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Abstract: The corrosion problem of Mg alloy limits its application in many engineering fields.
Plasma electrolytic oxidation (PEO) is an economical and eco-friendly technology that can create a
dense oxide layer on Mg alloy, offering a solution to the corrosion issue. This research summarizes
the use of PEO technology in developing corrosion-resistant coatings for Mg alloys and examines
the growth mode and corrosion process of PEO coatings. It is concluded that current efforts to
enhance the corrosion resistance of PEO coatings on Mg alloys can be categorized into two ap-
proaches: improving the internal structure of the coating and enhancing the phase composition.
This includes optimizing coating thickness, roughness, and density; repairing micropores and cracks;
and introducing corrosion-resistant compounds by doping. Micropores and cracks are identified as
vulnerable points for corrosion, and sealing is an effective strategy to address this. By modifying
the phase composition of the coating, corrosion occurrence can be minimized, significantly boosting
the corrosion resistance of Mg alloys. Finally, future challenges and potential advancements in
corrosion-resistant PEO coatings for Mg alloys are discussed.

Keywords: Mg alloy; PEO; coating; corrosion resistance

1. Introduction

Mg alloy is the lightest metal material in engineering applications, with a density of
only 2/3 that of Al and 1/4 that of Fe. It possesses excellent properties such as low density,
high strength, good processability, and recyclability, resulting in minimal environmental
pollution [1-3]. The use of Mg alloy has significantly reduced the weight of vehicles, en-
hanced the aerodynamic performance of transportation vehicles, and contributed to energy
conservation, emission reduction, impact resistance, and shock absorption. As a result,
it is extensively utilized in the aerospace and transportation manufacturing industries.
However, due to the high chemical activity of the Mg alloy, it exhibits poor corrosion
resistance, particularly in marine environments. Surface treatment technology serves as an
effective and common method to enhance the corrosion resistance of Mg alloys. Common
techniques for corrosion protection include chemical electrodeposition, electroplating, an-
odizing, vapor deposition, and organic coating [4-8]. In recent years, plasma electrolytic
oxidation technology (PEO), based on anodizing, has gained recognition and popularity
among scholars [9,10]. This technology, also known as micro-arc oxidation or anodic spark
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deposition technology, offers advantages such as a simple process, ease of operation, and
no limitation by the shape of the workpiece. It has been extensively studied and applied to
enhance the surface hardness and corrosion resistance of materials. This study presents
a summary of recent research on corrosion-resistant PEO coatings of Mg alloy, starting
with the generation process and corrosion process of PEO coatings on Mg alloy. It further
elaborates on the primary strategies to enhance corrosion resistance, which include im-
proving the internal structure of coatings and regulating the phase composition of coatings.
Lastly, the challenges of PEO technology on Mg alloy are discussed, and the design of
corrosion-resistant PEO coatings on Mg alloy is projected for the future.

2. Growth and Corrosion Process of PEO Coating on Mg Alloy
2.1. Growth of PEO Coating

The growth process of PEO coatings on the Mg alloy is influenced by the type of
electrolyte and the electrical parameters. Based on the plasma discharge behavior of the
coating, its growth process can be divided into four stages (Figure 1) [11]. Initially, a
rapid formation of an oxide film of about 1 um occurs on the surface without any arc light
generation. As the voltage increases, the dissolution rate of the oxide film increases, leading
to the first stage—the traditional anodizing stage. When the actual voltage reaches the
oxide breakdown voltage, the oxide film formed by anodizing is punctured, and bright
low-density arcs appear on the surface of the Mg alloy, marking the beginning of the second
stage—the spark discharge stage (as shown in Figure 2). As the voltage continues to rise,
the arcs gradually grow larger and brighter, causing the surface temperature of the Mg
alloy to sharply rise. This leads to rapid melting and cooling of the oxide, forming a dense
PEO coating, and transitioning the reaction into the third stage—the micro-arc oxidation
stage, which is the primary stage for ceramic film formation. With a prolonged reaction
time, the process enters the fourth stage. With an increase in coating thickness, breakdown
discharge requires more energy, resulting in two trends in discharge: either the arc light
disappears due to insufficient energy density on the sample surface or intense arc discharge
occurs in several regions, causing intense and prolonged arc light that results in coating
burn damage [12].
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Figure 1. V-T diagram of the PEO process on Mg alloy: (a) silicate (red dotted line) and (b) silicate and
phosphate mixing system (blue dotted line) [11] (Reprinted /adapted with permission from Elsevier, 2019).
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Figure 2. Surface arc discharge images of the PEO process on Mg alloy: (a) 10's, (b) 60's, (c) 150 s,
(d) 300 s, and (e) 500 s [12] (Reprinted /adapted with permission from Elsevier, 2005).

The composition of the coatings prepared from different electrolytes varies, with the
most common systems being silicate and phosphate electrolytes. The following reactions
take place on the Mg alloy during the PEO process:

Mg — Mg?* +2e™. 1

As the reaction progresses, a large amount of MgO is generated in the coating. The re-
action is as follows: Mgz * 4+ OH~ — Mg(OH),, o)
Mg(OH), — MgO + H,0. 3)

In the silicate electrolyte system, the phase composition of its PEO coating is depicted
in Figure 3. The electrolyte is typically alkaline, and as it diffuses into the coating, the
following reactions take place:

2Mg?" + Si03% + 20H ™ — Mg,SiO, + 2H,0, (4)

Mg?* +Si03%*~ — MgSiOs. (5)
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Figure 3. XRD of PEO coating prepared by silicate electrolyte [13] (Reprinted /adapted with permis-
sion from Elsevier, 2011).

Mg?* ions from the matrix reach the interface of the coating/electrolyte and react with
the silicates in the solution. Meanwhile, the MgO and Mg,5iOy in the coating undergo a
transformation into the stable MgSiO3 [13]. For the phosphate electrolyte, the composition
of its PEO coating is depicted in Figure 4. The reaction is as follows:

2+ 3—
Mg“" + POs”" — Mg3(POy), (6)
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Figure 4. XRD of PEO coating prepared by phosphate electrolyte [13] (Reprinted /adapted with
permission from Elsevier, 2011).

Mg?* ions from the matrix reach the interface of the coating/electrolyte and react with
PO,3~ to form Mgz(PO,),. Magnesium phosphate itself is a sparingly soluble stable phase,
making it difficult to further react with MgO. In this process, Mg3(PO;,), mainly exists in
an amorphous phase [13].

2.2. Corrosion of PEO Coating

Although the chemical composition of coatings prepared with different electrolytes
varies, the overall structure of PEO coatings remains essentially the same, consisting of an
internal dense layer and an external porous layer (Figure 5). Due to differences in reaction
stages and electrolyte characteristics, there are often significant variations in the distribution
and structure of elements within the inner and outer layers [14]. The outer layer typically
contains micropores and cracks, with a distinct boundary separating it from the inner layer,
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serving as an initial barrier against corrosion media. The inner layer, on the other hand,
is characterized by higher density and resistance levels approximately 8-10 times greater
than those of the outer layer, effectively slowing down the rate of corrosion electrochemical
reactions [15]. Ultimately, the inner layer structure acts as the primary barrier for corrosion
protection in PEO coatings.

(b)
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(c)
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Figure 5. A physical model of the corrosion process of PEO-coated AZ31 alloy immersed in the SBF with

equivalent circuits for fitting EIS data: (a) R(QQ(R(QR))), (b) R(QR(QR(QRY))))), (c) RQERQR(QRY))))),
and (d) R(QR(QR))) [16] (Reprinted /adapted with permission from Elsevier, 2012).

However, as the contact time with the corrosive medium is prolonged, the coating
will eventually be destroyed by SBF [16]. Taking the typical NaCl solution as an example,
the corrosion process is divided into two stages. Before corrosion occurs, the outer layer
resistance Rp, obtained by EIS fitting is about 10002000 (), while the inner layer resistance
Ry, represents about 7000-10,000 2 [15]. In the first stage, when the corrosive liquid NaCl
solution contacts the outer surface, it preferentially enters holes and cracks, causing MgO to
begin to dissolve, reacting to generate Mg(OH), attached to the surface. Additionally, due
to the influence of alloy elements, the second phase, and 3-Mg of the Mg alloy, the coating
has structural defects such as the AIMn phase, causing localized stress during the coating
growth process, making the coating more susceptible to corrosion [17]. The generation of
corrosion products, to some extent, blocks the entry of the NaCl solution, slowing down
the ion exchange process. As Cl gradually replaces O, forming MgCl,, the corrosion enters
the second stage. In this stage, the dissolution rate of the coating accelerates and is greater
than the rate of Mg(OH); generation, causing the corrosion products to gradually dissolve
in the NaCl solution, forming pit corrosion, eventually penetrating through the entire
coating [18]. At the same time, the directional corrosion at the surface defects connects to
other pits, allowing more NaCl solution to enter and react with the Mg matrix, increasing
the amount of corrosion products and gas [10], increasing stress, and ultimately leading
to the failure and detachment of the entire coating [9], as shown in Figure 6. For coatings
prepared with silicate and phosphate, there are some differences in the corrosion process.
In the early stage of the phosphate film formation, the passivation film generated is more
stable, making it easier for corrosion products to accumulate on the surface once corroded
to the base, while the silicate overall coating is more uniform, allowing corrosion products
to directly overflow along the holes, resulting in a greater surface difference after corrosion
between the two, as shown in Figure 7 [19]. At this point, the outer layer resistance Rpo
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obtained by EIS fitting decreases to 400 (), while the inner layer resistance Ry, can still
remain far higher than that of the outer layer, maintained at 3000 Q.
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Figure 6. Schematic diagrams of the corrosion process of (a) PEO coating corrosion failure and
(b) Zn-doped PEO coating without corrosion failure [9] (Reprinted /adapted with permission from

Elsevier, 2020).
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Figure 7. Schematic representation of the corrosion process of PEO-coated specimens upon immersion
for 50 h in a 0.1 M NaCl solution: (a) Si-PEO coating and (b) P-PEO coating [19] (Reprinted /adapted
with permission from Elsevier, 2009).

3. Improvement of the Coating Structure

In the preparation process, structural defects in PEO coatings are unavoidable, which
limits their corrosion resistance improvement. The formation of PEO coatings involves
various disciplines, such as chemistry, electrochemistry, thermodynamics, and plasma
chemistry. However, the growth of coatings is primarily controlled by reaction energy.
The energy of the coating is reflected on a macroscopic level in the arc discharge behavior,
which, in turn, affects the internal structure of the coating. The micro-pores and cracks
that form during coating growth are susceptible to corrosion liquid infiltration, which is
essential for the coating’s corrosion resistance. Additionally, the roughness, uniformity;,
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and density of the coating all impact the infiltration of corrosion liquid and the occurrence
of corrosion reactions.

3.1. The Influence of Discharge Behavior on the Coating Structure

The growth of the coating is determined by the reaction energy, which is mainly
reflected in the discharge behavior. Increasing the energy of PEO coatings can be most
directly achieved by changing the electrical parameters. This involves increasing the input
energy to the coating, but simply increasing the input energy is often unsatisfactory because
the PEO process is complex and energy control does not follow Faraday’s law for discharge.
Discharge is generally divided into solid breakdown and gas breakdown, with each method
resulting in different types of discharge [11].

Currently, there are three different discharge modes on the PEO coating, and the
discharge behavior is closely related to the coating structure [20]. As shown in Figure 8,
the discharge modes can be distinguished by the different element contents near the micro-
holes. The first type (type A) is the breakdown of the oxide film in a strong electric field,
which often occurs in small holes on the surface at the interface between the electrolyte
and the coating, with more electrolyte solution elements. The corresponding fine hole
on the surface corresponds to a discharge with fewer defects due to the weak discharge
intensity. The second type (type B) is gas discharge through initial dielectric breakdown
in micro-holes, occurring on the surface of the metal-oxide film. The surface morphology
formed is crater-like, also known as a “thin pancake”, inevitably carrying molten material
ejected from the discharge channel during surface contact with the electrolyte. The high
content of matrix elements near the micro-holes, originating from the matrix, leads to a
higher temperature, and excess energy enhances the transformation from the amorphous
phase to the crystalline phase. However, as the central hole penetrates deep into the
coating, the corrosion resistance of the coating will decrease. The third type (type C) is
arc discharge between free electrons in the gas medium on the coating surface and the
electrolyte, occurring in deeper surface apertures with higher matrix elements compared
to the first type of discharge behavior. It occurs at high discharge intensity and causes
coating damage, overflowing with a large amount of molten material, forming a spherical
surface. Dehnavi et al. [21] mainly used 20 g/L NaOH, 80 g/L Na»5iO3-5H,0, and 80 g/L
NayB407-10H,O solutions to prepare coatings with type A and type C discharges as the
main types, significantly improving the resistance value of the coatings and enhancing
their corrosion resistance (Figure 9).

Electrolyte

Porous outer layer

Thick & solidified
Oxide layer

} Dense interface layer

} Mg alloy substrate

Figure 8. Schematic diagram of the PEO discharge model on the Mg alloy: (a) types A,B, and C

discharges; (b) cross-sectional SEM image of the coating by type B discharge; and (c) XRD of the
coating by type B discharge [20].
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Figure 9. The corresponding pore positions of discharge in types A and C [21].

3.2. The Influence of Coating Roughness on the Corrosion

The roughness of the coating refers to the size of the spacing between two peaks or
valleys, and splashing molten oxides generated during the coating growth process will
result in a rough surface with certain geometric errors. Reducing the relative surface rough-
ness can improve the contact area between the coating surface and the corrosive liquid,
thus reducing the probability of corrosion [22]. The rough surface of the coating easily
allows gas or liquid to penetrate into the inner layer through the valleys on the surface,
thereby affecting the corrosion resistance of the coating. Furthermore, high roughness will
reduce the wear resistance and fatigue strength of the coating, limiting its comprehensive
application [23]. Generally, the current density has a significant impact on the roughness
of the coating, as a high current density leads to a high gas evolution rate and gas resis-
tance, causing an increase in coating roughness. Rapheal et al. conducted experiments
using current densities of 30, 60, and 120 mA / cm?, and the results showed a significant
increase in coating roughness, while the corrosion resistance decreased due to the increased
roughness [24]. Therefore, researchers often add different particles or organic substances
to the electrolyte solution to reduce the gas evolution of the coating. Wu et al. [25] added
glycerol as an additive to the electrolyte solution, reducing the mean square roughness of
the coating from 424 nm to 174 nm. The corrosion current density of the coating decreased
by two orders of magnitude to 10~7 J/(A-cm?).

3.3. The Influence of Coating Thickness on Corrosion

Thicker coatings typically have higher corrosion resistance [26]. By extending the
reaction time, it is possible to achieve a higher coating thickness. Liu et al. [27] were able
to increase the coating thickness even further by using sodium citrate as an electrolyte,
resulting in a tenfold decrease in corrosion current density. Generally, the outer layer of the
coating contains more defects and holes, so the delay in corrosion is more dependent on
the thickness of the outer layer than the inner layer. The thickness of the coating growth
depends on various factors, such as the substrate, electrical parameters, and electrolyte
solution used. The presence of different alloying elements in the substrate results in
variations in the growth rate and uniformity of the coating during the filming process [14].
For example, the presence of the AIMn phase and 3-Mg can impact the coating growth [17].
Additionally, the roughness of the substrate also plays a significant role in the thickness
of the coating. As shown in Figure 10, Yoo et al. [28] demonstrated that a substrate with a
roughness of 0.5 um had a considerable improvement in thickness compared to a substrate
with a roughness of 2.5 um. This not only reduced the residual stress within the coating
but also decreased the corrosion current density from 10~7 J/(A-cm?) to 107% J/(A-cm?).
A lower substrate roughness leads to more uniform surface discharge, thereby increasing
the coating growth rate and enhancing the mechanical properties of the coating.
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Figure 10. Tafel curves of oxide layers on AZ91 Mg alloys with different surface roughnesses [28]
(Reprinted /adapted with permission from Elsevier, 2010).

The improvement in coating thickness in the PEO reaction process is more noticeable
with changes in electrical parameters and electrolyte solution. Changes in electrical param-
eters will affect the rate of gas generation and particle movement during the coating growth
process. The longer the reaction time, the thicker the coating becomes, and the corrosion
resistance of the coating shows a trend of initial improvement followed by a decline with
increasing coating thickness. Generally, the thickness of PEO coatings ranges between
20 and 55 um. When the reaction time exceeds 60 min, the coating thickness increases sig-
nificantly, but excessively long reaction times can cause coating ablation [29]. As illustrated
in Figure 11, Chen et al. [30] conducted tests on the electrochemical properties of coatings
at different times and discovered that with an extension of reaction time, the electrical
resistance of the coating decreased due to the increase in coating defects. Moreover, the
increase in coating thickness, to some extent, obstructed the entry of corrosion solution.
Adding other electrolytes to enhance the average film-forming rate can effectively increase
the thickness. For instance, adding sodium citrate to improve the conductivity of the
solution can enhance the adhesion of the inner coating, thus facilitating more electrolytes
to react with overflowed Mg?* and increasing the thickness of the coating [27].

(@) (b) [
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Figure 11. EIS curve of coating prepared by silicate electrolyte at different reaction times:
(a,b) Bode plots, (c¢,d) Nyquist plots, and (e,f) the equivalent circuits employed to fit the spectra [30]
(Reprinted /adapted with permission from Elsevier, 2018).
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3.4. The Influence of Coating Density on Corrosion

High-density coatings can increase the difficulty for corrosive liquids to reach the inner
layer, which is usually reflected in the resistance value of the coating per unit thickness.
The resistance value of the coating is divided into an inner layer resistance value and an
outer layer resistance value (Figure 5). Better density makes the outer layer resistance value
increase by 1-2 orders of magnitude. This improvement has a significant impact on the
corrosion resistance time in a 3.5% NaCl solution [16]. The inner layer structure of the
coating with a resistance value higher than 8-10 times that of the outer layer is crucial.
Due to the challenges of increasing the thickness of the inner layer, reducing defects in the
inner layer is essential. Exterior defects are generally not connected to the inner layer, but
the presence of electrolytes can lead to defects in the passive film generated in the initial
reaction stages or due to excessive reaction time, causing partial dissolution of the passive
film and a decrease in the resistance value of the inner layer. This, in turn, can lead to defects
connecting the inner and outer layers, resulting in a decrease in the coating’s corrosion
resistance [31]. Gaps in the substrate structure may lead to incomplete formation of the
passive film due to electrolytes and arc discharges. Han et al. [32] suggest that incomplete
film formation can cause exterior defects to extend to the inner layer, decreasing the inner
layer resistance value by one order of magnitude. Zhao et al. [33] found that adding
substances like graphite oxide can create additional thin layers between the inner and outer
layers, isolating the inner layer from the outer layer. The high surface area, strong van der
Waals forces, and pi-pi stacking properties of this thin layer can reduce the corrosion current
density to the level of 10~ orders of magnitude. Additionally, Tran et al. [34] indicated that
increasing current density or frequency can affect the flow of ions in a single-arc discharge
reaction. Changes in frequency can lead to overflowing of Mg?* ions and alterations in
the return flow of anions, impacting the movement of molten material on the surface and
affecting the coating’s density. Dong et al. [35] developed a high-frequency discharge
PEO technology that significantly shortened the single discharge time by increasing the
number of power supply pulses. This technology can increase the discharge frequency
of the coating, reduce the risk of breakdown, greatly enhance the coating’s density, and
significantly improve corrosion resistance (Figure 12).
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Figure 12. SEM images of (a,b) 0.5 kHz, (¢, d) 5 kHz, (ef) 10 kHz, and (gh) 20 kHz [35]
(Reprinted /adapted with permission from Elsevier, 2022).

3.5. The Influence of Coating Micropores and Defects on Corrosion

During the PEO reaction process, splashing of molten oxides is unavoidable, resulting
in the formation of micro-pores on the PEO coatings. These pores accelerate the infiltration
of corrosive liquids, triggering corrosion reactions that ultimately lead to the breakdown of
the coating. Porosity and pore size are typically used to describe the micro-pores of the
coating. As the current density increases or the reaction time lengthens, the resistance of the
coating also increases. This results in a longer duration of high-density arc glow, causing
the pore size and number to increase. However, as the thickness of the coating increases,
current density decreases, leading to a decrease in arc glow. This transition from granular
to blocky surface molten material results in larger pore sizes that no longer increase in
size and gradually decrease in number. This reduces the entry of corrosive liquids and
improves the corrosion resistance of the coating. It is important to note that higher current
density can also lead to coating defects, which can in turn reduce the corrosion resistance
of the coating. Chen et al. [36] have shown that high current density can result in outward
growth of the coating at a much faster rate than inward growth. This leads to deeper pore
sizes and more corrosion sites, ultimately reducing the corrosion resistance of the coating.

The pore ratio often changes due to variations in sparks. The increase in thickness
in the later stage of the reaction results in larger individual sparks and a decrease in the
number of sparks, causing the overall porosity of the coating to initially increase and then
decrease, with a porosity rate between 0.2% and 10%. In addition to conventional methods
for controlling the corrosion medium channel, sealing methods are becoming more popular.
Common sealing methods are primarily divided into three types. The simplest approach is
a two-step method to seal the pores, relying on different reactions in different electrolyte
solutions to create a sealing effect by generating substances of varying sizes. For example,
Dou et al. [37] first used a silicate solution to react for 300 s, followed by immersion in a
phosphate solution to achieve sealing (Figure 13). This resulted in a decrease in corrosion
current density from 107°J/(A-cm?) to 1078 J/(A-cm?). The two-step method not only
seals the underlying coating but also prevents film formation due to electrical conductivity.
By utilizing different solidification times of the reaction products, substances with faster
solidification times accumulate near or within the pores, effectively blocking them to
achieve a sealing effect. Materials such as zirconium oxide [38] and zinc oxide [32] can be
used for this purpose (Figure 14). As the reaction progresses, the leached Mg?* reacts with
the electrolyte solution, depositing into the interior, while high-melting-point substances
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from the surface reaction solidify into block-shaped solids or sol-gel particles, combining
with a high porosity rate to effectively seal the pores [39].

The second method involves using different current modes to achieve the same effect
as the current output mode (Figure 15) [40,41]. A high current density increases coating
porosity significantly. By gradually reducing the current density, the surface arc weakens
while the overall voltage remains stable. The molten material shifts from block to granule,
and the low energy lowers the temperature of the generated substances, creating an effect
similar to differences in melting points and achieving pore sealing. It is important to
note that using a stepwise reduction in current or gradually decreasing pressure may not
consistently alter the size of the arc, resulting in less noticeable effects. The third method
involves a composite sealing approach. Despite the sealing methods mentioned above,
PEO coatings may still have micropores and cracks that require additional sealing. Through
composite sealing technology, PEO coatings can undergo secondary treatment, significantly
enhancing corrosion resistance. Techniques such as electrophoresis, chemical immersion,
and gel can be employed for sealing the coating, enabling it to withstand neutral salt spray
tests for over 1000 h [42]. Additionally, the composite method can improve other properties,
like wear resistance and impact resistance. However, this method is complex and costly,
with limitations in its applicability.
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Figure 13. Surface morphology and the responding EDS analyses of PEO coatings produced using
the first-step and two-step processes: CSA (a—c), CSB-350 (d—f), CSB-400 (g—i), and CSB-450 (j-1) [37]
(Reprinted /adapted with permission from Elsevier, 2018).



Coatings 2024, 14, 451

13 of 21

Si()32' Mg — Mg +2¢ (1)

PO43' 8i0, +Mg™ - MgSio, (2)
ZrFEZ‘ PO + Mg —>I\‘\If__'_‘ll—'l_)4|21ﬂ
OH- 20H — H;() +0° [-I)
- 0% + Mg? — Mz0O(5)
F ZrF +40H™ = Z10, + 6F + 2H,0 (6)
Mg2+ 2F +Mg?* 5 MzFE (7)

141

Substrate

MgSlOp Mg3 (PO4)2 MgSIOg\ Mg; (PO4)2
MgF>;. MgO. ZrO; MgF,. MgO. ZrO,

|

Substrate

Figure 14. Sealing of zirconia in PEO coating on Mg alloy: (a) plasma discharge process and (b) formation
process and structure of coating [38] (Reprinted /adapted with permission from Elsevier, 2015).
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Figure 15. Schematic diagram of different current modes [40] (Reprinted /adapted with permission
from Elsevier, 2007). (A) constant current density; (B) decaying freely current density in the later
stages; (C) stepped decreasing of current density.

The generation of cracks is mainly due to the discharge holes formed by spark dis-
charge passing through stress accumulation, the rapid cooling and solidification of molten
material producing residual stress, and the release of residual stress generated by adjacent
spark reactions. Snnivasan et al. [43] indicated that stress corrosion cracks make coatings
more susceptible to exposure to corrosive liquids, thereby accelerating the corrosion pro-
cess. Furthermore, there are ways such as uneven element distribution leading to large
differences in the rate of molten material deposition and the generation of cracks. Adding
appropriate phosphates to silicate solutions can effectively improve the corresponding
conditions, increase the compactness of coatings, reduce arc size, and thereby reduce cracks.
Luo et al. [44] showed that adding 5 g/L of sodium hexametaphosphate to PEO electrolytes
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can reduce the corrosion current density of the coating to 1078 J/(A-cm?). However, ex-
cessive phosphate can also affect the coating generation rate, leading to increased sparks
and an increase in the corrosion current density to 107° J/(A-cm?). In addition, using
ultrasound can improve the concentration of sparks on the coating, effectively increasing
the reaction area, dispersing the molten material more evenly, reducing stress generation,
and making the reaction more uniform, thereby reducing coating stress and decreasing
the corrosion current density [45]. An et al. [46] used EDTA-2Na as an additive, as its
hydrophilic groups (-COOH and -NH,) preferentially react with Mg?*, reducing the solid-
liquid interface tension, uniformly adsorbing anions, and decreasing spark intensity with
subsequent breakdown discharge, ultimately reducing cracks and decreasing the corrosion
current density to 1070 J/(A-cm?). Similarly, organic compounds such as glycerol have the
same effect on improving cracks [25].

4. Improvement of the Coating Phase Composition

The structure of the coating primarily serves to restrain and slow down the immersion
of corrosion solution and the spread of corrosion, while also reducing the stress that
remains during the preparation process of the PEO coating. The main cause of corrosion
is the dissolution of the coating and the damage inflicted by corrosion products on the
coating. The phase composition and unique structure that form within the coating are
crucial in inhibiting the dissolution and corrosion reactions of the coating. Transition metal
compounds are commonly utilized in the electrolyte, relying on arc discharge to deposit
insoluble substances onto the coating in order to alter the phase composition of the surface
layer and inhibit corrosion. Simultaneously, transition metals create composite coatings on
PEO ceramic films through processes of reaction, fusion, and solidification.

4.1. The Influence of PEO Electrolyte on Corrosion

Silicates are often utilized in conjunction with fluorides or hydroxides for the creation
of coatings, typically containing hard-to-melt glassy materials like MgSiO3; and Mg,SiOs.
These materials, which are insoluble in water, act as the primary passivators during the
initial stages of film development. Boosting the amount of sodium silicate can effectively
lower the arc initiation voltage, thereby decreasing the initial oxidation time. On the other
hand, prolonging the PEO reaction time enhances the formation of MgSiO3. The dominant
phase in the coating is MgO, and elevating the silicate content in the electrolyte can raise
the percentage of MgSiOs in the coating. This results in a salt spray corrosion time of up
to 250 h [47]. Nevertheless, due to the rapid rate of silicate film formation, the resulting
coating tends to have poor density, often showing Mg-Al phases and «-Mg in surface
analysis (in the matrix or electrolyte containing Al).

When preparing a phosphate coating, the arc voltage is higher, and the reaction time in
the first stage is longer. Phosphate salts, such as sodium phosphate, can effectively promote the
generation of electric sparks [44], but the growth rate of the coating is lower [29]. The sparks
are usually finer than those formed during silicate film formation. The addition of Al elements
can typically increase the growth rate of the coating. Coatings prepared with phosphate rely
on the lower solubility product constant of magnesium phosphate to improve the corrosion
resistance of the coating. Typically, Ca, Zn, and other elements are added to form compounds
with even lower solubility product constants [48], while also reducing the surface MgO content
to ultimately achieve corrosion resistance. Phosphates are often added as additives to silicate
electrolyte solutions to improve the density of the coating. Phosphates easily enter the coating
interior through the discharge channel, resulting in a more uniform distribution of elements
in the coating (Figure 16) [11]. The discharge in the coating becomes more intense, promoting
the conversion of magnesium oxide to magnesium silicate. Phosphates and other ions in the
solution form compounds, ultimately reducing the MgO/Mg,SiOj ratio in the coating and
improving its corrosion resistance.
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Figure 16. SEM and EDS of coating prepared from alkaline silicate solution: (a,c,e) no phosphate and
(b,d,f) with phosphate [11] (Reprinted /adapted with permission from Elsevier, 2019).

4.2. The Influence of Added Compounds on Corrosion

In recent years, by adding compounds to the coating, such as powders and particles,
or forming corresponding composite coatings through the process of melting and solidifi-
cation after reaction, the coating has been conducive to hindering the substitution of Cl for
O in MgO during the corrosion process, thereby improving the corrosion resistance of the
coating [17]. Currently, silicate electrolyte solutions are mostly used, and the reaction pro-
duces a glass-like solid phase, which enhances the toughness of the coating, reduces cracks
and internal stresses, and facilitates the particles to melt into the coating [20]. For example,
adding zinc sulfate to the electrolyte can form [Zn(OH),]?>~ on the coating, increasing the
anodic resistance and making it more difficult for the coating to breakdown. The larger
reaction energy promotes the transformation of [Zn(OH)4]*~ on the coating into ZnO and
reacts with the overflowed Mg?* from the substrate to form the Mg-O-Zn structure [49].
Li et al. [50] found that Zr** ions have the same effect. Tu et al. [51] found that W forms a
bright material band at the bottom of the coating, depositing WOy oxide with the inner
layer, and the addition of W results in a greater spark density on the surface, forming an
insulating Mg-O-Al layer. Among many methods for preparing composite PEO coatings,
the most direct way is to add particles or powder substances, so that they directly form alloy
compounds with molten magnesium oxide during the reaction process, thereby improving
the corrosion resistance of the coating. For example, by adding micrometer-sized sodium
silicate particles, the particles form silicon dioxide in the discharge process, entering the
PEO coating along with the cracks and accumulating in the corresponding positions, al-
though it may sacrifice the uniformity of the coating to some extent [52]. The smaller the
powder or particles, the more evenly distributed they are in the coating. Studies have
shown that the ability of particles to enter the coating is related to the electric field force
and the size of the pores, with larger pore sizes in the coating allowing for easier entry
of particles, while the electric field force affects the solidification of molten substances
and ion backflow, thereby affecting the entry and adsorption capacity of particles [33].
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Yang et al. [53] doped high-content ZnO nanoparticles in the PEO coating of the AZ31B
Mg alloy and found that the particles can plug the surface pores while ZnO is uniformly
distributed in nano-crystalline form through re-melting behavior in the interior of the
coating, resulting in a significant improvement in the corrosion resistance of the coating
and increasing the neutral salt spray life to 2000 h (Figure 17).
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Figure 17. TEM observation on the cross-section of the PEO coating doped with ZnO nanoparticles:
(a) EDS mapping; (b) SAED pattern, and (¢) HRTEM image showing the compound as nanocrystalline
and amorphous [53].

4.3. The Influence of Self-Growing Insoluble Phases on the Corrosion

The formation of self-growing insoluble phases more commonly uses phosphate as
the electrolyte solution, primarily due to the fact that reactions in coatings prepared from
silicates are more complex. This complexity leads to a lower content of corresponding
silicates in the coating. Coatings containing only magnesium phosphate and magnesium
oxide are not effective in providing corrosion resistance [13]. Therefore, it is essential
to enhance the corrosion resistance of the coatings by adding other ions to form more
insoluble phosphates or by reducing the surface content of MgO. By doing so, not only
the structure of the coating is improved, but the onset of the first stage of corrosion is also
delayed, ultimately enhancing the coating’s corrosion resistance. A commonly employed
method is to add elements such as Ca and Zn to form a phosphate of low solubility constant
on the surface, thereby increasing the coating’s density, as depicted in Figure 18 [48,54].
This technique effectively inhibits the corrosion of the coating. However, it is imperative
to further improve the internal structure to address existing defects and stress-induced
pitting. Electrochemical results indicate that PEO coatings doped with zinc phosphate
exhibit exemplary corrosion resistance, as no noticeable pitting behavior was observed
even after 4200 h of immersion in neutral salt spray, as shown in Figure 19 [48]. Given
the specific requirement of an alkaline environment for the PEO electrolyte of Mg alloy,
there are limited doping elements that can generate insoluble phosphate phases in situ.
In the future, valuable insights and knowledge can be derived from these studies to further
advance research in this area.
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Figure 18. Schematic diagram of formation of calcium phosphate and zinc phosphate on Mg alloy:

(a) dissolution of x-Mg matrix neighboring AIMn-phase and hydrogen release, (b) formation of the

nucleus of cerium phosphate, (c) nuclei formation of magnesium phosphate, (d) formation of calcium

phosphate, (e) formation of the zinc phosphate nucleus, and (f) coalescence of zinc phosphate nuclei

and formation of crystalline zinc phosphate coating [54] (Reprinted /adapted with permission from

Elsevier, 2022).
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Figure 19. EIS curves for the PEO coatings after different salt spraying times with a 5 wt% NaCl
solution: (a) Zn-0, (b) Zn-5, (c) Zn-10, and (d) Zn-15 [48] (Reprinted /adapted with permission from

Elsevier, 2016).
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Additionally, the inclusion of aluminate in the phosphate system results in improved

corrosion resistance. This is evidenced by a reduction in the MgO content within the coating

and

the increased formation of the insoluble compound MgAl,O,. Figure 20 illustrates

that as the aluminum content rises, the ratio of MgO to Mg3(POy); in the coating decreases.
However, the variance in the Mg3(PO,), content is not considered to be significant [55].
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Figure 20. XRD of PEO coating containing aluminate: (a) 0 g/L, (b) 2 g/L, and (c) 8 g/L [55]
(Reprinted /adapted with permission from Elsevier, 2005).

5. Prospect

Over the past 30 years, research on corrosion-resistant PEO coatings on Mg alloy has

made significant progress; however, there are still some issues in the theoretical research

and

@

@)

®)

application of PEO technology that need further improvement.

PEO mechanism. PEO technology is a complex and comprehensive technology that
involves various disciplines such as chemistry, electrochemistry, plasma chemistry,
and thermochemistry. While researchers have proposed some discharge processes and
film-forming mechanisms of PEO technology, there are limitations, and the specific dis-
charge and film-forming processes of PEO still cannot be clearly explained. Therefore,
it is necessary to analyze and improve the theoretical model of PEO from an energy
perspective, combining thermodynamic and kinetic theories, as well as advanced
spectroscopic methods, in order to better design corrosion-resistant coatings.
Electrolyte and electrical parameters. The selection of electrolyte directly affects the
coating growth process on the Mg alloy. For example, phosphate system coatings
grow inward, while silicate coatings maintain outward growth. Additives also affect
the discharge process, resulting in coatings with different characteristics. The choice of
electrical parameters affects the strength of discharge and the speed of film formation.
Therefore, it is necessary to establish a large database of PEO coatings on Mg alloy and
continuously share research theories and results of existing electrolytes and electrical
parameters to improve the reference value of relevant data and refine more effective
electrolyte systems for preparing corrosion-resistant coatings.

Power supply and energy consumption. Coatings prepared using bipolar pulse
power sources are believed to be uniform and dense, resulting in optimal coating
performance. Additionally, they can reduce the energy consumption of PEO processes.
However, achieving uniform preparation of large samples is still a challenge, with
the current maximum treatment area being only 4 m?. To meet the requirements
of preparing uniform corrosion-resistant coatings on a large scale, it is necessary to
design and develop an efficient, energy-saving, high-power power supply system
suitable for large-area processing.
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(4) Strengthening of corrosion-resistant coatings. Various enhancement methods, includ-
ing improving the crystallinity, density, thickness, roughness, micropores, and cracks
of coatings, as well as the study of corrosion-resistant phases, are widely researched.
There is relatively little research on the preparation of insoluble metal salts on Mg
alloys, such as zinc phosphate and calcium phosphate, which have extremely low
solubility product constants. It is necessary to uniformly mix these insoluble metal
salts in PEO coatings on Mg alloys to significantly improve the corrosion resistance.
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