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Abstract: Oxide coatings on AM60B magnesium alloy were prepared using the microarc oxidation(MAO) technique in 
silicate-KOH electrolyte with addition of 0−6.0 g/L Na2WO4. The MAO processes in base electrolyte with different concentrations of 
Na2WO4 were studied. The microstructure, compositions and mechanical tribological characteristics of the oxide coatings were also 
investigated by SEM, XRD, XPS, microhardness analysis and ball-on-disc friction testing, respectively. It is found that the addition 
of Na2WO4 into the base electrolyte has direct effect on the characteristics of voltage—time curves and breakdown voltage in MAO 
process. The number of micropores at top of the coating surface is increased by the addition of Na2WO4. The fraction of forsterite 
Mg2SiO4 in the oxide coating increases with increasing concentration of Na2WO4 in base electrolytes. Furthermore, the 
microhardness and wear resistance of oxide coatings are enhanced as well. 
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1 Introduction 
 

Magnesium alloys have high ratio of strength to 
mass, high dimensional stability, good electromagnetic 
shielding and damping characteristics, and are easy to 
machine and recycle. Thus its application is becoming 
attractive in a wide range of industries in recent years, 
especially in the fields where reduction is critical or 
particular technical requirements are needed, including 
automotive, aerospace and communication fields[1]. 
However, the main factors limiting the application of Mg 
alloys are their comparatively low corrosion and wear 
resistance[2]. Therefore, it is necessary to improve wear 
and corrosion resistance if magnesium is to be used for 
more industries fields. There are a number of possible 
coating technologies available for magnesium and its 
alloy including electrochemical plating, conversion 
coatings, anodizing, gas-phase deposition processes, 
laser surface alloying and organic coatings[3]. Among 
these techniques, anodizing is one of the most popular 
methods[4−7]. Microarc oxidation(MAO), as a relatively 
new surface treatment technique based on the traditional 

anodizing process, has attracted great interest in recent 
years, because the oxide coating produced by MAO 
process is of excellent properties like anti-abrasion, 
corrosion resistance or decorative property on Al, Mg 
and Ti alloys and has promising application prospect in 
many fields[8−11]. 

It is found that the electrolyte compositions play a 
key role in the MAO process[12] and some of the 
polyvalent metal anions, such as chromate, tungstate, 
molybdate and vanadate, favor the microarc oxidation 
process and are promising for the formation of coatings 
of diverse chemical compositions[13]. The influence of 
polyvalent metal anions on the characteristics of MAO 
coatings on aluminum and titanium has been studied 
[14−17]. However, there is little research work with 
MAO process on magnesium alloy with addition of 
polyvalent metal anions in the base electrolyte. In this 
investigation, thus, the sodium tungstate was added to 
modify the base silicate-KOH electrolyte to obtain oxide 
coatings on magnesium alloy using the MAO process. 
The microstructure, composition and wear resistance of 
the oxide coatings formed in base electrolyte with 
addition of different concentrations of Na2WO4 were  
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studied. 
 
2 Experimental 
 
2.1 Preparation of microarc oxidation coatings 

Panel substrates made of the AM60B Mg alloy with 
a size of 20 mm×36 mm×2 mm (mass fraction: Al 
5.6%−6.4%, Mn 0.26%−0.4%, Zn≤0.2%, balance Mg) 
were ground and polished with SiC abrasive paper to 
obtain an average surface roughness Ra≈0.18 μm. The 
base electrolyte was prepared from solution of sodium 
silicate (10.0 g/L) and potassium hydroxide (1.0 g/L) in 
distilled water. The MAO processes were carried out in 
the base electrolyte with addition of 0−6.0 g/L Na2WO4, 
using a bi-polar pulsed electrical source. The 
conductivity of the electrolytes was determined on an 
MC226 conductivity meter (Mettler-Toledo, Germany) 
and the breakdown voltage was obtained in different 
electrolytes using the appearance of the visible sparks as 
criterion for identifying the breakdown voltage. The 
averaged current density on the sample surface was 
predefined as J=6.0 A/dm2 and maintained the cathodic 
current (Ic) equal to the anodic current (Ia), namely 
Ic/Ia=1 by modulating the positive and negative voltage. 
The concentration of Na2WO4, electrolyte conductivity, 
the relevant breakdown voltage and the final voltage 
with the concentration of Na2WO4 are listed in Table 1. 
The temperature of the electrolytes was always kept at 
25−30 ℃ in the whole process. After MAO treatment, 
the coated samples were rinsed thoroughly in water and 
dried in warm air. 
 
Table 1 MAO process parameters at different concentrations of 
Na2WO4 in silicate-KOH electrolytes 
Contentration of 
Na2WO4/(g·L−1) 

Conductivity/
(S·m−1) 

Breakdown 
voltage/V 

Final 
voltage/V

0 1.29 200 505 
2.0 1.31 180 490 
4.0 1.40 155 485 
6.0 1.44 135 480 

 
2.2 Coating structure and composition analysis 

A JSM-5600LV scanning electron microscope 
(SEM) was used to observe the surface morphology of 
the oxide coatings. The phase composition of the oxide 
coatings was studied by X-ray diffraction (XRD, X’Pert 
PRO), using Cu Kα radiation as the excitation source at a 
grazing angle of 2˚. The XPS analyses of the oxide 
coatings were performed on a PHI-5702 multi-functional 
X-ray photoelectron spectroscope, using Al Kα radiation 
as the excitation source. 

 
2.3 Mechanical and tribological evaluation 

After the outer porous layer of the oxide coatings 

was removed by abrasion against SiC paper, the 
microhardness was evaluated by means of a MH-5 
hardness tester with a Vicker indenter at a load of 0.25 N 
for a loading duration of 5 s. The friction and wear 
properties of the oxide coatings were evaluated on a 
UMT-2MT reciprocal-sliding test rig sliding against 
Si3N4 ball with a diameter of 3 mm in a ball-on-disc 
configuration. The unlubricated sliding was performed at 
a load of 2 N, a sliding speed of 0.1 m/s, sliding 
amplitude of 5 mm, and sliding duration of 30 min in 
ambient conditions of temperature and humidity. A 
computer connected to the tester recorded the friction 
coefficient curves and a friction coefficient was given at 
the end of the sliding test. Wear rates of oxide coatings 
were calculated by measuring the worn scar 
cross-sectional area of the sample with a profilometer. 
 
3 Results and discussion 
 
3.1 Voltage—time curves and breakdown voltage in 

microarc oxidation process 
The oxide coatings are grown on magnesium alloy 

at a current density of 6.0 A/dm2 in 0, 2.0, 4.0 and    
6.0 g/L Na2WO4 aqueous solutions of silicate-KOH, 
respectively. Fig.1 shows the dependencies of the 
averaged positive and negative pulsed voltages on the 
oxidation time. 
 

 

Fig.1 Variation of voltages with oxidation time in silicate-KOH 
electrolyte with addition of different concentrations of Na2WO4 
 

According to the curves, four stages can be 
identified in all electrolytes. During the first 50−60 s 
(stage Ⅰ ), the voltages increase linearly with the 
oxidation time on the constant rate. In this stage, it is 
seen that the Mg alloy substrate is firstly dissolved and 
lost metal brightness, subsequently a thin barrier layer is 
formed on the sample surface. When the voltage exceeds 
the critical voltage of initial barrier layer, the small 
micro-sparks uniformly distributed on the sample surface 
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can be observed. In stageⅡ, the rate of voltage increase 
diminishes. However, the micro-sparks on the sample 
surfaces become more and larger than those in stageⅠ. It 
is also noted that the temporal duration of stageⅡ 
lengthens with increasing concentration of Na2WO4 in 
base electrolyte. After around 5−8 min of treatment, the 
processes enter stage Ⅲ and the slope of the curve U= 
f(t) becomes smaller than that in stageⅡ, where the 
appearance of the micro-sparks becomes more 
pronounced. Contrary to the stage Ⅱ, the duration of 
stage Ⅲ  is obviously shortened with increasing 
concentration of Na2WO4, and even in the electrolyte 
containing 6.0 g/L Na2WO4, the stage Ⅲ  becomes 
evidently transitory. Further MAO processing makes the 
voltage enter more steady-state and some of the 
micro-sparks on the sample surfaces progress gradually 
from a dense population of small and frequent 
micro-sparks towards smaller populations of larger, 
slower moving and longer-lived discharge events, which 
becomes a major feature of the process in stage Ⅳ. But 
some small micro-sparks still exist between the larger 
micro-sparks. Comparing with all the voltage— time 
curves, it is found that the working voltage and final 
voltage decrease with increasing concentration of 
Na2WO4 in the electrolytes. Furthermore, the number of 
small micro-sparks on the sample surface during the 
stage Ⅳ  increases with increasing concentration of 
Na2WO4. 

During the microarc oxidation process, dielectric 
breakdown occurs when the applied voltage exceeds the 
breakdown voltage of the initial barrier layer on substrate 
and a number of micro-sparks appear on the surface of 
the sample. The breakdown voltage has a strong 
dependence on the electrolytic composition and 
conductivity[18−19]. IKONOPISOV[18] proposed a 
theoretical model of breakdown caused by an avalanche 
of electrons injections at the electrolyte/oxide interface. 
According to this model, the breakdown voltage is 
related to the electrolyte conductivity as the following 
quation: e

 
UB=aB+bBlg(1/γ)                             (1) 
 
where  aB and bB are constants for a given metal and 
electrolyte composition, UB and γ are the breakdown 
voltage and electrolyte conductivity, respectively. 

As shown in Table 1, the breakdown voltage 
decreases with increasing concentration of Na2WO4 in 
the silicate-KOH electrolyte and the electrolyte 
conductivity. A plot of breakdown voltage vs the 
logarithm of reciprocal of electrolyte conductivity (1/γ) is 
shown in Fig.2. It is clear that this plot is approximately 
linear represented in Eqn.(1), which indicates that the 
breakdown mechanism of the initial barrier layer 
conforms to the model proposed by IKONOPISOV[18] 

and the addition of Na2WO4 in the silicate-KOH 
electrolyte can make the breakdown voltage decrease 
effectively. 

 

 
Fig.2 Dependence of UB on lg (1/γ) during microarc oxidation 
of Mg alloy in silicate-KOH electrolytes with addition of 
different concentrations of Na2WO4 
 
3.2 Effect of Na2WO4 on composition and structure of 

microarc oxidation coatings 
Fig.3 shows the morphologies of the oxide coatings 

formed in the silicate-KOH electrolyte with and without 
addition of Na2WO4. It is clear that the introduction of 
Na2WO4 into the base electrolyte makes a significant 
change in the surface structure of the oxide coatings. In 
Na2WO4-free base electrolyte, the SEM image exhibits 
the appearance of repeated and concentrated sintering 
(Fig.3(a)). At top of the surface, some micropores exist 
in the coating. The diameter of the micropores ranges 
from 1 to 10 μm. By comparison with the micrograph of 
Fig.3(a), the surfaces of the oxide coatings formed in the 
electrolytes with Na2WO4 addition (Figs.3(b)−(d)) 
exhibit the looser and more porous microstructure. The 
coatings formed in the electrolyte containing Na2WO4 
have more micropores than that formed in the base 
electrolyte. Furthermore, the number of micropores 
increases with increasing concentration of Na2WO4, 
which may be attributed to that the fraction of smaller 
micro-sparks on the sample surface during the stage Ⅳ 
increases with increasing concentration of Na2WO4 as 
mentioned above. In accordance with the changes of 
surface morphology, the surface roughness of the oxide 
coatings increases (see Table 2). In addition, as for the 
macroscopic appearance, it is found that the color of 
coating surface is also changed with addition Na2WO4 
into the electrolyte as described in Table 2. The color of 
coating surface changes from white to grey, and then to 
black with increasing concentration of Na2WO4 in base 
electrolyte. 

The XRD patterns for the oxide coatings formed in 
silicate-KOH electrolyte with addition of different 
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Fig.3 Surface morphologies of oxide coatings formed in silicate-KOH electrolytes with addition of different concentrations of 
Na2WO4: (a) Without Na2WO4; (b) 2.0 g/L Na2WO4; (c) 4.0 g/L Na2WO4; (d) 6.0 g/L Na2WO4 
 
Table 2 Properties of oxide coatings formed in silicate-KOH electrolytes with addition of different concentrations of Na2WO4 

Concentration of 
Na2WO4/(g·L−1) 

Surface 
roughness/μm 

Microhardness, 
HV 

Friction  
coefficient 

Wear rate/ 
(10−5mm3·N−1·m−1) 

Color of coating 
surface 

0 2.24 510 0.75 3.55 White 
2.0 2.89 544 0.75 3.31 Grey 
4.0 3.11 688 0.74 2.73 Dark grey 
6.0 3.27 711 0.73 2.54 Black 

 
concentrations of Na2WO4 are shown in Fig.4. The XRD 
patterns clearly show that the periclase MgO and 
forsterite Mg2SiO4 are the main compounds existing on 
the oxide coating, regardless of the electrolyte 
compositions. The oxide coating obtained in the base 
electrolyte without addition of Na2WO4 consists mostly 
of MgO and the peaks of forsterite Mg2SiO4 are lower. 
However, when AM60B Mg alloy is oxidized in the 
electrolyte containing Na2WO4, the peaks of forsterite 
Mg2SiO4 are evidently enhanced in the XRD patterns. 
The relative content of MgO and Mg2SiO4 in the coating 
can be judged based on the intensities of the strongest 
peaks corresponding to MgO(200) and Mg2SiO4(211) 
planes with similar interplanar distance (i.e. 0.210 6 nm 
and 0.216 0 nm, respectively) in XRD patterns[20−21] 
and the results shown in table inset in Fig.4. It can be 
seen that the addition of Na2WO4 decreases evidently the 
fraction of periclase MgO and increases the fraction of 

 
 

Fig.4 XRD patterns of oxide coatings formed in silicate-KOH 
electrolyte with addition of different concentrations of Na2WO4: 
(a) Without Na2WO4; (b) 2.0 g/L Na2WO4; (c) 6.0 g/L Na2WO4 
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forsterite Mg2SiO4 in the oxide coatings. The 
introduction of Na2WO4 into the base electrolyte 
influences the characteristics of electrolyte conductivity 
and the MAO process, and therefore, it is certain to 
influence the phase composition in the oxide coatings to 
some extent. However, the mechanisms responsible for 
the change of phase compositions in the oxide coating 
with addition of Na2WO4 in base electrolyte need further 
detailed investigation. 

The XPS specific spectrum of W4f for the oxide 
coating formed in silicate-KOH electrolytes with 
addition of 6.0 g/L Na2WO4 is shown in Fig.5. This 
indicates that the ions in the electrolyte 
incorporate into the coating during the MAO process. 
The spectrum can be identified well with two component 
peaks at around 36.3 eV and 31.4 eV, respectively. The 
one at around 36.3 eV corresponds to WO3 and/or 
Na2WO4 and the other at around 31.4 eV is assigned to 
W element. 

−2
4WO

 

 
Fig.5 XPS specific spectrum of W4f for oxide coating formed 
in silicate-KOH electrolyte with addition of 6.0 g/L Na2WO4 
 

During the MAO process, some of  ions are 
drawn into the discharges channels due to the strong 
electric field and a series of possible reactions take place 
for the incorporation of the  ions suggested by 
ZHENG et al[22]: 

−2
4WO

−2
4WO

2 −4e→2WO3+O2↑                     (2) −2
4WO

Due to an excess of Mg in the discharge channels, 
the reaction products WO3 react subsequently with Mg 
under a high-temperature condition by the following 
hemical reaction: c

 
WO3+3Mg→3MgO+W                       (3) 
 

As a result, a trace amount of W element can be 
defined in the oxide coatings formed in electrolytes with 
addition of Na2WO4 by XPS analysis. The fact that the 
oxide coatings formed in the electrolyte with addition of 
Na2WO4 exhibit different colors may be contributed to 

the presence of WO3/Na2WO4 and metallic W in the 
coatings (see Table 2). 

 
3.3 Effect of Na2WO4 on mechanical and wear 

resistance properties of microarc oxidation 
coatings 
The microhardness of the oxide coatings formed in 

different concentrations of Na2WO4 is listed in Table 2. It 
can be seen that the microhardness of the oxide coatings 
increases gradually from HV 510 to HV 710 when the 
concentration of Na2WO4 increases from 0 to 6.0 g/L. 
Different phase compositions of the coatings might 
account for the variation of microhardness of the oxide 
coatings. The XRD analysis reveals that the content of 
forsterite Mg2SiO4 in the oxide coatings increases with 
increasing concentration of Na2WO4 in the base 
electrolyte. Generally, forsterite Mg2SiO4 has a greater 
hardness than periclase MgO[23]. As a result, the 
microhardness of the oxide coatings formed in 
electrolyte containing Na2WO4 exhibits a higher value 
and increases with increasing concentration of Na2WO4. 

The friction coefficients for the oxide coatings 
sliding against Si3N4 ceramic ball under dry friction 
condition are also listed in Table 2. It is found that there 
are no significant differences in the friction coefficients 
for all the oxide coatings, which indicates that the 
addition of Na2WO4 in the base electrolyte has little 
effect on the friction behavior of the oxide coatings. 
However, from Table 2 it can be seen that the wear rate 
of the oxide coatings decreases from 3.55×10−5 
mm3/(N·m) to 2.54×10−5 mm3/(N·m) with increasing 
concentration of Na2WO4 from 0 to 6.0 g/L in the base 
electrolyte, though the wear rates for all the oxide 
coatings maintain the same magnitude. This conforms to 
the variation of the content of the forsterite Mg2SiO4 
phase in the coatings. Because the concentration of 
Na2WO4 influences the content of the forsterite Mg2SiO4 
phase in the coatings and then the microhardness 
influences eventually the wear performance of the 
coatings. 
 
4 Conclusions 
 

1) Oxide coatings are produced on AM60B 
magnesium alloys by microarc oxidation process in 
silicate-KOH electrolyte containing Na2WO4. The MAO 
process has a strong dependence on the concentration of 
Na2WO4 and the breakdown voltage decreases from 200 
to 135 V with increasing concentration of Na2WO4 from 
0 to 6.0 g/L in the base electrolyte. 

2) With addition of Na2WO4 into the base 
electrolyte the coating surface becomes more porous, the 
fraction of forsterite Mg2SiO4 increases, a trace amount 
of metallic W forms in the oxide coatings and different 



DING Jun, et al/Trans. Nonferrous Met. Soc. China 17(2007) 249

colors appear compared with that formed in the base 
electrolyte. 

3) The microhardness of the oxide coatings 
increases; whereas the wear rates decrease with 
increasing concentration of Na2WO4 in the base 
electrolytes because the content of the forsterite Mg2SiO4 
phase increases in the oxide coatings. 
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