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Zn-Al-Mg-RE series hot-dip alloy coatings developed which provide effective protection of mild steel 

surface against corrosion and oxidation were investigated by Scanning Electron Microscopy (SEM), 

3D Optical Microscopes, X-ray diffraction (XRD). Significant variation in coating surface 

morphology, polarization parameters and impedance characteristics are observed with increasing 

content of Al and Mg element in this paper. It is found that the charge transfer resistance of electrode 

reaction (Rct) has an inversely proportional relationship with the surface corrosion roughness (Ra) of 

corroded coatings. Furthermore, the better corrosion resistance derived from certain eutectic reaction 

in Zn-Al-Mg-RE alloy eutectic process has been indicated in terms of this dynamic relationship. The 

complex effects on independent processes from initial uncorroded surface microstructure changes in 

characteristics during and after electrochemical measurement have been represented for different 

compositions of alloy coatings. 
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1. INTRODUCTION 

Zinc-Aluminum series coatings have been widely proved to provide effective sacrificial 

protection of steel surface against environmental corrosion in virtue of its high corrosion resistance 

with a comparatively small coating weight [1-4]. Because of the increasing requirements for a long 

service life in the power steel members and other industries, various alloy systems have been 

developed. Zn-Al-Mg series coatings have attracted attention since they are shown to be able to 
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provide corrosion resistance stability superior to that of traditional Zinc and Zn-Al series coatings 

[5,6]. Many papers are preferential attracted with the periphery of the α-Al phase which is prepared 

from baths containing more than 6 mass% Al [7,8]. The coating corrosion resistance has been grown 

along an increase in the content of Mg within the range of 0 mass% -3 mass% though lots of 

researches [3,9,10]. Several commercial products for heavy corrosive building applications, such as 

Zn-11Al-3Mg-0.2Si (Super Dyma), Zn-6Al-3Mg (ZAM), have been available through 1990s by 

Japanese [11,12]. In the last 10 years, Many European research groups have started to develop unique 

coating systems [13-16]. Some researchers found that the corrosion was inhibited by the buffering of 

the pH by the formation of layered double hydroxides precipitation of Al(OH)3 in Zn-Al series 

coatings [17]. They attributed this factor to the enhanced corrosion performance to the stabilizing of 

the corrosion products in presence of Mg
2+

 ions. Some other points proposed that the prevention of 

Zinc carbonate hydroxide formation due to cation hydrolysis on the surface [8,13]. Corrosion 

behaviors of Zn-Al-Mg coatings in chloride and different anions containing environments have already 

been investigated [11,14,18]. However, the contribution to coating corrosion resistance of the 

electrochemical properties and the microstructure of morphology is not clear. Different polarization 

parameters, phase compositions and surface roughness may lead to variation of corrosion resistance. It 

becomes more and more important to understand the corrosion mechanism of Zn-Al-Mg-RE coatings, 

because reliable predictions are needed. The aim of this work is to investigate the significant variation 

in the coating micromorphology, polarization parameters and impedance characteristics with the 

influence of Al, Mg and RE element. Although, there are already some understanding on the corrosion 

mechanism of Zn-Al-Mg coatings in the polarization corrosion tests and other studies. To get a novel 

overview of the corrosion behavior in terms of the charge transfer resistance of electrode reaction (Rct) 

test and surface corrosion roughness (Ra) would be helpful to give an indication of corrosion 

performance in a real application. More importantly, a dynamic linear relationship between the charge 

transfer resistance of electrode reaction (Rct) and surface corrosion roughness (Ra) has been established, 

which indicates better corrosion resistance derived from the certain eutectic reaction microstructure in 

Zn-Al-Mg-RE alloy solidification process. 

 

 

 

2. EXPERIMENTAL DETAILS 

Mild steel panel specimens of dimensions 50 mm×50 mm×5 mm，100 mm×50 mm×5mm, 

having composition Si-0.16, C-0.18, Mn-0.65, P-0.026, Mo-0.015, Ni-0.02 (all in mass%) and the rest 

of iron, were used as the substrate materials. The specimens were degreased with 10% NaOH aqueous 

solution at 50℃ for 2min, and then the oxide scale of samples surface was removed with 20% HCl 

aqueous solution for 1.5min. A 52%ZnCl2+SnCl2+NaF (9:1:3) solution was developed to immerse the 

mild steel panel at 80℃ for 20 s, and then they were putted in drying box at 100℃. After drying, the 

specimens were hot-dipped in Zn (99.99% purity) bath, Zn-5Al bath, Zn-Al-Mg-RE alloy bath, 

respectively, at 460 ℃～480 ℃for 50 s～120 s. The composition of coatings which were formed in 

different alloy series and its characteristic parameter are given in Table 1.  
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Table 1. The composition and characteristic parameter of different zinc-based coatings used in the 

study. 

 

Materials Zn Zn-Al Zn-Al-

RE 

Zn-Al-Mg Zn-Al-Mg-RE 

Z-5A-

1M 

Z-5A-

2M 

Z-6A-

3M 

Al (mass %) 
0～

0.2 

5±0.5 5±0.5 6±0.5 5±0.5 5±0.5 6±0.5 

Mg (mass %) - - - 3±0.2 1±0.1 2±0.2 3±0.2 

RE (mass %) 
- - 0.1±0.05 - 0.1±0.0

5 

0.1±0.0

5 

0.1±0.0

5 

Thickness 

(μm) 

95±5 85±5 80±5 70±5 75±5 75±5 70±5 

 

The coatings are all produced in self-made hot dipping equipment. After hot-dipping in alloy 

baths, the specimens were cooled in air and then quenched in cool water for 50 s～100 s. 

The Surface morphology and cross-sectional microstructure of Zn-Al-Mg-RE coatings were 

examined by using Scanning Electron Microscope (SEM). The phases in the hot-dip coatings were 

analyzed by XRD using Oxford diffractometer with Cu Kα (λ= 1.54060Å) incident radiation. The 

peaks of XRD were recorded in the 2θ range of 10º-100º.  

Dynamic Polarization and electrochemical impedance experiments were performed using 

PARSTAT 2273 Advanced Electrochemical System (USA)at the open circuit potential. Polarization 

measurements were carried out from a cathodic potential of -250 mV(SCE) to an anodic potential +250 

mV(SCE) at room temperature (25℃) with respect to corrosion potential. The experiments were 

conducted in the 3.5 mass% NaCl at a sweep rate 1 mV/s. PowerSuite software was used for data 

acquisition and analysis. The electrodes were prepared by leaving areas for exposure to the electrolyte 

about 1 cm
2
. The corrosion potential (Ecorr) and corrosion current density (Icorr) and polarization 

corrosion rate (Vcorr) were determined by using Tafel extrapolation method. The charge transfer 

resistance of electrode reaction (Rct) was obtained from Nyquist polt by fitting the data using 

PowerSuite software.  

In particular, surface morphology characteristics of different coatings after electrochemical 

corrosion measurements were established by using 3D Optical Microscopes (Bruker, GT-K), using 

VSI mode, with 5 mm×5 mm area. The surface corrosion roughness (Ra) of coatings was carried out in 

morphology analysis. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. XRD analysis of coatings surface 

Fig. 1 shows the measured XRD pattern obtained of the coatings with different contents of Al, 

Mg, RE. The measurement results in Fig. 1 (a) represents Zn, (b) for Zn-5%Al, (c) for Zn-5%Al-
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0.1%RE, (d) for Zn-5%Al-1%Mg-0.1%RE, (e) for Zn-5%Al-2%Mg-0.1%RE, (f) for Zn-6%Al-3%Mg, 

(g) for Zn-6%Al-3%Mg-0.1%RE, respectively. 

 

 
 

Figure 1. XRD patterns of Zn-Al-Mg-RE coatings, (a) Zn, (b) Zn-5%Al, (c) Zn-5%Al-0.1%RE, (d) 

Zn-5%Al-1%Mg-0.1%RE, (e) Zn-5%Al-2%Mg-0.1%RE, (f) Zn-6%Al-3%Mg, (g) Zn-6%Al-

3%Mg-0.1%RE. 

 

The reduction in the columnar Fe-Zn compound content is attributed to the inhibiting effect of 

Al when compared to pure zinc coating [2,19]. Zn-Al phase consists of the lamellar eutectic of zinc 

containing approximately 5% aluminium [22]. As seen from the result, it is probable that Zn-Al-Mg 

coatings are composed of primary Zn dendrites, Zn-MgZn2 binary eutectic and Zn-Al-MgZn2 ternary 

eutectic [20,21]. The intensity of the peak due to Zn-6%Al-3%Mg, Zn-6%Al-3%Mg-RE consists of a 

large amount of primaryα-Al phase, MgZn2 crystals and ternary Zn-Al-MgZn2 eutectic. 

 

3.2. SEM of coatings surface micromorphology 

The surface morphology images of the coatings were shown in Fig. 2. The well-crystallized 

coatings are observed from the pure zinc baths at 450℃ for 1min as shown in Fig. 2(a). With 

increasing the content of Al to 5 mass%, the Zn-Al bath shows a significant effect on the reduction in 

the size of zinc crystals. This effect increase the number of eutectic group, or primary Zinc-rich phase 
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and hypoeutectic structure, or primary α-Al phase and the hypereutectic structure composed of primary 

α-Al phase and eutectic [23], as shown in Fig. 2 (b). It is evident that the incorporation of Al in Zn-Al 

bath increases the degree of crystalline coverage through reducing the grain size of the zinc coating 

compared with-out it. The rare earth element in the Zn-Al-RE baths show a significant effect on the 

addition in the distribution of the eutectic group, or primary Zinc-rich phase, or primary Al-rich phase 

crystals. This feature enables the rapid activation at the surface of mild steel substrate and increases the 

number of micro eutectic sites which speeds up the eutectic evolution reaction as seen in Fig. 2(c).  

The increase in magnesium causes the conversion of ternary eutectic reaction to improve the 

corrosion resistance with the subsequent outer alloy layer matrix of the Zn-Al-Mg coatings. Instead of 

a few crystals growing small, many eutectic groups grow to a larger size on average. There are also 

some dark areas are presented in the layer matrix which are rich in Al and Mg. Those areas are 

surrounded by a brighter phase which contains similar amounts of Zn or Fe. The microstructure of the 

coatings surface formed in the bath with Zn-5%Al-2%Mg-RE is more uniform and the crystal clusters 

arranged together more compactly than that formed in Zn-5%Al-1%Mg-RE baths as presented in Fig. 

2(d) and (e). However it is not observed that the large ternary eutectic of Zn-Al-MgZn2 is formed and 

the morphology of coatings is not uniform, while the cracks are also observed. The possible reason is 

that the scanty amount of magnesium would restrain the ternary eutectic reaction. 
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Figure 2. SEM images of Zn-Al-Mg-RE coatings surface, (a) Zn, (b) Zn-5%Al, (c) Zn-5%Al-0.1%RE, 

(d) Zn-5%Al-1%Mg-0.1%RE, (e) Zn-5%Al-2%Mg-0.1%RE, (f) Zn-6%Al-3%Mg, (g) Zn-

6%Al-3%Mg-0.1%RE. 

 

The crystal clusters of coatings obtained from the baths containing Mg with 3 mass% are 

denser and larger than others. In Fig. 2(f) and (g), some dark areas are primarily α-Al and some bright 

areas are eutectic structure of Zn-Al and α-Al. By comparison, the optimum amount of Mg increases 

the number of nucleation sites there by increasing the number of ternary eutectic group. The rare earth 

element in the Zn-Al-Mg-RE bath shows a significant effect on the addition in distribution of the 

ternary eutectic group. It is found that the size of ternary eutectic Zn-Al-MgZn2 and Al dendrites in the 

Zn-6%Al-3%Mg-RE coatings as presented in Fig. 2(f) are better organized than that of the Zn-6%Al-

3%Mg coating in Fig. 2(g). The Zn-6%Al-3%Mg-RE coating has a multiphase structure with Zn-

MgZn2 binary eutectic and Zn-Al dendrites. There are also zones of ternary eutectic Zn-Al-MgZn2 and 

Al dendrites [24,25]. In general, the larger the size of the crystals, the higher coverage and more 

effective coatings are obtained by Zn-6%Al-3%Mg-RE bath. 
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3.3. Electrochemical properties 

3.3.1. Dynamic polarizationPotentiodynamic Polarization  

A typical potentiodynamic polarization technique is used to evaluate the protectiveness of the 

coatings in 3.5% NaCl solution at room temperature. From the anodic polarization curves as shown in 

Fig. 3, corrosion potential (Ecorr), corrosion current density (Icorr) and the corrosion rate (Vcorr) derived 

from these curves are given in Table 2.  

 

 
Figure 3. Tafel polarization curves of mild steel samples deposited with Zn-Al-Mg-RE coatings, (a) 

Zn, (b) Zn-5%Al, (c) Zn-5%Al-0.1%RE, (d) Zn-5%Al-1%Mg-0.1%RE, (e) Zn-5%Al-2%Mg-

0.1%RE, (f) Zn-6%Al-3%Mg, (g) Zn-6%Al-3%Mg-0.1%RE. 

 

It is evident from Fig. 3 that the corrosion potential has been shifted towards less negative 

values for the Zn-Al coatings developed in the presence of Al. Among the relevant studies, the 

substrate with Zn-Al coatings prepared from hot-dip baths has shown the lower corrosion current 

density and the lower corrosion rate which means the more positive corrosion resistance [26]. Those 

could be attributed to the formation of eutectic group or the hypereutectic structure composed of 

primary Al-rich phase and the reduction in the columnar Fe-Zn compound content. As shown in Fig. 3, 

the extent of shift in Ecorr is largely a function of the rough-and-tumble in alloy coatings.  
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The polarization curves of coatings which are developed in the presence of magnesium ranging 

from 0 mass% to 3 mass% show some marked difference compared to coatings developed in the 

absence of Mg. A larger shift of Ecorr and Icorr in the positive direction is observed when the 

concentration of Mg increases from 2 mass% to 3 mass%. The transform come from electrochemical 

corrosion to the substrateis hindered by the protection of ternary alloy layer between the substrate and 

the electrolyte. Those coatings are generally denser and finer than others, which will decreases the 

average polarization corrosion rate considerably. The decrease in the corrosion current for Zn-Al-Mg 

series clearly indicate that the coating is more uniform and less cracks than the zinc and Zn-Al 

coatings. The polarization curve emphasizes the effect of Mg on the corrosion resistance of Zn-Al-Mg 

coatings developed on mild steel substrate. The optimum concentration (3 mass%) in the alloy bath 

leads to the denser morphology which results in the formation of the multiphase structure with Zn-

MgZn2 binary eutectic and Zn-Al dendrites, or ternary eutectic Zn-Al-MgZn2 and dendrites crystals 

[27]. The significant changes of polarization parameters are arriving at the polarization zone per unit 

area in meantime depending on the small amount of rare earth element. 

With help of potentiodynamic polarization, corrosion rates (Vcorr) are measured as seen in Table 

2.  

 

Table 2. Corrosion rate (Vcorr) and Icorr, Ecorr for mild steel samples coated with different content 

obtained in the 3.5 mass% NaCl at room temperature. 

 

Sample 

mass% 

Ecorr 

(V VS SCE) 

Icorr 

( A/cm
2
) 

Anode Tafel slopes 

(V/decade) 

Cathodic Tafel slopes 

(V/decade) 

(a)pure Znic -1.079 1.415×10
-4

 0.038 -0.405 

(b)Zn-5%Al -0.935 1.006×10
-4

 0.011 -0.658 

(c)Zn-5%Al-0.1%RE -0.947 6.72×10
-5

 0.008 -0.251 

(d)Zn-5%Al-1%Mg-

0.1%RE 
-1.035 4.36×10

-5
 0.019 -0.313 

(e)Zn-5%Al-2%Mg-

0.1%RE 
-1.072 0.786×10

-5
 0.019 -0.281 

(f)Zn-6%Al-3%Mg -1.013 0.413×10
-5

 0.008 -0.227 

(g)Zn-6%Al-3%Mg-

0.1%RE 
-1.228 0.275×10

-5
 0.039 -0.176 

 

Due to the eutectic and dendrites group on the surface of Zn-Al-Mg coatings, it displays a 

better corrosion resistance than the coatings without Mg. Those indicate that these coatings prevent as 

much as possible reactions at its interface in alloy baths. More importantly, according to the different 

anodic/cathodic Tafel slopes of coatings, the Zn-6%Al-3%Mg-RE exhibits the effective corrosion 

resistances. Comparing with the different coatings, the Zn-6%Al-3%Mg-RE itself own the lost Icorr and 

Vcorr due to the formation of effective multiphase structure. 
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3.3.2. Electrochemical impedance characteristics 

Comparison of Nyquist plots of Zn, Zn-Al alloy and Zn-Al-Mg-RE coatings in 3.5% NaCl 

have been shown in Fig. 4.  

 

 
Figure 4. Electrochemical impedance curves of mild steel samples deposited with Zn-Al-Mg-RE 

coatings, (a) Zn, (b) Zn-5%Al, (c) Zn-5%Al-0.1%RE, (d) Zn-5%Al-1%Mg-0.1%RE, (e) Zn-

5%Al-2%Mg-0.1%RE, (f) Zn-6%Al-3%Mg, (g) Zn-6%Al-3%Mg-0.1%RE. 

 

It is clearly found that the size of the curves is increased with increasing magnesium content in 

the alloy bath from 0 to 3 mass%. This indicates the significant increase in the polarization resistance 

of those alloy coatings in 3.5% NaCl as presented in Fig. 4(a)-(g), which means that the corrosion 

resistance of samples with Zn-Al-Mg-RE coatings is improved [28,29]. With the reduction of 

aluminum, the diameter of the semicircles decreased which means the decrease in the barrier 

protection. 

According to Eq.(1) and the artificial circuit (2) and (3), the charge transfer resistances of 

electrode reaction (Rct) has been obtained from Nyquist polt by fitting the data using PowerSuite 

software are given in Table 3. Furthermore, the artificial circuit (2) was used for the Nyquist polt of (a) 

Zn, (c) Zn-5%Al-0.1%RE, (f) Zn-6%Al-3%Mg and (g) Zn-6%Al-3%Mg-0.1%RE and the 

artificial circuit (3) was used for others. 
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                         (1) 

 

                               (2) 

                 (3) 

 

The charge transfer resistances of electrode reaction (Rct) which As Al content increasing to 5 

mass% in Zn-Al bath results in the reduction of micro cracks which lead to the addition of eutectic 

group at the coatings surface, and those phenomenon lead to improve the corrosion resistance. 

However, they have some disagreements with the results of polarization measurements. 

 

Table 3. The charge transfer resistance of electrode reaction (Rct) for samples coated with different 

content obtained in the 3.5 mass% NaCl at room temperature. 

 

Sample 

mass% 

Rc 

(Ω·cm
2
) 

Cdl 

(Ϝ·cm
2
) 

Charge transfer resistance 

(Rct) 

(Ω·cm
2
) 

(a) pure Znic 4.852 11.76 156.8 

(b)Zn-5%Al 4.686 14.42 208.4 

(c)Zn-5%Al-0.1%RE 4.912 8.97 237.1 

(d)Zn-5%Al-1%Mg-

0.1%RE 
4.384 18.72 270.8 

(e)Zn-5%Al-2%Mg-

0.1%RE 
4.496 16.94 264.2 

(f)Zn-6%Al-3%Mg 4.108 19.85 295.6 

(g)Zn-6%Al-3%Mg-

0.1%RE 
3.985 21.32 297.3 

 

Because of the corrosion product and the reactant will be transported during the 

electrochemical corrosion reaction, the reaction resistance is improved with increasing magnesium 

content as seen in Fig. 4. The protective effect of alloy coatings will be greater when optimum 

concentration of magnesium is included in the Zn-Al-Mg bath by supporting the formation of the more 

multiphase structure in coatings. According to the different Nyquist plots of coatings, Zn-6%Al-
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3%Mg-RE exhibited the largest charge transfer resistance of electrode reaction (Rct) due to the 

formation of effective multiphase structure. The multiphase structure with Zn-MgZn2 binary eutectic 

and ternary eutectic Zn-Al-MgZn2 will be formed during the addition magnesium to 3 mass%, thereby 

it displays a better corrosion resistance than the other coatings. As we know, the corrosion potential 

(Ecorr), corrosion current density (Icorr), corrosion rates (Vcorr) and charge transfer resistance of electrode 

reaction (Rct) are widely used to characterize the electrochemical properties of Zn-Al-Mg-RE coatings. 

However, the Ecorr is chaotic and does not have the well-organized relation with the changes of Al and 

Mg. Furthermore, all those parameters are fussy and complicated to express the different 

electrochemical corrosion properties with different content Zn-Al-Mg series coatings. More 

importantly, we aim to obtain a kinetic relationship between electrochemical parameters and the 

changes of coatings surface in corrosion process. 

 

3.4. Coatings micromorphology after electrochemical corrosion 

The coatings micromorphology images of Zn-Al, Zn-Al-Mg series coatings after 

electrochemical corrosion were shown in Fig.5. It is observed that the dissolution of coatings surface 

has happened. Zn coating surface has been widely corroded which has been shown in Fig. 5(a). 

Comparing with Zn-Al series coatings, Zn coating tend to be corroded much faster and heavier. The 

increasing degree of crystalline coverage and reducing of the size of the zinc crystals will promote the 

corrosion resistance properties of coatings layer, which can been found in the surface changes after 

corrosion as shown in Fig. 6(b). With the addition of rare earth element in Zn-Al bath, the number of 

etch pit have been significant reduced by comparing the surface states difference of Zn-5%Al and Zn-

5%Al-RE in Fig. 6(b) and (c). However, there are some deep etch pits in the surface of Zn-5%Al series 

coatings, which may lead to the further corrosion. Those characteristics could result in the poor 

corrosion resistance of Zn-5%Al series coatings. Due to the conversion of ternary eutectic reaction by 

adding magnesium, the corrosion resistance has been remarkable improved and remained uncorroded 

after electrochemical corrosion. Fig. 6(d) and (e) show the changes in micromorphology of the outer 

layer with corrosion for both Zn-5%Al-1%Mg-RE and Zn-5%Al-2%Mg-RE coatings. 
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Figure 5. SEM images of Zn-Al-Mg-RE coatings surface after Electrochemical corrosion, (a) Zn, (b) 

Zn-5%Al, (c) Zn-5%Al-0.1%RE, (d) Zn-5%Al-1%Mg-0.1%RE, (e) Zn-5%Al-2%Mg-0.1%RE, 

(f) Zn-6%Al-3%Mg, (g) Zn-6%Al-3%Mg-0.1%RE. 
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As shown above, the denser and larger crystal clusters of coatings with 3 mass% Mg in Fig. 

6(f) and (g) lead to the corrosion resistance improvement. The larger size of ternary eutectic Zn-Al-

MgZn2, Al dendrites and more uniform ternary eutectic microstructure have been preserved by 

comparing with Zn-6%Al-3%Mg and Zn-6%Al-3%Mg-RE. Those lead to the Zn-6%Al-3%Mg-RE 

exhibit effective electrochemical corrosion resistant. 

 

3.5. Three-Dim Optical microstructure 

 

 

 

 
 

Figure 6. 3D Optical Microscopes images of Zn-Al-Mg-RE coatings surface after electrochemical 

corrosion measurement, (a) Zn, (b) Zn-5%Al, (c) Zn-5%Al-0.1%RE, (d) Zn-5%Al-1%Mg-

0.1%RE, (e) Zn-5%Al-2%Mg-0.1%RE, (f) Zn-6%Al-3%Mg, (g) Zn-6%Al-3%Mg-0.1%RE. 
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Fig.6 shows the surface microstructures changes in characteristics for different compositions of 

the coatings using the 3-D optical profilometry after electrochemical corrosion measurement. All 

figures are organized to illustrate the changes between independent samples covering an area of 5mm 

by 5mm. The colour zones displayed in the figures indicate distance from the lowest point within the 

pits, as shown by shades of blue, to the highest point, as shown by the reds. 

It is observed that the dissolution of coatings surface layer has been taken place during anodic 

polarization and cathodic polarization. At the same time, the porosity has been increased, which will 

ultimately result into corrosion of the electrolyte. The dark parts are the preferentially corroded areas 

of Zn coating in Fig. 6(a). It is clearly seen that this coating tend to corrode much faster and heavier 

than the Zn-Al coatings shown in Fig. 6(b) and (c). With increasing the content of Al to 5 mass%, 

corrosion has been initiated at the bound areas between zinc crystal clusters and eutectic group, or 

primary Zinc-rich phase and hypoeutectic structure, or primary Al-richphase and the hypereutectic 

structure [30]. The increasing degree of crystalline coverage and reducing of the size of the zinc 

crystals promote the corrosion resistance properties of coatings layer, which can been found in the 

changes of surface corrosion roughness (Ra) as shown in Table 4. A significant effect which is caused 

by addition of rare earth element in the Zn-Al-RE bath has been observed comparing with the surface 

states difference of Zn-5%Al and Zn-5%Al-RE in Fig. 6(b) and (c). According to the conversion of 

ternary eutectic reaction to improve the corrosion resistance by adding magnesium, corrosion takes 

place only in α-Al crystals and their periphery. However, the ternary eutectic structure remained 

uncorroded. Fig. 6(d) and (e) show the changes in microstructures of the outer layer with corrosion for 

both Zn-5%Al-1%Mg-RE and Zn-5%Al-2%Mg-RE coatings. The decrease in pits represents the 

improved corrosion resistance due to the conversion of ternary eutectic reaction through increasing 

magnesium content. 

The crystal clusters of coatings obtained from the Zn-Al-3 mass% Mg alloy baths are denser 

and larger than others according to the SEM microstructure. Those surface structures have effective 

corrosion resistance capability as presented in Fig. 6(f) and (g). With the larger the size of the 

multivariate eutectic structures, the Zn-6%Al-3%Mg-RE itself own the lowest surface corrosion 

roughness (Ra) and exhibit the most outstanding surface morphology. As the further corrosion 

proceeding, the strong Zn-MgZn2 binary eutectic, Zn-Al dendrites and zones of ternary eutectic Zn-Al-

MgZn2, Al dendrites maintain the almost original structure. Accordingly, the incorporation of 3 mass% 

Mg and 0.1 mass% rare earth element in to the Zn-Al-Mg-RE bath has remained crystal unchanged 

and also helped to achieve effective surface corrosion resistance ability. However, the relationship 

between electrochemical parameters and surface corrosion roughness (Ra) of coatings surface after 

electrochemical measurement has not been established in previous study which may reflect the 

changes in the different stages of corrosion. 

 

3.6. Kinetic relationship 

Through the classical electrochemical measurement and surface morphology analysis, the 

corrosion properties of Zn-Al-Mg-RE coatings have been well explored. Based on the different Icorr, 
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Vcorr, Rct, and Ra during the electrochemical corrosion process, the inverse linear relationship between 

Rct and Ra has been established to reveal the corrosion connection of the initial uncorroded coatings 

and microstructures changes in characteristics for different coatings during electrochemical corrosion 

process. The higher Rct represents the better electrochemical corrosion resistant properties and the 

complex effects on the corrosion resistant ability due to the formation of multiphase structure with Zn-

MgZn2 binary eutectic, Zn-Al dendrites and ternary eutectic Zn-Al-MgZn2 and Al dendrites as 

mentioned above. More importantly, Rct shows the inverse relationship with surface corrosion 

roughness (Ra) of coatings as increasing Al and Mg content. The relationship between Ra and Rct for 

different compositions of the coatings is shown in Fig. 7. With the lower Ra, the corrosion resistance 

ability of alloy coatings surface will be better. However, with higher Rct, electrochemical corrosion 

resistant properties of different compositions of alloy coatings will be relevantly enhanced. 

Generally, the different contents of alloy coatings have direct connection with their surface 

microstructure and electrochemical properties. However, the complex cross-linked relationship via the 

corrosion reaction and the cumbersome polarization, impedance analysis in electrochemical corrosion 

process do not help us to understand the dynamic connection between initial electrochemical corrosion 

parameters and finally corroded coatings surface characteristics. It is considered that the negative 

linear relationship between Rct and Ra represents the crosslinking effects on the independent different 

corrosion process from the initial uncorroded surface to the corroded microstructure during the 

electrochemical measurement. 

 

 
Figure 7. Relationships between Rct, Ra and the different compositions of Zn-Al-Mg-RE series 

coatings. 
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4. CONCLUSION 

In this work, the significant variation in the coatings micromorphology changes, polarization 

parameters and impedance characteristics are observed with the different compositions of Zn-Al-Mg-

RE series coatings. According to our experiment results, the inverse linear relationship has been 

established in terms of the charge transfer resistance of electrode reaction (Rct) and the surface 

corrosion roughness (Ra). The lower Ra and the higher Rct indicates the better corrosion resistance 

derived from the certain eutectic reaction microstructure in the Zn-Al-Mg-RE solidification process. 

This relationship represents the complex influences of independent electrochemical corrosion 

processes to the microstructure change characteristics for different compositions of Zn-Al-Mg-RE 

coatings during electrochemical measurement. Furthermore, this inversely-proportional relationship 

might be applied to other alloy coatings to understand their kinetic relationships between surface 

corrosion and electrochemical properties. 
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