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Abstract: Magnesium alloys are of significant importance for lightweight manufacturing and weight-
saving applications due to their high weight-to-strength ratio and good mechanical properties.
However, the poor corrosion resistance of Mg alloys limits their large-scale practical application.
An essential theoretical foundation for the development of corrosion-resistant magnesium alloys
and their surface protection technologies can be elucidated via the investigation of the corrosion
mechanism of the magnesium surface and the alteration of the corrosion rate after surface conversion
and coating. This paper discusses some typical corrosion behaviors by originally describing the
corrosion mechanism of magnesium alloys with and without different coatings and surface treat-
ments. In order to predict the future theoretical investigation and research directions for the surface
protection of magnesium alloys, some techniques and preventative measures to enhance the corrosion
resistance of magnesium alloys are reviewed, and these protection techniques are intercompared for
better understanding.

Keywords: alloying; corrosion mechanism; magnesium alloys; rare earth elements; surface
modification

1. Introduction

In the 21st century, with the improvement and development of technological pro-
ductivity, researchers gradually realized the importance of environmental protection and
proper utilization of resources [1-3]. There is a great emphasis on the cleanliness of energy,
the reusability of resources, and lightweight and structural integration in the modern
manufacturing industry. Magnesium and its alloys have garnered significant interest under
these circumstances. In comparison to other commonly used metal materials, magnesium
alloys possess a lightweight property, with a density of approximately 2/3 of aluminum
and 1/4 of steel, and their high machinability and damping ability give magnesium alloys
excellent working performance, which is an ideal choice for lightweight manufacturing. In
the field of medical devices, magnesium alloys have a similar Young’s modulus to human
bone and exhibit better biocompatibility, osteoinductivity, and self-degradability, offering
great prospects for the future [4,5]. In addition, magnesium alloys have excellent welding
performance, good heat dissipation performance, and recyclability [6,7].

Magnesium is abundantly available in China, which is also a significant global exporter
of metal. Magnesium alloy processing and application have great potential in future
industries such as automobiles, aerospace, and energy [8]. However, magnesium metal is
naturally active due to its intrinsic electron configuration. At room temperature, it is prone
to being oxidized and can react with water to release hydrogen [9]. The chemical properties
of magnesium alloys determine their low hardness and poor corrosion resistance, both of
which are significant drawbacks that restrict their widespread application [10-12]. On the
basis of these points, this study focuses on the corrosion behaviors and related mechanisms
of magnesium alloys and presents the current advancements in research to increase the
corrosion resistance of magnesium alloys in recent years.
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2. Corrosion Types of Magnesium Alloys

The standard potential of magnesium is —2.37 V [13], which is lower than that of
iron and aluminum (Table 1). As a result, it is extremely susceptible to the formation of a
magnesium oxide film on its surface when exposed to air. This film is loose and porous,
and it cannot protect the magnesium substrate as completely as the aluminum oxide film
on Al alloys.

Table 1. The standard electrode potential of common metal cations.

. Standard Electrode . Standard Electrode
Metal Cations Potential/V Metal Cations Potential/V

Li* —3.02 AR+ —1.71

K* -2.92 Zn%* —0.76

Na* —-2.71 FeZ* —0.44
Ce3* —248 Ccd?+ —0.40

Pr3+ —2.46 Niz* —0.24
Nd?+ —243 Sn2+ —0.14

Y2+ —2.37 Cu?t 0.34
Mg —2.37 Ag* 0.8

Magnesium alloys are prone to hydrogen evolution and corrosion behavior when
exposed to a humid environment [9]. Hydrogen ion reduction and cathodic hydrogen
overpotential play a major role in the corrosion process of magnesium alloys. The anodic
and cathodic reactions in the corrosion process are as follows:

Anode: Mg (s) + 20H™ — Mg (OH); (s) + 2e~

Cathode: 2H,O +2e~ — Hj (g) + 20H™

Magnesium alloys suffer from more complicated transitional changes during the actual
corrosion process. The main corrosion types include general corrosion, local corrosion,
galvanic corrosion, and stress corrosion cracking. Galvanic corrosion is the general mode
of magnesium alloy corrosion, and stress corrosion cracking is a failure form of corrosion
and the environment together.

2.1. General Corrosion

When an electrochemical reaction between magnesium alloys and water occurs, the
Mg matrix dissolves during the corrosion process, and a layer of hydroxide film is formed
on the surface, accompanied by the generation of hydrogen gas [14]. The process of general
corrosion is uniform and normally occurs on the surface of the material. The formed
film layer exhibits a hexagonal structure [15]. Magnesium ions and hydroxide ions are
alternately arranged in the crystal structure, but the connection between them is not close
enough. Therefore, it is easy for the film to crack and has a limited protective ability
on the substrate. Compared with other forms of corrosion, the uniformity of general
corrosion makes it less harmful to magnesium alloys [16]. The general corrosion products
of magnesium alloys are related to the chemical composition of magnesium alloys and the
corrosion environment.

2.2. Local Corrosion

Local corrosion of magnesium alloys is more destructive to the substrate than general
corrosion due to the difference in corrosion rate in various parts, and local corrosion of
magnesium alloys includes pitting corrosion and filiform corrosion [17-19].

The surface of magnesium alloys usually contains the second phase, impurities, etc.
When magnesium alloys are exposed to corrosive environments, the corrosive medium
crosses the surface film and comes into direct contact with the substrate, where pitting
corrosion occurs in these areas [20]. Therefore, corrosion is concentrated in a localized area
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on the surface. The formation of pitting corrosion is closely related to grain size, solution
environment, chemical composition, and the second phase. Typically, the finer the grain
structure, the fewer pittings there are. The uniform and fine equiaxed grains of AZ31B
magnesium alloy were obtained by the stationary shoulder friction stir processing process,
which made the corrosion mode of the magnesium alloy change from pitting corrosion
to general corrosion, and the corrosion resistance was improved [21]. Magnesium alloys
are susceptible to salt solution, especially salt solution containing C1~. Due to the small
diameter and high permeability of C17, it is easy for it to damage the surface coating and
cause local electrochemical corrosion to form pitting corrosion. The occurrence of pitting
corrosion is also related to the PH of the solution. It is generally believed that an alkaline
environment (PH > 10.5) is more conducive to inhibiting the occurrence of pitting corrosion.

Filiform corrosion of magnesium alloys usually occurs under the surface oxide film
and protective coatings [22]. There are many factors affecting the filiform corrosion of
magnesium alloys, including the corrosion medium, microstructure, oxide film, and so
on. Corrosion is usually caused by the defects of the corrosive medium preferentially
adsorbed in the naturally formed oxide film on the surface of magnesium alloys. The
distribution of precipitates and alloying elements lead to the initiation of corrosion at these
locations, which may develop in different directions. The second phase has a significant
effect on filiform corrosion. The extension direction of filiform corrosion is related to the
difference between the matrix and the second phase. The corrosion behavior of ZK60
magnesium alloy in NaCl aqueous solution was studied. The results showed that the
filiform corrosion originated from the second-phase particles, MgZn,, deposited along the
grain boundary and then propagated around the grain boundary [23]. The microstructure
of filiform corrosion can be divided into two parts: the anodic front and the cathodic
tail. The potential difference between its head and tail is regarded as the driving force for
corrosion expansion [24] (Figure 1). The microstructure of the alloy has a great influence on
filiform corrosion. The microscale polarization technique was used to observe the filiform
corrosion of AZ91D magnesium alloy in NaCl solution. It was found that filiform corrosion
mainly appeared and expanded in the « + 3 phase of the layered structure. Less filiform
corrosion was observed in the o phase grains, but no trace of filamentary corrosion was
observed in the (3 phase [25].
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Figure 1. Mechanism diagram of Mg FFC under immersion conditions and secondary electron
microscope image of FFC on the Mg surface [24]. Reprinted with permission from the Pergamon-—
Elsevier Science Group. Copyright 2011.

2.3. Galvanic Corrosion

Galvanic corrosion is an electrochemical corrosion that occurs when two metals or
alloys with different electrode potentials contact each other or pass through other media
under natural conditions. It is also called bimetallic corrosion or contact corrosion [26,27].
Generally, the metal with the lower electrode potential will show a significant increase in the
corrosion rate, and the metal with a higher electrode potential will show a slower corrosion
rate. The greater the difference between the electrode potentials of the two metals, the more
obvious the corrosion characteristics are [28]. In general, when galvanic corrosion occurs
between magnesium alloys and other metals, the electrode potential, effective contact area,
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and environmental conditions will affect the galvanic corrosion behavior. Due to the low
corrosion potential of magnesium alloys, it often acts as an active anode in the primary
battery system and is preferentially corroded. A study showed that the area ratio of the
cathode to anode was proportional to the rate of galvanic corrosion. As the area ratio
expanded, the current density also increased [26]. The application of magnesium alloys in
chemically active environments faces significant challenges due to galvanic corrosion.
There are second phases and some impurities in magnesium alloys, which lead to
various electrochemical activities and produce micro-scale thermocouples. Usually, the
second phase or impurities in the alloy act as the cathode of corrosion due to the high
potential, while the magnesium-rich phase acts as the anode, forming a galvanic pair and
generating a corrosion current. The extent of damage from galvanic corrosion depends on
the corrosion current between the galvanic pairs [29]. It can be expressed by Equation (1):

Igalvanic = (Epc - Epa)/(Rm + RC) (1)

Epc: cathodic polarization potential; Epa: anodic polarization potential; Ry: metal
resistance; R.: resistance of the electrolyte.

Adjusting the galvanic corrosion between the second phase and the magnesium matrix
is an important way to improve the corrosion resistance of magnesium alloys. It was found
that Mg-RE-TM alloy systems containing rare earth elements and transition metal elements
with appropriate ratios exhibit excellent mechanical properties. This is mainly attributed to
the formation of second phases with a long-period stacked ordered (LPSO) structure in the
magnesium alloys [28-30]. At present, several LPSO structures have been found, including
10H, 12H, 14H, 15R, 18R, 21R, and 24R LPSO phases, of which 18R and 14H are the most
common types [31]. However, the micro-galvanic corrosion between the cathode LPSO
phase and the anode «-Mg is still a problem to be considered. The 18R-LPSO phase formed
in the magnesium alloys ZWM120, ZWM240, and ZWM480 was explored, and it was found
that an increase in the volume of the LPSO phase under galvanic corrosion leads to poor
corrosion resistance [32]. However, in other studies, it was found that VN3 magnesium
alloys containing higher volume fractions of 18R LPSO phases exhibited superior corrosion
resistance than VN1.5 alloys (Figure 2), which was mainly attributed to the inhibition of
the corrosion expansion of VN3 alloys by the continuous mesh of LPSO phases of the
densified body at higher volume fractions [33]. The structure of LPSO also affects the
corrosion resistance. Mg-Y-Zn alloys with a single LPSO structure (18R or 14H) showed
better corrosion resistance than alloys with both 18R and 14H LPSO structures [31]. The
corrosion behaviors of magnesium alloys containing the LPSO phase have not been studied
in depth. On the premise of ensuring the excellent mechanical properties of the LPSO phase,
improving its corrosion resistance and carrying out an in-depth study of the microstructure
in the corrosion process will be the future focus.
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Figure 2. Relationship between immersion time and hydrogen evolution values: (a), weight loss
and hydrogen evolution rates (b) of Mg-Gd-Ni alloys [33]. Reprinted with permission from the
Pergamon-Elsevier Science Group. Copyright 2010.
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2.4. Stress Corrosion Cracking

Stress corrosion cracking is the phenomenon in which magnesium alloys are corroded
under the action of the environment, and cracks, extension, and final cracking occur under
the action of stress [34]. At present, there are two main viewpoints on the stress corrosion
cracking of magnesium alloys: the anodic dissolution mechanism and the hydrogen em-
brittlement mechanism. According to the theory of anodic dissolution, the surface film of
magnesium alloys slips and is destroyed by stress. The exposed matrix acts as an anode
relative to the surface film, and the electrochemical action causes it to dissolve rapidly
and continue to corrode. The hydrogen embrittlement theory holds that the hydrogen
produced by hydrogen evolution in the corrosion of magnesium alloys enter the matrix
and accumulates at the tip. When it reaches a certain value, the crack begins to appear,
extend, and expand [35] (Figure 3). The effect of stress cannot be avoided in the practical
application of magnesium alloys. Research on the corrosion process of AZ91 magnesium
alloy at different stress levels shows that although the corrosion product upon initial corro-
sion appeared as a shielding layer, it prevented direct contact between the magnesium alloy
matrix and the corrosive medium. However, the addition of stress promoted the formation
of corrosion pits. These pits become the channel for the corrosive medium to contact the
substrate, thus accelerating corrosion [36]. Stress corrosion cracking is usually initiated
by local corrosion, so it is particularly sensitive to the second-phase particles in the alloy.
The rapid dissolution of the matrix near the second-phase particles and the shedding of
the second-phase particles will lead to large corrosion cracks in the corrosion fracture. The
difference in grain size and orientation determines the different propagation directions of
cracks during stress corrosion cracking [37].
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Figure 3. Tafel curves under 0 and 100 MPa in NaCl (a) and NaySO;, (b) aqueous solution [35].
Reprinted with permission from MDPI. Copyright 2019.

3. The Effect of Metal Elements on the Anticorrosion Properties of Magnesium Alloys

A metal becomes an alloy with specific properties by adding a certain amount of
other metal elements. This alloying method is efficient for designing and improving the
properties of metals.

3.1. Aluminum (Al)

The Mg-Al series is a relatively common magnesium alloy system. Al elements have
excellent solid solution strengthening and precipitation strengthening effects in magnesium
alloys [38—40]. Al can effectively refine the grain of magnesium alloys [41,42]. Meanwhile,
it can combine with magnesium to generate a fine and homogeneous intermetallic phase,
Mg;7Aly;, which is evenly spread around the grain boundaries network or dissolved inside
the grains [43,44]. This helps to improve the corrosion resistance of magnesium alloys.
The study of AE21 and AE42 magnesium alloys revealed that the elements of AE42 alloys
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are more uniformly distributed than those of AE21. The small grain size of AE42 alloys
facilitates the rapid formation of aluminum-rich stabilization layers, and AE42 alloys exhibit
better overall corrosion resistance [41]. Increasing Al content has a significant refining effect
on the grains of Mg-Al-Ca-Mn alloys (Figure 4). The increase in Al content leads to more
second-phase precipitation, which provides inhibition of grain growth during dynamic
recrystallization. The fine grain structure has more grain boundaries, which can act as
barriers to prevent corrosion expansion during the corrosion process [42]. Table 2 indicates
the corrosion currents and potentials in 3.5 wt.% NaCl solution for A04, A0S, and Al2.

aAK

150pm

Figure 4. Microstructure images of Mg-Al-Ca-Mn alloy: (a) A04, (b) A0S, and (c) A12 [42]. Reprinted
with permission from the Chinese Academy of Sciences, Inst Metal Research. Copyright 2023.

Table 2. The Ecorr and Ieorr of A04, A0S, and A12 in 3.5 wt.% NaCl solution [42]. Reprinted with
permission from the Chinese Academy of Sciences, Inst Metal Research. Copyright 2023.

Alloys Ecorr (Vsce) Icorr (pA/cmz)
A04 —-1.671 885.23
A08 —1.669 316.65
Al12 —1.655 212.54

3.2. Zinc (Zn)

Zn metal shares the same hexagonal close-packed structure as Mg metal, thereby
exerting notable solid solution strengthening and precipitation strengthening effects when
incorporated into magnesium alloys [45], which can effectively enhance the tensile strength
and elongation properties of magnesium alloys [46]. Increasing the Zn concentration in
magnesium alloys can help refine the grains [47]. However, some studies have indicated
that a rise in Zn content may result in a fall in the corrosion resistance of magnesium
alloys [46—48]. Simulated body fluid (SBF) was applied to examine the corrosion behavior
of Mg-xZn-1.0Ca alloys. The results showed that the addition of Zn caused the appearance
of a distinct second phase, which exhibits different electrochemical properties during
solidification in comparison to the x-Mg. Consequently, such a second phase of accelerated
precipitation contributes to substrate corrosion. Table 3 lists the specific corrosion rate
of Mg-xZn-1.0Ca with different Zn contents [46]. In the Mg-Zn binary system or ternary
system, the second phase typically exhibits greater electrochemical stability compared to
a«-Mg. Thus, the second phase assumes the cathode and the a-Mg functions as the anode,
which preferentially corrodes [49].

3.3. Manganese (Mn)

Magnesium alloys are extremely sensitive to impurities, which are typically the source
of corrosion [50,51]. The corrosion action of Mg alloys containing Fe was studied, and it
was suggested that the corrosion of magnesium alloys occurs preferentially at inclusions
that have high Fe content [52]. The Mn element in magnesium alloys mainly removes
impurities by forming new phases with the Fe element and other heavy metal elements;
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(a)

Porous deposits

this process contributes to an overall improvement in the alloy’s resistance to corrosion [53].
It was discovered that the corrosion sensitivity of Mg-Mn-Fe alloys was primarily affected
by the solubility of Fe, and the addition of a suitable amount of Mn may decrease the
solubility of Fe effectively. Figure 5 illustrates the different corrosion processes of Mg-Fe
and Mg-Mn-Fe alloys. Magnesium alloys exhibit excellent corrosion resistance when the
ratio of Fe to Mn is below 0.0083 [54]. The addition of varying amounts of Mn to the
deformed Mg-5Al alloy proves effective in reducing the grain size. The magnesium alloy
containing Mn exhibits significantly improved corrosion resistance in comparison with
reference alloys. The enhancement may be explained by several factors, including impurity
reduction, microstructure refinement, and the creation of a layer of protecting corrosion
products [55].

Table 3. The corrosion rate through the immersion test of Mg-x Zn-1.0 Ca alloys [46]. Reprinted with
permission from Elsevier. Copyright 2011.

Alloy Vcorr (mm/Year)

Pure Mg 2.08+0.2
Mg-0Zn-1.0Ca 3.16 £ 0.5
Mg-1.0Zn-1.0Ca 213 4+0.2
Mg-2.0Zn-1.0Ca 238 £0.3
Mg-3.0Zn-1.0Ca 292 £05
Mg-4.0Zn-1.0Ca 442 +£1.0
Mg-5.0Zn-1.0Ca 6.15+ 15
Mg-6.0Zn-1.0Ca 921 +£15

(b) 0O

Porous deposits
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Figure 5. The corrosion process diagram of (a) Mg-Fe and (b) Mg-Mn-Fe alloys [54]. Reprinted with
permission from the Chinese Academy of Sciences, Inst Metal Research. Copyright 2021.

3.4. Calcium (Ca)

The element Ca is commonly utilized in AZ series Mg alloys and has a positive
effect on refining the microstructure of the alloy [56,57]. The corrosion behavior of an
AZ61 Mg alloy containing Ca was studied and discussed. It was discovered that as the
Ca concentration increased, the corrosion rate of the AZ61 alloy dropped first and then
increased quickly; the lowest corrosion rate occurred when the Ca content was 1% [56].
The corrosion rate of AZ31-0.5Ca in AZ31-xCa magnesium alloy was the lowest, owing to
the formation of corrosion products of Al;O3; and CaCO3 films (Figure 6) [57]. Therefore,
the concentration of Ca in magnesium alloys should be controlled to below 1% in practical
production and application.
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Figure 6. The corrosion process of (a) AZ31, (b) AZ31-0.5Ca, and (c) AZ31-1.5Ca alloys in artificial sea-
water [57]. Reprinted with permission from the Pergamon-Elsevier Science Group. Copyright 2021.

3.5. Lithium (Li)

The crystal structure of Mg-Li alloys is closely associated with the content of Li
(Figure 7). Atlow Li content (less than 5.7 wt.%), Mg alloys primarily consist of the «-Mg
phase, which retains a close-packed hexagonal structure. With an increase in Li content,
the alloy undergoes a transition to a dual phase structure comprising both «-Mg and [3-Li
phases. When the Li content reaches a certain threshold (more than 11 wt.%), the alloy
becomes entirely composed of the 3-Li phase, which possesses a body-centered cubic
structure [58,59]. The inclusion of Li in Mg alloys enhances their strength and malleability
compared with pure magnesium. Additionally, forming the protective layer containing
LiCO3/MgCO; helped to improve the anti-corrosion properties of the alloy [60].

.Spm

Figure 7. SEM microstructure images of (a,b) Mg-4Li, (c,d) Mg-7.5Li, and (e,f) Mg-14Li [59]. Reprinted
with permission from the Pergamon-Elsevier Science Group. Copyright 2018.
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4. The Role of Rare Earth Elements in the Protection of Magnesium Alloys

Because of their unique extra nuclear electronic structure, rare earth elements per-
form significant functions in metallurgy and materials, such as purifying melt, refining
microstructures, improving mechanical properties, and promoting corrosion resistance in
Mg alloys [61,62]. Rare earth elements are considered to offer high development potential in
the field of magnesium alloys due to their excellent purification and property strengthening
effects [63]. China is the greatest producer, exporter, and application country in the world
and has a wealth of rare earth resources [64]. The production of high-performance rare
earth magnesium alloys is expected to contribute significantly to the advancement of Mg
alloys and rare earth materials.

4.1. Impurity Removal and Melt Purification

Magnesium has active chemical characteristics, making it simple to generate impu-
rities, such as oxide inclusions and flux inclusions, during the melting process of Mg
alloys. Other metal impurities may also be present in some magnesium alloys [65,60].
Kim et al. [61] researched the impact of the addition of Y on eliminating Fe impurities from
pure magnesium. Table 4 lists the contents of various elements in pure magnesium and
magnesium alloys with Mn or Y additions. With the introduction of only 0.05 wt.% Y, the
Fe level in the Mg-3Al alloy decreases from 291 ppm to 61 ppm. Further increasing the
Y content to 0.2 wt.% and 0.5 wt.% results in Fe concentrations of 51 ppm and 39 ppm,
respectively. Compared to the addition of the Mn element, the trace Y element could exhibit
a significant removal effect of impurity Fe in magnesium alloys. Figure 8 demonstrates
that the Fe impurity content in magnesium alloys is directly proportional to the corrosion
rate, so the corrosion rate of Mg-3Al-0.2Y is only 1.4 mm/y, which is significantly lower
than that of pure magnesium and Mg-3Al alloys. Rare earth elements possess a remarkable
adsorption capacity for non-metallic impurities, including oxygen, nitrogen, sulfur, iron,
and inclusions, which makes them highly effective in eliminating these impurities from
magnesium alloys [67].

Table 4. Chemical compositions of pure magnesium and magnesium alloys (wt.%) [61]. Reprinted
with permission from the Pergamon-Elsevier Science Group. Copyright 2019.

Alloy Al Mn Y Fe Mg
P-Mg 0.001 0.001 0.003 0.0402 Bal.
Mg-3Al 2.878 0.004 0.003 0.0291 Bal.
Mg-3Al1-0.3Mn 2.598 0.253 0.003 0.0094 Bal.
Mg-3A1-0.05Y 2.730 0.001 0.033 0.0061 Bal.
Mg-3A1-0.2Y 2.660 0.001 0.176 0.0051 Bal.
Mg-3A1-0.5Y 2.900 0.001 0.548 0.0039 Bal.

4.2. Melt Protection

The smelting process for magnesium alloys is prone to quick oxidation and even
burning. At present, the industrial production of magnesium alloys is generally melted by
flux covering or gas protection methods. However, there are numerous drawbacks. Rare
earth elements exhibit a protective effect on magnesium alloy melt by forming a compact
composite oxide film on its surface. This film serves as a barrier, effectively isolating the melt
from the surrounding environment. Consequently, it substantially increases the melting
temperature of magnesium alloys while safeguarding them against potential contact with
external elements [63]. A model for the selective oxidation of Mg-Y-Ce was developed
by Fan et al. [68] in a high-temperature environment. Without the protection of gas, Mg
alloys can be melted in air at 1173 K. When the Y element concentration exceeds 10 wt.%, a
compact oxide film appears on the melted magnesium alloy surface. Composition analysis
of the alloy by XRD showed that the main component was Y,03.
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Figure 8. Corrosion rate comparison after immersion in 3.5% NaCl solution for 72h and Fe content
in different casting samples [61]. Reprinted with permission from the Pergamon-Elsevier Science
Group. Copyright 2019.

4.3. Solid Solution Strengthening

The majority of rare earth elements exhibit substantial solid solubility in magnesium.
The magnesium matrix is distorted due to the dissolution of rare earth elements into it.
Incorporating rare earth elements into solid solutions primarily gives rise to a reduction
in atomic diffusion and a limitation of dislocation movement. As a result, the matrix
of the alloy is strengthened, enhancing the overall strength and high-temperature creep
resistance [69]. Cai et al. [62] investigated Gd effects on the microstructure and properties of
AZ91 alloy. Gd contributes to enhancing the room temperature strength in the AZ91 alloy
through a solid solution and precipitation strengthening. Additionally, Gd helps reduce
the detrimental effects of 3-Mgj7Al;,, which acts as a source of cracks, thereby further
improving the alloy’s strength. Compared with Zn and Al, Gd and Y exhibit a greater solid
solution strengthening effect in magnesium. This can be attributed primarily to the size
mismatch between the solute (Gd or Y) and solvent (magnesium) atoms. Additionally, the
valence effect further contributes to the enhanced solid solution strengthening of Gd and Y
in magnesium [70]. The substitution of trivalent rare earth ions for divalent magnesium ions
enhances the electron cloud density and then enhances the binding force between atoms.

4.4. Fine Grain Strengthening

During the solidification phase of a melt, rare earth elements tend to become enriched
at the solid-liquid interface, increasing component undercooling at the front and promoting
the development of more equiaxed fine grains [71,72]. Simultaneously, enrichment with
rare earth elements at the grain border can restrict the growth of x-Mg and enhance grain
refining. The inclusion of Zr and Ce elements in magnesium alloys leads to different grain
refinement mechanisms of Zr and Ce elements to magnesium alloys, resulting in different
grain refinement mechanisms, which were studied by Yu et al. [72]. The mechanism
by which Zr contributes to grain refinement in magnesium alloys is through its role
as a nucleation core for x-Mg. Zirconium acts as a site for the formation of fine and
equiaxed grains, promoting grain refinement within the alloy. Adding Ce element enhances
the constitutional supercooling of the liquid phase during solidification. This increased
supercooling leads to grain size refinement in Mg alloys, which is reduced from an initial
size of 200 pm to a range of 40-80 um upon the incorporation of the Ce element.
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4.5. Corrosion Resistance Improvement

There has been extensive research on the corrosion characteristics of rare earth elements
in magnesium alloys. Prior research has revealed that the addition of rare earth elements
can significantly improve the corrosion resistance of magnesium alloys [61,73,74]. The
refining action of rare earth elements on grain size plays an essential role in Mg alloys.
Smaller grain structures resulting from their presence help mitigate corrosion along grain
boundaries when exposed to corrosive media. Moreover, the increased surface area of
the damping layer reduces the corrosion rate by slowing down the overall corrosion
process [75,76]. Furthermore, the addition of rare earth elements to magnesium alloys
promotes the formation of precipitation enriched with these elements and a stable passive
layer along the grain boundaries. This contributes to the enhanced corrosion resistance of
the magnesium alloy [77].

Upon incorporating the rare earth elements Gd and Er into the AM50 magnesium alloy,
the findings suggest that Gd interacts with aluminum, resulting in the formation of Al,Gds.
This process removes aluminum from the 3-Mg;7Al;; phase and reduces the number of
active micro-galvanic couples within the alloy. Moreover, the Al-Gd phase formed and
acted as an inert cathode, enhancing the corrosion resistance of the AM50 magnesium alloy.
Er as a surface-active element and exhibits beneficial effects when incorporated into the
AMS50 magnesium alloy. Its addition enhances the quality and density of the corrosion
surface film, effectively preventing its breakdown caused by CI~ ions. However, it should
be noted that, in comparison to Gd, the Al-Er phase is more active than the Al-Gd phase.
Consequently, the comprehensive corrosion rates for the respective alloys can be ranked as
follows: AM50Er > AM50Gd > AM50ErGd [78].

5. Surface Treatment of Magnesium Alloys
5.1. High-Current Pulsed Electron Beam (HCPEB)

The application of high-current pulsed electron beam (HCPEB) in the surface treatment
of metal materials has attracted much attention recently [79]. Its high energy utilization rate,
large depth of action, simple control parameters, and excellent stability make it an important
research tool in material surface fields, such as smelting, coating, and modification [80-83].
HCPEB treatment is performed in vacuum with great efficiency and a limited heat affected
zone, which helps to prevent surface oxidation during the treatment process. As a result,
this technology is suitable for the surface remelting modification of high chemical activity
magnesium alloys.

Currently, research on magnesium alloys treated by electron beam surface modifica-
tion focuses mostly on macroscopic features and microscopic mechanisms [84-86]. Electron
beam treatment of magnesium alloys is usually accompanied by supersaturated solid
solutions of alloying elements in the surface remelting layer and homogenization of compo-
sition. These processes contribute to the improved surface hardness, wear resistance, and
corrosion resistance of the alloys.

HCPEB treatment of AZ91 magnesium alloy led to the development of a uniform
surface modified layer with an approximate depth of 8 ym. This modified layer exhib-
ited significant grain refinement, and the surface hardness rose from 62.7 HK to 141 HK.
The most favorable corrosion resistance was obtained after applying 15 pulses of HCPEB
treatment (Figure 9) [87]. The microstructure and corrosion products of the TZAM8110
magnesium alloy treated by HCPEB were investigated. Figure 10 illustrates the morpholog-
ical characteristics of the surface layers with and without pulsed electron beam treatment.
After HCPEB treatment, there was a significant decrease in the presence of Mg,Sn in the
surface layer. At 25 °C, the corrosion rates of the untreated and treated alloys were 8.1 and
4.3 mm/year, respectively. This variation in corrosion rate could be attributed to the fact
that the Mg,5n in the alloy acted as a micro-cathode relative to x-Mg, thereby accelerating
the corrosion of x-Mg [88]. HCPEB treatment of the Mg-8Gd-3Y-0.5Zr alloy resulted in
the dissolution of 3-Mgs (Gd, Y) particles within the remelted layer. As a result, the Gd
and Y content increased, contributing to the development of a protected oxide layer on
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the treated surface and enhancing corrosion resistance. Simultaneously, the maximum
hardness of the magnesium alloy surface increased by 35% owing to the residual stress
generated during processing [89]. The eutectic Mg14Nd; (Y, Gd) phase within the Mg
matrix was dissolved after HCPEB treatment, resulting in a more uniform distribution of
surface chemical composition. This dissolution reduced the likelihood of local galvanic
corrosion and consequently improved the corrosion resistance of the WE43 magnesium
alloy [90].
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Figure 9. HCPEB-treated and -untreated AZ91 magnesium alloys’ (a) surface microhardness and
(b) polarization curve [87]. Reprinted with permission from Elsevier. Copyright 2016.

Figure 10. SEM cross-sectional images of (a) untreated and (b) treated samples [88]. Reprinted with
permission from the Keai Publishing Group. Copyright 2020.

5.2. Chemical Conversion Coating

Chemical conversion coating is a widely employed surface protection method for
magnesium alloys. A treated sample comes into contact with a specific solution, and
a chemical reaction happens between the two; consequently, a dense compound film
is created on the surface of the samples [91,92]. The formed film serves to protect the
underlying magnesium alloy substrate from various external factors and enhances its
corrosion resistance. This technique is known for its affordability and ease of use. The
level of substrate protection is influenced by factors such as coating thickness and its
adhesion to the alloys. Nowadays, according to the different components of the solution,
there are mainly the following chemical conversion films: chromate conversion film [93],
phosphate conversion film [94-96], molybdate conversion film [97,98], stannate conversion
film [99,100], phytic acid conversion film [101-103], and rare earth conversion film [104,105].

5.2.1. Chromate Conversion Coating

Pommiers et al. [93] clarified the mechanism of the protective impact of chromate
conversion coating on the magnesium alloy matrix. When magnesium alloy is exposed to a
dichromate bath (K,Cr,O7 or NayCrpO7), the oxidation of magnesium and the reduction of
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Cr(VI) occur simultaneously. The Cr(VI) in the film has the effect of corrosion inhibition;
during corrosion, it is first reduced to Cr(Ill), resulting in the formation of the trivalent
chromium compounds chromium hydroxide (Cr(OH)3) and chromium oxide (CrpO3),
which prevent further corrosion. Because of its exceptional corrosion resistance, self-
healing function, and strong adhesion ability, chromate conversion coating was used in
industrial production in the past. However, Cr®* has strong toxicity and its environmental
pollution is particularly serious; thus, it has been banned in most countries [106].

5.2.2. Phosphate Conversion Coating

In comparison to chromate conversion film, the manufacturing method of phosphate
conversion film does not produce toxic substances and has no pollution effect on the en-
vironment. It is relatively inexpensive, which has drawn more notice from researchers.
Hou et al. [94] investigated the impact of sodium lauryl sulfate (SLS) and dodecanesulfonic
acid sodium (DSS) additives on the preparation of calcium phosphate chemical conversion
coatings. Their results demonstrate that both coatings have a flower-like structure contain-
ing consistently arranged leaf-like particles with an average thickness of 27 pym and 7 pm,
respectively (Figure 11). SLS can speed up the cathode process of the electrode reaction,
resulting in a thicker film that makes it impossible for C1~ to pass through, therefore
protecting the material. Common additives contain NaClOj3, silicate, ethanolamine, Zn?t,
sodium m-nitro benzenesulfonate, and NayMoOj, which are environmentally friendly [95].
The corrosion resistance of several phosphate conversion coatings (MgP, ZnP, and CaP) on
magnesium alloy substrates was investigated [96], and the results were as follows: coating
thickness: ZnP > CaP > MgP; compactness: MgP > CaP > ZnP; and long-term corrosion
resistance: ZnP > CaP > MgP. An innovative self-healing calcium vanadium phosphate
(Ca-P-V) composite coating was successfully created by Sun et al. Figure 12 shows the
formation mechanism of the composite coating [107]. The film not only demonstrates
excellent corrosion resistance but also possesses self-healing capabilities. When the coating
is damaged, the liberated Ca, P, and V ions have the ability to diffuse within the corrosion
solution and form a new compound layer in the affected region, facilitating self-repair of
the coating.

Epoxy 4 ¢ Substrate

10pum

Epoxy Substrate

Coating—4 |
[}

10um

Figure 11. SEM images: the surface morphologies of the (a) SLS and (c) DSS samples and the cross-
sectional morphologies of the (b) SLS and (d) DSS samples [94]. Reprinted with permission from
MDPI. Copyright 2022.
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Figure 12. The formation mechanism of the Ca-P-V composite coating on the AZ91D substrate:
(a) dissolution of magnesium and precipitation of hydrogen and (b) nucleation of CaHPOy4-2H,0,
Ca3(POy4), and Mg3(PO3),. (c) A composite coating is formed on the entire surface [107]. Reprinted
with permission from MDPI. Copyright 2019.

5.2.3. Molybdate Conversion Coating

Mo and Cr are homologous elements with similar chemical properties. Mo serves
as a corrosion inhibitor as well. Due to its low toxicity, molybdate has little impact on
the contamination of the environment. It serves as a suitable alternative to chromate
conversion films. Yao et al. [97] showed that the application of a molybdate conversion
coating significantly enhances the corrosion resistance of AZ31 magnesium alloy. This
improvement can be attributed to the presence of the molybdate conversion layer, which
effectively reduces the active surface area of the alloy, leading to a smaller corrosion
area. The blocking effect provided by the molybdate conversion coating plays a crucial
role in enhancing the corrosion resistance of the alloy. Zhao et al. [98] determined the
optimal process parameters for the production of the molybdate conversion coating. They
found that a solution pH value of 3, a treatment temperature of 65 °C, and a treatment
time of 12 min yielded the best results. Furthermore, they provided an explanation for
the formation process of the molybdate conversion coating. First, the dissolution of the
magnesium alloy substrate and the precipitation of hydrogen; second, mass transfer and
displacement in the liquid phase and at the magnesium alloy/solution interface; and
finally, the formation and growth of the crystal nucleus and the formation of the molybdate
conversion coating. The corrosion behavior of WE43 magnesium alloy in NaCl solution
with sodium molybdate was studied by Kharitonov et al. [108]. XPS analysis revealed
that the molybdate compound present in the inhibitor formed a protective surface film
on the surface of the alloy. This passivation film consisted of polymerized Mo(VI) layers
and mixed valence Mo(VI)-Mo(V) layers (Figure 13). At present, molybdate chemical
conversion treatment has become a promising development direction of environmentally
friendly chemical conversion technology for magnesium alloys.
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Figure 13. (a) Corrosion diagram of WE43 alloy in 0.05 M NaCl solution and (b) corrosion inhibition
effect provided by 100 mM molybdate aqueous solution [108]. Reprinted with permission from the
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5.2.4. Stannate Conversion Coating

Stannate conversion is a new chromium-free chemical conversion process with sodium
stannate as the main salt [109]. The formation of stannate conversion coating involves two
main stages: nucleation and growth; the dissolution of the substrate significantly affects
the coating properties. During film formation, the reactions include the oxidation and
dissolution of the substrate, the decomposition of water, and the reduction of tin ions. The
stannate conversion coating formed on AZ91D magnesium alloy has been studied. The
stannate conversion coating nucleates first near the  phase with a large amount of Mg?*
because the current effect dominates around the eutectic « + 3 phase [110]. Figure 14
illustrates the process of forming a stannate conversion coating on the surface of AZ91D
magnesium alloy. The effect of different organic additives on the corrosion resistance
of stannate conversion coating on AZ91D magnesium alloy’s surface was studied by
Shao et al. [111]. Sodium lauryl sulfate showed a positive effect on the corrosion resistance
of the coating. When extending the dropping time from 35 s to 86 s, a film with excellent
corrosion resistance was obtained. The microstructure of the film mainly consisted of
granular MgSn(OH)4 and Mg(OH)s.
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Figure 14. The formation process of stannate conversion coating on AZ91D magnesium alloy:
(a) passivation of primary « phase by magnesium hydroxide, (b) galvanic corrosion in eutectic « + 3
region, (c) deposition of MgSnO3-3H,0 particles in the eutectic x+f region [110]. Reprinted with
permission from Elsevier. Copyright 2013.

5.2.5. Phytic Acid Conversion Coating

Phytic acid, derived from food crops, is a natural and non-toxic organic compound.
Its molecular structure consists of twelve hydroxyl groups and six phosphate groups. One
notable characteristic of phytic acid is its strong chelating activity with metal ions in water-
based solutions. This chelation process results in the formation of a durable and protective
coating on metal surfaces, effectively shielding them from damage caused by corrosive
substances [112].

Li et al. [101] employed a deposition method to create an environmentally friendly
phytic acid conversion coating on AZ91D magnesium alloy, yielding highly effective
protection for the alloy substrate. The researchers conducted an orthogonal experiment
to investigate the influence of pH, time, phytic acid concentration, and temperature on
the corrosion resistance of the conversion coating. The results indicated that the pH
value played a crucial role in determining the performance of the phytic acid conversion
coating. It is noteworthy that the formation of cracks remained the primary factor affecting
the protective effectiveness of the coating. A magnesium-phytic acid/hydroxyapatite
composite coating was prepared by Zhang et al. [102]. Compared with a single phytic acid
coating, it has a better protective effect and biological activity on the magnesium alloy
substrate. With the increase in hydroxyapatite content, the coating cracking phenomenon is
significantly reduced. The decrease in the number of active hydroxyl groups in phytic acid
is attributed to the formation of coordination bonds between the P-OH group of phytic acid
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and the P-OH group on the surface of hydroxyapatite. Figure 15 shows the polarization
curves and Nyquist plots of magnesium alloys in SBF under different coatings. Tables 5
and 6 give the specific corrosion potential, corrosion current density, and impedance data
fitting results. Wang et al. [103] prepared phytic acid/silane composite coating based on
AZ31 magnesium alloy. When the molar ratio of phytic acid to y-APS was 1:1, the corrosion
resistance in SBF increased by roughly 27 times, and the composite coating stayed intact
without cracks. As the immersion duration increased, the mixed coating exhibited gradual
disintegration rather than peeling off. This disintegration was attributed to the formation
and expansion of a CaP mineralized layer, facilitated by the dissolution zone. The presence
of this mineralized layer offers additional corrosion protection for magnesium alloys.
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Figure 15. (a) The potentiodynamic polarization curves of magnesium alloy without coating, with
phytic acid conversion coating, and composite coating in SBF and (b) the Nyquist plots of different
coated magnesium alloys in SBF [102]. Reprinted with permission from Springer. Copyright 2017.
Table 5. Corrosion potential and corrosion current density of different samples in SBF [102]. Reprinted
with permission from Springer. Copyright 2017.
Samples Ecorr (V/ISCE) Icorr (WA/cm?)
Naked —1.60 40.20
PA coating —1.53 35.90
PA-35 wt.% HA —1.50 10.45
PA-45 wt.% HA —1.41 2.28
PA-50 wt.% HA —1.46 26.83
Table 6. EIS data fitting results [102]. Reprinted with permission from Springer. Copyright 2017.
Samples Rs (Q cm?) Rt (Q cm?) CPE, (S/cm?/s) Rp (2 cm?) CPE, (S/cm?/s)
Naked 2.2 510 1.9 x 107° 635 22 x 1074
PA coating 2.2 1750 7.3 x 1077 - -
PA-35 wt.% HA 2.8 3214 8.0 x 1076 - -
PA-45 wt.% HA 2.9 5154 5.3 x 1077 - -
PA-50 wt.% HA 22 1778 9.8 x 1077 - -

5.2.6. Rare Earth Conversion Coating

Recently, studies on rare earth conversion coatings on magnesium metals have been
performed, the majority of which focus on cerium conversion coatings. Saji et al. [113]
provided a comprehensive introduction to a cerium-based conversion coating, outlin-
ing its morphology, structure, and composition, as well as its process of formation and
corrosion-prevention capabilities. Yttrium-based rare earth conversion coating with uni-
form morphology was prepared on the surface of AZ91D magnesium alloy by Han [104].
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The composition of the coating primarily consisted of Y203, YOy, Al,03, and MgO. The
introduction of this rare earth coating led to a notable positive shift of approximately 230 mV
in the corrosion potential of the AZ91D magnesium alloy, and the corrosion resistance of
the alloy was greatly enhanced. The rare earth conversion layer of Pr(NO3); was prepared
on AZ80OX magnesium alloy by Jamali et al. [105], and the protection and degradation
behavior of the Pr conversion layer were studied by scanning electrochemical microscopy
(SECM). Their results showed that Pr3* exhibited active corrosion inhibition properties and
possessed self-healing capabilities when in contact with magnesium. In the presence of
an active inhibitor within the environment, dynamic deposition of Pr oxide/hydroxide
occurred in the highly alkaline region. This deposition process effectively supplemented
any defects in the Pr conversion coating, ensuring continuous protection for the magnesium
alloy surfaces.

5.3. Chemical Plating

Chemical plating, also referred to as non-electrolytic plating or autocatalytic plating,
is a technique employed for depositing metals onto the surfaces of parts. In this plating
method, metal ions present in the plating solution are reduced to their metallic form and
autonomously adhere to the part’s surface without the need for an external electrical
current. This reduction process is facilitated by the utilization of an appropriate reducing
agent [114,115].

A new ternary Ni-Sn-P coating was obtained by introducing Sn into the traditional Ni-
P coating. The surface of the new coating was smooth, dense, and non-porous (Figure 16),
showing excellent corrosion resistance and bonding strength [116]. Seifzadeh et al. [117] suc-
cessfully prepared Co-P electroless plating on AZ31 magnesium alloy by cerium-lanthanum-
permanganate pretreatment and explained the growth mechanism of electroless plating.
The substitution reaction occurred between cobalt ions and alloying elements and formed
a nucleation center around the pores of the coating, which subsequently developed into
cobalt clusters and finally led to a low-phosphorus and dense chemical coating. There were
no noticeable pores or fissures between the covering and the substrate.

Figure 16. SEM micrographs of different chemical coatings of (a) Ni-P and (b) Ni-Sn-P [116].
Reprinted with permission from Elsevier. Copyright 2015.

The service life of electroless plating solution is extremely short, and waste is eas-
ily generated during the practical application process; it is thus necessary to develop a
green and environmentally friendly electroless plating process [118,119]. Yan et al. [120]
developed a fluorine-free plating solution, which could reduce environmental pollution
to a certain extent. In this process, the alkaline nickel plating was the key procedure. The
alkaline coating not only protected the magnesium alloy substrate within the acidic plating



Coatings 2023, 13, 1533

19 of 32

BEC 20kV

WD2A}

solution but also served as an excellent active substrate for subsequent electroless plating.
Through this process, the self-corrosion potential of the AZ91D magnesium alloy was
increased by 1.14V. Rajabalizadeh et al. [121] successfully electroless plated Ni-P on AM60B
magnesium alloy by using environmentally friendly titanate instead of traditional chromate
(Cr (VI) compound) and HF solution pretreatment.

5.4. Micro-Arc Oxidation

Micro-arc oxidation (MAO) treatment is a newly developed technology for the in situ
growth of ceramic coatings on metal surfaces [122]. In the process of micro-arc oxidation,
micro-arc discharges are created on the surface of the magnesium alloy when subjected to a
terminal voltage. Under high-temperature and -pressure conditions, Mg in the substrate
micro-area combines with oxygen in plasma, resulting in the formation of a ceramic oxide
coating [123]. Figure 17 shows the cross-sectional images and elemental line scanning of
the micro-arc oxidation coating prepared in a fluoride-containing ferric sol electrolyte. The
micro-arc oxidation electrolyte not only protects the substrate but also has little environmen-
tal contamination and complies with the demands of clean production and environmental
protection because it lacks toxic substances and heavy metal elements. After micro-arc
oxidation treatment, magnesium alloy has the excellent properties of both metal materials
and inorganic materials, so micro-arc oxidation treatment is a promising surface treatment
technology [124].
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Figure 17. (A) The cross-sectional morphology and (B) energy-dispersive X-ray spectroscopy (EDS)
elemental line scans of the micro-arc oxidation coating prepared in the electrolyte with fluorine-
containing iron sol [122]. Reprinted with permission from Wiley. Copyright 2022.

By adjusting the percentage of yttrium acetate in the electrolyte, Wu et al. [125]
prepared coatings on the surface of AZ31 magnesium alloy with varying yttrium contents.
The analysis results demonstrated that the majority of the yttrium in the coating existed as
Y3*. The coating exhibited optimal corrosion protection when the concentration of yttrium
acetate in the electrolyte was 0.0035 mol/L. Liu et al. [123] explored the correlation between
the corrosion behavior of magnesium alloy substrates and micro-arc oxidation (MAO)
coatings. They also explained the failure mechanism of the MAO coating (Figure 18).
The primary cause of failure was attributed to the increase in the volume of corrosion
products at the interface, which exerted upward stress on the coating. The corrosion
pattern exhibited by the magnesium substrate significantly influenced the failure process
of the MAO coating, as it determined the mode of accumulation of corrosion products
at the interface. Figure 19 illustrates the surface and cross-sectional micrographs of an
MAO-treated magnesium alloy after being immersed in 0.1 M NaCl solution for 420 h. It is
generally understood that relying solely on a single polymer coating or surface treatment is
inadequate for effectively protecting magnesium alloys against corrosion. Zhu et al. [126]



Coatings 2023, 13, 1533

20 of 32

performed micro-arc oxidation treatment on magnesium alloy with a molybdate conversion
coating as the base. The ceramic film was fully developed after a treatment time of 60 s. A
comparative analysis revealed that the composite coating exhibited the lowest corrosion
weight loss, outperforming both the single molybdate coating and the micro-arc oxidation
coating. This superior corrosion resistance can be attributed to the synergistic effects of
micro-arc oxidation on the molybdate coating’s surface, which promoted the formation
of MgAl,O, and a new phase called MoSi,. These factors collectively contributed to the
improved corrosion resistance of the molybdate coating. Xu et al. [127] researched the
impact of various electrolytes on the characteristics of micro-arc oxidation (MAO) coatings
applied to AZ31B magnesium alloy. They found that all MAO coatings exhibited superior
corrosion resistance compared to the magnesium alloy substrate itself. Notably, the Si+B
coating prepared using an electrolyte containing Na;SiO3; and NayB4O; demonstrated
exceptional corrosion resistance and resistance against friction-induced corrosion when
subjected to simulated body fluid (SBF) conditions.

products

Figure 18. Schematic diagram of the failure process of MAO coating on (a-c) AZ31 and (d-f) AZ91
alloys [123]. Reprinted with permission from MDPI. Copyright 2019.

5.5. Anodic Oxidation

The anodic oxidation of magnesium alloy refers to the electrochemical process that
forms a stable oxide film on the surface of the magnesium alloy [128]. Magnesium alloy
specimens serve as anodes in this process, while stainless steel, graphite, or metal elec-
trolytic cell walls serve as cathodes. On the surface of magnesium alloy, a film with high
strength, hardness, and corrosion resistance is formed in a specific electrolyte [129].

The anodic oxide film of magnesium alloy has a porous structure, and the pores have
a significant influence on the properties of the oxide film [130]. By adding graphene to
the electrolyte, Han et al. [131] achieved successful incorporation of graphene into the
anodic oxidation coating of AZ31 magnesium alloy. The addition of graphene led to a
noticeable reduction in the density of micropores and cracks within the coating. The highest
corrosion resistance was observed when the graphene content reached 0.5 g/L. In this case,
the corrosion potential increased by 470 mV and the corrosion current density decreased
by approximately three orders of magnitude, indicating a significant improvement in cor-
rosion protection. Zhang et al. [132] prepared anodic oxide films on AZ91D magnesium
alloy by adding Al,Os3, SiC, TiO,, ZrO,, and CeO; nanoparticles to the electrolyte. During
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the process, the oxide nanoparticles were embedded within the anodic film, resulting in
a notable reduction in film porosity. This reduction in porosity played a crucial role in
decreasing the tendency of the oxide film to develop hot cracks. Among them, the oxide
film prepared in an electrolyte containing SiC, TiOy, ZrO,, and CeO, nanoparticles demon-
strated higher corrosion resistance, with ZrO, being the best, which could be attributed to
the nanoparticles compensating for the defects of the oxide film (Figure 20). Gou et al. [133]
also came to the same conclusion in their experiment.

Resin

Figure 19. Surface and cross-sectional micrographs of MAO-treated (a,b) AZ31 and (c,d) AZ91 alloys
immersed in 0.1 M NaCl for 420 h [123]. Reprinted with permission from MDPI. Copyright 2019.
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Figure 20. The cross-section diagram of the magnesium alloy anode film was prepared by adding
different oxide nanoparticles to the electrolyte [132]. Reprinted with permission from the Pergamon-—
Elsevier Science Group. Copyright 2020.

In addition to the blocking effect from anodic oxide film, the pores on the film can
improve bonding between the primer and the film, resulting in stronger adhesion between
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the primer and the substrate and preventing further expansion of the corrosion area on the
Mg alloy substrate [128].

5.6. Organic Coating

The organic coating is a protective film formed by coating organic films on the surface
of the sample via chemical methods [134]. Geng et al. [135] synthesized a chromium-free
potassium permanganate/epoxy composite coating on AZ91D magnesium alloy. The
composition of the coating primarily consisted of MnO, and Al,Os. The conversion coating
exhibited substantial resistance to the movement of ions and electrons, resulting in a
notable improvement in the corrosion resistance of magnesium alloys. Wang et al. [136]
built an excellent corrosion-resistant silane/graphene oxide/silane composite coating on
the surface of AZ31B magnesium alloy. Strong adhesion was provided by the silane coating,
and the graphene oxide stopped the corrosive liquid from penetrating the body surface.
The coupling effect of silane as a coupling agent could provide sufficient bonding force
for the substrate and the coating. The preparation process and geometric structure of the
composite coating are shown in Figure 21. It has certain prospects to explore the silane
composite organic coating for the protection of magnesium alloys. The most MgO-rich
and densest anodic oxidation coating on AZ31B magnesium alloy at 100 V for 2 min was
obtained by Merino et al. [137]. Following anodization, the sample was sealed using a
SiO, nanoparticle-reinforced epoxy alkyl sol-gel coating. This sealing process effectively
decreased the effective capacitance (Ce¢f) value and decelerated the corrosion rate of the
magnesium alloy when exposed to a concentrated NaCl solution.
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Figure 21. (a) The preparation process and geometric structure diagram of the Mg-AB-GO-AB three-
layer composite coating and the structural formula of (b) APS and (c) BTESPT [136]. Reprinted with
permission from the Pergamon-Elsevier Science Group. Copyright 2019.
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5.7. Sol-Gel Coating

The sol-gel method is used to form gels from liquid compounds containing highly
chemically active components through a series of chemical reactions and then used to
obtain solids of other compounds through heat treatment [138,139]. The advantage of
the sol-gel method is that the mixture of raw materials is able to diffuse sufficiently in
the solvent, thus allowing uniform doping at the molecular level in the formation of gels.
Chemical reactions are easier to carry out than solid-phase reactions, and the diffusion of
components in sol-gel systems is generally considered to be in the nanometer range. In
addition, the sol-gel method is less demanding in terms of equipment and environment
and is adapted to a variety of complex surfaces [140].

The sol-gel method also has some disadvantages. The sol-gel cycle is longer, usually
taking several days or weeks. In addition, there are a large number of micropores in the
gelling process, and after heat treatment, some gas or organic matter escapes and causes
shrinkage, which leads to cracking of the coating in the drying stage due to the residual
stress on the surface. Effective solutions include the addition of corrosion inhibitors, filling
with nanoparticles, or developing novel composite coatings [141-144]. Modification of
the sol-gel coating on the surface of AZ31 magnesium alloy was carried out by levodopa
(DOPA). The corrosion test showed that the DOPA@sol-gel coating exhibited excellent
corrosion resistance, and the improvement in corrosion resistance was attributed to the fact
that the DOPA filled the defects in the sol-gel coating, which resulted in better densification
of the coating [145]. Epoxy-alkyl silane coatings were prepared on the anodized AZ31B
magnesium alloy surface by the sol-gel method, and the impregnation experiments showed
that the protection efficiency of the only anodized coating was reduced to 76.5% after 16 h,
but the protection efficiency of the composite coating was still as high as 98.6% after
72 h [137].

5.8. Magnetron Sputtering

Magnetron sputtering coating is a type of physical vapor deposition (PVD) technique.
Its working principle is to prepare various coatings by sputtering under the influence of
a magnetic field. The charged particles are used to bombard the surface of the target in
the vacuum chamber, causing the bombarded gaseous particles to be deposited on the
workpiece. As an isolation layer, it can effectively prevent contact between the corrosive
medium and the magnesium alloy substrate.

Gao et al. [146] conducted a study to examine the influence of sputtering power on
the formation of a nano-Al film on the surface of an AZ31 magnesium alloy. The results
showed that the grain size of the Al film initially increases and then decreases as the
sputtering power increases (Figure 22). The film generated under high-power is more
corrosion resistant than that under low power (Figure 23). The corrosion current density
of magnesium alloy with Al film is reduced by about two orders of magnitude (Table 7).
Hou et al. [147] employed magnetron sputtering to produce a compact TiO; coating with
a thickness of approximately 400 nm on the surface of a Mg-Zn alloy. The corrosion
behavior of the samples was evaluated using simulated body fluid. The corrosion current
density of the untreated Mg-Zn alloy was found to be 1050 A /cm?, whereas the Mg-Zn
alloy coated with the TiO; coating exhibited a significantly reduced corrosion current
density of 49 A/ cm?. Parau et al. [148] conducted a study to investigate the impact of
deposition temperature on hydroxyapatite coating on the surface of AZ31B magnesium
alloy prepared via magnetron sputtering. The results indicated that as the deposition
temperature increased, the grain size of the magnesium alloy grew by more than 100%
while the hardness decreased. Notably, the coating applied at 200 °C displayed the highest
corrosion resistance due to its minimal porosity.
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Figure 22. Preparation steps of anodized and sol-gel composite coatings and surfaces of differ-
ent coatings after corrosion in 3.5% NaCl solution [137]. Reprinted with permission from MDPL
Copyright 2022.
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Figure 23. Surface morphology of aluminum film deposited on magnesium alloy surface under
different sputtering powers: (a) 50 W; (b) 75 W; (c) 100 W; (d) 150 W [146]. Reprinted with permission
from MDPI. Copyright 2021.
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Table 7. Ecorr and Icorr values of Al films prepared under different sputtering powers in 3.5 wt.%
NaCl solution [146]. Reprinted with permission from MDPI. Copyright 2021.

Sputtering Power/W Eocp (V) Ecorr (V/ISCE) Ieorr (A/cm?)
Uncoated (AZ31 Substrate) —1.554 —1.538 1.538 x 107>
50 —1.548 —1.602 1.269 x 10~°

75 —1.559 —1.519 2.534 x 106

100 —1.555 —1.506 4.801 x 107©

150 —1.561 —1.357 7.033 x 107

6. Conclusions

1.

The corrosion of magnesium alloys is a complex process, and the external environ-
ment has an important influence on their corrosion behavior. The extensively stud-
ied magnesium alloys are AZ series, while the understanding of detailed corrosion
mechanisms of magnesium alloys is mostly at the experimental level. For practical
applications, the corrosion of magnesium alloys shows diversity and complexity. The
corrosion behavior and mechanism as well as the material properties in this field
remain to be studied in depth.

Alloying has attracted a lot of interest as a means of controlling the corrosion of mag-
nesium alloys. The application range of magnesium alloys can be further expanded by
the addition of rare earth elements, which show an enhancing effect and improve the
corrosion performance of Mg alloys. However, the mechanism of corrosion resistance
after rare earth element addition in magnesium alloys needs further exploration, and
there is no unified corrosion resistance mechanism model.

Chemical conversion coating, electroless plating, organic coating, and other coating
technologies can effectively improve corrosion resistance by forming a film with
a special structure on the surface of magnesium alloys, which hinders the contact
between the surface and the corrosive medium. The advantages and disadvantages of
various surface coatings of magnesium alloys are shown in Table 8. Traditional chrome
treatment pollutes the environment and endangers human health during production;
thus, the development of green surface treatment technology is of important practical
significance for promoting the application of magnesium alloys. The self-healing
coating, which is one of them, is useful to address the local corrosion issue once
the coating is damaged and points the way for future coating development. Pulsed
electron beam is a new method for the surface treatment of magnesium alloys. It is
necessary to establish relevant models to describe the treatment processes and control
the microstructures and compositions on the surface of treated Mg alloys to enhance
their corrosion resistance.

The applications of magnesium alloys have largely expanded nowadays, and as a
result, their service conditions are becoming more and more complicated. Coatings on
magnesium alloys should not only prevent corrosion but also be resistant to wear in a
wide range of applications, which calls for advanced surface treatment technologies.
To promote the development and application of magnesium alloys in the future, it is
necessary to strengthen research on the surface engineering of Mg alloys and establish
related databases of corrosion and protection for practical applications.
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Table 8. Advantages and disadvantages of various surface coatings of magnesium alloys.

Film Forming Method Advantages Disadvantages
Mature process and Cr®* is toxic, harmful to humans, and
Chromate . -
excellent protection pollutes the environment
Phosphate Non-toxic, non-polluting, and low cost Limited protection as a coating alone,
usually applied as a pre-treatment
Molybdate Green environmental protection and The cost is higher

better corrosion resistance

Chemical conversion

The corrosion resistance is lower than
that of chromate conversion coating,

coating Stannate Low cost and low pollution which is used for the pretreatment of
composite coating
Excellent corrosion resistance, Fast consumption of treatment solution
Phytic acid non-polluting, and durable and the coating quality is easily

coating protection

affected by PH

Rare earth elements

Some coatings show excellent
self-healing ability

The loose structure of the membrane
layer and bonding with the substrate
needs to be strengthened

High-current pulsed electron beam (HCPEB)

Great corrosion resistance, obvious
grain refinement, and easy to control
the parameters

Requires working under vacuum,
which is more costly

Chemical plating

Mature process

Difficulty in recycling chemical plating
solutions and short service life

Micro-arc oxidation

The coatings have strong adhesion to
the substrate and great protection

High cost and low processing efficiency

Anodic oxidation

The coatings are thick and
environmentally friendly

The porous structure of the coatings
makes it necessary to carry out
post-treatment

Organic coating

Simple operation and economical, with
a certain decorative effect

Coatings are prone to deterioration and
limited protection

Sol-gel coating

Uniform coatings composition and
suitable for complex surfaces

Micropores on the surface, prone
to cracking

Magnetron sputtering

Fast deposition, strong bonding, and
great densification

High cost and complex process
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FFC Filiform corrosion

HCPEB High-current pulsed electron beam
SLS Sodium lauryl sulfate

DSS Dodecanesulfonic acid sodium

PA Phytic acid

SBF Simulated body fluid

MAO Micro-arc oxidation
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APS 3-aminopropyl-triethoxysilane
BTESPT Bis[3-(triethoxysilyl)propyl]tetrasulfide
PVD Physical vapor deposition
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