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As a metallic material with lightweight and high specific strength, magnesium alloy has
excellent application prospects. However, the rapid corrosion rate and localized corrosion
behavior of magnesium alloys limit the practical application in the automobile industry. In
this study, to improve the corrosion resistance of AZ91 alloy, the film of different
concentrations containing zirconium (AZR0, AZR5, AZR10, AZR15) was prepared on
the surface of AZ91 alloy by micro-arc oxidation technology in the Na2SiO3-Na3PO4

system. Furthermore, the influence of electrolyte composition on the corrosion resistance
of the MAO film was systematically investigated. The experimental results revealed that the
ZrSiO4 particles added in the electrolyte could enter into the MAO film and ZrSiO4 particles
were also decomposed into ZrO2 and Mg2Zr5O11 in the process of micro-arc oxidation.
More importantly, the formation of micro-cracks and other defects in the film could be
reduced after this process. The addition of 15 g l−1 ZrSiO4 in the electrolyte was
contributed to the best comprehensive properties of MAO-processed AZ91
specimens, including improved Vickers hardness of 167.16 Hv, Young’s modulus of
652 MPa, and enhanced corrosion resistance (RP � 9.82 × 105Ω cm2). This approach
could provide the approach for developing Mg-based materials with high anticorrosion in
industrial fields.
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INTRODUCTION

Magnesium-based (Mg-based) material has been recognized as a promising alternative to
conventional Al-based load-bearing materials due to its high strength-to-weight ratio and low
density (Zhang et al., 2019). The considerable drawback of magnesium and its alloys is that they are
impressionable to corrosion in a high-humidity atmosphere, which seriously restricts their industrial
applications (Li et al., 2020a).

Defense of Mg in anti-corrosion can usually be acquired by three strategies: alloying, composite
formation, and protective coatings. Generally, surface modification can observably improve the
corrosion resistance of substrate without influencing its initial properties (Li et al., 2020b). Surface
treatment techniques, including anodic oxidation (Zarei et al., 2021), plasma spraying (Cao et al.,
2021), vapor deposition (Li et al., 2021), sol–gel film (Zhang et al., 2021), and micro-arc oxidation
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(Zhang et al., 2020a), were widely used for this purpose. Among
the techniques as mentioned above, micro-arc oxidation (MAO)
technology can contribute to a protective oxide layer on the
surface of metallic materials in instantaneous high temperature
and high pressure by generating spark discharges. Because of the
feature of MAO, the oxide layer is formed on the substrate,
resulting in strong interfacial bonding between the metallic
substrate and MAO coating (Lu et al., 2016). Thus, the MAO
process is extensively used to improve the corrosion resistance of
Mg-based materials. Several previous studies have revealed that
the electrolyte composition is essential and crucial to improving
the comprehensive performance of MAO coating, like corrosion
resistance and adhesion strength, and control the corrosion
behavior of Mg-relevant materials (Fattah-alhosseini et al., 2020).

Researchers have added miscellaneous micro/nano
irresolvable particles into the electrolytes, which can
participate in the MAO process and form into parts of the
coatings. Generally, this in-situ technology for preparing
composite coating deposits ceramic particles, such as SiC
(Wang et al., 2015) and CeO2 (Lim et al., 2012). For example,
MAO coating incorporated with CeO2 was obtained on AZ91D
Mg alloy. The EIS and potentiodynamic tests in 3.5 wt% NaCl
solution indicated that the anticorrosion behavior of MAO-
processed AZ31 Mg alloy was markedly improved (Lim et al.,
2012).

Zirconium is a potential biomaterial for dental and
orthopedic implants owing to its high mechanical strength,
high corrosion resistance, and excellent biocompatibility.
ZrO2 has the strengths of high mechanical strength, strong
toughness, and good corrosion resistance. In addition, ZrO2

influences stress-induced transformation toughening (Zhou
et al., 2021).

Therefore, in some studies, K2ZrF6- and ZrO2-doped
composite MAO coatings were prepared. For example, Arrable
et al. (Arrabal et al., 2008) showed the allocation of ZrO2

nanoparticles across the surface and cross section of the
coating. Li et al. (Li et al., 2015) reported enrichment in the

anticorrosion of the ZrO2-containing MAO coatings on TC4
alloy. Zhang et al. (Zhang et al., 2010) used K2ZrF6-based
electrolyte and acquired MAO coatings consisting of the ZrO2

phase. Koo et al. (Rehman et al., 2017) studied the MAO coatings
manufactured on AZ31B Mg alloy in K2ZrF6-Na2SiO3-based
electrolyte. It was observed that the hardness and
anticorrosion properties of the coatings were highly improved
after MAO processing.

Zircon (ZrSiO4), as a common and cheap particle for
industrial use, has excellent physical and chemical capabilities,
such as good mechanical properties, reducing friction coefficient,
and enhancing corrosion resistance (Yang et al., 2021). However,
the participant investigation in the literature has been rarely
recorded, showing that ZrO2 ceramic coating can be provided
with MAO technology. Therefore, in this work, MAO of AZ91
Mg alloy was conducted in ZrSiO4-containing Na2SiO3-Na3PO4-
based electrolyte, and electrochemical corrosion properties of
ZrSiO4 particle-containing MAO coatings on AZ91 Mg alloy
were evaluated by the potentiodynamic test.

MATERIALS AND METHODS

Materials
The substrate used in this work was a commercial material, AZ91
Mg alloy (wt%:0.35 Zn, 0.15 Mn, 8.3 Al, Mg Bal.). For the MAO
process, the extruded bar samples of AZ91 Mg alloy were cut into

TABLE 1 | Composition of electrolyte.

Samples Concertation of electrolytes

NaOH Na3PO4·9H2O Na2SiO3·12H2O ZrSiO4

AZR0 6 g/l 9.3 g/l 2.3 g/l 0 g/l
AZR5 6 g/l 9.3 g/l 2.3 g/l 5 g/l
AZR10 6 g/l 9.3 g/l 2.3 g/l 10 g/l
AZR15 6 g/l 9.3 g/l 2.3 g/l 15 g/l

FIGURE 1 | The XRD patterns of the samples.
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a shape Φ 8 mm × 3 mm. The samples were then ground by SiC
sandpaper up to 2000#, washed with ethanol in ultrasound for
10 min, and dried in air.

Preparation of MAO Coating
The MAO coatings were accomplished utilizing an installation
consisting of an MAO-50D power supply. Mg alloy AZ91 was
regarded as the anode, and stainless steel was used as the cathode.
The mode of MAO was constant pressure. The termination

FIGURE 2 | SEM morphologies of the different samples (A) AZR0, (B) AZR5, (C) AZR10, and (D) AZR15.

FIGURE 3 | Porosity ratio of the different samples (A) AZR0, (B) AZR5, (C) AZR10, and (D) AZR15.

TABLE 2 | Elemental compositions of different samples analyzed by EDS.

Samples Element (Weight %)

O Mg Si P Zr

AZR0 42.71 49.80 3.11 4.38 --
AZR5 39.78 47.64 3.96 1.49 7.11
AZR10 38.45 42.62 4.90 0.76 13.27
AZR15 38.72 36.12 5.72 1.44 18.00
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FIGURE 4 | SEM morphologies and EDS results of the cross-sectional views of the different samples (A) AZR0, (B) AZR5, (C) AZR10, and (D) AZR15.
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voltage, frequency, duty cycle, and oxidation time were fixed at
400 V, 600 Hz, 30%, and 10 min, respectively. The electrolytes
used in the MAO process are shown in Table 1. The average size
of ZrSiO4 powder particles in the electrolyte was approximately
737.5 nm, and sodium dodecylbenzene sulfonate was added as an
anionic surfactant to ensure the particles evenly dispersed in the
solution.

Characterization
The phase constituents of obtained samples were analyzed using
an X-ray diffractometer (XRD, D/max-2500). The surface and
cross-section morphology were investigated using a field
emission scanning electron microscope (SEM, Quanta FEG-
250). Moreover, elemental compositions of surface and cross
section were observed using a SEM-attached energy dispersive
X-ray spectrometry (EDS) device. Sample wettability was
characterized via a static contact angle goniometer (DSA1000,
Kruss, Germany) using deionized water droplets (volume of one
drop � 3 μl). Three different positions were chosen to be
measured for each sample. The porosity ratio in the coating
surface was analyzed using ImageJ software.

The corrosion behavior was gauged using a Zennium
electrochemical workstation after the open circuit potential
(OCP) for 30 min to be stabilized in a 3.5% NaCl solution. A
representative three-electrode mechanism was composed of
graphite electrode as an auxiliary electrode, saturated calomel
electrode (SCE) as a reference electrode, and specimen (1 cm2

exposed area) as a working electrode. The corrosion resistance
was employed to study the Tafel curve to give the corrosion
potential (Ecorr), the corrosion current density (Icorr), the slope of
cathodic polarization (βc), and the slope of the anodic
polarization branch (βa). In addition, the polarization
resistance, Rp, and inverse ratio to corrosion rate can be
computed using the simplified Stern–Geary Equation 1 (Li
et al., 2020c). Eq. 2 was converted to the protection efficiency
(Rahman et al., 2020).

Rp � βa × βc

2.303 × Icorr(βa + βc)
(1)

Eprotection � 1 − I(corr)c
I(corr)uc

(2)

I(corr)uc is the corrosion current density of substrate AZ91 Mg
alloy, and I(corr)c is the corrosion current density after the MAO
process on AZ91 Mg alloy.

A binding force tester (WS-2005) was utilized for testing the
adhesion strength of samples. The adhesion strength of the film
was calculated using the formula shown by Equation 3. The
dynamic load was 40 N, the loading time was 1 min, and the
scratch length was 3 mm.

P � F

πR2
(3)

P represents the strength of adhesion strength, and F is the
load value. R is the radius of the diamond indenter.

A dimensional hardness tester (HMV-2T) was used to analyze
the hardness of the sample. The loading load was 10 N, and the
loading time was 20 s. An atomic force microscope (AFM
Dimension Icon), analyzed by NanoScope Analysis software,
can be utilized to analyze Young’s modulus of the MAO coatings.

RESULTS AND DISCUSSIONS

Microstructure and Phase Analysis
Figure 1 shows the XRD pattern of the MAO coatings on AZ91
Mg alloy prepared at different concentrations of ZrSiO4. Besides
the Mg phase from the substrate, the diffraction peaks of ZrO2,
Mg2Zr5O11, Mg3(PO4)2, MgSiO3, and MgO could be observed,
indicating the active involvement of electrolytes in the solution
for the MAO process. Specifically, the existence of ZrO2 and
Mg2Zr5O11 in the coatings also showed the participation of
ZrSiO4 decomposed into ZrO2 and SiO2 in the MAO process
(Ur Rehman and Choi, 2019). The SiO2 reacted with MgO to
form MgSiO3. Additionally, with the increase in ZrSiO4

FIGURE 5 | Potentiometric polarization curves of the different samples.

TABLE 3 | The parameters obtained from potentiodynamic polarization tests in 3.5wt% NaCl.

Sample Icorr/(A/cm
2) Ecorr/(V) βa/(mV) -βc/(mV) Rp/(Ω·cm2) Ep/%

AZ91 2.51 × 10−5 −1.54 12.9 14.8 1.19×102 ——

AZR0 6.10 × 10−7 −1.43 119 148 4.70×104 97.57
AZR5 4.16 × 10−8 −1.38 126 122 6.47×104 99.83
AZR10 2.67 × −10–8 −1.35 126 93.5 8.73×105 99.89
AZR15 1.49 × 10−8 −1.29 75.8 52.8 9.82×105 99.94

Frontiers in Materials | www.frontiersin.org January 2022 | Volume 8 | Article 7997805

Li et al. ZrSiO4 MAO Coatings on AZ91

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


concentration, the peak strength of ZrO2 was also raised gradually
(Kovaleva et al., 2021).

Figure 2 represents the surface morphologies of the MAO
coatings prepared under preset conditions. All the coatings
performed a porous configuration with many crateriform
micro-pores unevenly distributed due to the mutual effect of
fusional oxides and the gas bubbles in the processes (Xia et al.,
2013). As the ZrSiO4 concentrations varied, the surface of
samples exhibited a distinct difference. The surfaces of
AZR10 and ZAR15 seemed relatively smoother in
comparison to AZR0 and ZAR5. The results of the porosity
ratio in Figure 3E also illustrated that an increasing ZrSiO4

concentration was simultaneously beneficial to reducing the
micro-pores on the surface. These were possibly contributed to
the decrease in crateriform pore size and the formation of many

blocked pores, combined with more significant amounts of
ZrO2 and SiO2 from ZrSiO4 decomposition (Zhang et al.,
2020b).

Table 2 shows the contents of each element on the MAO
coating surface corresponding to those in Figure 2. It was found
that the elements of O, Si, P, Mg, and Zr were primary in the final
MAO coatings. In addition, the contents of Zr and Si in AZR15
were higher than those of others, indicating that the content of
ZrSiO4 added could directly influence the Zr and Si contents in
the coating, thereby possibly affecting the property of MAO
coating.

Figure 4 displays the cross-sectional morphologies and the
elemental distribution of different MAO coatings. It shows that
all coatings adhered to the Mg alloy substrate tightly, and there
was a relatively dense structure without micropores and large
cracks appearing (Gao et al., 2018). Their thickness was also
increased clearly with increasing ZrSiO4 content in the
electrolyte. In Figures 4B,D,F,H, it could be seen that the
elements distributed in the cross section were identical to
those on the coating surface. Zr of the cross-sectional
distribution indicated that ZrSiO4 particles were involved in
the MAO process.

The variation of film thickness and defects present in coating
had a significant impact on the corrosion resistance of the coating
to the substrate. Thus, the analysis of corrosion resistance for the
coatings was conducted.

Corrosion Resistance
Figure 5 presents the potentiodynamic polarization curves for the
MAO coatings in 3.5 wt% NaCl solution. Tafel fitting was also
carried out, and the results are listed in Table 3. βc represents
cathodic hydrogen evolution, and βa represents the dissolution of
Mg. Ecorr and Icorr were the self-etching potential and current
density, respectively (Xiong et al., 2018). Rp represents
polarization resistance. Generally, higher Ecorr, lower Icorr, and

FIGURE 6 | Contact angles of the different samples.

FIGURE 7 | Hardness. (A) Young’s modulus and (B) of MAO coating of the different samples.
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higher Rp values implied better anti-corrosion of materials (Wang
et al., 2018). It is revealed that adding ZrSiO4 was favorable to
increase the Ecorr and Rp of the coating, and the higher the ZrSiO4

content was, the more significant the improvement of coating
anti-corrosion.

Furthermore, the AZR15 specimen, whose Icorr decreased from
2.51 × 10–5 for the substrate to 1.49 × 10–8 A cm−2, had the best
corrosion resistance performance among all samples.

Wettability
The wettability of the surface also had a significant effect on the
corrosion resistance of the coating.

Because of the porous structure of the surface, the MAO
coating was susceptible to be hydrophilic (Bordbar-Khiabani
et al., 2019). After adding ZrSiO4 to the electrolyte, the

contact angle of the coated samples was remarkably and
gradually increased. The AZR15 had the highest value of
66.1 ± 0.5° in Figure 6. It is revealed that the increase in the
ZrSiO4 concentration could significantly enhance the
hydrophobicity of the coating surface, thereby preventing the
direct contact between corrosive medium and specimen and
improving the corrosion resistance of MAO coating. This was
consistent with the results of electrochemical tests.

The circulation reaction of corrosive ions (Cl−) into the film
with the substrate was the pre-condition for the corrosion of the
Mg alloy substrate. The inner layer of MAO coating mainly
improved the corrosion resistance of the film. According to the
above results, there were two main aspects of the improvement of
corrosion resistance. Firstly, with the increase in the ZrSiO4

concentration, the hydrophobic surface restrained the entrance

FIGURE 8 | The binding force of the different samples.

FIGURE 9 | Formation mechanism of the MAO film.

Frontiers in Materials | www.frontiersin.org January 2022 | Volume 8 | Article 7997807

Li et al. ZrSiO4 MAO Coatings on AZ91

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


of corrosive ions (Cl−) from the surface (Kirkland et al., 2012).
Moreover, as seen in Figure 3, the coatings with ZrSiO4 had a low
pore density. This behavior could also limit the breakthrough of
Cl− to the coating/substrate boundary. Moreover, the thickness
rise of the coating further enhanced the paths for the corrosive
ions through the coating, thus increasing the anticorrosion of
MAO coating.

Mechanical Properties
Figure 7 exhibits the change of the hardness 1) and Young’s
modulus 2) at the different samples. Owing to the increasing
concentration of ZrSiO4 in the coatings, the samples’ hardness
was also increased. AZR15 had the highest value of 167.16 Hv
(Zuo et al., 2019). Meanwhile, Young’s modulus of the samples
was lower than that of pure AZ91 alloy (1136 MPa), and this
value of AZR15 was decreased to 652 MPa. Its mechanical
strength depended on porosity, which depended on its
manufacturing process (Es-saddik et al., 2021). During the
MAO process, ZrSiO4 particles could separate into ZrO2,
thereby reducing the micro-cracks and other defects in the
film and affecting the mechanical properties of the samples.

Adhesion Strength
Figure 8 shows the binding strength of the coatings for the
specimens. It can be seen that the binding strength of AZR0 and
AZR15 films were 33.82 and 88.73MPa, respectively, indicating the
significant effect of ZrSiO4 on enhancing the binding strength between
coating and substrate. The ZrSiO4 dispersed in the electrolyte could
enter the discharge channel of forming coating during the MAO
process. Its decomposition ZrO2 could be as particles present in the
cooling and solidifying coating process, which may be improved
compactness and restrain the crack propagation of formed MAO
coating, resulting in higher binding force and lower Young’s modulus
(Yao et al., 2019).

Formation Mechanism of the Coating
Figure 9 shows formation mechanism of MAO film. The forming
process of the composite coating was presented as follows: during
the MAO process, the high voltage generated an electric domain
between the cathode and anode attended by the constitution of
micro discharge exiting on the Mg alloy substrate. The micro
discharges burning under the loose coating layer caused the
oxidation of the Mg alloy substrate, but the oxides were not
carried to the surface of the loosened coating. During this stage,
two micro discharges (blunt little micro-discharges and
transparently burning ones) occurred on the coating surface.
Then in the next stage, there was a higher possibility of blocking
the pores above the dense coating layer or these pores moving
from the substrate to the interface of inner/outer layers. This is
the result in regional sealing of the pores when inner micro
discharges were ignited. Micro discharges with weak stress could
be observed (high-energy micro discharges blank) on the
surfaces. At this stage, sealing of the pores in the coating of
AZ91 was dominated (Rakoch et al., 2020).

The phase composition was formed by the different reactions
during the MAO process (Baghdadabad et al., 2020; Kovaleva
et al., 2021).

Mg � Mg2++2e− (4)

Mg2++O2− � MgO (5)

3Mg2++2PO3−
4 � Mg3(PO4)2 (6)

ZrSiO4� ZrO2+SiO2 (7)

2Mg2++SiO2−
3 +2OH−� Mg2SiO4+H2O (8)

Mg2SiO4+SiO2� MgSiO3(Heat) (9)

Mg2++SiO2−
3 � MgSiO3 (10)

MgO + SiO2� MgSiO3 (11)

2MgO + 5ZrO2� Mg2Zr5O11 (12)

CONCLUSION

In this work, MAO coatings were successfully prepared on the
AZ91 Mg alloy in Na2SiO3-Na3PO4 based solution with various
ZrSiO4 concentrations. The results of the present investigation
were as the following:

1. ZrO2 and SiO2 are produced by ZrSiO4 particles and
participate in the process into the MAO layer. With ZrSiO4

particles concentration increasing, the MAO coatings became
denser, and the holes in the coating significantly decreased.
The micro-cracks and defects were also reduced on the surface
of the coating.

2. The corrosion resistance and mechanical properties were
significantly improved when ZrSiO4 was added to the
electrolyte. Meanwhile, the best performance in aspects of
self-corrosion potential (−1.289 V), self-corrosion current
(1.49 × 10–8 A cm2), polarization resistance (9.82 ×
105Ω·cm2), and protection efficiency (99.94%) were found
in the ZrSiO4 concentration of 15 g/l. In addition, the ZrSiO4

concentration also enhanced the hardness and decreased
Young’s modulus of the coatings.
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