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Abstract: In order to improve the wear and corrosion resistance of AZ31 magnesium alloy, a magnetron-sputtered Al 
layer with a thickness of 11 μm was firstly applied on the alloy, and then treated by plasma electrolytic oxidation (PEO) 
in an aluminate and silicate electrolytes, respectively. The performance of PEO coatings was investigated by dry sliding 
wear and electrochemical corrosion tests. The aluminate coating exhibits excellent wear resistance under both 10 and 
20 N loads. The silicate coating only shows low wear rate under 10 N, but it was destroyed under 20 N. Corrosion tests 
show that the Al layer after magnetron sputtering treatment alone cannot afford good protection to the Mg substrate. 
However, the duplex layer of PEO/Al can significantly improve the corrosion resistance of AZ31 alloy. Electrochemical 
tests show that the aluminate and silicate coatings have corrosion current densities of ~1.6×10−6 and ~1.1×10−6 A/cm2, 
respectively, which are two orders lower than that of the un-coated AZ31 alloy. However, immersion tests and 
electrochemical impedance spectroscopy (EIS) show that the aluminate coating exhibits better long-term corrosion 
protection than silicate coating. 
Key words: AZ31 magnesium alloy; magnetron sputtering; plasma electrolytic oxidation; dry sliding wear; corrosion 
                                                                                                             

 

 

1 Introduction 
 

Owing to their high specific strength, excellent 
castability, good machinability and high raw 
material resources, magnesium and its alloys have 
attracted much attention in automotive, aerospace, 
biomedical applications and electronic communi- 
cation [1−4]. On the other hand, the poor wear 
resistance and high corrosion rate of magnesium 
alloys greatly limit their applications [5−7]. Hence, 
surface treatment is necessary before their practical 
applications. To achieve this goal, many methods 
have been proposed such as conversion coating, 
electrochemical plating, anodizing and plasma 
electrolytic oxidation (PEO) [8−10]. Among these 
methods, PEO is regarded as the most effective to 
protect the Mg alloys [10−12]. PEO, consistently 
recognized as an environmentally friendly and 

economic technology, is a surface treatment process 
developed on the basis of anodizing [13,14], but 
works under higher voltages to maintain dielectric 
breakdown of the oxide film [15]. So far, PEO has 
been successfully used to treat valve metals such as 
Al [16,17], Mg [18−20], Ti [21], Zr [22,23], Ta [24] 
and their alloys to form functional ceramic  
coatings with various properties. PEO is normally 
considered to be not suitable for non-valve metals 
such as steels and copper alloys [25]. Nevertheless, 
the unsuited metals can still be treated by first 
plating them with a layer of Al and then  
producing the PEO coating [26]. For example, arc 
spraying [27] and hot-dipping [28] respectively 
have been used to produce a prior Al layer on steel 
for the subsequent PEO treatment. 

The PEO coatings of Mg alloys are normally 
composed of amorphous and crystalline phases of 
MgO, Mg2SiO4, Mg3(PO4)2 or Mg2AlO4, depending 
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on the electrolyte [29,30]. The hardness values of 
these phases are normally inferior to that of alumina 
that has a high hardness value of 9.0 in the Mohs’ 
scale. As a result, the PEO coatings on Mg alloys 
cannot compete with the Al PEO coatings in terms 
of wear. Tribological tests of PEO coatings of Mg 
alloys were normally conducted under relatively 
low loads between 2 and 5 N [31−33]. In our 
previous study [30], SiC nanoparticles were added 
to an electrolyte of silicate–hexametaphosphate to 
improve the wear resistance of the PEO coatings on 
AZ31 Mg alloy. The incorporation of SiC particles 
led to thicker coatings with more consistent wear 
performance which sustained higher loads of 10 and 
20 N under ball-on-disc dry sliding wear. However, 
the wear performance of the coatings on AZ31 Mg 
alloy in Ref. [30] is still inferior to that of the  
PEO coatings on an Al−Cu−Li alloy formed in a 
moderate concentrated aluminate electrolyte, which 
sustained an extremely high load of 100 N [34]. 

Inspired by the excellent performance of PEO 
coatings on Al, we designed a duplex method    
to improve the wear performance of Ti6Al4V  
alloy [35]: a thin layer of Al was first applied on 
Ti6Al4V substrate by magnetron sputtering and 
then the Al-coated sample was treated by PEO 
method. This strategy was very effective in 
improving the wear performance of Ti6Al4V. As a 
consequence, the duplex method of first applying 
an Al layer and then followed by PEO might also be 
suitable to improve the surface properties of Mg 
and its alloys. However, owing to the low melting 
point of Mg, the previously mentioned arc spraying 
and hot-dipping aluminizing methods may not be 
suitable for Mg and its alloys. In this regard, 
magnetron sputtering is more favorable for Mg 
alloys since the substrate can be treated at room 
temperature or moderately lower temperatures of 
200 to 300 °C [36]. Although the duplex method of 
magnetron sputtering and PEO has the expected 
advantages, to the author’s knowledge, this method 
has not been reported for Mg alloys. The PEO 
method for the magnetron-sputtered Al layer   
may be more desirable for Mg alloys in terms    
of improving both the wear and corrosion 
performances. 

In this work, AZ31 Mg alloys were firstly 
coated with ~11 μm-thick Al layer using magnetron 
sputtering, and then the specimens were PEO- 
treated in silicate and aluminate electrolytes, 

respectively. Tribological properties of specimens 
were evaluated on a tribometer against a steel   
ball. Corrosion performances were evaluated by 
immersion tests and electrochemical methods. 
 
2 Experimental 
 

In this study, a 5 mm-thick rolled plate of 
AZ31 Mg alloy was used. The alloy was laboratory- 
made according to the nominal composition (wt.%) 
of Al 2.7−3.0, Zn 0.8−1.0, Mn 0.3−0.5, Si 0.1, Fe 
0.05, Cu 0.05 and Mg balance. The AZ31 Mg  
alloy was cut into specimens with dimensions    
of 20 mm × 10 mm × 5 mm. Then, they were 
sequentially ground with 60#, 600#, 1000#, 2000# 
and 5000# SiC paper, and finally, polished with 
3.5 μm diamond paste. After polishing, the 
specimens were degreased with ethanol, rinsed with 
distilled water and then dried and stored in a 
desiccator ready for magnetron sputtering. By using 
a commercial company’s magnetron sputtering 
equipment (DC mode) [35], an Al layer of ~11 μm 
was deposited on the surface of the specimens. 
After the magnetron sputtering of Al, each 
specimen was connected to a copper wire and 
sealed with epoxy resin, leaving the magnetron 
sputtered surface exposed as working area for 
subsequent PEO treatment. 

The PEO power supply and the experimental 
arrangement were the same as those in our pervious 
paper [30]. PEO treatment was carried out in a 1 L 
glass vessel, equipped with magnetic stirring and a 
water cooling system. Pulsed bipolar constant 
current regime with a frequency of 1000 Hz and a 
duty cycle of 20% was employed for the PEO 
treatment. An oscilloscope (Tektronix TDS 1002C- 
SC) was used to monitor the current waveforms. 
Average positive and negative current densities of 
~0.16 and ~0.08 A/cm2 respectively were detected 
from the integration of the waveforms. 

PEO coatings were formed in aluminate and 
silicate electrolytes, respectively, and the formed 
coatings are denoted as aluminate coating and 
silicate coating in the subsequent discussion. The 
electrolytes were an aluminate electrolyte of 5 g/L 
NaAlO2 + 1 g/L KOH, 32 g/L NaAlO2 + 1 g/L KOH 
and a silicate electrolyte of 16 g/L Na2SiO3ꞏ9H2O + 
1 g/L KOH. For the aluminate coating, the 
specimens were firstly treated in an electrolyte   
of 5 g/L NaAlO2 + 1 g/L KOH for 80 s to form a 
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precursor coating, and then PEO-treated in an 
electrolyte of 32 g/L NaAlO2 + 1 g/L KOH for 
300 s. The silicate coating was formed for a 
treatment time of 600 s in the silicate electrolyte. 
Scanning electron microscope (SEM, Nova Nano 
230, FEI) combined with energy dispersive 
spectrometer (EDS) and X-ray diffractometer  
(XRD, Rigaku D/MAX 2500, Cu Kα radiation) 
were used to examine the morphology, composition 
and phases of the PEO coating. 

Microhardness measurements were made on 
the cross-section of PEO coatings, using an 
HX−1000TM/LCD digital microhardness tester 
equipped with a diamond indenter (Shanghai 
Taiming Optical Instruments Co., Ltd.) with a load 
of 10 g and a dwell time of 10 s. 

Tribological tests were performed on a 
tribometer (CETR UMT−3, ball-on flat 
configuration) against a SAE521000 Cr steel ball 
(diameter 9.5 mm, hardness 62 HRC). The steel ball 
slides in a linear reciprocating motion with a stroke 
length of 5 mm and a frequency of 2 Hz. A 3D 
super depth digital microscope (Keyence, VHX− 
5000, Japan) was used to inspect the abrasion scars. 

The corrosion performance of the samples 
coated by the magnetron-sputtered Al layer and the 
duplex layer (PEO/Al) was evaluated by immersion 
test and electrochemical methods. Un-coated AZ31 
Mg alloy and a piece of rolled pure Al (99.99 wt.%) 
were also used for comparison. The corrosion 
medium is 3.5 wt.% NaCl solution to mimic sea 
water. The electrochemical tests were open circuit 
potential (OCP), potentiodynamic polarization and 
electrochemical impedance spectroscopy (EIS), 
operated under a three-electrode configuration. A 
piece of large platinum plate and a saturated 
calomel electrode (SCE) were used as the counter 
electrode and reference electrode, respectively. 
Potentiodynamic polarization tests were performed 
after immersion for 1 h, using a scan rate of 
0.5 mV/s from −0.5 to 1.5 V with respect to OCP. 
The EIS of the un-coated and magnetron sputtered 
AZ31 Mg alloy was recorded after 1 h immersion, 
while the EIS data of the PEO-treated specimens 
were recorded at 1, 3 and 5 h, respectively to 
evaluate the evolution of corrosion behavior with 
time. The EIS tests were performed with an 
amplitude of 10 mV around the OCP and a scanning 
frequency range from 1×105 to 5×10−3 Hz. The data 
obtained from the EIS tests were fitted by ZView2 

software. After the tribological and electrochemical 
tests, the surface morphologies and compositions of 
specimens were examined by SEM and EDS. 
 
3 Results 
 
3.1 Magnetron-sputtered Al layer 

The surface and cross-sectional morphologies  
of the AZ31 sample coated with the magnetron- 
sputtered Al layer are presented in Fig. 1. The 
surface is dominated by irregular grains of Al (see 
Fig. 1(a)). The grains can roughly be categorized 
into two groups with different sizes. The majority of 
the grains are in a small size of ~2.2 μm. However, 
big grains with size up to ~4.8 μm are also 
distributed randomly on Al surface. From the inset 
in Fig. 1(a), the grain boundaries are clearly seen. 
Relatively wide gaps are present between some 
grains. These grain boundaries with gaps may be 
the routs for the transportation of corrosive species 
during corrosion process. Figure 1(b) shows the 
cross-section of the magnetron-sputtered specimen, 
showing a uniform Al layer with the thickness of 
~11 μm. 
 

 

Fig. 1 Surface (a) and cross-sectional (b) morphologies 

of magnetron-sputtered Al layer 
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3.2 PEO-treated coatings 
The cell potential−time responses during PEO 

of the Al-coated AZ31 alloy in a solution of 16 g/L 
Na2SiO3ꞏ9H2O and 32 g/L NaAlO2 are presented in 
Fig. 2. The potentials are peak values. The positive 
potential of the specimen in silicate electrolyte 
shows a rapid increase to the inflexion point of 
~412 V at 16 s, after which the potential rises 
slowly toward a final value of 520 V at 600 s. In 
contrast, the positive potential in the aluminate 
electrolyte surges more rapidly to ~374 V at 7 s, 
after which it was maintained at nearly the same 
level to ~22 s, and then rose with increased rate to a 
high value of ~435 V at 147 s. After that time point, 
the cell potential dropped suddenly to 391 V, 
followed by a steadily recovery to ~455 V at 252 s, 
and then a fast decreasing to lower values. PEO in 
the aluminate electrolyte was terminated at 300 s 
with a final potential of ~337 V. Hence, the positive 
potential shows a complicated behavior in the 
aluminate electrolyte. Similar behaviors have  
been observed in a previous study on Al-covered 
Ti−6Al−4V alloy [35]. A careful observation of the 
PEO process at the later stage with a potential drop 
indicated that electrolyte has infiltrated into the 
crevices between the sample edges and the sealing 
resin, as can be inferred from the faint sparks in the 
crevices. The drop of the potential is possibly due to 
the newly exposed metal surface in the crevices, 
which has not yet been covered by high resistance 
oxide. The oxidation of the non-working areas is 
 

 

Fig. 2 Cell potential−time responses for PEO of Al- 

coated AZ31 magnesium alloy in 16 g/L Na2SiO3ꞏ 

9H2O+1 g/L KOH and 32 g/L NaAlO2+1 g/L KOH, 

respectively (The potentials are respectively positive and 

negative (absolute value) peak values for the potential 

pulses) 

undesirable, but we have not yet a good way to 
prevent it. The negative potentials, which are lower 
than positive ones, also show an initial rapid 
growth. 
 
3.3 XRD patterns 

The phase compositions of the coatings 
formed on the Al-coated samples in silicate and 
aluminate electrolytes were examined by XRD 
(Fig. 3). Peaks of Mg and Al, which come from the 
underlying substrate and Al layer, respectively, are 
evident in the XRD spectra. For the coating formed 
in aluminate electrolyte, both α-Al2O3 and γ-Al2O3 
are present as the main phases. However, only 
γ-Al2O3 is detected for the silicate coating. 
According to our previous studies, aluminate 
electrolyte favors the formation of α-Al2O3 in    
the PEO coatings [34,35]. In contrast, the 
predominance of γ-Al2O3 phase in the coating 
formed in the silicate electrolyte may be due to the 
fact that silicon species can suppress the formation 
of α-Al2O3. GULEC et al [37] found that when the 
Si content in a binary Al−Si alloy is higher than 
2 at.%, α-Al2O3 cannot be formed in the PEO 
coatings. In our previous study [16] of the PEO of a 
cast Al−Si alloy, γ-Al2O3 is also the predominant 
phase despite the use of aluminate-based 
electrolytes. The silicon in the present coatings 
comes from the electrolyte; however, regardless of 
its origin, the presence of Si in the coating, 
adversely affects γ-Al2O3 to α-Al2O3 phase 
transformation [37]. High content of hard α-Al2O3 
phase is beneficial to improving wear resistance of 
the coatings [34,38]. 
 

 

Fig. 3 XRD patterns of Al-coated AZ31 Mg alloy after 

being PEO-treated for different time in aluminate and 

silicate electrolytes, respectively 
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3.4 Morphologies of PEO-treated samples 
Figure 4 shows the morphologies of surface 

and cross-section of the coating formed in 16 g/L 

Na2SiO3 solution for 600 s. A porous coating with 
pancake structures and fine particles is formed (see 
Fig. 4(a)). The pancake structure is typical in   
PEO coatings, which is thought to be generated  
by the penetrating discharges that reach the 
substrate [5,23,39]. The fine particles, proved to 
contain silicon by EDS, are the result of 
decomposition of electrolyte by discharges on the 
coating surface. Figure 4(b) displays the cross- 
section of the coating, showing a bi-layered 
structure. The image reveals a non-uniform  
coating with thickness between 21 and 32 μm. 
Correspondingly, the interface of coating/Al is 
presented in the form of an undulating curve. Big 
and transverse pores with different sizes are found 
between the outer and inner layers. Under big  
pores, the coating/Al interface recedes toward the 
metal side, which means the consumption of more 
Al layer at these locations, possibly assisted by the 
plasma discharges. According to the discharge 

model presented in Ref. [5], the strong penetrating 
discharges caused the pancake structures and the 
underlying big pores. The inset in Fig. 4(b) shows a 
barrier layer at the coating/Al interface. It is 
believed that the barrier layer affords main 
protection during the corrosion processes [40−43]. 
Figure 4(c) shows EDS line scan spectra along the 
cross-section of the coating. Si content is mainly 
distributed at the outer layer. Figure 4(d) shows that 
the coating exclusively consists of elements of O, 
Al and Si. 

The morphologies of the coating generated in 
32 g/L NaAlO2 solution for 300 s are shown in 
Fig. 5. This coating is featured by irregular  
nodules and fine pores. The pancakes are absent. 
Furthermore, the cross-section (Fig. 5(b)) shows 
that the aluminate coating is dense and single- 
layered, with a thickness of ~28 μm. The coating/Al 
layer interface is nearly parallel to the horizontal 
direction, which is different from the undulating 
interface in the silicate coating. Figures 5(c, d)  
show the EDS line scan spectra along cross-  
section and the point analysis on the coating surface, 

 

 
Fig. 4 Morphologies (a, b) and EDS spectra (c, d) of surface and cross-section of coating formed in 16 g/L Na2SiO3 

solution for 600 s: (a) Surface in secondary electrons; (b) Cross-section in backscattered electrons; (c) EDS line scan 

spectra across substrate and coating; (d) EDS spectrum for Point A in (a) 
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Fig. 5 Morphologies and EDS spectra of surface and cross-section of coating formed in 32 g/L NaAlO2 solution for 

300 s: (a) Surface in secondary electrons; (b) Cross-section in backscattered electrons; (c) EDS line scan across 

substrate and coating; (d) EDS spectrum for Point A in (a) 

 

respectively. The elements of Al and O distribute 
uniformly along the coating depth. According to our 
previous study [15], the single-layered coating is 
attributed to the fact that type A or C discharges 
dominate the coating formation process in 
concentrated electrolyte. Type A or C discharges are 
weaker than the strong B type penetrating 
discharges which cause the pancake structures. 
Type A and C discharges occurred at the coating 
upper layer or the coating/electrolyte interface, 
resulting in thermal decomposition of aluminate 
anions into solid phase of Al2O3 [15,23]. The flat 
coating/Al interface may also indicate that the 
strong penetrating discharges are absent in this case. 
 
3.5 Microhardness and tribological properties 

The microhardness of coatings formed in the 
silicate and aluminate electrolytes respectively has 
been measured. Figure 6 shows the microhardness 
indents on the cross-sections of the coatings after 
the tests. Figure 6(a) shows a small sized indent 
with a hardness value of HV 1401 at the outer layer 

of the silicate coating. However, the inner layer 
shows a lower hardness value of HV 643. An 
average value of HV (579±119) is obtained from  
4 points made on the inner layer. The higher 
hardness of the outer layer is due to its compactness, 
as suggested by the SEM. Figure 6(b) displays 
some of the indents on the aluminate coating. An 
average hardness value of HV (1473±223) is 
obtained from 6 points, with the highest and lowest 
of hardness values of HV 1759 and 1060, 
respectively. The results show that the hardness of 
the aluminate coating is higher than that of silicate 
coating, which might be attributed to the high 
fraction of α-Al2O3 in the former. 

Friction coefficient as a function of sliding 
time was registered for the wear tests of the 
Al-coated AZ31 Mg alloy and the PEO coatings. 
Figure 7(a) shows the variations of the coefficient 
of friction for a sliding time of 1800 s under a load 
of 10 N. All of the samples show a similar friction 
coefficient of ~0.36 at 0 s. However, the coefficient 
of friction of the Al-coated sample decreases slightly 
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Fig. 6 SEM images showing indents on cross-sections of different samples after microhardness tests: (a) Silicate coating; 

(b) Aluminate coating 

 

 
Fig. 7 Friction coefficient as function of sliding time (a) and wear depth profiles (b) after dry sliding under 10 N for 

Al-coated AZ31 and duplex PEO/Al samples formed in silicate and aluminate electrolytes, respectively, and friction 

coefficient as function of sliding time (c) and corresponding wear depth profiles (d) under 20 N for duplex PEO/Al 

samples formed in silicate and aluminate electrolytes, respectively 

 

at the initial stage, reaching ~0.29 at 72 s, after 
which it is kept at a relatively constant low level, 
with values between ~0.29 and 0.40. The 
coefficient of friction of the aluminate coating rises 

to ~0.47 at 150 s, and then it fluctuates in a range 
between ~0.41 and ~0.50. The coefficient of friction 
of the silicate coating rises to the highest value of 
~0.53 at 160 s, after which it varies between ~0.50 
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and ~0.66, with repeated fluctuations. The 
fluctuations may be caused by the repeated 
entrapment and removal of the wear debris during 
the sliding process. Visual observation showed that 
the magnetron-sputtered Al layer was destroyed 
quickly after the application of load on the 
specimen and a deep trench was formed after the 
wear test. However, the PEO coatings exhibited 
excellent wear protection during the sliding tests 
under 10 N, with no signs of coating failure being 
observed during the tests. Figure 7(b) shows the 
corresponding profiles of wear scars after the dry 
sliding wear. The wear depths on the Al-coated 
specimen, the silicate coating and aluminate  
coating are ~145.5, 19.2 and 19.3 μm, respectively. 
The results show that the PEO coatings have 
significantly protected the underlying Mg substrate 
under a moderate load of 10 N. 

Dry sliding tests were also carried out under a 
higher load of 20 N. Figure 7(c) shows the variation 
of the friction coefficient during the tests. The 
silicate coating displays an initial stable period up 
to ~133 s, with the coefficient of friction between 
~0.41 and 0.46. After that the coefficient of friction 
decreases quickly to 0.28 at 163 s, and then remains 
at ~0.26 to ~0.36. The point at which the coefficient 
of friction began to drop is marked as “transition 
point”, which means that the coating was destroyed 
by steel ball and the sliding scenario changed into a 
mode of steel ball against metal substrate [44]. As a 
result, the coefficient of friction is close to that of 
the Al-coated specimen under a load of 10 N. The 
dry sliding test for the silicate coating was 
terminated at 600 s, since the specimen was heavily 
worn. However, no “transition point” was observed 
during the dry sliding of the steel ball against the 
aluminate coating. The coefficient of friction was 
kept at a constant level of ~0.47 till the end of 
1800 s. Furthermore, the curve of coefficient     
of friction is smoother than that at 10 N, which    
may indicate the easy removal of wear debris.    
Figure 7(d) shows the wear scar profiles after the 
dry sliding tests under 20 N. The silicate coating 
was destroyed under 20 N, showing ~99.1 μm wear 
depth after 600 s dry sliding. In contrast, the wear 
depth on the aluminate coating was only 18.6 μm 
after 1800 s dry sliding. The later is even shallower 
than that formed under 10 N. 

SEM images of the corresponding wear   
scars on different samples are shown in Fig. 8. 

Figures 8(a, b) show the wear scars on the Al- 
coated Mg alloy after 1800 s dry sliding test under 
10 N. According to Fig. 8(a), a wear scar with a 
width of ~2.35 mm was formed on the sample 
surface. The magnified image in Fig. 8(b) shows 
long grooves parallel to the sliding direction, 
indicating abrasive wear [31]. The EDS analysis of 
Point A in Fig. 8(b) shows 96.1 wt.% Mg, 2.1 wt.% 
Al and 1.2 wt.% O, which confirms the exposure of 
the substrate. Figure 8(c) shows the wear scar on 
the silicate coating after 1800 s dry sliding test 
under 10 N. The width of wear scar is ~1.59 mm, 
which is narrower than that on the Al-coated  
sample. Figure 8(d) shows the boxed region in 
Fig. 8(c). The out layer of the coating has been 
removed. Smooth patches with irregular shapes 
exist in the wear track. The EDS analysis of    
one of the patches (Point B in Fig. 8(d)) shows   
the composition of 39.0 wt.% O, 43.0 wt.% Al, 
5.8 wt.% Si, 11.5 wt.% Fe and 0.68 wt.% Mg, 
respectively. The element from the sliding 
counterpart (Fe) demonstrates the formation of 
“transfer layer” or “tribolayer” [44−46]. Transfer 
layers were formed by tribo-oxidation of the steel 
counterface, due to the combined actions of 
mechanical stresses and frictional heating [44]. The 
wear scar on the aluminate coating after 1800 s dry 
sliding under 10 N displays the narrowest width of 
~1.41 mm (Fig. 8(e)). Furthermore, the transfer 
layers are more evident in this case (see Fig. 8(f)). 
The EDS analysis of Point C on the transfer layer in 
Fig. 8(f) reveals only the elements of Fe and O 
(74.9 wt.% Fe and 25.0 wt.%). The result shows 
that more materials from the steel ball have been 
incorporated into the transfer layer, suggesting    
a higher hardness of the aluminate coating. 
Figures 8(g−i) show the wear scar morphologies 
under 20 N. The wear scar on the aluminate coating 
is similar to that under 10 N, showing a width of 
~1.43 mm (Fig. 8(g)). Transfer layers were also 
formed on the wear scar under 20 N (see Fig. 8(h)). 
EDS analysis of the wear track (Point D) shows the 
presence of O, Al and Fe, which are elements from 
the coating and steel ball, respectively. The silicate 
coating has been completely destroyed under the 
load of 20 N. A wide wear scar (~2.41 mm) with 
long grooves parallel to sliding direction is shown 
in the SEM image (Fig. 8(i)). EDS analysis at Point 
E shows only the elements of substrate. The long 
grooves indicate the mechanism of abrasive wear. 
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Fig. 8 SEM images of wear scars on different samples after dry sliding wear tests under 10 N (a−f) and 20 N (g−i):   

(a, b) Al-coated AZ31 Mg alloy ((b) is the boxed area in (a)); (c, d, i) Silicate coating ((d) is the boxed area in (c));   

(e−h) Aluminate coating ((f) is the boxed area in (e), and (h) is the boxed area in (g)) 

 

The results presented here indicate that the 
combined treatment of magnetron sputtering and 
PEO can significantly improve the wear resistance 
of AZ31 magnesium alloy. Moreover, PEO coatings 
formed in aluminate are superior to the coatings 
formed in silicate electrolyte, especially under the 
increased load of 20 N. The big internal pores in the 
silicate coating (see Fig. 4(b)) may be the reason 
associated with the lowered wear performance, 
since the outer part of the coating may be easily 
damaged under the higher load [15,34,47]. In 
contrast, the single layered structures [34], along 
with the higher fraction of α-Al2O3 and the higher 
hardness, are reasons for the excellent performance 
of the present aluminate coatings. 
 
3.6 Corrosion behavior 
3.6.1 Polarization curves 

Potentiodynamic polarization measurements 

for different samples were performed after 1 h 
immersion in 3.5 wt.% NaCl. Figure 9 shows the 
results. The un-treated magnesium AZ31 alloy 
shows the behavior of a typical active material. A 
sharp increase in anodic current density is observed 
for small potential variation above the corrosion 
potential of −1.544 V (vs SCE). For the Al-coated 
AZ31 Mg alloy, a more negative corrosion potential 
of −1.687 V (vs SCE) was recorded during the 
polarization process. With the potential rise, the 
curve shows a vertical passive region (from −1.60 
to −0.76 V (vs SCE)). After that, a turning point 
occurs at −0.744 V (vs SCE), which is the 
breakdown potential. The occurrence of passive 
region indicates that the surface property of the Mg 
alloy has been drastically modified after the 
magnetron sputtering of Al. It actually displays  
the behavior of magnetron-sputtered Al. The 
polarization curves of the Al-coated AZ31 after 
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PEO treatments are also presented. The corrosion 
potential of the PEO coatings moves to positive 
position compared to that of the Al-coated AZ31 
alloy. The silicate coating does not show an obvious 
passive region in the anodic branch of the curve. 
However, the aluminate coating exhibits a region of 
extended passivity, with low current densities until 
the end of the test. The parameters obtained from 
polarization curve are listed in Table 1, where the 
free corrosion current densities (Jcorr) were obtained 
by Tafel extrapolation method. According to Table 1, 
the AZ31 alloy shows the largest Jcorr with a value 
of 7.5×10−3 A/cm2, and the Jcorr of Al-coated alloy is 
one order less than that of the un-coated AZ31  
alloy. Moreover, values of Jcorr of the coatings 
formed in silicate and aluminate solutions are two 
orders of magnitude lower than that of Al-coated 
AZ31 alloy, implying that the PEO treatments have 
significantly improved the corrosion resistance of 
the treated alloy. 
 

 
Fig. 9 Potentiodynamic polarization curves for different 

samples after immersion in 3.5 wt.% NaCl solution for 

1 h 

 

Table 1 Electrochemical data extracted from Fig. 9 

Sample Jcorr/(Aꞏcm−2) φcorr(vs SCE)/V

AZ31 7.5×10−3 −1.544 

Al-coated AZ31 7.664×10−4 −1.687 

Aluminate coating 1.552×10−6 −1.462 

Silicate coating 1.059×10−6 −1.518 

 

3.6.2 Immersion test results and OCP evolution 
During the corrosion process, OCPs were 

determined by the balance between the anodic and 
cathodic reactions on the surface of the tested 
samples. Hence, the variation of OCP can reveal the 
information about the corrosion process [48]. 

Figure 10(a) shows variation of OCPs up to 5 h 
immersion in 3.5 wt.% NaCl solution for pure Al, 
un-coated AZ31 Mg alloy, Al-coated AZ31, and the 
Al-coated AZ31samples following PEO treatments 
in silicate and aluminate electrolytes, respectively. 
Figure 10(b) shows the OCPs between 0 and 300 s. 
Pure Al is introduced for comparison. It is shown 
that the pure Al exhibits the highest OCP values 
between −1.1 and −0.9 V (vs SCE), while the AZ31 
alloy shows the lowest values of ~ −1.6 V (vs SCE). 
The OCP of Al-coated AZ31 alloy is close to that of 
pure Al at the initial 0−18 s; however, it decreases 
quickly to ~ −1.462 V (vs SCE) at 108 s, after 
which it was kept at lower values between −1.54 
and −1.36 V (vs SCE). The fast decrease of OCP 
toward negative position may be due to the 
permeation of electrolyte into the interior of the 
magnetron-sputtered layer. Furthermore, fine gas 
bubbles and corrosion pits can be observed on the 
surface of the Al-coated AZ31 after a very short 
immersion time of 1−2 min. These results indicate 
that the magnetron-sputtered Al layer cannot afford  
 

 

Fig. 10 OCP curves of different samples during 

immersion in 3.5 wt.% NaCl solution for 5 h (a) and the 

first 300 s (b) 
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sufficient protection to the substrate and the 
electrolyte can reach the Al/Mg interface quickly. 
The permeation of the electrolyte may be through 
the paths between the grain boundaries, which are 
clearly seen from the sample surface in the inset of 
Fig. 1(a). The presence of gaps between the grain 
boundaries further facilitates fast ingress of the 
corrosion medium. The OCP curves of the 
PEO-treated samples are kept at stable values 
around −1.4 V (vs SCE) up to 300 s, except for   
an initial drop from −1.30 to ~ −1.42 V (vs SCE) 
between 0 and ~13 s for the aluminate coating. 
After that, the OCP curves decrease slowly towards 
the final values of −1.495 and −1.507 V (vs SCE) 
for the aluminate and silicate coatings, respectively. 
In most time of the immersion, the OCP of the 
aluminate coating is nobler than that of the silicate 
coating, which may imply better corrosion 
protection of the former. 

Figure 11 shows the optical appearances of 
different samples after immersion for 5 h in the  
3.5 wt.% NaCl solution. The surface of AZ31 has 
been completely corroded after the immersion test. 
The Al-coated AZ31 is also seriously corroded, 
revealing large areas of exposed substrate. PEO 
treatments have significantly improved the 
corrosion resistance of the samples. The sample 
coated by silicate coating is almost intact; however, 
two pits are observed at the lower part of the 
sample, indicating localized corrosion. The 
aluminate coating shows the best protection to the 
AZ31 substrate, without any signs of corrosion on 
the surface. 

The samples after 5 h immersion have been 
examined by SEM and EDS. The results are shown 

in Fig. 12 and Table 2, respectively. Figure 12(a) 
shows the surface morphology of AZ31 magnesium 
alloy after the immersion test, which is featured by 
cracks and mud-like material. The EDS of Point A 
in Fig. 12(a) reveals the composition of O, Mg, and 
Al, with the former two elements as the main 
components. Figure 12(b) shows a broken region  
on the Al-coated AZ31 sample. This region 
corresponds to one of the small pits on this sample 
in Fig. 11. The previous magnetron-sputtered Al 
layer is almost lost; however, a small piece of 
curled Al layer is still attached on the edge of the 
broken region. The curled Al-layer is possibly 
pushed up by the hydrogen evolution during the 
corrosion process. EDS analysis shows that the 
material inside the broken region is the corrosion 
product of the substrate (Point B in Table 2). 
Figure 12(c) shows the details of the boxed area in 
Fig. 12(b). The area is close to the edge of the 
broken region. The grains of the magnetron- 
sputtered Al can still be seen on the surface; 
however, most parts of the surface are covered by a 
layer of corrosion product, as revealed by the EDS 
analysis of Point D (53.0 wt.% O, 25.4 wt.% Mg, 
20.5 wt.% Al and 1.1 wt.% Cl). The layer of 
corrosion product might be the precipitates of 
Mg(OH)2 and Al(OH)3, which are formed by the 
reactions between OH− and the cations of Mg2+ and 
Al3+, with their origin from the nearby corroded 
region. Figure 12(d) shows the low magnification 
image of a corrosion pit on the silicate coating. The 
pit is irregularly shaped, with a size of ~400 μm. 
Figure 12(e) shows the details of the boxed area in 
Fig. 12(d). Plate-like corrosion products separated 
by cracks are seen in the bottom of the pit. The 

 

 

Fig. 11 Optical appearances of different samples after 5 h immersion in 3.5 wt.% NaCl solution (The size of samples is 

10 mm × 20 mm) 
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Fig. 12 SEM images of surface of different samples after 5 h immersion in 3.5 wt.% NaCl solution: (a) AZ31;       
(b) Al-coated AZ31; (c) Boxed area in (b); (d) Silicate coating with corrosion pit; (e) Boxed area in (d); (f) Aluminate 
coating (Points A−F are locations for EDS analyses) 
 
Table 2 EDS results of positions in Fig. 12 (wt.%) 

Position O Mg Al Cl 

A 42.8 53.6 3.6 − 

B 56.3 38.4 2.9 2.3

C 9.9 0.5 89.6 − 

D 53.0 25.4 20.5 1.1

E 46.7 49.1 1.2 3.0

F 42.7 − 57.3 − 

 
composition of the corrosion product is 46.7 wt.% 
O, 49.1 wt.% Mg, 1.2 wt.% Al, and 3.0 wt.% Cl. At 
the periphery of the corrosion pit, however, coating 

is kept at its original morphology, with pancake 
microstructures being observed. Figure 12(f) shows 
the morphology of the aluminate coating after 5 h 
immersion. No changes in coating morphology and 
composition have been detected after the immersion 
test. 
3.6.3 EIS data 

EIS was used widely to evaluate the corrosion 
behaviour of PEO coatings [49,50]. EIS data of the 
AZ31 substrate, Al-coated AZ31, and the aluminate 
and silicate coatings (PEO/Al duplex samples) are 
recorded as a function of immersion time in 
3.5 wt.% NaCl solution. Figures 13(a−c) show the 
Nyquist and Bode plots of the un-coated AZ31 after  
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Fig. 13 Nyquist and Bode plots recorded for different samples during different stages of immersion in 3.5 wt.% NaCl 

solution: (a−c) AZ31; (d−f) Al-coated AZ31; (g−i) Silicate coating; (j−l) Aluminate coating 
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immersion for 1 h. A capacitive loop and an 
inductive loop are clearly seen in the Nyquist plot. 
The Bode phase angle plot shows a peak in medium 
frequency range, corresponding to a time constant. 
The EIS spectra of the un-coated AZ31 are similar 
to those of Mg alloys reported in Refs. [51−53]. 
The inductive loop in the low frequency range is 
believed to be associated with pitting corrosion of 
substrate [54−56]. 

Figures 13(d−f) show the EIS spectra of the 
Al-coated AZ31, which are different from those of 
the un-coated sample. Two capacitive loops can be 
identified from the Nyquist plot in Fig. 13(d). 
Figure 13(e) reflects two time constants in low and 
high frequency ranges, respectively. Figure 13(f) 
shows the Bode modulus plot. Compared with the 
un-coated sample, the modulus of the Al-coated 
sample at low frequency increases slightly, but it is 
still in the same order of magnitude. The result 
indicates that corrosion protection provided by the 
magnetron-sputtered Al is limited. 

Figures 13(g−i) show the EIS spectra of the 
silicate coating after 1, 3 and 5 h immersion. After 
1 h immersion, the Nyquist plot consists of two 
capacitive loops in the same size that are almost 
overlapped (Fig. 13(g)). Figure 13(i) shows that the 
modulus of impedance has been greatly improved, 
reaching ~3.4×104 Ωꞏcm2 at low frequencies. After 
3 h immersion, two capacitive loops with different 
diameters can be identified from Fig. 13(g). A new 
time constant appears in low frequency range in 
Fig. 13(h), which is different from the result after 
1 h immersion. The reduction of diameter of 
capacitive loops, the appearance of new time 
constant and the decrease of impedance modulus 
imply that the structure of PEO coating may be 
changed. After 5 h immersion, the capacitive loops 
can only be distinguished from enlarged image and 
their diameters are reduced to the minimum. 

Figures 13(j−l) present the EIS spectra of the 
aluminate coating after 1, 3 and 5 h immersion. In 
Fig. 13(j), all the EIS spectra show two capacitive 
loops, which correspond to the two time constants 
at high and low frequencies respectively in 
Fig. 13(k). The modulus of impedance at low 
frequencies reaches ~4.3×104 Ωꞏcm2 after 1 h 
immersion, which is higher than that of the silicate 
coating. Moreover, the modulus at low frequencies 
only decreases slightly when the immersion time is 
extended to 3 and 5 h. 

Owing to different physical characteristics of 
the samples and different corrosion stages, different 
electrical equivalent circuits (EECs) should be used 
to fit the EIS spectra. Figure 14 presents the EECs 
used in this study and Table 3 lists the fitted 
parameters. The solid lines in Fig. 13 are the fitted 
results, which match well with the original data 
points. The ECC in Fig. 14(a) is used for fitting the 
EIS of the AZ31 Mg alloy. This ECC has been 
widely used to fit the EIS recorded during the 
corrosion of Mg alloys [54,55,57]. The equivalent 
elements are as follows: Rs is the solution  
resistance; R1 and CPE1 represent the charge 
transfer resistance and the double layer capacitance 
at the electrolyte and AZ31 substrate interface, 
respectively; RL and L1 are parameters associated 
with the inductive loop caused by pitting of Mg 
alloy [57]. 
 

 
Fig. 14 Electrical equivalent circuits used to fit EIS 

spectra in Fig. 13: (a) AZ31 substrate; (b) Al-coated 

specimen after 1 h immersion, silicate coating after 1 h 

immersion and aluminate coating after 1, 3 and 5 h 

immersion; (c) Silicate coating after 3 and 5 h immersion 

 

The EEC circuit in Fig. 14(b) was used to fit 
the EIS spectra of the Al-coated AZ31. In this case, 
Rs is also the solution resistance, R1 and CPE1 
correspond to the pore resistance and capacitance of 
the Al layer, respectively, R2 and CPE2 denote   
the charge transfer resistance and double-layer 
capacitance at the interface between Al layer    
and AZ31 substrate, respectively. According to 
Table 3, the value of R2 is 66 Ωꞏcm2. Compared 
with the charge transfer resistance of un-coated 
AZ31 substrate (52 Ωꞏcm2), the value only increases 
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Table 3 Fitted equivalent circuit parameters obtained from EIS 

Sample 
Immersion 

time/h 
Rs/ 

(Ωꞏcm2) 
Y0(CPE1)/ 

(Fꞏcm−2ꞏs−n) 
n 

(CPE1) 
R1/ 

(kΩꞏcm2)
Y0(CPE2)/

(Fꞏcm−2ꞏs−n)
n 

(CPE2)
RL/ 

(Ωꞏcm2)
L/
H

R2/ 
(kΩꞏcm2) 

Y0(CPE3)/ 
(Fꞏcm−2ꞏs−n) 

n 
(CPE3)

R3/ 
(kΩꞏcm2)

AZ31 1 7.03 8.81×10−5 0.94 0.052 − − 0.44 21.22 − − − − 

Al-coated 
AZ31 

1 6.94 8.78×10−5 0.83 0.021 8.76×10−3 0.76
  

0.066 − − − 

Silicate 
coating 

1 3.56 3.04×10−7 0.81 19.06 6.05×10−6 0.78 − − 15.29 − − − 

3 5.31 2.63×10−7 0.83 0.2 7.37×10−7 0.86 − − 4.14 2.00×10−4 0.67 8.41 

5 27.53 5.71×10−6 0.56 0.18 1.59×10−6 0.93 − − 0.52 1.75×10−3 0.38 1.59 

Aluminate 
coating 

1 14.42 1.49×10−6 0.9 7.41 2.10×10−4 0.95 − − 25.98 − − − 

3 16.74 5.00×10−6 0.91 4.91 5.71×10−4 0.85 − − 20.34 − − − 

5 16.46 8.81×10−6 0.92 4.81 5.83×10−4 0.75 − − 20.03 − − − 

Y0 is admittance magnitude of CPE; n is exponential term of CPE 

 

slightly, which demonstrates that the magnetron 
sputtered layer cannot provide sufficient protection 
to the substrate. 

In the case of silicate coating, the circuit in 
Fig. 14(b) is also used to fit the EIS result after 1 h 
immersion. Other authors also used the same circuit 
to describe the corrosion process of the PEO 
coatings [42,58,59]. At this time, Rs represents the 
solution resistance, the same as before. However, R1 
and CPE1 correspond to the pore resistance and 
capacitance of the outer layer, respectively, R2 and 
CPE2 represent the resistance and capacitance of the 
barrier layer, respectively. The microstructure of the 
coating at this stage is illustrated in Fig. 15(a1), 
which indicates that electrolyte has just penetrated 
into the pores and cracks of the outer layer. The 
values of R1 and R2 as shown in Table 3 are ~19 and 
~15 kΩꞏcm2, respectively, illustrating that the outer 
layer and the barrier layer contribute nearly equally 
to the corrosion resistance at early corrosion stage. 
The EIS spectra of the silicate coating after 3   
and 5 h immersion are fitted with the equivalent 
circuit in Fig. 14(c). Figures 15(a2−a3) illustrate  
the corresponding coating microstructures. The 
emergence of a new time constant in the EIS 
spectra indicates that the electrolyte has reached the 
PEO coating/Al layer interface (see Fig. 15(a2)). 
After 5 h immersion, electrolyte channels expanded 
within the Al layer, leading to further damage of the 
PEO coating (Fig. 15(a3)). The R1, CPE1 and R2, 
CPE2 in the equivalent circuit correspond to the 
contribution from the outer and the barrier layers, 
respectively. R3 and CPE3 represent the resistance 
and capacitance of the Al layer, respectively. 
According to Table 3, the values of R1, R2 and R3 at 

3 h are 0.2, ~4.1 and ~8.4 kΩꞏcm2, respectively. The 
results show that the outer layer is seriously 
damaged and corrosion resistance is mainly offered 
by the barrier layer and Al layer. After 5 h 
immersion, the values of R1, R2 and R3 are further 
reduced to lower levels. The resistance of Al layer 
(R3) became ~1.6 kΩꞏcm2, which is only ~1/5 of the 
value at 3 h. 

All the EIS results of aluminate coating can be 
fitted by the circuit in Fig. 14(b). The coating 
microstructure at different stages of immersion is 
depicted in Figs. 15(b1−b3). The PEO coating 
consists of the outer porous layer and the dense 
inner layer (see Fig. 5). According to the  
illustration, the electrolyte entered the small pores 
and cracks in the outer layer at Stage 1, and reached 
the outer part of the inner layer at Stages 2 and 3. 
However, the electrolyte has not reached the Al 
layer at the longest immersion time of 5 h. In this 
case, Rs is the resistance of solution, R1 and CPE1 
are related to the pore resistance and capacitance  
of the outer layer, respectively, R2 and CPE2 
correspond to the inner layer, respectively. After 1 h 
immersion, the values of R1 and R2 are ~7.4 and 
~26 kΩꞏcm2, respectively. The higher value of R2 is 
due to a denser inner layer which provides better 
corrosion resistance. The values of R1 and R2 
decrease to ~4.9 and ~20.3 kΩꞏcm2, respectively 
after 3 h immersion. The change in the resistances 
implies the penetration of electrolyte deeper into 
inner layer and a decrease of the corrosion 
resistance. After 5 h immersion, the values of R1 
and R2 are ~4.8 and ~20 kΩꞏcm2, respectively, 
which are only slightly lower than the previous 
values and are much greater than those of the 
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Fig. 15 Schematic diagrams of corrosion of silicate and aluminate coatings in 3.5 wt.% NaCl solution for 1 h (a1, b1), 

3 h (a2, b2) and 5 h (a3, b3): (a1−a3) Silicate coating; (b1−b3) Aluminate coating 

 

silicate coating. All these results indicate the 
superior corrosion resistance of the aluminate 
coating. 
 
4 Discussion 
 

This study tried to improve the wear and 
corrosion performance of AZ31 magnesium alloy 
by a combined method of magnetron sputtering and 

PEO. The results in this work reveal that the 
magnetron sputtering method alone cannot afford a 
reasonable protection to the substrate, both from the 
point of view of wear and corrosion. This is not 
unexpected since the magnetron-sputtered Al layer 
is thin and full of defects such as the grain 
boundaries. Corrosive species can easily penetrate 
the Al layer, leading to the corrosion of Mg 
substrate. Furthermore, galvanic couple will be 
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formed between the active Mg substrate and the Al 
layer. The formation of galvanic couple will further 
deteriorate the corrosion performance. 

PEO treatments following the magnetron 
sputtering greatly improved the wear performance 
of the AZ31 samples. The aluminate electrolyte is 
more effective in generating wear-resistance 
coatings. The superior wear performance can be 
attributed to the single layered nature of the coating 
formed in the aluminate electrolyte [34,35]. 
Moreover, the higher fraction of corundum phase 
(α-Al2O3) is also helpful for the wear performance 
of the coating; however, it is not as decisive as the 
microstructure [35]. 

The aluminate coating also shows better 
corrosion protection to the AZ31 substrate than the 
silicate coating. The big pores and cracks in the 
microstructure of the silicate coating are detrimental 
to its corrosion resistance. It should be noted that 
the combined method of magnetron sputtering and 
PEO does not improve the corrosion performance 
as effectively as improving the wear resistance.  
The aluminate coating shows excellent corrosion 
protection to the AZ31 substrate for immersion time 
up to 5 h. However, the aluminate coating will be 
destroyed after immersion for 24 h. This is due to 
the easy penetration of the corrosive Cl– ions with 
small atomic radius into the inner coating. Further 
investigation to improve the corrosion resistance 
will be focused on the post treatment methods such 
as the sealing treatment based on cerium salt [60]. 
 
5 Conclusions 
 

(1) The combined method of magnetron 
sputtering and PEO has significantly improved the 
wear performance of the AZ31 Mg alloy. Under the 
load of 10 N, both the PEO coatings formed in 
silicate and aluminate electrolytes show good wear 
resistance, exhibiting low wear depth of ~19.2 and 
19.3 μm, for the silicate and aluminate coatings, 
respectively. However, only the aluminate coating 
protected the underlying alloy at the increased load 
of 20 N. The reason is attributed to the higher 
content of α-Al2O3 of the coating formed in 
aluminate electrolyte. 

(2) The magnetron-sputtered Al layer cannot 
afford sufficient protection to the AZ31 Mg alloy. 
The grain boundaries and defects in the magnetron- 

sputtered layer provided fast routs for the easy 
penetration of the corrosive species, leading to 
pitting corrosion. 

(3) PEO treatment greatly reduced the Jcorr of 
Al-coated specimen. Meanwhile, immersion tests 
and EIS analysis indicate that the aluminate coating 
showed better short-term corrosion protection than 
the silicate coating. The lower corrosion protection 
of the silicate coating is due to the large pores and 
other defects in the microstructure. The more 
homogenous microstructure of the aluminate 
coating increases its corrosion resistance. 
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磁控溅射和等离子体电解氧化双重工艺处理 
AZ31 镁合金的耐蚀和耐磨性能 

 

魏兵剑，程昱琳，刘媛媛，朱准达，程英亮 
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摘  要：为了提高 AZ31 镁合金的耐磨和耐腐蚀性能，通过磁控溅射法在合金表面涂覆约 11 μm 的纯铝层，然后

分别在铝酸盐和硅酸盐电解液中通过等离子电解氧化(PEO)进行表面处理。涂层的性能通过干滑动摩擦试验和电

化学腐蚀试验进行研究。铝酸盐涂层在 10 和 20 N 的负载下均表现出良好的耐磨性能；硅酸盐涂层只在较低的载

荷下(10 N)表现出良好的耐磨性能，在 20 N 下涂层被破坏。腐蚀测试表明，仅经磁控溅射处理的 Al 层不能对 Mg

衬底提供良好的腐蚀保护。但是，PEO/Al 双层涂层能显著提高样品的耐蚀性能。根据电化学测试，铝酸盐和硅

酸盐涂层的腐蚀电流密度分别为~1.6×10−6 和 ~1.1×10−6 A/cm2，该数值比未镀膜 AZ31 合金的腐蚀电流密度低两

个数量级。此外，浸泡试验和电化学阻抗谱(EIS)表明，铝酸盐涂层表现出比硅酸盐涂层更好的长效腐蚀防护性能。 

关键词：AZ31 镁合金；磁控溅射；等离子体电解氧化；干滑动摩擦；腐蚀 
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