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Abstract: Plasma electrolytic oxidation (PEO), as a cost effective and environmentally friendly
technology, has been applied on magnesium and its alloys to improve wear and corrosion resistance.
Additionally, combining with particles addition in the electrolyte and/or various post-treatments
could diminish the intrinsic structural defects of the PEO coatings and provide multifunctionalities,
including wear resistance, corrosion resistance, self-lubrication, and self-healing. This paper reviews
recent progress on PEO composite coatings prepared by in situ incorporation of functional particles
and/or post-treatments on magnesium and its alloys. The focus is given to the microstructural and
functional changes of the PEO coatings, particularly on the wear and corrosion behaviors.
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1. Introduction

Magnesium and its alloys stand out as one of the lightest engineering materials with
high strength-to-weight ratio, good electromagnetic shielding, high damping capacity,
and efficient machinability [1–3]. Consequently, these materials have found widespread
applications in aerospace, automobile, computer, communication, and consumer electronics
sectors. However, their high chemical activity and low hardness limit their performance,
highlighting a need for surface treatments to improve the wear and corrosion resistance [4,5].
Various techniques have been established for the surface modification of magnesium and its
alloys, including conversion coatings, electroplating, electroless plating, anodizing, plasma
electrolytic oxidation, physical/chemical vapor deposition, organic coatings, and sol-gel
technique [6–23].

Plasma electrolytic oxidation (PEO), also known as micro-arc oxidation (MAO), is
an affordable and environmentally friendly technique. The PEO process is associated
with discharges, which were generated under a strong electric field across the metal-
electrolyte interface. Generally, this interface consists of the metal substrate, the oxide
film, a gas envelope, and the electrolyte. Plasma assisted chemical reactions occurred
with the discharges and at the areas nearest the discharges. Thus, the substrate metal
was converted into a compound, comprising the metal itself, oxygen, and the electrolyte
components. For instance, coatings formed in silicate electrolyte usually consist of MgO,
MgSiO3 and MgSiO4; coatings formed in phosphate electrolyte might contain Mg3(PO4)2;
coatings formed in aluminate electrolyte comprising MgO and MgAl2O4. MgF2 could also
be produced when fluoride ions are introduced to the electrolyte. Several models were
proposed to explain the plasma discharge [24–30]. The first model, known as dielectric
breakdown model, was proposed by Vijh [24] and Ikonnopisov [30], which considered
the discharge as local avalanche breakdown of the oxide layer. According to this model,
the polarizing voltage should be linear with the thickness of the oxide layer in order to
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maintain a sufficient electric field required for dielectric breakdown. However, the voltage
increase became much slower after the ignition of discharges. Later, Yerokhin et al. [26] and
Wang et al. [25] proposed the contact glow discharge electrolysis model. They suggested
that free electrons generated from the electrolyte tended to inject into the gas envelope
formed at the oxide–electrolyte interface, thus a glow discharge could be ignited in the
gaseous media which results in the melting and quenching of the underlying oxide. The
third model, named discharge-in-pore model, indicates that the plasma discharge was
generated by discharge of gas in the coating-electrolyte interface or in the micropores of the
coating, which might be induced by dielectric breakdown of a barrier layer in the bottom
of the micropores [29]. This model was supported by the optical emission spectroscopy
(OES) findings by several research groups [28,31] and the interconnected porous networks
in the PEO coatings reported by Curran [27]. Although the initiation of plasma discharge
is still controversial, a well-accepted coating growth mechanism on magnesium alloys
has been proposed [32]. Firstly, a passive film formed on the substrate like the traditional
anodizing, during which the voltage increased linearly. The growth and dissolution of
the oxide film occurred simultaneously and competed, as shown in Figure 1a,b. At the
critical point, localized dielectric breakdown occurred at the flaws of the oxide film and
discharge initiated as demonstrated in Figure 1c. Materials at the nearest vicinity of the
discharges were melted by the high temperature plasma and ejected to the coating surface
through the discharge channel. After quenched by the cold electrolyte, a coating comprising
complex compounds could be obtained as illustrated in Figure 1d. During the PEO process,
different types of discharges could take place, as shown in Figure 1e. Discharges of types
A and C occurred at the coating surface and the pores in the upper coating, which led
to the incorporation of electrolyte species into the coating. Type B discharges took place
at the oxide–metal interface, resulting in coating materials that contains substrate metal
species as the main component. Obviously, type B discharges are much more intensive
and might cause the structural defects such as holes, cracks, and connected porosity. In
addition, type B discharges were responsible for the formation of pancake-like structure.
This model successfully explained the three-layer structure of the PEO coatings as well as
the pancake-like morphologies at the coating surface. It is generally accepted that PEO
coatings on magnesium alloys have three-layer structures: the outer porous layer, the fairly
compact middle layer and the compact but thin inner layer (typically less than 1 µm).
Among them, the middle layer is responsible for good mechanical properties and corrosion
resistance. A more detailed discussion about the phenomenon associated with the PEO
process (acoustic emission, optical emission, time-voltage plot, etc.) as well as the effects
of processing parameters (such as electrolyte composition, frequency, duty cycles) has
exceeded the scope of this review, but can be found in review [33].

PEO coatings possess high wear and corrosion resistance, excellent thermal stability,
and superior adhesion strength. However, despite these favorable properties, PEO coatings
are inherently porous, containing numerous micropores and microcracks due to the intense
discharging and gas evolution. These flaws can serve as diffusion paths for corrosive
media, potentially compromising the long-term corrosion resistance of the coating [34].
Furthermore, PEO coatings typically exhibit high friction coefficient.

Therefore, it is crucial to regulate the mechanical, tribological, and anti-corrosion
properties of PEO coatings. One way is to modulate the coating properties by modifying the
PEO process itself. Such modification could include the electrical parameters (current mode,
pulse frequency, duty cycle, current density, etc.) and the electrolyte compositions [35].
Organic additives are usually added into the electrolyte to alter the characteristics of micro-
discharges. Suitable organic additives in specific electrolyte could effectively suppress
the strong arcs which are destructive to the PEO coatings, thus optimized morphology
and enhanced properties could be obtained [36]. Another effective method to improve the
coating properties is to fabricate composite coatings with multifunction. Two common
ways have been utilized to prepare PEO-based composite coatings: (1) in situ formation of
composite coatings by adding functional particles in the electrolyte, and (2) post-treatments,
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including sol-gel, organic coating, physical vapor deposition (PVD), and surface remelting.
This review systematically summarizes the preparation and characterization of wear and
corrosion-resistant PEO-based composite coatings on magnesium alloys, produced via in
situ formation and post-treatments.
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Figure 1. Schematic illustration of the growth process of PEO coating made on Mg alloy, (a) and
(b) formationg and growth of passive layer, (c) initiation of plasma discharge, (d) growth of PEO
coatings and (e) formation of three-layered structure. (with permission from Ref. [32]; License number:
5574141493945, 2023, Elsevier).

2. Preparation and Characterization of PEO Composite Coatings on Magnesium Alloys

2.1. In Situ Formation of PEO Composite Coatings and Their Properties

The properties of PEO coatings are primarily influenced by their microstructures
and phase compositions, which could be partially optimized by adjusting the electrical
conditions such as voltage/current magnitude, mode, frequency, and duty cycle [37,38].
Nevertheless, it remains challenging to eliminate the high porosity inherent in PEO coatings
and to control the coating composition. Modifying the electrolyte composition severs as
an effective method to enhance coating properties. Particularly, the addition of particles
into the electrolyte, which targets in situ incorporation of functional species or pore sealing
in the PEO coatings, has gained significant attention [39,40]. In most studies, particles
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are directly added as powder or sol, with external forces such as mechanical stirring, gas
bubbling and ultrasonic agitation to prevent particle sedimentation and agglomeration.
By adjusting electrical parameters, electrolyte composition, and properties of particles
(size, melting temperature and chemical stability), either reactive or inert incorporation of
particles into the coating could be achieved.

Adjusting electrical parameters can influence the energy of discharges, which in turn
affects the incorporation mode of particles [41,42]. Particles with smaller sizes, lower melt-
ing points, and/or less chemical stability tend to be incorporated reactively. For instance,
clay particles with low melting points undergo complete reactive incorporation into PEO
coating on AM50 magnesium alloy [41,43,44]. With clay particle incorporation, amorphous
PEO coatings with a composition similar to commercial bio-glasses can be obtained as the
clay particles lower the sintering temperature and enhance the coating’s glass formation
ability [44]. Lu and co-workers reported that nanosized SiO2 particles experience reactive
incorporation while microparticles are inertly incorporated [45]. Particles with higher
melting point are generally undergo inert incorporation and have a less effect on the phase
composition of the PEO coatings.

Particle incorporation significantly influences the morphology and microstructure
of PEO coatings. Liang et al. [46] prepared PEO coatings on AM60B magnesium alloy
in alkaline phosphate electrolyte, with and without addition of TiO2 sol. In the absence
of titania sol, the coating reveals a rough surface appearance with relatively large pores
and cracks, as shown in Figure 2a. The addition of titania sol into electrolyte results
in a more uniform and compact surface with fewer structural flaws. As a result, the
corrosion potential shifts to the positive direction significantly (about 114 mV) and the
corrosion current density (4.338 × 10−8 A/cm2) decreases by more than three orders
of magnitude compared to the uncoated magnesium alloy (5.2 × 10−5 A/cm2). These
results show that the corrosion resistance of the magnesium alloy can be enhanced to
a great extent by the oxide film formed in electrolyte with addition of titania sol. For
the PEO coated Mg alloy AZ31, the hardness increased from 130 HV to 358 HV due to
inertly incorporated Al2O3 nanoparticles [47]. Consequently, the wear track of coating
with particle addition was much narrower and shallower in contrast to that of particle-free
coating, as shown in Figure 3. In general, the addition of oxide particles to the electrolyte
can reduce the number and/or size of the pores and improve the compactness of the
coating, leading to significant improvements in wear and corrosion resistance. Several
oxide particles have been introduced into the electrolyte to date, including Al2O3 [47–49],
TiO2 [46,50], SiO2 [45,51], ZrO2 [52], and CeO2 [53–55]. However, there is no clear trend
for the influence of particles’ addition on the coating thickness. Researchers have reported
that the composite coatings had similar thickness [52,53] or even became thinner with
the addition of particles [45,54,56,57]. On the contrary, some reports also claimed that the
coatings were slightly thicker in the presence of particles [47,58,59]. Most of the literature
reported PEO composite coatings with a thickness of 10~40 µm, although coatings with
thickness more than 100 µm could be obtained with optimized processing parameters [60].

The integration of both inorganic compounds and organic particles such as clay [44],
8-hydroxyquinoline [61], polytetrafluoroethylene (PTFE) [56], graphite [62], graphene [63],
MoS2 [64], WC [65], Si3N4 [66], TiN [67], SiC [60], LDH [68], and halloysite nanotubes [69,70]
into PEO layers has been extensively explored. This approach has been revealed to mimic
the advantageous effects of oxide particle incorporation, predominantly resulting in a
reduction porosity and structural flaws within PEO coatings. Consequently, an enhance-
ment in corrosion resistance is observed. In addition, the tribological performance of
PEO coatings can be improved by the inclusion of particles exhibiting solid lubricating
characteristics, namely PTFE, graphite, graphene oxide, and MoS2. For instance, Guo
et al. [56] illustrate this concept through producing a multifunctional PTFE-containing
oxide composite coating on an AM60B magnesium alloy, which is achieved by using an
alkaline phosphate electrolyte with addition of PTFE nanoparticles suspension. With the
addition of PTFE in the electrolyte, a positive shift in the corrosion potential is observed,
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accompanied by a decrease in the current density by an order of magnitude. In terms of
friction coefficient, uncoated Mg, pure PEO coating, and PTFE-containing PEO coating
display values of 0.2–0.4, 0.5–0.7, and 0.1–0.12, respectively. The superior corrosion and
tribological performance of the PTFE-containing PEO coating could be attributed to a
denser, more uniform surface alongside the non-sticking and solid lubrication proper-
ties of PTFE particles. Another study conducted by Zhao and co-workers incorporates
graphene oxide (GO) into the electrolyte during the PEO coating process applied on AZ31
magnesium alloy [57]. The coated samples denoted as E0, E1, E2, and E3 are obtained in
electrolyte containing 0, 1, 2, and 3 g/L GO, respectively. The pore area and band of the
PEO coatings exhibit marked variations with different concentration of GO, as depicted
in Figure 4. The E0 sample manifests the most extensive pore area and band, whereas the
addition of GO into the electrolyte pronouncedly reduces the pore area and the width of
the pore band. In particular, the E2 sample shows the smallest pore area and the narrowest
pore band. Thus, the incorporation of GO during PEO processing can improve the mi-
crostructure compactness of the PEO coatings and reduce the porosity. Potentiodynamic
polarization and electrochemical impedance spectroscopy (EIS) studies confirm that in-
corporation of GO substantially improves the corrosion resistance of PEO coatings. The
superior corrosion resistance could be attributed to the barrier property of GO sheets which
inhibit the permeation of aggressive electrolyte and increase the tortuosity for electrolyte
diffusion pathway.
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The recent trend towards developing protective coatings with active anticorrosion and
self-healing capabilities, key attributes for enduring protection of metallic structures, has
attracted the interest of numerous researchers [71]. These novel functionalities are primarily
achieved through the encapsulation of corrosion inhibitors into “smart” nanocontainers.
These nanocontainers have the potential to actively release corrosion inhibitors at corroded
spots in response to external stimuli. Fortunately, such corrosion inhibitor loaded nanocon-
tainers could be in situ incorporated into PEO coatings. Wu et al. [70] have demonstrate this
approach using 2-aminobenzimidazole-loaded halloysite nanotubes (HNTs) as additives
to the electrolyte for micro-arc oxidation of AZ31 magnesium alloys. According to their
research, incorporation of halloysite nanotubes slightly increase the porosity and thickness
of the PEO coatings, which should be attributed to a more powerful discharge process in
electrolyte containing halloysite nanotubes. The EIS spectra of SEHi (PEO coating with
2-aminobenzimidazole loaded HNTs), SHE (PEO coating with HNTs), and SE (pure PEO
coating) samples and bare substrate after immersion in 3.5 wt.% NaCl solution for varying
durations are shown in Figure 5. SE sample has highest impedance during the first hour
of immersion (Figure 5a), which might be related to the lowest porosity. However, after
immersion for three hours (Figure 5c), the impedance of SEHi sample increases by more
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than one order of magnitude and continues to rise. The 2-aminobenzimidazole released
from HNTs facilitates the formation of stable passive layer, thereby inhibiting corrosion and
boosting long-term corrosion protection. Such self-healing behavior has also been observed
in other studies [68,69].
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Importantly, there appears to be an optimal concentration of particles to be intro-
duced into the electrolyte, above which the properties of prepared coatings deteriorate.
Lou et al. [64] evaluate the influence of varying MoS2 nanoparticle concentrations on the
mechanical property and corrosion resistance of PEO composite coating on AZ31 magne-
sium alloy. The addition of 2.5 g/L MoS2 nanoparticle into the electrolyte yields excellent
adhesion, wear resistance, and the best corrosion resistance. However, adding more than
5 g/L MoS2 nanoparticle to electrolyte impairs the mechanical properties of the coating
because of the segregation of MoS2 nanoparticles. Mashtalyar et al. [67] study the effect
on TiN nanoparticles on the hardness and wear resistance of PEO coating prepared on
MA8 magnesium alloys. The lowest porosity, highest hardness, and smallest wear rate
are observed on coating prepared in electrolyte with addition of 3 g/L TiN nanoparticles.
Table 1 summarizes particles which have been introduced to the PEO electrolyte and their
effects on the tribological performance and corrosion resistance.

Table 1. Particles applied in PEO processing and their effects on coating’s properties.

Particles Substrate
Thickness

without/with
Particles (µm)

COF Wear Rate Ecorr
(V)

Icorr
(µA/cm2)

EIS
Impedance

(Ω·cm2)
Ref.

0~30 g/L
CeO2

AZ31 10/10 -- -- −1.45 vs. SCE 0.04 4 × 106 [53]

5 vol.% ZrO2
sol AZ91D 36/40 -- -- −1.216 vs. SCE 0.01436 -- [59]

5 g/L SiO2 AM50 45/25–33 0.66~0.72 4 × 10−4 mm3/Nm −1.566 vs.
Ag/AgCl 0.24 -- [45]

PTFE AM60B 15/13 0.1~0.12 -- −1.557 vs. SCE 0.213 -- [56]

10 g/L
Al2O3

AZ31 15–17/16–20 0.35 -- −1.143 vs. SCE 0.3822 -- [47]

2 g/L CeO2 Pure Mg -- -- -- −1.629 vs. SCE 0.187 3.57 × 105 [55]

2.5 g/L
MoS2

AZ31 13/20 -- 0.9 × 10−6 m3/Nm −0.13 vs. SCE 0.83 -- [64]

2 g/L SiC AZ31 76–121/88–126 0.5–0.7 1–2 × 10−4

mm3/Nm -- -- -- [60]

3 g/L TiN MA8 20/19–21 0.5 19 × 10−6 mm3/Nm -- -- -- [67]

2 g/L Si3N4 AZ31 13/16–18 0.57 -- −0.19 vs. SCE 1.95 -- [66]

4 g/L WC AZ31B 18.3/14.76 0.14 6.7 × 10−4 mg/Nm -- -- -- [65]

10 g/L HNTs AZ31 18–24/21–30 -- -- -- -- 3.69 × 107 [70]

LDH AZ91 20.5/22.5 -- -- −1.51 vs. SCE 14.81 6.39 × 104 [68]

2 g/L GO AZ31 40.7/34.3 -- -- −1.44 vs. SCE 0.033 8.09 × 105 [57]

2.2. Preparation of PEO Composite Coatings by Post-Treatments

Although addition of particles in electrolyte during PEO processing can reduce the
porosity and improve the compactness of obtained coatings, the intrinsic porosity of the
coating remains a concern. As a such, duplex/post-treatments are required to achieve
enduring corrosion protection.

2.2.1. Laser Surface Remelting

Rapheal and coworkers [72] prepare hybrid coatings by PEO on MRI 230D magnesium
alloy in silicate and phosphate electrolytes which are subsequently subjected to laser surface
alloying (LSA) with Al and Al2O3. Pore-free hybrid coatings with hardness of 273 HV
(Si-PEO+LSA) and 230 HV (P-PEO+LSA) are obtained, while a few solidification cracks
are found. Both the PEO coatings exhibit friction coefficients of approximately 0.8, while
hybrid coatings present values of around 0.5 against the AISI 52100 steel ball. Another study
on pure Ti [73] demonstrates a 75% reduction in porosity on surface and cross-sectional
area in hybrid coatings of laser treated PEO (L-PEO) compared to PEO coatings, achieved
through carefully controlling the laser melting process. To date, only few papers have been
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published on duplex treatment combining PEO processes and laser surface treatments,
indicating a need for further research.

2.2.2. Vapor Deposition

Liang et al. [74] develop MAO/Ti-DLC hybrid coatings on AM60B magnesium alloys
through a combination of MAO and filtered cathode arc deposition. The MAO monolayer
exhibits a very high friction coefficient around 0.7–0.8; the Ti doped DLC monolayer
fails after 350 s sliding test. In contrast, the MAO/Ti-DLC hybrid coating demonstrates
superior tribological behavior with a stable friction coefficient below 0.2. The wear track
depth is also significantly reduced. Yang et al. [75] deposit a Ti and N co-doped diamond-
like carbon ((Ti:N)-DLC) film on MAO coated AZ80 magnesium alloys using a hybrid
beam deposition system. The system consists of a DC magnetron sputtering of Ti target
and a linear ion source (LIS) with C2H2 and N2 precursor gas. The corrosion current
densities are 5.159 × 10−5, 2.002 × 10−6, and 5.508 × 10−9 A/cm2 for the magnesium
substrate, MAO monolayer, and (Ti:N)-DLC/MAO hybrid coating, respectively. The
friction coefficient decreases from 0.5 for MAO monolayer to 0.1 for (Ti:N)-DLC/MAO
hybrid coating, as shown in Figure 6. Ning et al. [76] studied the effect of doping elements
(H, Si and Cr) on the tribological and electrochemical properties of MAO/DLC hybrid
coatings deposited on AZ31B magnesium alloy. They claim that H doping leads to lowest
corrosion current density while Si doping provides the lowest friction coefficient. All
MAO/DLC hybrid coatings show much lower wear rate (3~4 × 10−6 mm3/Nm) compared
with that of MAO monolayer (10.5 × 10−6 mm3/Nm). Sun et al. [77] investigate the
influence of PECVD post-treatment on the corrosion property of PEO coatings deposited
on pure magnesium. Tetraethyl orthosilicate (TEOS), hexamethyldisiloxane (HMDSO), and
tetramethyl orthosilicate (TMOS) are used as precursors. While pore-sealing effects are
observed with HMDSO and TMOS precursors, the PECVD process cause obvious damage
to the PEO coating. The competition between these two effects makes the influence of
post-treatment on the corrosion property complicated. Only HMDSO precursor could
effectively improve the corrosion resistance of the PEO coating.
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2.2.3. Electroless Plating

Using Electroless plating (EP) to modify PEO coatings on magnesium alloys has
attracted significant research interest. Among the plating materials, electroless nickel plat-
ing has high hardness, superior wear, and corrosion resistance, and has been extensively
researched. However, direct electroless nickel plating on magnesium alloys is difficult
because magnesium is extremely susceptible to galvanic corrosion. Thereby, only a few pa-
pers have been published [78,79]. Liu et al. [80] combine PEO coating with electroless nickel
plating to protect AZ91 magnesium alloy. Compared with magnesium alloy substrate,
PEO coating provides more uniform nucleation with higher density for EP processing.
As a result, a high-quality EP layer forms on the top of PEO film. In addition, the high
nucleation density provides more effective fastening sites between the EP top coat and
the PEO intermediate layer, which is beneficial for adhesion strength. Zeng et al. [81]
prepare a double-layer coating on AZ91D magnesium alloy by PEO followed with EP.
The electroless plated Ni-P layer grow from the pores of the PEO film and a defect-free
top coat is obtained. The open circuit potential of the double-layer coated AZ91D alloy
(−0.3948 V) is significantly higher than that of the bare alloy (−1.5763 V). The corrosion
current density decreases from 1.1185 × 10−4 A/cm2 to 3.0904 × 10−6 A/cm2. There are
no noticeable corrosion pits on the surface of double-layer coated AZ91D alloy until 192 h
neutral salt spray testing, indicating good long-term corrosion resistance. A similar result
has been reported in another research using TiB2 as a catalyst for the nucleation of nickel
plating [82]. However, galvanic corrosion between magnesium alloy and nickel remains
a concern in application of such double-layer coatings. Guo et al. [83] build a three-layer
composite coating on AZ31B magnesium alloy which consists of the PEO film as bottom
layer, the self-assembled nanoparticles (SANP) film as the intermediate layer and the EP
plating as the top layer. The application of SANP film on PEO film forms a coherent bilayer,
which provided effective protection for Mg alloy against galvanic corrosion and long-term
immersion corrosion when combined with the compact EP plating. Table 2 summarizes
the properties of composite coatings prepared by vapor deposition and electroless plating,
which usually has high surface hardness.

Table 2. Properties of composite coatings prepared by PEO combined with vapor deposition and
electroless deposition.

Top Coat Substrate COF Wear Rate Ecorr
(V)

Icorr
(µA/cm2)

EIS
Impedance

(Ω·cm2)
Ref

Silicone Pure Mg -- -- −1.69 vs. SCE 0.003 1.32 × 107 [77]

Si-DLC AZ31B 0.17 3.4 × 10−6 mm3/Nm −1.347 vs. SCE 5.26 -- [76]

H-DLC AZ31B 0.23 4.3 × 10−6 mm3/Nm −1.484 vs. SCE 0.326 -- [76]

Cr-DLC AZ31B 0.26 3.5 × 10−6 mm3/Nm −0.1298 vs. SCE 85.2 -- [76]

Ti-DLC AM60B 0.2 -- -- -- -- [74]

(Ti:N)-DLC AZ80 0.1 -- −1.251 vs. SCE 0.0055 -- [75]

Ni-P AZ91D -- -- −0.3948 vs. SCE 3.09 1.103 × 104 [81]

SANP+Ni-P AZ31 -- -- −0.42 vs. SCE 0.258 6 × 104 [83]

2.2.4. Electrodeposition and Electrophoretic Deposition

Electrodeposition, or electrophoretic deposition, is another widely employed post-
treatment for PEO coatings. The intrinsic porosity of PEO coatings provides abundant
loading sites for particles or deposits. The bonding strength of the top coat could be signifi-
cantly enhanced by larger contact areas and interlock along rough interface between the
MAO layer and top coat. Like the addition of particles in PEO electrolyte, various kinds
of particles could be introduced into the solution for electrodeposition or electrophoretic
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deposition, which offers numerous possibilities to modulate the coating properties [84–94].
Kannan et al. [84] modify the surface of pure magnesium by PEO processing followed
with electrochemical deposition of calcium phosphate (CaP) and a double-layer coating
is formed. In vitro electrochemical degradation tests in simulated body fluid (SBF) reveal
that the PEO-CaP hybrid coating has much higher corrosion resistance. The corrosion
current density of the PEO-CaP coated sample is ~99% and ~97% lower than that of bare
magnesium and the PEO-only coated sample. In another research, Han et al. [85] claim
that cathodic electrodeposition of the mixture of calcium hydrogen phosphate dihydrate
(DCPD) and hydroxyapatite (HA) on the surface of PEO coated magnesium offers excellent
corrosion resistance and biodegradability in SBF. Wang et al. [86] build a micro-arc oxida-
tion/graphene oxide/stearic acid (MAO/GO/SA) superhydrophobic composite coating
on AZ91D magnesium alloy by combining the MAO, electrodeposition, and self-assembly
techniques. The electrodeposited GO has a typical laminar structure which can effectively
close the pores of MAO coating. After being modified by SA, superhydrophobicity with a
contact angle of 159.53◦ was obtained. Both the MAO/GO coating and the MAO/GO/SA
composite coating had lower corrosion current density compared with the Mg alloy sub-
strate and the MAO coating. The MAO/GO coating and the MAO/GO/SA composite
coating were reduced by two and three orders of magnitude, respectively. Besides inorganic
particles, electrophoretic deposition of organic polymers on the surface of PEO coating
has also been studied [89–91]. Gnedenkov et al. [89] develop a PTFE/PEO composite
coating on MA8 magnesium alloy by using PEO and electrophoretic deposition. The
electrophoretic deposition is conducted in the water suspension of superdispersed PTFE
at 200 V. After curing at 315 ◦C for 15 min, a compact PTFE layer is formed on the top
of PEO film. As shown in Figure 7, The composite coating formed by electrophoretic
deposition in electrolyte containing 20 g/L PTFE for 75 s shows the lowest corrosion cur-
rent density of 1 × 10−10 A/cm2, which is three orders lower than that of PEO monolayer
(1.1 × 10−10 A/cm2). The friction coefficient as low as 0.05 could be obtained, as shown in
Figure 8. The wear rate (1.2 × 10−6 mm3/Nm) is also much lower than that of PEO mono
layer (4.1 × 10−5 mm3/Nm).
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Figure 7. Polarization curves for the samples with base PEO coating (1) and composite coatings
obtained at different process times: 25 s (2), 50 s (3), 75 s (4), and 100 s (5). Composite coating
was formed in the electrolyte contained 20 g/L of SPTFE. (With permission from Ref. [89]; License
Number: 5546480219082, 2023, Elsevier).
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Figure 8. Dependence of the friction coefficient of the pair corundum ball/coating for the samples
of MA8 magnesium alloys with PEO coating (1) and with composite coatings obtained at different
electrophoresis times: 15 (2), 25 (3), 50 (4), and 75 (5) s. Composite coating was formed in the elec-
trolyte contained 30 g/l of SPTFE. (With permission from Ref. [89]; License Number: 5546480219082,
2023, Elsevier).

Wang et al. [91] conduct electrophoretic deposition of MAO coated AZ31B magne-
sium alloy in a cathodic PPG(ED7000P) E-coat bath solution (70–78 wt.% deionized water,
17–25 wt.% epoxy resin, 3.2 wt.% titanium dioxide, and 1.8 wt.% aluminum silicate) at volt-
age 225 V for 2 min. After curing in the oven at 170 ◦C for 30 min, a smooth and pore-free
top coat is formed. The open pores on the surface of MAO layer were fully filled with the
epoxy top coat, which tightly adhered to the MAO layer. The bonding strength is signifi-
cantly enhanced by interlocking along the rough interface and larger contact areas between
the MAO layer and top coat. The corrosion current decreased from 1.89 × 10−6 A/cm2 for
MAO coating to 1.93 × 10−8 A/cm2 for MAO-Epoxy hybrid coating.

2.2.5. Sol-Gel

Sol-gel, which is known as a simple, environmentally friendly, and inexpensive process,
has been used for modification of PEO coatings on magnesium alloys [34,95–105]. Shang
et al. [95] synthesize SiO2-ZrO2 sol by hydrolysis of ethyl silicate and zirconyl chloride
octahydrate. The sol is applied to the MAO coating on AZ91D magnesium by dipping and
then cured at 150 ◦C for 1 h. The sol-gel layer effectively seals the pores and microcracks in
the MAO coating. As a result, the corrosion potential of the composite coating increased by
920 mV and the corrosion current density decreased by two orders when compared with
the MAO monolayer. Shi et al. [104] prepare the MAO-TiO2 composite coating on pure
magnesium by combining MAO and sol-gel. An improved anti-corrosion behavior was
observed in Hanks’ solution at 37 ◦C. Guo et al. [97,98] synthesize sol of self-assembled
nanophase particles (SANP) through hydrolysis of 3-glycidoxypropyltrimethoxysilane
(GPTMS) and tetraethoxysilane (TEOS) in de-ionized water followed with crosslinking by
tetramine (TETA). Then the SANP sol is applied to the MAO coating on AZ31B magnesium
alloy and a bilayer composite coating is formed. The bilayer composite coating could
effectively protect AZ31B magnesium alloy in 0.005 M NaCl solution for more than 354 h.
In another study conducted by Merino et al. [100], the epoxide ring-opening reaction
of GPTMS is initiated by 1-Methylimidazole (MI) instead of TETA. As a result, organic–
inorganic hybrid coatings with high crosslinking characteristics are obtained. Li et al. [96]
combine the PEO technique and sol-gel method for corrosion protection of magnesium-
lithium alloy. Immersion tests in 3.5 wt.% NaCl solution demonstrate that the composite
coatings can protect magnesium-lithium alloys for more than 800 h. More recently, several
improvements have been introduced to the traditional sol-gel method. For instance, Li et al.
synthesize the UV curable ZrO2 sol by using acetylacetone as chelating agent [99]. Then the
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sol is applied on MAO coating of AZ91D magnesium alloy. As shown in Figure 9, compared
with the sol-gel layer cured at high temperature which typically has numerous cracks, the
UV cured sol-gel layer is denser without cracks and provides better corrosion resistance.
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Figure 9. Surface morphologies of different coatings: (a) the MAO coating; (b–d) are the ZrO2/MAO
composite coatings heat treated at 100 ◦C, 275 ◦C and 425 ◦C, respectively; (e,f) are the surface
morphologies of ZrO2/MAO composite coatings irradiated by UV light for 1 h and 2 h, respectively.
During the UV irradiation, the temperature is controlled at 100 ◦C. (With permission from Ref. [99];
License number: 5546941262738, 2023, Elsevier).

Li et al. [103] develop a hydrophobic coating on AZ91 magnesium alloy by PEO
followed by two-step sol-gel treatment. The PEO coated sample is soaked by the silica sol
and then modified with hexadecyltrimethoxysilane (HDTMS). The two-step hydrophobic
coating provides better corrosion resistance with the corrosion current density decreasing
from 10−5 to 10−7 A/cm2. Additionally, no significant changes were observed on the
surfaces of the treated samples after 30 days of immersion in NaCl solution, as shown in
Figure 10. In another research conducted by Qiu and co-workers [106], magnetic Fe3O4
nanoparticles are modified with HDTMS and then dispersed in dopamine solution. The
sol-gel layer is applied to the PEO coating on ZK60 magnesium alloy under magnetic field.
A superhydrophobic surface with a water contact angles as high as 157◦ is formed. The
corrosion current density of the superhydrophobic film was decreased to 14.39 nA/cm2

compared with the bare sample, 0.105 mA/cm2, in 3.5 wt.% NaCl solution.
Chen et al. introduce three different corrosion inhibitors (sodium salts of glycolic,

4-aminosalicylic and 2,6-pyridinedicarboxylic acids) into PEO/Sol-gel hybrid coatings on
AZ91 magnesium alloy. Localized electrochemical technique (scanning vibrating electrode
technique, SVET) is used to reveal the active corrosion protection provided by the corrosion
inhibitors. As shown in Figure 11, most of the inhibitors demonstrate strong inhibiting effect
after several hours of exposure. The corrosion activity of inhibitor-containing samples
is suppressed to much lower values by 24 and 48 h of immersion. Similar results are
reported by Galio [107] using 8-Hydroxyquinoline and Ivanou [105] using 1,2,4-triazole as
corrosion inhibitors.
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2.2.6. Hydrothermal Treatment

As a simple and cost-effective way to deposit protective coatings on metallic surface,
hydrothermal treatment could also be applied to PEO coated magnesium alloys [108–123].
The most frequently used materials to seal the pores of PEO coatings on magnesium alloys
are calcium phosphate, magnesium hydroxides (CaP), and layered double hydroxides
(LDHs), although other compounds are also reported [115,116]. For instance, Chang
et al. [108] prepare the Ca and P incorporated MAO coating on AZ31 magnesium alloy
in electrolyte containing Na2HPO4 and EDTA-Ca. Ca and P exist in the MAO layer as
amorphous phase. After being hydrothermally treated in deionized water, dicalcium
phosphate dihydrate (DCPD) crystals form on the coating surface and seal the pores. The
corrosion resistance of hydrothermally treated coating in Hank’s solution increased and
pitting corrosion disappeared. In the research conducted by Yao and coworkers [109],
Ca is introduced to the composite coating during the hydrothermal process. Based on
their study, pH of the hydrothermal solution affects the morphology and composition
of the hydrothermal layer, as shown in Figure 12. At pH 5.6, the hydrothermal layer is
flake-shaped, with the main crystalline of DCPD and hydroxyapatite (HA). At pH 9.4,
the hydrothermal layer is rod-shaped with the main crystalline of HA. The corrosion
resistance of the composite coatings is one order of higher than MAO coating and two
orders higher than Mg substrate, due to the excellent sealing effect. Toro et al. [115] carry out
hydrothermal treatment on PEO coated AZ31B magnesium alloy in Na2CO3, NaAlO2+NaF,
and NaAlO2 solutions, respectively. The NaAlO2+NaF demonstrate best sealing behavior
with formation of MgAl2O4 and MgF2, and the best anti-corrosion behavior is observed
in the natural salt spray test. Dou et al. [116] fabricate a dense Ca3Al2(OH)12 layer on
the PEO coating by hydrothermal process in a slurry containing Ca(NO3)2·4H2O and
Al(NO3)3·9H2O, and the corrosion resistance is enhanced.
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LDHs are made up of positively charged brucite-like layers and an interlayer region
containing various anions and solvation molecules. Such a special structure of LDHs makes
it a desirable nanocontainer for corrosion inhibitor. Zhang et al. [123] realize in situ LDHs
growth on PEO coating formed AZ31 magnesium alloy in sodium aluminate electrolyte.
The degradation of the anodic films and dissolution of the AZ31 substrate during the
hydrothermal process provide internal sources of Mg2+ and Al3+ for LDHS growth. After
hydrothermal treatment, the corrosion current density of the composite coating decreases by
one order of magnitude. They also introduce Ce3+ into the aforementioned system and then
modify it with phytic acid [124] for active corrosion protection, which is confirmed by SVET
measurements. Wu et al. [121] synthesize in situ an Ag-Al LDHs film on the PEO coated
AZ31 magnesium by hydrothermal process and then modify by stearic acid (SA), sodium
laurate (SL), myristic acid (MA), and 1H, 1H, 2H, and 2H-perfluorodecyltrimethoxysilane
(PFDTMS). Superhydrophobicity is obtained by modification of SA, SL, and MA, while
the PFDTMS modification provides a static contact angle of 145.5◦. Due to the high
hydrophobicity and excellent sealing effect, the PFDTMS modified composite coating
demonstrate best anti-corrosion behavior. No corrosion pit could be observed after 14 days
immersion in 3.5 wt.% NaCl solution, as shown in Figure 13. The in situ LDHs growth on
PEO coating prepared in phosphate and silicate electrolytes could be realized by addition of
Al3+ cations into the hydrothermal solution [110]. The corrosion inhibitor could be loaded
by in situ intercalation during the hydrothermal process [112,124,125] or by ion-exchange
after the hydrothermal process [111,114,120]. For instance, Chen et al. load corrosion
inhibitor 8-Hydroxyquinoline (8-HQ) on GO particles, then the 8-HQ@GO composites are
dispersed in the hydrothermal solution. During hydrothermal treatment, the 8-HQ@GO
composites are in situ doped into LDHs layer. The prepared MAO-LDHs/8-HQ@GO
composite coating demonstrate excellent anti-corrosion and self-healing behavior. Inorganic
corrosion inhibitors, such as PO4

3− [114] and V2O7
4− [111], could be intercalated into LDHs

by ion exchange. Table 3 summarize some composite coating systems fabricated by PEO
combined with electrophoretic deposition, sol-gel method, and hydrothermal treatment.

Table 3. Summary of composite coatings prepared by PEO combined with electrophoretic deposition
and sol-gel method.

Top Coat Substrate Method Achieved Functions Ref

CaP Pure Mg PEO + Electrophoretic
deposition

Improved biocompatibility and
reduced degradationin SBF [84]

HA + DCPD Pure Mg PEO + Electrophoretic
deposition

Excellent corrosion resistance
in SBF [85]

GO + SA AZ91D PEO + Electrophoretic
deposition

Superhydrophobic, excellent
corrosion resistance [86]

PTFE MA8 PEO + Electrophoretic
deposition

Excellent self-lubricating and wear
resistance, good

corrosion resistance
[89]

Epoxy resin AZ31B PEO + Electrophoretic
deposition

Excellent bonding strength and
corrosion resistance [91]

GPTMS AZ31B PEO + Sol-gel Excellent corrosion in
immersion test [100]

ZrO2 AZ91D PEO + Sol-gel UV curable at low temperature,
denser structure [99]

Corrosion inhibitors +
SiO2-TiO2

AZ91 PEO + Sol-gel Active corrosion protection [107]

DCPD AZ31 PEO + hydrothermal Eliminating pitting corrosion in
Hank’s solution [108]

Ce3+ & phytic acid
modified LDHs

AZ31 PEO + hydrothermal Active corrosion protection [124]

LDHs modified with SA, AL,
MA and PFDTMS AZ31 PEO + hydrothermal Superhydrophobic, excellent

corrosion resistance [121]

Corrosion inhibitors
loaded LDHs AZ31 PEO + hydrothermal Active corrosion protection [111,112,114,120]
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Figure 13. Photographs after immersion in 3.5 wt% NaCl solution for 14 days of the AZ31 specimens
with films modified using: (a) SA; (b) SL; (c) MA; and (d) PFDTMS. (With permission from Ref. [121],
license number: 5547050230526, 2023, Elsevier).

2.2.7. Organic Paint

Organic paint has been widely applied on the surface of metallic components to
improve the corrosion and wear resistance. However, direct spraying of organic paint on
magnesium alloys is doubtful due to the low bonding strength. On the other, PEO coating
has superior adhesion strength with substrate due to its unique growth pattern. Therefore,
many composite coatings have been developed for protection of Mg alloys, combining the
advantages of PEO and organic paint [34,126–141]. Wang et al. [126] prepare a protective
composite coating on AZ31B magnesium alloy by anodizing followed with immersion
in maleic anhydride-g-liquid polybutadiene (MALPB) solution. MALPB, which has low
molecular weight and low viscosity, infiltrate into the pores and cracks in the oxide layer
so that a compact composite coating is formed. The composite coating provides better
corrosion protection for AZ31B magnesium alloy against salt spray tests. Arrabal et al. [127]
investigate the effects of PEO and flurotitanate-zirconate pre-treatment on mechanical and
corrosion properties of a polyester-based polymer coating on AZ31 magnesium alloy. The
PEO-polymer coating showed excellent adhesion and acceptable impact resistance, the
latter being inferior to that of the Ti/Zr-polymer coating, which could be attributed to
higher stiffness of the PEO coating. Additionally, the PEO-polymer composite coating
provides a much more noticeable corrosion protection than Ti/Zr-polymer composite
coating. Ivanou et al. [34] seal the PEO coated ZE41 magnesium alloy with a hybrid
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epoxy-silane paint. After immersion in 0.6 M NaCl solution for 31 days, the impedance
modulus at low frequency for the sealed samples remained more than 6 × 109 Ω·cm2

without any indication of corrosion onset. Lu et al. [141] add pure magnesium particles into
the commercial epoxy KFH-01 and then spray this Mg-rich primer on AZ91D magnesium
alloys with and without MAO pre-treatment, respectively. With MAO pre-treatment, the
adhesive strength of the Mg-rich primer on AZ91D alloy is significantly increased. After
salt spray testing for 2400 h, the EIS spectra of the composite coating display a partial
semi-circle, and the impedance modulus is higher than 1010 Ω·cm2 at a low frequency,
indicating superior corrosion resistance behavior. Cui et al. [129] fabricate a polyurethane
layer on the top of MAO coated AZ91D magnesium alloy. The composite coating provides
excellent corrosion protection after immersion in a 3.5 wt.% NaCl aqueous solution for
168 h. In addition, the tribological behavior is enhanced and wear resistance is increased
with polyurethane layer. Castellanos et al. [128] investigate the effects of sol-gel, PTFE,
and acrylate-ethylene copolymer with nanoparticles on the corrosion and tribological
behaviors of PEO coated AZ91D magnesium alloys. Although all post-treatments improve
the corrosion resistance, only acrylate-ethylene copolymer has improved the tribological
behavior and a friction coefficient as low as 0.15 could be obtained. Liu et al. [132] study
the corrosion and tribocorrosion behaviors of MAO-based composite coating on AZ31
magnesium alloy, which has a top layer consists of polyamide-imide (PAI) and PTFE. The
MAO coating is a hydrophilic surface with a contact angle of 55◦, while the polymer coating
exhibits a hydrophobic surface with a contact angle of 101◦. The composite coating has
excellent corrosion resistance with a corrosion current density of 6.68 ± 1.1 × 10−10 A/cm2,
which is three and five orders of magnitude lower than the MAO monolayer and AZ31
alloy substrate, respectively. The friction coefficient decreases from 0.4 (MAO monolayer)
to <0.1 (MAO-PP composite coating) in 3.5 wt.% NaCl solution, as shown in Figure 14.
Additionally, the wear volume loss is significantly decreased, particular under higher load,
as shown in Figure 15.
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Figure 14. Variation in OCP with time recorded before, during, and after sliding under different
loads in 3.5 wt.% NaCl solution with the COF values of MAO (a) and MAO-PP (b). (With permission
from Ref. [132] under a Creative Commons license, Elsevier, open access).
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Figure 15. Three-dimensional morphologies of the wear tracks and cross-sections for (a) MAO
sample under 5 N load, (b) MAO sample under 10 N load, (c) MAO-PP sample under 5 N load, and
(d) MAO-PP sample under 10 N load after tribocorrosion. (With permission from Ref. [132] under a
Creative Commons license, Elsevier, open access).

Recently, coatings with active corrosion protection have attracted great attention.
Using corrosion inhibitors is a common way to realize active corrosion protection of metallic
components. However, direct addition of corrosion inhibitors into polymer coating should
be carefully controlled since the adding methods and the distribution of the inhibitors in
the coating have great influence on the corrosion resistance and mechanical properties
of the coatings. To address this concern, micro-/nano-containers are introduced in the
coating system. For instance, Zhang et al. [133] coat the epoxy resin doped with Ce-loaded
zeolite microparticles on PEO treated AZ31 magnesium alloy. The composite coating has
a good self-healing ability against corrosion. Zhang et al. [140] study the influence of
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positioning of nanocontainers in the MAO/epoxy composite coatings on the corrosion
resistance. According to their research, when corrosion inhibitors-loaded mesoporous
silica nanocontainers (MSN) are filtrated into the pores of MAO layer, the effectiveness of
corrosion inhibitors is much higher, compared with MSN loaded within the epoxy layer.
Therefore, a better self-healing behavior is observed, as shown in Figure 16. On the other
hand, MSN loaded in epoxy layer could effectively reduce micropores and/or structural
defects of the epoxy layer. As a result, higher impedance is obtained for the intact coating.
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Figure 16. LEIS mappings of (a) pure MAO/EP, (b) EPM2 (MSN doped in epoxy layer), and (c) EPM1
(MSN filled in MAO layer) coatings in 3.5 wt.% NaCl solution and the impedance values at x = 1.4 mm.
(With permission from Ref. [140] under a Creative Commons license, Elsevier, open access).

The loading efficiency of corrosion inhibitors in nanocontainers and the maximum dop-
ing amount of nanocontainers in polymer resins limit the long-term behavior of those active
anti-corrosion composite coatings. Therefore, using the pores and structural defects of PEO
coatings as containers for corrosion inhibitor has been proposed [136–139]. Two different ionic
liquid corrosion inhibitors, N-(5-hydroxypent-3-yl)-N,N-dimethylhexadecan-1-aminium bro-
mide (N-16) [138] and 1-(3-((N-n-butyl)aminecarboxamido)propyl)-3-hexadecyl imidazolidine
bromide (M-16) [136,137,139], are filtrated into the pores of MAO coatings on AZ31 magne-
sium alloys. Then sealing layers, including hydrophobic wax [138], commercial epoxy [136],
and self-healing polyurethanes modified by disulfide bonds [139], are sprayed on the top
of corrosion inhibitor loaded MAO coatings. Localized corrosion behaviors in the scratched
regions on the damaged and healed coatings were studied by scanning electrochemical mi-
croscopy (SECM) measurements, as shown in Figure 17. After heating healing, both the
MP-i (MAO/corrosion inhibitor/polyurethane) and MP-0 (MAO/polyurethane) samples
exhibit very low tip currents, indicating there is no obvious corrosion activity, while the MP-i
sample demonstrates a better self-healing behavior. On the other hand, the corrosion activity
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is evident along the scratched area on the surface of the P-i (corrosion inhibitor is loaded in
polyurethane without MAO layer) sample, as indicated by the higher tip current and larger
corroded area. Table 4 highlights several composite coatings prepared with PEO and organic
paint which achieved excellent wear/corrosion protection.
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Table 4. Several key works with PEO combined with organic paint.

Top Coat Substrate Method Achieved Functions Ref

Epoxy-silane ZE41 PEO + Dipping
Excellent corrosion resistance

(109 Ω) after immersed in NaCl for
31 days

[34]

Mg-rich epoxy primer Pure Mg PEO + spray Excellent corrosion resistance
(1010 Ω) after 2400 h salt spray test [141]

PAI + PTFE AZ31 PEO + spray
Excellent self-lubricating

(COF < 0.1) and
corrosion resistance

[132]

M16 + polyurethane AZ31 PEO + dipping + spray Self-healing and excellent
anti-corrosion behavior [139]

Corrosion inhibitor
loaded MSNs + epoxy AZ31 PEO + dipping + spray

Excellent active protection when
MSNs filled in pores of MAO layer,
excellent anti-corrosion behavior

whrn MSNs dispersed in
epoxy layer

[140]
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3. Outlooks for Future Studies

With the understandings provided in the present review, one may suggest some
outlooks for future studies. Despite the substantial amount of published research, none
of the coatings developed using particle-addition in electrolyte have reached commercial
utilization yet, which could be related to the challenge of achieving stable and uniform
dispersion, particularly in large industrial treatment baths. Moreover, repeated use of
the electrolyte could deteriorate the coating quality due to the depletion of the particles.
However, no quantitative information concerning this issue is available yet and more
research efforts are needed. Therefore, research on achieving long-term stable and uniform
dispersion of adding particles in the electrolyte is urgently needed to put forward the
industrial application of MAO coatings on magnesium alloys. A further outlook is related
to the repeated usage of electrolyte with particles addition. Moreover, incorporation of
more additives and nanoparticles, forming a combined texture of soft and hard particles, in
order to improve tribological properties is suggested for future investigations.

Although the corrosion resistance of magnesium alloys is enhanced by PEO coatings,
the improvement is still not enough for usage under harsh environments. The authors
believe that duplex PEO/post-treatment might provide sufficient corrosion protection. Yet,
the impacts of duplex processes on the environment need to be studied. Developing green
corrosion inhibitors with excellent corrosion inhibition efficiency might be helpful. Most
of the researchers study the tribological and/or corrosion behaviors of duplex PEO-based
composite coatings separately. In contrast, there is clear a synergetic effect between wear
and corrosion. Additionally, engineering components may work under harsh environments
where wear and corrosion exist simultaneously. Therefore, evaluation of the tribocorrosion
behavior and/or wear behavior under corrosive circumstances is inevitably required.
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