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ABSTRACT 
 
ZnAlMg coatings produced by hot-dip galvanization process have shown superior corrosion 
resistant, anti-galling and wear performances. Nevertheless, currently these coatings exhibit lower 
cracking resistance and ductility compared to conventional galvanized zinc (GI) coatings on steel 
sheets during forming processes. In this study, mechanical properties and cracking behavior of 
ZnAlMg galvanized steels have been investigated thoroughly. Microstructure, mechanical 
properties and key causes of cracking initiation and propagation have been scrutinized by utilizing 
scanning electron microscopy (SEM), orientation imaging microscopy, nanoindentation and in-situ 
SEM tensile/bending tests. Ultimately, effective plastic deformation-based factors are obtained to 
understand the cracking behavior and consequently link the microstructural features to cracking 
tendency of these coatings. The findings of this study are employed in designing new 
microstructure controlled ZnAlMg coatings with superb cracking resistance. 
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INTRODUCTION 
 
Amongst zinc alloy coatings, hot-dip galvanized ZnAlMg coatings are well known for their 
extensive applications in construction and automotive industries in order to protect steel sheets. 
These coatings have offered outstanding corrosion and friction/wear performances in comparison 
with pure zinc (GI) coatings on steel substrates [1–5]. Nevertheless, cracking resistance and 
formability properties of these coatings are found to be lower compared to conventional zinc 
coatings.  
Corrosion, composition, microstructure and hot-dip galvanization process parameters associated 
with these coatings have been studied in the literature [6–10]. There have been some efforts on the 
deformation and cracking of the conventional pure zinc coatings [11–14]. Yet there are limited 
studies in the literature concerning cracking behavior and formability of ZnAlMg coatings. Both 
Kollárová et al. [8] and De Bruycker et al. [15] carried out hardness evaluation experiments with 
varying contents of magnesium and aluminum. Kollárová et al. pointed out that the Knoop hardness 
was approximately doubled for the ZnAlMg specimen compared to the conventional zinc specimen. 
Much thicker cracks were observed in ZnAlMg microstructure after forming tests compared to pure 



zinc coatings. They also stated that better adhesion properties could be obtained by adding Al and 
Mg to the coating material. It was also reported that hardness significantly increases when 
aluminium is added to pure zinc and even more when the magnesium content is increased. They 
suggested a thermodynamic approach to provide better understanding about the solidification of the 
coating in hot-dip galvanization. Dutta et al. [16] investigated the morphology and microstructure of 
ZnAlMg hot-dip coatings. Hardness and scratch resistance of the coatings were increased by 
increasing magnesium content. Zunko et al. [17] focused on the effect of ZnAlMg coating thickness 
and steel substrate on cracking phenomenon. They claimed that thinner coatings deliver lower 
cracking density during deformation. An investigation on the cracking behavior of Zn2.5Al3Mg 
and Zn6Al3Mg coatings as the function of orientation was studied by Park et al. [16] using macro 
scale testing. They utilized electron backscatter diffraction (EBSD) analysis and found that 
crystallographic orientation of the primary zinc and eutectic phase affect the cracking tendency of 
the coating. They also indicated the presence of cracks before performing bending tests. They stated 
that the various coefficients of thermal expansion of the coating phases and the substrate generate 
tensile stresses along the planar direction of the coating that might influence the mechanical 
properties and cracking behavior of the coating. However, a clear understanding of cracking 
behavior as the function of different parameters yet remains unknown. 
Comprehensive understanding of the cracking behavior of ZnAlMg coatings is still lacking. To 
achieve a thorough comprehension regarding the cracking behavior, it is vital to focus on in-situ 
micro-scale evaluations. Micro ductility and local orientation of the present phases can deliver 
helpful insights to explain the cracking initiation and propagation. In addition, the evolution of 
crack openings as well as the cracking pattern need to be quantified and studied by in-situ real time 
evaluations. This study focuses on these gaps and generates a groundwork for further investigations 
regarding cracking behavior of ZnAlMg coatings.  
 
 
MATERIALS AND EXPERIMENTAL METHODES 
 
For microstructural characterization, small samples were cut from the as-received Zn1.8Al1.8Mg 
coated high strength low alloy (HSLA) steel sheets with a total thickness of 0.6-0.62 mm produced 
by continuous hot-dip galvanization process (HDG). Samples were prepared by two polishing 
methods. First mechanical polishing using 1 µm diamond suspension and water-free lubricate on a 
Nap disc. Second, the mechanically polished sample was ion milled for 10-15 minutes with an ion 
polisher (JEOL IB-19520CCP) to attain a surface with good smoothness and quality for 
nanoindentation tests and electron backscattered diffraction (EBSD) analysis. The surface 
microstructure of the coating was studied by scanning electron microscopy (SEM, Philips XL30-
FEG ESEM) and associated energy dispersive X-ray spectroscopy (EDS) mapping. EBSD analysis 
was performed in Philips XL30-FEG ESEM and postprocessing analysis of the data have been 
conducted using EDAX-TSL OIM software.  
To assess the micro-scale mechanical properties of the present phases, load controlled 
nanoindentation experiments with the force of 3 mN are carried out using MTS Nano Indenter XP 
with a Berkovich tip at the continuous stiffness measurement mode. Appropriate spacing between 
the indents was applied in order to indent large number of the grains and phases.  
To directly assess the real time cracking development, in-situ tensile tests were carried out 
employing Kammrath & Weiss (K&W) tensile module in EM. The dimensions of the tensile 
specimen gauge were as follows: 11.5 mm (length) × 3.5 mm (width) × 0.61 mm (thickness). The 
cracking behavior was also evaluated by in-situ bending (buckling) tests by means of the same stage 
on 20 mm × 7 mm × 0.61 mm specimens.  

 
 

 



 
RESULTS AND DISCUSSIONS 
 
One of the challenging aspects of characterization of ZnAlMg coatings is to obtain a good surface 
quality. Since typically the coating thickness lies around 10-15 µm, conventional bulk material 
preparation methods including mechanical grinding is not useful for the coatings. Yet, a helpful 
alternative is direct polishing of the sample. Fig. 1a illustrates the surface of the mechanically 
polished Zn1.8Al1.8Mg coating indicating three different microstructural components i.e. primary 
zinc (Zn), binary eutectic (Zn + MgZn2), ternary eutectic (Zn + MgZn2 + Al). As it can be observed, 
there exist some scratches over the grains due to mechanical polishing which makes the surface 
inappropriate for further EBSD and nanoindentation experiments. To overcome this, the sample is 
further ion polished and shown in Fig. 1b. As it can be noted, the microstructure is appeared much 
more smooth. The coating thickness is found about 15 µm by SEM cross sectional analysis given in 
Fig. 1c.  
 

  
 

 
 
Fig. 1 (a) SEM micrograph of the surface of Zn1.8Al1.8Mg coating prepared by mechanical 
polishing; (b) SEM micrograph of the surface of the coating prepared by ion milling; (c) cross 
sectional SEM image of the coating.  
 
In order to evaluate the mechanical properties associated with different microstructural component 
of the coating, nanoindentation tests were performed on the surface of the ZnAlMg coating. The 
indents along with EDS phase mapping are shown in Fig. 2a. Fig. 2b also depicts the corresponding 
SEM image of the selected area. As it can be noticed, all the existing phases are taken into account 
to obtain the corresponding local micromechanical properties. The size of the indents is found 
larger in the primary zinc grains compared to that in the eutectics.  



 

 
 
Fig. 2 (a) EDS phase mapping on the surface of nanoindented ZnAlMg coating; (b) SEM image of 
the selected area.   
 
The results of the nanoindentation experiments are given in Table 1. As revealed, binary eutectic 
exhibits the highest hardness (H) but the lowest maximum penetration depth (p) and the lowest 
strain hardening exponent (n) among the microstructural components. This important finding 
indicates that, binary eutectic is the weakest component in terms of ductility and formability. 
Primary zinc phase delivers the best performance in terms of p and n values. One can perceive that, 
the contrast observed in the mechanical properties of the constituents is mostly attributed to the 
presence of hard but brittle MgZn2 phase. The fraction and thickness of MgZn2 intermetallic phase 
in binary eutectic are much larger compared to that of the ternary phase. Higher p and n values 
associated with the primary zinc and ternary eutectic indicate the higher tendency of these phases to 
endure plastic deformation and to offer higher ductility extent. 
 

Table. 1 Average mechanical properties obtained by the nanoindentation experiments. 
 

Phase Youngs modulus 
(GPa) Hardness (GPa) Max. penetration 

depth, p (nm) 
Strain hardening 

exponent, n 
Primary zinc 108 1.5 328 0.34 

Binary eutectic 92 2.7 242 0.08 
Ternary eutectic 98 2.4 304 0.24 

 
In addition to the local mechanical properties, crystallographic orientations of the microstructural 
components may play a significant role in ductility and consequently cracking tendency of the 
phases. For this purpose, EBSD analyses are performed on the ZnAlMg coating both before and 
after deformation. Fig. 3 shows the EBSD results of the coating before deformation. Fig. 3a 
represents the inverse pole figure (IPF) map along with the image quality (IQ) map of the 
investigated region of the coating. As it can be noted, the coating exhibits several random 
orientations revealed by different colors. However, the IPF texture representation of the coating 
given in Fig. 3c indicates that, most of the phases are oriented along [0001] and [2 0] orientation 
preferences. Many twinning can be observed in the IPF map. Moreover, phase fraction analysis by 
EBSD in Fig. 3b shows that, the majority of the coating microstructure is occupied by the primary 
zinc phases followed by magnesium zinc intermetallic (MgZn2) and aluminium, which are in line 
with previous observation utilizing EDS mapping. EBSD analysis on the cracked regions will be 
furthered discussed in this study.  



 

 
Fig. 3 EBSD results of the as-received Zn1.8Al1.8Mg coating: (a) inverse pole figure plus image 
quality map; (b) phase map; (c) IPF texture representation.  
 
Cracking behavior of ZnAlMg coating is investigated by means of in-situ uniaxial tensile test. A 
random region (see Fig. 4) of the coating surface is selected and further tracked during the in-situ 
test. At global strain value around 0.04, the first micro cracks appear mostly in the binary eutectic 
namely the weakest microstructure component as already revealed by nanoindentation. This strain 
value lies in the Lüders band region of the steel substrate. Some of the cracks are further propagated 
through the primary zinc grains as a result of unfavourable crystallographic orientations with 
respect to the loading direction. The in-depth origin of micro-scale cracking have been examined 
and discussed by the authors [18]. Furthermore, average crack openings (width) are measured using 
image analysis and plotted versus the applied strain in Fig. 4f. As it can be observed, the crack 
opening is substantially increased as the deformation proceeds to higher strain values.  
 

  
 



  
 

  
 
 
 

Fig. 4 In-situ tensile test results on Zn1.8Al1.8Mg coating: (a) selected region before deformation; 
(b) selected region at strain 0.04; (c) crack initiation in binary eutectic (d) selected region at strain 
0.2; (e) selected region at the end of the test; (f) average crack opening versus applied global strain. 
  
In order to evaluate the influence of crystallographic orientation on the cracking behavior of the 
microstructural constituents of ZnAlMg coating, EBSD analyses have been performed on the 
cracked and non-cracked areas. The results of the EBSD denote that phases aligned with [0001] 
parallel to the ND of the sample surfaces have managed to sustain cracking. On the other hand, 
some orientations are found as the detrimental and unfavourable orientation leading to cracking of 
the present phases. These unfavourable orientations normally exhibit low Schmid factor (m) and 
low strain hardening exponents (n) leading to cracking [18].  
Bending mode deformation as an industrial relevant process is frequently used in the sheet metal 
forming. Therefore, the cracking behavior of the ZnAlMg coating is also investigated in bending 
tests. The results of the average crack opening (width) versus bending angle are plotted in Fig. 5. 
The corresponding top view SEM images of each stage of the bending are also illustrated. As it can 
be seen, by increasing the bending angle, more cracks are formed. It is significant to remark that, 
the formed cracks are further coalesced and formed larger cracks mostly aligned with the bending 
axis. At 0° bending angle, the sample is totally bent which corresponds to 0T bending mode used in 
industry. These large crack opening need to be reduced by implementing microstructural and 
processing parameter modifications in HDG process inspired by this study. 
  



 

Fig. 5 Variation of the crack opening (width) versus bending angle of Zn1.8Al1.8Mg coating.  
 
CONCLUSIONS 
  
In this study, in-situ characterization and testing methods have been utilized to study the 
mechanical properties and cracking behavior of Zn1.8Al1.8Mg coating. Binary eutectic exhibits the 
lowest ductility and cracking resistance among the microstructure components of the coating. The 
orientations associated with the cracking tendency of the present phases have been investigated. 
Crack opening (width) has been correlated with strain values and bending angles. Larger cracks 
have formed in the bending deformation with a pattern mostly aligned with the bending axis. The 
findings of this study are applied for further comprehensive analysis on cracking phenomenon and 
designing a microstructure controlled ZnAlMg coating with excellent cracking resistance.  
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