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Abstract

Zn-Al-Mg coatings are characterized by a complex microstructure with dendritic and eutec-
tic phases. This heterogeneous phase distribution contributes to multiple deformation and
damage mechanisms. The presence of brittle phases promotes crack initiation and propaga-
tion. This study reveals a new deformation and damage mechanism of a Zn-Al-Mg coating,
where twinning can induce crack initiation in the eutectic region. The chronology of differ-
ent events leading to crack initiation and propagation is clearly established by in-situ tensile
testing in a scanning electron microscope, which helps to establish a detailed characterization
of the mechanical behavior of the coating.

Keywords: Coating; Mechanical properties; Twinning; Solidification microstructure;
Deformation and damage mechanisms

The increasing use of zinc-based coatings is justified by their high corrosion resistance as
well as their excellent mechanical properties such as wear resistance and adhesion [1, 2]. Zinc-
aluminum-magnesium coatings represent a significant part of the production of galvanized
coatings, especially in the automotive industry and in the production of solar panels. They
are characterized by the presence of different phases, including brittle phases [3, 4, 5]. The
latter are preferential sites for cracking and can significantly affect the structural integrity
of the coating.

The mechanical behavior of zinc-based coatings has been studied in several previous
works [2, 3, 6, 7, 8, 9]. The respective influence of composition, microstructure and crystal-
lographic texture were related to the formability of the coatings. However, the deformation
and damage mechanisms of Zn-Al-Mg coatings have not been thoroughly investigated. Such
coatings are characterized by the presence of dendritic and eutectic phases, which makes
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them significantly different from pure zinc coatings or coatings with low alloying element
content (< 0.2 wt%). Previous work has focused on the role of the binary eutectic phase
present in Zn-Al-Mg coatings and its contribution to the formability of the coating: it was
found to be a brittle phase in which most cracks preferentially form [3, 4, 10, 11].

The present work provides new insights into the chronology of deformation and damage
events in Zn-Al-Mg coatings. This allows for a better understanding of how cracks are
initiated and what can be done to further optimize the microstructure and improve the
formability of the coatings. In particular, a new damage mechanism resulting from the
interaction between dendrites and eutectic phases is revealed. Indeed, a causal interaction
between these two phases is observed, which affects the deformation and damage mechanisms
of the coating. Special attention is paid to the contribution of each phase to the crack
propagation in 3D in order to clarify the crack growth mechanisms through the thickness of
the coating.

In this work, an industrial Zn-Al-Mg coating deposited on steel by continuous hot-dip
galvanizing is studied. The steel composition and mechanical properties are shown in Table
1 and Table 2 respectively. The bath composition of the coating is Zn-1.2%Al-1.2%Mg.
The microstructure of the coating is shown in Figure 1. The coating is composed of pro-
eutectic zinc dendrites and two eutectic phases: a coarse binary eutectic Zn/MgZn2 and
a thin ternary eutectic Zn/Al/MgZn2. The dendritic phase is predominant with an area
fraction of about 67% as determined by surface image analysis. The film thickness is 5 µm.

Table 1: Chemical composition (wt%) of the steel substrate

C Mn P S Si Ti
≤ 0.12 ≤ 0.6 ≤ 0.1 ≤ 0.045 ≤ 0.5 ≤ 0.3

Table 2: Mechanical properties of the steel substrate

Rm - Tensile Strength (MPa) 270 - 330
ReH - Yield Strength (MPa) 170 - 180

A - Elongation L0=80 mm (%) 41

The crystallographic texture of the coating is studied using electron backscatter diffrac-
tion (EBSD) (Figure 2). It is recalled that zinc has a hexagonal close packed (HCP) struc-
ture. The coating is characterized by a strong basal orientation (Figure 2c), meaning that
for most grains the c-axis of the hexagonal cell is perpendicular to the surface of the coating.
However, some grains have different orientations, which can change the mechanical behavior
of the coating (Figure 2b) [10]. An important finding is the epitaxial relationship between
the proeutectic zinc dendrites and the eutectic zinc located in their vicinity (Figure 2b).
In other words, the eutectic zinc has the same orientation as the adjacent primary zinc
dendrite, which can also affect the behavior of the coating.

An in situ dog bone tensile specimen was cut from an industrial product processed at
ArcelorMittal. The surface was prepared using a Gatan PECS II ion polisher. An in-situ
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Figure 1: SEM image showing the microstructure of the Zn-1.2Al-1.2Mg coating in backscattered electrons:
Area 1 shows a zinc dendrite, area 2 is the binary eutectic phase Zn/MgZn2 and area 3 is the ternary eutectic
phase Zn/Al/MgZn2, the sample is prepared by ion polishing.

SEM tensile test was then performed up to 15% macroscopic strain. Images were taken
for each 1% increment of global strain. The stress-strain curve corresponding to the coated
substrate as well as the strain values where the SEM images were taken are shown in Figure
3b. The area of the specimen gauge is 8 × 4 mm2 with a thickness of 0.8 mm for the
substrate (Figure 3a). Within this gauge, a region of interest (ROI) corresponding to 1.5 ×
1.5 mm2 was defined on which gold patterns were deposited by electron beam lithography
[12] for further digital image correlation (DIC) analysis (Figure 4b).

Figure 3c details an area where a crack is observed within a dendrite. This crack is
located at twin boundaries. In fact, a twin band is observed at 3% macroscopic strain.
The latter grows with increasing strain and induces microcracking of the binary eutectic
phase (inside MgZn2). Starting from 6% macroscopic strain, this microcrack extends in
the eutectic zinc of the binary eutectic phase and then grows towards the zinc dendrite
along the twin boundaries. At higher strain levels this crack propagates and opens. The
formation of cracks within the binary eutectic phase can occur without necessarily being
associated the formation of a twin in an adjacent primary dendrite, but the occurrence of
such a phenomenon promotes the cracking within this phase. This finding is well in line
with the results reported in previous works [3, 4, 6] where the MgZn2 phase was identified
as the most brittle phase and the most prone to cracking and where the role of twinning
has been identified as detrimental for similar coatings with coarse grain structure. The
crystallographic orientation of the grains as well as the steel substrate condition the cracking
behaviour of the coating [10, 11], but this topic is beyond the scope of this short paper.
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(a) IPF-Z map of the Zn-1.2Al-1.2Mg coating

(b) A detail of the area highlighted in Figure
2a showing the epitaxy relationship between
proeutectic zinc dendrites and eutectic zinc

(c) Pole figures of area analyzed in Figure 2a (d) The standard IPF triangle

Figure 2: EBSD analysis of Zn-1.2Al-1.2Mg coating, Z is normal to the coating surface

However, the results showing the role of twinning in the formation of cracks within the binary
eutectic phase and at the twin boundaries suggest that a crystallographic orientation with
less basal grains could improve the cracking behaviour of the coating by drastically reducing
the number of grains susceptible to twinning and eventually the number of transgranular
cracks.

To better understand this mechanism, strain fields were calculated using the DIC tech-
nique (Figure 4). This is done using the CMV software [13]. Twinning is observed within
a zinc dendrite at early stages of strain. This twinning induces a high local level of strain
that causes the fracture of the brittle MgZn2 phase, which belongs to the binary eutectic
phase (Figure 4c). Such a mechanism is often observed in this study and is thought to be
the main cause of cracking in the binary eutectic. However, it should be noted that some
other microcracks are observed within the binary eutectic phase without being caused by a
twin.

The mechanism of mutual cracking between pro-eutectic zinc and the binary eutectic
phase is unique and is observed for the first time on coatings. The initiation of cracks at
twin boundaries for steel has been discussed in [14], but no previous work has dealt with
this mechanism for coatings or established a link between the phases. The specificity of the
mechanism studied in this work is that it shows the influence of each phase on the other
phases: the twin initially formed is responsible for crack initiation within the binary eutectic
phase. The same crack grows and induces crack initiation at the twin boundaries inside the
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(a) SEM in-situ tensile specimen (di-
mensions in mm)

(b) Stress-strain curve of the coated steel substrate. The markers highlight
the strain levels for which the SEM images are taken during the in-situ tensile
test

(c) Chronology of crack formation in the coating, the macroscopic strain level is shown at the corner of each step, tensile
loading direction is horizontal

Figure 3: SEM in-situ study of deformation and damage mechanisms in Zn-1.2Al-1.2Mg coating

zinc dendrites. We also recall the fact that the basal orientation is dominant in the coating,
meaning that most of the grains have an orientation that promotes twinning, making this
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mechanism very likely to occur. Furthermore, the epitaxial relationship between the pro-
eutectic zinc dendrites and the eutectic zinc justifies the extension of twinning bands within
the binary eutectic phase.

(a) Strain field measurements (b) A detail of the gold pattern used for DIC

(c) Detail of area 1 in Figure 4a (d) Detail of area 2 in Figure 4a

Figure 4: Strain field measurements using DIC (1% of macroscopic strain) showing the relationship between
the twinning mechanism and crack formation within the binary eutectic phase, tensile direction is horizontal.

Concerning strain localization, it is noteworthy that interfaces between phases play a
key role, Figure 4. This could be explained by the heterogeneity of the micro-mechanical
properties of the phases involved. For example, the primary zinc dendrite shows a very
different behaviour compared to the binary eutectic phase. This aspect is well described
in a previous work [3] where the binary eutectic was shown to be the most detrimental
constituent in terms of micro-ductility, despite having a higher yield strength compared
to primary zinc and ternary eutectic. The presence of the brittle intermetallic compound
MgZn2 is the main cause for such a difference in micro-mechanical properties.
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The strain localization at the interface could also be explained by the difference in to-
pography between the phases. In fact, the primary zinc dendrites occupy a plateau region
while the eutectic phases represent a valley. This contrast in topography and height could
make the interfaces a preferential site for strain localization.

A more detailed study of the observed crack is performed using SEM - Focused Ion
Beam (SEM-FIB), where the 3D Slice&View technique is used [15] (Figure 5). To observe
the extent of the crack in the coating thickness, several sections are made in an area where
this mechanism is observed. Figure 5a shows some of the cross-sections. We observe that
cracks forming within the binary eutectic phase (MgZn2 phase) can reach the steel-coating
interface in a discontinuous manner (Figure 5d). Zinc dendrites, eutectic zinc, and the
ternary eutectic act as barriers to these cracks (Figure 5b). As for the crack growth at the
twin boundaries and initially induced by the fracture of the binary eutectic phase, it remains
superficial (Figure 5c): this type of cracks is associated with a slight perturbation of the
local roughness of the coating without further propagation towards the steel substrate.

This work complements the recently published works that have studied the mechanical
behavior of Zn-Al-Mg coatings. It is clear that twinning plays a crucial role in conditioning
the deformation and the damage mechanisms of such coatings. This was highlighted in [6]
where the effect of the grain size of a Zn-Al-Mg coating on its formability was discussed. It
was shown that a coating with a coarse microstructure would have a decrease in its mechan-
ical performance and this is mainly due to the presence of large transgranular cracks caused
by twinning. This aligns with the findings of the current work. This also gives an indication
of a potential improvement path. In fact, a coating with a more refined microstructure
should perform better because the presence of more grains leads to the presence of more
grain boundaries that act as barriers to crack propagation. In addition, limiting the grain
size should limit the occurrence of twinning and the size of the twins, resulting in an opti-
mized mechanical robustness. Another work [10] highlighted the role of the crystallographic
texture where a strong basal orientation was found to be a factor in improving formability.
This contradicts with the previous statements since a strong basal orientation leads to a
higher twinning rate. Therefore, it has become clear that there is a certain trade-off be-
tween the grain size and the crystallographic texture that needs to be defined: the grain
size should be optimized first then the actions towards having a fiber-like basal orientation
should be undertaken.

In conclusion, we have investigated a new deformation and damage mechanism for the
Zn-1.2Al-1.2Mg coating where a mutual causal effect between the pro-eutectic zinc dendrites
and the binary eutectic phase is observed. Twinning causes high local strain levels leading
to crack initiation within the brittle MgZn2 phase. Such cracks can grow through the zinc
dendrite along the twin boundaries. Some other microcracks are observed within the binary
eutectic phase. The eutectic zinc and the ternary eutectic phase were observed to act as
barriers to crack propagation. The MgZn2 is the most detrimental phase in the coating.
These observations give an idea of what could be done to improve the formability of the
coating: reducing the volume fraction of the binary eutectic phase is essential for better
formability. The 3D observations showed that the coating has an overall good adhesion to
the steel substrate. Some cracks can reach the steel-coating interface in a discontinuous
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(a) BSE image of the ROI where the cracking mechanism is observed

(b) Cross-section, see arrow 1 in Figure 5a

(c) Cross-section, see arrow 2 in Figure 5a

(d) Cross-section, see arrow 3 in Figure 5a

Figure 5: 3D FIB analysis of Zn-1.2Al-1.2Mg coating

manner and form mainly within the MgZn2 phase.
This work is part of a more comprehensive analysis of the mechanical behavior of hot-dip

Zn-Al-Mg coatings that will be presented in future work.
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