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1. INTRODUCTION

Magnesium (Mg) alloys are increasingly used in industries 

where lightweight materials are required, such as the 

automotive, aerospace, and biomedical fields, owing to their 

low density and high strength-to-weight ratio [1]. Among 

commercial Mg alloys, the AZ31B Mg alloy is one of the best 

candidates for electronic and sensor materials because of its

excellent formability and workability, remarkable mechanical 

properties, and good thermal and electrical conductivity [2,3]. 

However, a major limitation of Mg alloys is their poor 

corrosion resistance, which hinders their broader application, 

particularly in aggressive environments [4,5]. To overcome 

this challenge, researchers have focused on developing 

surface modification techniques to enhance the corrosion 

resistance of Mg alloys [1,6].

Plasma electrolytic oxidation (PEO) has emerged as an 

effective method for enhancing the surface properties of Mg 

alloys. PEO forms an oxide layer on the substrate surface 

through an electrochemical process under high voltage, lead-

ing to a thicker oxide layer that offers improved corrosion 

resistance, mechanical strength, and wear [7-10]. Oxide coat-

ings formed in the PEO processes typically consist of mag-

nesium oxide (MgO) and magnesium hydroxide (Mg(OH)2), 

which contribute to the enhanced corrosion resistance of the 

alloy [7-11].

In recent studies, the addition of ceramic particles, including 

alumina (Al2O3), to PEO electrolytes has been shown to further 

improve the performance of the oxide films. The incorporation 

of Al2O3, a stable and dense material, into the oxide layer has 

been found to significantly boost the corrosion resistance of 

Mg alloys [12,13]. Moreover, electrolytes based on silicate and 

aluminate have attracted attention because of their ability to 

generate more durable and protective oxide coatings. The syn-

ergy between these components and embedded ceramic par-

ticles further enhances the stability of the oxide layer, making 

it more effective in preventing corrosion [14,15].
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In this study, oxide coatings were fabricated on an AZ31B 

Mg alloy using the PEO method in an alkaline silicate-alu-

minate electrolyte containing Al2O3 particles as an additive. 

The effect of Al2O3 particles concentration on the corrosion 

behavior of Mg alloys was systematically investigated. The 

surface morphology and porosity of the coatings were ana-

lyzed. The corrosion resistance was evaluated using poten-

tiodynamic polarization tests and electrochemical impedance 

spectroscopy (EIS), with a focus on applications in packaging 

and as reference-sensing elements in Mg-based corrosion sen-

sors.

2. EXPERIMENTAL 

A commercially available AZ31B Mg alloy (Al 2.5–

3.5 wt%, Zn 0.6–1.4 wt%, Mn 0.2–1.0 wt%, Mg balance) was 

used as substrate. Prior to the experiments, AZ31B Mg alloy 

plates with a size of 25 × 25 × 1 mm3 were mechanically 

polished using #600, #1000 and #1500 SiC abrasive papers. To 

eliminate surface contaminants, the polished substrates were 

ultrasonically cleaned in acetone, followed by rinsing with 

distilled water. The alkaline silicate-aluminate solution 

composed of 1 g/L NaOH, 4 g/L NaAlO2, and 12 g/L 

Na2SiO3·9H2O in distilled water was used as the base 

electrolyte. The electrolyte for the PEO process was prepared 

from the base electrolyte with addition of 0, 2, 4, 6, 8, and 

10 g/L Al2O3 particles (ca. ~ 1 m). A direct current (DC) 

constant voltage mode was employed for the PEO treatment. 

The details of experiments are largely similar to those in the 

literature [1,16]. The PEO treatment was performed for 30 s 

with a constant DC voltage of 270 V.

Surface analysis was conducted using a field emission scan-

ning electron microscopy (FE-SEM, Hitachi S4200). The FE-

SEM facilitated the investigation of both the surface and cross-

sectional morphologies of PEO coatings. Surface porosity was 

quantified from surface morphological data via an image anal-

ysis software. The PEO coating thickness was obtained from 

cross-sectional FE-SEM images. An energy-dispersive X-ray 

spectrometer (EDS, Horiba Inc.) was used to investigate the 

chemical composition of PEO coatings on the AZ31B Mg 

alloy. 

All electrochemical experiments were conducted at room 

temperature using a conventional three-electrode system cell. 

The PEO-coated AZ31B Mg alloy with an exposed area of 

1 cm2 was used as the working electrode. A platinum (Pt) plate 

and saturated silver/silver chloride (Ag/AgCl) were used as the 

counter and reference electrodes, respectively. Using the above 

experimental materials and instruments, potentiodynamic 

polarization and EIS tests were performed to analyze the cor-

rosion resistance in Ringer’s solution [17]. The polarization 

curve representing the corrosion potential and corrosion current 

density values was obtained by forcibly corroding the PEO-

coated alloy using the three-electrode measurement method. 

This curve was analyzed using the Tafel extrapolation method to 

obtain the polarization resistance and anode/cathode Tafel values 

[18]. The EIS test is a method for analyzing impedance by 

applying a sinusoidal signal over a broad frequency range (from 

high to low) to a test specimen and measuring the amplitude and 

phase shift in the resulting response. A Nyquist plot was 

obtained from the measurement results [19].

3. RESULTS AND DISCUSSIONS 

Fig. 1 shows the variation in thickness of the PEO coating 

layer on the AZ31B Mg alloy with respect to the Al2O3 particle 

concentration in the alkaline silicate-aluminate electrolyte. The 

inserted figures show the cross-sectional FE-SEM images of 

the PEO coating layer for Al2O3 particles concentrations of 0 

and 10 g/L. The thickness of the PEO coating layer increased 

from 0.744 to 1.84 m as Al2O3 particles content increased 

from 0 to 10 g/L. From the EDS examination, PEO coatings 

prepared with 0, 2, 4, 6, 8, and 10 g/L Al2O3 particles added

to the electrolyte revealed Al contents of 4.73, 4.87, 4.91, 4.98, 

5.04, and 5.09 at%, respectively. Without Al2O3 particles addi-

tion, the Al concentration of 4.73 at% in the PEO coating 

resulted from the presence of NaAlO2 in the base electrolyte. 

The concentration of Al in the PEO coating increased with 

Fig. 1. Thickness variation of PEO coating layer on AZ31B Mg 

alloy with respect to Al2O3 particles concentration in the elec-

trolyte. The inset is the cross-sectional FE-SEM images for 

PEO coating layer without and with the addition of Al2O3 par-

ticles. 
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increasing Al2O3 particles content in the electrolyte, indicating 

that the Al2O3 particles were successfully incorporated into the 

PEO coating. When oxide particles were added and dispersed 

in aqueous solutions, they could not be dissolved in the 

solution but were negatively charged on the surface [20]. Thus, 

the negatively surface-charged Al2O3 particles could move 

toward the AZ31B substrate, an anodic electrode, under a DC 

bias. Under plasma arcs, the melting of Al2O3 particles close to 

the substrate and the fluctuating molten oxide on the substrate 

surface might occur, giving rise to the reaction of Al2O3

particles with the surface of the substrate. Therefore, an 

increase in the concentration of Al2O3 particles in the 

electrolyte enhanced the reaction near the substrate, resulting 

in an increase in the thickness of the PEO coating layer. 

The morphology of PEO-coated surfaces fabricated with 

varying Al2O3 concentrations from 0 to 10 g/L were investi-

gated using FE-SEM images, as shown in Fig. 2. Quantita-

tively, the porosity of PEO coatings at Al2O3 concentrations of 

0, 2, 4, 6, 8, and 10 g/L were 8.348, 7.128, 6.070, 7.626, 8.624, 

and 10.613%, respectively. It was evident that as the Al2O3

concentration in the electrolyte increased from 0 to 4 g/L, the 

porosity decreased. The lowest porosity was observed in sam-

ples with 4 g/L of additive, with porosity beginning to increase 

at 6 g/L. During plasma arc generation, the substrate surface, 

native oxide layer, and previously formed oxide film became 

ionized. These ionized species then combined with oxygen 

ions from the electrolyte and other ions of the additive com-

ponents, leading to the formation of pores at the ionized sites 

and the filling of other pores. This continuous process of oxide 

film formation and regeneration resulted in an increase in 

thickness. For a sample containing at 4 g/L of Al2O3, this pro-

cess yielded a surface with the lowest porosity. Beyond this 

concentration, the additional additive caused the oxide film to 

form with increasing porosity. 

Polarization curves were obtained for PEO-coated AZ31B 

Mg alloy specimens by applying forced corrosion using a con-

ventional three-electrode electrochemical cell. These curves 

provided the corrosion potential (Ecorr) and corrosion current 

density (Icorr) values, which were subsequently analyzed using 

the Tafel extrapolation method to determine the polarization 

resistance (Rp) and anodic and cathodic Tafel slopes (βa and 

βc). Fig. 3 shows the potentiodynamic polarization curves of 

PEO coatings immersed in Ringer’s solution. Corrosion-

related parameters, including Ecorr, Icorr, and Tafel constants (βa 

and βc), were derived from these curves via Tafel extrapo-

lation. The corresponding values are summarized in Table 1. 

The Rp was calculated using the Stern-Geary equation [21]. 

(1)

Among the samples, the specimen with 4 g/L of Al2O3 

exhibited the most favorable corrosion resistance. A progres-

sive enhancement in corrosion resistance was observed with 

increasing Al2O3 concentration up to 4 g/L; however, a decline 

RP

a c

2.303 Icorr a c+ 
----------------------------------------------=

Fig. 2. FE-SEM images of the PEO-coated surfaces with (a) 0 g/L, 

(b) 2 g/L, (c) 4 g/L, (d) 6 g/L, (e) 8 g/L, and (f) 10 g/L of 

Al2O3 concentration.

Fig. 3. Potentiodynamic polarization curve of the PEO-coated 

AZ31B Mg alloy within electrolytes containing various Al2O3

particles concentrations.
280 ⓒ The Korean Sensors Society



D.K. Lee et al. J. Sens. Sci. Technol. Vol. 34, No. 4 (2025)
was noted at 6 g/L. Tafel analysis further confirmed that the 

4 g/L Al2O3 sample exhibited the highest Ecorr and Rp values 

among all tested conditions. Specifically, the sample with 4 g/L

Al2O3 showed an Ecorr of −1.2219 V, indicating highest cor-

rosion potential compared to the other specimens. This 

improvement was attributed to the reduced porosity of the 

oxide layer, which minimized Mg dissolution. In addition, the 

Icorr value for this sample was 3.158 × 10-8 A/cm2, the lowest 

among the group, suggesting that the PEO coating effectively 

insulated the substrate from the corrosive environment. The 

corresponding Rp was measured at 7.72 × 105 Ω, the highest 

value among the specimens, indicating superior corrosion pro-

tection provided by the PEO coating with 4 g/L of Al2O3 [22]. 

EIS was used to analyze impedance by measuring changes 

in amplitude and phase in response to a sinusoidal signal 

applied over a wide frequency range, typically from high to 

low frequencies. Nyquist plots were obtained as a result of the 

EIS measurements with various concentrations of Al2O3. In the 

Nyquist plot, the charge-transfer resistance, represented by the 

diameter of the semicircle in the high- to mid-frequency range, 

was highest for the sample containing 4 g/L of Al2O3. In the 

high-frequency region, these plots exhibited depressed semi-

circles, indicative of capacitive behavior. The radius of these 

semicircles was directly correlated with corrosion resistance; a 

larger radius corresponds to enhanced corrosion protection 

[22]. Notably, the PEO coating formed with 4 g/L of Al2O3

exhibited the largest semicircle radius among all tested con-

centrations, indicating superior corrosion resistance. 

4. CONCLUSIONS 

This study demonstrated that the incorporation of Al2O3 par-

ticles into PEO electrolyte enhanced the corrosion resistance of 

AZ31B Mg alloy. Comprehensive analyses of the coating mor-

phology, porosity, and electrochemical behavior revealed that an 

Al2O3 concentration of 4 g/L yielded the optimal performance. 

At this concentration, the PEO coating exhibited the lowest 

porosity, indicating a denser and more uniform protective layer. 

Electrochemical evaluations, including potentiodynamic polar-

ization and EIS, consistently confirmed the superior corrosion 

resistance of the PEO coating with 4 g/L Al2O3 coating. This 

was evidenced by a more noble corrosion potential, reduced cor-

rosion current density, and significantly increased polarization 

and charge-transfer resistances. The enhanced protective per-

formance is attributed to the synergistic effect of the decreased 

porosity and stable incorporation of Al2O3 particles within the 

oxide matrix, which collectively insulated the substrate from the 

corrosive environment. These findings provide valuable guid-

ance for the design of corrosion-resistant Mg alloys and high-

light the potential of customized PEO treatments for advanced 

surface engineering applications. Nevertheless, for practical 

device applications, further investigations on the corrosion 

behavior of PEO coatings with reactively incorporated Al2O3

particles on AZ31B Mg alloys in aggressive environments are 

needed from a reliability point of view.
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Fig. 4. Nyquist plots of the PEO-coated AZ31B Mg alloy within 

electrolytes containing various Al2O3 particles concentrations.
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