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Abstract: As one of the lightest metallic structural materials, magnesium (Mg) alloys
possess numerous distinctive properties and are utilized across a broad spectrum of ap-
plications. However, the poor corrosion resistance of Mg alloys limits their application.
Micro-arc oxidation (MAQ) is an effective surface treatment method that enhances the
corrosion resistance of Mg alloys. Nevertheless, the intrinsic porous structure of MAO
coatings hinders significant improvement in corrosion resistance. Research indicates that
the pre- and post-treatment processes associated with MAO markedly enhance the den-
sification of the oxide coatings, thereby improving their overall performance. This paper
aims to provide a comprehensive review and analysis of the effects of various pre- and
post-treatment processes, highlighting key advancements and research gaps in improving
MAO coatings on Mg alloys. An in-depth analysis of the crucial role of pre-treatment in op-
timizing interfacial bonding and post-treatment in enhancing coating density is conducted
using electrochemical testing and scanning electron microscopy (SEM). Finally, the future
development of pre- and post-treatment processes are discussed.

Keywords: Mg alloys; corrosion resistance; micro-arc oxidation; pre-treatment; post-treatment

1. Introduction

Magnesium (Mg) alloys have found extensive applications in the aerospace [1-3],
automotive [4-7], electronics [8], and biomedical industries [9-12] owing to their
lightweight nature [13,14], high specific strength, excellent thermal conductivity, effec-
tive shock absorption capabilities, superior electromagnetic radiation resistance, and
biodegradability [15-17]. Figure 1 highlights the diverse applications of Mg alloys in the
fields of spacecraft [18-20], battery technology [21-23], and biomaterials [24-27].
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Figure 1. Application of Mg alloys in spacecraft (a) [28], battery technology (b) [29], and biomaterials (c) [30].

However, Mg is a highly reactive metal element with a standard electrode potential
of (—2.37 V), which is more negative than that of commonly used metals such as iron
(—0.45 V), titanium (—1.63 V), and aluminum (—1.66 V). Pure Mg readily forms a brittle
and porous MgO coating in open air, while it tends to generate a protective Mg(OH), layer
with low solubility in humid environments or electrolytes. Nevertheless, the facile spalling
of the Mg(OH); layer leads to re-exposure of Mg to the corrosive environment, thereby
accelerating the corrosion process. Mg alloys are susceptible to various forms of corrosion,
typically involving galvanic corrosion between the second phase, such as the 3-phase
(Mg17Aly) in the Mg-Al alloy system [31,32], or impurities and the matrix. This results
in the formation of unstable hydroxide films, which cause dissolution of the matrix. The
inadequate corrosion resistance of Mg alloys limits their prospective applications [33-35].
At present, the principal techniques for improving the corrosion resistance of Mg alloys are
alloying [36-38] and applying surface protective coatings [39,40].

The incorporation of elements such as Al [41], Mn [42], Zn [41,42], Ca [37,41,42], and
Y [43] has been demonstrated to enhance the corrosion resistance of Mg alloys to varying
degrees. This improvement can be attributed to two potential mechanisms. First, alloying
elements can prevent cathode reaction or galvanic corrosion of Mg alloys, thereby enhanc-
ing the corrosion resistance of the matrix. Secondly, they can form a dense passivation
coating on the surface of the matrix, which effectively protects Mg alloys from corrosion.
Figure 2 illustrates the impact of varying concentrations of distinct alloying elements on the
corrosion potential (Eco+) and corrosion current density (Icorr) of pure Mg. It is noteworthy
that the Mg-0.25b alloy displays slightly enhanced corrosion resistance in comparison to
pure Mg, whereas the Mg-0.35b alloy exhibits slightly diminished corrosion resistance.
The findings of this study indicate that alloying can enhance the corrosion resistance of
Mg alloys to a certain extent, emphasizing the importance of selecting the optimal alloy-
ing element content. Nevertheless, most alloying applications are aimed at enhancing
the mechanical attributes of Mg alloys, with comparatively limited impact on corrosion
resistance [37,38,44].
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Figure 2. Potentiodynamic Polarisation Results of Pure Mg and Binary Mg Alloys in 0.1 M NaCl
(PH = 6) [44].

Preparing corrosion-resistant coatings on Mg alloys involves various methods, in-
cluding conversion coating, sol-gel [45-47], electroless plating [48-50], electroplating [51],
anodic oxidation [52], and micro-arc oxidation (MAO) [53-55]. Among these techniques,
MAQO has gained considerable attention due to its simplicity, high efficiency, and envi-
ronmentally friendly nature, which makes it an attractive option for many applications.
It is capable of producing composite oxide coatings with good adhesion and substantial
thickness on valve metals, including aluminum, magnesium, and titanium [56-58]. MAO
technology utilizes plasma generated by high-voltage discharges to enable the in-situ
growth of thicker, protective coatings on the surface of Mg alloys. Table 1 presents the
Ecorr and Ior of the MAO coatings prepared on Mg alloys. A composite ceramic coating
with dispersed hydroxyapatite (HA) nanoparticles was prepared on the surface of AZ31
Mg alloy using MAO [59]. The study revealed that the Ey, of the coating was —1.156 V,
higher than that of the AZ31 alloy (—1.536 V). In a related study, Y. Vangolii et al. [53]
developed a Zn-doped MAO coating on AZ31 Mg alloy, resulting in an increase of Ecor
value to —0.71 V.

Figure 3a illustrates the MAO apparatus, where the sample and a stainless-steel con-
tainer serve as electrodes, powered by a dual-polarity pulse supply. The positive terminal
of the power supply is connected to the sample, while the negative terminal is connected
to the stainless-steel container. A refrigeration system is typically utilized to maintain a
constant temperature for the electrolyte throughout the MAO process. The integration of
a stirrer into the electrolyte enables the uniform distribution of the coating composition
and ensures a constant temperature throughout the coating preparation process. Figure 3b
depicts the MAO coating preparation process, wherein the voltage undergoes a series
of changes over time. These changes can be broadly classified into three stages: (I) the
formation of the passivation coating and the anodic oxidation stage, (II) the spark discharge
stage, and (III) the MAO stage. When the voltage is below the breakdown voltage, the
sample undergoes passivation and anodic oxidation, resulting in the formation of a thin
insulating oxide coating. The insulating oxide coating is disrupted, resulting in the appear-
ance of numerous minute white sparks on the material surface when the voltage exceeds
the breakdown voltage, which is designated the “spark discharge stage”. As the voltage
continues to increase, large and moving red arcs appear on the surface. Subsequently, the
red arcs increase in size and depth, ultimately forming an orange-red spark. Figure 3c
provides a schematic representation of the MAO coating preparation process for Mg alloys,
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delineating the fundamental stages: the passivation stage, anodic oxidation stage, spark
discharge stage, and the MAO stage.
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Figure 3. Schematic diagram of MAO equipment (a) [60]. Voltage curve of MAO process over

time (b) [61,62]. Schematic diagram of the mechanism of MAO of Mg alloys (c).

Table 1. Electrochemical parameters (Ecorr and Ieorr) of the MAO coatings formed on Mg alloys.

Material Composition of Electrical Parameters Substrate
Substrate Composition the MAO of the Lo Lo Ref.
P Electrolyte MAO Process Ecorr (V) (uA/cm?) Ecorr (V) (nA/cm?)
Al2.34 wt.%
o Voltage: 400V,
Mn 0.19 wt.%, 12g/L Duty ng oo 10%
Zn 0.63 wt.%, Na3POy4-12H,0, F ) iOO H, —1.57 151 —1.51 0.017 [63]
Fe 0.01 wt.% 6 g/L NaOH requency: Z
’ Oxidation time: 600 s
Mg Bal
Mg 96% .
o 15 g/L NaySiO3, Voltage: 430 V, _ B
Al 3%, 5 g /LKF Oxidation time: 15 min 1.48 3.77 142 0.031 [64]
Zn 1%
Al9.1 wt.%,
Zn 0.85 wt.%, 10 g/L NaySiO3, Voltage: 400 V,
Mn 0.27 wt.%, 4 g/L NaOH, Frequency: 1000 Hz, B _
Fe < 0.02 wt.%, 5g/L NaF, Duty cycle: 10%, 121 26.72 1425 0.034 (6]
others < 0.01 wt.%, 5g/L (NaPO3)e Oxidation time: 10 min
AZ31
Mg balance
Al2.5-3.5 wt%,
Zn 0.7-13 wt%, .
Mn 0.2-1.0 wt%, 0.04 M C;Sr;‘}:ii‘flzty'
Si 0.05 wt%, Na,Si03-H,0, X 4 _ _
Cu 0.01 wt%, 0.1 M KOH, Fll‘jeguezlczl.:(i% ;Iz, 1.51 14.02 1.64 0.047 [66]
Fe < 0.005 wt%, 02MKF2H0 datznzimé. A
Ni < 0.005 wt% )
and balanced Mg
Voltage: 750 V,
. Current density:
) 12.5 g/L Na,SiOg3, o _ B _
5¢/LKOH 0.1 A-cm™+, 144 0.18 [67]

Duty cycle: 40%,
Frequency: 100 Hz
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Table 1. Cont.
Material Composition of Electrical Parameters Substrate MAO
Substrate o the MAO of the I I Ref.
CompOSIhon Electrolyte MAO Process Ecorr (V) (pA(}']C':nz) Ecorr (V) (uAC/ZrInZ)
Ca 0.006 wt%,
25111 (? 0916 ::tto//o’ 3g/L Current density:
Ni 0.0l t/ NazPO4-12H,0, 300 mA-cm 2,
AZ31B Fe 0 (-)06(i)ut";, 3 g/LKOH, Frequency: 1000 Hz, —1.54 7.034 —1.156 0.034 [59]
Mn 0.39 to/"' 2g/L ZnO, Duty cycle: 50%,
W 3g/LHA Oxidation time: 7 min
Al 2.65 wt%
and Surplus Mg
Al 9.4 wt%,
Zn 0.82 wt%, Na 52i50g~/ 9LH o
Mn 0.23 wt%, 202g /IfKOIZ—I ! Current density:
Si0.01 wt%, ’ 50 mA-cm~2,
AZ91D Cu 0.02 wt%, 5 g/LSI;F/EHzO, Duty cycle: 10%, —1.55 37 —1.391 0.053 [68]
Ni 0.002 c;)t Yo, CeHsNasOy-2H,0, Frequency: 300 Hz
Fe 0.005 wt% and 50 /L C3HsO
remainder Mg & 38
Current density:
20 g/L (NaPO3)6r 5A-dm—2 4
ZK61 3 8/L. NaOH, Frequency: 200 Hz -1.53 112.1 —1.482 6.327 [69]
5 g/L EDTA-2Na, Duty cvele: 15%
5g/L NaF ty cycle: 15%,

Oxidation time: 10 min

In silicate systems, micro-arc oxidation of magnesium alloys with diverse elements
leads to the formation of various phases. For pure magnesium, MgO and Mg(OH), are
prevalent. MgO, featuring a cubic crystal structure, offers high hardness and chemical
stability, thus strengthening the film. Mg(OH),, with its layered structure, fills film pores
and improves corrosion resistance. When aluminum is present in the magnesium alloy,
MgAlL,Oy (spinel phase) and Al,O3 emerge. MgAl,Oy, cubic in structure, has excellent
thermal and chemical stability along with high hardness, enhancing the film’s wear and
corrosion resistance. Al,O3 exists in different crystal forms like x-Al,O3, which is highly
stable and hard, and y-Al,O3, known for its large specific surface area and good adsorption.
In zinc-containing magnesium alloys, ZnO and Zn(OH), are formed. ZnO, a semiconductor
with a hexagonal structure, can alter the film'’s electrical properties and has antibacterial
features. Zn(OH);, fills pores and has a relatively low decomposition temperature. Regard-
ing silicon in the silicate system, it forms Mg,SiOy (forsterite phase) and SiO,. MgySiOy,
with an orthorhombic structure, improves film compactness and its corrosion and wear
resistance. SiO; boosts the film’s hardness and chemical stability. For calcium-containing
magnesium alloys, CaSiO3; (wollastonite phase) and CaO are generated. CaSiO3, with a
triclinic structure, enhances high-temperature and chemical corrosion resistance. CaO,
an alkaline oxide, buffers acidic substances and increases film hardness. In magnesium
alloys with manganese, MnO and Mn,O3 are formed. Both with cubic structures, MnO
has chemical activity to regulate film composition and properties, while Mn,O3 improves
the film’s oxidation resistance. These phases significantly influence the performance of
magnesium alloy micro-arc oxidation films.

It is evident that intrinsic defects, such as micro-pores and micro-cracks, are likely
to form within the MAO coating based on the working principle of MAO technology.
Figure 4 shows the typical porous structure of the MAO coating on Mg alloy, which is
beneficial for the corrosive medium to penetrate into the Mg matrix [56]. The formation
of micro-pores and micro-cracks can be attributed to a number of factors. First of all,
the rapid solidification of molten oxides in the electrolyte can induce thermal stresses,
thereby generating micro-cracks in the coating structure [70]. In addition, the continuous
micro-arc discharge channels result in the formation of micro-pores on the coating surface.
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Ultimately, the primary constituent of the MAO coating, magnesium oxide (MgO), exhibits
a Pilling-Bedworth Ratio (PBR) value of 0.81 < 1, which is another major reason for its
porous structure [71]. The presence of micro-pores and micro-cracks within the coatings
serves as a conduit for corrosive ions to diffuse through, thereby reducing the effectiveness
of the barrier against corrosive chemical media and consequently reducing the corrosion
resistance. In light of this understanding, researchers in both domestic and international
contexts are inclined towards enhancing the corrosion resistance of the MAO coatings on
Mg alloys by either pre- or post-treatment processes.

Figure 4. SEM images of the sample surface of a MAO-coated WE43 specimen [56].

A multitude of factors influence the performance of MAO coatings, including the
substrate material, electrolyte, electrical parameters, additives, pre- and post-treatment
processes illustrated in Figure 5. The composition and types of alloying elements present in
different Mg alloys have the potential to influence the phase composition, microstructure,
and properties of MAO coatings. For instance, the 3-phase intermetallic compound present
in the AZ91D alloy has been demonstrated to result in the formation of vertical pores,
whereas the AZ31 alloy has been shown to give rise to spherical pores. Furthermore, the
characteristics of the power supply operating mode can also exert an influence on the
properties of the MAO coatings. Coatings formed under constant voltage mode exhibit
the highest roughness, thickness, and uniform corrosion resistance, while films formed
under constant power mode have the lowest surface roughness and possess the best pitting
corrosion resistance [72,73]. The electrical parameters are of great consequence with regard
to the corrosion resistance of the MAO coatings. For example, the application of a negative
voltage in constant voltage mode has been demonstrated to increase the density of the
coating, thereby enhancing its corrosion resistance. The termination voltage is found to be
obviously correlated with the thickness and density of the coating [74]. As the terminal
voltage increases, the roughness of the coating rises while its density diminishes. Increasing
the frequency reduces the energy per breakdown event, which decreases the size of the
discharge pores, increases coating density, and improves corrosion resistance [75,76]. The
electrolyte exerts a profound direct influence on the MAO coating of Mg alloys. Among
the most commonly utilized electrolytes, silicates and phosphates have been demonstrated
to markedly enhance corrosion resistance. The conductivity and concentration of the
electrolyte exert an influence on the arc initiation voltage, which in turn affects the size of the
micro-pores in the coating, thereby impacting the structure and corrosion resistance of the
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coating. An electrolyte with an excessively high pH value can result in the dissolution of the
MAOQ coating on Mg alloys, thereby reducing its corrosion resistance [77,78]. Pre-treatment
of the substrate material before MAO enhances the corrosion resistance of MAO coatings
by improving the interfacial bonding strength between the coating and the substrate, as
well as reducing defects such as porosity and micro-cracks on the coating surface. Post-
treatment improves the density of the MAO coating on Mg alloys by sealing pores or
forming composite coatings, thereby further enhancing corrosion resistance.

Composition Temperature

Electrolyte
Influencing factors |
Substrate - !
of MAO coatings 3
l Post-processing

Electrical parameters

Power mode Voltage/Current Duty cycle Frequency

Figure 5. Factors influencing the properties of MAO coating on magnesium alloys.

During recent years, in addition to several studies examining other influencing
factors [79-81]. there has been a surge in research on the impact of pre- and post-treatment
processes on the corrosion resistance of MAO coatings on Mg alloys. Therefore, this pa-
per systematically reviews the impact of pre- and post-treatment processes on corrosion
resistance of MAO coatings on Mg alloys.

At present, the pre- and post-treatment processes have a significant impact on the
structure and performance of the micro-arc oxidation coating of Mg alloys. However, no
review on this aspect has been reported so far. This paper summarizes the influence laws
of the pre- and post-treatment processes on the structure and performance of the MAO film
by sorting out their working principles, technical characteristics and effects on the MAO
process of magnesium alloys. This work provides detailed theoretical basis and technical
support for relevant researchers, scholars, and engineers.

2. Effect of Pre-Treatment Process

The pre-treatment process phase entails the implementation of a targeted treatment
regimen on the magnesium alloy substrate in advance of the MAQO procedure. This is done
with the goal of optimizing the surface microstructure and overall structure. The application
of an appropriate pre-treatment process has the potential to enhance the interfacial bonding
strength between the coating and substrate, as well as reduce surface porosity, micro-cracks,
and other defects in the MAO coating, thereby improving its corrosion resistance. The
most commonly employed pre-treatment process for Mg alloy before MAO include laser
treatment [82-86], MS [87,88], and CS [89], as evidenced in the literature. Table 2 provides



Materials 2025, 18, 723 8 of 28

a summary of the ways in which these pre-treatment processes contribute to enhancing the
corrosion resistance of MAO coatings.

1 Flow rate: 2 kg/min
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Figure 6. Equipment & Diagrams for Common Pre-treatment: SP Process & Results (a) [90,91]; MS
Apparatus & Performance (b) [92].

Table 2. Ecor and Ieorr of MAO Coatings on Mg Alloys with/without Pre-treatment.

MAO Coatings Without MAO Coatings With
Substrate Prei;l;l;)eca:g;ent Pre-Treatment Process Pre-Treatment Process Ref.
Ecorr (V) Icorr (A-cm™2) Ecorr (V) Icorr (A-cm™2)
Cs ~1.15 5.18 x 1077 [89]
SP —1.611 7.11 x 1077 —1.62 2.14 x 1077 [93]
—1.46 1.552 x 107° [87]
AZ31 MS —1.25 3.93 x 106 [88]
UCFT —1.415 18.6 x 1076 —1.31 9.20 x 10~ [94]
Coie\;i;:on ~0.395 034 x 106 —025 1.18 x 109 [95]
AZ91D Lsp —0.148 6.4 x 108 —1.47 5.00 x 10~ [96]
—1.39 422 x 1077 [97]
Mg alloy LSM —1.49 8.24 x 1077 [98]

Note. CS—Cold Spray; SP—Shot Peening; MS—Magnetron Sputtering; UCFT—Ultrasonic Cold Forging Tech-
nology; LSP—Laser Shock Processing; LSM—Laser Surface Melting; Cerium conversion is a surface treatment
technology mainly used to improve the corrosion resistance of metals such as aluminum alloys, magnesium
alloys, etc. The basic principle is to prevent the erosion of corrosive media by forming a layer of cerium-containing
compounds (such as cerium hydroxide or cerium oxide) on the surface of the metal as a protective film.
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As depicted in Figure 6, the pre-treatment stage encompasses a diverse array of method-
ologies, primarily laser treatment, magnetron sputtering (MS), and shot peening (SP) among
others. These processes are primarily employed to enhance the adhesive strength of the
subsequent coating, which is achieved by altering the microstructural characteristics of the
Mg alloy surface. In the case of MS, a thin coating is deposited onto the Mg alloy surface,
which serves as a foundational layer upon which the MAO coating is subsequently formed.

2.1. Surface Laser Process

Laser processing technology employs the use of high-power laser beams to facilitate
the heating, melting, and evaporation of materials from the surface. This results in alter-
ations to the grain size and chemical composition of the substrate surface layer due to
the high thermal gradient and rapid cooling rates [99,100]. This technique has attracted
considerable interest within the field of material preparation due to its high efficiency
and precision. Laser treatment of Mg alloys not only results in the homogenization of
the surface microstructure but also facilitates the dissolution of the second phase in the
matrix [101], thereby creating favorable conditions for the preparation of MAO coatings
with excellent comprehensive performance.

Laser Shock Processing (LSP), also referred to as Laser Peening (LP), is a process that
generates intense shockwaves on the surface through the utilization of high-power pulsed
laser beams. This process has the potential to induce compressive residual stresses in
the material [101], thereby enhancing the surface structure of Mg alloys and positively
impacting the generation of MAO coatings [82,83]. As illustrated in Figure 7, the LSP
process involves coating the sample surface with an absorbing layer and a limiting layer.
Subsequently, the pulsed laser beam is focused on the absorbing layer, which absorbs the
laser energy and generates a high-temperature and high-pressure plasma. The generation
and subsequent expansion of nanosecond laser-generated plasma into the ambient gaseous
medium, due to the presence of a limiting layer, results in the transmission of a shock wave
to the target material. This phenomenon is caused by the outward diffusion of the plasma
being constrained, which occurs as a consequence of the plasma being generated and
expanding into the surrounding medium. When the shock pressure exceeds the elastic limit
of the material, plastic deformation occurs, resulting in the creation of deep compressive
residual stresses in the surface area. Defects such as twins and dislocations are formed as
a consequence of the process. The aforementioned defective structures serve to enhance
the stability of residual stress through the pinning effect. Moreover, the crystal structure of
the material is refined. Furthermore, Xiong et al. [84] demonstrated that the combination
of LSP and MAO markedly enhances the corrosion resistance of AZ80 Mg alloys. This
enhancement is primarily attributed to the refinement of grain size and the formation of
a nanocrystalline coating, which effectively reduces the adsorption of C1~ on the surface
and promotes the formation of a MgO passivation layer as a result of LSP pre-treatment.
Upon penetration of the MAQO coating by a simulated body fluid (SBF) solution, a dense
passivation coating is immediately formed on damaged portions in the vicinity of the
exposed surface of the nanocrystalline layer. The coating serves as a self-healing agent,
facilitating the repair of damage caused by the SBF solution.
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Target material

Figure 7. Schematic view of the LSP experimental setup [102].

In addition to LSP, the corrosion resistance of MAO coatings on Mg alloys can be
further enhanced through laser surface melting (LSM). The LSM technique allows for
precise control over the microstructure of the material, thereby optimizing the surface
structure and grain size of Mg alloys [85,86]. The research conducted by Wang [96] and
Liu [97] demonstrated that LSM pre-treatment distinctly enhanced the corrosion resistance
of MAO coatings on AZ91D alloys. Figure 8 depicts the cross-sectional morphology of
untreated and treated MAO coatings, revealing a huge reduction in micro-pores in the
pretreated coatings. Furthermore, Chen et al. [103] achieved the successful production of
a denser MAO coating on AZ91D alloy surfaces using LSM pre-treatment, resulting in
a substantial improvement in corrosion resistance. The dissolution and redistribution of
-phase induced by LSM led to a reduction in its content, effectively mitigating galvanic
coupling corrosion between x-Mg matrix and (3-phase. This reduction in galvanic coupling
corrosion prevents the formation of concentrated corrosion on large areas of x-Mg matrix,
thus averting severe localized corrosion. The impact of laser treatment technology on the
augmentation of corrosion resistance in MAO coatings is typically not considerable (Ico is
reduced by about one order of magnitude). This is primarily due to the low elastic limit of
Mg, which, even at low laser intensities, can result in intrinsic deformation of the material,
potentially influencing the fatigue life of the material.

Subs’;rate

zekV X1,080 18mm 28kV X1,86808 . 18mm
n)

Figure 8. Cross-sectional SEM micrographs of MAO (a) and LSM-MAO (b) treated specimens [96].

2.2. Magnetron Sputtering

MS represents a substantial advantage as a pre-treatment process for Mg alloys,
resulting in a relatively dense, uniform, and stable surface for the MAO process. This
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results in an improved coating quality and ensures an even distribution throughout the
magnesium alloy surface, with minimal defects or weak areas. Moreover, this technology
enhances the bonding force between the coating and the substrate, effectively extending the
service life of the coating. Moreover, the composition and structure of the sputtered layer
can be modified to enhance the performance of the MAO coating, thereby meeting diverse
application requirements [87,88]. As illustrated in Figure 9, the fundamental principle of
MS is that an applied potential difference within the deposition chamber causes argon
ions (plasma) to undergo ionization, acceleration, and orientation towards the target. The
plasma ions are capable of moving the target atom or molecule by either directly colliding
with it or triggering a “collision cascade” that causes the atom to emit a particle, which
then condenses into a coating on the substrate (anode). As demonstrated by Wei et al. [87],
MS of a pure aluminum layer prior to MAO on AZ31 Mg alloy can result in the formation
of coatings with varying morphologies and phase compositions. The coating prepared
with aluminates as the MAO electrolyte is primarily composed of irregular nodules and
the fine pores of «-Al,O3 and y-Al,O3, lacking a pancake-like structure. In contrast, the
coating prepared with silicates as the MAO electrolyte is characterized by a porous and
pancake-like structure dominated by y-Al,O3. Furthermore, compared to direct MAO on
the AZ31 substrate, MAO carried out on a MS Al layer results in the formation of denser
v-Al;O3, leading to improved compactness. The oxidation process yields a more dense
Al,O3 (PBR of 1.28 [104]), indicating that MS can enhance the corrosion resistance of MAO
coatings. Hu et al. [88] demonstrated that the initial deposition of a dense pure aluminum
layer approximately 11 um thick via MS onto the surface of an AZ31 substrate, obtaining
an oxide dominated by y-Al,O3 through MAO, resulted in distinctly improved corrosion
resistance for the MAO coating, as evidenced by an I, value of only 3.93 x 107% A-cm 2
after 5 min, in comparison to 2.54 x 10~* A-cm~2 for the substrate.

-~ Substrate
Growing Film - -
————————————— Electron
Nitrogen Molecule -------------5
INitkegenilon'==-=-~-—---=----- » /& Sputtering Particle
Magnetic Positive ----- g ---- Magnetic Negative
————————— Target

Figure 9. Schematic view of the MS experimental setup [105].

2.3. Cold Spray

Figure 10 provides a visual representation of the operational mechanism of the CS
technology. In the initial phase, a compression device applies pressure to the gas, which
subsequently flows through a heater to increase its temperature. At the nozzle outlet,
the gas undergoes a rapid expansion, reaching velocities that exceed the speed of sound.
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The high-pressure and heated gas at the front of the spray gun is used to accelerate metal
particles to supersonic speeds, which ultimately results in their impact and adhesion to the
surface of the substrate material. The CS method, which is powered by gas, achieves plastic
deformation and particle deposition through the high-speed collision of micron-sized solid
particles with the substrate. This process results in the solidification of particles, which
form a coating through mechanical interlocking and local metallurgical bonding between
the particles [106,107]. This enhances the corrosion resistance of the material. In the field
of corrosion protection for magnesium alloys, CS has attracted considerable interest due
to its remarkable resistance to corrosion. CS is capable of depositing a layer of metal or
alloy with similar physicochemical properties as the substrate onto the surface of Mg alloys,
including layers of copper and aluminum. The deposited layer not only integrates closely
with the substrate but also plays a fundamental role in subsequent MAO processes by
improving the bonding between the substrate and MAO coatings, thus enhancing adhesion
and durability. Concurrently, the metal deposition layer may exhibit characteristics such
as corrosion resistance and wear resistance, which are retained and further augmented
during the MAO process, thereby markedly enhancing the overall performance of the Mg
alloy. As illustrated in Figure 11, Rao et al. [89] fabricated a composite coating on AZ31 Mg
alloy through the application of CS and MAO techniques. Notably, the coating in the CS
pre-treated group exhibited greater density than that in the unpre-treated group, effectively
obstructing the intrusion of corrosive media. Following CS pre-treatment, the E of
MAQO increased from —1.453 V to —1.153 V, indicating that CS pre-treatment substantially
enhanced the corrosion resistance of the Mg alloy after MAO treatment. This not only
corroborates the efficacy of CS technology in protecting Mg alloys against corrosion but
also provides novel insights and strategies for developing high-performance protective
coatings for Mg alloys.

Gas control system Gas heater

\ \
G —)
* Spray coating
l Particle flow
i

/

Power feeder Supersonic nozzle

Substrate

Figure 10. Principle diagram of CS process [108].
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Figure 11. Cross-sectional schematics of the corrosion process in chloride solution: AR-MAO sample
(a); AR-CS-MAO sample (b); The XRD patterns of CS and MAO coatings [89].

2.4. Other Pre-Treatment Processes

In the context of pre-treatment processes, both SP and ultrasonic cold forging technol-
ogy (UCFT) have been demonstrated to be effective in inducing plastic deformation of the
substrate’s surface. This manipuanodizationation achieves grain refinement and establishes
the foundation for a high-quality substrate that is conducive to MAO processes [90,109,110].
The findings of Daniel et al. [93] have demonstrated that Mg alloys treated with SP are
capable of generating denser coatings during MAO. The micro-pits and imperfections
introduced by SP serve as nucleation sites for the coating material, leading to a denser
structure. Moreover, a meticulously controlled SP regimen enhances the substrate’s surface
reactivity, resulting in a proliferation of sites with favorable thermodynamic properties.
This manipulation ultimately enhances the overall performance and efficiency of the system,
thereby creating propitious conditions for the formation of MAO coating nuclei. Compared
to MAO without pre-treatment, SP followed by MAO resulted in a decrease in the I of
the coating from 7.11 x 1077 A-em™2 10 2.14 x 1077 A-cm~2. Chen et al. [94] demonstrated
that UCFT pre-treatment combined with MAO distinctly enhanced the corrosion resistance
of AZ31B Mg alloy. As depicted in Figure 12, the surface structure of the samples treated
with UCFT and MAO was notably improved, and the grain size was refined to 30-80 nm.
The corrosion resistance of the samples treated with a combination of UCFT and MAO was
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enhanced compared to those treated with single MAO due to a variety of phases present in
the coatings, such as Mgs(POy),, tertiary calcium phosphate, CaHPO4-2H,0, HA, Mg, and
MgAl,O4, among other compounds, which contributed to an enhanced chemical stability
and corrosion resistance.

Hamnosa/ HV
3

00
500.00 nm 1.00 x 1,00 um 000 Depttv pm

Figure 12. Grain size of the sample treated by UCFT, the largest size of the nanograin is on the
C-D line, which is 73.47 nm while the average size of the nanograin is 48.67 nm (a); micro-hardness
variation along the depth (b) [94].

The method of chemical conversion coatings (CCC) plays a pivotal role as a preliminary
step prior to the MAO of Mg alloys, achieving the effect of cleaning and activation through
the reaction or adsorption of active ingredients in the solution with the surface of Mg
alloys. This process may result in the formation of a chemical conversion coating on the
substrate surface [95]. A study by Hariprasad et al. [95] presents substantial evidence that
the chemical conversion coating method is an effective pre-treatment process for Mg alloy
MAO. The I, of the composite coating, formed by combining cerium conversion and
MAO on the surface of AZ31 Mg alloy, is two orders of magnitude lower than that of a
coating prepared by MAO alone. This notable enhancement can be primarily attributed to
the high thickness and densification of the composite coatings. In conclusion, the use of
chemical CCC as a pre-treatment process for MAO has been demonstrated to markedly
enhance corrosion resistance in the resulting coatings.

2.5. Conclusion of This Part

Pre-treatment processes play a crucial role in the preparation of MAO coatings, as
they have the ability to modify the microstructure of the alloy, enhance the bonding force
between the coating and the substrate, and improving coating performance to meet the re-
quirements of complex application environments. Therefore, when selecting pre-treatment
processes, consideration should be given to alloy composition, application scenarios, per-
formance requirements, and cost-effectiveness, in order to optimize coating performance.

3. Effect of Post-Treatment Processes

Improving the corrosion resistance of MAO coatings on Mg alloys by post-treatment
processes is one of the current research hotspots [111-127]. The most commonly employed
post-treatment processes include impregnation [54], sol-gel [127], electrophoretic deposition
(EPD) [54,128,129], and hydrothermal treatment (HTT) [130-132]. A schematic representa-
tion of the various post-treatment processes is provided in Figure 13, while the resulting
coatings are described in detail in the following section. The impact of different post-
treatment processes on the Eqor and Iy of the MAO coatings on Mg alloys is summarized
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in Table 3. The results demonstrate that post-treatment can, to a certain extent, contribute
to an improvement in the corrosion resistance of MAO coatings.
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Figure 13. Schematic diagram of post-treatment operation for MAO of Mg alloy. Sol-gel (a) [133],
EPD (b) [134], Air plasma spray (c) [135], HTT (d) [136].

Table 3. Ecorr & Ieorr of MAO Coatings on Mg Alloys with/without Post-treatment.

MAO Coatings Without MAO Coatings with

Composition of the Post-Treatment Process Post- Post-Treatment Process
Substrate MAO Coatings Treatment Ref.
E W) Icorr Process E ) Icorr
corr (A'Cmiz) corr (A'Cmiz)

Mg Mg, MgO, Mg,SiO4 1.349 7.72 x 1077 -1.29 5.87 x 1078 [111]
AZ31 Mg3(POy),, MgO, Mg —0.69 6.72 x 1076 [137]
AZ31 Mg, MgO 247 x 107° 9.28 x 108 [138]

AZ91D Mg, Mg,SiO,, MgO -1.32 5.72 x 1077 —1.31 334 x 1078 [113]
MLPi(% Mg, MgO —1.61 7.1 x 1078 -12 2x 107 [114]
g-1-4Zn Impregnation
cp-Mg Mg, MgO, Mg,SiO4 -1.59 14 x 107° —1.61 3.7 x 107 [117]
AZ31 —1.38 1.259 x 10~ —1.36 1.34 x 1077 [118]
AZ31B —1.44 39 x 1077 —1.32 1.81 x 108 [122]
MAS —1.51 8.1 x 1077 —1.44 8.6 x 108 [123]
AZ31 —0.66 2.33 x 107° —0.59 8.95 x 1010 [123]
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Table 3. Cont.
MAO Coatings Without MAO Coatings with
Composition of the Post-Treatment Process Post- Post-Treatment Process
Substrate MAO Coatings Treatment Ref.
E V) Leorr Process E ) Icorr
corr (A~Cm_2) corr (A'Cm_z)
MgO, Mg3(POy)2, _ 8 _ -8
AZ31B Mg(OH),, Al;;Mgy7, Mg 1.60 3.53 x 10 1.35 1.27 x 10 [139]
AZ31 Mg3(POy),, Mg, MgO HTT 298 x 10710 [131]
AZ31 MgAl,O,, Mg ~1.29 762 x 108 —-1.33 1.97 x 10—9 [132]
Mg alloy Mg3(POy)2, Mg, MgO —1.75 6.17 x 10~ 50D —1.42 4 %108 [54]
AZ91 Mg, MgO, Mg3(POy), —1.54 9.86 x 107° —0.87 1.75 x 1077 [129]
AZ31 Mg, MgO -1.33 1.54 x 107° —-1.09 1.05 x 1077 [127]
Mg—Li -1.38 5.64 x 1077 -1.38 5.64 x 1077 [140]
; Sol— gel
AMS50B Spfﬁgﬁ;;(lﬁoi'dg 139 657 x 1079 [141]

Note. HTT—Hydrothermal Treatment; EPD—Electrophoretic Deposition.

3.1. Impregnation

Hydroxides or other compounds could be formed on the surface of MAO coatings
during the impregnation process. These compounds serve to fill the micro-pores and micro-
cracks in the coatings, effectively preventing the penetration of corrosive media. Simul-
taneously, impregnation strengthens the adhesion between the coating and the substrate,
resulting in an overall enhancement of coating performance [111-117]. Phosphate-based
buffers are commonly utilized under acidic conditions and are frequently employed in
impregnation due to their unique chemical properties. It has been observed that, while
phosphate-based solutions may result in partial coating dissolution, precise control of the
impregnation time can effectively manage the degree of coating dissolution and deposition,
thereby achieving optimal coating performance [111,112]. This is evidenced by the work of
Qian [111], who immersed Mg samples post-MAO in phosphate solutions containing vari-
ous cations, leading to a notable reduction in micro-pore size on the coating surface and an
enhancement in densification. Figure 14 visually depicts the corrosion mechanism of MAO
coatings following impregnation with NaH,POy solution, wherein HPO42~ from H,PO*~
ionization reacts with Mg?* to form a deposit layer of MgHPOj, which effectively seals the
pores of the coating and improves its corrosion resistance. Qian et al. [112] demonstrated
that impregnation with a solution containing copper salts and phosphate salts substantially
improved the corrosion resistance of MAO coatings on AZ91D Mg alloy. The presence of
MgHPOj crystalline phase in the coating after sealing treatment in a solution with added
NaH;,POjy resulted in a considerable reduction in the depth of corrosion pores and the
number of corrosion products in the severely corroded area, compared to unimpregnated
MAO coatings, after 384 h of immersion in 3.5 wt% NaCl. In a similar study, Qian et al. [113]
conducted phosphate impregnation on AZ91D MAO coatings and observed that the surface
became smoother and pore size decreased post-treatment. Furthermore, upon sealing for
15 min, the coating obtained a dense structure with MgHPOj as its main composition. The
Ieorr value for phosphate phosphate-impregnated MAO was approximately one order of
magnitude lower than that for unimpregnated treatment.
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Figure 14. Schematic diagram of the sealing process for P-MAO (a); Mg-P-MAO (b); Ca-P-MAO (c);
Mn-P-MAO (d); Zn-P-MAO (e) [111].

Rare earth elements, renowned for their exceptional physicochemical properties,
have the potential to enhance the overall performance of MAO coatings. Recently, re-
searchers have concentrated their efforts on investigating the impact of incorporating rare
earth elements into the sealing treatment on the corrosion resistance of MAO coatings.
Mohedano et al. [114] observed the formation of a Ce-rich layer on the surface of MAO
coatings on Mg-Y-Zn alloy substrates following treatment with Ce salts, which effectively
reduced the number of coating pores. This phenomenon can be attributed to the oxidation
of Ce** ions by H,O, in the sealing solution (Equation (1)) and the partial dissolution of
MgO and Mg,SiOy in acid, which results in local alkalinity and the formation of insoluble
CeO, (Equations (2)—(4)). The enhanced corrosion resistance can be ascribed to the blockage
of pores within the coating structure by the accumulation of CeOs,.

2Ce%** (aq) + HyO, 4+ 20H™ (aq) — 2Ce(OH),*" 1)

MgO(s) +2H" (aq) —+ Mg*" (aq) + H,0(1) b

Mg,SiO4(s) +4H™ (aq) — 2Mg?" (aq) + SiO,(aq) + 2H,0(1) ®3)
Ce(OH),*" (aq) +20H™ (aq) — Ce(OH),(s) — CeOx(s) + 2H,0(1) (4)

Mingo et al. [116] conducted a study that further validated the beneficial impact of
Ce-based sealing on the corrosion resistance of MAO coatings. The researchers observed that
Ce salt treatment induced a dissolution/precipitation reaction on the MAO surface, leading
to the formation of Ce-rich compounds (CeO;). These compounds effectively obstructed
the ingress of corrosive media into the coating, thereby augmenting its corrosion resistance.
Additionally, Sun et al. [117] demonstrated a huge reduction in I, for MAO-Ce(NO3)3
coatings treated with impregnation, compared to unimpregnated MAO coatings, when
exposed to 3.5 wt% NaCl solution. This improvement can be primarily attributed to the
insoluble cerium oxide formed during the MAO process, which efficiently sealed micro-pores
in the MAQO coating and prevented penetration of corrosive solutions into the substrate region,
consequently enhancing its corrosion resistance. Phuong et al. [118] investigated the impact
of sealing AZ31 Mg alloys coated with MAQO coatings using Ce and phosphate solutions. The
results of the study demonstrated that the I ., of the samples that had undergone a sealing
treatment with cerium salt decreased by one order of magnitude in comparison to the I.o; of
MAO, which was 125.9 x 1078 A-cm~2. This led to an apparent enhancement in corrosion
resistance. Pezzato et al. [115] evaluated the impact of Nd salt sealing post-treatment on
the corrosion resistance of AZ91-coated Mg alloy samples through electrochemical testing.
The findings indicated that the Nd salt sealing treatment notably enhanced the corrosion



Materials 2025, 18,723

18 of 28

resistance of the coatings, primarily due to the effective physical barrier provided by the
sealing layer, which effectively impeded the penetration of corrosive substances.

The preference for organic coatings among researchers is based on their exceptional
chemical resistance and advanced protective properties. These coatings have become a
prevalent post-treatment process for enhancing the corrosion resistance of Mg and its
alloy MAO coatings. In comparison to traditional inorganic electrolytes, organic elec-
trolytes are environmentally friendly and meet the criteria of the requirements of clean
production [119-122]. Liu et al. [119] successfully fabricated MAO-(SA + Ce) coatings for
AZ31 Mg alloys by impregnating them with stearic acid, hydrogen peroxide, and cerium
nitrate dissolved in ethanol. The self-healing mechanism of MAO-(SA + Ce) composite
coatings is characterized in Figure 15, depicting cross-sectional morphology consisting of
a MAO coating (~4.0 um) and a newly formed Ce conversion coating (~2.5 um) on the
exterior. Additionally, the I.o;r of the MAO-(SA + Ce) composite coating was reduced by
3—4 orders of magnitude compared to direct MAO coating. Dou et al. [120] conducted a
study on the impact of chitosan on the corrosion resistance of MAO coatings, and observed
that the sealing coating effectively closed the micro-pores of the MAO coatings, thereby
enhancing their corrosion resistance. Strbak et al. [121], on the other hand, investigated
the effect of aqueous-based preservative containing corrosion inhibitors on the corrosion
behavior of MAO coatings and found that the sealing treatment was capable of retaining
water-based corrosion inhibitor-containing preservatives in MAO porous coatings, thus
effectively preventing corrosion in aqueous solutions with varying aggressive chloride
ions. Pak et al. [122] utilized phytic acid /3 —aminopropyltrimethoxysilane (APTES) as an
effective corrosion inhibitor to prevent the corrosion of MAO coatings. Through APTES hy-
bridization for surface treatment of Mg alloys, composite coatings were obtained exhibiting
excellent corrosion resistance with an E,,, value of —1.566 V in 3.5% NaCl solution. Gne-
denkov et al. [123] treated MA alloys using 8-hydroxyquinoline (8-HQ) solution to modify
the MAO coating, resulting in overtly enhanced protective properties of the coating. The
corrosion current value of the treated coating was 86 nA-cm~2, which is one order of magni-
tude lower than that of the MAO coating (810 nA-cm™~2), indicating an enhanced corrosion
resistance after post-treatment. Xue et al. [124] developed a MAO/CIP—-PMTMS composite
coating, leveraging the hydrophobicity and barrier effect of organics to achieve an I, of
7.13 x 1078 A-cm~2, distinctly lower than that of the MAO coating (3.54 x 10~/ A-cm~2).
Toorani et al. [125] further improved the corrosion resistance of MAO coatings by treating
them with a three-layer composite coating of silane and epoxy, resulting in coatings with
higher densification and thickness.

Figure 15. (a—) Cross-sectional SEM Images & (al—c1) Elemental Maps of MAO-(SA + Ce) Composite [119].

3.2. Sol-Gel

The sol-gel technique, when used as a post-treatment process, effectively seals the
holes in the MAO coating of Mg alloys, offering advantages such as strong coating adhesion,
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good barrier effect, and environmental protection [126]. For instance, Li et al. [127] demon-
strated the preparation of HDTMS/SiO; composite coatings on AZ91 Mg alloy surfaces
pre-treated with MAO through hydrophobicity and sol-gel processes. The study revealed
that the interface between the MAO coating and the gel hydrophobic layer was not distinct,
indicating that the overall coating treated by the sol-gel process was relatively dense and
distinctly improved the corrosion resistance of the samples. This improvement can be
attributed to two possible reasons: First, by replacing hydrogen in hydroxyl groups with
5i-(CHjy)15CHjs, the capillary pressure within silica networks is less negative, transforming
5i-OH into Si-O chains, effectively preventing gel coating cracking and reducing substrate
corrosion tendency; second, grafting a long carbon chain (—(CHj);15CHj3) onto silica forms a
hydrophobic layer, enhancing the ability of the sol-gel layer to inhibit corrosive ion penetra-
tion. Furthermore, Li et al. [140] utilized a combination of MAO technology and the sol-gel
method to enhance corrosion resistance in Mg—lithium alloys. The findings indicated that
the composite coatings, prepared using MAO technology and the sol-gel method, exhibited
favorable densification, minimal defects, and obviously enhanced corrosion resistance in
Mg alloys. Malayoglu et al. [141] employed sol-gel treatment as a post-treatment process to
develop composite coatings for Mg alloys with micro-oxidation coatings, aiming to improve
their corrosion resistance. The results demonstrated that the sol-gel process effectively
sealed the MAO coatings, resulting in enhanced corrosion resistance.

3.3. HIT

HTT, which is recognized as an environmentally sustainable and cost-effective method,
has attracted remarkable attention from both domestic and international researchers and
scholars [130,142]. Malekkhouyan et al. [142] conducted the synthesis of LDH coatings on
AZ31 Mg alloy based on MAO coatings through HTT. Their salt spray experiments revealed
that no substantial changes were observed on the sample surfaces after 7 days of MAO
treatment followed by HTT, while the coating of a single MAO sample had been completely
deteriorated. Consequently, it can be concluded that HTT effectively enhances the corrosion
resistance of Mg alloy MAO coatings. Zhang et al. [88] employed HTT for the post-treatment
of Mg alloy MAO samples. The findings revealed a six-order increase in the Rct value
(a measure of corrosion resistance) of the hydrothermally treated Mg alloy MAO coating
compared to that of the direct MAO coating without HTT. Dai et al. [131] successfully
prepared a new MgAlY Layered Double Hydroxides-LDHs coating containing salicylate
on the surface of AZ31 alloy MAO coating by using one-step hydrothermal method and
intercalation method. The reaction process for in situ growth of MgAlY—LDHs/salicylate
coating on AZ31 alloy was analyzed as depicted in Equations (5)-(11):

2Mg(s) + Oy — 2MgO(s) (5)

3Mg** (aq) +2PO; " (aq) +22H,O(aq) — Mg, (POy4),22H,0O(s) (6)
4Al(s) +302(g) — 2A1,03(s) 7)

MgO(s) + H20(aq) — Mg(OH),(s) | ®)

AL Os(s) + 3H,O(aq) +20H ™ (aq) — 2A1(OH),  (aq) 9)

Mg(s) + 2Al(s) + 8H,0(aq) — Mg(OH),(s) | +2A1(OH),(s) . +4Hy +  (10)
Al(OH),(s) + APT + OH™ (aq) — 2Al1(OH), (aq) (11)

The MLYS specimen (salicylic acid embedded + HTT + MAO) exhibited an overtly high
coating resistance value of 1.83 x 10° )-cm?. The MgAlY—LDHs/salicylic acid films grown
on MAO and post-treated Mg alloys demonstrated excellent corrosion resistance, attributed
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to the enhanced densification and self-healing properties of the coatings, thereby ensuring
the corrosion protection of the Mg alloys. Wang et al. [132] employed a hydrothermal
growth method for in situ formation of MgAl—LDHs coating on the surface of MAO-
coated Mg alloy. The composite coating of MAO—HTT demonstrated superior short-term
and long-term protective properties compared to the MAO coating. The R value of the
composite coating is less negative one order of magnitude in comparison to that of the
MAQO coating, which can be attributed to the sealing effect of LDHs on the micro-pores of
the MAO coating. Consequently, HTT has been shown to enhance the corrosion resistance
of Mg alloy MAO coatings. In addition to sealing micro-pores, HTT exhibits ion exchange
properties between LDH layers, enabling attraction or adsorption of corrosive ions such as
Cl~, thereby further mitigating their corrosive impact on Mg alloy substrates.

3.4. Spraying and Electrodeposition

The coating method employs a range of techniques, including electrodeposition, Air
Plasma Spray (APS), and others, to create a protective coating on metal or other materials.
This process is primarily employed to enhance the corrosion resistance, wear resistance,
electrical conductivity, and other properties of the base materials. Farshid et al. [139] em-
ployed MAO and electrodeposition to fabricate MAO/PDA composite coatings on AZ91
Mg alloy. These coatings exhibited self-healing capabilities, enhanced the corrosion resis-
tance and bioactivity of the alloy. A uniform, rough, dense, and hydrophilic MAO—PDA
coating was electrodeposited at a dopamine concentration of 1 mg/mL (120 T—1C) with
an Iorr of 4.31 x 1071° A-cm 2, which was obviously lower than that of the MAO sample
(353 x 1078 A-cm~2). Nadaraia et al. [143] combined MAO and fluorinated polymer
spraying to prepare coatings on Mg—Mn—Ce alloys. The application of super-dispersed
polytetrafluoroethylene (SPTFE) resulted in an enormous reduction in coating porosity
from 18% to 2% after three applications. The incorporation of fluorine into the MAO
layer validates the effectiveness of the fluoropolymer in sealing micro-defects within the
MAO coating, indicating that the composite method can greatly enhance the corrosion
resistance of the alloy [144]. Furthermore, Mohammadreza et al. [144] employed APS as
a post-treatment process following MAO, with the objective of enhancing the corrosion
resistance and antimicrobial activity of Mg alloys. The APS-treated coating is comprised
of an inner barrier layer, an outer porous layer, and a nano-structured zirconium dioxide
layer. Furthermore, it was observed that molten zirconium dioxide particles infiltrated into
the outer porous layer of the MAO coating, effectively expelling air present in micro-pores
and thereby sealing the MAO coating, thus improving its corrosion resistance.

3.5. Other Post-Treatment Process

As a post-treatment method, laser surface processing can effectively address the
surface treatment challenges of various materials. Wang et al. [119] demonstrated that
laser processing can markedly reduce the number and size of pores on the surface of
MAO coatings, thereby enhancing the corrosion resistance of the coatings. EPD is an
electrochemical method used to deposit charged particles onto the electrode surface to form
a coating [145]. The porous structure of MAO coatings necessitates additional polymer
deposition at the bottom of the pores, and electrophoresis embeds particles into the pores to
create a robust composite coating. Studies have shown that EPD of ZnO nanoparticles [54],
Polytetrafluoroethylene (PTFE) [128], and Graphene oxide (GO) [129] in MAO coatings
has resulted in pore sealing effects. The findings indicated that ZnO nanoparticles can be
embedded in coating pores to form a dual-layered coating through physical interlocking,
thereby improving corrosion resistance [54]. PTFE was utilized to seal the pores, thereby
increasing the coating thickness and barrier property to enhance corrosion resistance [128].
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GO effectively seals MAO micro-pores and micro-cracks, leading to a more dense coating
and enhanced corrosion resistance [129]. MS, a widely employed method of physical vapor
deposition (PVD), offers numerous advantages including high coating purity, efficient
deposition, uniformity of deposited coating, and uniform and effective coverage of the
sample [146].

3.6. Conclusions

The application of suitable post-treatment processes can effectively fill the surface
micro-pores and micro-cracks of MAO coatings, thereby enhancing their densification and
corrosion resistance. The sol-gel technique has been demonstrated to markedly enhance
both the densification and bonding strength of the coating, resulting in augmented long-
term corrosion resistance. The HTT and plating methods are effective in improving the
corrosion resistance of MAO coatings because they provide superior sealing and can
achieve substantial coating thickness. When selecting appropriate methods, it is essential
to consider these factors along with the intended application, in order to optimize both the
corrosion resistance and overall performance of the coating.

4. Summary and Prospect

In conclusion, the combination of MAO with pre- or post-treatment process can
markedly enhance the corrosion resistance of Mg alloys in a variety of corrosive environ-
ments. Firstly, pre-treatment (laser treatment, SP, and UCFT) optimizes the microstructure
of the Mg alloy surface and improves coating adhesion and densification, thereby enhanc-
ing corrosion resistance. Secondly, pre-treatment (MS and CS) entails the deposition of a
coating layer on Mg alloy, which modifies the composition of the MAO coating layer and
forms a denser substance, thereby enhancing corrosion resistance. Thirdly, post-treatment
(impregnation, sol-gel, EPD, MS and HTT) serve to seal micro-pores and micro-cracks
in the MAO coating, thereby regulating its structure and improving corrosion resistance.
Furthermore, specific post-treatment processes result in the formation of a more compact
layer on the MAO coating surface, thereby creating an additional barrier against corrosion.

It is anticipated that this technique will be adopted more widely in industries where
corrosion resistance is a critical requirement as the field of research progresses. Nevertheless,
further investigation and optimization are required to ascertain the long-term efficacy of
Mg alloy MAO and the combined application of pre-treatment process and post-treatment
coatings. This can be achieved by optimizing the utilization of the composite treatment
method through the strategic timing and methods of pre-treatment, as well as the agents,
techniques, and duration of post-treatment processes. Presently, post-treatment process
agents are primarily inorganic compounds. However, given the complex nature and
varied performance of organic matter, further comprehensive investigation is required
to ascertain its potential use as a post-treatment agent for Mg alloys. There is a paucity
of research examining the impact of factors such as temperature and stress on long-term
corrosion resistance. It is of the utmost importance to address these issues, in order to
establish a basis for industrial use of the experimental process. It is also of the utmost
importance to select post-treatment agents that are environmentally friendly and meet the
requirements of the experimental process. The development of environmentally friendly
post-treatment processes or the utilization of natural compounds will not only contribute
to the sustainable preparation of coatings but will also have a remarkable positive impact
on the industrialization process.



Materials 2025, 18, 723 22 of 28

Author Contributions: Conceptualization, J.C.; methodology, ].C.; investigation, S.S. and W.Z.; data
curation, X.H. and S.S.; writing—original draft preparation, J.C.; writing—review and editing, H.Z.;
supervision, H.Z., Z.N., TL., X.C. and T.M. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was supported by the Fundamental Research Funds for the Universities of
Liaoning Province (No. L]232410143034 and No. L]J232410143005), Basic scientific research project
of higher education Department of Liaoning Province (No. LJKZ0170), Liaoning Provincial Natural
Science Foundation of China (No. 2024-BS-152), and College Student Innovation Project of Shenyang
Aerospace University (No. X202410143026).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1.  Smirnova, M. Mars transportation vehicle concept. Acta Astronaut. 2014, 103, 250-256. [CrossRef]

2. NiJ,;Jin, L,; Zeng, J.; Li, J.; Wang, F.; Wang, F.,; Dong, S.; Dong, ]. Development of high-strength magnesium alloys with excellent
ignition-proof performance based on the oxidation and ignition mechanisms: A review. J. Magnes. Alloys 2023, 11, 1-14. [CrossRef]

3. Meier, ].M,; Caris, J.; Luo, A.A. Towards high strength cast Mg-RE based alloys: Phase diagrams and strengthening mechanisms.
J. Magnes. Alloys 2022, 10, 1401-1427. [CrossRef]

4. Liu, B; Yang, ].; Zhang, X.; Yang, Q.; Zhang, J.; Li, X. Development and application of magnesium alloy parts for automotive
OEMs: A review. J. Magnes. Alloys 2023, 11, 15-47. [CrossRef]

5. Tong, G.-D.; Liu, H.-F; Liu, Y.-H. Effect of rare earth additions on microstructure and mechanical properties of AZ91 magnesium
alloys. Trans. Nonferrous Met. Soc. China 2010, 20, s336-s340. [CrossRef]

6. Luo, A.A.; Sachdev, A.K. 12—Applications of magnesium alloys in automotive engineering. In Advances in Wrought Magnesium
Alloys; Bettles, C., Barnett, M., Eds.; Woodhead Publishing: Cambridge, UK, 2012; pp. 393—426. [CrossRef]

7. Yang, Y, Xiong, X.; Chen, J.; Peng, X.; Chen, D.; Pan, F. Research advances in magnesium and magnesium alloys worldwide in
2020. J. Magnes. Alloys 2021, 9, 705-747. [CrossRef]

8. Liu, L,; Chen, X,; Pan, F. A review on electromagnetic shielding magnesium alloys. ]. Magnes. Alloys 2021, 9, 1906-1921. [CrossRef]

9. Sezer, N.; Evis, Z.; Kayhan, S.M.; Tahmasebifar, A.; Kog, M. Review of magnesium-based biomaterials and their applications.
J. Magnes. Alloys 2018, 6, 23-43. [CrossRef]

10. Tsakiris, V.; Tardei, C.; Clicinschi, EM. Biodegradable Mg alloys for orthopedic implants—A review. J. Magnes. Alloys 2021, 9,
1884-1905. [CrossRef]

11. Brown, A.; Zaky, S.; Ray, H.; Sfeir, C. Porous magnesium/PLGA composite scaffolds for enhanced bone regeneration following
tooth extraction. Acta Biomater. 2015, 11, 543-553. [CrossRef] [PubMed]

12.  Kayhan, S.M.; Tahmasebifar, A.; Kog, M.; Usta, Y.; Tezcaner, A.; Evis, Z. Experimental and numerical investigations for mechanical
and microstructural characterization of micro-manufactured AZ91D magnesium alloy disks for biomedical applications. Mater.
Des. 2016, 93, 397-408. [CrossRef]

13.  Wu, G,; Wang, C.; Sun, M.; Ding, W. Recent developments and applications on high-performance cast magnesium rare-earth
alloys. J. Magnes. Alloys 2021, 9, 1-20. [CrossRef]

14. Shi, H.; Xu, C.; Hu, X,; Gan, W.; Wu, K.; Wang, X. Improving the Young’s modulus of Mg via alloying and compositing—A short
review. J. Magnes. Alloys 2022, 10, 2009-2024. [CrossRef]

15. Li, N.; Zheng, Y. Novel Magnesium Alloys Developed for Biomedical Application: A Review. ]. Mater. Sci. Technol. 2013,
29, 489-502. [CrossRef]

16. Dorozhkin, S.V. Calcium orthophosphate coatings on magnesium and its biodegradable alloys. Acta Biomater. 2014, 10, 2919-2934.
[CrossRef] [PubMed]

17.  Zhang, W.; Sheng, X.; Zhang, B.; Fu, Y.; Wang, Q.; Yang, K; Tan, L.; Zhang, Q. A novel design magnesium alloy suture anchor
promotes fibrocartilaginous enthesis regeneration in rabbit rotator cuff repair. J. Magnes. Alloys 2024, in press. [CrossRef]

18.  Veeramuthuvel, P; Shankar, K.; Sairajan, K.K. Application of particle damper on electronic packages for spacecraft. Acta Astronaut.

2016, 127, 260-270. [CrossRef]


https://doi.org/10.1016/j.actaastro.2014.06.015
https://doi.org/10.1016/j.jma.2022.12.007
https://doi.org/10.1016/j.jma.2022.03.008
https://doi.org/10.1016/j.jma.2022.12.015
https://doi.org/10.1016/S1003-6326(10)60493-1
https://doi.org/10.1533/9780857093844.3.393
https://doi.org/10.1016/j.jma.2021.04.001
https://doi.org/10.1016/j.jma.2021.10.001
https://doi.org/10.1016/j.jma.2018.02.003
https://doi.org/10.1016/j.jma.2021.06.024
https://doi.org/10.1016/j.actbio.2014.09.008
https://www.ncbi.nlm.nih.gov/pubmed/25234156
https://doi.org/10.1016/j.matdes.2015.12.177
https://doi.org/10.1016/j.jma.2020.06.021
https://doi.org/10.1016/j.jma.2022.07.011
https://doi.org/10.1016/j.jmst.2013.02.005
https://doi.org/10.1016/j.actbio.2014.02.026
https://www.ncbi.nlm.nih.gov/pubmed/24607420
https://doi.org/10.1016/j.jma.2024.08.002
https://doi.org/10.1016/j.actaastro.2016.06.003

Materials 2025, 18, 723 23 of 28

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Sugawara, Y.; Nakasuka, S.; Higashi, K.; Kobayashi, C.; Koyama, K.; Okada, T. Structure and thermal control of panel extension
satellite (PETSAT). Acta Astronaut. 2009, 65, 958-966. [CrossRef]

Yang, J.; Zhu, Z.; Han, S.; Gu, Y.; Zhu, Z.; Zhang, H. Evolution, limitations, advantages, and future challenges of magnesium
alloys as materials for aerospace applications. J. Alloys Compd. 2024, 1008, 176707. [CrossRef]

Li, S.; Li, X.; Zhao, C.; Liang, H.; Liu, K.; Du, X.; Du, W. Recent progress of electrolytes for Mg-air batteries: A review. J. Magnes.
Alloys 2024, 12, 4395-4421. [CrossRef]

Setiawan, D.; Lee, H.; Pyun, J.; Nimkar, A.; Shpigel, N.; Sharon, D.; Hong, S.-T.; Aurbach, D.; Chae, M.S. Magnesium alloys as
alternative anode materials for rechargeable magnesium-ion batteries: Review on the alloying phase and reaction mechanisms.
J. Magnes. Alloys 2024, 12, 3476-3490. [CrossRef]

Wu, D; Ren, W,; NulLi, Y.; Yang, J.; Wang, J. Recent progress on selenium-based cathode materials for rechargeable magnesium
batteries: A mini review. J. Mater. Sci. Technol. 2021, 91, 168-177. [CrossRef]

Wilson, J. 1—Metallic biomaterials: State of the art and new challenges. In Fundamental Biomaterials: Metals; Balakrishnan, PM.S.S.,
Thomas, S., Eds.; Woodhead Publishing: Cambridge, UK, 2018; pp. 1-33. [CrossRef]

Sun, L.; Ma, Y.; Fan, B.; Wang, S.; Wang, Z. Investigation of anti-corrosion property of hybrid coatings fabricated by combining
PEC with MAO on pure magnesium. J. Magnes. Alloys 2022, 10, 2875-2888. [CrossRef]

Zhang, 7.-Q.; Tong, P-D.; Wang, L.; Qiu, Z.-H.; Li, J.-A.; Li, H.,; Guan, S.-K,; Lin, C.-G.; Wang, H.-Y. One-step fabrication
of self-healing poly(thioctic acid) coatings on ZE21B Mg alloys for enhancing corrosion resistance, anti-bacterial /oxidation,
hemocompatibility and promoting re-endothelialization. Chem. Eng. J. 2023, 451, 139096. [CrossRef]

Chen, Y.; Xu, Z.; Smith, C.; Sankar, J. Recent advances on the development of magnesium alloys for biodegradable implants. Acta
Biomater. 2014, 10, 4561-4573. [CrossRef] [PubMed]

Bai, J.; Yang, Y.; Wen, C.; Chen, ].; Zhou, G.; Jiang, B.; Peng, X.; Pan, E. Applications of magnesium alloys for aerospace: A review.
J. Magnes. Alloys 2023, 11, 3609-3619. [CrossRef]

Liu, H.; Zhang, T.A. Development of aqueous magnesium-air batteries: From structure to materials. J. Alloys Compd. 2024,
988, 174262. [CrossRef]

Choo, ].T.; Lai, SH.S.; Tang, C.Q.Y.; Thevendran, G. Magnesium-based bioabsorbable screw fixation for hallux valgus
surgery—A suitable alternative to metallic implants. Foot Ankle Surg. 2019, 25, 727-732. [CrossRef] [PubMed]

Shao, Z.; Nishimoto, M.; Muto, I.; Sugawara, Y. Fabrication of a model specimen for understanding micro-galvanic corrosion at
the boundary of x-Mg and 3-Mgl7Al12. . Magnes. Alloys 2023, 11, 137-153. [CrossRef]

Weiler, ].P. The role of the Mg17Al12-phase in the high-pressure die-cast magnesium-aluminum alloy system. J. Magnes. Alloys
2023, 11, 4235-4246. [CrossRef]

Li, C.-Q.; Tong, Z.-P,; He, Y.-B.; Huang, H.-P,; Dong, Y.; Zhang, P. Comparison on corrosion resistance and surface film of pure Mg
and Mg—14Li alloy. Trans. Nonferrous Met. Soc. China 2020, 30, 2413-2423. [CrossRef]

Savaedi, Z.; Mirzadeh, H.; Aghdam, R.M.; Mahmudi, R. Thermal stability, grain growth kinetics, mechanical properties, and
bio-corrosion resistance of pure Mg, ZK30, and ZEK300 alloys: A comparative study. Mater. Today Commun. 2022, 33, 104825.
[CrossRef]

Zeng, R.-C.; Zhang, ].; Huang, W.-].; Dietzel, W.; Kainer, K.U.; Blawert, C.; Ke, W. Review of studies on corrosion of magnesium
alloys. Trans. Nonferrous Met. Soc. China 2006, 16, s763-s771. [CrossRef]

Yin, M.; Hou, L.; Liu, X.; Wang, Z.; Liu, B.; Jia, J.; Zhang, S.; Wei, Y. Tailoring the micromorphology of the as-cast Mg-Sn-In alloys
to corrosion-resistant microstructures via adjusting In concentration. J. Alloys Compd. 2019, 811, 152024. [CrossRef]

Zhang, Y.; Li, J.; Li, ]J. Effects of calcium addition on phase characteristics and corrosion behaviors of Mg-2Zn-0.2Mn-xCa in
simulated body fluid. J. Alloys Compd. 2017, 728, 37-46. [CrossRef]

Wei, L.; Li, ].; Zhang, Y.; Lai, H. Effects of Zn content on microstructure, mechanical and degradation behaviors of Mg-xZn-0.2Ca-
0.1Mn alloys. Mater. Chem. Phys. 2020, 241, 122441. [CrossRef]

Zhou, P; Yang, L.; Hou, Y.; Duan, G.; Yu, B,; Li, X.; Zhai, Y.; Zhang, B.; Zhang, T.; Wang, F. Grain refinement promotes the
formation of phosphate conversion coating on Mg alloy AZ91D with high corrosion resistance and low electrical contact resistance.
Corros. Commun. 2021, 1, 47-57. [CrossRef]

Li, J.; Wang, L.; Bai, H.; Chen, C.; Liu, L.; Guo, H.; Lei, B.; Meng, G.; Yang, Z.; Feng, Z. Development of an eco-friendly waterborne
polyurethane/catecholamine/sol-gel composite coating for achieving long-lasting corrosion protection on Mg alloy AZ31. Prog.
Org. Coat. 2023, 183, 107732. [CrossRef]

Zeng, R.C.; Cui, L.Y,; Ke, W. Biomedical Magnesium Alloys: Composition, Microstructure and Corrosion. Acta Metall. Sin. 2018,
54, 1215-1235. [CrossRef]

Meng, Y.; Gao, H.; Hu, ].; Gao, L. Effect of pH value on the corrosion and corrosion fatigue behavior of AM60 magnesium alloy.
J. Mater. Res. 2019, 34, 1054-1063. [CrossRef]

Ran, Q.; Lukas, H.L.; Effenberg, G.; Petzow, G. Thermodynamic optimization of the Mg-Y system. Calphad 1988, 12, 375-381.
[CrossRef]


https://doi.org/10.1016/j.actaastro.2009.01.027
https://doi.org/10.1016/j.jallcom.2024.176707
https://doi.org/10.1016/j.jma.2024.08.003
https://doi.org/10.1016/j.jma.2024.09.018
https://doi.org/10.1016/j.jmst.2021.03.010
https://doi.org/10.1016/B978-0-08-102205-4.00001-5
https://doi.org/10.1016/j.jma.2021.04.010
https://doi.org/10.1016/j.cej.2022.139096
https://doi.org/10.1016/j.actbio.2014.07.005
https://www.ncbi.nlm.nih.gov/pubmed/25034646
https://doi.org/10.1016/j.jma.2023.09.015
https://doi.org/10.1016/j.jallcom.2024.174262
https://doi.org/10.1016/j.fas.2018.09.001
https://www.ncbi.nlm.nih.gov/pubmed/30321917
https://doi.org/10.1016/j.jma.2022.10.020
https://doi.org/10.1016/j.jma.2023.08.011
https://doi.org/10.1016/S1003-6326(20)65388-2
https://doi.org/10.1016/j.mtcomm.2022.104825
https://doi.org/10.1016/S1003-6326(06)60297-5
https://doi.org/10.1016/j.jallcom.2019.152024
https://doi.org/10.1016/j.jallcom.2017.08.264
https://doi.org/10.1016/j.matchemphys.2019.122441
https://doi.org/10.1016/j.corcom.2021.05.001
https://doi.org/10.1016/j.porgcoat.2023.107732
https://doi.org/10.11900/0412.1961.2018.00032
https://doi.org/10.1557/jmr.2018.489
https://doi.org/10.1016/0364-5916(88)90039-9

Materials 2025, 18, 723 24 of 28

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Liu, R.L.; Scully, ].R.; Williams, G.; Birbilis, N. Reducing the corrosion rate of magnesium via microalloying additions of group 14
and 15 elements. Electrochim. Acta 2018, 260, 184-195. [CrossRef]

Li, Q. 17—Sol-gel coatings to improve the corrosion resistance of magnesium (Mg) alloys. In Corrosion Prevention of Magnesium
Alloys; Song, G.-L., Ed.; Woodhead Publishing: Cambridge, UK, 2013; pp. 469-485. [CrossRef]

Nezamdoust, S.; Seifzadeh, D.; Rajabalizadeh, Z. Application of novel sol-gel composites on magnesium alloy. |. Magnes. Alloys
2019, 7, 419-432. [CrossRef]

Castro, Y.; Durén, A. Control of degradation rate of Mg alloys using silica sol-gel coatings for biodegradable implant materials.
J. Sol-Gel Sci. Technol. 2019, 90, 198-208. [CrossRef]

Wang, Z.C; Yu, L.; Qi, Z.B; Song, G.L. 13—Electroless nickel-boron plating to improve the corrosion resistance of magnesium (Mg)
alloys. In Corrosion Prevention of Magnesium Alloys; Song, G.-L., Ed.; Woodhead Publishing: Cambridge, UK, 2013; pp. 370-392.
[CrossRef]

Xie, Z.-H.; Xu, D.; Shu, Y.; Yong, Q.; Wu, L.; Yu, G. Environmentally friendly and facile Mg(OH), film for electroless nickel plating
on magnesium alloy for enhanced galvanic corrosion inhibition. Surf. Coat. Technol. 2024, 478, 130371. [CrossRef]

Zhang, H.; Wang, S.; Yao, G.; Hua, Z. Electroless Ni-P plating on Mg-10Li-1Zn alloy. . Alloys Compd. 2009, 474, 306-310.
[CrossRef]

Chen, X.B.; Easton, M.A; Birbilis, N.; Yang, H.Y.; Abbott, T.B. 11—Corrosion-resistant electrochemical plating of magnesium (Mg)
alloys. In Corrosion Prevention of Magnesium Alloys; Song, G.-L., Ed.; Woodhead Publishing: Cambridge, UK, 2013; pp. 315-346.
[CrossRef]

Kang, Y.X.; Yan, S.E; Li, Z.L.; Wang, Z.G.; Yang, A.; Ma, W.; Chen, W.D.; Qu, Y.H. Influence of Anodic Oxidation on the
Organizational Structure and Corrosion Resistance of Oxide Film on AZ31B Magnesium Alloy. Coatings 2024, 14, 271. [CrossRef]
Vangoli, Y.; Bozkurt, Y.B.; Kovaci, H.; Celik, A. A comparative study of the bio-tribocorrosion behaviour of PEO coated AZ31
magnesium alloy in SBF: Assessing the effect of B, Cu and Zn doping. Ceram. Int. 2023, 49, 19513-19522. [CrossRef]
Bordbar-Khiabani, A.; Yarmand, B.; Mozafari, M. Effect of ZnO pore-sealing layer on anti-corrosion and in-vitro bioactivity
behavior of plasma electrolytic oxidized AZ91 magnesium alloy. Mater. Lett. 2020, 258, 126779. [CrossRef]

Khan, M.A; Safira, A.R.; Aadil, M.; Kaseem, M. Development of anti-corrosive coating on AZ31 Mg alloy modified by
MOF/LDH/PEO hybrids. J. Magnes. Alloys 2024, 12, 586—-607. [CrossRef]

Nachtsheim, J.; Ma, S.; Burja, J.; Batig, B.S.; Markert, B. Tuning the long-term corrosion behaviour of biodegradable WE43
magnesium alloy by PEO coating. Surf. Coat. Technol. 2023, 474, 130115. [CrossRef]

Zehra, T.; Dikici, B.; Dafali, A.; Kaseem, M. Chromophores assisted phytochemicals and pheromones coatings on porous inorganic
layers for enhancing anti-corrosion and photocatalytic properties. Prog. Org. Coat. 2023, 182, 107677. [CrossRef]

Barati Darband, G.; Aliofkhazraei, M.; Hamghalam, P.; Valizade, N. Plasma electrolytic oxidation of magnesium and its alloys:
Mechanism, properties and applications. J. Magnes. Alloys 2017, 5, 74-132. [CrossRef]

Keyvani, A.; Kamkar, N.; Chaharmahali, R.; Bahamirian, M.; Kaseem, M.; Fattah-alhosseini, A. Improving anti-corrosion
properties AZ31 Mg alloy corrosion behavior in a simulated body fluid using plasma electrolytic oxidation coating containing
hydroxyapatite nanoparticles. Inorg. Chem. Commun. 2023, 158, 111470. [CrossRef]

Huang, S.-Y.; Chu, Y.-R;; Yang, S.-H.; Lee, Y.-L. Effect of pause time on microstructure and corrosion resistance in AZ31 magnesium
Alloy’s micro-arc oxidation coating. Surf. Coat. Technol. 2023, 475, 130164. [CrossRef]

Ma, Y.; Wang, P; Ji, W.; Chen, R. Effect of adding Sr(OH)2 on the formation process of 2024 aluminum alloy micro-arc oxidation
coatings. Mater. Lett. 2024, 377, 137522. [CrossRef]

Jin, S;; Ma, X,; Wu, R.; Wang, G.; Zhang, J.; Krit, B.; Betsofen, S.; Liu, B. Advances in micro-arc oxidation coatings on Mg-Li alloys.
Appl. Surf. Sci. Adv. 2022, 8,100219. [CrossRef]

Zhang, X.; Zhang, Y; Lv, Y.; Dong, Z.; Hashimoto, T.; Zhou, X. Enhanced corrosion resistance of AZ31 Mg alloy by one-step
formation of PEO/Mg-Al LDH composite coating. Corros. Commun. 2022, 6, 67-83. [CrossRef]

Park, J.; Seo, E.; Lee, M.; Kim, D. Fabrication of a CuO composite PEO and effect of post-treatment on improving its thermal
properties and corrosion resistance of magnesium alloy AZ31. Surf. Coat. Technol. 2022, 447, 128828. [CrossRef]

Luo, H.; Cai, Q.; Wei, B; Yu, B,; Li, D.; He, J.; Liu, Z. Effect of (NaPOj3)¢ concentrations on corrosion resistance of plasma
electrolytic oxidation coatings formed on AZ91D magnesium alloy. J. Alloys Compd. 2008, 464, 537-543. [CrossRef]

Tian, P; Liu, X.; Ding, C. In vitro degradation behavior and cytocompatibility of biodegradable AZ31 alloy with PEO/HT
composite coating. Colloids Surf. B Biointerfaces 2015, 128, 44-54. [CrossRef]

Zhu, L,; Ke, X.; Zhang, B.; Zhang, Y.; Sui, M. Self-repairing capability of magnesium alloy during the plasma electrolytic oxidation
process. . Alloys Compd. 2018, 766, 88-94. [CrossRef]

Zhao, J.; Ouyang, K.; Xie, X.; Zhang, J. Influence of Y,0O3/Nd,Oj3 Particles Additive on the Corrosion Resistance of MAO Coating
on AZ91D Magnesium Alloy. Int. ]. Electrochem. Sci. 2017, 12, 2400-2411. [CrossRef]


https://doi.org/10.1016/j.electacta.2017.11.062
https://doi.org/10.1533/9780857098962.3.469
https://doi.org/10.1016/j.jma.2019.03.004
https://doi.org/10.1007/s10971-018-4824-6
https://doi.org/10.1533/9780857098962.3.370
https://doi.org/10.1016/j.surfcoat.2024.130371
https://doi.org/10.1016/j.jallcom.2008.06.067
https://doi.org/10.1533/9780857098962.3.315
https://doi.org/10.3390/coatings14030271
https://doi.org/10.1016/j.ceramint.2023.03.111
https://doi.org/10.1016/j.matlet.2019.126779
https://doi.org/10.1016/j.jma.2023.12.004
https://doi.org/10.1016/j.surfcoat.2023.130115
https://doi.org/10.1016/j.porgcoat.2023.107677
https://doi.org/10.1016/j.jma.2017.02.004
https://doi.org/10.1016/j.inoche.2023.111470
https://doi.org/10.1016/j.surfcoat.2023.130164
https://doi.org/10.1016/j.matlet.2024.137522
https://doi.org/10.1016/j.apsadv.2022.100219
https://doi.org/10.1016/j.corcom.2022.05.001
https://doi.org/10.1016/j.surfcoat.2022.128828
https://doi.org/10.1016/j.jallcom.2007.10.072
https://doi.org/10.1016/j.colsurfb.2015.02.011
https://doi.org/10.1016/j.jallcom.2018.06.315
https://doi.org/10.20964/2017.03.23

Materials 2025, 18, 723 25 of 28

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Yang, C.; Sheng, L.; Zhao, C.; Chen, P.; Ouyang, W.; Xu, D.; Zheng, Y.; Chu, PK. Improved lubricating and corrosion resistance
of MAO coatings on ZK61 Mg alloy by co-doping with graphite and nano-zirconia. J. Mater. Res. Technol. 2024, 33, 2275-2291.
[CrossRef]

Dou, J.; Chen, Y.; Yu, H.; Chen, C. Research status of magnesium alloys by micro-arc oxidation: A review. Surf. Eng. 2017,
33, 731-738. [CrossRef]

Cordova, S.; Estala-Rodriguez, K.; Shafirovich, E. Infiltration-controlled combustion of magnesium for power generation in space.
Combust. Flame 2022, 238, 111950. [CrossRef]

Jiang, Y.; Zhenxing, Y.; Xia, Q.; Zhang, Y.; Jiang, Z.; Yao, Z.; Wu, Z. Structure and Corrosion Resistance of PEO Ceramic Coatings
on AZ91D Mg Alloy Under Three Kinds of Power Modes. Int. J. Appl. Ceram. Technol. 2013, 10, E310-E317. [CrossRef]

Yao, Z.; Wang, D.; Xia, Q.; Zhang, Y.; Jiang, Z.; Wang, F. Effect of PEO power modes on structure and corrosion resistance of
ceramic coatings on AZ91D Mg alloy. Surf. Eng. 2012, 28, 96-101. [CrossRef]

Zhang, R.F; Shan, D.Y.; Chen, R.S.; Han, E.H. Effects of electric parameters on properties of anodic coatings formed on magnesium
alloys. Mater. Chem. Phys. 2008, 107, 356-363. [CrossRef]

Song, X.; Lu, J.; Yin, X,; Jiang, J.; Wang, ]J. The effect of pulse frequency on the electrochemical properties of micro arc oxidation
coatings formed on magnesium alloy. J. Magnes. Alloys 2013, 1, 318-322. [CrossRef]

Zou, B,; LU, G.-H.; Zhang, G.-L.; Tian, Y.-Y. Effect of current frequency on properties of coating formed by microarc oxidation on
AZ91D magnesium alloy. Trans. Nonferrous Met. Soc. China 2015, 25, 1500-1505. [CrossRef]

Ximei, W.; Liqun, Z.; Huicong, L.; Weiping, L. Influence of surface pretreatment on the anodizing film of Mg alloy and the
mechanism of the ultrasound during the pretreatment. Surf. Coat. Technol. 2008, 202, 4210-4217. [CrossRef]

Rama Krishna, L.; Poshal, G.; Jyothirmayi, A.; Sundararajan, G. Compositionally modulated CGDS+MAO duplex coatings for
corrosion protection of AZ91 magnesium alloy. J. Alloys Compd. 2013, 578, 355-361. [CrossRef]

Cui, L.-Y,; Gao, S.-D.; Li, P-P;; Zeng, R.-C.; Zhang, F,; Li, S.-Q.; Han, E.-H. Corrosion resistance of a self-healing micro-arc
oxidation/polymethyltrimethoxysilane composite coating on magnesium alloy AZ31. Corros. Sci. 2017, 118, 84-95. [CrossRef]
Mohedano, M.; Blawert, C.; Zheludkevich, M.L. Cerium-based sealing of PEO coated AM50 magnesium alloy. Surf. Coat. Technol.
2015, 269, 145-154. [CrossRef]

Rehman, Z.U.; Shin, S.H.; Hussain, I.; Koo, B.H. Structure and corrosion properties of the two-step PEO coatings formed on
AZ91D Mg alloy in K2ZrF6-based electrolyte solution. Surf. Coat. Technol. 2016, 307, 484—490. [CrossRef]

Wang, G.-Q.; Wang, S.-R.; Yang, X.-F; Wen, D.-S.; Guo, Y. Microstructure, mechanical properties and fretting corrosion wear
behavior of biomedical ZK60 Mg alloy treated by laser shock peening. Trans. Nonferrous Met. Soc. China 2023, 33, 1715-1728.
[CrossRef]

Xiong, Y.; Hu, Q.; Song, R.; Hu, X. LSP/MAQO composite bio-coating on AZ80 magnesium alloy for biomedical application. Mater.
Sci. Eng. C 2017, 75, 1299-1304. [CrossRef]

Xiong, Y.; Shen, Y.; He, L.; Yang, Z.; Song, R. Stress corrosion cracking behavior of LSP/MAO treated magnesium alloy during
SSRT in a simulated body fluid. J. Alloys Compd. 2020, 822, 153707. [CrossRef]

Guan, Y.C.; Zhou, W,; Li, Z.L.; Zheng, H.Y. Study on the solidification microstructure in AZ91D Mg alloy after laser surface
melting. Appl. Surf. Sci. 2009, 255, 8235-8238. [CrossRef]

Banerjee, P.C.; Raman, R K.S,; Durandet, Y.; McAdam, G. Electrochemical investigation of the influence of laser surface melting
on the microstructure and corrosion behaviour of ZE41 magnesium alloy—An EIS based study. Corros. Sci. 2011, 53, 1505-1514.
[CrossRef]

Wei, B.-].; Cheng, Y.-L.; Liu, Y.-Y.; Zhu, Z.-D.; Cheng, Y.-L. Corrosion and wear resistance of AZ31 Mg alloy treated by duplex
process of magnetron sputtering and plasma electrolytic oxidation. Trans. Nonferrous Met. Soc. China 2021, 31, 2287-2306.
[CrossRef]

Hu, P--F,; Wei, B.-].; Cheng, Y.-L.; Cheng, Y.-L. Discharge channel structure revealed by plasma electrolytic oxidation of AZ31Mg
alloy with magnetron sputtering Al layer and corrosion behaviors of treated alloy. Trans. Nonferrous Met. Soc. China 2024,
34, 139-156. [CrossRef]

Rao, Y.; Wang, Q.; Chen, J.; Ramachandran, C.S. Abrasion, sliding wear, corrosion, and cavitation erosion characteristics of a
duplex coating formed on AZ31 Mg alloy by sequential application of cold spray and plasma electrolytic oxidation techniques.
Mater. Today Commun. 2021, 26, 101978. [CrossRef]

Peral, L.B.; Zafra, A.; Bagherifard, S.; Guagliano, M.; Fernandez-Pariente, I. Effect of warm shot peening treatments on surface
properties and corrosion behavior of AZ31 magnesium alloy. Surf. Coat. Technol. 2020, 401, 126285. [CrossRef]

Lv, L.; Shao, W.; Tang, J.; Zhao, J.; Zhou, Z. Correlation between shot peening coverage and surface microstructural evolution in
AISI 9310 steel: An EBSD and surface morphology analysis. Surf. Coat. Technol. 2024, 494, 131406. [CrossRef]

Suh, C.-M.; Song, G.-H.; Suh, M.-S; Pyoun, Y.-S. Fatigue and mechanical characteristics of nano-structured tool steel by ultrasonic
cold forging technology. Mater. Sci. Eng. A 2007, 443, 101-106. [CrossRef]


https://doi.org/10.1016/j.jmrt.2024.09.232
https://doi.org/10.1080/02670844.2017.1278642
https://doi.org/10.1016/j.combustflame.2021.111950
https://doi.org/10.1111/j.1744-7402.2012.02833.x
https://doi.org/10.1179/1743294411Y.0000000045
https://doi.org/10.1016/j.matchemphys.2007.07.027
https://doi.org/10.1016/j.jma.2013.12.003
https://doi.org/10.1016/S1003-6326(15)63751-7
https://doi.org/10.1016/j.surfcoat.2008.03.018
https://doi.org/10.1016/j.jallcom.2013.06.036
https://doi.org/10.1016/j.corsci.2017.01.025
https://doi.org/10.1016/j.surfcoat.2015.01.003
https://doi.org/10.1016/j.surfcoat.2016.09.030
https://doi.org/10.1016/S1003-6326(23)66216-8
https://doi.org/10.1016/j.msec.2017.03.003
https://doi.org/10.1016/j.jallcom.2020.153707
https://doi.org/10.1016/j.apsusc.2009.05.055
https://doi.org/10.1016/j.corsci.2011.01.017
https://doi.org/10.1016/S1003-6326(21)65655-8
https://doi.org/10.1016/S1003-6326(23)66387-3
https://doi.org/10.1016/j.mtcomm.2020.101978
https://doi.org/10.1016/j.surfcoat.2020.126285
https://doi.org/10.1016/j.surfcoat.2024.131406
https://doi.org/10.1016/j.msea.2006.08.066

Materials 2025, 18, 723 26 of 28

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Kajanek, D.; Pastorek, F.; Hadzima, B.; Bagherifard, S.; Jambor, M.; Belany, P.; Mindrik, P. Impact of shot peening on corrosion
performance of AZ31 magnesium alloy coated by PEO: Comparison with conventional surface pre-treatments. Surf. Coat. Technol.
2022, 446, 128773. [CrossRef]

Chen, L.; Gu, Y,; Liu, L.; Liu, S.; Hou, B.; Liu, Q.; Ding, H. Effect of ultrasonic cold forging technology as the pretreatment on the
corrosion resistance of MAO Ca/P coating on AZ31B Mg alloy. J. Alloys Compd. 2015, 635, 278-288. [CrossRef]

Hariprasad, S.; Gowtham, S.; Arun, S.; Ashok, M.; Rameshbabu, N. Fabrication of duplex coatings on biodegradable AZ31
magnesium alloy by integrating cerium conversion (CC) and plasma electrolytic oxidation (PEO) processes. J. Alloys Compd. 2017,
722, 698-715. [CrossRef]

Wang, L.; Zhou, J.; Liang, J.; Chen, J. Microstructure and corrosion behavior of plasma electrolytic oxidation coated magnesium
alloy pre-treated by laser surface melting. Surf. Coat. Technol. 2012, 206, 3109-3115. [CrossRef]

Liu, C; Liang, J.; Zhou, J.; Li, Q.; Wang, L. Characterization of AZ31 magnesium alloy by duplex process combining laser surface
melting and plasma electrolytic oxidation. Appl. Surf. Sci. 2016, 382, 47-55. [CrossRef]

Li, Y;; Guan, Y.; Zhang, Z.; Ynag, S. Enhanced bond strength for micro-arc oxidation coating on magnesium alloy via laser surface
microstructuring. Appl. Surf. Sci. 2019, 478, 866-871. [CrossRef]

Tan, C.Y,; Wen, C.; Ang, H.Q. Influence of laser parameters on the microstructures and surface properties in laser surface
modification of biomedical magnesium alloys. J. Magnes. Alloys 2024, 12, 72-97. [CrossRef]

Dutta Majumdar, J.; Galun, R.; Mordike, B.L.; Manna, I. Effect of laser surface melting on corrosion and wear resistance of a
commercial magnesium alloy. Mater. Sci. Eng. A 2003, 361, 119-129. [CrossRef]

Fattah-alhosseini, A.; Chaharmahali, R. Impressive strides in amelioration of corrosion behavior of Mg-based alloys through the
PEO process combined with surface laser process: A review. J. Magnes. Alloys 2023, 11, 4390-4406. [CrossRef]

Jia, M.; Wang, Y.; Yue, J.; Cao, C.; Li, K;; Yu, Y;; Li, Y,; Lu, Z. Recent progress in laser shock peening: Mechanism, laser systems and
development prospects. Surf. Interfaces 2024, 44, 103757. [CrossRef]

Chen, L.X,; Liu, Y.; Liu, Z.Y.; Zhao, X.Y.; Li, W. Improving corrosion resistance of AZ91D magnesium alloy by laser surface
melting and micro-arc oxidation. Mater. Corros. Werkst. Und Korros. 2015, 66, 963-970. [CrossRef]

Birks, N.; Meier, G.H.; Pettit, ES. Introduction to the High Temperature Oxidation of Metals; Cambridge University Press: Cambridge,
UK, 2006; ISBN 9780521480420.

Ma, Y.; Li, L.; Qian, J.; Qu, W.; Luo, R.; Wu, F,; Chen, R. Materials and structure engineering by magnetron sputtering for advanced
lithium batteries. Energy Storage Mater. 2021, 39, 203-224. [CrossRef]

Yin, S.; Fan, N.; Huang, C.; Xie, Y.; Zhang, C.; Lupoi, R.; Li, W. Towards high-strength cold spray additive manufactured metals:
Methods, mechanisms, and properties. |. Mater. Sci. Technol. 2024, 170, 47-64. [CrossRef]

Assadi, H.; Kreye, H.; Gértner, F.; Klassen, T. Cold spraying—A materials perspective. Acta Mater. 2016, 116, 382—407. [CrossRef]
Lv, D.; Zhang, T.; Gong, F. Study on Properties of Cold-Sprayed Al-Zn Coating on S135 Drill Pipe Steel. Adv. Mater. Sci. Eng. 2020,
2020, 9209465. [CrossRef]

Gu, Y.; Ma, H,; Yue, W.; Tian, B.; Chen, L.; Mao, D. Microstructure and corrosion model of MAO coating on nano grained AA2024
pretreated by ultrasonic cold forging technology. J. Alloys Compd. 2016, 681, 120-127. [CrossRef]

Ciuffini, A.F; Barella, S.; Martinez, L.B.P.; Mapelli, C.; Pariente, L.F. Influence of Microstructure and Shot Peening Treatment on
Corrosion Resistance of AISI F55-UNS 532760 Super Duplex Stainless Steel. Materials 2018, 11, 1038. [CrossRef]

Qian, K.; Dong, Q.; Zhang, Y.; Shao, Y.; Cheng, Z.; Xia, D.; Ju, ].; Xue, E; Chu, C.; Bai, ]. Corrosion prevention for PEO-coated Mg
by phosphate-based sealing treatment with added cation. Appl. Surf. Sci. 2023, 629, 157351. [CrossRef]

Qian, K.; Zhang, Y.; Dong, Q.; Shao, Y.; Cheng, Z.; Ju, J.; Xue, E; Chu, C.; Xia, D.; Bai, ]. Enhancement of corrosion resistance and
antibacterial properties of PEO coated AZ91D Mg alloy by copper- and phosphate-based sealing treatment. Corros. Sci. 2023,
219, 111218. [CrossRef]

Qian, K,; Li, W.; Lu, X,; Han, X;; Jin, Y,; Zhang, T.; Wang, F. Effect of phosphate-based sealing treatment on the corrosion
performance of a PEO coated AZ91D mg alloy. J. Magnes. Alloys 2020, 8, 1328-1340. [CrossRef]

Mohedano, M.; Pérez, P.; Matykina, E.; Pillado, B.; Garcés, G.; Arrabal, R. PEO coating with Ce-sealing for corrosion protection of
LPSO Mg—-Y-Zn alloy. Surf. Coat. Technol. 2020, 383, 125253. [CrossRef]

Pezzato, L.; Babbolin, R.; Cerchier, P.; Marigo, M.; Dolcet, P.; Dabala, M.; Brunelli, K. Sealing of PEO coated AZ91magnesium
alloy using solutions containing neodymium. Corros. Sci. 2020, 173, 108741. [CrossRef]

Mingo, B.; Arrabal, R.; Mohedano, M.; Llamazares, Y.; Matykina, E.; Yerokhin, A.; Pardo, A. Influence of sealing post-treatments
on the corrosion resistance of PEO coated AZ91 magnesium alloy. Appl. Surf. Sci. 2018, 433, 653-667. [CrossRef]

Sun, M.; Matthews, A.; Yerokhin, A. Plasma electrolytic oxidation coatings on cp-Mg with cerium nitrate and benzotriazole
immersion post-treatments. Surf. Coat. Technol. 2018, 344, 330-341. [CrossRef]

Phuong, N.V,; Fazal, B.R.; Moon, S. Cerium- and phosphate-based sealing treatments of PEO coated AZ31 Mg alloy. Surf. Coat.
Technol. 2017, 309, 86-95. [CrossRef]


https://doi.org/10.1016/j.surfcoat.2022.128773
https://doi.org/10.1016/j.jallcom.2015.02.086
https://doi.org/10.1016/j.jallcom.2017.06.119
https://doi.org/10.1016/j.surfcoat.2011.12.040
https://doi.org/10.1016/j.apsusc.2016.04.047
https://doi.org/10.1016/j.apsusc.2019.02.041
https://doi.org/10.1016/j.jma.2023.12.008
https://doi.org/10.1016/S0921-5093(03)00519-7
https://doi.org/10.1016/j.jma.2023.10.005
https://doi.org/10.1016/j.surfin.2023.103757
https://doi.org/10.1002/maco.201408167
https://doi.org/10.1016/j.ensm.2021.04.012
https://doi.org/10.1016/j.jmst.2023.05.047
https://doi.org/10.1016/j.actamat.2016.06.034
https://doi.org/10.1155/2020/9209465
https://doi.org/10.1016/j.jallcom.2016.03.196
https://doi.org/10.3390/ma11061038
https://doi.org/10.1016/j.apsusc.2023.157351
https://doi.org/10.1016/j.corsci.2023.111218
https://doi.org/10.1016/j.jma.2020.05.014
https://doi.org/10.1016/j.surfcoat.2019.125253
https://doi.org/10.1016/j.corsci.2020.108741
https://doi.org/10.1016/j.apsusc.2017.10.083
https://doi.org/10.1016/j.surfcoat.2018.02.078
https://doi.org/10.1016/j.surfcoat.2016.11.055

Materials 2025, 18, 723 27 of 28

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Liu, Y;; Yong, Q.; Wu, L.; Yu, G.; Xie, Z.-H. Cerium nitrate and stearic acid modified corrosion-resistant micro-arc oxidation
coating on magnesium alloy. Surf. Coat. Technol. 2024, 478, 130461. [CrossRef]

Dou, J.; Yu, H.; Chen, C.; Lok-Wang Ma, R.; Ming-Fai Yuen, M. Preparation and microstructure of MAO/CS composite coatings
on Mg alloy. Mater. Lett. 2020, 271, 127729. [CrossRef]

Strbak, M.; Pastorek, F; Scheber, P. Corrosion behaviour of PEO coating sealed by water based preservative containing corrosion
inhibitors. Transp. Res. Procedia 2021, 55, 752-759. [CrossRef]

Pak, S.-N.; Jiang, Z.; Yao, Z.; Ju, ].-M.; Ju, K.-S.; Pak, U.-]. Fabrication of environmentally friendly anti-corrosive composite
coatings on AZ31B Mg alloy by plasma electrolytic oxidation and phytic acid/3-aminopropyltrimethoxysilane post treatment.
Surf. Coat. Technol. 2017, 325, 579-587. [CrossRef]

Gnedenkov, A.S.; Sinebryukhov, S.L.; Mashtalyar, D.V.; Gnedenkov, S.V. Protective properties of inhibitor-containing composite
coatings on a Mg alloy. Corros. Sci. 2016, 102, 348-354. [CrossRef]

Xue, K,; Liang, L.-X.; Cheng, S.-C.; Liu, H.-P,; Cui, L.-Y,; Zeng, R.-C,; Li, 5.-Q.; Wang, Z.-L. Corrosion resistance, antibacterial
activity and drug release of ciprofloxacin-loaded micro-arc oxidation/silane coating on magnesium alloy AZ31. Prog. Org. Coat.
2021, 158, 106357. [CrossRef]

Toorani, M.; Aliofkhazraei, M.; Mahdavian, M.; Naderi, R. Effective PEO/Silane pretreatment of epoxy coating applied on AZ31B
Mg alloy for corrosion protection. Corros. Sci. 2020, 169, 108608. [CrossRef]

Talha, M.; Ma, Y.C.; Xu, M.].; Wang, Q.; Lin, Y.H.; Kong, X.W. Recent Advancements in Corrosion Protection of Magnesium Alloys
by Silane-Based Sol-Gel Coatings. Ind. Eng. Chem. Res. 2020, 59, 19840-19857. [CrossRef]

Li, T; Sun, F.; Zhao, Y.; Chen, M. The corrosion resistance of SiO,-hexadecyltrimethoxysilane hydrophobic coating on AZ91 alloy
pretreated by plasma electrolytic oxidation. Prog. Org. Coat. 2023, 174, 107232. [CrossRef]

Gnedenkov, S5.V,; Sinebryukhov, S.L.; Mashtalyar, D.V.; Imshinetskiy, .M. Composite fluoropolymer coatings on Mg alloys formed
by plasma electrolytic oxidation in combination with electrophoretic deposition. Surf. Coat. Technol. 2015, 283, 347-352. [CrossRef]
Bordbar Khiabani, A.; Rahimi, S.; Yarmand, B.; Mozafari, M. Electrophoretic deposition of graphene oxide on plasma electrolytic
oxidized-magnesium implants for bone tissue engineering applications. Mater. Today Proc. 2018, 5, 15603-15612. [CrossRef]
Zhang, D.; Tan, ].; Du, H.; Qian, S; Liu, X. Comparison study of Mg(OH),, Mg-Fe LDH, and FeOOH coatings on PEO-treated Mg
alloy in anticorrosion and biocompatibility. Appl. Clay Sci. 2022, 225, 106535. [CrossRef]

Dai, X.; Wu, L.; Ci, W,; Yao, W.,; Yuan, Y,; Xie, Z.; Jiang, B.; Wang, J.; Andrej, A.; Pan, F. Dual self-healing effects of salicylate
intercalated MgAlY-LDHs film in-situ grown on the micro-arc oxidation coating on AZ31 alloys. Corros. Sci. 2023, 220, 111285.
[CrossRef]

Wang, H.; Song, Y.; Chen, X; Tong, G.; Zhang, L. Microstructure and corrosion behavior of PEO-LDHs-SDS superhydrophobic
composite film on magnesium alloy. Corros. Sci. 2022, 208, 110699. [CrossRef]

Li, J.; Li, S.; Chen, C.; Guo, H,; Lei, B.; Zhang, P.; Meng, G.; Feng, Z. Dopamine self-polymerized sol-gel coating for corrosion
protection of AZ31 Mg Alloy. Colloids Surf. A Physicochem. Eng. Asp. 2023, 666, 131283. [CrossRef]

He, H.; Du, J.; Sang, J.; Hirahara, H.; Aisawa, S.; Chen, D. Superhydrophobic coatings by electrodeposition on Mg-Li alloys:
Attempt of armor-like Ni patterns to improve the robustness. Mater. Chem. Phys. 2023, 304, 127902. [CrossRef]

Gaur, A.; Pandel, U,; Sharma, S. A study of investigating the effects of variables and assessing the efficiency of air plasma spray
as a coating technique. Mater. Today Proc. 2023, in press. [CrossRef]

Kiigtikosman, R.; Emine Stikiiroglu, E.; Totik, Y.; Stikiiroglu, S. Investigation of wear behavior of graphite additive composite
coatings deposited by micro arc oxidation-hydrothermal treatment on AZ91 Mg alloy. Surf. Interfaces 2021, 22, 100894. [CrossRef]
Kaseem, M.; Zehra, T.; Hussain, T.; Ko, Y.G.; Fattah-alhosseini, A. Electrochemical response of MgO/Co0304 oxide layers produced
by plasma electrolytic oxidation and post treatment using cobalt nitrate. . Magnes. Alloys 2023, 11, 1057-1073. [CrossRef]

Cai, L.; Song, X.; Liu, C.-B.; Cui, L.-Y;; Li, 5.-Q.; Zhang, F.; Bobby Kannan, M.; Chen, D.-C.; Zeng, R.-C. Corrosion resistance and
mechanisms of Nd(NOs3)3; and polyvinyl alcohol organic-inorganic hybrid material incorporated MAO coatings on AZ31 Mg
alloy. J. Colloid Interface Sci. 2023, 630, 833-845. [CrossRef]

Farshid, S.; Kharaziha, M.; Atapour, M. A self-healing and bioactive coating based on duplex plasma electrolytic oxida-
tion/polydopamine on AZ91 alloy for bone implants. J. Magnes. Alloys 2023, 11, 592-606. [CrossRef]

Li, Z.; Jing, X,; Yuan, Y.; Zhang, M. Composite coatings on a Mg-Li alloy prepared by combined plasma electrolytic oxidation and
sol-gel techniques. Corros. Sci. 2012, 63, 358-366. [CrossRef]

Malayoglu, U.; Tekin, K.C.; Shrestha, S. Influence of post-treatment on the corrosion resistance of PEO coated AM50B and AM60B
Mg alloys. Surf. Coat. Technol. 2010, 205, 1793-1798. [CrossRef]

Malekkhouyan, R.; Van Renterghem, L.; Bonnaud, L.; Paint, Y.; Gonon, M.; Cornil, D.; Cornil, J.; Raquez, ].-M.; Olivier, M.-G.
Effect of surface pretreatment on the production of LDH for post-treatment with benzoxazine resin. Surf. Coat. Technol. 2024,
479, 130538. [CrossRef]

Nadaraia, K.V.; Suchkov, S.N.; Imshinetskiy, . M.; Mashtalyar, D.V.; Kosianov, D.Y.; Belov, E.A_; Sinebryukhov, S.L.; Gnedenkov,
S.V. New superhydrophobic composite coatings on Mg-Mn-Ce magnesium alloy. J. Magnes. Alloys 2023, 11, 1721-1739. [CrossRef]


https://doi.org/10.1016/j.surfcoat.2024.130461
https://doi.org/10.1016/j.matlet.2020.127729
https://doi.org/10.1016/j.trpro.2021.07.042
https://doi.org/10.1016/j.surfcoat.2017.07.003
https://doi.org/10.1016/j.corsci.2015.10.026
https://doi.org/10.1016/j.porgcoat.2021.106357
https://doi.org/10.1016/j.corsci.2020.108608
https://doi.org/10.1021/acs.iecr.0c03368
https://doi.org/10.1016/j.porgcoat.2022.107232
https://doi.org/10.1016/j.surfcoat.2015.10.066
https://doi.org/10.1016/j.matpr.2018.04.169
https://doi.org/10.1016/j.clay.2022.106535
https://doi.org/10.1016/j.corsci.2023.111285
https://doi.org/10.1016/j.corsci.2022.110699
https://doi.org/10.1016/j.colsurfa.2023.131283
https://doi.org/10.1016/j.matchemphys.2023.127902
https://doi.org/10.1016/j.matpr.2023.11.096
https://doi.org/10.1016/j.surfin.2020.100894
https://doi.org/10.1016/j.jma.2022.08.008
https://doi.org/10.1016/j.jcis.2022.10.087
https://doi.org/10.1016/j.jma.2022.05.020
https://doi.org/10.1016/j.corsci.2012.06.018
https://doi.org/10.1016/j.surfcoat.2010.08.022
https://doi.org/10.1016/j.surfcoat.2024.130538
https://doi.org/10.1016/j.jma.2023.03.006

Materials 2025, 18, 723 28 of 28

144. Daroonparvar, M.; Mat Yajid, M.A.; Kumar Gupta, R.; Mohd Yusof, N.; Bakhsheshi-Rad, H.R.; Ghandvar, H.; Ghasemi, E.
Antibacterial activities and corrosion behavior of novel PEO/nanostructured ZrO; coating on Mg alloy. Trans. Nonferrous Met.
Soc. China 2018, 28, 1571-1581. [CrossRef]

145. Zhang, C.; Uchikoshi, T. Novel synthesized alumino-silicate geopolymer suitably used for electrophoretic deposition process
(EPD) as an inorganic binder. Adv. Powder Technol. 2023, 34, 104236. [CrossRef]

146. Qadir, M.; Li, Y.; Wen, C. Ion-substituted calcium phosphate coatings by physical vapor deposition magnetron sputtering for
biomedical applications: A review. Acta Biomater. 2019, 89, 14-32. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S1003-6326(18)64799-5
https://doi.org/10.1016/j.apt.2023.104236
https://doi.org/10.1016/j.actbio.2019.03.006

	Introduction 
	Effect of Pre-Treatment Process 
	Surface Laser Process 
	Magnetron Sputtering 
	Cold Spray 
	Other Pre-Treatment Processes 
	Conclusion of This Part 

	Effect of Post-Treatment Processes 
	Impregnation 
	Sol-Gel 
	HTT 
	Spraying and Electrodeposition 
	Other Post-Treatment Process 
	Conclusions 

	Summary and Prospect 
	References

