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In this work, a galvanized zinc coating with a Cu interlayer was successfully coated onto AZ31 

magnesium alloy. The microstructure and corrosion resistance of the zinc-coated magnesium alloy were 

then investigated using scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), 

optical microscopy (OM), electrochemical impedance spectroscopy (EIS), and potentiodynamic 

polarization testing. The results revealed that a dense pure zinc coating with a thickness of approximately 

100 µm was coated on the magnesium alloy surface. A reaction/diffusion layer formed at the interface 

between the Cu interlayer and the magnesium alloy, implying that the bond between the galvanized zinc 

coating and the magnesium alloy was metallurgical. Electrochemical tests in a NaCl solution revealed 

that surface modification of the magnesium alloy with the zinc coating could significantly enhance the 

corrosion resistance of the magnesium alloy. In addition, the galvanic corrosion between the galvanized 

zinc coating and the magnesium alloy was also investigated and discussed. 
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1. INTRODUCTION 

 

Magnesium alloys have excellent performance, e.g., low density, high specific strength and 

rigidity, good damping performance, electromagnetic shielding and radiation resistance. Thus, 

magnesium and its alloys have attracted increasing attention and possess great application potential in 

the automobile, aviation, electronics and military industries[1, 2]. However, due to the insufficient 

surface properties of magnesium alloys, their application is greatly restricted mainly due to poor 

corrosion resistance [2]. Surface technology, such as spraying[3, 4], laser and ion beam[5-7], 

physical/chemical vapor deposition[8], chemical conversion[9-13], electroplating/electroless 
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plating[14-16], anodic oxidation[17] and thermal diffusion[16, 18], have been used to improve the 

corrosion resistance of magnesium alloys. These protective coatings on magnesium alloys prepared by 

the abovementioned surface techniques include inorganic, organic, metal and mixed coatings[3, 12, 17, 

19-25]. 

From the perspective of economy and practicality, metal and its alloy coatings, such as 

electroplating copper and electroless nickel[26-28], spraying aluminum/stainless steel/zinc coating[29-

33], and thermal diffusion aluminum/zinc coating[18, 34], are generally used to enhance the corrosion 

resistance of magnesium alloys. In particular, metal coatings can not only provide a protective barrier 

for magnesium alloys in service environments but also ensure good electrical and thermal conductivity 

of magnesium alloy components. These advantages of metal coatings have attracted the attention of a 

large number of researchers. Zinc coatings often show excellent corrosion resistance in atmospheric and 

humid environments. The corrosion products of zinc coatings are also highly dense, which delays further 

corrosion[35, 36]. In addition, when compared with nickel, copper, stainless steel, titanium and other 

metal coatings, the potential difference between zinc coatings and magnesium alloys is relatively small, 

which helps to reduce the galvanic corrosion tendency between zinc coatings and magnesium alloys. 

Therefore, zinc coating is a relatively ideal metal coating to improve the corrosion resistance of 

magnesium alloys. 

Cold/thermal spraying and thermal diffusion have been reported for the preparation of zinc-based 

coatings on magnesium alloys[4, 18, 29]. However, cold/thermally sprayed zinc coatings usually have 

pores and cracks, which cannot completely mimic the properties of the bulk metals. The heat treatment 

of a thermal diffusion zinc coating often requires a long time (100 minutes to more than 10 hours[18]), 

which means that the production efficiency is low. In addition, it is easy to cause a temperature increase 

in the process of zinc coating preparation, which reduces the microstructure and properties of the 

magnesium alloy. Note that the galvanized zinc coating possesses metallurgical bonding with the steel 

substrate, and it can be obtained in a very short time at a relatively low temperature[35-37]. Keeping this 

in mind, in this work,  a hot-dip galvanized zinc coating with a Cu interlayer was developed on AZ31 

magnesium alloy to enhance the corrosion resistance of the magnesium alloy. The corrosion behavior of 

the galvanized coating on the magnesium alloy was investigated. The interfacial reaction behavior 

between the Cu interlayer and the zinc bath, as well as the Cu interlayer and the magnesium alloy, was 

also investigated and discussed. In addition, the effect of the hot-dipping process on the microstructure 

change of the magnesium alloy was also investigated and discussed. 

 

 

 

2. MATERIALS AND METHODS 

2.1 Electroplating treatment 

AZ31 magnesium alloy with a composition of 2.71 wt.% Al, 0.19 wt.% Mn, 0.69 wt.% Zn, and 

balance Mg was selected as the substrate for this work. The AZ31 magnesium alloy was cut into plates 

(size: 50 mm × 20 mm × 5 mm.). The sample surface was sequentially polished with 200, 500 and 1000 

grit silicon carbide paper. Then, the polished samples were ultrasonically cleaned in anhydrous ethanol, 
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rinsed with distilled water, and finally dried in cool air. The above-treated samples were subjected to 

alkaline degreasing, pickling, activation, zinc leaching and copper electroplating in sequence, as 

described previously[28]. 

 

2.2. Hot-dipped galvanizing 

The precopper samples were rinsed with flowing tap water and then dipped in a flux bath (95 g/L 

ZnCl2 + 150 g/L NH4Cl) at 58 °C for 60 s. The flux-coated samples were dried at 120 °C for 100 s in a 

drying box and then subsequently galvanized in a pure zinc bath at 435 °C for 90 s. The zinc-coated 

sample was cooled with water immediately after being lifted from the zinc bath. 

 

2.3. Coating characterization 

The cross-sectional morphology and elemental composition of the galvanized zinc coating on the 

magnesium alloy surface were characterized by scanning electron microscopy (SEM) equipped with 

EDS (GeminiSEM300). The electrochemical corrosion behavior of the AZ31 magnesium alloy and the 

galvanized zinc coating were estimated by electrochemical measurements using an electrochemical 

workstation (Gamry Interface 1000E). A static 3.5 wt.% NaCl solution was used as the electrolyte, and 

the samples were mounted with epoxy resin with an exposed area S = 1 cm2. A three-electrode cell with 

the specimen as the working electrode, platinum as the counter electrode, and a saturated calomel 

electrode as the reference electrode was constructed. EIS spectra were collected with a frequency range 

of 105 Hz -10−2 Hz and an amplitude of ±10 mV at open circuit potential. Potentiodynamic polarization 

curves were obtained in the corrosive solution at a scanning rate of 0.1 mV/s. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Microstructure observation 

Fig. 1 shows the cross-sectional SEM backscattered images of the Cu interlayer and the 

galvanized zinc coating. The thickness of the Cu interlayer is approximately 15 µm before hot-dip 

galvanization (see the bright layer in Fig. 1a). After hot-dip galvanizing, one can observe a zinc layer 

with a thickness of approximately 105 µm covering the surface of the Cu interlayer (see the bright layer 

in Fig. 1b). Fig. 1c shows a high-magnification image of the interface layer between the galvanized zinc 

coating and the AZ31 magnesium alloy substrate. The line scans of Zn, Cu, Mg and Al crossing the 

coating are also shown in Fig. 1c. In Fig. 1c, the line scanning result indicates that the galvanized zinc 

coating is composed of a pure zinc layer, a Cu-Zn intermetallic layer (see reaction layer Ⅰ), a Cu interlayer 

and an obvious intermetallic layer between the AZ31 magnesium alloy substrate and the Cu interlayer 

(see reaction layer Ⅱ). The Cu-Zn intermetallic layer has a thickness of approximately 3.5 µm. Moreover, 

one can see that the Cu-Zn intermetallic layer is denser than the Cu layer. The thickness of the Cu 

interlayer is approximately 8 µm after hot-dip galvanization. The intermetallic layer appearing between 
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the AZ31 magnesium alloy substrate and the Cu interlayer has a thickness of approximately 2 µm. This 

result implies that the Cu interlayer was partially dissolved in the zinc bath, during which the formation 

of the Cu-Zn intermetallic layer occurred. Furthermore, a reaction/diffusion layer was also formed 

between the Cu interlayer and the magnesium alloy substrate, which is very beneficial for improving the 

bonding force between the galvanized zinc coating and the magnesium alloy. 

 

 
 

Figure 1. Cross-sectional SEM backscattered images of the coatings on the AZ31 magnesium alloy: a) 

Cu interlayer, b) galvanized zinc coating and c) high-magnification image of the interface layers 

between the galvanized zinc coating and the AZ31 magnesium alloy and its corresponding line 

scanning. 

 

 

The interface layers between the AZ31 magnesium alloy substrate and the Cu interlayer before 

and after hot-dip galvanizing are presented in Fig. 2. One can see that the interface layers obtained before 

and after hot-dip galvanization are quite different. Fig. 2a shows that there is an obvious interface layer 

between the Cu interlayer and the AZ31 magnesium alloy. In Table 1, the EDS analysis result shows 

that there is a small amount of residual zinc layer between the Cu interlayer and the magnesium alloy. 

Note that the residual zinc layer should come from zinc leaching before Cu electroplating. Then, the Cu 

interlayer and the AZ31 magnesium alloy are basically in direct contact without a reaction layer. 

However, Fig. 2b shows that an obvious reaction/diffusion layer forms between the Cu interlayer and 

the AZ31 magnesium alloy, which indicates that a metallurgical bond is formed between the Cu 

interlayer and the AZ31 magnesium alloy after the hot-dipping process. Moreover, in Table 1, the EDS 

analysis result shows that the reaction/diffusion layer is mainly composed of Cu, Mg and Zn. In addition, 

in Fig. 2c-f, elemental maps also show that the interface layer between the Cu interlayer and the AZ31 

magnesium alloy is mainly composed of Cu, Mg and Zn elements. 
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Figure 2. High-magnification image of the interface layers between the Cu interlayer and the AZ31 

magnesium alloy: a) before hot-dip galvanization and b) after hot-dip galvanization and the 

corresponding elemental maps. 

 

 

In Fig. 1, the microstructure observation indicates that a hot-dip galvanized zinc coating can be 

successfully developed on the AZ31 magnesium alloy with the Cu interlayer. According to the Mg-Zn 

binary phase diagram[38], one can see that the melting point of the Mg-Zn intermetallic compounds is 

lower than that of the zinc bath (approximately 435℃); the use of which would result in the failure to 

form a high melting point protective layer at the interface between the magnesium alloy and the zinc 

bath, and then the magnesium alloy would be quickly dissolved in the zinc bath. Therefore, in this paper, 

a high melting point Cu interlayer was preplated on the surface of the AZ31 magnesium alloy substrate 

(Fig. 1a). The Cu interlayer on the magnesium alloy surface serves two main functions: 1) prevents 

severe dissolution of the magnesium alloy in the acid pickling and fluxing solutions and 2) prevents the 

magnesium alloy from directly contacting the zinc bath, thereby avoiding rapid dissolution of the 

magnesium alloy in the zinc bath. 

In Fig. 1a and c, one can see that the Cu interlayer is partially dissolved and that Cu-Zn 

intermetallic compounds form on the surface of the Cu interlayer. When the Cu interlayer contacts the 

zinc bath, it begins to dissolve, accompanied by the formation of the Zn-Cu intermetallic compound 

layer. The formation of the Zn-Cu intermetallic compound layer prevents the Cu interlayer from further 

rapid dissolution into the zinc bath. In Fig. 1c, the line scan results reveal that the Cu-Zn layer is a 

gradient metal layer with the zinc content gradually decreasing from the outside to the inside. According 

to the Zn-Cu binary phase diagram[39] and a previous study[40], the protective Zn-Cu layer may contain 

ε-CuZn5, δ-CuZn3, γ-Cu5Zn8 and β-CuZn phases from outside to inside crossing the galvanized zinc 

coating. 

 For the interface layer between the Cu interlayer and the magnesium alloy, the EDS analysis 

result (Fig. 2c-f and Table 1) reveals that the interlayer is mainly composed of Mg, Cu and Zn elements. 

During hot-dip galvanizing, the residual Zn layer (see Fig. 2a) derived from zinc leaching may melt and 
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react with the Cu interlayer and the magnesium alloy. The melted zinc may promote the mutual diffusion 

of magnesium and copper atoms, resulting in the formation of an obvious reaction/diffusion layer (see 

Fig. 2b). According to the Mg-Cu and Mg-Zn binary phase diagrams[38, 39, 41, 42], the 

reaction/diffusion layer may be composed of Mg-Cu, Mg-Zn, Cu-Zn and Mg-Zn-Cu intermetallic 

compounds. The formation of the reaction/diffusion layer is helpful to improve the bonding strength 

between the galvanized zinc coating and the magnesium alloy. 

Fig. 3 shows the microstructure of the AZ31 magnesium alloy before and after hot-dip 

galvanization. In Fig. 3b, one can observe that the size, shape and distribution of the grains in the AZ31 

magnesium alloy change very little when compared with the microstructure of the AZ31 magnesium 

alloy before hot-dip galvanization. However, in Fig. 3b, the occurrence of grain growth in some regions 

of the AZ31 magnesium alloy can still be observed (see the heat-affected zone). Grain growth occurs on 

the magnesium alloy substrate in the vicinity of approximately 500 μm from the zinc coating. This result 

reveals that the hot-dipping process can cause grain growth of the magnesium alloy. However, the region 

where grain growth occurred was not large since the hot dipping time (90 s) was very short. Therefore, 

the effect of the hot-dipping process on the physical properties of magnesium alloy should be limited. 

 

 
 

Figure 3. OM images showing the microstructure of the AZ31 magnesium alloy in this work: a) before 

hot-dip galvanization and b) after hot-dip galvanization. 

 

3.2 Corrosion tests 

3.2.1 Electrochemical corrosion behavior in a NaCl solution 

The corrosion resistance of the galvanized zinc coating and the AZ31 magnesium alloy was 

comparatively investigated in a 3.5% NaCl solution. Fig. 4 shows the representative EIS spectra of the 

AZ31 magnesium alloy and the galvanized zinc coating. When observing the Nyquist diagram for the 

AZ31 magnesium alloy, it can be seen that the Nyquist diagram presents two loops with distinct features. 

In detail, at high frequencies, the Nyquist diagram presents a capacitance loop, and at low frequencies, 

it presents an inductive loop. The capacitance loop appears at high frequencies and could describe the 

charge transfer process of Mg/Mg2+ at the double layer between the magnesium surface and the 

electrolyte. The charge transfer resistance of the Mg electrode could be measured with the diameter of 

the capacitance loop[43]. For the inductive loop, it is generally believed that the inductive loop represents 

the desorption of corrosion products and the reaction of Mg+ with water[44]. For the Nyquist diagrams 

of the galvanized zinc coating, the Nyquist plot presents two distinct capacitive loops. The appearance 

of the first capacitive loop at high frequency is related to infiltration of the electrolyte; the existence of 
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the second capacitive loop at low frequency is attributed to charge transfer during the corrosion process 

and the behavior of the double layer at the coating/electrolyte interface[35]. 

 

 

 
 

Figure 4. Representative EIS spectra of the AZ31 magnesium alloy and the galvanized zinc coating in 

a 3.5% NaCl solution. 

 

 

Fig. 5 shows the equivalent circuit used to fit the EIS spectra of the samples. The calculated 

values are presented in Table 2. For the equivalent circuit for the AZ31 magnesium alloy in Fig. 5a, Rs 

was used to describe the solution resistance, and R1 (the charge transfer resistance) and CPE1 (constant 

phase element) were used to describe the properties of the capacitive loop at high frequency. Again, R2 

and L were used to describe the properties of the inductive loop at low frequency. Generally, the 

reciprocal of Rp (polarization resistance) is proportional to the corrosion resistance of the samples[43]. 

Based on the equivalent circuit model in Fig. 5a, the value of 1/Rp can be calculated by the following 

equation: 

𝑅𝑝 = 
𝑅1∗𝑅2

𝑅1+𝑅2
                   (1) 
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For the equivalent circuit for the galvanized zinc coating in Fig. 5b, Rs was used to represent the 

solution resistance. The coating capacitance was represented by using a constant phase element CPE1, 

and the coating resistance was described by using R1. The double layer capacitance was described by 

using another constant phase element CPE2, and the charge transfer resistance of the double layer was 

described by using R2. 

Because of the uneven distribution of the surface reactions, a CPE is usually used instead of a 

pure capacitance. The impedance of the CPE is calculated as follows: 

𝑍𝐶𝑃𝐸  = (𝑌0)−1(𝑗𝜔)−𝑛               (2) 

where Y0, j, ω and n are defined as follows[35]: 

 Y0 represents the initial admittance of the CPE, linking to the surface properties and the 

electroactive species; 

J represents the imaginary unit, and j2 = -1; 

ω represents the angular frequency, and ω =2πf, where f is the frequency; and 

n is the exponential term corresponding to the depression degree of the impedance spectra. 

 

 
 

Figure 5. Equivalent electrical circuit used for the simulation of the EIS data: a) EEC model for the EIS 

data of the AZ31 magnesium alloy41 and b) the EEC model for the EIS data of the galvanized 

zinc coating32. 

 

 

According to the fitting results in Table 2, one can observe that the obtained 1/Rp value of the 

galvanized zinc coating is obviously much smaller than that of the AZ31 magnesium alloy. This implies 

that the corrosion resistance of the AZ31 magnesium alloy can be dramatically improved by the 

galvanized zinc coating. 

Fig. 6 presents the potentiodynamic polarization curves for the AZ31 magnesium alloy and the 

galvanized zinc coating. Table 3 lists the corresponding parameters obtained from the polarization curves 

in Fig. 6. In Fig. 6, one can observe that the experimental anodic Tafel regions of the two polarization 

curves are not well defined; then, the corrosion current density (icorr) is determined by extrapolating the 

cathodic Tafel region[43]. As seen in Table 3, the corrosion potentials (Ecorr) of the AZ31 magnesium 

javascript:;
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alloy and galvanized zinc coating are -1.56 V (vs. SCE) and -1.02 V (vs. SCE), respectively. After hot-

dip galvanizing, the corrosion current density (icorr) of the magnesium alloy significantly decreases from 

79.35 μA/cm2 to 3.83 μA/cm2. The result is in good agreement with that obtained from the EIS study in 

Fig. 4. 

 

 

 
 

Figure 6. Representative polarization curves of the galvanized zinc coating and the AZ31 magnesium 

alloy in a 3.5% NaCl solution. 

 

 

The results of the EIS and potentiodynamic polarization curves indicate that the corrosion 

resistance of the AZ31 magnesium alloy effectively improves after hot-dip galvanization. Since the 

galvanized zinc coating shows better corrosion resistance than the magnesium alloy in the NaCl solution, 

the magnesium alloy could be separated from the corrosive ions (such as Cl-) by coating with a zinc 

layer. In addition, as the service life of the galvanized zinc coating is proportional to its thickness, it is 

necessary to cover the surface of the magnesium alloy with a thick galvanized zinc coating layer. 

Therefore, in this work, the galvanized zinc coating with a thickness of approximately 100 μm is very 

promising. 

However, it should also be realized that since the corrosion potential of the zinc coating is higher 

than that of the magnesium alloy, once holes or cracks appear between the zinc layer and the magnesium 
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alloy, galvanic corrosion easily forms between the magnesium alloy and the zinc layer, which may 

accelerate the corrosion of the magnesium alloy. In conclusion, ensuring that the galvanized zinc coating 

has a certain thickness and integrity is very important to the improvement of the corrosion resistance of 

the magnesium alloy. 

 

3.2.2 Cut-edge corrosion behavior in a NaCl solution 

The galvanic corrosion behavior between the galvanized zinc coating and the AZ31 magnesium 

alloy was further investigated in a 3.5% NaCl solution. Fig. 7 shows the cut-edge corrosion morphology 

of the zinc-coated AZ31 magnesium alloy after 5 h of immersion. One can observe that corrosion occurs 

on the whole surface of the magnesium alloy, accompanied by the formation of obvious corrosion 

products. In addition, it can be seen that more corrosion products are formed on the surface of the 

magnesium alloy substrate near the zinc layer, implying that the corrosion degree of the magnesium 

alloy near the zinc layer may be more serious than that in other areas. For the galvanized zinc layer, its 

surface morphology is clearly visible (shown in Fig. 7b), and only a small amount of corrosion products 

appears on the surface of the galvanized zinc coating, which means that there is no corrosion or only 

slight corrosion occurring on the surface of the zinc layer. The map scan result indicates that the 

corrosion products are mainly composed of Mg and O elements, and some corrosion products containing 

Mg migrate to the zinc coating surface. 

 

 

 
 

Figure 7. a) and b): SEM image of the corrosion morphology of the zinc-coated magnesium alloy in a 

3.5% NaCl solution after 5 h of immersion and c)-f): the corresponding elemental maps. 

 

 

Fig. 8 shows the corrosion morphology of the zinc-coated AZ31 magnesium alloy and the 

uncoated magnesium alloy after 24 h of immersion. In Fig. 8a, when compared with the corrosion 

morphology of the zinc-coated magnesium alloy, the corrosion degree of the magnesium alloy near the 
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zinc layer obviously increases, accompanied by the formation of significant corrosion pits and a large 

number of corrosion products. The surface morphology of the zinc coating is also clearly visible (shown 

in Fig. 8a), and only a small amount of corrosion products appears on the zinc coating surface. Fig. 8b 

shows that obvious corrosion pits appear on the surface of the uncoated magnesium alloy, accompanied 

by the formation of obvious corrosion products on the surface of the magnesium alloy. However, the 

width and depth of the corrosion pits on the surface of the magnesium alloy near the zinc coating are 

larger than those on the surface of the uncoated alloy. In conclusion, the galvanic corrosion between the 

zinc coating and the magnesium alloy induces obvious corrosion of the magnesium alloy. 

 

 

 
 

Figure 8. SEM image of the corrosion morphology of the magnesium alloy in a 3.5% NaCl solution 

after 24 h immersion for a) zinc-coated AZ31 magnesium alloy and b) uncoated AZ31 

magnesium alloy. 

 

 

The SEM morphology observation of the cut-edge corrosion behavior for the zinc-coated 

magnesium alloy in NaCl solution reveals that galvanic corrosion between the zinc coating and the 

magnesium alloy occurred, which increased the corrosion degree of the magnesium alloy near the 

galvanized zinc coating. In other words, it is very important to ensure the integrity of the galvanized zinc 

coating on the magnesium alloy surface. Otherwise, galvanic corrosion between the magnesium alloy 

and the zinc coating may aggravate the corrosion of the magnesium alloy substrate. The EIS study and 

potentiodynamic polarization curves in Figs. 4 and 6 reveal that the corrosion resistance of the 

galvanized zinc coating is significantly higher than that of the AZ31 magnesium alloy. Therefore, on the 

premise of ensuring the integrity of the galvanized zinc coating on the magnesium alloy, the galvanized 

zinc coating can not only provide good physical barrier protection for the magnesium alloy but also 

endow the magnesium alloy with good electrical and thermal conductivity. 

 

 

4. CONCLUSIONS 

A galvanized zinc coating was successfully developed on an AZ31 magnesium alloy using a hot-

dipping method. This work may provide a new and relatively ideal method for the surface treatment of 

magnesium alloys with zinc coatings. The following conclusions can be drawn: 
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1. The introduction of the Cu interlayer on the magnesium alloy was an effective way to 

prevent the rapid dissolution of the magnesium alloy in the pickling solution, in the fluxing solution and 

in the zinc bath. Then, it is very important to ensure that the Cu interlayer is not completely dissolved 

during the hot-dipping process. Further study is also needed to understand the dissolution kinetics of the 

Cu interlayer in the zinc bath. 

2. The galvanized zinc coating on the magnesium alloy had a thickness of approximately 

100 µm. A reaction/diffusion layer could be formed at the interface between the Cu interlayer and the 

magnesium alloy, which is beneficial to improving the bonding strength between the zinc coating and 

the magnesium alloy. 

3. The hot-dipping process exhibited a limited influence on the microstructure of the AZ31 

magnesium alloy. Only a slight grain growth could be observed in the magnesium alloy in the vicinity 

of approximately 500 μm from the zinc coating. 

4. The corrosion resistance of the zinc-coated magnesium alloy was significantly improved 

due to the high corrosion resistance of the zinc coating in a chloride-containing environment. However, 

it is worth noting that the corrosion degree of the magnesium alloy near the zinc coating increases due 

to the galvanic corrosion between the zinc coating and the magnesium alloy. Therefore, it is important 

to ensure the integrity of the galvanized zinc coating on the magnesium alloy. 
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