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Abstract: Micro-arc oxidation (MAO) coatings were formed on ZL108 aluminum alloy in the silicate electrolyte with In

2

S

3

. 

Scanning electron microscopy (SEM), optical profilometer, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) 

and electrochemical workstation were used to study the effects of In

2

S

3 

on the micro-structure, phase composition and corro-

sion resistance of the micro-arc oxidation coating. The results show that the addition of In

2

S

3

 increased the micro-arc oxidation 

voltage so the coating formation rate was increased, which resulted in the increasing of the thickness of the micro-arc oxida-

tion coating. The micro-arc oxidation coating formed in the electrolyte containing In

2

S

3 

had higher density and micro-hardness, 

resulting in the enhanced corrosion resistance. The phases of the micro-arc oxidation coating were mainly composed of 

α-Al

2

O

3

, γ-Al

2

O

3 

and SiO

2

. XPS test result shows that In

2

S

3

 was converted to In

2

O

3

 during the micro-arc oxidation process. 

Therefore, the addition of In

2

S

3

 can optimize the structure of the micro-arc oxidation coating and improve its comprehensive 

properties. 
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ZL108 alloy has been increasingly used in piston manu-

facturing industry, but its low corrosion resistance limits its 

extensive application. For further applications, various sur-

face treatments have been applied to improve the corrosion 

resistance

[1-3]

. As a cost-effective and environment-friendly 

surface treatment technology, micro-arc oxidation can ef-

fectively improve the corrosion resistance

[4,5]

. 

Micro-arc oxidation (MAO) is also known as “plasma 

electrolytic oxidation (PEO)” and it is an effective method 

for preparing ceramic coatings on light alloys

[6,7]

. The pur-

pose of MAO technology is to obtain coatings with excellent 

structure and good corrosion resistance and it has been suc-

cessfully prepared on Al

[8,9]

, Mg

[10,11]

, Ti

[12]

 and their alloys. 

There have been many studies on the corrosion resistance 

of MAO coatings

[13-16]

. The results showed that MAO coat-

ings have good corrosion resistance. However, the thickness, 

micro-hardness and corrosion resistance of MAO coatings 

can no longer satisfy the more and more severe working 

conditions. Doping with some special functional dopants 

can effectively solve these problems

[17-19]

. In

2

S

3

 is a kind of 

dopant with special functions, but the research on it mainly 

focuses on the optical electrical and structural properties of 

In

2

S

3

 thin films

[20-22]

. There is no study on the structure and 

corrosion resistance of the MAO coating with In

2

S

3

. This 

work mainly investigated the influence of In

2

S

3

 on the mi-

cro-arc oxidation voltage and the coating structure, and fi-

nally understood the influence of In

2

S

3

 on the corrosion re-

sistance of the MAO coating. 
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1  Experiment 

1.1  Materials 

ZL108 alloy was used as the substrate, and the main 

chemical composition of the substrate is 0.4%~0.9% Mn, 

0.5%~1.0%Mg, 1.0%~2.0%Cu, 11.0%~13.0%Si and bal-

anced Al. The size was 20 mm×10 mm×2 mm. Before the 

MAO treatment, the substrate was polished with 600

#

, 1000

#

, 

and 1200

#

 frosted silicon carbide papers, then cleaned with 

distilled water and acetone, and dried naturally in air. 

1.2  MAO treatment of ZL108 alloy  

A pulse DC power supply (DWL20-6) was adopted for the 

MAO treatment. The frequency was 100 Hz and the oxida-

tion treatment time was 30 min. The ZL108 alloy was at-

tached to the anode. The stainless steel plate was used as the 

opposite cathode and placed in the electrolyte to form a 

closed loop with the sample. The constant current density 

was set as 6 A/dm

2

, the duty cycle was 60%, the basic value 

was 0 V and the temperature of the electrolyte was kept be-

low 30 ºC during the MAO experiment. Samples treated with 

micro-arc oxidation were washed with distilled water and 

dried in air. The electrolyte was composed of Na

2

SiO

3

 (20 

g/L), glycerin (2 mL/L) and NaOH (0.2 g/L). The MAO 

samples in the base electrolyte was denoted as G0. And In

2

S

3

 

was added to the base electrolyte to prepare the modified 

electrolyte. The MAO sample prepared in modified electro-

lyte was G1. The basic electrolyte and modified electrolyte 

were stirred and placed for 24 h before MAO treatment to 

make the ions in the solution more stable. 

1.3  Characterization of the MAO coating 

The surface and cross-section morphologies of the coating 

were observed by the scanning electron microscope (SEM, 

ZEISS EVO MA15, Germany), the 3D topography was ob-

served by the Optical Profiler (Bruker Contour GT-InMotion 

GTK-16-0314, America) and the distribution of element on 

the surface of the MAO coating was determined by the X-ray 

energy dispersive spectrometer (EDS, OXFORD 20, Amer-

ica). The X-ray diffraction (XRD, DX-2700B, China) was 

used to analyze the composition of the phase. And the dif-

fraction data was acquired with scattering angle 2θ from 10° 

to 80°, and scanning speed was 0.04°/s. The chemical states 

of In in the coating was analyzed by X-ray photoelectron 

spectroscopy (XPS). The surface micro-hardness was meas-

ured by Digital micro-hardness tester (HXD-2000TM/LCD, 

China) with load of 1 N for 15 s. Fifteen random points were 

measured on the surface of each sample, and the average 

value of these points was calculated to represent the mi-

cro-hardness of them. The thickness of the coating was 

measured by Eddy Current Thickness Gauge (TT230, China). 

Ten points of each coating were tested and the average value 

was taken as the thickness value of the MAO coating.  

1.4  Electrochemical corrosion tests 

Electrochemical Workstation (Gamry Reference 3000, 

America) was applied to acquire electrochemical impedance 

spectroscopy (EIS) and polarization curves in 3.5 wt% NaCl 

solution at room temperature severally. The reference elec-

trode (RE) was saturated calomel electrode, and the auxiliary 

electrode (CE) was platinum electrode. The surface area of 

the sample exposed in NaCl solution was 0.5 cm

2

. The sam-

ple was used as the working electrode and soaked in NaCl 

solution for 0.5 h to ensure that the solution reached a stable 

state before each test. The scanning rate of polarization test 

was 0.1 mV·s

-1

 and the potential range was from -1.8 to -1.2 

V according to open circuit potential (OCP) with -1.7 V. EIS 

test was done in the frequency range of 100 kHz to 0.01 Hz. 

The experimental data of EIS were fitted by ZSimDemo. 

2  Results and Discussion 

2.1  Voltage-time curves 

The voltage-time curves of MAO coatings formed on 

ZL108 alloy surface in the electrolyte without (G0) and with 

(G1) In

2

S

3

 are shown in Fig. 1. It is evident that the volt-

age-time curves consisted of two phases. In the first phase, the 

voltages of the coating G0 and G1 suddenly increased to 

around 450 V within 7.5 and 5 min. At this stage, the voltage 

growth rate of G1 exceeded that of G0. In the second stage, the 

voltage increased slowly and became stable with the increase 

of micro-arc oxidation time. It can be clearly seen from the 

figure that in the electrolyte without and with In

2

S

3

, the termi-

nation voltage of micro-arc oxidation reached about 490 and 

510 V, respectively. It can be easily concluded that the voltage 

in the electrolyte with In

2

S

3

 was higher than that without In

2

S

3

. 

The reason for the two different types of voltage-time curves 

was that the addition of In

2

S

3

 promoted MAO reaction and in-

creased the growth rate of the MAO coating. In this case, the 

thickness of the MAO coating was increased, which can in-

crease the resistance of the coating. The voltage increased be-

cause the coating resistance increased 

[23]

. 

2.2  Morphologies and chemical composition of the 

MAO coating 

The surface morphologies of MAO coatings (G0 and G1) 

formed on ZL108 alloy are illustrated in Fig.2a and 2c. In the 

process of micro-arc oxidation, many discharge micropores 

were generated. Numerous micro-arc discharges occurred 

during the MAO process, and the adjacent discharge micro-

pores fused and became larger, forming the strip micropores 

as shown in Fig. 2a. Under the quenching action of the sur-

rounding solution, the molten ejected from the discharge 

channel was rapidly solidified and irregularly accumulated 

around the discharge micropores. Therefore, the surface po-

rosity of G0 was higher and the coating roughness was larger. 

The surface morphology of G1 is shown in Fig. 2c. After 

In

2

S

3

 was added, the discharge center was formed on the 

surface of the MAO coating, making the discharge of the 

MAO coating more uniform. Therefore, compared with G0, 

the molten on the MAO coating surface decreased, and 
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Fig.1  Voltage-time curves for MAO process in electrolytes without (G0) and with (G1) In

2

S

3

: (a) original drawing and (b) enlarged drawing 

 

the size of the discharge micropores and roughness of the sur-

face decreased. The surface roughness of MAO coatings (G0 

and G1) are shown in Fig. 2b and 2d. By comparison, it can be 

concluded that the fluctuation of the coating after adding In

2

S

3

 

decreased. Moreover, the average roughness of G0 and G1 

were 6.164 and 4.946 µm, respectively, which also proved that 

adding In

2

S

3

 can smooth the MAO coating. In order to judge 

the chemical composition of MAO coatings, EDS analysis 

were performed (shown in Table 1). As can be seen from the 

change of element content in G0 and G1, during the formation 

process of MAO coatings, the formation was a result of both 

the outward migration of Al

3+

 from the ZL108 alloy substrate 

and the inward migration of O

2−

 and Si

4+

 from the silicate 

electrolyte. Moreover, it is clearly seen that no In element was 

measured in G0, but In element was detected in G1. It is ob-

vious that In element originated from In

2

S

3

. In summary, it is a 

feasible, reasonable and promising selection by adding In

2

S

3

 

into the electrolyte to make the surface denser. 

By observing the cross-section morphology of the MAO 

coating in Fig.3, it can be found that the thickness of the 

coating increased when the In

2

S

3

 was added, which was con-

sistent with the previous study. 

2.3  Phase analysis of the MAO coating 

Fig.4a shows the XRD patterns of MAO coatings G0 and 

G1. The results showed that the phases of MAO coatings 

were mainly composed of γ-Al

2

O

3

, α-Al

2

O

3

 and SiO

2

. The 

main peak of Al can be detected because X-ray can penetrate 

into the substrate through the MAO coating 

[24]

. The phase

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Surface morphologies of G0 (a), and G1 (c), and 3D topographies of G0 (b) and G1 (d) 
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Table 1  Contents of In, Al, O and Si in the MAO coating (at%) 

Element G0 G1 

In - 0.19 

Al 

O 

Si 

25.13 

41.50 

33.37 

20.73 

43.56 

35.52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Cross-section morphologies of G0 (a) and G1 (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  XRD patterns (a) and XPS spectrum (b) of the MAO 

of SiO

2

 came from the oxidation of Si in the substrate and 

the Na

2

SiO

3

 in the electrolyte. Due to local high tempera-

ture, amorphous Al

2

O

3

 will gradually transform to γ-Al

2

O

3

 

and α-Al

2

O

3

[25]

.  

According to the fitting result of XPS in Fig.4b, the In 

element existed in the micro-arc oxidation coating and the 

binding energy of 444.7 eV was a characteristic of the In

2

O

3

[26]

. 

And In

3+

 reacted with OH

−

 in the electrolyte to form In(OH)

3

. 

When the temperature reached 600 ºC, In(OH)

3

 dehydrated 

completely to form In

2

O

3

. Through the analysis, the possible 

reactions during MAO process are as follows: 

3+ -

3

In +3OH In(OH )→

                     (1) 

600  

3 2 3 2

2 In(OH ) In O +3H O→

�

                 (2) 

2.4  Thickness and the micro-hardness of the MAO 

coating 

The thickness test results are shown in Fig.5a. The results 

indicated that the thickness of G0 was (5.2± 0.2) µm and 

that of G1 was (8.6±0.1) µm. That demonstrated the addition 

of In

2

S

3

 in the electrolyte resulted in the slight increase of the 

thickness of MAO coatings, which was consistent with the 

analysis in the voltage-time curves and cross-section mor-

phologies. 

Fig.5b shows the micro-hardness test results of substrate 

and MAO coatings G0 and G1. It can be seen from Fig. 5b 

that the micro-hardness of ZL108 alloy with the MAO coat-

ing was greater than that of the substrate, which was due to 

the formation of α-Al

2

O

3

, γ-Al

2

O

3

 and SiO

2

 phases during the 

micro-arc oxidation process

[27,28]

. When In

2

S

3

 was added, the 

MAO coating became denser, so the micro-hardness of G1 

was further improved compared with G0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Thickness (a) and micro-hardness (b) of the MAO 
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2.5  Electrochemical measurements 

Fig.6 shows the Nyquist plots and Bode plots of ZL108 

alloy substrate and two MAO coatings (G0 and G1). It can 

be seen from Fig. 6a that in the Nyquist plots of G0 and G1 

coatings, a high-frequency capacitor loop was followed by 

a low-frequency capacitor loop. The impedance semi-arc of 

the MAO coating was significantly enlarged compared with 

ZL108 alloy substrate. Moreover, the impedance semi-arc 

of G1 was bigger than that of G0. In the Nyquist plots, the 

radius of the arc tolerant resistance can reflect the corrosion 

rate of the samples. The larger the radius of the arc tolerant 

resistance, the smaller the corrosion rate, and the better the 

corrosion resistance of the samples

[29,30]

. This indicated that 

the MAO coating G1 had better corrosion resistance than 

G0 and ZL108 alloy substrate. Through the observation and 

analysis of Bode curves in Fig. 6b and 6c, it can be found 

that the sample with the MAO coating had higher imped-

ance value compared with the substrate. The impedance 

value was large, and the corrosion resistance of the samples 

was good. Especially after the addition of In

2

S

3

. The im-

pedance value of G0: R

1

=1.496�10

4

 Ω·cm

2

, R

2

=2.87�10

4

 

Ω·cm

2

; the impedance value of G1: R

1

=1.321�10

5

 Ω·cm

2

, 

R

2

=1.541�10

5

 Ω·cm

2

, as shown in Table 2. The reason for 

the above phenomenon and results was that the surface of 

G1 was denser than that of G0, which effectively prevented 

Cl

−

 from corroding the MAO coating. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  EIS spectra of the ZL108 alloy substrate and the two MAO-coated samples: (a) Nyquist plots, (b, c) Bode plots, and 

(d) equivalent circuit 

 

The potentiodynamic polarization curve of MAO coatings 

and ZL108 alloy in 3.5 wt% NaCl solution is shown in Fig. 7. 

The corrosion potential (E

coor

) and corrosion current density (i

corr

) 

were directly derived from potentiodynamic polarization curves 

by Tafel region extrapolation and. The parameters obtained from 

the polarization curve are displayed in Table 3. It can be con-

cluded from the data in the table that compared with ZL108 al-

loy substrate, MAO coatings (G0 and G1) had greater 

self-corrosion potential and lower self-corrosion current, and the 

corrosion rate of MAO coatings were smaller than that of the 

substrate through calculation, which indicated that MAO coat-

ings had better corrosion resistance than ZL108 alloy substrate. 

In particular, the MAO coating G1 showed excellent corrosion 

resistance, which was consistent with previous EIS test results. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Polarization curves of the ZL108 alloy substrate and the 

two MAO-coated samples
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Table 2  Electrochemical parameters obtained from EIS spectra of MAO coatings 

Sample R

s

/Ω·cm

2

 CPE1/Ω

−1

·cm

−2

·S

n

 n

1

 R

1

/Ω·cm

2

 

CPE2/Ω

−1

·cm

−2

·S

n

 n

2

 R

2

/Ω·cm

2

 

G0 8.629 2.685×10

-6

 0.7842 1.496×10

4

 5.352×10

-5

 0.7615 2.857×10

4

 

G1 11.04 1.386×10

-6

 0.8206 1.321×10

5

 1.438×10

-6

 0.8613 1.541×10

5

 

 

Table 3  Electrochemical data from the polarization tests for 

ZL108 alloy substrate and the two MAO-coated 

samples  

Sample E

corr

/V i

corr

/A·cm

-2

 Corrosion rate/mm·a

-1

 

Substrate -0.661 4.76×10

-6

 1.60×10

-1

 

G0 

G1

 

-0.611 

-0.601 

1.27×10

-6

 

1.38×10

-7

 

4.29×10

-2 

4.67×10

-3

 

 

3 Conclusions 

1) The addition of In

2

S

3

 can improve the micro-arc oxidation 

voltage and promote the micro-arc oxidation reaction of ZL108 

aluminum alloy. The coating formation rate and the coating 

thickness were increased. 

2) The addition of In

2

S

3

 increased the MAO coating 

thickness and micro-hardness. XRD analysis showed that 

γ-Al

2

O

3

, α-Al

2

O

3

 and SiO

2

 were the main phases and the 

analysis of XPS spectrum proved that In

2

O

3

 existed on the 

MAO coating surface. SEM morphologies indicated that the 

surface and cross-section morphologies of the MAO coating 

became denser when In

2

S

3

 was added. And 3D topographies 

showed that the surface roughness was decreased. 

3) The corrosion resistance of the coating sample was 

improved with the addition of In

2

S

3

. The impedance values 

of the outer layer and the inner layer of the MAO coating 

G0 in the EIS were 1.496×10

4

 and 2.857×10

4 

Ω/cm

2

, and 

the impedance values of the outer layer and the inner layer 

of G1 in the EIS were 1.321×10

5

 and 1.541×10

5

 Ω/cm

2

, re-

spectively. The corrosion rate of the polarization curves of 

the substrate, the MAO coating without and with In

2

S

3

 were 

1.6×10

-1

, 4.29×10

-2

, 4.67×10

-3

 mm/a, respectively. 
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