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Abstract: In order to further improve the degradation resistance and wear property of micro-arc oxidation (MAO) 
coating on magnesium alloys, nano-Y2O3 was added into the electrolyte to fabricate a nano-Y2O3-containing MAO 
coating. Microstructural characterization, wear test, electrochemical test, immersion test and cytotoxicity test were 
carried out. The results showed that there were mainly Ca8MgY(PO4)7 and Y2O3 particles in the MAO coating. 
Ca8MgY(PO4)7 could stabilize the coating and the nano-Y2O3 could seal the micro-pores. Therefore, both the 
degradation resistance and wear property of the coating were improved. The degradation rate decreased from 0.14 to 
0.06 mm/a in Hank’s solution. The volume loss decreased from 0.46 to 0.27 mm3 at the same slip distance. MAO 
coating exhibited good biocompatibility with the cell relative growth rate (RGR) value of more than 90%. The 
nano-Y2O3-containing MAO coating thus has a good promising biomedical application. 
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1 Introduction 
 

At present, the fast degradation rate limits the 
wide clinical application of magnesium alloys as 
biodegradable materials [1]. Coating is usually used 
to improve the corrosion resistance and bioactivity 
of the magnesium alloys. The commonly used 
coatings are chemical conversion coating [2], 
electrodeposited coating [3], organic coating [4] 
and micro-arc oxidation (MAO) coating [5]. MAO 
is a promising technique to produce porous and 
metallurgical bonding coatings on magnesium alloy 
substrates, and the degradation of magnesium alloys 
with MAO can be effectively controlled [6−8]. 

Although MAO coating has good promising 
application, there are still some shortcomings. In 
the corrosion process, the structural imperfection in 
the MAO films enlarges the effective surface areas 
for corrosion, while the large micro-pores act as the 
passages for corrosive ions entering into the MAO 
coatings [9,10]. To overcome the porosity of  
MAO coatings, sealing treatment is necessary for 
the MAO coated samples to further improve    
the corrosion resistance [11−13]. For pure MgO,  
the pilling bedworth (PB) ratio is inferior to 1   
(0.8 [14,15]) indicating that the oxides film cannot 
completely cover the metal surface. Modification is 
therefore necessary by some other methods. HU  
et al [16] found that TiO2 film fabricated by sol−gel 
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method could improve the corrosion resistance of 
AZ31 alloy. CAO et al [17] introduced TiO2 into  
the MAO coating of Mg−Zn−Ca alloy and the 
corrosion current density decreased from 1.43×10−4 
to 5.69×10−7 A/cm2. In the case of Y, the PB ratio is 
greater than 1 (1.39 [18]). Previous studies have 
found that yttrium (Y) in the corrosion layer of 
WE43 alloy improves the corrosion resistance of 
WE43 alloy [19,20]. Moreover, nano-particle 
reinforcement is a useful method to improve the 
wear properties of the metals [21,22]. However, 
there are few studies that demonstrate the effects of 
nano-Y2O3 on the corrosion resistance and wear 
property of the MAO coating of magnesium alloy. 
Therefore, some nano-Y2O3 was added into the 
electrolyte to fabricate Y2O3-containing MAO 
coating on ZK60 alloy in this work. The micro- 
structure, coating adhesion, degradation resistance, 
wear property and biocompatibility of MAO 
coating were studied. This would give another 
method to design high performance MAO coating 
of Mg alloys. 
 
2 Experimental 
 
2.1 MAO coating fabrication 

The substrate material used in this work was 
ZK60 alloy with a chemical composition (wt.%) of 
5.20 Zn, 3.80 Zr, and balanced Mg. Some samples 
(d12 mm × 3 mm) were used for the microstructural 
observation and immersion test. Other samples 
(d12 mm × 5 mm) were molded in epoxy resin for 
electrochemical test. Grits of 2000# sandpapers 
were used to polish the exposed surface of the 
samples. A pulsed bipolar electrical source 
(WHD-20) with a power of 2 kW was used to 
prepare the MAO coatings. The micro-arc oxidation 
adopted a constant voltage mode. The working 
voltage, working frequency, work duty cycle and 
preparation time were 360 V, 1000 Hz, 40% and 
15 min, respectively. The composition of the 
electrolyte is given in Table 1. After the MAO 
treatment, the samples were cleaned with distilled 
water and dried in cold air. 
 
Table 1 Composition of electrolyte (g/L) 

Sample Ca(OH)2 (NaPO3)6 KF Nano- 
Y2O3 

MAO coating 1.2 4.0 8.0 − 

Y2O3 + MAO coating 1.2 4.0 8.0 8.0 

2.2 Materials characterization 
Surface morphologies of MAO coatings were 

investigated by a scanning electron microscope 
(SEM) with an energy dispersive X-ray spectro- 
scopy (EDS). The phase compositions of the 
coatings were analyzed by using X-ray diffracto- 
metry (XRD, RIGAKU, D/MAX2500) with Cu Kα 
line generated at 40 kV, 150 mA. 
 
2.3 Scratch test 

The adhesion of the coatings was measured  
by a multifunctional tester (MFT-4000) at room 
temperature. The load was continuously loaded to 
the diamond indenter (the cone angle is 120° and 
the tip radius is 0.2 mm) through the automatic 
loading mechanism, and the specimen was moved 
to make the indenter cross the coating surface. The 
applied force was set at a speed of 20 N/min at 
room temperature. The critical load of the adhesion 
force between the coating and the substrate was 
obtained by determining the signal of friction 
change through each sensor. All the measurements 
were repeated three times. 
 
2.4 Wear test 

The wear test was carried out by a tribometer 
(CSM Instruments). A 5 N linear force was applied 
horizontally in a forward and backward direction, 
covering a track of 10 mm on the sample. Silicon 
nitride ball was used for the friction test. The 
highest speed and frequency of the electric motor 
was 12.5 cm/s and 2 Hz, respectively. The test was 
carried out three times for each coating. After the 
round-trip friction distance reached 100 m, the wear 
volume loss (W) was calculated as [23] 
 
W=AL                                  (1) 
 
where A is the cross-section area (mm2) of the wear 
track which is measured by using a surface profile 
measurement instrument (Alpha-Step IQ), and L 
(mm) is the length of the track. 
 
2.5 Electrochemical measurements 

A Gamry Instrument (Reference 600+) was 
used to perform the electrochemical test. The 
samples were set as the working electrode. A 
saturated calomel electrode (standard potential of 
0.2412 V at 25 °C) was set as a reference electrode. 
A platinum electrode was set as the counter 
electrode. The samples were immersed into a 37 °C 



Jun-xiu CHEN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1411−1424 1413 

Hank’s solution [24]. First, open circuit potential 
(OCP) was measured for 1800 s. Then, the 
electrochemical impedance spectroscopy (EIS) 
experiment was performed at the open circuit 
potential. The frequency range was 105−0.01 Hz. 
Finally, the potentiodynamic polarization curve was 
measured from −0.25 to 0.35 V with reference to 
the OCP. The scan rate was 0.5 mV/s. Under each 
testing condition, the test was repeated three times 
in order to guarantee reliability and reproducibility. 
 
2.6 Immersion test 

Samples (d10 mm × 3 mm) were immersed in 
Hank’s solution for 14 d. The ratio of sample 
surface area (cm2) to solution volume (mL) was 
1.25 according to ISO 10993—12 standard. The 
samples were put into 10 mL centrifugal tube. The 
surface area of the sample was 3.39 cm2 and the 
volume of solution was 2.7 mL. The Hank’s 
solution was changed every day in order to keep it 
fresh and the solution pH variation was recorded 
during the entire immersion period [24]. After 
immersion, the samples were cleaned in chromium 
trioxide solution to remove the corrosion products. 
The corrosion morphology of the alloy was 
observed by SEM and a laser confocal scanning 
microscope (LSM 700). 
 
2.7 Cytocompatibility test 

Human osteosarcoma cells (MG63) were used 
to evaluate the cytotoxicity of the alloys. They were 
cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) with 10% fetal bovine serum (FBS) and 
some antibiotics including 100 mg/mL streptomycin 
and 100 U/mL penicillin at 37 ℃ in a humidified 
atmosphere of 5% CO2. The samples extract was 
prepared using DMEM serum free medium with the 
immersion ratio of 1.25 cm2/mL in a humidified 
atmosphere with 5% CO2 at 37 ℃ for 24 h, and 
subsequently, the supernatant was collected and 
filtered by a 0.22 μm filter. Cells were incubated in 
96-well plates at 1×104 cells/mL medium for 24 h. 
The control group with only DMEM medium was 
the negative control and the DMEM medium   
with 10% DMSO was the positive control. The 
medium was then replaced with 100 μL of extract. 
After 1, 3 and 5 d, MTT (10 μL) was added to  
each well and the samples were incubated with 
MTT (3-(4,5)-dimethylthiahiazo(-z-yl)-3,5-dipheny- 
tetrazoliumromide) at 37 °C for 4 h, and then 

150 μL dimethylsulfoxide (DMSO) was added in 
each well. The optical density (OD) values were 
measured by a microplate reader at 490 nm with a 
reference wavelength of 570 nm. The cell relative 
growth rate (RGR) was calculated according to [24]  
RGR=ODtest/ODnegative×100%                (2) 
 
3 Results 
 
3.1 Microstructure 

Figure 1 presents the microstructures of the 
cross-section and surface of the two coatings. It can 
be seen that the thickness of MAO coating and 
Y2O3 + MAO coatings were 4−11 and 3−10 μm 
(Figs. 1(a) and (b)), respectively. From the cross- 
sectional morphologies, more micro-pores were 
observed in MAO coating than in Y2O3 + MAO 
coating. From surface morphologies, many 
uniformly distributed micro-pores with diameter of 
2 μm on the MAO coating were observed 
(Fig. 1(c)). However, the diameter of micro-pores 
on the Y2O3 + MAO coating was obviously 
decreased to 1 μm. It can be seen from EDS results 
of Regions A and B (Figs. 1(e, f)) that relatively 
compact MgF2 layer was formed in Region A [25], 
while Y2O3 particles were the main components in 
Region B. Figure 2 presents the XRD patterns of 
the coatings. For the uncoated alloy, the main 
second phases were α-Mg and MgZn2. The main 
compositions were α-Mg, MgO and Mg3(PO4)2 in 
the MAO coating. For the Y2O3 + MAO coated 
samples, apart from the above composition, there 
were still some Y2O3 and Ca8MgY(PO4)7. 
 
3.2 Scratch test results 

There was a sudden change of the friction 
coefficient before it reached stable friction stage. 
The critical scratch force could be judged according 
to the sudden change in the friction coefficient. 
Therefore, the adhesion of the coating could be 
obtained from Fig. 3. For the MAO coated samples, 
the critical force was (4.50±0.35) N (Fig. 3(a)). For 
the Y2O3 + MAO coated samples, the critical force 
was (6.03±0.25) N (Fig. 3(b)). Compared with 
MAO coated samples, the critical force of Y2O3 + 
MAO coated samples was increased obviously, 
indicating that the addition of Y2O3 could improve 
the adhesion of the coating. The reason for the 
difference in the initial applied force (0−6 N) may 
be that the micro-surface of the two coatings were 
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Fig. 1 Microstructures of MAO coating (a, c) and Y2O3 + MAO coating (b, d), and EDS results of Regions A (e) and  
B (f): (a, b) Cross-sectional morphologies; (c, d) Surface morphologies  
 

 
Fig. 2 XRD patterns of coatings: (a) Uncoated; (b) MAO 
coating; (c) Y2O3 + MAO coating 

uneven, and the applied force was not 
homogeneous at the initial stage. 
 
3.3 Wear property 

Figure 4 presents the relationship between the 
friction coefficient and the sliding distance. A 
significant change in the friction coefficient was 
observed when the coatings were destroyed and 
then the friction coefficient stabilized at about 0.4. 
The sliding distance before the coating was 
completely destroyed, and this can be inferred 
according to the huge shift of changing point.   
The Y2O3 + MAO coating had the longer sliding 
distance ((3.69±0.60) m) than the MAO coating 
((2.37±0.40) m). This indicates that Y2O3 + MAO 
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coating had better wear property. Figure 5 and 
Table 2 respectively present the typical cross- 
sectional profile of the wear tracks and the volume 
loss of the coated alloys. Since the length of the 
track was the same (10 mm), the volume losses of 
the coated alloys were calculated according to 
Eq. (1). The volume loss of uncoated alloy, MAO 
coated alloy, Y2O3 + MAO coated alloy were 0.72, 
0.46 and 0.27 mm3, respectively. Therefore, it could 

be seen that Y2O3 + MAO coating had the better 
protective effect than MAO coating. Figure 6 shows 
the morphologies of the tracks after friction. It can 
be seen that the width of the tracks of the Y2O3 + 
MAO coating was smaller than that of MAO coating 
(Figs. 6(a, c)). In addition, the damage area of the 
coating was different. The widths of damage of 
MAO coating and Y2O3 + MAO coatings were about 
80−118 and 46−77 μm, respectively (Figs. 6(b, d)). 

 

 
Fig. 3 Relationship between applied force and friction coefficient: (a) MAO coated sample; (b) Y2O3 + MAO coated 
sample 
 

 
Fig. 4 Relationship between sliding distance and friction coefficient: (a) MAO coated sample; (b) Y2O3 + MAO coated 
sample 
 

 
Fig. 5 Typical cross-sectional profile of wear tracks after 100 m friction: (a) Uncoated sample; (b) MAO coated sample; 
(c) Y2O3 + MAO coated sample 
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Table 2 Parameters of wear tracks of samples after 100 m friction 
Sample Maximum depth/μm Area of track/mm2 Volume loss/mm3 

Uncoated 78±3 0.0720±0.0016 0.720±0.016 

MAO coated 61±3 0.0460±0.0022 0.460±0.022 

Y2O3 + MAO coated 43±4 0.0270±0.0018 0.270±0.018 

 

 
Fig. 6 Morphologies of tracks after friction: (a, b) Y2O3 + MAO coating; (c, d) MAO coating 
 
3.4 Electrochemical property 

Figure 7 shows potentiodynamic polarization 
results of the samples. For the coated samples, the 
curves shifted to the left, signifying that the 
corrosion current density decreased. The Tafel 
fitting results of the potentiodynamic curves are 
given in Table 3. The corrosion current density  
(Jcorr) was closely related to the corrosion resistance 

 

 
Fig. 7 Potentiodynamic polarization curves of samples in 
Hank’s solution 

Table 3 Tafel fitting results based on potentiodynamic 
polarizations tests in Hank’s solution 

Sample Jcorr/ 
(μA·cm−2) 

φcorr (vs 
SCE)/V 

Corrosion 
rate/ 

(mm·a−1) 
Uncoated 25.60±2.20 −1.50±0.01 0.58±0.05 

MAO coated 6.32±1.50 −1.36±0.02 0.14±0.03 

Y2O3 + MAO coated 2.75±0.75 −1.43±0.01 0.06±0.02 

 
of the samples. The higher the Jcorr, the larger the 
degradation rate of the sample. The values of Jcorr  
of the uncoated, MAO coated and Y2O3 + MAO 
coated samples were 25.60, 6.32 and 2.75 μA/cm2, 
respectively. Similarly, the degradation rates were 
0.58, 0.14 and 0.06 mm/a, respectively. When Y2O3 
was added, the corrosion resistance was improved 
by 2 and 10 times as compared with the MAO 
coated and uncoated samples, respectively. Also, it 
can be found that the potential of the coated 
samples was higher than that of the uncoated ones. 
It was also reflected that the coating reduced the 
tendency of the alloy to be corroded. 
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Figure 8 presents the impedance curves of the 
samples. Equivalent circuits of EIS curves of 
uncoated and coated samples are shown in  
Figs. 8(d, e), respectively. For uncoated samples, 
there are mainly three parts in the equivalent circuit. 
The first part is a solution resistance Rs. The second 
part involves a film resistance R1 in parallel with 
constant-phase element CPE1, which represents the 
capacitance loop in high frequency. The last part 
contains a charge transfer resistance R2 in parallel 
with CPE2, which represents the capacitance loop  
in medium frequency. An inductance L in series 
with R3 are used to describe the low frequency 
inductance loop, indicating hydrogen evolution on 

the surface of the substrate. The low-frequency 
inductance ring indicates that the corrosive medium 
has reached the substrates and represents the 
beginning of pitting. For the coated sample, the 
circuit does not contain a low frequency inductor 
loop. Constant-phase element (CPE) is used in place 
of a capacitor to compensate the non-homogeneity, 
which is defined by two values, Y and n. n is a  
CPE exponent which provides a measure of the 
unevenness of the electrode surface. When n is 
equal to 1, CPE behaves like an ideal capacitor. The 
fitting results are shown in Table 4. The R1 value of 
Y2O3 + MAO coated samples was much larger than 
that of MAO coated samples and uncoated samples, 

 

 

Fig. 8 Impedance curves: (a) Nyquist curves; (b) Bode curves; (c) Bode phase angle curves; (d) Equivalent circuit of 
uncoated samples; (e) Equivalent circuit of coated samples 
 
Table 4 Fitting results of alloy from impedance curves in Hank’s solution 

Sample Rs/ 
(Ω·cm2) 

CPE1 R1/ 
(Ω·cm2) 

CPE2 R2/ 
(Ω·cm2) 

R3/ 
(Ω·cm2) 

L/ 
(H·cm−2) Y01/ 

(μΩ−1·cm−2·s−1) n1 
Y02/ 

(μΩ−1·cm−2·s−1) n2 

Untreated 14.63 72.98 0.60 147.9 13.91 0.99 981.3 144.5 945.3 

MAO coated 30.81 1.82 0.66 90.71 11.58 0.70 8.43×103 − − 

Y2O3 + MAO coated 31.27 5.46 0.60 1.01×103 4.82 0.70 1.60×104 − − 
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indicating that the Y2O3 + MAO coating provided a 
great protective effect on the substrates. For the 
coated sample, although the corrosion media 
gradually migrated inward, the dense inner layer 
continued to provide protection for the substrate 
because R2 was greater than R1. For the uncoated 
sample, the corrosion products formed in the inner 
layer resisted the diffusion of aggressive ions 
inward [26]. 
 
3.5 Immersion test results 

The pH change of the Hank’s solution is 
presented in Fig. 9. For the uncoated sample, during 
the 14 d immersion, the pH value was very stable at 
about 10.7. For the coated samples, at the initial 
immersion stage, the pH value of the solution 
increased rapidly and then decreased gradually. 
After 5 d, the pH of the solution was stable. When 
coated samples were immersed into the solution, 
the surface area of the sample could react with the 
solution immediately, leading to increased alkalinity 
of the solution. The decrease in the surface area  
also decreased the reaction. Moreover, when the 
corrosion process was inhibited, the dissolution 
process of Mg was also inhibited:  
Mg+2H2O→Mg(OH)2+H2↑                 (3)  

There would be less hydroxyl ions generated; 
therefore, the pH value of the solution decreased. 
Until 5 d immersion, the corrosion process was 
stable. After immersion, the samples were taken out 
and washed with chromic acid solution and the 
topography of the samples were observed (Fig. 10). 
For the uncoated samples, there were some deep 
pits observed. The alloy was severely corroded. For 
the MAO coated samples, the number of the deep  
 

 
Fig. 9 pH change of Hank’s solution for 14 d immersion  

 

 
Fig. 10 Topographies of samples observed by laser 
confocal scanning microscope after removal of 
degradation products: (a) Uncoated sample; (b) MAO 
coated sample; (c) Y2O3 + MAO coated sample 
 
pits obviously decreased. However, for the Y2O3 + 
MAO coated samples, there was virtually no deep 
pits observed, as they exhibited relatively uniform 
corrosion. The depth difference Rmax and the surface 
roughness Ra are the two important parameters used 
to evaluate the samples corrosion morphologies. 
They are illustrated in Table 5. The values of Rmax 
and Ra of the Y2O3 + MAO coated sample were the 
lowest also reflecting the addition of Y2O3 to 
improve the corrosion resistance of the coating. 
Figure 11 shows the corrosion morphologies of the 
samples. For the uncoated sample, the corrosion 
products were large and non-uniform. After the 
corrosion products were removed, deep corrosion  
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Table 5 Depth difference and surface roughness of samples 

Sample 
Depth  

difference, 
Rmax/μm 

Surface 
roughness, 

Ra/μm 
Uncoated 411 71 

MAO coated 147 21 

Y2O3 + MAO coated 20 5 

 
pits were observed. For the MAO coated sample, 
the corrosion products were much more uniform 
than those of the uncoated samples; however, they 
were not compact. After the corrosion layer was 
removed, many corrosion pits could also be 
observed. For the Y2O3 + MAO coated sample, the 
corrosion products were more compact than those 
of the MAO coated. After the corrosion products 
were removed, no deep corrosion pits were 
observed. Figure 12 presents the XRD patterns of 
the corrosion products of the coated samples after 
14 d immersion. For the MAO coating, the main 
corrosion products were Mg(OH)2 and MgO; for 
Y2O3 + MAO coating, except Mg(OH)2 and MgO, 
Ca8MgY(PO4)7 was also observed, indicating that 
Ca8MgY(PO4)7 could protect substrates well. 
 
3.6 Cytocompatibility 

Figure 13 illustrates the cell viability after 
co-culturing with extracts for 1, 3 and 5 d. For all 
the cells, the RGR values increased with an increase 
in the incubation time. For the uncoated sample, the 
RGR value increased from 81% to 84%; for the 

MAO coated sample, the RGR value increased 
from 90% to 92%; for the Y2O3 + MAO coated 
sample, RGR value increased from 91% to 93%. 
The coated samples showed better biocompatibility 
than the uncoated sample. However, no significant 
difference was observed between the two kinds of 
coatings. 

 
4 Discussion 
 
4.1 Effects of nano-Y2O3 on wear property of 

MAO coating 
Nowadays, nano-particle reinforcement to 

improve the wear property of metals is widely 
studied [27,28]. When the particles are uniformly 
distributed in the substrates, they could obviously 
improve the wear property of the substrates. 
Coating is an effective method to improve the wear 
resistance of Mg alloys [29]. According to CHEN  
et al [30], MAO coating was easily destroyed from 
the micro-pores during the friction process. The 
mechanism of Y2O3 improving the wear property of 
MAO coating can be summarized as follows. 

There were many micro-pores in the MAO 
coating, which was detrimental to wear property. 
During the micro-arc oxidation process, when the 
Mg alloy dissolved, Mg2+ reacted with F−, OH−  
and PO4

3− to form MgF2, Mg(OH)2 and Mg3(PO4)2, 
respectively [31]. Some Y2O3 nanoparticles 
combined with these reaction products, leading to 
their absorption on the Mg alloy surface. Some of 

 

 

Fig. 11 Corrosion morphologies of samples: (a1, b1, c1) With corrosion products; (a2, b2, c2) With corrosion products 
removed 
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Fig. 12 XRD patterns of coatings after 14 d immersion in 
Hank’s solution 
 

 
Fig. 13 Cell viabilities after incubation with different 
extracts for different time (*P >0.05 mean that the 
difference is not significant) 
 
them got deposited into the micro-pores, leading  
to a decrease in pore diameter or even its 
disappearance. This suggests that the amount of 
crack source in the MAO coating reduced during 
the friction. Thus, the coating was not destroyed 
from the micro-pores. Moreover, some of the 
yttrium had a reaction with calcium (Ca2+) and 
phosphate (PO4

3−) to form Ca8MgY(PO4)7 that could 
reinforce the coating, keeping its integrity. The 
reaction was deduced as.  
16Ca2++Y2O3+2Mg2++14PO4

3−+6H+  
2Ca8YMg(PO4)7+3H2O                (4)  
The friction particles were not easily separable 

from the MAO coating. This means except for the 
micro-pores, the other parts of the coating were also 
stable, and not easily destroyable. Besides, the 
addition of Y2O3 also improved the MAO coating 

adhesion with the substrates. The critical scratch 
force improved from 4.50 to 6.03 N. This means the 
Y2O3 + MAO coating had better adhesion with the 
substrates. It could not be easily peeled off from the 
substrates. The reason why the addition of Y2O3 
could improve the adhesion could be explained as 
follows. From the observation of microstructure of 
the cross section of the two coatings, there were 
many micro-pores in the interfaces between the 
substrate and the MAO coating. However, almost 
no pores were observed in the interfaces between 
the substrate and the MAO coating. When there 
were many pores, the adhesion between the coating 
and the substrate was decreased. Thus, the   
critical scratch force also decreased. The effects  
of Y2O3 on the wear properties of MAO coating 
were as follows: reducing micro-pores, particle 
reinforcement and enhancing adhesion between 
coating and substrates. 
 
4.2 Effects of nano-Y2O3 on degradation 

behaviors of MAO coating 
MAO coating usually corrode from the 

micro-pores. Many researchers put their attention 
on the fabrication of MAO composite coating in 
order to solve this issue. The composite coatings 
were mainly made up of MAO/sol−gel coating [32], 
MAO/electrodeposition coating [33], MAO/ 
polylactic acid (PLA) coating [34], etc. Although 
these methods could improve the degradation 
resistance of the MAO coating, it takes much time 
and increases the costs. In this work, nano-Y2O3 
was added into the electrolyte to fabricate 
nano-Y2O3-containing MAO coating and the 
coating degradation resistance was improved. The 
corresponding mechanism was concluded as 
follows. 

On one hand, for the MAO coating, there were 
many micro-pores in the coating (Fig. 14(a)), and 
corrosion easily occurred from the pores leading to 
pitting corrosion due to the galvanic effect between 
the second phases and the substrate [35]. The 
coating was peeled off into the solution (Fig. 14(c)). 
Y2O3 reacted with the electrolyte to form 
Ca8MgY(PO4)7 and deposited in the MAO coating. 
Y is an inert element. Nano-Y2O3-containing 
compounds could stabilize the coating. When MAO 
coating was corroded, it could not be easily  
peeled off from the substrates. Moreover, according 
to previous report [19], some Y elements could 
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Fig. 14 Schematic illustration of degradation of coatings: (a, c) MAO coating; (b, d) Y2O3 + MAO coating 
 
dissolve into the corrosion products and stabilize 
them. Therefore, the degradation resistance was 
improved. On the other hand, there were some Y2O3 
particles deposited in the micro-pores, and the 
number and the size of the micro-pores were 
reduced. The micro-pores were sealed due to the 
addition of the Y2O3 particles (Fig. 14(b)). Besides, 
the corrosion products such as Mg(OH)2 could 
deposit in the corroded pores, which could inhibit 
the corrosion process (Fig. 14(d)). Therefore,  
Y2O3 + MAO coating could protect the substrates 
better with the degradation rate decreasing from 
0.14 to 0.06 mm/a in Hank’s solution 
 
4.3 Effects of nano-Y2O3 on biocompatibility of 

MAO coating 
It was reported that MgYREZr alloy (similar 

to WE43 alloy) had better biocompatibility [36] and 
the yttrium element content in the blood was still 
within the reference range [37]. For the uncoated 
sample, the content of Mg2+ ions was relatively high 
due to its fast degradation. Moreover, the alkalinity 
of the solution increased. These two aspects led to 

the decrease of the biocompatibility of the sample. 
The RGR value was just about 80%. For the coated 
sample, the fast degradation rate was inhibited. The 
content of Mg2+ ions and pH value of the solution 
were much lower. Besides, there were some 
beneficial elements such as Ca and P dissolved into 
the solution; therefore, the RGR value was more 
than 90%, exhibiting good biocompatibility. The 
addition of Y2O3 did not affect the coating 
biocompatibility. The RGR value could still 
maintain more than 90%. Moreover, no significant 
difference was observed between the two kinds of 
coatings. 
 
5 Conclusions 
 

(1) There were mainly Ca8MgY(PO4)7 and 
Y2O3 particles in the coating. They could stabilize 
the coating and the nano-Y2O3 could seal the 
micro-pores. Therefore, the degradation resistance 
of the coating was improved. 

(2) The addition of Y2O3 improved the wear 
property of the MAO coating. This was related to 
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the decrease of the micro-pores, particle 
reinforcement and enhancement of the coating 
adhesion with the substrates. 

(3) The addition of Y2O3 did not decrease the 
biocompatibility of the MAO coating. The RGR 
value could reach more than 90%, showing good 
cell viability. 
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摘  要：为了进一步降低镁合金微弧氧化(MAO)涂层的降解速率并提高其耐磨性能，通过在电解液中加入纳米

Y2O3 的方法，制备含纳米 Y2O3 的镁合金 MAO 涂层，并借助显微结构观察、磨损实验、电化学实验、浸泡实验

和细胞毒性实验对其进行研究。结果表明，微弧氧化涂层中主要含有 Ca8YMg(PO4)7 和 Y2O3 颗粒，Ca8YMg(PO4)7

能稳定涂层，纳米 Y2O3 能封闭微孔，从而降低涂层的降解速率，并提高其耐磨性。在 Hank’s 溶液中，涂层的降

解速率从 0.14 mm/a 降至 0.06 mm/a。在相同摩擦距离下，涂层体积损失从 0.46 mm3 降至 0.27 mm3。MAO 涂层具

有良好的生物相容性，细胞相对增殖率(RGR)超过 90%。含纳米Y2O3的MAO涂层具有良好的生物医学应用前景。 

关键词：纳米 Y2O3；MAO 涂层；磨损性能；降解性能；生物相容性 
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