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Abstract: Microarc oxidation (MAO) process was conducted on AZ91D magnesium alloy in an electrolyte composed of Na2SiO3, 
NaAlO2, Na2B4O7, NaOH, C3H8O3 and C6H5Na3O7 by AC pulse electrical source. The surface and cross-sectional morphologies, film 
thickness, chemical composition and structure of the coatings were characterized by scanning electron microscopy(SEM), layer 
thickness metry, energy disperse spectroscopy(EDS) and X-ray diffraction(XRD). The corrosion resistances of the coatings in a 3.5% 
NaCl neutral solution were evaluated by electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization test. The 
results showed that an optimized electrolyte with a composition of 15 g/L Na2SiO3, 9 g/L NaAlO2, 2 g/L Na2B4O7, 3 g/L NaOH,    
5 mL/L C3H8O3 and 7 g/LC6H5Na3O7 was developed by means of orthogonal experiment. The coating obtained in the optimized 
electrolyte had a dense structure and revealed a lower current density, decreased by two orders of magnitude as compared with the 
magnesium substrate. Meanwhile, the corrosive potentials of the coated samples increased nearly by 73 mV. EIS result showed that 
the corrosion resistance of the coating was mainly determined by the inner dense layer. The coating primarily contained elements Mg, 
Al, O and Si and XRD analyses indicated that the coating was mainly composed of MgO, Mg2SiO4 and MgAl2O4. 
Key words: magnesium alloy; microarc oxidation; dual electrolyte; corrosion resistance 
                                                                                                             
 
 
1 Introduction 
 

Owing to the high specific strength, good 
electromagnetic shielding and recycling ability, 
magnesium alloys are widely used in aerospace, 
automobile and communication industries [1,2]. However, 
magnesium alloys exhibit a poor corrosion resistance 
because of the high chemical activity of the magnesium 
and this disadvantage has restricted their wide 
applications in many situations, especially in the 
aggressive environment [3]. In order to improve the 
corrosion resistance, a lot of surface modification 
techniques have been applied to magnesium alloys, 
including chemical conversion coating [4], 
electrochemical plating conversion coating [5], 
anodizing [6] and microarc oxidation [7]. Among these 
surface treatment methods, MAO is a new surface 
modification technique of forming ceramic coatings on 
light metals such as Al, Ti, Mg and its alloys. The 

corrosion and wear resistance can be remarkably 
enhanced after the MAO process [8,9]. 

As is well known, the characteristics of the MAO 
coatings mainly depend on the nature of substrate, the 
applied electrical parameter, the composition and 
concentration of the electrolyte, etc [10−13]. Among 
these parameters, the composition of the electrolyte plays 
an important role in the characteristics of the coatings 
due to the incorporation of the elements in the electrolyte 
into the substrate during the MAO process [14]. In recent 
years, the weak alkaline electrolyte such as silicate, 
aluminate and phosphate systems have been widely used 
as the base electrolyte. Moreover, some additives such as 
tungstate, fluorite, glycerol and various nanoparticles are 
added into the base electrolyte to obtain the coatings with 
good performances [15−18]. 

It is considered that mixture of more than one 
electrolyte will improve the microstructure and 
performance of the MAO coatings. However, a 
systematic study about the effects of dual or multiple 
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electrolytes on the MAO coatings has not been well 
documented in literatures. In this work, a dual electrolyte 
system consisting of silicate (Na2SiO3) and aluminate 
(NaAlO2) as well as the additives of Na2B4O7, NaOH, 
C3H8O3 and C6H5Na3O7 was used to develop the coatings 
with good corrosion resistance on AZ91D magnesium 
alloy under constant current mode. The aim is to 
optimize the concentration of each element in the 
electrolyte solution by means of orthogonal experiment, 
and then study the growth characteristic, microstructure, 
phase, elemental composition and corrosion resistance of 
the coating fabricated on AZ91D magnesium alloy. 
 
2 Experimental 
 

Rectangular samples (15 mm×15 mm×5 mm) of 
AZ91D magnesium alloy (8.91% Al, 0.23% Mn, 0.54% 
Zn, 0.0011% Be, 0.002% Cu, 0.0014% Fe, 0.0005% Ni, 
0.034% Si, Mg balance in mass fraction) were used as 
substrates in the experiment. Prior to MAO treatment, 
the samples were polished with various grades of silicon 
carbide waterproof abrasive paper from 600 to 2000 grits, 
and then ultrasonically cleaned in ethanol and distilled 
water. 

WHD−20 MAO system with a pulsed bipolar AC 
power supply, a stainless steel bath used as the counter 
electrode and a stirring and cooling system keeping the 
electrolyte temperature below 40 °C was used for the 
MAO process. The experiments were carried out under 
constant current mode and the anodic and cathodic 
current densities were fixed at 10 and 12 A/dm2, 
respectively. The duty cycle of both pulses was equal to 
30%. The samples were treated for 15 min with a 
frequency of 700 Hz. The dual electrolyte system used 
for the orthogonal experiment was prepared from 
distilled water containing 13−17 g/L Na2SiO3, 9−15 g/L 
NaAlO2, 2−4 g/L Na2B4O7, 1−3 g/L NaOH, 3−7 mL/L 
C3H8O3 and 3−7 g/L C6H5Na3O7. The orthogonal 
experiment was used in order to obtain an optimized 
electrolyte. 

The thickness of the coatings was assessed using a 
layer thickness meter. The surface and cross-sectional 
morphologies of the coatings were observed using a 
scanning electron microscope (SEM, JSM−6480). The 
composition of the coatings was characterized by an 
energy disperse spectroscope (EDS). The structure was 
examined by X-ray diffraction (XRD−6000) operating 
with Cu Kα radiation. 

Electrochemical impedance spectroscopy (EIS) and 
potentiodynamic polarization test were performed using 
the M283 electrochemical measurement system 
containing a potentiostat and a lock-in amplifier in 3.5% 
NaCl (pH=7) solution. The signal of EIS was 10 mV and 
the frequency ranged from 105 Hz to 10−1 Hz. The 

potentiodynamic polarization test was carried out with a 
scanning rate of 1 mV/s and a scanning ranging from 
−250 mV to +250 mV vs open circuit potential. All 
electrochemical measurements were performed with a 
conventional three-electrode cell consisting of a platinum 
electrode as the counter electrode, a saturated calomel 
electrode as the reference electrode and the coated 
samples as the working electrode. 
 
3 Results and discussion 
 
3.1 Orthogonal experiment and analysis 

In the present work, the orthogonal experiment of 
six factors including Na2SiO3 concentration, NaAlO2 
concentration, Na2B4O7 concentration, NaOH 
concentration, C3H8O3 concentration and C6H5Na3O7 
concentration with three levels was used to 
comprehensively investigate the effects of concentration 
of each element in the electrolyte on the corrosion 
resistance and thickness of coatings fabricated on AZ91D 
magnesium alloys. The concentrations of Na2SiO3, 
NaAlO2, Na2B4O7, C6H5Na3O7, C3H8O3 and NaOH were 
marked by A, B, C, D, E and F, respectively. The 
orthogonal experimental array and experimental results 
are listed in Table 1. In order to systematically 
investigate the effects of each factor on the 
characteristics of the coating, the experimental data were 
treated by the method of variation analysis. The 
maximum difference between the average data at two 
levels for each factor indicated the remarkable effect of 
that factor. The value of the impedance in low frequency 
(e.g., 10−1 Hz) can be considered an indication of the 
corrosion resistance (R, approximately equal to |Z|f=0.1 Hz) 
of the coatings [19]. Consequently, the corrosion 
resistances of the coatings were determined from the 
magnitude of the impedance data at 0.1 Hz. Based on the 
differences, the effect order of factors on the impedance 
(|Z|f=0.1 Hz) of the coatings could be found. It was obvious 
that the NaAlO2 concentration was the major factor 
affecting the impedance, which is listed in Table 2. The 
decreasing sequence of factors affecting the impedance 
of the coatings was Na2B4O7 concentration, C3H8O3 
concentration, NaOH concentration, C6H5Na3O7 
concentration and Na2SiO3 concentration. Similarly, the 
data about the coating thickness were dealt by the same 
method as the corrosion resistance and it was easy to find 
that the NaAlO2 concentration was also the major factor 
affecting the coating thickness, as shown in Table 2. The 
decreasing sequence of factors affecting the coating 
thickness of the coatings was Na2SiO3 concentration, 
C3H8O3 concentration, Na2B4O7 concentration, 
C6H5Na3O7 concentration and NaOH concentration. 
Because the impedance (|Zf=0.1Hz) was the main 
evaluation index to select the optimized level of each  
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Table1 Results of orthogonal experiment 

Factor Result 
Sample 

A B C D E F |Z|f=0.1Hz/(kΩ·cm2) Thickness/μm 

1 13(1) 9(1) 2(1) 3(1) 3(1) 1(1) 1086 18.84 

2 13(1) 12(2) 3(2) 5(2) 5(2) 2(2) 188.3 20.91 

3 13(1) 15(3) 4(3) 7(3) 7(3) 3(3) 1890 21.74 

4 15(2) 9(1) 2(1) 5(2) 5(2) 3(3) 4356 20.64 

5 15(2) 12(2) 3(2) 7(3) 7(3) 1(1) 528.9 19.63 

6 15(2) 15(3) 4(3) 3(1) 3(1) 2(2) 488.8 23.93 

7 17(3) 9(1) 3(2) 3(1) 7(3) 2(2) 1264 17.06 

8 17(3) 12(2) 4(3) 5(2) 3(1) 3(3) 411.7 20.19 

9 17(3) 15(3) 2(1) 7(3) 5(2) 1(1) 2479 21.96 

10 13(1) 9(1) 4(3) 7(3) 5(2) 2(2) 1855 19.46 

11 13(1) 12(2) 2(1) 3(1) 7(3) 3(3) 454.4 21.28 

12 13(1) 15(3) 3(2) 5(2) 3(1) 1(1) 163.7 21.86 

13 15(2) 9(1) 3(2) 7(3) 3(1) 3(3) 893 22.06 

14 15(2) 12(2) 4(3) 3(1) 5(2) 1(1) 33.65 22.36 

15 15(2) 15(3) 2(1) 5(2) 7(3) 2(2) 868.1 21.86 

16 17(3) 9(1) 4(3) 5(2) 7(3) 1(1) 260.6 21.03 

17 17(3) 12(2) 2(1) 7(3) 3(1) 2(2) 767.6 22.08 

18 17(3) 15(3) 3(2) 3(1) 5(2) 3(3) 215.5 20.96 

* 15 9 2 7 5 3 4460 20.20 

 
Table 2 Variation analysis of orthogonal experiments 

Factor 
Level 

A B C D E F 

1 939.6 1619.1 1668.5 590.4 635.1 758.6 

2 1194.7 397.4 542.2 1041.4 1521.2 905.3 

3 899.7 1017.5 823.3 1402.3 877.7 1370.1 
|Z|f=0.1 Hz/(kΩ·cm2) 

Difference 295.0 1221.7 1126.3 811.9 886.1 611.5 

1 20.68 19.85 21.11 20.74 21.49 20.95 

2 21.75 21.08 20.41 21.08 21.05 20.88 

3 20.55 22.05 21.45 21.16 20.43 21.15 
Thickness/μm 

Difference 1.20 2.20 1.04 0.42 1.06 0.27 

 
factor, the constitutes of the optimized electrolyte 
(marked by a symbol * in Table 1)was 15 g/L Na2SiO3,  
9 g/L NaAlO2, 2 g/L Na2B4O7, 7 g/L C6H5Na3O7, 5 mL/L 
C3H8O3 and 3 g/L NaOH. 
 
3.2 Growth characteristic 

The voltage—time response for microarc oxidation 
of Mg alloy in the optimized dual electrolyte is shown in 
Fig. 1, which displays three regions. In the first region, 
stage I (0−73 s), the voltage increased linearly with time 
at a slope of 3.29 V/s, indicating the formation of anodic 
oxidation. Meanwhile, a slightly thin dielectric film 
began to form on the surface of Mg alloy during the 

initial stage, which resulted in the rapid raising of 
voltage [20]. After the initial stage, the voltage 
continually increased with time, but the voltage—time 
response decreased to 0.66 V/s in stage II (73−284 s), 
and a large number of silvery white sparks with small 
size distributed evenly over the whole surface of the 
sample when the cell voltage reached breakdown voltage 
(240 V). CHANG [21] showed that the total current 
density consisted of the ionic current density and the 
electron current density; in the first region, the current 
was only represented by the ionic current, but the total 
current in the second region was represented by the sum 
of the ionic current and electron current caused by the 
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sparking; so a relatively low voltage was needed to 
maintain the same current compared with the first region. 
In the third region, stage III (284−900 s), the voltage—
time response slop dropped rapidly, close to 0, indicating 
that the cell voltage reached a relatively stable value, 
meanwhile, white sparks changed to a lot of separate 
orange ones which moved slowly across the surface. 
 

 

Fig. 1 Voltage—time responses for microarc oxidation process 
 
3.3 Surface and cross-sectional morphology 

The surface and cross-sectional morphologies of the 
coating obtained in the optimized electrolyte are shown 
in Fig. 2. Typical porous coating surface was obtained, 
and there were many micropores (marked by arrow 1) 
and some micro-cracks (marked by arrow 2) on the 
surface of the coating, as shown in Fig. 2(a).  
Micropores were formed by the molten oxide and gas 
bubbles thrown out of microarc discharge channels, 
while the appearance of micro-cracks resulted from 
thermal stress owing to the rapid solidification of molten 
oxide in the relatively cool electrolyte [22]. Furthermore, 
the width of micro-cracks was small and the size of the 
micropores (Fig. 2(a)) was less than 3.2 μm, indicating a 
dense and smooth surface of the coating, which can 
prevent the corrosive medium from penetrating into the 
magnesium alloy effectively. The cross-sectional 
morphology in Fig. 2(b) showed that the coating was 
characterized with a typical outer loose layer and inner 
dense layer, also with some micropores (marked by 
arrow 3) and tiny micro-cracks (marked by arrow 4) in 
the cross-sections. However, these micropores and 
micro-cracks did not connect with each other and 
penetrate through the whole coating. 
 
3.4 Phase and elemental compositions 

Figure 3 shows the X-ray diffraction pattern of the 
coating obtained in the optimized electrolyte. It can be 
concluded that the coating was mainly composed of 
MgO, Mg2SiO4 and MgAl2O4. The intensities of peaks  

 

 

Fig. 2 Surface (a) and cross-sectional (b) morphologies of 
coating obtained in optimized electrolyte 
 

 
Fig. 3 XRD pattern of optimized MAO coating 
 
corresponding to the substrate were very strong, 
suggesting that X-ray can easily penetrate through the 
coating and reach the substrate. The formation 
mechanism of the phases may be described according to 
the chemical reaction formulas (1)−(6) as follows: 
 
Mg−2e→Mg2+                              (1) 
 

2+ 2
32Mg +SiO +2OH− −→ 2 4 2Mg SiO +H O         (2) 

 
Mg2++2OH−→Mg(OH)2                       (3) 
 
Mg(OH)2→MgO+H2O                        (4) 
 
Mg2++2[Al(OH)4]−→MgAl2O4+4H2O            (5) 
 
(n+2)Mg2++2[Aln(OH)4n+2](n+2)−→ 

nMgAl2O4+2Mg(OH)2+4NH2O              (6) 
 

During the MAO process, negative ions 2
3SiO −  
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and OH− were pushed forward towards the molten 
substrate by the force of electric field, and a chemical 
reaction occurred among 2

3SiO − , OH− and Mg2+, and 
then transformed into Mg2SiO4 phase. Moreover, the 
formation of MgO phase was due to the dehydration of 
Mg(OH)2 because of the high temperature during the 
sparking discharge process [23]. YEROKHIN et al [24] 
reported that complex-ion [Al(OH)4]− or 
[Aln(OH)4n+2](n+2)− existed in the electrolyte instead of 

2AlO−  anion. The presence of MgAl2O4 phase was due 
to the reaction between Mg2+ and [Al(OH)4]− or 
[Aln(OH)4n+2](n+2)−. 

Figure 4 represents the cross-sectional elements 
distribution of the optimized MAO coating detected by 
EDS line scan. It was found that the optimized MAO 
coating mainly contained Mg, Al, O and Si elements. 
The distributions of Mg and O were similar, which 
exhibited relative concentrations in the out loose layer 
and inner dense layer. The concentrations of Al and Si in 
the outer loose layer were higher than those in the inner 
dense layer, which showed MgAl2O4 and Mg2SiO4 phase 
mainly distributed in the outer loose layer. The diffusion 
resistance of 2

3SiO − , [Al(OH)4]− and [Aln(OH)4n+2](n+2)− 
anions transport in the inner layer was stronger than that 
in the outer layer, so the concentrations of Al and Si 
elements in the inner layer were less than those in the 
outer layer. In a word, from Fig. 3 and Fig. 4, it can be 

inferred that MgAl2O4 and Mg2SiO4 phases mainly 
distributed in the outer loose layer; MgO phase evenly 
distributed in the whole coating. 

 
3.5 Corrosion resistance 

Figure 5 demonstrates the polarization curves of the 
coating formed in the optimized electrolyte. The 
polarization curve of the substrate is also given in this 
figure. The corrosion potential and corrosion current 
density derived from the polarization curves by way of 
Tafel fitting using the software named Corrview in Fig. 5 
are listed in Table 3. The corrosion potential and 
corrosion current density of coated samples are often 
used to characterize the corrosion resistance of the 
coating. The higher corrosion potential and lower 
corrosion current density suggest that it exhibits a good 
corrosion resistance. Similarly, it was obvious that the 
coated sample exhibited a more positive corrosion 
potential and a lower corrosion current density than the 
magnesium alloy substrate. The corrosion potential of 
the coated sample increased nearly by 73 mV, while the 
corrosion current density decreased by more than two 
orders of magnitude compared with the substrate. This 
demonstrated that the coating formed in the optimized 
electrolyte could provide an effective corrosion 
protective property for the substrate. The excellent 
corrosion resistance of the coating may be due to its  

 

 
Fig. 4 Cross-sectional element distribution of optimized MAO coating detected by EDS: (a) Mg; (b) O; (c) Al; (d) Si 



Shu-yan WANG, et al/Trans. Nonferrous Met. Soc. China 23(2013) 412−419 

 

417
 
 

 

Fig. 5 Potentiodynamic polarization curves of AZ91D alloy 
with and without coating in 3.5% NaCl solution 
 
Table 3 Fitted electrochemical parameters from potentio- 
dynamic polarization curves 

Parameter 
Sample 

φ(vs Hg/Hg2Cl2)/V Jcorr/(A·cm−2) 

Uncoated −1.5328 4.36×10−6 

Coated −1.4602 9.91×10−9 

 
relatively uniform and compact microstructure as well as 
its stable chemical thermodynamic compositions, as 
shown in Fig. 2 and Fig. 3. 

Electrochemical impedance spectroscopy (EIS) was 
employed to investigate the corrosion characteristics of 
the MAO coating fabricated on AZ91D Mg alloy in the 
optimized electrolyte. The radius of the capacitive loop 
represents the corrosion resistance of the coating. As 
shown in Fig. 6, the coating obtained in the optimized 
electrolyte exhibited a much larger capacitive loop, 
indicating that it provided a better effective corrosion 
protection as compared with magnesium substrate. 
Moreover, from the partial enlarged detail in Fig. 6(a), 
the appearance of inductive loop indicated that the 
corrosive medium (e.g., Cl−1) had already induced the 
corrosion of substrate [20], which proved that pitting 
occurred on the surface of magnesium substrate easily. 
Based on the characteristics of corrosive process in the 
electrochemical reaction system, an appropriate 
equivalent circuit employed for curve fitting of the MAO 
optimized coating is illustrated in Fig. 7. The indicated 
equivalent circuit gave the best fitting results with the 
lowest error. As shown in Fig. 7, the equivalent circuit 
for the MAO optimized coating consisting of two time 
constants exhibits two different resistances in the  
coating, namely the outer loose layer and inner dense 
layer. Rs, R1 and R2 represent the resistance of the 

solution, the outer loose layer and inner layer, 
respectively. Constant phase elements (CPE) were used 
in the electrochemical circuit instead of capacitors in 
order to account for the surface heterogeneity and 
diffusion factors, and the admittance of CPE is expressed 
as following formula [25]: 
 

CPE
1

( j )
= nZ

T ω
                              (7) 

 
where T is CPE constant; j is the imaginary unit; ω is the 
angular frequency; n is the CPE exponent. According to 
the value of n, CPE can represent resistance when n=0, 
capacitance when n=1 and Warburg impedance when 
n=0.5. In Fig. 7, CPE1 and CPE2 represent the 
capacitances of the outer loose layer and inner layer, 
respectively. Figure 6 demonstrates the experimental and 
fitted results. Moreover, the corresponding fitted data are 
listed in Table 4. As shown in Fig. 2(a) above, the MAO 
coating exhibited a porous surface and there were some 
micro-cracks on the surface of the coating, therefore, the 
value of R1 was low. The obtained data of R1 and R2 are 
6.782×104 and 6.454×106 Ω·cm2, respectively. Therefore, 
a low R1 and a much higher R2 value exhibited that the 
outer loose layer was not able to provide high resistance 
against the corrosion and the corrosion resistance of the 
coating was mainly determined by the inner dense layer. 
 

 

Fig. 6 Electrochemical impedance behaviors of coated sample 
and uncoated sample: (a) Nyquist; (b) Bode 
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Table 4 Data of equivalent circuits of coated sample 

(CPE-T)1/(S·cm−2·s−n) n1 R1/(Ω·cm2) (CPE-T)2/(S·cm−2·s−n) n2 R2/(Ω·cm2) Chi-squared 

2.602×10−8 0.8277 6.782×104 1.158×10−7 0.6518 6.454×106 1.592×10−3 

 

 
Fig. 7 Equivalent circuits for fitting experimental data of 
coated sample 
 
4 Conclusions 
 

1) An optimized electrolyte containing 15 g/L 
Na2SiO3, 9 g/L NaAlO2, 2 g/L Na2B4O7, 3 g/L NaOH,  
5 mL/L C3H8O3 and 7 g/L C6H5Na3O7 is developed. 

2) The MAO process is divided into three stages 
according to the voltage—time response. The coating 
formed in the optimized electrolyte exhibits a top porous 
surface with some micro-cracks, but both the size of the 
micropores and the width of micro-cracks are small. The 
mean coating thickness is 20.2 μm and the coating is 
compact and uniform to be seen in the cross-sections. 
Moreover, the optimized coating primarily contains Mg, 
Al, O and Si elements and is mainly composed of MgO, 
Mg2SiO4 and MgAl2O4 phases. 

3) According to the results of EIS and 
potentiodynamic polarization test, the coating obtained in 
the optimized electrolyte demonstrates an effective 
protection for the magnesium substrate. Compared with 
the substrate, the corrosive potential of the coated 
samples increased nearly by 73 mV, while the corrosion 
current density decreased by two orders of magnitude. 
Electrochemical impedance spectroscopy data of R1 and 
R2 are 6.782×104 and 6.454×106 Ω·cm2, indicating that 
the corrosion resistance of the coating was mainly 
determined by the inner dense layer. 
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用优化的双电解液制备 AZ91D 镁合金微弧氧化膜 
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摘  要：在含有 Na2SiO3、NaAlO2、Na2B4O7、NaOH、C3H8O3 和 C6H5Na3O7 的电解液中，采用交流脉冲电源对

AZ91D 镁合金进行微弧氧化处理。利用 SEM、膜层测厚仪、EDS 和 XRD 分别研究膜层的表面和截面微观形貌、

厚度、成分及相结构。利用交流阻抗和动电位极化曲线试验测量膜层在 3.5%NaCl 中性溶液中的耐蚀性能。结果

表明，正交试验得到的双电解液成分为 15 g/L Na2SiO3、9 g/L NaAlO2、2 g/L Na2B4O7、 3 g/L NaOH、 5 mL/L  

C3H8O3 和 7 g/L C6H5Na3O7。经过微弧氧化处理而得到的膜层较致密，其腐蚀电流密度较镁合金基体的降低了 2

个数量级，自腐蚀电位提高了近 73 mV。EIS 结果认为膜层的耐蚀性取决于内部致密层。微弧氧化膜主要组成元

素为 Mg、Al、O 和 Si，主要组成相为 MgO、Mg2SiO4和 MgAl2O4。 

关键词：镁合金；微弧氧化；双电解液；耐蚀性 
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