy materials by nurturing grain refinement in the microstructure. 
In the Zn–Al–Mg coatings family, this study is the first attempt to tackle 
the deformation and cracking performance as a function of grain size. As 
it was shown earlier in this research, the grain refinement considerably 
affects the plasticity and cracking resistance of these coatings. These 
pronounced behaviors can be explained by the following concurrent 
phenomena and mechanisms, where the first two items mainly concern 
strengthening aspect:  

(1) Grain boundary strengthening (σ) is modeled by the well-known 
Hall-Petch equation as σ = σ0 + kd− 1/2, where σ0, k and d denote 
the friction stress, a constant and material grain size, respectively 
[38]. According to this expression, the coating ZC1 (d = 9 μm) 
triggers higher grain boundary strengthening compared to the 
coating ZC2 (d = 56 μm). This signifies that the larger grain 
boundary area per unit volume impedes dislocation motion (and 
also causes more dislocation generation, accumulation and 
annihilation at the boundaries) giving rise to the strength of the 

Fig. 10. The quantification of the crack area fraction within the exam-
ined coatings. 

Fig. 11. EBSD results on the coatings deformed up to 0.1 true strain, (a) ZC1 and (b) ZC2.  
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coating. In addition, grain boundaries impede the micro-cracks 
formed in the BE and prevent them from propagating.  

(2) The eutectic components of the coating, in particular the fiber- 
like ternary eutectic, play an import morphological role in the 
strengthening and plasticity of the coating. Due to the finer 
structures of eutectic constituents comprising of Mg–Zn inter-
metallic compounds, they notably contribute to the total 
strengthening of the coating [24]. Since the coating ZC1 with 
finer primary Zn grain size possesses a higher fraction of the 
ternary eutectic within its microstructure compared to that of the 
ZC2, one expect the total strengthening of the ZC1 increases 
further via this contribution.  

(3) The differences in the primary Zn grain sizes in the examined 
coatings suggest another (more) significant aspect. The ZC1 

possesses Zn grains with sizes less than the thickness of the 
coating (i.e. 15 μm), whereas the ZC2 exhibits a grain size much 
larger (almost 5 times) than the coating thickness. Consequently, 
it is more convenient for the ZC1 to accommodate the imposed 
plastic deformation. In contrast, the microstructure of the ZC2 
will undergo stress concentrations especially along the thickness 
leading to the in-grain distortion and damage.  

(4) The contrast in the mechanical properties between the primary 
zinc grains and eutectic components generates a stress/strain 
gradient both at the interphases and along the thickness of the 
coatings [24,26]. Such gradient seems to contribute to the 
in-grain geometrical distortion/incompatibilities of the primary 
zinc grains within the ZC2, making the ZC2 much harder to 
deform without damage compared to the ZC1. 

Fig. 12. (a) IPF map of a selected region within the ZC2 microstructure deformed up to 0.1 true strain, (b) the LOS map, (c) misorientation distribution along the 
arrow designated in (a). 

Fig. 13. Representative SEM micrographs showing the microstructure of the coatings deformed until a true strain of 0.1 during tensile test: (a) ZC1 and (b) ZC2.  
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(5) Not only the strengthening mechanism can be boosted through 
grain refinement, but also the ductility can be increased. As it has 
been manifested by various studies on HCP metals [34], grain 
refinement prompts the activation of non-basal slip systems and 
consequently enhances the ductility of the material. Grain 
refinement can also shorten the dislocation slip trajectory which 
leads to easier grain boundary movement and grain rotation 
during the deformation [39].  

(6) As it was elucidated in Sections 3.4 and 3.5, by increasing the 
grain size, the cracking tendency of the coating ZC2 increases 
chiefly due to the prevalent tensile twins. Whereas smaller grain 
sizes tend to increase the slip activation probability (Fig. 13a). 
Deformation twinning is shown to be an abundant mode of plastic 
deformation in HCP metals, specifically when the slip mechanism 
are retarded [40]. In contrast to slip mode deformation, twinning 
creates three dimensional sub-crystalline domains which conse-
quently induce internal stress fields within the grains. This is 
typically followed by a large shear between the twin boundary 
and the parent grain [41,42]. Moreover, deformation twinning is 
found to be more activated at the free surfaces (like those of the 
coatings) compared to the bulk material when subjected to plastic 
deformation [42]. Such coarse twin lamellae generated in the 
coarse-grained ZC2 coating, trigger high internal stress fields and 
subsequent damage within the Zn grains. This was confirmed in 
Fig. 12 by higher in-grain LOS values (e.g. for twinned G3 and 
G5) in contrast to low LOS value in the twin-free grains (e.g. G4). 
The above explanations elucidate the main contributing reasons 
of the damage and transgranular crack propagations in primary 
zinc grains which can further deteriorate other functionalities of 
the coatings including corrosion resistance. Therefore, promoting 
the slip activity by refining the microstructure of the Zn–Al–Mg 
coatings can notably boost the cracking resistance and 
formability. 

To put the present results in a broader picture on the plastic defor-
mation and cracking in Mg-alloyed zinc coatings, it is worthwhile to 
summarize the state of the art knowledge generated on this topic. Mg- 
alloyed zinc coatings, including the Zn–Al–Mg coating family, perform 
poorly under different loading conditions. There have been a few 
valuable attempts to understand the cracking in these coating systems 
which are of significant practical applications [3,27,28]. We have 
comprehensively tackled the deformation and cracking behaviors of 
these coating in our previous studies with different key points of 
attention and approaches. By understanding the cause and mechanism 
of cracking and generating a quantitative/predictive methodology [23], 
the microstructure of the Zn–Al–Mg coatings was tailored by eliminating 
the BE component [24]. This led to substantial improvement in cracking 
resistance through dislocation driven strengthening and plasticity. We 
consequently elucidated the influence of the steel substrates on cracking 
and formability of these coatings [26]. The cracking resistance of the 
Zn–Al–Mg coatings were improved by utilizing a ductile steel substrate 
without discontinuous yielding. The crystallographic texture control 
further enabled to prevent the cracking and inhibit the propagation of 
the cracks within the coating microstructures [29]. Ultimately this study 
uncovers another significant factor (i.e. grain refinement) for the crack 
suppression and enhancement of formability properties in Zn–Al–Mg 
coatings. The framework established above provides a foundation to 
design and optimize the structure-properties relationship for the next 
generation highly formable Zn–Al–Mg coatings by fostering synergic 
solutions (i.e. controlling phases, texture, grain sizes and 
coating-substrate combination). 

4. Conclusions 

In this paper, we have explored the deformation characteristics and 
cracking resistance of Zn–Al–Mg coatings on steel substrate as a function 

of the grain sizes. Microstructural level investigations imply the signif-
icance of the grain refinement in the deformation behavior of multi-
phase zinc alloy coatings. The cracking extent is quantified for two 
coatings with distinctly different grain sizes when subjected to in-situ 
SEM uniaxial tensile tests. The most notable conclusions of this work are 
as follows:  

• Zn–Al–Mg coating with fine primary Zn grain microstructure exhibits 
higher cracking resistance and formability capacity in comparison 
with the coating possessing coarse Zn grains.  

• Both deformation mechanisms and cracking behavior are found be to 
grain size dependent in Zn–Al–Mg coatings. 

• The plastic deformation in fine grain coating is predominantly gov-
erned by slip mechanisms, whereas it is controlled by prevalent 
deformation twinning for the coarse grain coating.  

• Deformation twinning induces in-grain distortions/damage and 
triggers intergranular cracking within the coarse Zn grains.  

• By stimulating grain refinement and decreasing the possibility of 
coarse twinning incidents, it is possible to enhance the cracking 
resistance and formability of Zn–Al–Mg coatings. 
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