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Abstract: AZ91D magnesium alloys were processed by micro-arc oxidation (MAO) in silicate-containing electrolyte. The key 

factor of this research is a unique experimental design to fabricate coatings with the same thickness but by different power voltages 

which represents different growth rate. The coatings with the same thickness correspond to different coating growth rates of 1, 5, 15 

and 25
 
μm/min, which makes the comparison and analysis-targeted microstructure and corrosion resistance of the coatings academic 

and practical. The coating growth rate demonstrates considerable influence on surface porosity, size and amount of micro-pores, 

mass and mass to thickness ratio, and anti-corrosion property of the coatings based on both qualitative and quantitative analysis, but 

it is not the case for the composition and element distribution of the coatings. An industrial application-oriented selection of 

appropriate coating growth rate, which demands for both productive efficiency and good performance, has to be considered together 

with anti-corrosion property of the coatings. The case of the coating fabricated with the growth rate of 15
 
μm/min supports this point 

strongly. 
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A surface treatment technique, named micro-arc oxidation 

(MAO) or plasma electrolytic oxidation (PEO)，is usually used to 

produce a protective coating with ceramic phases on the surface 

of magnesium, aluminium and
 
titanium alloys

[1-3]
. Compared with 

other existing surface treatment techniques, MAO treatment has 

many advantages, such as simple pre-treatment and processing, 

environmental friendly electrolytes and formation of relatively 

thick coatings. Much research on composition, microstructure and 

performance of the MAO coatings has been focused on 

magnesium alloys in recent years
[4-8]

. 

The formation of MAO coatings on magnesium alloys is 

complex because of existence of the plasma-chemical, 

electrochemical reaction and anodic oxidation processes 

during micro-arc oxidation
[9-11]

. So influences of the process 

parameters, such as power voltage, current density, and 

composition and concentration of the electrolyte on the 

coating performance have attracted attention from many 

researchers
[12-17]

. However, very little research was focused on 

the effect of the coating growth rate on the microstructure and 

performance of MAO coatings. And in fact, the coating 

growth rate exhibited considerable influence during industrial 

applications of MAO coating fabrication. 

In the present study, AZ91D magnesium alloys widely used in 

industrial applications were processed by micro-arc oxidation in 

silicate-containing electrolyte. The coatings with the same 

thickness but corresponding to different growth rates were 

prepared, while the coating thicknesses were different in 

published literatures as mentioned above when discussing the 

coating growth rate. The influence of the coating growth rate on 

coatings’ characteristics, such as surface porosity, size and 

amount of micro-pores and corrosion resistance of the coatings 

were investigated quantitatively. In addition, an industrial 

application-oriented selection of appropriate coating growth rate, 

which demands for both productive efficiency and good 
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performance, had to be considered together with anti-corrosion 

property, or other desired properties, of the coatings. 

1  Experiment 

The chemical composition of AZ91D magnesium alloy used 

for substrate material in this study are as follows (wt%): Al 

8.3~9.7, Zn 0.35~1.0, Mn 0.17~0.27, Si 0.1, Cu＜0.03, Ni＜

0.002, Fe＜0.005, Mg balance. The specimens were machined 

to the rectangular pieces, with the dimensions of 30
 
mm×20

 

mm×10
 
mm. In order to remove the oxide skin formed during 

machining, the surface of the specimens was ground on 400 

grit silicon carbide paper. And then the specimens were rinsed 

in water and dried in warm air before MAO process.  

According to the results of earlier experiments, the MAO 

coatings with the same thickness but different growth rates (as 

shown in Table 1) were prepared, using a home-made power 

supply by controlling the power voltage and treatment time. 

The silicate electrolyte prepared with high purity chemicals 

and deionised water was continuously stirred and cooled to 

ensure the temperature in the range of 20~40 °C during the 

MAO treatment. The specimens connected with an aluminium 

wire of 3
 
mm in diameter were used as anode and a piece of 

stainless steel plate was employed as cathode.  

Surface morphologies of PEO coatings were researched by 

a JSM-6700F scanning electron microscopy (SEM) and 

cross-section morphologies of coatings were detected by a 

JSM-5600LV scanning electron microscopy. The size and 

amount of micro-pores on coating surface were counted 

quantitatively by Image J software. Phases of coatings were 

investigated by X-ray diffraction (XRD), employing a Ricoh 

D/MAX-2400 instrument with a scan range from 10° to 80° 

(in 2θ), a step length of 0.02° and a Cu Kα radiation source. 

An EPMA-1600 electron probe micro-analyzer was used to 

analyze the distribution of key elements on the cross-section 

of coatings. The mass of specimens before and after PEO 

treatment was measured by a BP211D analytical balance. A 

TT260 coating thickness gauge was used to measure the 

thickness of PEO coatings and the mean of 10 measured 

values was calculated and used as the thickness of PEO 

coatings to ensure accuracy of the results.  

A CHI660C electrochemical workstation and a three- electrode 

cell were used to obtain potentiodynamic polarization curves of 

the bare metal and the MAO coated samples corresponding to 

different coating growth rates. The specimens were used as the 

 

Table 1  Growth rate and thickness of MAO coatings on 

different specimens 

Specimen Growth rate/μm·min
-1

 Coating thickness/μm 

1# 1 25 

2# 5 25 

3# 15 25 

4# 25 25 

working electrode, accompanied with a platinum counter 

electrode and a saturated calomel reference electrode (SCE). 

After the specimens with an exposed surface area of 1
 
cm

2 
were 

immersed in 3.5wt% NaCl solution for 30
 

min at room 

temperature, the potentiodynamic polarization test proceeded at a 

scan speed of 5
 
mV·s

-1
 and a scan range of –1.8 to –1.3

 
V.  

2  Results and Discussion 

2.1  Coating morphologies and micro-pores on the coating 

surface 

Fig.1 shows surface morphologies and distributions of the 

micro-pores on the surface of the coatings with the same 

thickness but corresponding to different growth rates. Surface 

morphologies reveal obvious qualitative changes in the shape 

and size of the micro-pores when the growth rate of the coating 

is increased. For the coating with the growth rate of 1
 
μm/min, 

micro-pores are small and some of them are close to each other 

and even connect together. Increasing the coating growth rate, 

the micro-pores grow constantly, accompanied with a rise in the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Surface morphologies and distributions of micro-pores on 

coatings with different growth rates of 1 μm/min (a, a′), 5 

μm/min (b, b′), 15 μm/min (c, c′), and 25 μm/min (d, d′) 
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amount of micro-cracks on coating surface. 

The surface porosity, the total amount of the micro-pores 

(Fig.2a) and the amount proportion of that in different size 

(Fig.2b) were counted quantitatively by Image J software on 

SEM images of the coating surface, within an area of 5×10
4
 

μm
2
. Fig.2a shows similar trends for the surface porosity and 

the total amount of the micro-pores of the coatings with 

different growth rates. With increasing growth rate from 1
 

μm/min to 15
 
μm/min, they both decline continually and 

slightly increase at the growth rate of 25
 
μm/min. 

Fig.2b reveals a varied amount percent of the micro-pores in 

different sizes. For the coating with the growth rate of 1
 
μm/min, 

the amount percent of the micro-pores whose equivalent 

diameter (Feret diameter) is less than 2
 
μm is the largest but that 

in the range 2~5
 
μm and larger than 5

 
μm are both the smallest, 

compared with the coatings fabricated with other growth rates. 

When the coating grows in the rate of 5
 
μm/min, the amount 

percent of the micro-pores whose equivalent diameter is in the 

range 2~5
 
μm and larger than 5 μm both increases obviously and 

continues to increase slightly at the growth rate of 15
 
μm/min. 

However, a drop of that in the range 2~5
 
μm and a continuous 

rise of that larger than 5
 
μm are observed at the growth rate of 25

 

μm/min. So it is seen that the amount percent of the larger 

micro-pores (larger than 5
 
μm) on coating surface remains 

increasing continually with coating growth rate. 

The transformation reason of the amount of the micro-pores 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Statistical results of micro-pores on surface of coatings 

(within area of 5×10
4
 μm

2
) prepared with different growth 

rates: (a) surface porosity, total amount of micro-pores and  

(b) amount percent of micro-pore in different sizes  

in different size on coating surface was analyzed. When the 

coating grew at different rates the different power voltages 

were loaded during micro-arc oxidation treatment. For the 

coating with the growth rate of 1
 
μm/min, the least energy is 

accumulated when the breakdown evenly occurs on specimen 

surface due to the smallest power voltage provided. As a result, 

the micro-pores in the smallest size and largest amount form 

on the coating surface. Increasing coating growth rate means a 

larger power voltage. Hence more energy is produced and 

accumulated to result in following breakdown events 

occurring easily and repeatedly in some weak areas of 

specimen surface during the breakdown process, which would 

lead to a rise in the size but decay in the number of the 

micro-pores. So the total amount of the micro-pores decreases 

and the amount percent of the larger micro-pores increases 

constantly when the growth rate is continually improved to 15
 

μm/min. For the coating with the growth rate of 25
 
μm/min, 

the highest power voltage used leads to the most energy 

generated during the breakdown. Although non-uniformed 

distribution of the energy generated on specimen surface 

becomes more serious, the total energy increases obviously. 

As a result, the mount percent of the larger micro-pores 

continues to increase but the total number of the micro-pores 

slightly increases instead of declining. 

2.2  Cross-section morphologies of the coatings 

  Fig.3 shows the cross-section morphologies of the coatings 

with the same thickness but different growth rates. Less 

micro-pores appearing on the cross-section of the coating with 

the growth rate of 1
 
μm/min disclose a high level of the 

compactness of the coating. And when the growth rate is 

increased more micro-pores appear on the cross-section of the 

coatings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Cross-section morphologies of coatings prepared with growth 

rate of 1 μm/min (a), 5 μm/min (b), 15 μm/min (c), and 25 

μm/min (d) 
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2.3  Phase composition and element distribution of the 

coatings 

Fig.4 shows XRD patterns of the coatings with different 

growth rates. By comparison of XRD patterns of the coatings 

with different growth rates, it reveals the same phase 

composition which mainly contains MgO, MgF2, Mg2SiO4 and 

MgAl2O4 phases. The presence of Mg and Mg17Al12 phases is 

attributed to X-ray penetrating the relatively thin coating into 

the substrate. The results of the XRD analysis show that the 

coating growth rate has no effect on the phase composition of 

the coatings. 

The content distribution of the key elements Mg, Al, Si, O 

and F on the cross section of the coatings are presented in 

Fig.5. According to EPMA analysis, the content distribution 

of each element on the cross-section of the coatings remains 

constant when the growth rate is changed. Compared with 

other regions of the coatings, the substrate/coating interfaces 

are rich in the element Mg. The element Al is distributed 

evenly on the cross-sections of the coatings. The outer layers 

are rich in the elements Si and O but the inner layers are rich 

in the element F. The results of the EPMA examination 

indicate that the coating growth rate also has no influence on 

the content distribution of each key element on the cross- 

section of the coatings. 

According to element composition of the substrate and 

electrolyte, we know that the coating elements Mg and Al 

come from the substrate while the elements Si, O and F from 

the electrolyte. The elements, including the above five 

elements from the substrate and electrolyte, appearing in the 

coating suggest that the reaction ions come from the substrate 

and electrolyte, and migrate in opposite direction in the effect 

of electric field during MAO process. When the reaction ions 

meet on specimen surface the formation reactions of MAO 

coating occur. An increase of the coating growth rate indicates 

that the migration of the reaction ions and the formation 

reaction of the coating are both accelerated. However, based 

on the results of the elemental distribution in Fig.5, the 

content distribution of the key elements on the cross-section of 

the coatings does not vary with the increasing of growth rate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  XRD patterns of MAO coatings with different growth rates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Distributions of key elements on cross-section of coatings 

prepared with growth rate of 1 μm/min (a) and 15 μm/min (b) 

 

So it is concluded that the coating growth rate has an impact on 

the migration speed but no effect on the distribution of the 

reaction ions.   

2.4  Coating compactness  

According to the morphologies of the coatings (Fig.1, 

Fig.3), the obvious changes of the size and amount of the 

micro-pores on coating surfaces with the coating growth rate 

indicate a change in the compactness of the coatings. In the 

present study, because the phase composition of the coatings 

with different growth rates remained constant (Fig.5), the 

evolution of coating compactness could be researched roughly 

via the variation of the mass to thickness ratio of the coatings. 

Thus, a larger mass to thickness ratio of the coating usually 

demonstrates a greater coating compactness.  

Fig.6 shows the mass and mass to thickness ratio of the 

coatings with different growth rates. A similar trend which 

decreases constantly with the increasing of growth rate is 

visible. Compared with other coatings, the coating with the 

growth rate of 1
 
μm/min has the biggest mass to thickness 

ratio of 2.82
 
mg/μm and hence the coating compactness is the 

largest. The continual reduction of the mass to thickness ratio 

of the coatings reveals that the coating compactness decreases 

constantly. So for the coating with the growth rate of 25
 

μm/min, the smallest mass to thickness ratio of 2.37
 
mg/μm 

demonstrates the least density. 

2.5  Corrosion resistance of the coatings 
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Fig.6  Mass and mass to thickness ratio of coatings prepared with 

different growth rates 

 

Fig.7 shows the potentiodynamic polarization curves of the 

bare metal and the MAO treated specimens corresponding to 

different coating growth rate. The values of the corrosion 

current densities (Icorr) and the linear polarization resistances 

(Rp) gained by fitting the above polarization curves were 

shown in Table 2. Compared with the bare metal, obvious 

drops in corrosion current density and rises in linear 

polarization resistance (by more than 1~3 orders of magnitude) 

for the MAO treated specimens suggest all the MAO coatings 

provide significant corrosion protection for the substrates. 

According to comparison of the values of Icorr and Rp obtained 

from the MAO treated specimens, the coating with the growth 

rate of 5
 
μm/min has the biggest corrosion resistance, in turn 

followed by the coatings with the growth rate of 15, 1 and 25
 

μm/min. So the coating with the growth rate of 5
 
μm/min 

provides the best corrosion protection for the substrate. By 

contrast, the same order of magnitude of Icorr and Rp indicates 

a slightly weaker corrosion resistance for the coating with the 

growth rate of 15
 
μm/min. However, the corrosion resistance 

of the coatings with the growth rates of 1
 
μm/min and 25

 

μm/min decreases obviously because of the obvious rises in 

corrosion current density and drops in linear polarization 

resistance. Compared with other coatings, the coating with the 

growth rate of 25
 
μm/min has the worst corrosion resistance.  

To the authors’ view, the corrosion resistance of MAO 

coating on magnesium alloys is mainly affected by the 

thickness, phase composition, microstructure and surface 

defect of the coating. XRD patterns of the coatings have 

suggested that the phase composition of the coatings with 

different growth rates is the same (Fig.4), so the corrosion 

resistance of the coatings with the same thickness is mainly 

under the influence of the microstructure and surface defect of 

the coating. The microstructure of the coating mainly consists 

of the compactness and surface porosity of the coating. The 

surface defect mainly refers to the larger micro-pores and 

micro-cracks on coating surface. For the coating with the 

growth rate of 25
 
μm/min, the least coating compactness, the 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Potentiodynamic polarization curves measured on bare metal 

and coated samples corresponding to different growth rates of 

the coating  

 

biggest amount percent of the larger micro-pores and the most 

micro-cracks on coating surface make it easiest for the 

corrosion substance to pass through the coating into the 

substrate, so the coating has the worst corrosion resistance. 

Compared with the coatings with the growth rate of 5
 
μm/min 

and 15
 
μm/min, the coating with that of 1

 
μm/min has an 

obvious bigger surface porosity, which indicates an easier 

migration for the corrosive substance; therefore the corrosion 

resistance of the coating is weaker. Although the coating with 

the growth rate of 15
 
μm/min has a relatively smaller surface 

porosity, its surface is covered by more micro- cracks and 

larger micro-pores, so its corrosion resistance is slightly less 

than that with the growth rate of 5 μm/min.  

Comparing the coatings with different growth rates and 

anti-corrosion properties, the coatings with the growth rates of 

1
 
μm/min and 25

 
μm/min have the lowest growth rate and the 

least corrosion resistance respectively. Although the coating 

with the growth rate of 15
 
μm/min has a slightly weaker 

corrosion resistance than that of 5
 
μm/min, its growth rate is 

larger significantly. So in consideration of productive 

efficiency and anti-corrosion performance, the coating with 

the growth rate of 15 μm/min, which has a higher growth rate 

and relatively excellent corrosion resistance, shows advantage 

in industrial application compared with other coatings. 

 

Table 2  Fitted values for potentiodynamic polarization curves 

in Fig.7 

Growth rate/μm·min
-1

 Icorr/A·cm
-2

 Rp/Ω·cm
2
 

Bare metal 1.13×10
-5

 2.65×10
3
 

1 1.22×10
-7

 3.21×10
5
 

5 4.43×10
-8

 9.30×10
5
 

15 9.90×10
-8

 3.87×10
5
 

25 1.11×10
-6

 2.12×10
4
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3   Conclusions 

1) The key factor of this research is a unique experimental 

design to fabricate coatings with the same thickness but by 

different voltages corresponding to different coating growth 

rates of 1
 
μm/min, 5

 
μm/min, 15

 
μm/min and 25

 
μm/min. 

2) The characteristics of the coatings, such as the surface 

porosity, the size and amount of micro-pores on coating 

surface, mass and mass to thickness ratio are affected 

considerably by the coating growth rate. However, the phase 

composition and element distribution of the coatings remain 

almost unchanged with the increasing of growth rate.  

3) Improving the coating growth rate, the micro-pore’s size 

on coating surface increases obviously and the amount of the 

micro-pores and the surface porosity decreases continually, 

but slightly increases at the growth rate of 25
 
μm/min. The 

amount of the larger micro-pores (＞5
 
μm), micro-cracks on 

coating surface and the micro-pores on the cross-section of the 

coating all increases gradually.  

4) The coating with the growth rate of 5
 
μm/min exhibits 

the best corrosion resistance, and then followed by the 

coatings with that of 15
 
μm/min, 1

 
μm/min and 25

 
μm/min. In 

consideration of productive efficiency and anti-corrosion 

performance, the coating with the growth rate of
 
15 μm/min, 

which has a higher growth rate and relatively excellent 

corrosion resistance, shows advantage in industrial application 

compared with other coatings. 
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生长速率对镁合金微弧氧化膜结构及耐蚀性的影响 

 

董海荣，马  颖，王  晟，赵晓鑫，郭惠霞，郝  远 

(兰州理工大学，有色金属先进加工与再利用省部共建国家重点实验室，甘肃 兰州 730050) 

 

摘  要：硅酸盐电解液体系中对 AZ91D 镁合金进行微弧氧化处理，膜层厚度相同但生长速率不同是本研究的实验设计特色。通过调节

电源电压，使得膜层的生长速率分别为 1，5，15 和 25
 
μm/min，从而制备出生长速率不同但厚度相同的微弧氧化膜层，对膜层的微观结

构及耐蚀性进行定性及定量研究，从实验室研究及实际应用角度对不同生长速率的各膜层进行综合对比分析。结果表明，生长速率对膜

层的表面孔隙率、微孔的尺寸及数量，膜层的质量及质量厚度比，以及膜层耐蚀性均有较大的影响，但对膜层中的成分及元素分布基本

无影响；在工业应用中，膜层生长速率的选择，应将膜层的生产效率和膜层性能统筹考量，本研究中生长速率为 15
 
μm/min 的膜层显示

出这样的优势。 

关键词：镁合金；微弧氧化；生长速率；微观结构；耐蚀性 
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