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Editorial on the Research Topic 
Corrosion and protection of magnesium alloys

As green metal engineering materials in the 21st century, magnesium (Mg) and its alloys are abundant in nature and exhibit high commercial value and diverse application prospects in structural engineering, such as automotives, electronic communications, aerospace and defense industry. However, Mg alloys are highly active in terms of chemistry and prone to corrosion, which is one of the key bottlenecks in terms of large scale engineering services. This Research Topic was compiled aiming to highlight the state-of-the art research in relation to corrosion and protection of Mg alloys and provide guidance to the future development of Mg alloys towards robust and sustained corrosion resistance through nine articles combining critical reviews, scientific explorations, and perspectives.
Thermal control over oxidation is a common and conductive approach for tackling corrosion challenges of Mg-based materials for aerospace services. Jiang et al. calculated the Pilling-Bedworth ratio of oxides preferentially formed from the precipitated phases in Mg alloys. Results show that enrichment in Y2O3 in the composite oxidation film leads to improved corrosion resistance of Mg-Y samples. Wen et al. explored corrosion behavior of Mg alloy LA103Z with a thermally controlled oxide film in 3.5% NaCl solution. It is evident that corrosion of the Mg-Li alloy with a chemical oxidation film is initiated in pitting format, expands in depth in the early stage, forms corrosion holes, and then gradually develops into river-like morphology. In the last stage, the increasing corrosion products progressively cover the entire sample surface, which reduces the corrosion rate of the Mg alloy.
Combinations with corrosion inhibiting chemicals (e.g., graphene oxide) have been applied to Mg alloy surfaces. Zhang et al. reported a (3-aminopropyl)-triethoxysilane-modified graphene oxide (GO) composite film upon Mg alloy AZ31 substrates. Due to the high barrier properties of layered GO, the silane-GO coatings provide effective protection to Mg alloy substrate and reduce surface defects in the GO film that occur during silane modification. In addition, corrosion products between the outer silane-GO film and Mg alloy substrate improve the corrosion resistance of Mg alloys. Gao et al. proposed a graphene-modified oil-based epoxy resin coating (G/OEP) on Mg alloy AZ31 with epoxy resin (polyurethane) and corresponding curing agent as primary ingredients. Graphene fills up the physical defects in the hydrophobic coating and improves the shielding ability against attack from corrosive media. A critical concentration (0.6 wt%) of graphene is determined with optimal corrosion resistance.
Rare Earth salts containing chemical conversion coatings is a promising solution to the corrosion challenges of Mg alloys. Li et al. employed micro-arc oxidation to prepare zirconium-containing films with varying concentrations on the surface of Mg alloy AZ91. It was stated that the ZrSiO4 particles in the electrolyte enter the MAO film and reduce film defects. Hong et al. doped yttrium (Y) into Mg-Al layered double hydroxide films (MgAlY-LDHs) upon surface-anodized Mg-2Zn-4Y alloy by means of a hydrothermal approach. Y ions are doped into the MgAl-LDHs film in an isomorphic substitution manner and exhibit high corrosion resistance. The ternary LDHs film grown in situ on the Mg-2Zn-4Y alloy provides an alternative option for controlling corrosion of Mg alloys. Han et al. prepared anticorrosion films with superhydrophobic properties. In-situ layered double hydroxides (LDHs) were deposited on etched Mg alloy AZ31, and then they were modified into films with micro/nano hierarchical surface morphology. The super-hydrophobic LDH films provide high corrosion resistance owing to the double-protection derived from the LDHs and super-hydrophobicity.
In a Na2SiO3-Na3PO4 system, Silvina Román et al. investigated corrosion susceptibility of two Al-Mg dilution alloys (Al-0.5wt.%Mg and Al-2wt.%Mg) obtained by directional solidification (columnar, equiaxed and columnar-to-equiaxed transition, CET) at room temperature with different grain characteristics. The columnar grain zone presents higher corrosion resistance than the equiaxed grain zone, and the transversal section presents higher corrosion resistance than the longitudinal section. In addition, the decreasing polarization resistance as a function of distance from the base increases grain size, secondary dendritic arm spacings and hardness. When the polarization resistance increases, the critical temperature gradient decreases. Calado et al. reviewed the latest progress of WE series Mg alloys (such as mechanical properties, corrosion properties) in terms of correlations between those properties and microstructure, the individual role of specific alloying elements in the WE series, and sound protective strategies to manage their corrosion behavior.
The present contributions in the compiled articles are broad in nature, emphasizing the science and technology in relation to corrosion and protection of Mg alloys. This is also the purpose of this Research Topic, in which various methods of protecting magnesium alloys from corrosion are widely depicted. Cross-fertilization of new ideas are likely to emanate by compiling such complementary but not necessarily overlapping articles.
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In order to enhance the corrosion resistance of AZ31 magnesium alloy, graphene-modified oily epoxy resin coating (G/OEP) were prepared on the surface of magnesium alloy. SEM observations show that graphene has fewer surface defects, and can significantly improve the surface quality of the coating and reduce defects. FI-TR testing shows that coating are mainly composed of epoxy resin (polyurethane) and its corresponding curing agent. Electrochemical testing shows that the coating can provide good corrosion protection for magnesium alloy. Compared with the corrosion current density of magnesium alloy of 6.20 × 10−7 A/cm2, the G/OEP can significantly reduce the corrosion current density to 6.96 × 10−12 A/cm2. Analysis of the morphology of the coating after electrochemical corrosion found that graphene can improve the shielding ability of the coating to corrosive media, and reduce the damage of corrosion to the coating structure, and enhance the corrosion resistance of the coating. The content of graphene for excellent corrosion resistance of coating during this experiment is 0.6 wt%. The graphene can fill the defects generally in the coating during the curing process to prevent substrate from penetration of corrosive media caused by the density and hydrophobicity of coating are increased.
Keywords: AZ31 magnesium alloy, graphene, corrosion resistance, oily epoxy resin, coating
INTRODUCTION
In recent decades, due to the increasingly serious environmental problems, magnesium alloy materials are extremely suitable for material substitution standards for energy-saving and light-weight design. Therefore, they have been widely used in many fields such as automobiles and aerospace (Tekumalla et al., 2014; Dziubińska et al., 2016; Zeng et al., 2018; Ramalingam et al., 2019; Song et al., 2020). However, magnesium is extremely reactive. The standard electrode potential of magnesium is 2.37 V, which is very easy to corrode. The naturally formed MgO/Mg(OH)2 has a loose and porous structure, resulting in a weak corrosion resistance of the magnesium alloy itself (Song and Atrens, 2003; Song, 2005; Chu et al., 2019; Chen et al., 2019).
In response to this problem, epoxy resin organic coating is the most economical and effective method from an industrial point of view (Shi et al., 2012; He et al., 2014; Guo et al., 2020). It’s easy to operate, low cost, and has natural advantages in industrial applications (Jin et al., 2015; Ou et al., 2020). At present, oily coatings have good film-forming properties, strong water resistance and excellent corrosion resistance. Although epoxy resin has shown excellent anti-corrosion protection for magnesium alloy matrix, it is affected by the cross-linking density of epoxy bonds, and the coating will be affected in the later curing and cross-linking process.
Defects such as holes and cracks are generated, thereby reducing the corrosion protection ability of the substrate. Therefore, in recent years, researchers have done a lot of research in this direction, the main method is to add corrosion inhibitor fillers to the coating materials (Dong et al., 2013; Deyab et al., 2016; Xie et al., 2019; Rahman et al., 2019). Graphene has excellent corrosion inhibition performance among many corrosion inhibitor fillers (Zhang et al., 2015; Hao et al., 2018; Xia et al., 2018; Ziat et al., 2020). Graphene is a carbon material with a two-dimensional structure, and has excellent physical properties and stable chemical properties. The special structure can have extremely high resistance to oxygen and water permeability (Zhao et al., 2013; Wu et al., 2018; Zhou et al., 2018; Cui et al., 2019; Ding et al., 2019). Compared with other methods, the oily epoxy resin coating modified by the graphene is stable in the corroded state for the substrate. Moreover, the inhibition effect can be improved by the dispersion in oily epoxy resin and the hydrophobicity is better than waterborne epoxy resin. As soon as these advantages were discovered, they received extremely high attention from research scholars. Chen et al. modified graphene carbonitride nanosheets (g-C3N4) and graphene through π-π bond interactions to increase the dispersion performance of graphene in epoxy resin coatings, and significantly improve the corrosion resistance of the coating (Chen et al., 2020).
At present, there are few studies on using graphene modified oily epoxy resin coatings to improve the corrosion resistance of magnesium alloys. Therefore, this article explores the effect of the coating on the corrosion resistance of AZ31 magnesium alloy by modifying oily epoxy resin coatings with different contents of graphene.
MATERIALS AND METHODS
Materials
This experiment used a deformed AZ31B magnesium alloy sheet as the substate material, and its composition is shown in Table 1.
TABLE 1 | Main components of AZ31B magnesium alloy/wt%.
[image: Table 1]The sample preparation process is as follows: the magnesium alloy sheet was cut into many samples of 20 mm × 20 mm × 10 mm with a wire cutting machine, and then the cutting fluid on the sample surface was removed with acetone solution in the ultrasonic cleaner, and then the surface was polished step by step using 500, 800, 1200, 2000 and 3,000 mesh alumina abrasive sandpapers, respectively. After there are no obvious scratches on the surface of the samples, clean them with alcohol, dry them with hot air, and put them in a drying dish for use.
The graphene used in this experiment was purchased from Changzhou Sixth Element Material Technology Co., Ltd. Oily bisphenol A epoxy resin paint and phenolic amine oily epoxy resin curing agent were purchased from Guangzhou Tuan Anti-corrosion Technology Co., Ltd.
Coating Preparation
The oil-based epoxy resin coating was modified with four different contents of graphene, and the weight ratio of graphene to the epoxy resin coating was 0 wt%, 0.1 wt%, 0.3 wt%, and 0.6 wt%, respectively. The specific operation method of coating preparation is as follows: according to the corresponding ratio, the graphene of different weights and 50 g oily epoxy resin paint were stirred with a mechanical stirrer at a high speed for 30 min. After stirring until the mixture is uniform, mix the mixed paint and the curing agent according to the ratio of 3:1. Then continued to mechanically stir the mixed paint until the mixing was uniform, and finally used a wool brush to coat the mixed paint on the surface of the AZ31 magnesium alloy, and cured at room temperature for 14 days to obtain a coating with a dry film thickness of 600 ± 20 μm. For the convenience of analysis, the graphene modified oily epoxy resin coating is marked as G/OEP-0 wt%, G/OEP-0.1 wt%, G/OEP-0.3 wt%, G/OEP-0.6 wt%.
Test Method
JSM-6610 scanning electron microscope was used to observe the surface morphology of graphene and coating. FTIR analysis was used to characterize the structure and composition of graphene and the coating, the specific working parameters were the detection range of 4,000 cm−1– 400 cm−1 and the resolution of 4 cm−1. The CHI660E series electrochemical workstation was used to test the anti-corrosion performance, and the classic three-electrode test system was used; the magnesium alloy substrate and the coating sample were used as the working electrode, and the working area was 1 cm2, the counter electrode was a platinum electrode, the reference electrode was a saturated glycerin mercury electrode, the test solution was 3.5 wt% NaCl solution, e tests were performed at room temperature. All samples were tested for open circuit potential (OCP) multiple times until the potential stabilized, and then the potentiodynamic polarization curve was tested. The specific test parameters were: voltage sweep interval of −3 to 1 V and sweep speed of 1 mV/s.
RESULTS AND DISCUSSION
Characterization of Graphene and Coatings
Figure 1 is a picture of the microscopic morphology of graphene. From Figure 1A, it can be seen that graphene has small flakes that exist in a single-layer structure, and there are also large flakes that agglomerate into a multilayer structure. These agglomerations are caused by the interaction of π-π bonds between graphene, which will also have a certain impact on the dispersion properties of graphene in coatings. It can also be seen from the figure that the size of single-layer and multi-layer graphene generally does not exceed 20 μm, and the size of single-layer graphene can reach 10 μm or less. In addition, as shown in Figure 1B, the sheet-like structure of graphene can be further clearly seen, and the surface is slightly wrinkled, indicating that the surface structure of graphene has low defects.
[image: Figure 1]FIGURE 1 | Graphene micro-topography under different magnifications: (A) 2,400 times, (B) 40,000 times.
Figure 2 shows the test results of graphene Fourier infrared spectroscopy. It can be seen from the figure that graphene mainly contains four peaks in the spectrum, of which the peak at 1,523 cm−1 corresponds to the tensile vibration of the C-O bond in the epoxy group. The peak corresponding to 1678 cm−1 is related to the vibration of the C=C bond of the benzene ring. The peak at 2349 cm−1 is due to the symmetrical vibration of CO2 in the air inside the Fourier test space. The absorption peak at 3,506 cm−1 is caused by the C-OH bond (Ye et al., 2020).
[image: Figure 2]FIGURE 2 | Graphene FI-TR test spectrum.
The FTIR spectrum of the oily epoxy resin coating is shown in Figure 3. Among them, the absorption peaks of methyl and methylene on the molecular chain of epoxy resin appear near 2,900 cm−1 and 2,800 cm−1, respectively. The absorption peak near 1,250 cm−1 corresponds to the vibration of the C=C bond in the benzene ring. The absorption peaks at 1,510 cm−1 and 1,480 cm−1 correspond to the vibration of the N-H and C-N bonds in the phenalkamine curing agent, respectively. The absorption peak at 1,010 cm−1 is derived from the epoxy group in epoxy resin. The absorption peak at 1,640 cm−1 is the carbonyl group (Siva et al., 2014; Wang et al., 2018).
[image: Figure 3]FIGURE 3 | Graphene FI-TR test spectrum.
Figure 4 is a picture of the micro morphology of modified oily epoxy resin coatings with different contents of graphene. It can be seen from Figure 4A that when the graphene corrosion inhibitor filler is not added, the microstructure shows that the coating surface has more defects and larger roughness, which may be caused by the rupture of bubbles generated during the curing process. Figure 4B shows that when 0.1 wt% graphene is added, the surface defects and roughness of the coating are significantly reduced, and the holes and pits are also significantly reduced. This is because with the addition of graphene, the two-dimensional flaky structure can well fill the holes and pits caused by the bubble burst during the coating curing, which greatly improves the surface defects of the coating. As the graphene content continues to increase, when it reaches 0.3 wt%, Figure 4C shows that the coating surface is relatively smooth, with almost no obvious holes visible, and the coating has a higher surface quality, which is because as the graphene content continues to increase, the graphene filler has reached a better dispersion state inside the coating. Using its own structural characteristics, it almost covers the entire coating surface, which can well fill the coating surface defects. However, Figure 4D shows that when the content of graphene filler reaches 0.6 wt%, the surface quality of the coating decreases, but no obvious defects appear. Analysis believes that this is due to the fact that as the content of graphene increases, the mutual attraction between π-π bonds leads to a decrease in the dispersion quality of graphene inside the coating, and agglomeration begins to occur during the curing process of the coating. The agglomerated graphene has been exposed on the surface of the coating, which will prevent the graphene from being well dispersed on the entire coating surface to fill the defects, and the agglomerated graphene will increase the surface roughness of the coating.
[image: Figure 4]FIGURE 4 | Micro morphology of graphene modified oily epoxy resin coating: (A) G/OEP-0 wt%, (B) G/OEP-0.1 wt%, (C) G/OEP-0.3 wt%, (D) G/OEP-0.6 wt%.
Coating Electrochemical Performance
Figure 5 shows the potentiodynamic polarization curves of magnesium alloys and coatings. Table 2 lists the electrochemical parameters, including specific values of corrosion current density and corrosion potential. Since the corrosion potential is greatly affected by environmental factors, the corrosion current density is generally used to judge the corrosion resistance of the test sample. The smaller the corrosion current density, the better the corrosion resistance. It can be seen from Table 2 that the corrosion current density of the magnesium alloy matrix is 6.20×10–7 A/cm2, and the corrosion current density of the oily epoxy resin coating is lower than that of the magnesium alloy. It shows that the coating can significantly improve the corrosion resistance of magnesium alloys. The corrosion current density of G/OEP-0.6 wt% is the lowest, reaching 6.96 × 10–12 A/cm2, which is 5 orders of magnitude lower than that of the magnesium alloy matrix.
[image: Figure 5]FIGURE 5 | Potential polarization curve of magnesium alloy and coating.
TABLE 2 | Related parameters of potentiodynamic polarity curve.
[image: Table 2]In order to facilitate the analysis of the influence of different contents of graphene on the corrosion resistance of the coating. Figure 6 shows the changing trend of the corrosion current density of the oily epoxy resin coating with different graphene content. It can be seen from the figure that with the addition of graphene, the corrosion resistance of the coating has been significantly improved. The corrosion current density of the coating is reduced by two orders of magnitude, from 3.98×10–10 A/cm2 to 6.96 × 10–12 A/cm2. Based on the analysis of Figure 4, it is believed that the addition of graphene reduces the pores of the coating, increases the diffusion resistance of the corrosive medium to the surface of the substrate, and improves the corrosion resistance of the coating. In addition, graphene will preferentially agglomerate inside the coating as the content increases. Although it still plays a shielding role for corrosive media, it reduces the corrosion inhibition effect. Therefore, the decline trend of the corrosion current density of G/OEP-0.6 wt% tends to be gentle.
[image: Figure 6]FIGURE 6 | Variation trend of corrosion current density of oily epoxy resin coating with different graphene content.
Analysis of Coating Corrosion Mechanism
Figure 7 shows the morphology of modified oily epoxy resin coatings with different graphene content after corrosion. As shown in Figure 7A, before graphene is added, the corrosion of the coating is more serious and there are more holes. With the addition of graphene, it can be seen from Figure 7B that 0.1 wt% of graphene has improved the corrosion resistance of the coating, and the holes caused by corrosion are significantly reduced. When the graphene content in the coating reaches 0.3 wt% and 0.6 wt%, Figures 7C,D show that after a period of electrochemical corrosion, there are almost no related holes caused by corrosion on the surface of the coating. And the coating surface is smoother, showing excellent anti-corrosion performance. This is also mutually corroborating the results of the potential polarization curve of the coating, indicating that the epoxy resin coating modified by graphene can provide good corrosion resistance for the substrate and avoid damage to the coating surface by corrosive media. And after adding the graphene content to 0.6 wt%, the coating is least affected by corrosion and has good corrosion resistance.
[image: Figure 7]FIGURE 7 | Corrosion morphology of modified oily epoxy resin coating with different graphene content: (A) G/OEP-0 wt%, (B) G/OEP-0.1 wt%, (C) G/OEP-0.3 wt%, (D) G/OEP-0.6 wt%.
Based on the analysis of relevant literature reports (Liao et al., 2017; Lu et al., 2018; Wu et al., 2018). If graphene is not added, the coating has relatively porous holes, which cannot well shield the penetration of corrosive media to the coating, so that the coating is greatly affected by corrosion. When a small amount of graphene is added for modification, the graphene is dispersed and arranged inside the coating, increasing the length of the corrosive medium penetration path. However, the coating and the substrate are affected by corrosion caused by H2O and O2 molecules and Cl− ions will still penetrate the coating during diffusion. When the content of graphene increases to 0.3%–0.6% wt, because the number of pores on the surface of the coating is reduced, not only the density of the graphene coating can be increased, but also the hydrophobicity of the coating will be enhanced, which make it difficult for the corrosive media to penetrate the interface between the coating and the substate, so that the corrosion resistance of the coating can be greatly improved.
CONCLUSION
The G/OEP coating was prepared on the surface of AZ31 magnesium alloy by brush coating technology. Graphene has fewer surface defects and is successfully doped into the coating. The G/OEP coating significantly improves the corrosion resistance of magnesium alloys. With the graphene content increases, the corrosion resistance of the coating is gradually improved. The corrosion current density of the G/OEP coating is reduced by two orders of magnitude, from 3.98×10–10 A/cm2 to 6.96 × 10–12 A/cm2. The graphene can fill the defects generally in the coating during the curing process to prevent substrate from penetration of corrosive medium caused by the density and hydrophobicity of coating are increased.
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In this study, (3-aminopropyl)-triethoxysilane–modified graphene oxide (GO) composite thin films were synthesized on magnesium alloy AZ31 substrate. The structure, composition, and morphology of silane-GO films were analyzed. Electrochemical measurements and immersion tests showed that silane-GO coatings provide effective protection for magnesium alloy substrates, owing to the good barrier property of the layered GO, and decrease the defects on the GO film surface due to the silane modification. In addition, the corrosion product between the outer silane-GO film and Mg alloy substrate also improved the corrosion resistance of the Mg alloy. Thus, silane-GO composite thin films provide an effective approach for protecting the lightweight metal substrate.
Keywords: graphene oxide, silane, film, corrosion resistance, Mg alloy
INTRODUCTION
In recent years, magnesium alloys have gained considerable attention due to their remarkable mechanical and biodegradable properties (Wu et al., 2013; Zainal Abidin et al., 2013; Hernández-Barrios et al., 2020; Daavari et al., 2021). With numerous magnesium alloy applications, the problem of corrosion resistance has been obstructing their further use in many specific situations (Gnedenkov et al., 2016; Pan et al., 2016; Zhou et al., 2020). Therefore, some experiments have been carried out to improve the corrosion resistance of magnesium alloys.
Graphene, as a 2D layer of sp2-hybridized carbon atoms, has gained significant attention for metal protection (Prasai et al., 2012; Hsieh et al., 2014; Kyhl et al., 2015) due to its unique properties, such as excellent mechanical property, thermal and chemical stability, gas impermeability, higher aspect ratio, lower density, and good barrier property (Aneja et al., 2017; Jo et al., 2017). However, owing to the high electrical conductivity of graphene, the galvanic corrosion of the metal can be greatly promoted when corrosion occurs in the defects (such as cracks or wrinkles) of graphene layers, severely bring down the corrosion resistance in the long term (Lei et al., 2017; Sanjid et al., 2019).
Graphene oxide (GO), possessing plenty of oxygen functional groups on its basal planes and edges, has gathered equal attention because of its useful metal protection properties. Generally, GO and modified GO sheets can be used as nano-additives to enhance the anticorrosive properties of organic coatings. Some researchers (Chang et al., 2012; Yu et al., 2014) prepared GO-reinforced composite coatings, which exhibited strong resistance to oxidation and corrosion, using the chemical modification method. However, many researchers have found that simple doping of GO cannot decrease their surface energy, which is the reason they tend to agglomerate. Several recent studies (Wan et al., 2014; Sun et al., 2015; Ma et al., 2016; Ramezanzadeh et al., 2016) have shown that GO can be covalently functionalized with silane and then embedded into an organic coating to improve the barrier property of the coating by suppressing the penetration of an aggressive medium. Meanwhile, the covalent bond (Si-O-Me) can be formed by the reaction of silane with the hydroxyl groups on the metal surface (Me-OH) (Liu et al., 2015a; Yu et al., 2015; Matinlinna et al., 2018; Fernández-Hernán et al., 2021).
Therefore, in order to inhibit the agglomeration of GO in coatings, the GO can be modified using silane coupling agents to reduce their surface energy. In addition, the silane can be linked with a metal substrate with covalent bonding, ensuring a high adhesion strength between the coating and the substrate.
In this study, a (3-aminopropyl)-triethoxysilane (APS)–modified GO film was prepared on the surface of magnesium alloy to investigate the effect of silane-grafted GO on corrosion resistance of the as-obtained coating. It is expected that by applying the APS agent as a “bridge” to covalently link GO to the magnesium alloy substrate, the silane-GO film with good adhesion strength and corrosion resistance property would be realized.
EXPERIMENTAL SECTION
Materials
Magnesium alloy AZ31 sheets of size 30 mm × 30 mm × 5 mm (approximate minority components, wt.%: Al 3.19, Zn 0.81, Mn 0.33, and balance Mg) were used as substrate materials in this study. Before coating, the samples were ground with SiC paper to 2000 grit. All specimens were rinsed in distilled water, then cleaned ultrasonically in alcohol for 10 min, and eventually dried in warm air. Graphene oxide (10 ml/L, 5 wt.%, with few layers) was purchased from Beijing Carbon Century Technology Co., Ltd., China. 3-Aminopropyl-triethoxysilane (analytical grade) was purchased from Beijing J&K, China. Alcohol and glacial acetic acid (analytical grade) were purchased from Beijing Chemical Works, China.
Silanization of GO and Preparation of Silane-GO Film on Magnesium Alloy
0.1 g GO powders were ultrasonically dispersed into 50 ml deionized water for 8 h. Then, 150 ml of alcohol was added to the mixture under vigorous stirring to obtain a GO suspension (∼0.5 mg/ ml). After that, 2 ml APS was added into the suspension gradually. Such low APS concentration was used to obtain a graphene-based film rather than a silane-based film. Then, the pH of the suspension was adjusted to 5 using glacial acetic acid. In this way, the hydrolysis reaction of APS was promoted, and the condensation reaction was restrained. The mixture was sealed and continuously stirred for 12 h at 50◦C, forming a silane-GO suspension. In addition, APS solution with 1 vol. % was prepared by combining APS, glacial acetic acid, deionized water, and alcohol, and then stirred for 12 h at 50◦C as a comparison.
The preparation of films was carried out using a dip coater (PTLMM01, China) at room temperature. The pretreated Mg alloy samples were immersed into the silane-GO suspension for 5 min, then taken out at the speed of 200 mm/min, and subsequently cured at room temperature for 15 min. The above process was performed twice. Finally, the samples were cured at 60◦C for 60 min. All samples were kept in a drying chamber for more than 24 h before use. The synthesis and silanization of GO and the preparation of silane-GO (GO-APS) films on Mg alloy are depicted schematically in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic representation of the synthesis and silanization of GO and the preparation of silane-GO films on the Mg alloy.
Characterization
The zeta potentials of GO, APS, and GO-APS in suspension were measured using a nanoparticle analyzer (Malvern Zetasizer Nano, UK) to evaluate the stability of the solution. The electrical conductivity of GO and GO-APS powder was measured using a resistivity tester (SZT-D, China) to evaluate the effect of GO and GO-APS on the corrosion process. Atomic force microscopy (AFM; SPM9500-J3) of GO and GO-APS sheets was carried out through drop-casting deposition on a silicon wafer. The surface morphology of films was examined using a field-emission scanning electron microscope (SEM; JEOL JSM-7800) at the voltage of 20 kV. The structure of films was characterized by Raman spectra (Model Laboratory RAM HR800, HORIBA Jobin Yvon) through a 50× objective (NA = 0.5) with a 514.5-nm Ar–Kr laser. To avoid laser-induced thermal damage, the power of the laser was kept at 0.4 mW on the sample. Adhesion testing was carried out by the pull-off test as per the EN-ISO 4624 standard by using a CMT5504 machine at a crosshead speed of 2 mm/min. Glow discharge optical emission spectroscopy (GDOES; HORIBA GD-Profiler 2) depth profile analysis of the coated samples was measured at a pressure of 650 Pa and power of 30 W with an anode 4 mm in diameter.
Electrochemical Measurements
Electrochemical impedance spectra (EIS) measurements were carried out on an electrochemical workstation (CS360) by using a three-electrode system in 0.05 M NaCl aqueous solution. A low concentration of the NaCl solution was used to decrease the rate of the corrosion processes and allow a more correct estimation of the processes at the early stages (Yu et al., 2015). A saturated calomel electrode (SCE) was used as the reference electrode, a platinum plate as the counter electrode, and film-coated samples as the working electrode. After immersion in 0.05 M NaCl aqueous solution for 1 h, the open-circuit potential (OCP) of the films was monitored continuously. The frequency range of EIS measurements was from 100 kHz to 10 mHz with an AC excitation amplitude of 10 mV.
RESULTS AND DISCUSSION
Figure 2 shows the Zeta potential of APS, GO, and GO-APS stable and homogeneous sols. The Zeta potential of the GO suspension after silane modification is close to that of the GO suspension, which is more negative than that of APS sol, indicating that the main component of the GO suspension after silane modification is GO instead of cross-linked APS sol particles. Comparing the conductivity of the GO with silane-modified GO effect on the corrosion process with the GO with the APS-modified GO powder using the conductivity test, the results showed that the conductivity of the silane-modified GO becomes lower, mainly because of a nonconductive organic silane group grafted to the surface of the GO (Yu et al., 2015).
[image: Figure 2]FIGURE 2 | Zeta potential of stable and homogeneous sols: (A) APS; (B) GO; (C) GO-APS.
AFM observation of GO and GO-APS deposited on a silicon wafer through drop-casting was carried out. Representative AFM images of GO and GO-APS are shown in Figure 3. There is no apparent decrease in thickness of GO-APS by the presence of silane chains grafted on the GO surface, but with the GO layers of local fragmentation.
[image: Figure 3]FIGURE 3 | AFM images of films deposited on a silicon wafer through drop-casting: (A, B) GO; (C, D) GO-APS.
The FE-SEM images of GO, APS, and GO-APS film–coated Mg alloy samples are displayed in Figure 4. Under the action of the film-forming liquid, a layer of sheet structure vertical to the surface of the substrate was formed between the film and the substrate due to the rapid dissolution of the magnesium surface. On the surface of the GO film sample, the sheet GO coating on the surface is not continuously dense. The defects can be significantly seen from the partial enlargement of Figure 4A2. The APS film surface has a magnesium alloy corrosion product layer, while no corrosion products of the magnesium alloy surface layer were found on the silane-modified GO layer. The surface layer has continuous density, and the GO of the lamella is evenly distributed in the layer, showing that APS plays an important role in improving the uniformity of the GO film. Moreover, the GO film is partially accumulated after modification by APS as shown in Figure 4C2.
[image: Figure 4]FIGURE 4 | FE-SEM images of film-coated Mg alloy samples: (A1,A2) GO film; (B1,B2) APS film; (C1,C2) GO-APS films.
Figure 5 presents the Raman spectra of GO, APS, and GO-APS films deposited on Mg alloys. The APS-silane film shows almost no obvious peak near 1,500 cm−1. Two obvious peaks are detected in GO and GO-APS films, which are ascribed to the structural defects of the GO membrane of carbon (Ferrari et al., 2006; Ma et al., 2019). The spectrum of the GO film displays the G peak and the D peak at 1,352 cm−1 and 1,589 cm−1, respectively, which are consistent with the results of other researchers (Yu et al., 2015; Zhang et al., 2018). The D peak is caused by the disorder of C-C key vibration, characterization of the sp3 hybridization structure of carbon atoms; the G peak is caused by the stretching vibration of C-C bonds and represents the carbon atoms of the sp2 hybridized structure (Stankovich et al., 2007). After the modification of APS, the positions of D peak and G peak remained unchanged, indicating that the modification process connects the APS molecules and the GO surface by chemical bonds without significantly changing the structure of GO. The increase of the D/G intensity ratio (ID/IG) in the Raman spectrum of GO-APS films mean the size of the sp2 hybrid structure of the carbon zone (graphite crystallite) decreases and disorder increases (Gómez-Navarro et al., 2007). The GO fragmentation is due to the chemical reduction of the silane coupling agent (Singh et al., 2013; Tang et al., 2013; Liu et al., 2015b), consistent with the AFM results.
[image: Figure 5]FIGURE 5 | Raman spectra of film-coated Mg alloy samples: (A) GO film; (B) APS film; (C) GO-APS film.
The adhesion strength of the GO, APS, and GO-APS films was measured by the pull-off tests, as shown in Figure 6. There is a significant difference in the adhesion strength of the three films. The GO film demonstrates low adhesion strength (∼9.2 MPa) compared with the adhesion strength of the GO-APS films (∼20.4 MPa). The adhesion strength of the APS film is 22.5 MPa, suggesting good adhesion of the film. The high adhesion strength of the APS film implies that the increase in adhesion strength of the GO-APS films must be related to the amount of APS.
[image: Figure 6]FIGURE 6 | Adhesion results of the pull-off tests of GO, APS, and GO-APS films.
Figure 7 displays the depth profiles of elemental analysis across the GO and GO-APS films by the GDOES method. In Figure 7A, the GO covered sample comprises three layers, including the GO outer layer, the magnesium alloy corrosion product layer, and the oxide transition inner layer. Clear C and O signals were detected on the surface of the GO sample, corresponding to the GO layer (∼0.17 μm). It is essential that the Mg signal be observed across the GO film, demonstrating that the Mg on the surface of the substrate participates in the GO film–forming reaction. Then both O and Mg signals reach a plateau attributed to the corrosion product layer (∼0.4 μm) sputtering. After that, the decrease in the O signal and the increase in the Mg signal confirm the transition from layer to Mg alloy during sputtering. Finally, the Mg concentration reached a platform, and the Al signal disappears due to the alloy’s sputtering. In Figure 7B, there is an evident increase in thickness of the GO-APS films (GO layer ∼0.17 μm, GO-APS layer ∼0.57 μm) due to the presence of silane chains grafted on the GO surface (the Si signal can be detected). Meanwhile, the decrease in thickness of the corrosion product layer indicates that the GO-APS layers can be considered as good physical barrier layers that can provide sufficient protection.
[image: Figure 7]FIGURE 7 | GDOES depth profile of GO and GO-APS film–coated Mg alloy samples: (A) GO film; (B) GO-APS films.
Figure 8 shows the EIS results of bare Mg alloy and GO, APS, and GO-APS film–coated Mg alloy samples immersed for 24 h. In the Bode plots of phase angle, two well-defined time constants can be found in the spectra of different samples. The one appearing at high frequency is contributed by the porous layer, while the other appears at medium frequency due to the barrier layer. It is well known that coatings with a higher Z modulus (|Z|) at lower frequencies exhibit better corrosion resistance on metal substrates (Yu et al., 2015; Ma et al., 2016). There is an increase in |Z|0.01Hz value the GO-APS films due to the presence of silane chains grafted on the GO surface compared with that of the GO film. The results showed that the APS-modified film significantly improved the corrosion resistance of Mg alloy. Correspondingly, two capacitor rings of different samples can also be seen in the Nyquist plots, representing the porous layer and the barrier layer, respectively. The size of the capacitor ring represents the degree of corrosion resistance. In Figure 8A, the GO-APS film presents the largest diameter, indicating that the film has the best corrosion resistance.
[image: Figure 8]FIGURE 8 | EIS curves and fitted results of bare Mg alloy and GO, APS, and GO-APS film–coated Mg alloy samples after 24 h of immersion in 0.05 M NaCl solution: (A) Nyquist plot; (B) Bode impedance modulus plot; (C) Bode impedance phase angle plot.
Figure 8 presents the results obtained from the EIS data of bare Mg alloy and GO, APS, and GO-APS film–coated Mg alloy. The equivalent circuits (ECs) obtained from the fitted results are revealed in Figure 9. For all samples, Rs in the ECs represent the resistance in NaCl solution. According to the simulated ECs, the following can be determined: Cp and Rp correspond to the passive film formed on the surface of the Mg alloy; Ccp and Rcp correspond to the corrosion product layer between the outer film and the Mg alloy substrate; the GO film coated on the Mg alloy can be expressed by CGO and RGO; CAPS and RAPS represent the APS film; and the double layer films can be deduced for the GO-APS film–coated Mg alloy, which is signified by CG-A1 and CG-A2.
[image: Figure 9]FIGURE 9 | Equivalent circuits of EIS results: (A) bare Mg alloy; (B) GO film–coated Mg alloy; (C) APS film–coated Mg alloy; (D) GO-APS film–coated Mg alloy.
Each value of the elements in ECs is exhibited in Table 1. Regarding the GO film on Mg alloy, RGO and Rcp demonstrate the rise in corrosion resistance due to the GO film. The high value of Rcp indicates the corrosion product between the GO film and Mg alloy substrate dominated in the protection from corrosion. The low value of RGO could be caused by the cracks on the GO film (Prasai et al., 2012; Yu et al., 2015). Also, the higher Rcp value of the GO film–coated Mg alloy than the Rp value of the bare Mg alloy proved the adequate protection of the GO film from corrosion. As for the APS film–coated Mg alloy, in the same way, the high RAPS and Rcp values also explained the protective effect of the APS film from corrosive NaCl solution. In the case of the silane-modified GO film, the corrosion resistances of first GO-APS layers and the corrosion product layer between the GO-APS films and Mg alloy substrate are much higher than those of the GO film–coated Mg alloy, indicating that silane modification greatly improved the resistance of the GO film from corrosion. Besides, the higher RG-A1 and Rcp values than the RG-A2 value demonstrate that the corrosion resistance of GO-APS films is dominated by the first layer of the GO-APS films and the corrosion product formed in the process of immersion in GO-APS sol. Therefore, the GO-APS film exhibits good corrosion protection and is superior to most of the GO-based anticorrosive coatings on magnesium alloys, as shown in Table 2.
TABLE 1 | Parameter values for ECs of various samples.
[image: Table 1]TABLE 2 | Comparison of corrosion resistance of GO-based films/coatings on Mg alloys.
[image: Table 2]The possible protective mechanism of silane-modified GO films is as follows:
1) The surface modification of silane reduces the conductivity of GO and inhibits the promotion of GO to metal corrosion at film defects (Yu et al., 2015).
2) The impermeability of GO improves the physical barrier property of the film and prevents the infiltration and erosion of the corrosive medium (Chu et al., 2019; Maqsood et al., 2020).
3) The corrosion product layer was formed at the interface between the GO-silane layer and the magnesium alloy substrate, which formed the synergistic protective effect.
CONCLUSION
The surface modification of GO was carried out by using APS. The results showed that APS successfully modified the surface of GO, and the prepared film significantly improved the corrosion resistance of the magnesium alloy. Results indicated that GO films could not be applied on magnesium alloy AZ31 because of the formed corrosion product layer and unavoidable defects. In contrast, APS plays an important role in improving the uniformity and adhesion of the GO film and decreasing the thickness of the corrosion product layer. The GO-APS films can be formed as a good physical barrier layer that can provide effective corrosion protection. This method provides a new idea for the application of graphene-based thin films on the magnesium alloy surface.
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The Pilling-Bedworth ratio of oxides preferentially formed from the precipitated phases in magnesium alloys were calculated. The results showed that the PBR value of Nd2O3 preferentially formed from Mg12Nd was 1.0584, and the PBR value of Y2O3 preferentially formed from Mg24Y5 was 1.1923. Both the Nd2O3 and Y2O3 would provide a good protection to the Mg matrix. The Gd2O3 preferentially formed from Mg3Gd, whereas the MgO preferentially formed from MgNi2. The PBR value of these two oxides were both larger than 2. The corresponding oxides formed from the common precipitated phases Mg17Al12, MgZn2, MgCu2, Mg2Ca, Mg12Ce, and MgAg were all less than 1. The oxide films formed on surfaces of pure Mg and Mg-xY (x = 3, 5, 7 wt.%) alloys at high temperatures were analyzed. The results showed that the oxide films were composed of a Y2O3/MgO outer layer and an inner layer rich with Y2O3. The formation of Y2O3 was mainly caused by the oxidation of Mg24Y5. The more Y2O3 existed in the composite oxidation film, the better corrosion resistance of the Mg-Y samples.
Keywords: oxide, PBR value, magnesium alloys, precipitated phases, Mg-Y
INTRODUCTION
The PBR (Pilling-Bedworth Ratio) value of oxide film is an important parameter to evaluate the film protection performance to the base metal (Xu and Gao, 2000). When the PBR value is less than 1, the protection performance of the oxide film is poor, due to the existing tensile stress and the resultant incomplete coverage of the oxide film to the metal. Similarly, when the PBR value is larger than 3, the oxide film also shows a weak protection, due to the compressive stress in the film. When the PBR value is between 1 and 2, the oxide film is protective (Bradford 1993; Tan et al., 2016; Song et al., 2021).
Magnesium is active, so the α-Mg matrix and precipitated phases in magnesium alloys are prone to be oxidized in the atmospheric environment (Czerwinski 2002; Liu et al., 2009; Medved et al., 2009), leading to the formation of different kinds of oxidation films on the magnesium alloy surface (Czerwinski, 2012; Czerwinski, 2015). The PBR value of oxidation film formed on pure magnesium is about 0.8, which is not protective (You et al., 2000; Mebarki et al., 2005; Cheng et al., 2009; López et al., 2010).
There are many precipitated phases existing in magnesium alloys, including Mg17Al12, MgZn2, Mg2Ca, Mg5Gd, Mg12Nd and Mg24Y5, etc., (Nie 2012; Zhu and Chen, 2019; Kaya, 2020; Shi et al., 2020). The crystallography of the precipitated phases determines the microstructure and property of magnesium alloys. According to the literatures, the film formed by oxidation of precipitated phases during the heat treatment process, has good corrosion resistance (Sudholz et al., 2011; Chang et al., 2015; Yu et al., 2015). Due to the different activity of alloying elements, the property of oxide film formed from the precipitated phases in the atmospheric environment is different (Van Orman and Crispin, 2010). PBR is the ratio of oxide volume consisting metal and oxygen on the metal surface, to the volume of base metal atoms, which reflects the stress condition in the oxide film. The corrosion tendency of magnesium alloy is closely related to the conditions of the oxide layer (Wang et al., 2007; Fan et al., 2011).
In this work, the PBR values of oxides formed from the precipitated phases in magnesium alloys were calculated. In order to verify the PBR calculation results of oxides formed from the precipitated phases in magnesium alloys, the morphologies of oxidation films formed on the surfaces of pure Mg and Mg-xY alloys (x = 3, 5, 7 wt.%) at high temperature were characterized. The effect of the oxidation films on corrosion resistance were also studied. This work is expected to give a scientific and reasonable method to improve intrinsic corrosion resistance of magnesium alloys by regulating the types of precipitates.
CALCULATION OF THE PILLING-BEDWORTH RATIO VALUE
Calculation of Absolute Atomic Mass
The relative atomic mass values of the alloying elements, including Al,Zn, Cu, Ca, Gd, Nd, Ce, Ag, Ni, Y and C12 were obtained from the periodic table of elements. The absolute atomic mass values of the alloying elements were calculated via the following formula:
[image: image]
The results were shown in Table 1.
TABLE 1 | Absolute atomic mass of different alloying elements.
[image: Table 1]Molar Volume of Precipitated Phases MgAXB in Magnesium Alloys
The crystal structure and parameters of the common precipitated phases in the magnesium alloys, including Mg17Al12, MgZn2, MgCu2, Mg2Ca, Mg3 Gd, Mg12Nd, Mg12Ce, MgAg, MgNi2 and Mg24Y5 were obtained by the phase diagram.
The atom number in a single unit cell of the precipitated phases MgAXB was calculated via the crystal structure. For example, the crystal structure of Mg24Y5 is body-centered cubic (BCC), so there are two Mg24Y5 intermetallics in each unit cell. The total atom number in a single Mg24Y5 unit cell is 2 × (24Mg+5Y) = 48Mg + 10Y. The absolute mass of a single Mg24Y5 unit cell (the sum of 48Mg atoms and 10 Y atoms) was obtained as following: 48 × 4.0303×10−23 g + 10 × 14.7425 × 10−23 g = 340.8794 × 10−23 g. The absolute mass of other single precipitated phases MgAXB was calculated via the same method with results shown in Table 2.
TABLE 2 | Molar volume of precipitated phases MgAXB in magnesium alloys.
[image: Table 2]The volume of a single unit cell was calculated according to the crystal structure and parameters obtained from the XRD card. The density of a single unit cell was calculated via the following formula:
[image: image]
The Mg24Y5 unit cell is body-centered cubic (BCC) structure, and the lattice parameters is a = 1.1257 × 10−7 cm. So the Volume of a single unit cell is a3 = (1.1257 × 10−7 cm)3 = 1.4265 × 10−21 cm3, the density of a single Mg24Y5 unit cell is [image: image], according to Eq. 2. The densities of single unit cells of the other precipitated phases were obtained via the same method. The density of a single Mg24Y5 unit cell is the density of the Mg24Y5 intermetallics.
The molar volume of precipitated phases MgAXB in magnesium alloys was calculated via the formula as follow:
[image: image]
For example, the molar volume of [image: image]. All the calculated results are shown in Table 2.
Pilling-Bedworth Ratio Calculation of Oxidation Formed From Precipitated Phases
According to the formation Gibbs energies of the metal’s oxides (James 2005), the preferential metal atom of the precipitated phases MgAXB in magnesium alloys during oxidation reaction in the atmospheric environment were:
1) ΔfG°Al2O3 = −38.5 kJ/mol＞ΔfG°MgO = −135.27 kJ/mol; Mg17Al12→Mg→MgO
2) ΔfG°ZnO = −76.08 kJ/mol＞ΔfG°MgO = −135.27 kJ/mol; MgZn2→Mg→MgO
3) ΔfG°CuO = −31.0 kJ/mol＞ΔfG°MgO = −135.27 kJ/mol; MgCu2→Mg→MgO
4) ΔfG°CaO = −144.25 kJ/mol＜ΔfG°MgO = −135.27 kJ/mol; Mg2Ca→Ca→CaO
5) ΔfG°Gd2O3 = −434.9 kJ/mol＜ΔfG°MgO = −135.27 kJ/mol; Mg3Gd→Gd→Gd2O3
6) ΔfG°Nd2O3 = −411.3 kJ/mol＜ΔfG°MgO = −135.27 kJ/mol; Mg12Nd→Nd→Nd2O3
7) ΔfG°Ce2O3 = −407.80 kJ/mol＜ΔfG°MgO = −135.27 kJ/mol; Mg12Ce→Ce→Ce2O3
8) ΔfG°Ag2O = −2.68 kJ/mol＞ΔfG°MgO = −135.27 kJ/mol; MgAg→Mg→MgO
9) ΔfG°NiO = −50.6 kJ/mol＞ΔfG°MgO = −135.27 kJ/mol; MgNi2→Mg →MgO
10) ΔfG°Y2O3 = −434.19 kJ/mol＜ΔfG°MgO = −135.27 kJ/mol; Mg24Y5→Y→Y2O3
If there is one type of precipitated phase AUBV in magnesium alloy, the preferentially oxidized element is B-content in the AUBV single unit cell. Because the preferentially oxidized B-content is derived from AUBV, which is a solid solution structure. Therefore, the volume of B-content can be obtained from the volume of AUBV single unit cell subtracted the volume of unoxidized A-content (Xu and Gao, 2000), as shown by the following formula,
[image: image]
For example, the molar volume of Y atom in Mg24Y5 unit cell was calculated via: [image: image]. In consideration of x in Eq. 6 (2 for Y2O3), the volume of 2 mol of Y in alloy is calculated by 2 × 18.9008 cm3 = 37.8016 cm3.
Then, the density and molar mass of oxide product can be obtained via periodic table of elements. Thus, the molar volume of oxidized product can be calculated via the formula:
[image: image]
For example, the molar volume of oxide product Y2O3 from the oxidation of precipitated phases Mg24Y5 was calculated as follow: [image: image].
The PBR value of oxidation films formed from the precipitated phases in magnesium alloys was calculated via the formula:
[image: image]
All the results were shown in Table 3.
TABLE 3 | PBR value of the oxide film formed from the precipitated phases of magnesium alloys.
[image: Table 3]Characteristic of Oxide Films on the Mg-xY (x = 3, 5, 7 wt.%) Alloys Surfaces
Commercially pure Mg (99.9 wt. %), Mg- 3Y wt.%, Mg- 5Y wt.% and Mg- 7Y wt.% were used to characterize the oxide film on the surface of magnesium alloys. The samples with dimensions of 1 cm × 1 cm×1 cm were heated in the dry air at 400°C for 36 h. These samples were used to analyze the microstructure of oxide films, including the morphologies, thicknesses and compositions by scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The samples with dimensions of 2 cm × 2 cm × 0.5 cm were also heated in dry air at 400°C for 36 h, which were used to test the open circuit potential (OCP) using the electrochemical workstation. Three parallel samples were used to ensure the accuracy of the test results. All the samples were polished with 1,000, 3,000 and 5,000# SiC papers and then cleaned with absolute ethanol.
Due to the affinity of oxygen to magnesium alloys, samples are oxidized rapidly at a high temperature in dry air. The rate of oxidation increases first linearly, then exponentially with the extension of oxidation time (Zhou et al., 2013; Yu et al., 2016). Below 400–450°C, the magnesium alloys have certain oxidation resistance, with a parabolic oxidation kinetics and intact oxide film (Yu et al., 2018). Once the temperature exceedes 400°C, the oxidation reaction kinetics will change from parabolic to linear. The acceleration of oxidation reaction leads to the formation of film cracks on the surface. Therefore, in order to study the microstructure of the dense oxide films on Mg-Y alloys, the oxidation temperature of 400°C was chosen. The thermo gravimetric analysis (TGA) was used to measure the weight increment of different samples. The heating rate was 10°C/min in the air environment from room temperature to 500°C.
As shown in Figure 1, the morphologies of oxide films formed on Mg-xY (x = 0, 3, 5, 7 wt.%) samples are quite different. Many MgO particles and pores existed on the surface of pure Mg, indicating a poor corrosion resistance of the oxide film. With the addition of 3 wt.% Y, the surface tended to be smooth and compact, and the pores were also disappeared. However, there were still a small amount of MgO particles on the sample surface. With the increasing of Y-content, MgO particles disappeared completely, whereas the squama-like oxides formed on the surface of Mg-5Y alloys. As the Y content increased to 7 wt.%, the size of the squama-like oxides becomes larger, and the boundary of oxides turned clearly.
[image: Figure 1]FIGURE 1 | The oxides morphologies of different samples: (A) pure Mg; (B) Mg-3Y; (C) Mg-5Y; (D) Mg-7Y.
The EDS results of oxides on the surface of Mg-xY (x = 0, 3, 5, 7 wt.%) samples are shown in Table 4. The Y-contents in the oxides are more than the matrix. Both the O-content and Y-content increased with the addition of Y element, whereas the Mg-content decreased. This phenomenon because that the activity of Y element is higher than Mg element. With the extension of oxidation time, the thickness of oxides increased. The oxidation rate of all the samples was reduced by the oxides barrier, which inhibited the inward diffusion of O2 and the outward diffusion of Mg2+. According to the calculation in Table 3, the PBR of Y2O3 formed from the Mg24Y5 unit cell was 1.1923, which indicated that the Y2O3 oxidation film was compact. Moreover, the chemical property of Y2O3 was relatively stable. Therefore, when Mg-Y alloys were exposed in the high temperature environment, the dense MgO/Y2O3 composite oxide layers were formed on the sample surfaces. The composite oxide layer acted as a physical barrier to hinder the oxidation reaction, thus the oxidation of magnesium alloys was slowed down (Wang et al., 2008).
TABLE 4 | The EDS results of oxides of different materials.
[image: Table 4]The TGA result was shown in Figure 2. From the trends of the curves in the figure, all samples had a fast oxidation rate at the initial stage. The oxidation reaction rate decreased with the prolong of oxidation reaction time and the rising of temperature. The Mg-5Y alloys had the faster oxide reaction rate than the pure Mg, Mg-3Y and Mg-7Y samples at the initial stage of oxidation. Then, the thin, smooth and dense oxide films were formed on the surface of samples, the oxidation rates were all reduced. At the maximum temperature, the weight improvement ratio of pure Mg, Mg-3Y, Mg-5Y and Mg-7Y was 0.80, 0.82, 0.85 and 0.91%, respectively. This phenomenon indicated that Y element had the higher activity to bind with oxygen than Mg.
[image: Figure 2]FIGURE 2 | The thermo gravimetric analysis results of different samples.
According to the mapping results in Figure 3, the difference of Y-content in Mg-xY (x = 3, 5, 7 wt.%) alloys led to the different elementary composition in the oxidation products.
[image: Figure 3]FIGURE 3 | The mapping results of elementary composition in the oxidation products on different samples surfaces: (a-pure Mg) and (b-pure Mg): pure Mg; (a-3Y) and (b-3Y) and (c-3Y): Mg-3Y; (d-5Y) and (e--5Y) and (f-5Y): Mg-5Y; (g-7Y) and (h-7Y) and (i-7Y): Mg-7Y.
As shown in Table 5, mapping analysis on the surface of pure magnesium showed that the O content was only 2.5%. This phenomenon proved that the oxide film on the surface was very thin, so that the electron beam can penetrate the oxide film and reach the Mg matrix. The oxidation films of Mg-3Y samples were composed of MgO as the major constituent and minor Y2O3. When Y-content was 3 wt.%, the average content of oxygen element in the surface mapping analysis was about 13.8 wt.%, and the Y element was about 21.1 wt.%, which indicated that a large number of Y2O3 were formed in the oxide film. The content of Y element was larger than that of in the alloy matrix without oxidation. With the increase of Y-content to 7 wt.%, the O element on the surface film increased to 16.1 wt.%, while the Y content increased to 26.9 wt.%.
TABLE 5 | The EDS mapping analysis of different samples.
[image: Table 5]The average thicknesses of oxidation films for different samples were measured by backscattered electrons scanning spectroscopy, as shown in Figure 3. And the elemental composition at different cross-section locations was also analyzed by EDS, with results summarized in Table 6. In Figure 4 the average thickness of oxidation films on the surface of pure Mg was about 0.4 μm. With the addition of Y-content, the oxidation film thickness increased from 0.5 μm (Mg-3Y) to more than 1.5 μm (Mg-7Y). This phenomenon was attributed to the high activity of Y element, which preferentially combines with oxygen to form oxide films (Wang et al., 2009).
TABLE 6 | The elemental composition of different cross-section locations.
[image: Table 6][image: Figure 4]FIGURE 4 | The thicknesses of oxidation films on different samples measured by backscattered electrons: (A) pure Mg; (B) Mg-3Y; (C) Mg-5Y; (D) Mg-7Y.
As shown in Table 6, all the oxidation films were consisted of Y2O3 and MgO. For both pure Mg and Mg-xY (x = 3, 5, 7 wt.%) alloys, the major content of the oxidation film is MgO. However, the closer to the top surface of the oxide film, the larger amount of Y2O3-content. In general, the protection performance of oxidation products to α-Mg matrix was related the PBR of films covered on the samples, which determine the diffusion rate of metal atoms from metal/oxide interface to oxide/air interface, and the diffusion rate of oxygen atoms from oxide/air interface to metal/oxide interface (Zhao et al., 2018). The inward diffusion of oxygen atoms and the outward diffusion of Mg atoms through the oxide films was suppressed due to the compact microstructure of Y2O3-content.
Figure 5 shows the open circuit potential of pure Mg and Mg-xY alloys covered with oxidation films in 3.5% NaCl solution. As time increased, all the ocp values decreased, due to the desquamation of oxidation films covered on the surface of samples (Jiang, et al., 2021). The OCP value of Mg-7Y alloy was the most positive, indicating the most alleviated local corrosion of Mg-7Y alloy among the samples. In addition, with the extension of immersion time, the OCP of Mg-Y alloys tended to be stable, indicating a stabilized surface state. The electrochemical activity of the samples decreased in the order of Mg-7Y > Mg-5Y > Mg-3Y > pure Mg. The corrosion tendency of Mg-7Y was the lowest in the exposure of 3.5% NaCl for 1200s, due to the protection of the thick and compact oxidation film.
[image: Figure 5]FIGURE 5 | The electrochemical open circuit potential of samples covered with oxidation films in the surface measured in 3.5% NaCl solution.
The Tafel slopes of pure Mg and Mg-xY alloys covered with oxidation films measured in 3.5% NaCl solution was shown in Figure 6. The corrosion reactions were identical according to the similarity of all the Tafel curves. As shown in Figure 6, the characteristic anode branches were generally sharp formation, which represented the dissolution of α-Mg. The cathodic hydrogen evolution was the main reaction, which determined the reaction rate of the electrochemical corrosion. When the potential was more negative than the pitting potential, the cathodic branch showed up linear Tafel characteristics. Therefore, the corrosion current density of pure Mg and Mg-xY alloys was calculated by the tangent of linear cathode branch. The results of corrosion current density were shown in the table of Figure 6. Due to the different resistance of oxides films to the corrosion reaction, the pure Mg showed a largest Icorr, whereas the Mg-7Y alloy showed the smallest. The results depended on thickness and density of oxides films, which indicated that the oxides films formed in the surface of Mg-7Y alloy showed a best corrosion barrier effect.
[image: Figure 6]FIGURE 6 | The electrochemical Tafel slopes of samples covered with oxidation films in the surface measured in 3.5% NaCl solution.
The electrochemical impedance spectra curves of pure Mg and Mg-xY alloys covered with oxidation films measured in 3.5% NaCl solution was shown in Figure 7. The largest electrochemical impedance spectra of Mg-7Y alloy samples indicated that hydrogen evolution of the α-Mg matrix reaction had the largest energy barrier. According to the results in Figure 6, the corrosion resistance can be ranked as follows: pure Mg＜Mg-3Y＜Mg-5Y＜Mg-7Y, which demonstrated that the tendency was consistent with the preceding data in this study. The electrochemical impedance spectra curves of different samples were different, which represented distinctive dynamic corrosion process. The larger of the PBR of oxides films, the stronger of the barrier effect on the ion diffusion of corrosion reaction. Therefore, the alloy with the most Y-content showed the best corrosion resistance.
[image: Figure 7]FIGURE 7 | The electrochemical impedance spectra curves of samples covered with oxidation films in the surface measured in 3.5% NaCl solution.
PBR is the ratio of oxide volume generated from the combination of metal and oxygen on the metal surface to the volume of consumed metal atoms, which reflects the stress condition in the oxide film. The corrosion tendency of magnesium alloy is closely related to the conditions of oxide layer during oxidation. The PBR of Y2O3 films generated from Mg24Y5 was about 1.1923, which indicated the Y2O3 films were continuous and compact (Okamoto, 1992). Therefore, the content of Y-content increased, the corrosion tendency of Mg-Y alloys decreased. When PBR is less than 1 or more than 2, tensile stress or excessive compressive stress exists in the oxide film, and the film is prone to rupture. The PBR value of MgO/Mg was 0.81, which indicated that the MgO layer had a large internal tensile stress, and the film structure was loose (Lin, et al., 2010; Qin, et al., 2016; Lee, et al., 2017). As a result, the pure Mg had the largest corrosion tendency than Mg-Y alloys.
As shown in Figure 8, the oxidation mechanism of pure Mg and Mg-Y alloys in this study. With the increasing of Y-content, the amount and volume fraction of precipitated phases on grain boundary of Mg-Y binary alloys became larger before heat treatment. After the heat treatment, pure Mg reacted with O atom to form a loose porous oxide film in Figure 7A. For Mg-Y binary alloys, the Y atom bonded to the O atom preferentially, and then the Mg atom bonded to the O atom at the high temperatures. The Y2O3 and MgO products formed in the surface of different Mg-Y binary alloys. With the increasing of Y-content, the ratio of Y2O3 formed in the oxides became larger. Moreover, the volume and dimensions of Y2O3 also showed a large improvement. As the oxidation reaction processed, the equilibrium state of the interface between the alloy and the oxidation environment changed (You, et al., 2014). At the initial stage of oxidation, the equilibrium state of the alloy interface was alloy-oxidation environment. With the formation of oxidation films, the equilibrium state of the interface changed to alloy/oxidation products/oxidation environment. During the oxidation reaction, the PBR value of MgO products was only about 0.8, which could not protect the α-Mg matrix from the further corrosion reaction effectively. However, the PBR value of Y2O3 was larger than 1, which improved the overall density of mixed oxide in the surface to a certain extent. Therefore, the protective effect of mixed oxide on the matrix was improved. This phenomenon indicated that the more of Y-content, the stronger the protective effect of oxide film on the α-Mg matrix.
[image: Figure 8]FIGURE 8 | The oxidation mechanism of pure Mg and Mg-Y alloys in this study.
On the other hand, precipitated phases in the magnesium alloys often act as the cathode of microelectrochemical coupling reaction, accelerating the corrosion of α-Mg matrix. With the alloying element increased gradually, more and more Y-content reacted with α-Mg matrix, the number of precipitated phases also increased tremendously. However, In the heating process, the precipitated phases containing rare earths were easier to oxidize than the magnesium matrix. And then the Y2O3 formed have a better protection effect on the α-Mg matrix. The more precipitated phases contained rare earth were, the more Y2O3 is oxidized, which resulted a improvement to the corrosion resistance of α-Mg matrix.
In fact, different types of precipitated phases may exist in the same magnesium alloy. Moreover, one alloying element also may form different kinds of precipitated phases in the magnesium alloys with the changes of the alloying element content. In this work, the PBR values of the oxide film formed from the common precipitated phases in magnesium alloys were calculated. In the actual oxidation process of magnesium alloys, it is possible that multiple oxidation reactions occur simultaneously. This research is expected to provide guidance in the development of heat-resistant magnesium alloys by adjusting the types of alloying elements and film formation from the precipitated phases.
CONCLUSION

1) The PBR values of preferentially oxides formed from Mg12Nd and Mg24Y5 were 1.0584 and 1.1923, respectively, which indicated a good protection for the Mg matrix. The PBR values of preferentially oxides formed from Mg3Gd and MgNi2 were larger than 2, which existed a compressive stress. The PBR values of preferentially oxides formed from Mg17Al12, MgZn2, MgCu2, Mg2Ca, Mg12Ce, and MgAg were less than 1, which existed a tensile stress. Both compressive stress and tensile stress would lead the fracture of oxides. These PBR values of oxides indicated a poor protection of Mg matrix.
2) The oxide films formed on the surfaces of Mg-xY (x = 3, 5, 7 wt.%) samples were consisted of Y2O3 and MgO. The formation of Y2O3 was caused by the oxidation of Mg24Y5. The PBR values of preferentially oxides formed from Mg24Y5 was 1.1923, and then increased the PBR of MgO formed from Mg matrix to a certain extent. The electrochemical experiments proved that the corrosion resistance of Mg-Y alloys improved with the increasing of Y-content.
3) In the actual oxidation process, multiple oxidation reactions will occur simultaneously. The composition of oxide films on the surface of magnesium alloys are complex. This work is expected to give a scientific and reasonable method to improve intrinsic corrosion resistance of magnesium alloys by regulating the types of precipitates.
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The magnesium lithium thermal control oxidation is a commonly used conductive anti-corrosion treatment method for aerospace. The corrosion behaviors of thermal control oxidation films for LA103Z alloys were studied in 3.5% NaCl solution. The corrosion characteristics with different immersion time were characterized by using scanning electron microscopy, energy spectroscopy, and electrochemical methods. The results showed that the corrosion of Mg-Li alloy with chemical oxidation film starts from pitting corrosion, gradually expands in depth in the early stage, forms corrosion holes, and then gradually develops into river-like morphology. In the last stage, the increasing corrosion products slow down the corrosion rate and gradually covers the entire sample surface. The corrosion product mainly consists of MgO, LiF, and MgCl2. Combined with the electrochemical characteristics, the corrosion mechanism was investigated.
Keywords: corrosion, LA103Z, thermal control coating, electrochemical, electrochemical., initiation
INTRODUCTION
As the lightest metallic structural materials (1.30–1.65 g/cm3), Mg-Li alloys have been widely used in space fields (Wu et al., 2020a; Wu et al., 2020b). In order to satisfy the functional requirements and adapt to the space environment, it needs to take out surface treatment such as plating, oxidation, and coatings for Mg-Li alloys (Xia et al., 2019; Zhang et al., 2019; Liu et al., 2021). However, due to the electrochemical activity of Mg and Li, the alloys have great corrosion risks in the service environment (Prando et al., 2019; Sun et al., 2020). Although there are few corrosive factors in space, the coastal launch site can bring severe corrosion for the products. Oxidation methods can form thermal control coatings, anti-corrosion coatings, coating suitable for bonding, etc., which are suitable for the structure applications of satellites (Shi et al., 2015; Guo et al., 2017; Yang et al., 2018; Qiu et al., 2020).
In order to improve cementing property, it is needed to reduce thickness of the coating; however, the thin coating is useless for preventing corrosion. Many researchers have made efforts to form thin coating with good corrosion resistance (Wang et al., 2007; Chen et al., 2011; Formosa et al., 2012; Fernández et al., 2019). Fernandez et al. (Fernández et al., 2019) found that reduced graphene oxide onto magnesium discs by electrochemical and chemical methods can decrease the corrosion rate. The results obtained by Chen et al. (Chen et al., 2011) indicated that all the conversion coating formed in different solutions exhibits amorphous structure. The formation of Mo on the surface of Mg alloys after chemical oxidation can significantly improve the corrosion resistance (Shao et al., 2017). Xu et al. (Xu et al., 2008) produced oxide film of 2–3 μm by the environment friendly chemical oxidation method. The corrosion resistance rate of the film in 3% NaCl solution was only 1/15 of Mg alloy substrates. Wang et al. (Liu et al., 2016) used black chemical oxidation to form a film, which had uniform blackness and dense film.
In this paper, the thin film of magnesium lithium LA103Z was fabricated by chemical oxidation, and the corrosion behavior was studied by immersion test in 3.5wt% NaCl solution. The morphologies and corrosion products were characterized, combined with the electrochemical analysis of sample with different corrosion time, and the corrosion evolution mechanism was also studied.
EXPERIMENTAL SECTION
Experimental Sample and Procedure
The specimen used for the test is LA103Z magnesium lithium alloy, and the chemical composition is given in Table 1. The material was cut into 40 mm × 40 mm×2 mm for experiment. Moreover, the specimens were polished by sandpaper from 400#, 800#, to 1,000#.
TABLE 1 | Chemical composition of LA103Z magnesium-lithium alloy (wt%).
[image: Table 1]Before oxidation, the specimens of LA103Z magnesium lithium alloy were degreased with absolute ethanol and then cleaned by deionized water → activation treatment by fluoride salt with concentration of 2.5 g/L → cleaned by deionized water → dried by compressed air. The chemical oxidation was carried out to obtain a thermal control film.
After oxidation, the specimens were sealed and protected by chloroprene rubber, except for an area of 40 mm × 40 mm for the immersion test. The specimens were soaked in 3.5% NaCl solution at the temperature 45°C with different times (1, 3, 6, 12, 18, 24 h). After immersion with the assumed time, the specimens were cleaned by deionized water and dried by compressed air. Specimens with different immersion time were cut off by cross-section and observed by SEM.
Characterization
After immersion test, the morphologies of the specimens were characterized by metallurgical microscope (MO, Canon E60) and scanning electron microscope (SEM, SUPRA55VPX,Germany). The composition of corrosion products was characterized by x-ray diffraction (XRD, Bruker AXS D8, Cu target, scan rate of 5°/min, scan range of 10°–90°).
The electrochemical evaluation with different immersion time was performed by using IM6 electrochemical equipment in 3.5wt% NaCl solution at room temperature. The experiment employed a three-electrode system, a saturated calomel (SCE) electrode as reference electrode, a Pt electrode as counter electrode, the magnesium lithium alloy chemical oxidation sample as working electrode, and the sample exposure area was 1 cm2. The open circle potential (OCP) was tested for 600 s. The electrochemical impedance spectroscopy (EIS) was tested with sinusoidal signal disturbance voltage amplitude of 10 mV. The frequency range is 100 kHz–10 mHz. The polarization curve test range is -0.5 V ∼ +0.5 V (vs OCP), scan rate is 5 mV/s, the range of cyclic voltammetry test voltage is -0.25 V ∼ +0.25 V (vs OCP), and the scan rate is 5 mV/s.
RESULTS AND DISCUSSION
Corrosion Morphologies
The morphology of the film and its element content are shown in Figure 1. The surface of the film contains many micro cracks and holes. The main elements are Mg, O, and Cr.
[image: Figure 1]FIGURE 1 | The morphology and element content of the film.
The morphologies of the specimens after different immersion time are shown in Figure 2. It can be seen that when the specimens are immersed in NaCl solution, the surface forms black pits, which demonstrated that the pitting corrosion happens on the surface for 1 h. As the immersion time increases to 3 h, the surface is impregnated and the pits become dense, some of which develop to line. As the reaction continues, a big gray-green corrosion hole forms and gradually evolves into severe corrosion (6–12 h). The corrosion expands from the corrosion holes, which accelerates the corrosion, until the corrosion products almost cover the whole specimen surface (24 h).
[image: Figure 2]FIGURE 2 | Surface morphologies of the specimens in 3.5% NaCl solution.
In order to further study the evolution of the corrosion in NaCl solution, the micro morphologies after immersion for different time were characterized by SEM, which are shown in Figure 3. After oxidation, the surface film is flat and locally covered with micro cracks. When immersed in the NaCl solution for 1 h, the electro active surface of the sample is dissolved and the corrosion products fall off, which promotes to the formation of pits. As the corrosion develops, the corrosion pit expands along the grain boundary (12 h) and the corrosion products present river-like morphology (12–18 h). As the corrosion exacerbates, fluffy corrosion products cover the surface of the sample.
[image: Figure 3]FIGURE 3 | SEM morphologies of the specimens in 3.5% NaCl solution.
The cross-section morphologies were characterized and shown in Figure 4. It can be seen that in the early stage of immersion (1 h), the corrosion is slight, and sporadic corrosion pits exist on the surface. Once the pit forms, the pits develop rapidly, which connect to form notch morphology. And the corrosion expands to depth direction, promoting the formation of corrosion holes. Based on the corrosion pits, the horizontal expansion of corrosion is obviously better than the vertical expansion, and finally a piece of corrosion morphology is formed, which gradually covers the entire sample surface.
[image: Figure 4]FIGURE 4 | Cross-section morphologies of the specimens in 3.5% NaCl solution.
The corrosion products were analyzed by XRD and the results are shown in Figure 5. It can be found that the oxidation film is consisted with MgO, LiF, and MgCl2. As the corrosion happens, the diffraction peak intensity of MgO is much higher than that of Mg, which shows the opposite characters for 0 h, and the corrosion products contains MgCl2, which indicates that Chloride ions participate in the reaction and promote the formation of corrosion products.
[image: Figure 5]FIGURE 5 | XRD results of the specimens in 3.5% NaCl solution.
Electrochemical Results
The OCP results of the specimens after different immersion time are shown in Figure 6. After immersion, the potential of the sample quickly becomes positive and gradually stabilizes. With the immersion time increase, the open circuit potential becomes positive until 12 h and then gradually negative. It indicated that at the early stage (before 12 h), the corrosion product attaches to the surface and prevents the corrosion from developing, but as the immersion time goes on, the corrosion products become loose and blade off from the surface.
[image: Figure 6]FIGURE 6 | Open circuit potential (OCP) plots of specimens with different immersion time.
The structure of the electrochemical model of the specimens was characterized by EIS, and the fitting results for different immersion time of all specimens according to the electrical equivalent circuit model in Figure 7 are shown in Figure 8 and Table 2, respectively. From the Qct results can be seen that the capacitance value decreases from 7.660 × 10−6 Ω−1 cm−2 s-n to 7.660 × 10−6 Ω−1 cm−2 s-n as the immersion time increases from 0 to 24 h, which demonstrated that the resistance of corrosion product layer is reduced. However, although the reaction resistance is lower than that without immersion, as the immersion time increases from 1 h to 12 h, the reaction resistance decreases from 1,050.5 Ω to 65.8 Ω, indicating that the corrosion resistance of the sample decreases. From 12 to 24 h, the reaction resistance increases from 65.8 to 1,301.4 Ω. Combined with the morphologies, the corrosion happens when the specimens immersing in the NaCl solution and mainly forms pits and holes before 12 h, and then the corrosion products formed on the surface for 12–24 h, which has a certain blocking effect in the film layer, and the corrosion rate decreases.
[image: Figure 7]FIGURE 7 | Electrical equivalent circuit model for the EIS results, R (Q (R (QR))) (Rl stands for solution resistance, QDL and RDL are electric double layer capacitance and resistance respectively, Qct and Rct are reaction capacitance and resistance respectively; Q is a constant phase angle element).
[image: Figure 8]FIGURE 8 | EIS results of specimens after different immersion time.
TABLE 2 | Fitted data by Zsimpwin of EIS results.
[image: Table 2]The polarization plots after different immersion time are shown in Figure 9. The self-corrosion potential and self-corrosion current obtained by the linear fitting for polarization zone are given in Table 3. Compared with the non-immersed sample, the immersed sample has a smaller corrosion current and higher corrosion resistance, which indicates that the immersion reduced the corrosion resistance of the film. The self-corrosion potential shows the same trend with the open circuit potential. From the self-corrosion, current data show that the current increases from 2.435 × 10−6 A/cm2 to 5.861 × 10−4A/cm2 before 12 h, which indicates that the corrosion reaction is exacerbated, consistent with the reaction resistance. However, as the corrosion products cover the reaction area (anodic zone), which prevents the corrosion, the anodic resistance (ba) of the specimen increases after 12 h. However, the cathode area is still exposed to the solution and the continuous reaction leads to a decrease in cathode reaction resistance (bc) from 132.1 mV dec−1 to 110.3 mV dec−1 with the increasing time from 0 to 24 h.
[image: Figure 9]FIGURE 9 | The polarization curves of the specimens with different immersion time.
TABLE 3 | The fitting calculation results for linear polarization zone of polarization curves.
[image: Table 3]The cyclic voltammetry curves after different immersion time are shown in Figure 10. It can be seen that the current response to voltage change of the specimens without immersion is the smallest and basically presents a reversible process, which indicates that the sample has good corrosion resistance. The corrosion processes are shown in Figure 11. As the reaction time increases from 0 to 12 h, the current response is more obvious and the degree of reversibility gets lower and lower, which demonstrates that the electrochemical reaction is more and more violent. But the irreversible process of the reaction weakens from 12 to 24 h, which is caused by the corrosion products.
[image: Figure 10]FIGURE 10 | The cyclic voltammetry curves after different immersion time.
[image: Figure 11]FIGURE 11 | The reaction model of the corrosion initiation and expansion for different immersion time (A): 0 h, (B): 1–3 h; (C): 3–6 h; (D): 6–12 h; (E): 12–18 h; (F): 18–24 h).
Discussion
From the corrosion morphologies, composition of the corrosion products, and the electrochemical results, the process of corrosion initiation and development is given as Figure 10. The corrosion process can be concluded into the following processes.
The initial stage of corrosion initiation (a-b) is mainly the formation of pits due to the electrochemical solution of Li, as it is the most electrochemically active element. When the immersion continues, the element Mg happens in corrosion, and Li reacts further and dissolves off, which leads to the pits expanding to corrosion holes (b-c), and corrosion rate increasing as the corrosion products accumulate on the surface of the specimen (c-d), the micro-electro-battery and dissolution effect are more obvious, and the corrosion is further intensified, and corrosion develops mainly towards horizontal (d-e). However, after the corrosion products cover most of the surface, the micro-battery effect reduces, and the horizontal reaction slows down. And the corrosion products on the surface changes from Mg(OH)2 to MgO, which is more loose than Mg(OH)2, leading to depth corrosion acceleration. The wedge effect of corrosion products leads to thickening of corrosion products.
CONCLUSION

1) The corrosion of Mg-Li alloy with chemical oxidation film starts from pitting corrosion, gradually expands in depth in the early stage, forms corrosion holes, and then gradually develops into river-like morphology. In the last stage, the increasing corrosion products slow down the corrosion rate and gradually cover the entire sample surface.
2) The corrosion product is mainly consisted with MgO, LiF, and MgCl2.
3) The initial stage of corrosion initiation is mainly the formation of pits due to the electrochemical solution of Li. When the immersion continues, the element Mg happens as corrosion, and Li reacts further and dissolves off, leading to the pits expanding to corrosion holes. As the corrosion products accumulate on the surface of the specimen, the micro-electro-battery and dissolution effect are more obvious, and the corrosion is further intensified, and corrosion develops mainly towards horizontal.
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A super-hydrophobic anti-corrosion film was facilely prepared via in situ growth of layered double hydroxides (LDHs) on the etched AZ31 magnesium alloy and then modification by 1H, 1H, 2H, 2H-perfluorooctyltrimethoxysilane (PFOTMS) in this work. The morphology, structure, composition, surface roughness and water contact angles (WCA), and the anti-corrosion performance of the samples were investigated. The results revealed that the micro/nano hierarchical surface morphology of the films was composed of island structures obtained after chemical etching and MgAl-LDH nanowalls grown in situ. The best hydrophobicity (CA = 163°) was obtained on the MgAl-LDHs with the maximum surface roughness. Additionally, the potentiodynamic polarization, electrochemical impedance spectroscopy, and immersion test indicated that the super-hydrophobic LDH films provided better corrosion resistance to AZ31 magnesium alloy due to the double-protection derived from the LDHs and super-hydrophobic properties. Furthermore, the contact angle could be kept at above 140° after dipped in 3.5 wt% NaCl solution for 6 days.
Keywords: LDH films, super-hydrophobic, corrosion protection, magnesium alloys, properties
1 INTRODUCTION
Magnesium alloys have been applied in automotive, aerospace fields, and military equipment on a large scale because of low density, high thermal conductivity, good electromagnetic shielding, and easy recyclability (Xie et al., 2018; Yao et al., 2020; Yang et al., 2021). However, magnesium alloys are vulnerable to aggressive media due to their high chemical activity (Song et al., 2021), which severely restricts the potential application of magnesium alloys. So, a variety of surface-modification methods to enhance their corrosion resistance have been proposed in recent decades, such as micro-arc oxidation (Xu et al., 2021), friction stir processing, laser surface modification, physical vapor deposition, (Zhang et al., 2020), and so on. However, it has been reported that these above methods not only needed to use expensive equipment, but also the formed coatings showed a porous structure. Moreover, this coatings prepared via the above methods only can provide a passive physical barrier function (Bocchetta et al., 2021), which cannot significantly improve the corrosion resistance. Currently, an active anticorrosion layered double hydroxides (LDHs) films, which can store corrosion inhibitor, have attracted extensive attention due to that corrosion inhibitors can spread to the metal surface around the defect and react with the substrate to form the stable precipitations on the defect, aiming to heal films in time (Zhang et al., 2018). LDH film loaded with corrosion inhibitors can provide both passive physical barrier function and active corrosion resistance to the magnesium alloy, because the film itself acts as a strong physical barrier and LDHs possess the anion-exchange capacity.
LDHs, known as hydrotalcite-like compounds, is a class of nanocarrier loaded with corrosion inhibitor. The unique hierarchical structure of LDHs endows it with anion-exchange capability (Chen J. et al., 2021; Wu et al., 2021). Hence, an active protective LDH film grown in situ on the surface of the metal substrate can present significant advantages. The LDH films require neither the complicated molecular design nor the sophisticated preparation process. Furthermore, the LDH films can capture aggressive anions and release corrosion inhibitors based on the ion exchange performance (Chen et al., 2020), and the continuous LDH films itself also can provide a firm physical barrier for magnesium alloys, effectively preventing the corrosive medium from invading into the substrate (Cao et al., 2018). However, anionic inhibitors loaded in LDHs will rapidly release when exposing to external high concentration solution environment or immersing corrosion solution for a long time, directly leading to a severe decline in corrosion resistance of the LDH films. Generally speaking, the LDH films grown on metal substrate display non-closed structure. Furthermore, the LDH structure can provide not only the accommodation for corrosion mediums but also the channel for corrosion mediums passing through to the substrate (Chen et al., 2013). Thereby, the corrosion protection of single LDH film for metal substrate is limited. Inspired by outstanding water-repellency and self-cleaning ability of these natural super-hydrophobic surface (Xie et al., 2018), researchers have successfully designed and fabricated artificial super-hydrophobic surface on metallic substrate. The non-wetting performance of super-hydrophobic surface can effectively prevent the attachment of corrosion solution. So, it is anticipated that the design of super-hydrophobic surface on LDHs can impede the attack of corrosive liquid, furthermore improving the corrosion resistance of LDH film. Unfortunately, the researches on the super-hydrophobic LDH films are limited in this field. Moreover, the preparing process of the super-hydrophobic LDH films reported in previous literatures was relatively complex and the stability of super-hydrophobicity was not deeply discussed. Wang and co-workers (Wang et al., 2020) obtained the load-inhibitors MgAl-LDH films on the porous anodized Mg alloys via in situ growth method and then post-sealing it by a super-hydrophobic coating, showing active corrosion protection property. Wu et al. (Wu et al., 2019) used different kinds of low surface energy substances to modify LDHs in situ grown on anodized AZ31 Mg alloy. The result suggested that LDHs modified by fluoroalkylsilane can offer a better corrosion protection for AZ31 Mg alloy than the fatty acid with long carbon chains. Chen et al. (Chen et al., 2006) reported that the LDH crystallite orientation prepared on a PAO/Al substrate can be tailored by controlling the hydrothermal crystallization temperature and time, further providing the appropriate micro and nanostructures to obtain the super-hydrophobic LDH films. Similarly, the orientation of the LDH microsheet layer produced on Al-enriched Mg alloys was tailored by adjusting the hydrothermal temperature, time, and pH to produce a water-repellent surface after modification with fluorinated silane (Zhang et al., 2015). Therefore, in our work, a facile method was used to fabricate directly super-hydrophobic anti-corrosion LDH films on AZ31 Mg alloy. To be specific, LDH nanosheets was formed on etched AZ31 surface by in situ hydrothermal crystallization method, which provided a micro/nanostructure for the preparation of super-hydrophobic surface. Then, the LDH films were modified by 1H, 1H, 2H, 2H-perfluorooctyltrimethoxysilane (PFOTMS) to lower the surface energy. The influences of the hydrothermal treatment time and temperature on the surface morphology and corrosion resistance of the super-hydrophobic LDH films were investigated, and the stability of super-hydrophobicity was analyzed. The results demonstrated that the super-hydrophobic LDH films improved significantly the corrosion resistance of Mg alloy and displayed excellent stability of super-hydrophobicity in corrosive liquid.
2 EXPERIMENTAL SECTION
2.1 Materials
Commercial cast magnesium alloy AZ31 ingot was cut into 16 mm × 16 mm × 5 mm cubes by wire-cutting. Al(NO3)3·9H2O, NaNO3, NaOH, and ethanol were purchased from Chongqing Huanghui Chemical Dangerous Goods Sales Co., Ltd, and 1H, 1H, 2H, 2H-perfluorooctyltrimethoxysilane was ordered from Aladdin Industrial Corporation. All reagents were used as received without further purification. All solutions were prepared with deionized water.
2.2 Pretreatment of AZ31 Mg Alloy Cubes
The AZ31 specimens were sequentially polished with emery sand paper of grades 400, 800, and 1,200 to obtain bright mirror plane, ultrasonically cleaned in absolute ethyl alcohol for 10 min, and then dried in warm stream. The dried substrates were etched in 6.5 wt. % HNO3 for 20 s at room temperature, aiming to mainly remove oxide and build the micro-nano rough structure on AZ31 Mg alloy surface.
2.3 Preparation of MgAl-LDHs
The MgAl-LDH films were prepared by in situ hydrothermal crystallization treatment on chemical etched AZ31 magnesium alloy substrate. Al(NO3)3·9H2O (0.01 mol) and NaNO3 (0.005 mol) were sequentially dissolved in deionized water with continuous magnetic stirring to form a clear solution with a total volume of 100 ml. Then, the pH of the solution was adjusted to 10.7 by adding 4.0 M NaOH solution dropwise further to get turbid liquids. The etched specimens were vertically placed in Teflon-lined stainless steel autoclaves containing mixture solution, and then the hydrothermal treatment was carried out at 125°C for different times (6, 12, 18 h) or at different temperatures (100°C, 125°C, 150°C) for 12 h. Finally, the as-prepared specimens were removed with tweezers, rinsed with running deionized water and ethanol, and dried with a warm air flow. The obtained samples were denoted as 6h-125°C-LDHs, 12h-125°C-LDHs, and 18h-125°C-LDHs at the same temperature 125°C, 12h-100°C-LDHs, 12h-125°C-LDHs, and 12h-150°C-LDHs at the same time 12 h, respectively.
2.4 Fabrication of the Super-hydrophobic Surface
The super-hydrophobicity of MgAl-LDH film surface was obtained by immersing in the mixed solution containing 2 ml PFOTMS and 100 ml ethanol at 60°C for 1 h in the oven. After immersion, the as-prepared samples were continually dried at 60°C for 1 h in the oven. The final products were labelled as 6h-125°C-LDH-M, 12h-125°C-LDH-M, 18h-125°C-LDH-M, 12h-100°C-LDH-M, and 12h-150°C-LDH-M, respectively.
2.5 Surface Characterization
The surface morphology of different samples was obtained by scanning electronic microscopy with an EDX attachment (SEM, Thermo Scientific Quattro S) under electron accelerating voltage of 20 kV. The SEM specimens were sputtered with gold to avoid discharge problems before performing the SEM observation. A three dimensional laser scanning confocal microscope system (OLS40-SU, Olympus, Japan) was used for surface roughness measurements of different samples. The crystal structure of the samples was characterized by the X-ray diffraction (XRD, Rigaku D/Max 2,500X) with Cu Kα radiation (λ = 1.5406 Å) at 40 kV and 30 mA, within the range of 2θ = 5–80°. The wide-angle XRD and small-angle XRD spectra was performed at a scanning rate of 10°/min and 1°/min, respectively. Fourier transform infrared spectroscopy (FTIR, Nicolet IS5 Thermo Scientific, United States) spectra were obtained in the range of 4,000–400 cm−1 at a resolution of 4 cm−1 using 16 scans. Static water contact angles (CA) were measured by a sessile drop with 10 μl liquid droplet using a contact angle meter (SDC-100, SINDIN, China) at an ambient temperature. The CA values reported in the form of mean values were calculated from measurements made on at least three different locations of each sample.
2.6 Electrochemical Test
To evaluate corrosion resistance of different specimens, polarization curves and electrochemical impedance spectra (EIS) were performed successively on electrochemical workstation (PARSTAT4000A, Princeton, America) with a three-electrode corrosion cell at room temperature. The cell was placed in a Faraday cage to avoid external electromagnetic interference in the environment. The working electrode was as-prepared sample with exposure area of 1 cm2, and the Ag/AgCl sat. KCl electrode with a Luggin capillary and platinum sheet were used as the reference electrode and the counter electrode, respectively. The samples were immersed in 3.5 wt% NaCl solution for 30 min to reach a steady state before they were tested. Open circuit potential was measured firstly, and then EIS measurement was performed in the frequency range from 100 kHz to 10 mHz using a sine signal with an amplitude of 10 mV. EIS data were fitted by using different equivalent circuits with ZSimpWin software, and the quality of the EIS fitting results was evaluated by the value of χ2 (Chen L.-Y. et al., 2021). The polarization curves were measured from −0.5 to +0.5 versus OCP at a scanning rate 1 mV/s. Each of the electrochemical test was repeated at least three times to guarantee the reproducibility.
2.7 The Stability of Super-hydrophobicity
The chemical stability of the prepared super-hydrophobic LDH films was studied by immersing the samples in 3.5 wt% NaCl solution for 6 days, and the static CA of water was measured every day. Besides, the surface morphology of samples was observed by SEM during the immersing process.
3 RESULTS AND DISCUSSION
3.1 Surface Characterization
Figure 1 depicts the SEM images of different samples. It can be seen clearly from Figure 1 that different specimens possessed hump island structures under a low resolution because of the etched AZ31 Mg alloy. The hexagonal plate-like LDH nanosheets grown on the surface of AZ31 Mg alloy were observed in SEM images of the high resolution. The platelets of LDH crystallites were perpendicular to the substrate and covered the entire metal surface. As can be seen from the high-resolution SEM diagrams, morphology on the islands showed significantly different structures as the hydrothermal time extended. According to Figure 1C, the island structure of 6 h–125°C-LDHs sample was composed of laminate interlocked LDH nanoplates vertical to substrate. As the growth time increased, the dense and flat LDH nanosheets on the island were shown in Figure 1F, I. According to Figure 1L, F, O, the similar changes in the morphology of the LDH nanoplates can be found as the hydrothermal temperature ascended. From Figure 1, the morphology of 12 h–150°C-LDH film obviously consisted of flat-lying hexagonal LDH nanosheets. The SEM images revealed that the micro/nanoscale coarse structure of metal surface was composed of the small island obtained after chemical etching and the LDH nanosheets in situ grown. A cross-sectional view of the MgAl-LDH films (Supplementary Figure S1A) clearly demonstrated that a layer of the LDH crystals with a thickness of about 20.2 μm was assembled on the etched magnesium alloy substrate. This observation could be confirmed by energy dispersive X-ray (EDX) analysis, presented in Supplementary Figure S1B. Along EDX line scans over the LDH layer and a part of the metal substrate, the Mg Kα profile of the EDX increased with the depths. However, the O Kα profile of the EDX rapidly decreased to almost zero at the interface of the LDH films and the metal matrix, indicating the absence of O species inside the substrate.
[image: Figure 1]FIGURE 1 | SEM images of different specimens: (A,B,C) 6h-125°C-LDHs, (D,E,F) 12h-125°C-LDHs, (G,H,I) 18h-125°C-LDHs, (J,K,L) 12h-100°C-LDHs, and (M,N,O)12 h-150°C-LDHs.
3.2 Structure and Composition of LDH Films
The XRD patterns of treated hydrothermally sample and AZ31 Mg alloy substrate sample were shown in Figure 2A, B, respectively. As can be seen from Figure 2A, the peaks around 32°, 37°, and 48° were contributed to the reflection peaks from AZ31 Mg alloy substrate. In addition, the peaks around 38° and 58° of samples belonged to the reflection peaks of MgO. The peaks belonged to LDH films cannot be clearly observed in that the intensity of the peaks from AZ31 substrate was extremely high. Therefore, the more delicate pattern of Figure 2A from 5° to 30° was shown in Figure 2B. According to Figure 2B, new peaks from the treated hydrothermal samples were found, suggesting the change of the crystal structure on metal surface. As can be seen from Figure 2B, the characteristic peak at around 18° was assigned to the reflection peak of Mg(OH)2. In addition, the peaks at about 11.6° and 23.5° corresponded to the (003) and (006) planes of MgAl-LDHs, indicating a typical layered structure of LDHs (Tang et al., 2019). The d-spacing of 0.863 nm corresponding to the (003) plane of LDH film was obtained based on the Bragg’s law (2d·sinθ = n·λ). The height of the interlayered corridor was almost consistent with the reported literatures (Cao et al., 2018). Through the above analysis, it was concluded that the MgAl-LDHs was successfully prepared on the surface of the AZ31 substrate.
[image: Figure 2]FIGURE 2 | (A) Wide-angle XRD pattern of AZ31 sample (curve a: Mg substrate) and small-angle XRD pattern of MgAl-LDHs (curve b: MgAl-LDHs); (B) the magnification of Figure 2A from 5° to 30°.
Figure 3A presents the FT-IR spectra of MgAl-LDHs and MgAl-LDHs-M (MgAl-LDHs modified by PFOTMS) on AZ31 metal surface within the 400–4,000 cm−1 region, respectively. It can be seen from Figure 3A that the sharp absorption peak at approximately 3,688 cm−1 and the broad peak at about 3,358 cm−1 were ascribed to water molecules absorbed physically in LDHs and metal hydroxyl groups on the LDHs surface, respectively (Zhang et al., 2018). The peak at around 1,654 cm−1 can be attributed to the bending vibration of crystal water between the LDH layers. In addition, the band observed at 1,366 cm−1 can be assigned to the stretching vibration of the interlayer NO3− in MgAl-LDHs. The intensity of the peaks observed in the range 1,100–1300 cm−1 was weak, thus enlarging this range to obtain more refined data in Figure 3B. The emerging new absorption peaks that belonged to MgAl-LDHs-M were observed in Figure 3B. It was reported in the previous literatures that the absorption bands in 1,100–1,300 cm−1 corresponded to the presence of C-F groups (Zhang et al., 2015), and the emerging absorption peaks at around 1,273, 1,191, 1,134, and 1111cm−1 were assigned to the vibration of C-F2 groups (Pazokifard et al., 2012). Thus, Figure 3B presents that the two bimodal absorption bands that belonged to MgAl-LDHs-M (1,238, 1,210 cm−1 and 1,145, 1119 cm−1) were attributed to the stretching vibration of C-F2 groups. The above results demonstrated that LDH films were prepared successfully on metal surface, which were in good agreement with the XRD results. It also could be concluded that LDH films were modified successfully by PFOTMS.
[image: Figure 3]FIGURE 3 | (A,B) FT-IR spectra of different samples; please note that Figure 3B is the magnification of Figure 3A from 1300 cm−1 to 1100 cm−1.
3.3 Roughness and Wetting Properties of Films
Supplementary Figure S2 showed clearly that different specimens possessed almost the same surface morphologies at the very low resolution, which were composed of a great number of small hump islands. The small island structures offered micro-scale roughness to the super-hydrophobic films. Similarly, LDH nanosheets grown in situ on the etched Mg substrate played an important role on the effect of surface roughness. So the 3D roughness profiles of different samples obtained by a laser microscope were shown in Figure 4. The etched AZ31 substrate showed a surface roughness of 0.923 μm. As can be seen clearly from Figure 4, the surface roughness of these samples treated hydrothermally showed a remarkable increase. The surface roughness of 6h-125°C-LDHs, 12h-125°C-LDHs, and 18h-125°C-LDHs corresponded to Sa = 1.342μm, Sa = 3.898 μm, and Sa = 2.900 μm, respectively. It can be found that the roughness rises first and then decreases with the extension of hydrothermal treatment time. Meanwhile, the surface roughness has a similar change with increasing temperature. The surface roughness of samples treated hydrothermally was significantly increased compared to the etched magnesium alloy, which was attributed to the combination of microscale coarse structure resulting from the etching and nanoscale coarse structure resulting from hydrothermal treatment.
[image: Figure 4]FIGURE 4 | Laser microscopy images of different samples: (A) etched Mg-substrate, (B) 6 h-125°C-LDHs, (C) 18 h-125°C-LDHs, (D) 12 h-125°C-LDHs, (E) 12 h-100°C-LDHs, and (F) 12 h-150°C-LDHs.
The surface wettability of different samples was evaluated by the CA measurements, and the corresponding CA results were shown in Figure 5. The CA of etched metal substrate was 68.4° ± 5.1°, indicating the hydrophilic nature. The water CA of MgAl-LDH film decreased remarkably to 21.4° ± 1.8° compared with the etched substrate, which can be attributed to the increased roughness of the surface because of the existence of LDH nanosheets. After the LDH films were modified by PFOTMS, the LDHs sample almost presented super-hydrophobicity with a CA of more than 150°. It was worth noting that the water CA of 12h–125°C-LDHs-M was the largest, upping to 163.0° ± 1.1°, and the corresponding roughness was also the maximum. The roughness results in Figure 4 strongly supported the wettability results, revealing that the CA value increased with the roughness under certain conditions. The combination of the roughness in Figure 4 with the CA in Figure 5 was in perfect agreement with this conclusion. The corresponding theoretical foundation was presented as follows. Wenzel investigated the relationship between surface roughness and water CA and proposed the theoretical Wenzel equation.
[image: image]
where θw means the Wenzel CA, θo represents the water CA on the ideal surface, and r is the so-called surface roughness (the ratio of the actual surface area to the projected surface area). Based on the above equation, it can be concluded that θo will decrease with increasing the surface roughness, when θw < 90°; θo will increase with increasing the surface roughness, when θw > 90°. So, the results of Figure 5 were in good agreement with the results of Figure 4.
[image: Figure 5]FIGURE 5 | Shapes of water droplets on the surface of different samples and the corresponding water CA: (A) etched Mg substrate, (B) MgAl-LDHs, (C) 6 h-125°C-LDHs-M, (D) 18 h-125°C-LDHs-M, (E) 12 h-125°C-LDHs-M, (F) 12 h-100°C-LDHs-M, and (G) 12 h-150°C-LDHs-M.
3.4 Anti-corrosive Performance
3.4.1. Polarization Characterization
Figure 6 shows the polarization curves of AZ31 substrate and LDH films modified by PFOTMS immersed in 3.5 wt% NaCl aqueous solution for 30 min. According to Figure 6, AZ31 exhibited the most negative corrosion potential with the highest corrosion current density among all samples. MgAl-LDHs-M samples presented more positive Ecorr and lower Icorr, which were attributed to the blocking of corrosion media by LDH nanosheets and super-hydrophobic surfaces. Generally speaking, the corrosion potential is a thermodynamic parameter, and the more positive the corrosion potential represents better corrosion protection effect; the corrosion current density is the kinetic parameter, and lower corrosion current densities correspond to lower corrosion rates. The strong polarization area of the polarization curve was selected for obtaining the corrosion potential and the corrosion current density by the Tafel extrapolation method. The values of Ecorr and Icorr of each sample obtained by the fitting procedure were shown in Table 1.
[image: Figure 6]FIGURE 6 | Polarization curves of different samples in 3.5 wt% NaCl solution.
TABLE 1 | Electrochemical parameters estimated from the polarization data in Figure 6.
[image: Table 1]From Table 1, Ecorr of super-hydrophobic LDH films were apparently higher than that of AZ31 Mg alloy, indicating that MgAl-LDHs-M can block the attack of corrosive liquids. Particularly, the Ecorr of 12h–150°C-LDHs-M was nearly one order of magnitude than that of AZ31 substrate, upping to −0.241 V. As can be also seen clearly from Table 1, the corrosion current density gradually decreased with the LDHs growth time extending. The corrosion current density of 18h–125°C-LDHs-M in the series of different hydrothermal times was nearly four orders of magnitude lower than that of AZ31 Mg alloy, indicating excellent corrosion protection, because the LDH nanosheets grew more dense and compact on the surface of the magnesium alloy. Similarly, the Icorr declined with the LDHs growth temperature improving. It was noteworthy that the Icorr of 12h–150°C-LDHs-M in the series of different hydrothermal temperatures was the lowest (Icorr = 2.74 × 10−4 μA cm−2), implying the extremely good corrosion protection effect. On the basis of the polarization measurements, the corrosion resistance of the AZ31 substrate was effectively enhanced by double protection from super-hydrophobic LDH films.
3.4.2. Electrochemical Impedance Spectra Characterization
According to Figure 7C, D, it can be seen that the Nyquist plots of different samples had apparent difference. Usually, the greater arc radius at the high frequency in the Nyquist plots corresponds to better corrosion protection effect. As shown in the Nyquist plots, the super-hydrophobic LDH films had a better corrosion protection compared with AZ31 substrate. To interpret the obtained EIS results clearly, two kinds of equivalent circuits were shown in Figure 8. The equivalent circuit in Figure 8A was used to simulate the EIS data of AZ31, 6 h-125°C-LDHs-M, and 12 h-100°C-LDHs-M. In this equivalent circuit, Rs represented the resistance of the solution between the reference electrode and the film surface; the parallel of the constant phase element (CPEdl) and the charge transfer resistance (Rct) was used to describe the electrochemical process of the corrosion process; inductance elements (L) and inductive impedance (RL) were often used to explain the inductive loop that appeared at low frequency, which originated from adsorbed/desorbed intermediates on the electrode surface (Zhou et al., 2015). In the case of the 12 h-125°C-LDHs-M, 18h-125°C-LDHs-M, and 12 h-150°C-LDHs-M system, their EIS data could be fitted by an equivalent circuit with three time constants. The first time constant at higher frequency was attributed to the effect of super-hydrophobic LDH films, represented by a CEPLDHs in parallel with the resistance of LDH films (RLDHs). Considering that the super-hydrophobic film produced a layer of air film, the CPEair was introduced to characterize the trapped air. The second time constant appearing at intermediate frequency may be related to the oxide film produced on the surface of the substrate, expressed by a CEPox in parallel with the oxide resistance (Rox). The third time constant occurring at low frequency was associated with the electrochemical corrosion process, denoted as CPEdl and Rct.
[image: Figure 7]FIGURE 7 | (A) Impedance-frequency Bode plots, (B) phase-frequency Bode plots, (C) Nyquist plots of different samples in 3.5 wt% NaCl solution after immersion for 30 min, and (D) the magnifying graph of (C).
[image: Figure 8]FIGURE 8 | The equivalent circuits used to simulate EIS data of (A) AZ31 substrate, 6h-125°C-LDHs-M, and 12h-100°C-LDHs-M; (B) 12 h-125°C-LDHs-M, 18 h-125°C-LDHs-M, and 12 h-150°C-LDHs-M after immersion in 3.5 wt% NaCl solution for 30 min.
Based on the above equivalent circuits shown in Figure 8A, the data fitting results are listed in Table 2. Usually, the error value of χ2 represents the quality of fitting results, and the value of χ2 around 10–3 or less indicates good fit (Wang et al., 2020; Qin et al., 2021). As can be shown in Table 2, the Rct value of 12h–100°C-LDHs-M was slightly higher than that of AZ31 substrate, indicating the limited protection by super-hydrophobic LDH films prepared at 100°C for the Mg substrate. Notably, the 6h-125°C-LDHs-M sample had the maximum Rct value in the three samples that used the equivalent electron circuit shown in Figure 8A, approximately 10 times higher than the AZ31, suggesting that the super-hydrophobic LDH films provided effective protection for the magnesium alloy matrix. The results were consistent with that obtained from Nyquist plots in Figure 7D. The low frequency inductance loop shown in Figure 7D was associated with the dissolution of the substrate.
TABLE 2 | Fitted parameters of the EIS spectra of the bare AZ31 and coated samples using the same equivalent circuits shown in Figure 8A.
[image: Table 2]Based on a more complex circuit model (Figure 8B), the fitted EIS data were shown in Table 3. Combining the Nyquist diagram and the fitted data, it was found that the super-hydrophobic LDH film provided corrosion protection to metal substrate that can be effectively improved with the extension of hydrothermal treatment time or the increasing of hydrothermal temperature. As for three samples in Table 3, nair was almost one and Yair was extremely small, indicating that the air trapped in the film behaved as the dielectric of the pure parallel plate capacitor, which well suppressed the transfer of the charge between the electrolyte and the substrate (Wang et al., 2011). Furthermore, the Rox values of all three samples were more than 106 Ω cm2, implying that this oxide film provided extremely good protection for the substrate. The oxide film layer between LDHs and the matrix was the last physical barrier preventing corrosive media from invading into the matrix. When the samples do not suffer from corrosion activity, the resistance of the oxide film layer is considered as an important criterion for evaluating the protective performance of the film. It was worth noting that Rox of 12h–150°C-LDHs-M was higher than that of other samples that used the same equivalent circuit shown in Figure 8B, which suggested that the oxide layer was much more compact and was protected greatly by the LDH layer and the air film outside. The LDH films played an important role in the whole film, which not only played a physical protection role against the substrate, but also made ion-exchange reactions with the corrosive mediums. The RLDHs values of 18h–125°C-LDHs-M in the series of different hydrothermal times and 12h-150°C-LDHs-M in the series of different hydrothermal temperatures all were approximately three orders of magnitude higher than that of 12h–125°C-LDHs-M, showing the more compact and less porous structure of the LDH films. There was an agreement with results of SEM.
TABLE 3 | Fitted parameters of the EIS spectra of coated samples using equivalent circuits shown in Figure 8B.
[image: Table 3]Notably, there were no signs of wetting on the surface of samples shown in Table 3 after the electrochemical test. It was inferred that only the very slight corrosion has occurred on the surface during the electrochemical test because the surface of the super-hydrophobic samples could not be completely wet during the electrochemical test. Therefore, we cannot obtain accurate the fitting results of Rct and CPEdl since the corrosion process did not completely occurred at this time (Cao et al., 2018). Furthermore, it was also concluded that the corrosion resistance of the three samples shown in Table 3 was higher than that of the samples presented in Table 2 from the Nyquist plots and Bode plots shown in Figure 7. The above comprehensive analysis demonstrated that the 18h-125°C-LDHs-M in the series of different hydrothermal times and 12h-150°C-LDHs-M in the series of different hydrothermal temperatures had a better corrosion resistance performance than the other samples.
3.5 The Stability of Super-hydrophobicity in Corrosive Liquid
The above results of electrochemical test demonstrated that super-hydrophobic LDH films provided good corrosion protection for AZ31 substrate. Particularly, the 12h-150°C-LDHs-M presented excellent corrosion resistance properties. However, the electrochemical results obtained in a short time can only evaluate corrosion resistance of films in the short term. Therefore, the stability of super-hydrophobic surface was investigated for the evaluation of the long-term corrosion protection of super-hydrophobic films. The 12h-150°C-LDHs-M sample was immersed in the 3.5 wt% NaCl aqueous solution, and the water contact angle and the corrosion morphology were analyzed at 0–6 days to assess the stability of the super-hydrophobicity.
Figure 9 displays the CA changes of 12h–150°C-LDHs-M in 3.5 wt% NaCl solution. It can be apparently observed that the CA of 12h–150°C-LDHs-M still maintained super-hydrophobic property (CA > 150°) within the initial immersion time of 24 h, indicating that the non-wettability of the films remained. Overall, the contact angle of the films can maintain above 140 within 6°days of immersing. From Figure 10A, B, it can be inferred that AZ31 immersed in the 3.5°wt % NaCl aqueous solution occurred corrosion after immersion for 1°h; corrosion products precipitated on the surface of AZ31 after immersion for 1°day. As shown in Figure 10C, after the 12°h-150°C-LDHs-M immersed in 3.5 wt% NaCl aqueous solution for 48°h, the local area of the film surface began to appear in the corrosion products, and the corresponding water contact angle fluctuated slightly. From Figure 10D, the corrosion products increased significantly when immersion time was up to 6°days, and the corresponding water contact angles fluctuated sharply, but the CA values maintained at around 140. On the basis of the above result, it can be concluded that the super-hydrophobic LDH films presented excellent stability in the high concentration corrosion fluid due to the stable micro/nanostructures on metal surface.
[image: Figure 9]FIGURE 9 | The water contact angle changes of 12 h–150°C-LDHs-M with time in 3.5 wt% NaCl solution.
[image: Figure 10]FIGURE 10 | Corrosion morphology of (A) AZ31 substrate for immersion 1 h, (B) AZ31 substrate for immersion 1 day, (C) 12 h-150°C-LDHs-M for immersion 2 days, and (D) 12 h-150°C-LDHs-M for immersion 6 days.
4 CONCLUSION
In this work, super-hydrophobic LDH films have been fabricated successfully by a facile method. The conclusions were obtained as follows:
1 The super-hydrophobic LDHs can be prepared on the surface of etched AZ31 substrate via in situ growth hydrothermal crystallization, followed by the modification of PFOTMS. The structure of LDH film was composed of small islands and LDH crystal nanosheets, which provided micro/nanoscale roughness structure to manufacture super-hydrophobic surface.
2 The contact angle was influenced evidently by the surface roughness. The surface roughness of LDH films increased gradually with increasing hydrothermal time or temperature. The highest water contact angle of the film was up to about 163.
3 The super-hydrophobic LDH films can effectively improve the corrosion resistance of the AZ31 Mg alloy. The corrosion current density of samples with the best corrosion resistance was approximately four orders of magnitude lower than that of AZ31 substrate. The corrosion resistance of super-hydrophobic LDH film increased with the increased hydrothermal time or temperature.
4 The obtained super-hydrophobic LDH film still can keep above 140° after immersed in 3.5 wt% NaCl solution for 6 days, indicating the good stability of the super-hydrophobic LDH film.
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Magnesium and magnesium alloys have attracted growing attention over the last decades as lightweight materials for a wide range of applications. In particular, WE series magnesium alloys have experienced growing interest over the last years due to their favourable mechanical properties at room and elevated temperatures. In addition, it has been reported that these rare earth-containing alloys possess superior corrosion resistance compared to other commonly used magnesium alloys, such as AZ series. This review aims at providing a concise overview of the research efforts made during recent years regarding the properties of WE series magnesium alloys (e.g., mechanical properties, corrosion behaviour), how these properties can be enhanced by controlling the microstructure of these materials, and the role of specific alloying elements that are used for the WE series. The widespread use of these materials has been limited, mainly due to their susceptibility to corrosion. Thus, in the present review, strong emphasis has been given to recent work studying the corrosion behaviour of the WE series alloys, and to protective strategies that can be employed to mitigate their degradation.
Keywords: magnesium alloys, rare earth elements, corrosion, corrosion protection, coatings
INTRODUCTION
Magnesium and Magnesium Alloys
Magnesium Alloys as Lightweight Solution
Growing environmental concerns have been leading to the need for reduction of greenhouse gas emissions into the atmosphere. This reduction in emissions has been heavily regulated for several industries. In particular, the automotive and aeronautic sectors are expected to meet specific targets over the next years (European Union, 2009; European Union, 2014). Thus, substantial research efforts regarding possible solutions for mitigation of greenhouse gas emissions, such as improved component design and performance, and fuel efficiency improvement, have been made in these industries. Weight reduction of components has been regarded as the most simple and cost-effective solution to improve fuel efficiency and reduce greenhouse gas emissions (Grote et al., 2014; Kiani et al., 2014; Esmaily et al., 2017). To meet this goal, the use of lightweight magnesium alloys represents an interesting approach for component weight reduction, since magnesium is the lightest structural metal. With densities ranging between 1.74 and 1.81 g/cm3, magnesium and magnesium alloys are lighter than the most commonly used materials in the automotive and aeronautic industries, such as aluminium (density of 2.7 g/cm3) and steel (density of 7.86 g/cm3) (Kulekci, 2008; Prabhu et al., 2017). Furthermore, magnesium alloys possess high strength-to-weight ratio, good castability, and good damping capacity, while being non-toxic and recyclable (Čížek et al., 2004; Kulekci, 2008).
The Challenges
Despite the advantages of magnesium alloys for overall structural weight reduction, the widespread use of these materials has been limited, mainly due to their high susceptibility to corrosion, and, to some extent, due to inferior mechanical properties compared to other structural metals. Therefore, magnesium alloys are currently used for non-structural applications. In the automotive industry, magnesium alloys are used, for instance, for manual transmission housings, steering wheels, and clutch and brake pedal support brackets, while the aeronautic industry makes use of magnesium alloys for aircraft door panels, gearboxes, and transmission casings, for example (Kulekci, 2008; James et al., 2011; Mirza et al., 2013; Czerwinski, 2014; Moosbrugger, 2017). Other applications for magnesium alloys include frames for eyeglasses, electronic devices, and luggage (Callister and Rethwisch, 2014). Furthermore, in recent years, magnesium alloys have been intensively studied as materials for biodegradable implants (Córdoba et al., 2016) due to their high biocompatibility. However, the high corrosion susceptibility of these materials is a concern for biomedical applications as well. Different strategies have been used to mitigate this issue and, as a consequence, magnesium alloys are gaining interest as bioresorbable materials (Zomorodian et al., 2013; Zomorodian et al., 2015).
Alloying Magnesium
Over the past years, many different magnesium alloy systems have been developed as an effort to improve the mechanical properties and corrosion resistance of these lightweight materials. To date, the coding system developed by the American Society for Testing and Materials (ASTM) has been the most widely used both in industry and in research (Moosbrugger, 2017; Mouritz, 2012). It is an alphanumeric system, in which each alloy designation is composed of four main parts, in the following order: two letters indicating the main alloying elements; two numbers indicating the percentage of each of the main alloying elements (rounded-off); one letter to distinguish different alloys that differ only in type and amount of minor alloying elements; and temper designation (Moosbrugger, 2017). The lettering code for alloying elements in magnesium alloys is shown in Table 1. For example, magnesium alloy WE43C-T5 has yttrium (W) and rare earths (E) as main alloying elements, in approximate amounts of 4 wt.% and 3 wt.%, respectively. The letter C indicates that it is the third composition of this alloy that became standard, and T5 designates the temper condition (Moosbrugger, 2017).
TABLE 1 | Lettering code for main alloying elements in magnesium alloys. Data based on (Moosbrugger, 2017).
[image: Table 1]The most common magnesium alloys belong to the AZ series. These alloys typically consist of a α-Mg matrix and intermetallic β-Mg17Al12 phase, distributed along the α grain boundaries (Song et al., 1999). These intermetallic particles have a strengthening effect, and the presence of aluminium-containing β-phase increases the corrosion resistance of the magnesium alloy (Song and Atrens, 1999; Mouritz, 2012). The presence of zinc is believed to enhance the tolerance of magnesium alloys for impurity elements, such as nickel and iron (Song and Atrens, 1999; Kabirian and Mahmudi, 2009). However, the use of these types of alloys is limited to low-temperature applications due to deterioration of alloy properties at temperatures above 120°C, ascribed to the softening of the β-Mg17Al12 phase at high temperatures (Ghali and Revie, 2011; Mokhtarishirazabad et al., 2013). This issue can be overcome by the introduction of other alloying elements, such as calcium or rare earth elements (REEs), thereby creating thermally stable precipitates (Mokhtarishirazabad et al., 2013). Another problem associated with the AZ series is the fact that their toughness and ductility tend to be low (Mouritz, 2012). For this reason, magnesium alloys with a reduced aluminium content were developed, namely AM60 and AM50, which display improved toughness and ductility due to a reduction of Mg17Al12 intermetallic particles (Magnesium Alloy Fatigue Data, 1995).
Most magnesium alloys possess inferior mechanical properties than other commonly used structural metals such as aluminium, steel, and titanium (Callister and Rethwisch, 2014; Prabhu et al., 2017). Compared to these widely used materials, magnesium alloys generally possess lower strength, creep resistance, fatigue properties, and high-temperature capability (Toda-Caraballo et al., 2014; Manakari et al., 2017; Kujur et al., 2018). Furthermore, the flammability, and ignition behaviour of magnesium alloys can also constitute a downside to their use for many potential applications (Czerwinski, 2014).
The use of different alloying elements has been an effective way to improve the properties of magnesium alloys. For example, zinc is often used to improve the strength of magnesium-based materials, leading to grain refinement and precipitation strengthening (Gupta and Sharon, 2011; Hu et al., 2018; Juan et al., 2021). Creep resistance and thermal stability of magnesium alloys can be enhanced with the addition of calcium (Li et al., 2016; Kondori and Mahmudi, 2017; Incesu and Gungor, 2020). The use of calcium as alloying element leads to the formation of Al2Ca secondary phase, replacing the thermally unstable β-Mg17Al12 phase. Furthermore, calcium also improves the biocompatibility of the alloys (Esmaily et al., 2017). Besides alloying, the properties of magnesium alloys can also be improved with addition of nanoparticles. Metal oxide nanoparticles such as ZnO (Tun et al., 2012) or CeO2 (Kujur et al., 2018) have been shown to improve the strength of magnesium alloys, while SiC nanoparticles have been studied as reinforcements to improve the creep resistance (Ganguly and Mondal, 2018). These types of nanoparticles hinder dislocation motions, thereby reinforcing the alloy (Ganguly and Mondal, 2018; Kujur et al., 2018). The improvement of magnesium alloy properties with addition of rare earth elements has been described since the 1930s (Luo, 2004). For example, cerium can improve deformability at room temperature (Wang et al., 2019a), addition of neodymium has been shown to decrease the corrosion rate (Zhang et al., 2011; Arrabal et al., 2012), and yttrium has been found to improve the ultimate tensile strength and elongation of magnesium alloys (Li et al., 2007).
Corrosion of Magnesium and Magnesium Alloys
Corrosion can be defined as the degradation of a material and its properties due to interaction with its environment (Montemor, 2014). To this regard, magnesium is an extremely reactive material. It is anodic to almost all metals and will, therefore, corrode preferentially when present in any galvanic couple. Corrosion of magnesium in aqueous media involves metal dissolution and water reduction, via the following generally accepted reaction (Makar and Kruger, 1993):
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During magnesium corrosion, formation of a magnesium hydroxide film on the surface of the metal occurs, accompanied by local alkalization (Makar and Kruger, 1993). The global corrosion reaction of magnesium (Eq. 1) can be divided into an anodic and a cathodic reaction (Feliu and Llorente, 2015):
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Some authors consider that the magnesium oxidation reaction (Eq. 2) could be a two-step process, involving the formation and hydrolysis of monovalent magnesium ions (Makar and Kruger, 1993; Natta, 2001; Gomes et al., 2019). However, the increased reactivity of Mg+ would lead to a significantly short lifetime of this ion in solution, and recent experimental evidence, as well as computational analysis, point to direct conversion from Mg to Mg2+ as the most probable mechanism for magnesium dissolution (Cain et al., 2017; Esmaily et al., 2017; Yuwono et al., 2019). Nevertheless, the monovalent Mg theory is, to date, still a controversial and intensively discussed topic.
The nature and composition of the surface film formed on magnesium and magnesium alloys during corrosion depends on the alloy composition and on its external environment. Research work regarding this topic has shown that this surface film can be composed of an inner MgO and outer Mg(OH)2 layer (Santamaria et al., 2007; Liu et al., 2009). In the specific case of magnesium-aluminium alloys, a three-component surface layer has been suggested, with an inner aluminium-enriched layer at the alloy surface, followed by a middle MgO layer and an outer layer composed of Mg(OH)2 (Zhang et al., 2015; Esmaily et al., 2016). Furthermore, it has been shown that atmospheric exposure of magnesium alloys can lead to a mixed surface film, composed of MgO, Mg(OH)2, and MgCO3 (Feliu et al., 2009; Feliu and Llorente, 2015). Alongside the surface film, the exact composition of the corrosion products that are formed is also dependent on the elements present in the magnesium alloy (Ghali and Revie, 2011).
Aluminium, neodymium, yttrium, cerium, and zinc have been shown to improve the corrosion behaviour of magnesium alloys (Zhang et al., 2009; Ghali and Revie, 2011; Zhang et al., 2011; Gusieva et al., 2015). The beneficial effects are, however, greatly dependent on the concentration of the alloying elements. While some detrimental effects on the corrosion rate have been observed with the addition of calcium, for example, magnesium alloy corrosion is heavily accelerated when iron, nickel, copper, and/or cobalt are present (Song and Atrens, 1999). These elements are generally known as impurity elements and their concentration in the alloy is maintained as low as possible (Song and Atrens, 1999). Manganese is often added to Mg-Al alloys as scavenger for impurity elements, decreasing the corrosion rate of the alloy due to the decrease of impurity contents (Song and Atrens, 1999; Gusieva et al., 2015).
One of the most efficient strategies against magnesium and magnesium alloy corrosion has been the application of protective coatings. These coatings act as a physical barrier between the underlying metal and the external environment (Montemor, 2014). Many different types of coatings have been developed and applied to various magnesium alloys. Examples include epoxy-based coatings, sol-gel coatings, and protective films formed via plasma electrolytic oxidation. In addition, the concept of self-healing coatings has been studied in more detail in recent years. These coatings contain corrosion inhibitors that are able to impart active protection to the substrate. Furthermore, these corrosion inhibitors can be stored in appropriate carriers, and release of the inhibitor (or inhibitors) is achieved in response to specific stimuli, such as mechanical stress, the presence of certain ions, or changes in local pH (Montemor, 2014). These types of coatings have been designated as “smart” coatings throughout the literature (Montemor, 2014).
WE SERIES MAGNESIUM ALLOYS
As previously mentioned, WE series magnesium alloys possess yttrium and rare earths as major alloying elements (see Corrosion of Magnesium and Magnesium Alloys ). Usually, minor alloying elements for this series of alloys include neodymium, zinc, and zirconium.
Development of Mg-Y alloys has been an ongoing process for several decades (Polmear, 1994). Continuous demands for high performance lightweight alloys led to the development of the WE series magnesium alloys (Lyon et al., 1991). Several different alloys are part of this category, but the most common are WE43 and WE54. Other alloys in this class include WE32, WE33, and WE94. However, to date, these alloys have rarely been discussed in literature, and no significant studies can be found regarding these alloys. This is mainly related to the fact that WE43 and WE54 possess the most adequate cost-benefit relation of the alloys included in the WE series. In recent years, the increasing interest in WE43 and WE54 as lightweight solutions for different industry sectors has brought on and increasing number of publications regarding these two alloys, in detriment of other alloys included in the WE series. For this reason, the present review focuses primarily on WE43 and WE54. However, with continued research regarding WE series Mg alloys, new and improved alloy formulations are likely to be developed and implemented in industry.
Properties
Magnesium alloys with addition of yttrium and rare earth elements were designed to possess enhanced properties compared to other commonly used alloys, such as AZ31. Room temperature mechanical properties of WE alloys are superior when compared to other magnesium alloys (Szakács et al., 2014). Table 2 shows the comparison of some room temperature mechanical properties of WE43 and WE54 with the properties of the most used all-purpose magnesium alloy today, AZ91. A summary of additional alloy properties is shown in Table 3.
TABLE 2 | Comparison of mechanical properties at room temperature of as-fabricated WE43, WE54, and AZ91.
[image: Table 2]TABLE 3 | Comparison of different physical properties of as-fabricated WE43, WE54, and AZ91.
[image: Table 3]WE43 and WE54 are able to retain their properties at high temperatures (Gupta and Sharon, 2011), which is a clear advantage to the use of magnesium alloys belonging to the AZ, QE, and ZE series (Szakács et al., 2014). Long-time exposure tests at temperatures up to 250 °C showed that WE43 retains its initial tensile properties, exhibiting a superior high-temperature performance than aluminium alloys (Lyon et al., 1991). Furthermore, WE series alloys have been shown to be more creep resistant than other magnesium alloys (Jahedi et al., 2018a), while also displaying superior ductility, strength, and corrosion resistance (Ghorbanpour et al., 2019a). In addition, these alloys are biodegradable (Oshibe et al., 2019), extending even further the advantages of their use for a wide range of applications.
Contrary to alloys belonging to the AM series, for example, WE series alloys are age hardenable (Pan et al., 2016). Typically, depending on the specified conditions, higher hardness is achieved with the lowest ageing temperature, while the highest ageing temperature leads to a decrease in peak ageing time (Kang et al., 2017). Throughout literature, the hardness testing conditions, the ageing temperature and ageing time ranges, as well as the initial state of the alloy before testing vary greatly. Nevertheless, the general consensus lies in the good age hardening response of WE series magnesium alloys below 300°C, as well as the fact that lower ageing temperatures generally lead to increased peak ageing hardness values (Mengucci et al., 2008; Kandalam et al., 2015; Huang, 2017; Kang et al., 2017; Kiełbus et al., 2018). In addition, it has been reported that double-step ageing treatments can bring additional benefits for WE alloy performance (Riontino et al., 2008). The age hardening characteristics of WE series magnesium alloys are closely related to the precipitates that are formed during these treatments (see Heat Treatments).
Comparing the age hardening behaviour of WE alloys with other magnesium alloys, WE43 and WE54 usually present enhanced age hardening response. AZ31, for example, exhibits a weak strengthening effect, displaying a nearly constant hardness over ageing time (Xu et al., 2018). Furthermore, artificial ageing processes have also a more positive effect on the mechanical properties of WE series magnesium alloys than on EV31 (Kiełbus et al., 2018).
Microstructure
The microstructures of both WE43 and WE54 have been reported to be rather similar. These alloys consist of the α-Mg matrix, usually with Y and Nd present in solid solution in the matrix, and several types of precipitates distributed along grain boundaries and in the grain interiors (Rzychoń and Kiełbus, 2007; Soltan et al., 2019; Kang et al., 2020). Figure 1 shows a typical microstructure of as-cast WE43. The most commonly identified precipitate phases in WE series magnesium alloys are based on the ternary Mg-Y-Nd system (Zumdick et al., 2019). Rectangular-shaped precipitates are found in these alloys mostly along grain boundaries (Xiang et al., 2018). These precipitates have been identified as Mg24Y5 (Soltan et al., 2019). In addition, fine particles composed of Mg41Nd5 phase and Zr-rich globular precipitates are also part of the microstructure of these alloys (Barylski et al., 2017; Soltan et al., 2019).
[image: Figure 1]FIGURE 1 | Microstructure of as-cast WE43. (A) Optical micrograph evidencing the α-Mg matrix of WE43; (B) Scanning Electron Microscopy image of WE43. Images reproduced from (Kang et al., 2020) under the terms of the Creative Commons CC-BY 4.0 License.
In order to further enhance alloy performance, WE series magnesium alloys are usually subjected to different heat treatments (see Heat Treatments). Heat treatment has an important influence on alloy microstructure and, therefore, on the alloy properties.
Heat Treatments
Tempers designate a series of different natural or artificial ageing procedures. The designation of each temper for magnesium alloys follows the system generally used for aluminium alloys. For WE series magnesium alloys, the most used tempers are the age-hardening processes (Mouritz, 2012) T5 and T6. T5 indicates that the alloy was cooled from fabrication temperature and then artificially aged, while T6 indicates solution-treatment, followed by artificial ageing (Mouritz, 2012). During T6 treatment, the alloy undergoes full recrystallization (Ghorbanpour et al., 2019a; Ghorbanpour et al., 2019b). The precipitates formed during this process tend to be localized at grain-boundaries (Ghorbanpour et al., 2019a). In contrast, the materials’ original grain structure is maintained during T5 treatment, and the formed precipitates are more evenly distributed (Ghorbanpour et al., 2019a).
Precipitation during ageing treatments of WE series magnesium alloys and the effect of these precipitates on alloy properties have been heavily studied topics in recent years (Nie and Muddle, 2000; Nie et al., 2001; Antion et al., 2003; Nie, 2012; Jiang et al., 2017). The exact structure and composition of the formed precipitates depend on the processing history of the material (Ghorbanpour et al., 2019b). The most commonly encountered precipitates in WE alloys are designated as β’’, β′, β1, and β (Ghorbanpour et al., 2019b). The β’’ phase is characterized by a Mg3Nd composition and contributes to an increase in alloy hardness during the initial stages of the ageing process (Liu et al., 2010; Ghorbanpour et al., 2019b). This β’’ phase is gradually transformed to β′ phase (Mg12NdY) at ageing temperatures between 200°C and 250°C (Jiang et al., 2017; Ghorbanpour et al., 2019b). Ageing of the alloy at 250°C leads to the appearance of the β1 phase, with a Mg3(Nd,Y) composition (Jiang et al., 2017; Ghorbanpour et al., 2019b). If the ageing process is being conducted at 250°C for a long time, precipitation of the equilibrium β phase (Mg14Nd2Y) occurs (Jiang et al., 2017; Ghorbanpour et al., 2019b). From these precipitation phases, β′ has been identified as the phase mostly responsible for the enhanced strength of WE series magnesium alloys after heat treatment, although it has been found that β’’ can also contribute to the precipitation strengthening effect (Nie and Muddle, 2000; Liu et al., 2013; Jahedi et al., 2018a). It has been demonstrated that the shape and orientation of β’ precipitates can have an important effect on dislocation motions by creating effective barriers to this movement (Nie and Muddle, 2000; Xu et al., 2018).
In general, WE series magnesium alloys exhibit superior mechanical properties after appropriate heat treatment, compared to their properties before these treatments (Yu et al., 2008). Comparing the effects of T5 and T6 treatments to WE43, it has been demonstrated that WE43-T6 usually exhibits limited ductility compared to WE43-T5 due to large grain-boundary precipitates that facilitate intergranular fracture (Jahedi et al., 2018a; Ghorbanpour et al., 2019c). Furthermore, fatigue strength of WE43-T5 tends to be improved in comparison to WE43-T6 due to finer grain size achieved after the T5 treatment (Adams et al., 2016; Wang et al., 2019b; Ghorbanpour et al., 2019c).
Processing Methodologies
To date, magnesium alloys are most commonly produced by casting methods (Luo, 2013), and the WE series is no exception. WE43 and WE54 are often processed by sand casting or permanent mould casting (Jiang et al., 2017; Westengen et al., 2006). In recent years, direct-chill casting has emerged as a favourable alternative to conventional casting methods. Direct-chill casting makes use of a higher cooling rate than other casting techniques (Jahedi et al., 2018b). A higher solidification rate of the cast material leads to high supersaturation and solid solubility of Nd and Y in the α-Mg matrix (Jiang et al., 2017). Therefore, an improvement in strength and hardness of the as-cast material can be achieved (Jiang et al., 2017). In general, however, magnesium alloys are not used in the as-cast condition, as further property improvement is usually needed for most applications (Jahedi et al., 2018b). In this sense, the cast material is subjected to mechanical and/or thermal processing (thermal treatments were discussed in Heat Treatments) (Jahedi et al., 2018b).
Mechanical deformation is employed for alloy grain refinement and microstructure homogenization (Jahedi et al., 2018b). Examples of common deformation techniques include hot-rolling (Yu et al., 2008), forging (Salandari-Rabori et al., 2018), and hydrostatic pressing (Pachla et al., 2012), all of which have been employed for grain refinement of WE43 (Lukyanova et al., 2017). Alloy deformation by rolling, for example, leads to crystallographic reorientation of the grains, which can lead to an increase in dislocation density in the alloy microstructure (Jahedi et al., 2018b). Dislocations represent preferential sites for precipitate formation (Ghorbanpour et al., 2019b). Thus, an increase in dislocation density can lead to increased density of precipitates within the microstructure of the processed alloy, with consequent improvement in alloy strength, elongation in tension, and fatigue resistance (Ghorbanpour et al., 2019b). This has been demonstrated for WE43 (Ghorbanpour et al., 2019b). If both mechanical deformation techniques and heat treatments are employed to the same alloy, the deformation techniques are used before the thermal treatments (Choudhuri et al., 2013).
Continuous improvements in alloy processing technology have led to the development of several new processing techniques to further enhance the properties of magnesium alloys in general, and WE series in particular (Minárik et al., 2018). Many of these techniques are based on severe plastic deformation (SPD) of the material (Minárik et al., 2018). From these, the most commonly studied in combination with WE series magnesium alloys are Equal Channel Angular Pressing (ECAP) and High Pressure Torsion (HPT) (Torkian et al., 2018).
During ECAP, the material (usually in rod or bar form) is forced through a bended channel (Pereira et al., 2017). At the channel bend, shear strain is generated in the material as it passes through (Shaat, 2018). The intensity of the shear deformation can be controlled by varying the internal channel angle and the outer curvature angle of the channel (Shaat, 2018). Furthermore, higher strains can be obtained by repeating the process several times (Wang et al., 2017). These multiple passes can be performed repetitively with no change to the processing conditions, or a rotation can be imposed on the material between different ECAP passes (Wang et al., 2017). Scalability of the ECAP process to industrial standards is currently being investigated (Frint et al., 2011; Lefstad et al., 2012; Frint et al., 2016; Shaat, 2018). ECAP processing leads to significant grain refinement of the alloy, generally resulting in improved strength. For example, Zhang et al. (Zhang et al., 2020) found that the ultimate tensile strength of WE43 increased from 255 MPa in the as-extruded condition, to 380 MPa after three-pass ECAP. This increase in the strength of the alloy was accompanied by a decrease in the ductility, as expected: from 20.9% in the as-extruded alloy to 8.8% after three-pass ECAP (Zhang et al., 2020). Furthermore, the authors found that multi-pass ECAP led to the generation of significant dislocations and residual stresses, resulting in significant work hardening of the WE43 alloy (Zhang et al., 2020).
For HPT processing, the material, in the form of a thin disk, is compressed under high pressure, and simultaneously subjected to torsional strain (Zhilyaev and Langdon, 2008). The material is deformed by shear due to surface frictional forces that arise during the process (Zhilyaev and Langdon, 2008). Similar to ECAP, HPT leads to an increase in the ultimate tensile strength and yield strength of the alloy (Figueiredo and Langdon, 2019). Liu et al. (Liu et al., 2017) found that extruded WE43 possessed an ultimate tensile strength of 244 MPa, with 8% elongation, while processing by HPT yielded an ultimate tensile strength of 256 MPa with 0.5% elongation. Once again, the strengthening effect conferred by SPD processing of the material led to a significant decrease in alloy ductility (Liu et al., 2017).
Both ECAP and HPT are used to achieve an ultrafine grain microstructure in the processed material (Minárik et al., 2018). It has been extensively demonstrated that using ECAP (Martynenko et al., 2018; Minárik et al., 2018; Torkian et al., 2018) or HPT (Lukyanova et al., 2016; Lukyanova et al., 2017) for WE43 processing can lead to improvements in hardness and overall mechanical properties of the alloy due to significant grain refinement.
Over the last 2 decades, additive manufacturing has been considered an attractive manufacturing process for a wide range of materials (Bourell et al., 2009). Additive manufacturing has been established as a cost-efficient method to manufacture complex shapes (Zumdick et al., 2019). In recent years, additive manufacturing technology has begun to be tested for WE series magnesium alloys. To date, the most investigated additive manufacturing technique for WE43 is selective laser melting (SLM). SLM is a powder bed fusion process: thin layers of metal powder are deposited onto the working area and focused laser radiation is responsible for melting the powder into the desired shape (Frazier, 2014; Zumdick et al., 2019). Repetitive powder deposition and melting leads to the creation of three-dimensional components (Frazier, 2014). It has been shown that it is possible to manufacture WE43 with a dense and homogeneous microstructure via SLM (Zumdick et al., 2019; Gangireddy et al., 2019). However, SLM requires secondary densification processes to achieve the desired material properties (Calvert, 2015; Gangireddy et al., 2019). For example, Zumdick et al. (2019) found no significant improvement in the ultimate tensile strength of as-extruded WE43 and the same alloy subjected to SLM. In addition, high operating temperatures during SLM can lead to loss of material performance due to increased grain growth (McClelland et al., 2019). Therefore, other additive manufacturing techniques, such as additive friction stir deposition, are currently being investigated as an alternative to SLM (Calvert, 2015).
In general, direct comparison of mechanical properties of WE series alloys obtained by different processing methodologies and/or subjected to different heat and ageing treatments is not feasible, since widely different processing parameters are used throughout literature, in addition to the varying original conditions of the studied alloys.
Alloying Elements
The rare earth content specified for each magnesium alloy from the WE series is a mixture of different rare earth elements that vary from alloy to alloy. Most commonly, the rare earth elements included in the alloys are Nd and other heavier REEs such as Gd (Pan et al., 2016).
Addition of rare earth elements to magnesium and magnesium alloys brings several improvements to the properties of these materials. Rare earths are able to improve the mechanical properties of magnesium-based materials at ambient and elevated temperatures due to the precipitation of stable RE-Mg intermetallic compounds (Maruyama et al., 2002; Pai et al., 2012). These intermetallics can act as obstacles to dislocations, therefore improving the creep resistance of the material (Witte et al., 2008; Pai et al., 2012). Furthermore, it has been shown that the presence of rare earth elements in magnesium alloys can have a positive effect on the corrosion resistance of these materials (Zhang et al., 2011). In general, rare earth elements have the ability to form intermetallic compounds with impurity elements, such as Fe for example, therefore providing a scavenger effect that mitigates the negative effect of the presence of impurity elements in magnesium alloys (Zhang et al., 2011). Furthermore, studies have shown that rare earth elements can be incorporated into the passive oxide/hydroxide surface film on magnesium alloys in aqueous media, stabilizing it and thereby increasing the protective performance of this film (Nordlien et al., 1997; Zhang et al., 2011). Despite the advantages of using rare earths as alloying elements, the addition of heavy REEs can lead to processing issues that often result in inhomogeneous composition and, therefore, performance-related problems in the final alloy (Ning et al., 2014; Pan et al., 2016). In addition, the cost of heavy rare earth elements can be very high, due to the fact that the global reserves of these elements are limited (Ning et al., 2014; Pan et al., 2016). Thus, several studies have been devoted to the modification of commercial WE series magnesium alloys, aiming for the reduction of heavy rare earth elements (Pan et al., 2016). Such modifications have mainly been focused on the substitution of heavy rare earth elements by other elements such as Y, Nd, and Zr (Pan et al., 2016).
The solid solubility of yttrium in magnesium is relatively high and yttrium enhances the strength of magnesium alloys, mainly due to solid-solution hardening (Gupta and Sharon, 2011; Ghorbanpour et al., 2019a). At 500°C, the solid solubility of Y in the α-Mg phase is ∼4 at. % (Zhao et al., 2011). This solubility decreases significantly with decreasing temperature (at 450°C, solid solubility of Y decreases to 2.7 at. %), which enables effective solution and ageing strengthening effects in yttrium-containing magnesium alloys (Zhao et al., 2011; Jiang et al., 2017). It has been reported that the use of yttrium as alloying element improves the hardness and creep resistance of magnesium alloys via precipitation of intermetallic phases that impede dislocation movements (Aghion et al., 2008; Su et al., 2013). Furthermore, the increase of Y in Mg-Y-RE alloys leads to continuous increase of the yield strength of these alloys (Su et al., 2013; Luo et al., 2019). Further increase of yttrium content can, however, lead to coarse grain boundary precipitates which can lead to a decrease of the tensile strength and elongation of the alloy due to a reduction in the cohesive strength of the grain boundaries (Su et al., 2013). The precipitation of metastable Y-containing phases also contributes to the increase in the heat resistance of magnesium (Anyanwu et al., 2001). These precipitate phases remain stable at temperatures >200°C (Anyanwu et al., 2001). However, it has been reported that yttrium can be oxidized at the melting stage during alloy processing (Luo et al., 2019). If very high amounts of yttrium are used, Y2O3 inclusions may be formed during the casting process (Luo et al., 2019). These inclusions have a detrimental effect on the mechanical properties of the alloy (Luo et al., 2019). To overcome this issue, gadolinium can be used as a partial substitute for yttrium in magnesium alloys, due to the fact that Gd has a low tendency to form oxide inclusions during alloy processing (Luo et al., 2019). In addition, it has been shown that, due to the similar atomic radius of yttrium and gadolinium, these two rare earth elements are easily interchangeable in magnesium alloy formulations (Luo et al., 2019). Furthermore, Gd has a strengthening effect similar to the one reported for yttrium (Hort et al., 2010; Jiang et al., 2017; Luo et al., 2019). In fact, several studies have shown that an increased amount of Gd (up to 10 wt.%) can lead to a more significant improvement in the mechanical properties of WE series magnesium alloys than yttrium (Hort et al., 2010; Szakács et al., 2014; Pan et al., 2016; You et al., 2017). However, the use of high weight fractions of Gd leads to an increase in alloy density, with the added disadvantage of higher cost (Li et al., 2019). Therefore, Gd content in commercial WE series magnesium alloys is usually kept low.
Similarly to yttrium and gadolinium, neodymium, as alloying element, also has a positive effect on the mechanical properties of magnesium alloys (Jin et al., 2015). This element has been used as a substitute of heavy rare earth elements (Ning et al., 2014). Neodymium displays a decreased solid solubility in Mg compared to Y (0.63 at. % at 550°C), and forms stable precipitates with magnesium (Yan et al., 2008; Le et al., 2010; Gupta and Sharon, 2011). The Mg12Nd phase is thermally stable and able to pin dislocation movement, thereby improving the high temperature creep resistance of magnesium alloys (Yan et al., 2008; Gupta and Sharon, 2011). Furthermore, the presence of Nd in aluminium-containing magnesium alloys can decrease the microgalvanic corrosion rate in these alloys via formation of Al3Nd phase (Zhang et al., 2011).
In addition to the benefits discussed above, yttrium, gadolinium, and neodymium increase the ignition temperature and flammability resistance of magnesium alloys (Tan et al., 2019). This effect has been attributed to the ability of these elements to form a rare earth-containing oxide layer on the magnesium alloy surface, preventing the access of oxygen, moisture and aggressive species to the alloy (Tan et al., 2019).
Apart from rare earth elements, zirconium and zinc are common alloying elements for WE series magnesium alloys. Zirconium is the most efficient grain refiner for magnesium alloys to date, leading to significant improvement in structural uniformity of the alloys, and to consequent improvement in alloy properties (StJohn et al., 2005; Ali et al., 2015). Zinc is usually present in WE series magnesium alloys in low quantities (<0.02 wt.%). The main effect of the use of zinc is the improvement of alloy ductility due to formation of Zn-Zr secondary phases (Jahedi et al., 2018a; Ghorbanpour et al., 2019a). In addition, it has been shown that addition of zinc to Mg-Y binary alloys leads to improved creep strength of the alloy due to a higher dislocation density in the presence of zinc (Maruyama et al., 2002; Suzuki et al., 2004). Extensive research work has been performed on the modification of commercially available WE series magnesium alloys with an increased amount of Zn. It was found that WE43-T6 modified with 0.2 wt.% of zinc leads to a tensile strength of 345 MPa, representing an improvement of 38% (Pan et al., 2016). Furthermore, it has been suggested that the use of a higher Zn-content in WE43 can lead to a decrease in the solubility of rare earth elements, resulting in a higher volume fraction of precipitation phases that are able to reduce the mobility of dislocations (Kang et al., 2014). Zinc can also improve the stability of the passive layer formed on the surface of magnesium alloys in aqueous media (Nordlien et al., 1997).
CORROSION OF WE SERIES MAGNESIUM ALLOYS
Corrosion Mechanism
The corrosion mechanism of WE series magnesium alloys has been extensively studied over the years. In general, the corrosion resistance of metal alloys is tested during immersion of the alloy under study in an appropriate electrolyte. In the case of WE series magnesium alloys, these studies have been carried out in a wide range of different electrolytes. The most commonly used media for the study of aqueous corrosion of WE magnesium alloys are NaCl, Na2SO4, and electrolytes that simulate physiological conditions, such as SBF (Simulated Body Fluid).
Similarly to the general corrosion processes observed for pure magnesium and for many other magnesium alloys (as discussed in section 1.3), WE series magnesium alloys also form protective surface layers, mainly based on Mg(OH)2 and MgO. However, the exact composition of these surface films is highly dependent on the conditions in which they are formed, i.e. on the composition of the electrolyte to which the alloys are exposed, and on the original alloy composition. Nonetheless, the surface films formed in Na2SO4, NaCl, or SBF seem to be qualitatively similar. While some authors report the formation of a uniform surface layer, mainly composed of Mg(OH)2 and with low amounts of rare earth elements (Arrabal et al., 2008), others suggest a bi-layered surface film: Mg(OH)2 outer layer, which has been reported to be porous, and an inner layer constituted mainly by MgO, Y2O3, and Y(OH)3 (Ardelean et al., 2013; Chu and Marquis, 2015). Ca and P are usually present in the surface film when the alloy is exposed to SBF (Dvorský et al., 2019). WE43 has also been tested in alkaline media containing Cl− ions, and this alloy was reported to form a passive layer composed of MgO, Mg(OH)2, and RE2O3 phases (where REEs can be Y, Nd, or Gd) (Ninlachart et al., 2017). (Chu and Marquis, 2015)
In general, it has been found that the surface films formed on WE series magnesium alloys are thinner than for pure magnesium (Zucchi et al., 2006a; Leleu et al., 2018). This has been attributed to the fact that a steady-state condition between surface film thickening and propagation of corroded area may be achieved for WE magnesium alloys, while expansion of the corroded area prevails for pure magnesium (Zucchi et al., 2006a). While thinner, the surface films formed on WE series magnesium alloys have been reported to be more stable and more protective due to the presence of rare earth elements in their composition (Kalb et al., 2012; Dvorský et al., 2019; Leleu et al., 2019; Soltan et al., 2019).
Comparing the corrosion behaviour of WE series magnesium alloys with pure magnesium or with other magnesium alloys, there seems to be no definitive consensus as to which magnesium-material has the superior corrosion resistance. WE43 has been reported to be less susceptible to the action of aggressive Cl− ions than pure magnesium (Leleu et al., 2018; Knapek et al., 2018), while also displaying much less severe localized damage in SBF than ZK60 (Jamesh et al., 2015). In comparison to the commonly used AZ91, it has been shown that WE43 possesses a slower hydrogen evolution reaction (Eq. 3) in Na2SO4 (Ardelean et al., 2013), and an overall higher corrosion resistance in NaCl (Arrabal et al., 2008). However, a higher corrosion rate of WE43 in Na2SO4 compared to AZ31 and AZ91 has also been reported (Leleu et al., 2019). The corrosion rate of WE43 has been shown to be lower than other rare earth containing magnesium alloys, such as EV31 and ZE41 (Soltan et al., 2019). WE54 was found to be slightly more resistant to in vitro degradation than pure magnesium, but the corrosion performance of WE54 was reported to be significantly poorer than for AZ91 for the same testing conditions (Walter and Kannan, 2011). Other authors reported that the corrosion rate of WE43 and WE54 during salt fog tests was only slightly higher than for AZ91 and for some aluminium casting alloys (e.g. A201) (Cho et al., 2008). These seemingly contradictory results can be related to the use of different combinations of parameters such as electrolyte type, electrolyte concentration, processing methodology of the studied alloys, and heat treatments to which the alloys were subjected prior to corrosion testing. As is the case for the previously stated mechanical properties of WE series magnesium alloys, the microstructure of these materials has a major influence in their corrosion behaviour.
Despite the different conclusions drawn by different researchers, the general consensus regarding the corrosion mechanism of WE series magnesium alloys lies in the fact that corrosion of these types of alloys involves the Zr-rich precipitates present in the microstructure, due to microgalvanic coupling effect (Coy et al., 2010; Ardelean et al., 2013). Zr-rich particles can be found both in WE43 and in WE54, and it has been demonstrated that these precipitates possess a Volta potential difference with respect to the magnesium matrix superior to +170 mV (Coy et al., 2010). This difference is high enough to cause significant galvanic coupling between the precipitates and the magnesium matrix, favouring the dissolution of the latter (Coy et al., 2010). This high Volta potential difference has been attributed to the presence of Fe in these precipitates (Coy et al., 2010). In this sense, the intermetallic particles act as local cathodes that promote the dissolution of the neighbouring magnesium matrix, with eventual propagation of the corrosion process (Leleu et al., 2019; Soltan et al., 2019). This phenomenon has been consistently reported for WE series magnesium alloys (Coy et al., 2010; Kalb et al., 2012; Ninlachart et al., 2017; Leleu et al., 2019; Soltan et al., 2019). In contrast, it has been reported that yttrium-containing intermetallic phases have little to no effect on the corrosion process of WE magnesium alloys. The Volta potential difference of these precipitates in relation to the magnesium matrix has been demonstrated to be negligible compared to the Zr-rich intermetallic phases, even though they demonstrate cathodic behaviour relative to the magnesium matrix (Coy et al., 2010; Kalb et al., 2012; Soltan et al., 2019; Kharitonov et al., 2021).
In general, micro-galvanic corrosion in WE series magnesium alloys may be reduced through grain refinement and a more continuous distribution of secondary phases (Pereira et al., 2021). A high density of REE-containing secondary phases in WE series Mg alloys has been shown to attenuate the corrosion process of these alloys since these secondary phases may act as corrosion barriers (Xie et al., 2021). However, an increased density of intermetallics also increases the density of corrosion-prone grain boundaries (Eivani et al., 2021). The overall corrosion behaviour of WE series Mg alloys is, in general terms, governed by two major factors: a) the microgalvanic coupling effect between the intermetallic phases/particles and the magnesium matrix has a detrimental effect on the corrosion performance of these materials; and b) the inclusion of REEs in the alloy matrix and the incorporation of these elements in the surface film during alloy corrosion can be beneficial (Leleu et al., 2019). Figure 2 illustrates the possible mechanism of corrosion for WE series magnesium alloys, involving the formation of a Mg(OH)2 layer on the surface of the alloy and localized microgalvanic corrosion at preferential sites. However, it should be stated that, for binary Mg-Y alloys, it has been demonstrated that an increase in the Y content, which leads to an increase in the volume fraction of Mg24Y5 phase, may be responsible for inferior corrosion resistance due to the increase in cathodic sites (Sudholz et al., 2011). Yttrium, when present in solid solution, delays the dissolution of the magnesium matrix (Sudholz et al., 2011). It is worth to note that high purity magnesium is often reported as a material possessing higher corrosion resistance compared to magnesium alloys due to the absence of intermetallic phases that can induce microgalvanic coupling (Dvorský et al., 2019).
[image: Figure 2]FIGURE 2 | Possible mechanism of corrosion for WE series magnesium alloys (A), involving the formation of a Mg(OH)2 layer on the surface of the alloy (B), with localized microgalvanic corrosion at preferential sites (C). Figure reproduced from (Kharitonov et al., 2021) under the terms of the Creative Commons CC-BY 4.0 License.
As previously mentioned, the corrosion behaviour of WE series magnesium alloys is dependent on the specific microstructure of the alloy. Thus, the processing conditions can play a major role in the resistance of these alloys to degradation. Comparing as-cast and aged WE54 specimens, it was reported that corrosion propagation was most uniform for the as-cast condition (Rzychoń et al., 2007). This was related to the fact that an increase in ageing time leads to an increase in the volume fraction of intermetallic phases and, therefore, of microgalvanic cells (Rzychoń et al., 2007). Similar findings were reported for both WE54 and WE43 (Smola et al., 2012; Yang et al., 2020). However, if a fine dispersion of precipitates can be achieved through ageing treatments, propagation of alloy dissolution can be delayed (Chu and Marquis, 2015).
The overall corrosion behaviour of WE series magnesium alloys seems to be governed by two major factors: on the one hand, the microgalvanic coupling effect encountered between the intermetallic phases and the magnesium matrix has a detrimental effect on the corrosion performance of these materials; on the other hand, the incorporation of rare earth elements in the surface film during alloy corrosion can be beneficial (Leleu et al., 2019).
Even though WE series magnesium alloys may possess a somewhat enhanced corrosion resistance when compared to other magnesium alloys, the anticorrosive performance of these materials has to be further improved for most applications. Several different protection strategies against corrosion of WE magnesium alloys are reported in Corrosion Protection Strategies .
Corrosion Protection Strategies
The application of protective coatings has been the most efficient way to protect magnesium alloys from corrosion. These coatings are designed to be effective barriers that protect the underlying metallic substrate from the aggressive environment. For years, chromate coatings were the dominant protection method for several different metals and alloys. These coatings offer a highly inhibitive effect of the corrosion processes, while displaying improved coating strength and hardness (Eppensteiner and Jenkins, 1999; Gray and Luan, 2002). However, hexavalent chromium is linked to serious health hazards and, thus, its use has been heavily regulated (European Union, 2006; Annangi et al., 2016; Junaid et al., 2016). In this sense, extensive research has been carried out regarding the search for safer coating formulations. For magnesium alloys, the most used coating alternatives to chromate are anodized coatings (Pinto et al., 2010), Plasma Electrolytic Oxidation (PEO) coatings (Liu et al., 2016a), rare-earth conversion coatings (Montemor et al., 2007), and organic coatings (Calado et al., 2017; Calado et al., 2018). The development of protective coatings for magnesium alloys for their use in the automotive and aerospace industries, for example, is aimed at the maximum possible long-term protection of the alloy. In contrast, coatings developed for biological applications are often aimed at slowing down substrate dissolution, to allow for the use of magnesium alloys as bioresorbable temporary implants.
Given the newly-gained interest in WE series magnesium alloys for industrial applications, the vast majority of literature concerning protective strategies for WE series magnesium alloys to date is based on protective solutions which have proven efficiency for other magnesium alloy series. Coatings applied by electrolytic processes (e.g., PEO) seem to display minimal dependency on the specific composition of the alloy and/or on the type and distribution of its secondary phases. However, the microstructure and composition of each alloy is expected to play a more major role in the application of organic and hybrid organic-inorganic coatings, mainly due to different interactions between the coating and the alloy surface, influencing coating adhesion. Moreover, corrosion inhibitors may display protective mechanisms which are dependent on the interaction with specific alloying elements and/or secondary phases of the Mg alloy under study. However, presently, literature on passive corrosion protection strategies and active, self-healing coatings for WE series magnesium alloys is too scarce to evaluate these specific challenges effectively and objectively. For this reason, the protective strategies cited in this review give an overview of protective mechanisms with proven efficiency for WE43 and WE54 alloys. These examples are given below.
Anodization is an electrolytic process through which the surface of the metal is modified by formation of a stable oxide layer through the application of anodic voltage or current (Blawert et al., 2006; Gupta and Sharon, 2011). WE43 was successfully anodized in an alkaline silicate-based electrolyte (Xia et al., 2004). It was shown that the anodized coating increased the protection of the alloy during testing in 0.86 M NaCl, as no pitting of the anodized surface was detected after 140 h of immersion in the corroding medium (Xia et al., 2004). This effect was attributed to formation of MgO, and subsequent hydration of MgO to Mg(OH)2, which was found to actively block the pores of the anodized film (Xia et al., 2004). Anodized WE43 was also tested in in vivo implants (Oshibe et al., 2019). The phosphorous-based anodized coating was able to delay the degradation of the implants while inhibiting the formation of hydrogen gas (Oshibe et al., 2019). This anodized coating also displayed good biocompatibility in bone tissue during long-term follow ups (Oshibe et al., 2019). If anodization is performed at very high voltages, the process is mostly known as Plasma Electrolytic Oxidation (PEO) (Bender et al., 2013). This process has effectively been applied to WE43. For example, subjecting WE43 to PEO in a silicate/phosphate-based electrolyte led to increased polarization resistance and decreased corrosion rate in comparison to the untreated alloy in 3.5 wt.% NaCl (Tekin et al., 2013). Using a commercial electrolyte formulation, it was demonstrated that implants made of WE43 subjected to PEO displayed a delayed gas release at the implant surface, while also enabling the alloy to retain its strength during an in vivo implantation period of 12 weeks (Imwinkelried et al., 2013). Since the coatings formed via anodization or PEO are usually porous, a top-layer can be applied to seal the pores and impart additional protection. This top-layer can, for example, be a polymeric coating.
In addition to coatings applied by electrolytic processes, organic coatings have also been successfully applied for WE series magnesium alloys. For example, long-chain silane compounds have been shown to form a crystalline-like protective structure on the surface of WE43, thereby aiding in the corrosion protection of this alloy (Zucchi et al., 2006b). In recent years, significant attention has been given to the development of anticorrosive coatings for biomedical applications of WE43. For example, efficient protection of WE43 has been achieved with bi-layered coatings consisting of hydroxyapatite/poly-L-lactic acid (Diez et al., 2016), or chitosan/bioactive glass (Witecka et al., 2021). To further improve the protective ability of coatings, corrosion inhibitors can be used. These additives have the ability to impart active protection in case the applied coating is damaged during its service-life. 8-hydroxyquinoline (Argade et al., 2019) and sodium dioctylphosphate (Chirkunov and Zheludkevich, 2018) have been found to be efficient inhibitors for WE series magnesium alloys due to their ability to form stable species with magnesium cations during substrate corrosion, thereby forming protective surface films. However, to date, very few inhibitors have been identified as effective for the protection of WE series magnesium alloys, and the protection conferred by these corrosion inhibitors has mostly been studied in non-coated systems (Argade et al., 2019; Shi et al., 2020; Yang et al., 2015). Recently, Calado et al. (Calado et al., 2021) reported a newly-developed cerium organophosphate corrosion inhibitor for smart corrosion protection of WE43. The authors showed that addition of cerium tri(bis(2-ethylhexyl)phosphate) (Ce(DEHP)3) to a thin epoxy-silane coating significantly improved coating barrier properties in comparison to the unmodified coating (Calado et al., 2021). In addition, Ce(DEHP)3 displayed a cyclic protective behaviour, as illustrated in Figure 3 (Calado et al., 2021). The corrosion protection conferred by Ce(DEHP)3 was linked to its pH-dependent activation: local alkalization due to magnesium corrosion (see Eq. 3) leads to hydrolysis of Ce(DEHP)3, resulting in the formation of cerium and organophosphate ions (Calado et al., 2021). The interaction between OH− and cerium ions, and between OH− and ions released from the substrate (i.e. Y3+, Nd3+, and Mg2+) leads to the formation of Ce(OH)3, Y(OH)3, Nd(OH)3, and Mg(OH)2 (Calado et al., 2021). While Mg(OH)2 is relatively soluble, the rare earth-containing hydroxides are extremely stable species, providing efficient local corrosion inhibition at cathodic sites (Calado et al., 2021). In addition, organophosphate ions can interact with Mg2+ ions released during magnesium dissolution, thereby forming stable magnesium-organosphosphate species, which confer corrosion inhibition at anodic sites (Calado et al., 2021). Figure 4 shows the corrosion protection mechanism proposed by the authors. Overall, Ce(DEHP)3 was shown to be one of the first truly efficient corrosion inhibitors for WE series magnesium alloys, conferring long-term, pH-sensitive, and self-healing protection. This inhibitor was also shown to be effective for AZ series magnesium alloys (Calado et al., 2020), and for mild steel (Morozov et al., 2019).
[image: Figure 3]FIGURE 3 | Evolution of low frequency impedance modulus (0.01 Hz) of WE43 coated with a hybrid epoxy-silane coating (reference coating), and with a hybrid epoxy-silane coating containing 325 ppm Ce(DEHP)3, during immersion in 0.5 M NaCl. Image reproduced from (Calado et al., 2021) with permission.
[image: Figure 4]FIGURE 4 | Mechanism of corrosion protection conferred by Ce(DEHP)3 to WE43 magnesium alloy. Figure reproduced from (Calado et al., 2021) with permission.
Apart from the most common coating methods that were cited above, WE series magnesium alloys have also been subjected to other alternative coating methods. Improved corrosion resistance of WE43 has been achieved, for example, by a) application of biofunctional chitosan-bioactive glass coatings via electrophoretic deposition (Heise et al., 2017; Höhlinger et al., 2017); b) surface modification using Laser Surface Melting (LSM) technique (Guo et al., 2005; Liu et al., 2016b); c) ion-implantation, e.g. hafnium (Jin et al., 2016) or Ti-O (Zhao et al., 2013); d) application of amorphous SiC film via Plasma Enhanced Chemical Vapour Deposition (Li et al., 2012); and e) application of TaN film using reactive magnetron sputtering (Jin et al., 2018).
The development of protective coatings for WE series magnesium alloys is still a growing research topic, which is in no way as explored as the development of protective solutions for other magnesium alloys, such as AZ series.
APPLICATIONS
The superior properties of WE series magnesium alloys has led to an increasing usage of these types of alloys in different industries, in addition to a growing research interest in several fields. The good high temperature behaviour of WE magnesium alloys, allied to the low density of these materials, has been of particular interest for the automotive and aerospace industries.
In the automotive sector, WE alloys are widely used in high-performance cars as engine block components, e.g., pistons and cylinders (Kierzek and Adamiec, 2011; Malayoğlu and Tekin, 2015). Furthermore, given their superior creep resistance and high temperature stability, in contrast to other magnesium alloys, WE series alloys are expected to be suitable for powertrain applications (Blawert et al., 2004).
WE43 and WE54 are both used in helicopters (Gupta and Sharon, 2011). For example, WE43 is used in the gearboxes of the Eurocopter EC120, Eurocopter NH90, and Sikorsky S92 (Mouritz, 2012). Due to their stability at high temperatures, WE series magnesium alloys are used in jet engines, particularly in auxiliary power units, accessory drives, constant speed drives, and engine gearboxes (Malayoğlu and Tekin, 2015; Luxfer MEL Technologies and Engines, 2019). The Lockheed Martin F-16 and F-35 are two examples of fighter aircraft that make use of WE alloys as engine components (Luxfer MEL Technologies and Engines, 2019).
In the past, the use of magnesium alloys for applications in commercial aircraft interiors has been restricted due to concerns about the flammability of these materials in general. However, extensive tests conducted by the FAA (U. S. Federal Aviation Administration) (Marker, 2013) have shown that WE43 meets the necessary performance and safety requirements imposed for materials to be used in aircraft interiors (Luxfer MEL Technologies and Engines, 2019). In fact, the favourable outcome of the FAA flammability tests conducted on WE43 was a major driving force in the decision to lift the long-standing ban of the use of magnesium alloys in aircraft interiors in 2015 (Society of Automotive Engineers, 2015; Luxfer MEL Technologies and Aircraft Interiors, 2019). Thus, WE43 became particularly interesting for application in cabin seat frames.
The favourable combination of properties inherent to the WE series magnesium alloys is driving further research related to these alloys, regarding their properties and potential future applications. The high damping capacity and overall good ballistic performance of WE43 and WE54 have led to several studies regarding these alloys as armour materials, such as for lightweight armoured ground vehicle applications (Cho et al., 2008) and for protective helmet shells (Mathaudhu et al., 2014).
The biodegradability of magnesium alloys in general has led to increased interest in these materials for biomedical applications (Chen et al., 2018). Furthermore, the elastic modulus of magnesium alloys (41–45 GPa) is similar to the elastic modulus of natural bone (3–20 GPa) (Chen et al., 2014). Therefore, magnesium alloys can prevent clinical issues related to biomedical incompatibility (Chen et al., 2014). In fact, the elastic modulus of common stent-material 316L stainless steel (193 GPa) is much higher than that of WE43 (44 GPa), while displaying similar yield strength (Chen et al., 2014). Given this positive biocompatibility, and the adequate corrosion resistance of WE series magnesium alloys, intensive research on the potential use of these materials for the healthcare industry has been carried out in recent years. For instance, clinical trials have been performed with WE43-based bioresorbable screws and cardiovascular stents, positively demonstrating the applicability of this alloy in the medical field (Erbel et al., 2007; Plaass et al., 2016; Chen et al., 2018). However, despite of the promising results, these alloys have to be further studied to evaluate the potentially harmful effect of certain alloying elements on human health (Chen et al., 2019).
FUTURE TRENDS
In general terms, magnesium and magnesium alloys are attractive lightweight materials for many different industries, such as the automotive and aerospace sectors. These materials are also envisaged as appropriate for biodegradable implants. In particular, the good high temperature properties and general mechanical behaviour of WE alloys make this class of magnesium-based materials especially interesting for a wide range of applications. However, as all materials, these alloys have some drawbacks associated to their use for certain applications, such as a high cost of rare earth elements and general susceptibility to corrosion. In the near future, research regarding WE series magnesium alloys will continue to focus on further enhancement of the properties of these materials and mitigation (or even elimination) of some shortcomings of these alloys. Fine-tuning alloy composition and microstructure through alloying and/or through the use of new processing methodologies will play an important role for further property improvement. To take full advantage of the favourable properties of WE series magnesium alloys, the corrosion susceptibility of these materials needs to be addressed. Advances in the development of efficient corrosion protection strategies tailored for these types of alloys are currently being made. Undoubtedly, development and application of multifunctional and self-healing coatings that are able to provide long-term protection, and that are able to prevent corrosion propagation if the coating is damaged during its lifetime, will play a major role in further improving the performance of WE magnesium alloys for an even wider range of applications. Thus, in addition to a growing interest in these materials for several industries, mainly the automotive and aerospace sectors, emergence of an increasing number of new applications is expected to lead to a continuous increase in the global demand for WE series magnesium alloys over the next years.
CONCLUDING REMARKS
WE series alloys possess superior room temperature mechanical properties when compared to other magnesium alloys. In addition, these alloys have the ability to retain their properties at high temperatures, which constitutes a clear advantage in comparison to other classes of magnesium alloys, such as AZ and ZE.
Several different thermal and solution treatments are available for WE series magnesium alloys. Properties such as strength and ductility can be precisely controlled by the use of different combinations and sequences of ageing temperature and duration. For this purpose, continued research efforts have been carried out to obtain a fundamental understanding of the precipitation sequence that occurs during ageing treatments, and of the possible changes in alloy microstructure. In addition, the role of specific alloying elements and their content in common WE series magnesium alloys has been heavily studied over the years. Direct modification of the content of specific alloying elements, or minor addition of other elements, can also be a way of controlling alloy properties.
New processing methodologies have been emerging as a means to improve the properties of magnesium alloys in general. For WE series magnesium alloys, most experimental processing techniques are based on severe plastic deformation of the alloy. These techniques have been used to obtain ultrafine grain microstructure in the processed material. Significant grain refinement has been obtained for WE alloys using ECAP and HPT, which in turn leads to improvement in hardness and overall mechanical properties of these alloys. The scalability of these processes to industrial scale is currently under study.
Despite their various advantages, WE series magnesium alloys are susceptible to corrosion. For most applications, efficient protection strategies are needed to mitigate the degradation of these materials. Anodization and PEO have been the most used techniques for the protection of WE alloys, but a wide range of coating types has been successfully tested for this class of magnesium alloys. The development of WE-specific anticorrosive coatings is a topic that has recently been receiving growing research interest, with very fast developments.
While WE43 and WE54 are already being used in the automotive and aerospace industries, there has been an increasing interest in these alloys as lightweight biodegradable materials. Continued improvement, property tailoring for specific applications, and development of protective anticorrosive strategies for WE series magnesium alloys, will allow to take full advantage of these materials, and enable their widespread use for a wide range of applications.
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In the original article, there was a mistake in the legend for Figure 2 as published. The reference cited in the figure legend is not correct. The correct legend appears below.
[image: Figure 2]FIGURE 2 | Possible mechanism of corrosion for WE series magnesium alloys (A), involving the formation of a Mg(OH)2 layer on the surface of the alloy (B), with localized microgalvanic corrosion at preferential sites (C). Figure reproduced from (Kharitonov et al., 2021) under the terms of the Creative Commons CC-BY 4.0 License.
The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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As a metallic material with lightweight and high specific strength, magnesium alloy has excellent application prospects. However, the rapid corrosion rate and localized corrosion behavior of magnesium alloys limit the practical application in the automobile industry. In this study, to improve the corrosion resistance of AZ91 alloy, the film of different concentrations containing zirconium (AZR0, AZR5, AZR10, AZR15) was prepared on the surface of AZ91 alloy by micro-arc oxidation technology in the Na2SiO3-Na3PO4 system. Furthermore, the influence of electrolyte composition on the corrosion resistance of the MAO film was systematically investigated. The experimental results revealed that the ZrSiO4 particles added in the electrolyte could enter into the MAO film and ZrSiO4 particles were also decomposed into ZrO2 and Mg2Zr5O11 in the process of micro-arc oxidation. More importantly, the formation of micro-cracks and other defects in the film could be reduced after this process. The addition of 15 g l−1 ZrSiO4 in the electrolyte was contributed to the best comprehensive properties of MAO-processed AZ91 specimens, including improved Vickers hardness of 167.16 Hv, Young’s modulus of 652 MPa, and enhanced corrosion resistance (RP = 9.82 × 105 Ω cm2). This approach could provide the approach for developing Mg-based materials with high anticorrosion in industrial fields.
Keywords: magnesium alloy, micro-arc oxidation (MAO), ZrSiO4, anti-corrosion, microstructure
INTRODUCTION
Magnesium-based (Mg-based) material has been recognized as a promising alternative to conventional Al-based load-bearing materials due to its high strength-to-weight ratio and low density (Zhang et al., 2019). The considerable drawback of magnesium and its alloys is that they are impressionable to corrosion in a high-humidity atmosphere, which seriously restricts their industrial applications (Li et al., 2020a).
Defense of Mg in anti-corrosion can usually be acquired by three strategies: alloying, composite formation, and protective coatings. Generally, surface modification can observably improve the corrosion resistance of substrate without influencing its initial properties (Li et al., 2020b). Surface treatment techniques, including anodic oxidation (Zarei et al., 2021), plasma spraying (Cao et al., 2021), vapor deposition (Li et al., 2021), sol–gel film (Zhang et al., 2021), and micro-arc oxidation (Zhang et al., 2020a), were widely used for this purpose. Among the techniques as mentioned above, micro-arc oxidation (MAO) technology can contribute to a protective oxide layer on the surface of metallic materials in instantaneous high temperature and high pressure by generating spark discharges. Because of the feature of MAO, the oxide layer is formed on the substrate, resulting in strong interfacial bonding between the metallic substrate and MAO coating (Lu et al., 2016). Thus, the MAO process is extensively used to improve the corrosion resistance of Mg-based materials. Several previous studies have revealed that the electrolyte composition is essential and crucial to improving the comprehensive performance of MAO coating, like corrosion resistance and adhesion strength, and control the corrosion behavior of Mg-relevant materials (Fattah-alhosseini et al., 2020).
Researchers have added miscellaneous micro/nano irresolvable particles into the electrolytes, which can participate in the MAO process and form into parts of the coatings. Generally, this in-situ technology for preparing composite coating deposits ceramic particles, such as SiC (Wang et al., 2015) and CeO2 (Lim et al., 2012). For example, MAO coating incorporated with CeO2 was obtained on AZ91D Mg alloy. The EIS and potentiodynamic tests in 3.5 wt% NaCl solution indicated that the anticorrosion behavior of MAO-processed AZ31 Mg alloy was markedly improved (Lim et al., 2012).
Zirconium is a potential biomaterial for dental and orthopedic implants owing to its high mechanical strength, high corrosion resistance, and excellent biocompatibility. ZrO2 has the strengths of high mechanical strength, strong toughness, and good corrosion resistance. In addition, ZrO2 influences stress-induced transformation toughening (Zhou et al., 2021).
Therefore, in some studies, K2ZrF6- and ZrO2-doped composite MAO coatings were prepared. For example, Arrable et al. (Arrabal et al., 2008) showed the allocation of ZrO2 nanoparticles across the surface and cross section of the coating. Li et al. (Li et al., 2015) reported enrichment in the anticorrosion of the ZrO2-containing MAO coatings on TC4 alloy. Zhang et al. (Zhang et al., 2010) used K2ZrF6-based electrolyte and acquired MAO coatings consisting of the ZrO2 phase. Koo et al. (Rehman et al., 2017) studied the MAO coatings manufactured on AZ31B Mg alloy in K2ZrF6-Na2SiO3-based electrolyte. It was observed that the hardness and anticorrosion properties of the coatings were highly improved after MAO processing.
Zircon (ZrSiO4), as a common and cheap particle for industrial use, has excellent physical and chemical capabilities, such as good mechanical properties, reducing friction coefficient, and enhancing corrosion resistance (Yang et al., 2021). However, the participant investigation in the literature has been rarely recorded, showing that ZrO2 ceramic coating can be provided with MAO technology. Therefore, in this work, MAO of AZ91 Mg alloy was conducted in ZrSiO4-containing Na2SiO3-Na3PO4-based electrolyte, and electrochemical corrosion properties of ZrSiO4 particle-containing MAO coatings on AZ91 Mg alloy were evaluated by the potentiodynamic test.
MATERIALS AND METHODS
Materials
The substrate used in this work was a commercial material, AZ91 Mg alloy (wt%:0.35 Zn, 0.15 Mn, 8.3 Al, Mg Bal.). For the MAO process, the extruded bar samples of AZ91 Mg alloy were cut into a shape Φ 8 mm × 3 mm. The samples were then ground by SiC sandpaper up to 2000#, washed with ethanol in ultrasound for 10 min, and dried in air.
Preparation of MAO Coating
The MAO coatings were accomplished utilizing an installation consisting of an MAO-50D power supply. Mg alloy AZ91 was regarded as the anode, and stainless steel was used as the cathode. The mode of MAO was constant pressure. The termination voltage, frequency, duty cycle, and oxidation time were fixed at 400 V, 600 Hz, 30%, and 10 min, respectively. The electrolytes used in the MAO process are shown in Table 1. The average size of ZrSiO4 powder particles in the electrolyte was approximately 737.5 nm, and sodium dodecylbenzene sulfonate was added as an anionic surfactant to ensure the particles evenly dispersed in the solution.
TABLE 1 | Composition of electrolyte.
[image: Table 1]Characterization
The phase constituents of obtained samples were analyzed using an X-ray diffractometer (XRD, D/max-2500). The surface and cross-section morphology were investigated using a field emission scanning electron microscope (SEM, Quanta FEG-250). Moreover, elemental compositions of surface and cross section were observed using a SEM-attached energy dispersive X-ray spectrometry (EDS) device. Sample wettability was characterized via a static contact angle goniometer (DSA1000, Kruss, Germany) using deionized water droplets (volume of one drop = 3 μl). Three different positions were chosen to be measured for each sample. The porosity ratio in the coating surface was analyzed using ImageJ software.
The corrosion behavior was gauged using a Zennium electrochemical workstation after the open circuit potential (OCP) for 30 min to be stabilized in a 3.5% NaCl solution. A representative three-electrode mechanism was composed of graphite electrode as an auxiliary electrode, saturated calomel electrode (SCE) as a reference electrode, and specimen (1 cm2 exposed area) as a working electrode. The corrosion resistance was employed to study the Tafel curve to give the corrosion potential (Ecorr), the corrosion current density (Icorr), the slope of cathodic polarization (βc), and the slope of the anodic polarization branch (βa). In addition, the polarization resistance, Rp, and inverse ratio to corrosion rate can be computed using the simplified Stern–Geary Equation 1 (Li et al., 2020c). Eq. 2 was converted to the protection efficiency (Rahman et al., 2020).
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I(corr)uc is the corrosion current density of substrate AZ91 Mg alloy, and I(corr)c is the corrosion current density after the MAO process on AZ91 Mg alloy.
A binding force tester (WS-2005) was utilized for testing the adhesion strength of samples. The adhesion strength of the film was calculated using the formula shown by Equation 3. The dynamic load was 40 N, the loading time was 1 min, and the scratch length was 3 mm.
[image: image]
P represents the strength of adhesion strength, and F is the load value. R is the radius of the diamond indenter.
A dimensional hardness tester (HMV-2T) was used to analyze the hardness of the sample. The loading load was 10 N, and the loading time was 20 s. An atomic force microscope (AFM Dimension Icon), analyzed by NanoScope Analysis software, can be utilized to analyze Young’s modulus of the MAO coatings.
RESULTS AND DISCUSSIONS
Microstructure and Phase Analysis
Figure 1 shows the XRD pattern of the MAO coatings on AZ91 Mg alloy prepared at different concentrations of ZrSiO4. Besides the Mg phase from the substrate, the diffraction peaks of ZrO2, Mg2Zr5O11, Mg3(PO4)2, MgSiO3, and MgO could be observed, indicating the active involvement of electrolytes in the solution for the MAO process. Specifically, the existence of ZrO2 and Mg2Zr5O11 in the coatings also showed the participation of ZrSiO4 decomposed into ZrO2 and SiO2 in the MAO process (Ur Rehman and Choi, 2019). The SiO2 reacted with MgO to form MgSiO3. Additionally, with the increase in ZrSiO4 concentration, the peak strength of ZrO2 was also raised gradually (Kovaleva et al., 2021).
[image: Figure 1]FIGURE 1 | The XRD patterns of the samples.
Figure 2 represents the surface morphologies of the MAO coatings prepared under preset conditions. All the coatings performed a porous configuration with many crateriform micro-pores unevenly distributed due to the mutual effect of fusional oxides and the gas bubbles in the processes (Xia et al., 2013). As the ZrSiO4 concentrations varied, the surface of samples exhibited a distinct difference. The surfaces of AZR10 and ZAR15 seemed relatively smoother in comparison to AZR0 and ZAR5. The results of the porosity ratio in Figure 3E also illustrated that an increasing ZrSiO4 concentration was simultaneously beneficial to reducing the micro-pores on the surface. These were possibly contributed to the decrease in crateriform pore size and the formation of many blocked pores, combined with more significant amounts of ZrO2 and SiO2 from ZrSiO4 decomposition (Zhang et al., 2020b).
[image: Figure 2]FIGURE 2 | SEM morphologies of the different samples (A) AZR0, (B) AZR5, (C) AZR10, and (D) AZR15.
[image: Figure 3]FIGURE 3 | Porosity ratio of the different samples (A) AZR0, (B) AZR5, (C) AZR10, and (D) AZR15.
Table 2 shows the contents of each element on the MAO coating surface corresponding to those in Figure 2. It was found that the elements of O, Si, P, Mg, and Zr were primary in the final MAO coatings. In addition, the contents of Zr and Si in AZR15 were higher than those of others, indicating that the content of ZrSiO4 added could directly influence the Zr and Si contents in the coating, thereby possibly affecting the property of MAO coating.
TABLE 2 | Elemental compositions of different samples analyzed by EDS.
[image: Table 2]Figure 4 displays the cross-sectional morphologies and the elemental distribution of different MAO coatings. It shows that all coatings adhered to the Mg alloy substrate tightly, and there was a relatively dense structure without micropores and large cracks appearing (Gao et al., 2018). Their thickness was also increased clearly with increasing ZrSiO4 content in the electrolyte. In Figures 4B,D,F,H, it could be seen that the elements distributed in the cross section were identical to those on the coating surface. Zr of the cross-sectional distribution indicated that ZrSiO4 particles were involved in the MAO process.
[image: Figure 4]FIGURE 4 | SEM morphologies and EDS results of the cross-sectional views of the different samples (A) AZR0, (B) AZR5, (C) AZR10, and (D) AZR15.
The variation of film thickness and defects present in coating had a significant impact on the corrosion resistance of the coating to the substrate. Thus, the analysis of corrosion resistance for the coatings was conducted.
Corrosion Resistance
Figure 5 presents the potentiodynamic polarization curves for the MAO coatings in 3.5 wt% NaCl solution. Tafel fitting was also carried out, and the results are listed in Table 3. βc represents cathodic hydrogen evolution, and βa represents the dissolution of Mg. Ecorr and Icorr were the self-etching potential and current density, respectively (Xiong et al., 2018). Rp represents polarization resistance. Generally, higher Ecorr, lower Icorr, and higher Rp values implied better anti-corrosion of materials (Wang et al., 2018). It is revealed that adding ZrSiO4 was favorable to increase the Ecorr and Rp of the coating, and the higher the ZrSiO4 content was, the more significant the improvement of coating anti-corrosion.
[image: Figure 5]FIGURE 5 | Potentiometric polarization curves of the different samples.
TABLE 3 | The parameters obtained from potentiodynamic polarization tests in 3.5wt% NaCl.
[image: Table 3]Furthermore, the AZR15 specimen, whose Icorr decreased from 2.51 × 10–5 for the substrate to 1.49 × 10–8 A cm−2, had the best corrosion resistance performance among all samples.
Wettability
The wettability of the surface also had a significant effect on the corrosion resistance of the coating.
Because of the porous structure of the surface, the MAO coating was susceptible to be hydrophilic (Bordbar-Khiabani et al., 2019). After adding ZrSiO4 to the electrolyte, the contact angle of the coated samples was remarkably and gradually increased. The AZR15 had the highest value of 66.1 ± 0.5° in Figure 6. It is revealed that the increase in the ZrSiO4 concentration could significantly enhance the hydrophobicity of the coating surface, thereby preventing the direct contact between corrosive medium and specimen and improving the corrosion resistance of MAO coating. This was consistent with the results of electrochemical tests.
[image: Figure 6]FIGURE 6 | Contact angles of the different samples.
The circulation reaction of corrosive ions (Cl−) into the film with the substrate was the pre-condition for the corrosion of the Mg alloy substrate. The inner layer of MAO coating mainly improved the corrosion resistance of the film. According to the above results, there were two main aspects of the improvement of corrosion resistance. Firstly, with the increase in the ZrSiO4 concentration, the hydrophobic surface restrained the entrance of corrosive ions (Cl−) from the surface (Kirkland et al., 2012). Moreover, as seen in Figure 3, the coatings with ZrSiO4 had a low pore density. This behavior could also limit the breakthrough of Cl− to the coating/substrate boundary. Moreover, the thickness rise of the coating further enhanced the paths for the corrosive ions through the coating, thus increasing the anticorrosion of MAO coating.
Mechanical Properties
Figure 7 exhibits the change of the hardness 1) and Young’s modulus 2) at the different samples. Owing to the increasing concentration of ZrSiO4 in the coatings, the samples’ hardness was also increased. AZR15 had the highest value of 167.16 Hv (Zuo et al., 2019). Meanwhile, Young’s modulus of the samples was lower than that of pure AZ91 alloy (1136 MPa), and this value of AZR15 was decreased to 652 MPa. Its mechanical strength depended on porosity, which depended on its manufacturing process (Es-saddik et al., 2021). During the MAO process, ZrSiO4 particles could separate into ZrO2, thereby reducing the micro-cracks and other defects in the film and affecting the mechanical properties of the samples.
[image: Figure 7]FIGURE 7 | Hardness. (A) Young’s modulus and (B) of MAO coating of the different samples.
Adhesion Strength
Figure 8 shows the binding strength of the coatings for the specimens. It can be seen that the binding strength of AZR0 and AZR15 films were 33.82 and 88.73 MPa, respectively, indicating the significant effect of ZrSiO4 on enhancing the binding strength between coating and substrate. The ZrSiO4 dispersed in the electrolyte could enter the discharge channel of forming coating during the MAO process. Its decomposition ZrO2 could be as particles present in the cooling and solidifying coating process, which may be improved compactness and restrain the crack propagation of formed MAO coating, resulting in higher binding force and lower Young’s modulus (Yao et al., 2019).
[image: Figure 8]FIGURE 8 | The binding force of the different samples.
Formation Mechanism of the Coating
Figure 9 shows formation mechanism of MAO film. The forming process of the composite coating was presented as follows: during the MAO process, the high voltage generated an electric domain between the cathode and anode attended by the constitution of micro discharge exiting on the Mg alloy substrate. The micro discharges burning under the loose coating layer caused the oxidation of the Mg alloy substrate, but the oxides were not carried to the surface of the loosened coating. During this stage, two micro discharges (blunt little micro-discharges and transparently burning ones) occurred on the coating surface. Then in the next stage, there was a higher possibility of blocking the pores above the dense coating layer or these pores moving from the substrate to the interface of inner/outer layers. This is the result in regional sealing of the pores when inner micro discharges were ignited. Micro discharges with weak stress could be observed (high-energy micro discharges blank) on the surfaces. At this stage, sealing of the pores in the coating of AZ91 was dominated (Rakoch et al., 2020).
[image: Figure 9]FIGURE 9 | Formation mechanism of the MAO film.
The phase composition was formed by the different reactions during the MAO process (Baghdadabad et al., 2020; Kovaleva et al., 2021).
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CONCLUSION
In this work, MAO coatings were successfully prepared on the AZ91 Mg alloy in Na2SiO3-Na3PO4 based solution with various ZrSiO4 concentrations. The results of the present investigation were as the following:
1. ZrO2 and SiO2 are produced by ZrSiO4 particles and participate in the process into the MAO layer. With ZrSiO4 particles concentration increasing, the MAO coatings became denser, and the holes in the coating significantly decreased. The micro-cracks and defects were also reduced on the surface of the coating.
2. The corrosion resistance and mechanical properties were significantly improved when ZrSiO4 was added to the electrolyte. Meanwhile, the best performance in aspects of self-corrosion potential (−1.289 V), self-corrosion current (1.49 × 10–8 A cm2), polarization resistance (9.82 × 105 Ω·cm2), and protection efficiency (99.94%) were found in the ZrSiO4 concentration of 15 g/l. In addition, the ZrSiO4 concentration also enhanced the hardness and decreased Young’s modulus of the coatings.
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The objective of the present research is to study the corrosion susceptibility of two Al-Mg diluted alloys (Al-0.5wt.%Mg and Al-2wt.%Mg) with different grains structures obtained by directional solidification (columnar, equiaxed and columnar-to-equiaxed transition, CET) in 0.5% NaCl solution, at room temperature. The corrosion resistance is analyzed by potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) techniques in both longitudinal and transversal sections of the samples. The columnar grain zone presents higher corrosion resistance than the equiaxed grain zone. In addition, the transversal section shows higher corrosion resistance than the longitudinal section of the samples. Then, the Al-0.5wt.% Mg alloy displays higher corrosion resistance than the Al-2wt.% Mg alloy. The values of the polarization resistance are used as a basic criterion for the evaluation of the corrosion resistance of both alloys. In this way, when the polarization resistance decreases with the increasing in the distance from the base, the grain size, secondary dendritic arm spacings and hardness increases. In addition, when the polarization resistance increases, the critical temperature gradient decreases.
Keywords: Al-Mg diluted alloys, corrosion resistance, directional solidification, thermal parameters, structures, microhardness
1 INTRODUCTION
Aluminum and its alloys stand out for two main properties: low density and excellent mechanical strength. These characteristics have led to its use in applications where weight is a determining factor, as it is the case in the transportation, automotive and naval industries (Davis, 1993; Canales et al., 2012; Jayalakshmi et al., 2013). The use of aluminum in these industries dates back to 1899, when Karl Benz presented the first sports car with an aluminum chassis. At the same time, Zeppelin was working on the construction of the first rigid airship using the same material in the frame of the structure. However, the mechanical properties of pure aluminum did not meet the demands required in structural applications, and for that reason, its industrialization did not take place until 1930 with the design of aluminum-based alloys. The incorporation of alloying elements enables a considerable increase in mechanical properties, which in turn, widens its range of applicability (Shu-qing and Xing-fu, 2014; Kaygisiz and Marasli, 2015).
Magnesium is the lightest structural metal. In the automotive industry, it reduces the total weight of the car by 10 percent and saves between 20 and 30 percent on fuel. Other advantages include not only excellent stiffness, specific strength, high electrical and thermal conductivity, but also great protection against electromagnetic interference. It is characterized by an excellent tolerance in the final dimensions of the parts as well as good endings; it also allows parts of small thickness (up to Ø wall = 2 mm), is fully recyclable and is easy to machine; besides, its costs are lower in relation to polymers (Jayalakshmi et al., 2013; Shu-qing and Xing-fu, 2014).
However, application of aluminum casting alloys for structural components requires high strength and suitable high elongations (Totten et al., 2004). In addition, the use of indentation at several scale levels was proposed in order to estimate strengthening kinetics of heat-resistant steel 15Kh2MFA (II) after high-temperature deformation (Maruschak et al., 2012). Recently, the effect of electron beam energy densities on the surface morphology and tensile property of additively manufactured Al-Mg alloy was analyze and it was determined that the crystallization and tensile strength of Al-Mg alloy are optimum at the condition EBED = 10 J/cm2 (Geng et al., 2021a). In another research, the authors demonstrate the tensile properties and fracture mechanism with the analysis of microstructure and phase composition of Al-5.0 Mg alloys. The results achieved from experiments can enrich the information of studies about Al-5.0 Mg alloys produced by WAAM-CMT (Geng et al., 2021b).
Grain size, their morphology, interdendritic distance and distribution of secondary phases are crucial factors affecting mechanical properties of cast parts (Canales et al., 2012; Luna et al., 2013; Shokuhfar and Nejadseyfi, 2014; Krupin´ski et al., 2016). The quality of the microstructure of aluminum alloys mainly depends on the chemical composition, melting process, cooling rates and temperature gradients (Xia et al., 2014; Kro´l et al., 2015; Krupin´ski et al., 2016). Due to those facts, it is important to understand how to control structure forming of aluminum alloys through casting.
Generally, a columnar structure has large grain boundaries, which are sensitive locations for crack initiation. However, it can be used to produce the strong texture and the anisotropic properties for special applications (Liu and To, 2017). In contrast, homogeneous equiaxed grains are commonly desirable for the sake of enhancing resistance to crack propagation (Liu et al., 2018; Zhang et al., 2019; Liu et al., 2020). In addition, columnar-to-equiaxed transition (CET) behavior is determined by the temperature gradient and the solidification rate during the directional solidification process (Ares and Schvezov, 2000; Spittle, 2006; Ares and Schvezov, 2007; Ares et al., 2010; Gueijman et al., 2010; Ares and Schvezov, 2011; Song et al., 2018; Xiang et al., 2019; Zhang et al., 2019; Oliveira et al., 2020). Either an equiaxed or a columnar microstructure can be achieved by selecting appropriate processing parameters, which further determine the mechanical properties of the alloy.
Several researches about the corrosion behavior and the characteristics of films formed (Song et al., 2019; Xu et al., 2021; Chen et al., 2021). Other previous studies evaluated corrosion susceptibility of Al alloys (Smialowska, 1999; Amin et al., 2008; Boag et al., 2010; Osório et al., 2013; Zhou et al., 2015; Yasakau et al., 2018). The influence of the concentration of aggressive ions in the electrolyte on the pitting potential of Al alloys has always been a matter of great interest; therefore, it was extensively studied (Smialowska, 1999; Hui Zhao et al., 2006; Amin et al., 2008; Arrabal et al., 2013; Wang et al., 2014; Yasakau et al., 2018). However, there are previous investigations evaluating the susceptibility to corrosion of directionally solidified aluminum alloys (Ares et al., 2008; Ares and Gassa, 2012; Osório et al., 2013; Ares et al., 2018; Satizabal et al., 2019). It is evident that the results are governed by a complex set of interacting phenomena, and even more when we consider the thermal parameters for obtaining the alloys with the mechanical and electrochemical parameters.
Electrochemical techniques are fast and can be used to obtain instantaneous information on a corrosion process, which cannot be provided by weight loss measurements. Also, impedance techniques, along with the linear polarization technique, are the most commonly used methods for determining corrosion rates. The electrochemical impedance spectroscopy (EIS) technique is a particularly useful method to study electrode kinetics at the corrosion potential. The nature of the corrosion process can be often revealed by an impedance spectrum (Barsoukov and Ross McDonald, 2005).
In previous works, we correlated the effect of several parameters, like thermal, mechanical and electrochemical ones, on the CET macrostructure of different alloys systems (Ares et al., 2008; Ares et al., 2011; Román et al., 2014; Román et al., 2015; Kociubczyk et al., 2015; Ares and Schvezov, 2015; Ares et al., 2016; Rozicki et al., 2018; Kociubzyk et al., 2018; Ares et al., 2018; Ares et al., 2018; Kramer et al., 2016; Méndez et al., 2018; Román et al., 2021). Earlier, we had analyzed the thermal and structural parameters of Al-Mg alloys during the columnar-to equiaxed transition (Al-2wt.%Mg and Al-4wt.%Mg) (Ares et al., 2003a; Ares et al., 2003b; Ares et al., 2004) and the corrosion of Al-Mg alloys exposed to ethanol solutions and bioethanol fuel (Kramer et al., 2017; Gauto et al., 2018; Kramer et al., 2018).
In this investigation, we examined the susceptibility to corrosion of directionally solidified aluminum-magnesium diluted alloys (Al-0.5wt.%Mg and Al-2wt.%Mg) with different grain structures (columnar (C), equiaxed (E) and columnar-to-equiaxed transition, CET), obtained by a directional solidification process, in 0.5 M NaCl solution, at room temperature, using potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) as principal electrochemical techniques.
2 EXPERIMENTAL SECTION
2.1 Directional Solidification
The Al-0.5wt.%Mg and Al-2wt.%Mg alloys were prepared by using commercially pure metals (Chemical composition of Al: 99.93 Al, 0.038 Fe, < 0.001 Pb, 0.033 Si and <0.001 others. Chemical composition of Mg: 99.97 Mg, 0.015 Fe, 0.012 Pb, 0.003 Si and <0.001 others). Then, they were solidified by using a directional solidification device, which consists of a heating unit, and a control system with data acquisition. Data acquisition was carried out by means of six thermocouples connected to a data acquirer, which were placed in the holes of the molds of the specimens with a depth of 0.7 cm and a distance between each one of 2 cm, coinciding with the center of the diameter of the specimen. Thus, allowing the determination of the time-dependent temperature profiles (Ares and Schvezov, 2000; Spittle, 2006; Ares and Schvezov, 2007; Ares et al., 2010; Gueijman et al., 2010; Ares and Schvezov, 2011). Figure 1A shows the experimental setup with a vertical heat extraction system at the bottom of the furnace.
[image: Figure 1]FIGURE 1 | (A) Experimental setup used in directional solidification experiments. (B) The longitudinal (L) and transversal (T) sections of the cylindrical sample.
Prior to solidification, the crucibles and cylindrical molds were prepared with commercial clay. An adapted manual extruder was used to obtain the molds, with an approximate length of 13 cm and an internal diameter of 2.5 cm. Its firings were carried out in a muffle at 300°C for 1 h, then at 600°C for another 1 h and finally at 900°C for 1 h again.
The pure elements were also melted in the muffle, in the crucibles, each one at its respective melting temperature, using 159.44 g of aluminum and 1.61 g of magnesium for the first Al-2wt.%Mg cylindrical sample, and 160.66 g of aluminum and 0.85 g of magnesium for the second Al-0.5wt.%Mg sample, occupying a volume of 40 cm3, respectively. Once melted, they were mixed using a graphite rod, and then, placed in the solidification furnace to obtain the alloy samples. Five alloy samples of each concentration were tested, as it can be seen in Table 1.
TABLE 1 | Cooling velocity in the liquid (V.E.LIQ.) and cooling velocity in the solid (V.E.SOL.), minimum CET position (CET MIN.) and maximum CET position (CET MAX.), critical gradients (GC) and recalescence values (REC.) obtained from the temperature versus time curves.
[image: Table 1]When the specimens were cooled, they were cut in longitudinal direction, devastated with SiC paper up to granulometry #1500, and chemically attacked with Keller reagent (distilled water, 32% hydrochloric acid, 65% nitric acid, 40% hydrofluoric acid) for approximately 3 min at room temperature to reveal the macro and microstructures (Vander Voort, 2004). This made it possible to locate the three defined zones of grain structures by visual observation and optical microscopy, as it can be seen in Figure 2.
[image: Figure 2]FIGURE 2 | Macrostructures: (A) Al-0.5wt.%Mg. (B) Al-2wt.%Mg. Microstructures: (C–E) Al 0.5wt.%Mg. (F–H) to (h) Al-2wt.%Mg.
The position of the CET was located by visual observation and an optical microscopy, and the distance from the chill zone of the sample was measured with a ruler. Also, the grain structure was inspected by visual observation with an Arcano® optical microscopy. The dimensions of the grain sizes obtained from the macrostructures were determined on the basis of ASTM E-112 (Boyer and Gall, 1990) standards with the help of TSView® free image processing software. The equiaxed grain size was measured at equally spaced intervals. The columnar region was divided in a similar way and the width and length of the grains were directly measured.
2.2 Electrochemical Tests
Electrochemical tests were performed on Al-Mg alloys with two compositions: Al-0.5wt.% Mg and Al-2wt.% Mg. Working electrodes were obtained from the longitudinal (L) and transversal (T) sections of the three grain structures zones of the specimens tested: columnar, CET and equiaxed, as can be seen in Figure 1B.
The electrochemical tests were carried out in a three-electrode Pyrex glass cell, using a saturated calomel reference electrode and a platinum wire as a counter electrode. A 0.5 M NaCl solution at room temperature was used as electrolyte. Prior to the tests, nitrogen was bubbled into the solution for at least 10 min to remove dissolved oxygen.
Potentiodynamic polarization curves were performed at a rate of 0.16 mV/s. They started at 300 mV below the corrosion potential. The curves ended when a current value of 1 mA/cm2 was reached. Electrochemical Impedance Spectroscopy tests were performed after a 10 min stabilization period, with a potential amplitude of 10 mVrms, around the open circuit potential. The frequency range of the test was from 105 Hz to 5.10−2 Hz. The linear least squares method was used to analyze the results.
2.3 Microstructures
Before and after the corrosion tests, the samples were analyzed with a FEI Quanta200 SEM together with an EDS detector of the Electron Microscopy and Microanalysis Service (SeMFi-LIMF) (Microscopía Electrónica y Microanálisis (SeMFi-LIMF)—Facultad de Ingeniería, UNLP, Argentina). Secondary dendritic spacings were determined by using an Arcano® metallurgical microscope, employing the linear intercept method with a TSView® free image processing software.
2.4 Microhardness and Hardness Tests
The microhardness measurements of these alloys were done at room temperature, using a Future Tech® microhardness tester (Instituto de Materiales de Misiones (IMAM), Posadas, Misiones, Argentina). The measurements were performed under ASTM E 384-89 standard, using a pressing time of 10 s with a load of 50 gf.
The harness measurements of the same alloys were carried out using a BRIN200C Brinell calibration hardness machine (Comisión Nacional de Energía Atómica (CNEA), Buenos Aires, Argentina) to ISO 6506-3:1999 using a load rating (P/D2) = 5, an application time of 60 s and a sphere diameter of 2.5 mm.
3 RESULTS
3.1 Macrostructures and Microstructures
A number of 10 successful experiments were performed where the transition from columnar-to-equiaxed grain structure was produced. It is noted in Figure 2 that the CET is not sharp, showing a zone where some equiaxed grains co-exist with columnar grains. The size of the transition zone is in the order of up to 1 cm. The CET occurred between 0.6 and 6.2 cm from the bottom of the sample. Typical columnar—to—equiaxed transitions can be observed in Figure 2 for the two alloys tested, Al-0.5wt.%Mg and Al-2wt.%Mg.
Also, Figure 2 shows the microstructure for hypoeutectic composition, in which the presence of two phases is observed: α-Al phase in the case of Al-0.5wt.%Mg (Figures 2C–E) and α-Al plus eutectic phase (α-Al + Mg) for Al-2wt.%Mg (Figures 2F–H). Both phases are well distributed throughout the system. The α-Al, is the light gray (free Mg) zone phase while the eutectic phase is observed as fine needles of Mg (black color) dispersed in a matrix of α-Al.
3.2 Thermal Parameters
3.2.1 Liquidus and Solidus Temperatures
Figures 3A,C indicate the position of each thermocouple in the sample during the experiment. The liquidus, TL, and solidus, TS, temperatures were taken from the heating and cooling curves as usual (Ares and Schvezov, 2000; Ares and Schvezov, 2011; Ares and Schvezov, 2007; Ares et al., 2010; Gueijman et al., 2010). The results, which are shown in Figures 3B,D, are within the predicted values given by the phase diagram for the two alloys tested [52]: TLiquidus (Al-0.5wt.%Mg) = 658°C, TSolidus (Al-0.5wt.%Mg) = 645°C, TLiquidus (Al-2wt.%Mg) = 655°C, TSolidus (Al-2wt.%Mg) = 623°C.
[image: Figure 3]FIGURE 3 | (A) Macrostructure of Al-0.5wt.%Mg alloy indicating the position of the thermocouples during the experiment. (B) Cooling curves of Al-0.5wt.%Mg alloy in each position of the thermocouples. (C) Macrostructure of Al-2wt.%Mg alloy indicating the position of the thermocouples during the experiment. (D) Cooling curves of Al-2. wt.%Mg alloy in each position of the thermocouples.
3.2.2 Cooling Curves
The cooling velocity of the liquid alloy was determined from the temperature versus the time curves at each thermocouple position and by taking the average slope. The temperature versus the time curves for Al-0.5wt%Mg and Al-2wt.%Mg alloys are presented in Figures 3B,D. The cooling velocity in the liquid was calculated from these types of curves and are listed in Table 1 for all the experiments as V.E.LIQ.; velocities of 1.7–2.4°C/s were obtained. The values of cooling velocity in the solid, V.E.SOL., were ranging between 1 and 1.3°C/s. Table 1 also lists the location of the CET zone from the bottom of the sample, which is in the range of CETMIN. to CETMAX. The values of the CETMIN(Al-0.5wt.%Mg) were between 1.7 and 3.7 cm. The values of the CETMAX(Al-0.5wt.%Mg) were between 2.9 and 5.4 cm. Likewise, the values for the CETMIN(Al-2wt.%Mg) were between 0.6 and 3.9 cm and the CETMAX(Al-0.5wt.%Mg) were between 4.7 and 6.2 cm. Comparing the cooling velocities with the distances, which correspond to the length of the columnar zone for all alloys, it is observed that increasing the velocity, increases the length of the columnar grains.
The temperature versus time curves also show that the temperature evolution depends on the structure being formed. During columnar solidification, the temperature decreases steadily and monotonically; on the contrary, in the equiaxed region, and during the transition, there is a recalescence which increases the temperature from a minimum.; the level of recalescence for each experiment is listed in Table 1 as REC (°C).
3.2.3 Temperature Gradients
The temperature gradients, G, were calculated for each pair of neighbour thermocouples as the temperature difference between the thermocouple readings divided by the separation distance between thermocouples. As it is shown in Table 1, the gradients determined at the moment of the CET (which is called the critical temperature gradient, Gc) are negative in most experiments. This negative value is an indication of a reversal in the temperature profiles ahead of the interface, which could be associated to the recalescence due to massive nucleation of equiaxed grains, and previously reported and discussed by the authors for others alloy systems (Ares and Schvezov, 2000; Ares and Schvezov, 2007; Ares et al., 2010; Gueijman et al., 2010; Ares and Schvezov, 2011; Kociubczyk et al., 2015; Ares and Schvezov, 2015; Ares et al., 2016; Kociubzyk et al., 2018; Rozicki et al., 2018). The fact that in some cases the position of the thermocouples is not located at the precise position where the transition occurs, it may prevent the detection of the negative gradients which is believed to occur in all the cases.
3.3 Grain Size and Secondary Dendritic Arm Spacings
The grain size along the samples is affected by the degree of heat extraction, which is higher at the base than at the top of the samples, as it can be seen in Figures 4A,B for both alloys.
[image: Figure 4]FIGURE 4 | Grain size as a function of the length of the sample. (A) Al-0.5wt.%Mg. (B) Al-2wt.%Mg. (C) Al-Mg phase diagram (on the Al side) showing the positions of the Al-0.5wt.%Mg and Al-2wt.%Mg alloys (adapted from Boyer and Gall, 1990). (D) Secondary dendritic arm spacing, λ2, as a function of the length of the sample for Al-2wt.%Mg alloy.
The secondary dendritic arm spacing, λ2, was only possible to measure in Al-2wt.%Mg alloy (Figure 4C adapted from Boyer and Gall, 1990) due to the Al-0.5wt.%Mg, is a solid solution of α-Al.
The behavior of the secondary dendritic arm spacing, λ2, in Al-2wt.%Mg alloys, is also linked to the degree of heat extraction. The values of λ2 are smaller at the base of the samples, as it can be seen in Figure 4D. Otherwise, the dendritic structure is finer at the base of the samples (columnar zone).
3.4 Microhardness and Hardness Tests
First, we analyze microhardness (HV) variations as a function of sample length for both alloys, using load of 50 gf. Figure 5A show the experimental results. It can be seen that Vickers microhardness have greater values in the equiaxed zone than in the columnar and the columnar to equiaxed transition (CET) zones.
[image: Figure 5]FIGURE 5 | (A) Vickers microhardness (HV) and (B) Brinell hardness values versus length of the samples. Al-0.5wt%Mg and Al-2wt.%Mg alloys.
The same behavior is observed with the variation of Brinell hardness (HB) versus sample length (Figure 5B).
Comparing the Vickers microhardness and Brinell hardness values with the literature, we observe that the measured values are within the established for Al-Mg alloys (Totten et al., 2004).
3.5 Electrochemical Tests
3.5.1 Potentiodynamic Polarization Curves
Figures 6A,B shows the curves obtained for the Al-0.5wt.%Mg alloy. Figure 6A corresponds to the longitudinal section and Figure 6B to the transversal section of the samples. For both sections, it is observed that the columnar grain zone presents the noblest corrosion potential value, Ecorr. For the longitudinal section, after reaching Ecorr, a region where the current increases gradually, until reaching the pitting potential, Ep, is observed. The current values reached in this anodic region move towards higher values from the columnar zone to the equiaxed zone of grains. The Ep is equal to −750 mV coincident for the three-grain zones.
[image: Figure 6]FIGURE 6 | Potentiodynamic curves of Al-Mg alloys. (A) Al-0.5wt.% Mg (Longitudinal section). (B) Al-0.5wt.% Mg (Transversal section). (C) Al-2wt.% Mg (Longitudinal section). (D) Al-2wt.% Mg (Transversal section).
The curves obtained for the cross section show a behavior similar to that described above. However, the Ep of the equiaxed grain zone is equal to −734 mV, slightly nobler than that reached by the other samples described.
Figures 6C,D shows the potentiodynamic curves obtained for the alloy Al-2wt.%Mg. As observed in Figure 6A, the longitudinal section also presents a region of gradual increase of the current after Ecorr is reached. This region is well defined for the columnar grain zone and can be considered a region of passivity. The noblest Ecorr corresponds to the CET zone. The difference in Ecorr between the columnar and equiaxed grain zones is not considered significant. Again, the three zones show an Ep around −750 mV.
Figure 6B presents the curves obtained for the transversal section of the Al-2wt.%Mg alloy. The columnar grain zone shows, again, the noblest Ecorr. However, after reaching this potential, a rapid increase in current is observed, associated with the direct dissolution of the material. The corrosion potentials, Ecorr, as well as the corrosion current density, Icorr, of the Al-Mg alloys are listed in Table 2.
TABLE 2 | Fitting corrosion potentials, Ecorr, and corrosion current density, Icorr, of Al-Mg alloys in 0.5 M NaCl.
[image: Table 2]In general, it is observed that, for the same composition, the transversal section presents nobler values of Ecorr. In addition, it was observed that with increasing Mg content, Ecorr increases. This was evident for the transversal section, while in the longitudinal section, this effect was observed only for the equiaxed grain zone.
The micrographs obtained by scanning electron microscopy (SEM) after the polarization tests are shown in Figure 7. From the comparison of Figures 7A,B, corresponding to the longitudinal section of the Al-0.5wt.%Mg alloy, it can be seen that the columnar zone is less affected. In the equiaxed grain zone (Figure 7B) the damage is clearly located in the grain border region. In the transversal section of the Al-0.5wt.%Mg alloy (Figures 7C,D), the corrosion is localized in the α-Al matrix. Figures 7E,F correspond to the Al-2wt.% Mg alloy. Figure 7E shows that the corrosion is located in the dendritic matrix close to the interdendritic boundary. Figure 7F denotes the presence of particles that may correspond to the oxide deposited in the region close to the corrosion affected zone.
[image: Figure 7]FIGURE 7 | SEM micrographs of Al-Mg alloys after corrosion tests: (A) Al-0.5wt.%Mg columnar zone (longitudinal). (B) Al-0.5wt.%Mg equiaxed zone (longitudinal section). (C) Al-0.5wt.%Mg columnar zone (transversal section). (D) Al-0.5wt.%Mg equiaxed zone (transversal section). (E) Al-2wt.%Mg columnar zone (longitudinal section). (F) Al-2wt.%Mg equiaxed zone (longitudinal section).
3.5.2 Electrochemical Impedance Spectroscopy (EIS)
Figure 8 shows the Nyquist diagrams obtained from the EIS measurements of the Al-Mg alloys. As it has been reported in other works on aluminum base alloys in chloride-containing solutions, the analysis of impedance data at frequencies lower than 0.1 Hz is difficult, probably due to the non-stationary nature of the pitting phenomenon (Frankel, 2008; Román et al., 2021). Consequently, we have decided not to consider points at frequencies below 0.05 Hz. The scattering of the data was even more evident for the samples from the equiaxed grain zone, because in those cases we chose to ignore data below 0.1 Hz.
[image: Figure 8]FIGURE 8 | Nyquist diagrams of Al-Mg alloys. (A) Al-0.5wt.% Mg alloy (longitudinal). (B) Al-0.5wt.% Mg alloy (transversal). (C) Al-2wt.%Mg alloy (longitudinal). (D) Al-2wt.%Mg (transversal) alloy.
For all the samples studied, the Nyquist diagram showed a capacitive semicircle at high and medium frequencies. For the same alloy composition, it can be seen that the diameter of such semicircle increases for the cross section of the samples. Ares et al. (Ares et al., 2011) pointed out that the diameter of such semicircle is related to the corrosion resistance. Therefore, it can be deduced that the transversal section of the Al-Mg samples presented higher corrosion resistance than the longitudinal section. The size of the capacitive arcs obtained for the longitudinal section of the Al-2wt.%Mg were notably smaller than the rest of the alloys studied.
Figure 9 displays the Bode diagrams of the alloys studied. The impedance responses were simulated using the equivalent circuit of two nested time constants shown in Figure 10. The use of such a circuit has been reported to explain the behavior of aluminum base alloys as well as Mg base alloys with aluminum coatings (Frankel, 2008; Román et al., 2021; Wei et al., 2021; Ma et al., 2022). RΩ represents the solution resistance. R1 and CPE1 correspond to the pore resistance and the capacitance of the outer porous layer respectively. R2 and CPE2, represent the resistance and the capacitance of the barrier layer (Orazem and Tribollet, 2008; Sekularac and Milosev, 2018; Wei et al., 2021). The deviation from the ideal capacitive behavior due to the inhomogeneous interface, is represented by using CPE with coefficients n1 and n2 (Román et al., 2021; Ma et al., 2022).
[image: Figure 9]FIGURE 9 | Bode diagrams of Al-Mg alloys. (A) Al-0.5wt.% Mg alloy (longitudinal). (B) Al-0.5wt.% Mg alloy (transversal). (C) Al-2wt.% Mg alloy (longitudinal). (D) Al-2wt.% Mg alloy (transversal).
[image: Figure 10]FIGURE 10 | Equivalent circuit used to fit the experimental data.
The parameters of the impedance settings of the samples studied are presented in Table 3. From the summation of the resistances R1 and R2, the values of the polarization resistance Rp were obtained, which can be seen in Figure 11. Higher values of Rp indicate higher corrosion resistance (Ares and Gassa, 2012).
TABLE 3 | Electrochemical impedance spectroscopy fitting parameters.
[image: Table 3][image: Figure 11]FIGURE 11 | Polarization resistance, Rp, of Al-Mg alloys in 0.5 M NaCl solution.
4 DISCUSSION
Figure 11 shows that the corrosion resistance, for the same alloy, decreases from the base to the upper zone of the samples; that is, from the columnar grain zone to the equiaxed grain zone. This behavior coincides with that observed in the polarization curves. Moreover, for the same alloy composition, the transversal section shows better polarization resistance than the longitudinal section. However, the polarization curves seem to show a better corrosion behavior for the longitudinal section. This could be explained by considering the values of the impedance matching parameters shown in Table 3. Comparing the values of n1, corresponding to the CPE1 of the two sections for the same sample, it is observed that the longitudinal section presents values closer to 1 with respect to the transverse zone. This would indicate that the porosity of the oxide formed in the longitudinal section is lower. This behavior could be due to the adhesion of the detached oxide product of the corrosive attack, which can be observed in Figure 7F. In addition, it is evident that the values of the resistance associated to the pores, R1 are higher for the longitudinal section than for the transversal section. This could explain the behavior observed in the potentiodynamic curves. These curves would be reflecting the “performance” of this resistance R1, associated to the pores, but that is not significant in relation to the corrosion resistance of the samples. According to Table 3, the R2 values are higher than the R1 values for all the samples, so that the barrier layer evidently provided the corrosion resistance (Osório et al., 2013). On the other hand, it is clear that as the Mg content increases, for the same grain zone and the same transversal-section, the polarization resistance decreases.
In the case of the correlation of the polarization resistance, Rp, with the secondary dendritic arm spacing for Al-2wt.%Mg alloy; so, when λ2 increases, the polarization resistance, Rp, decreases (Figure 12A).
[image: Figure 12]FIGURE 12 | Polarization resistance, Rp, versus (A) secondary dendritic arm spacing, λ2, for Al-2wt.%Mg alloy, (B) critical temperature gradient, GC, and (C) Brinell hardness, BH, for Al-0.5wt.%Mg and Al-2wt.%Mg alloys.
The values of the polarization resistance, Rp, were correlated with the values of temperature gradient in the liquid at the moment of the CET (critical values), GC, for each concentration, where it is observed that, when GC becomes more negative (Figure 12B), the Rp increases.
Since the microhardness is a very localized parameter, and the hardness allows a deeper understanding of the relationship between the structure and properties of a material (Maruschak et al., 2012), the polarization resistance, Rp, is correlated to the Brinell hardness, HB, in Figure 12C it is possible to observe that when the Brinell hardness, HB, increases the polarization resistance decreases for both alloys.
5 CONCLUSION
Using potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) techniques, allowed us to evaluate the corrosion behavior of Al-0.5wt.% Mg and Al-2wt.% Mg alloys in a 0.5% NaCl solution.
The values of the polarization resistance were used as a basic criterion for the evaluation of the corrosion resistance of both alloys, but do not indicate the protective properties of the films formed on the directionally solidified Al-Mg alloys.
For both compositions of Al-Mg alloys and sections of the samples, the columnar grain zone presents a higher corrosion resistance than that of the equiaxed grain zone.
Considering the polarization resistance values obtained for the EIS tests, it is concluded that the transversal section presents a higher corrosion resistance than the longitudinal section of the samples. In the same sense, the Al-0.5wt.% Mg alloy presents higher corrosion resistance than the Al-2wt.% Mg alloy.
The polarization resistance decreases with 1) the increasing in the distance from the base of the sample, 2) the increasing in grain size and secondary dendritic arm spacing, and 3) the increasing in Brinell hardness and Vickers microhardness.
The polarization resistance increases when the critical temperature gradient decreases.
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The successful doping of Yttrium (Y) in the Mg-Al layered double hydroxide film (MgAlY-LDHs) is obtained by hydrothermal way on the anodic oxide film of Mg-2Zn-4Y alloys. The composition, morphology and structure of MgAlY-LDHs were characterized by the Fourier transform infrared spectroscopy (FT-IR), X-ray diffractometer (XRD), field-emission scanning electronic microscope (FE-SEM) and energy dispersive spectrometry (EDS) respectively. The electrochemical behavior was observed by polarization curves and electrochemical impedance spectroscopy (EIS). Y ions can be incorporated into the MgAl-LDHs film in a completely isomorphic replacement manner and have the ability to improve the corrosion resistance of the film. Moreover, the ternary LDHs film grown in situ on the Mg-2Zn-4Y alloy provides a high possibility for the corrosion resistance of industrial metals. The schematic representation of electrochemical behavior and the growth mechanism of MgAlY-LDHs nanosheet are as following eventually.
Keywords: ion concentration, anode oxide film, yttrium, ternary-layered double hydroxides, corrosion resistance
1 INTRODUCTION
Magnesium alloys are considered to have a bright prospect because of their low density and environmentally friendly properties (Mordike and Ebert, 2001; Prado and Cepeda-Jiménez, 2015; Polmear, 2017). However, the high chemical activity of magnesium leads to its susceptibility to corrosion, limiting its industrial application (Srinivas et al., 2022). Therefore, the corrosion and protection of magnesium alloys have been listed as an important research topic in the material field in recent years. At present, the main method to effectively improve the corrosion resistance is the technology of surface coating, which is to prevent the corrosion of metal materials by a special treatment process and physical barrier method to limit the contact between the external corrosion medium and internal matrix (Stoltenhoff et al., 2002). Among the rest, anodic oxidation is the most effective method. Because of its simple and mature process, this method is widely used (Hornberger et al., 2012; Atrens, 2015). However, the magnesium alloy matrix is unprotected when the film is in the corrosive environment because of the porous and loose structure of the anodic oxide surface (Blawert et al., 2006). This is why magnesium anodization is rarely used commercially to improve corrosion resistance (Blawert et al., 2006). Therefore, it is necessary to research an effective way to seal the anodic oxide film (Huang et al., 2014).
The layered double hydroxides (LDHs) have the possible ability to possess an active corrosion system. LDHs are a typical two-dimensional layered nanomaterial that has broad prospects (Scarpellini et al., 2014; Zhang et al., 2014), the chemical formula of which is [M1-x 2+M3+(OH)2]x+(An−) x/nmH2O, in which the anion An− is in the hydrated interlayer galleries (such as OH−, NO3−, and PO43−), and the metal cations M3+ and M2+ (such as Al3+, Y3+, and Mg2+) occupy the octahedral holes in the brucite-like layer (Dong et al., 2014). This inorganic nanocontainer is widely applied in the research on corrosion protection because of high loadings, easy modification, and small size. Corrosion occurs when the corrosion environment destroys the main physical barrier of metals, causing the corrosive medium (such as Cl−) to contact the bare metal substrate. Thus, the obvious feature of ion exchange is that it can release the interlayer anion and adsorb Cl− when it confronts corrosive ions (Lu, 2018). As a result, the LDH film grown on the surface of anodized magnesium can not only seal the porous anodic oxide layer but also improve the thickness of the protective film successfully. Thus, this structure has a synergistic impact of promotion on improving the corrosion resistance of magnesium alloy.
As a unique two-dimensional-layered structure, the structure characteristics are maximized to the modification of LDHs to enhance the resistance of corrosion property. Nowadays, a great number of researchers (Zhang, 2017a; Zhang, 2017b; Zahedi Asl, 2019) paid more attention to change rare earth ions (La and Ce) in LDHs, and research studies started with being published in the study of corrosion. Zhou et al. (2019) found that the fabrication of ZnAlLa-LDHs can improve the anti-corrosion of 6,061 aluminum alloys. The phenomenon that MgAl-LDHs doping with Ce can enhance the corrosion protection property of magnesium alloys was found in one of our previous research studies (Zhang, 2018; Zahedi Asl, 2019; Zhang, 2019). However, compared to light rare earth elements (La, Ce), heavy rare earth elements (particularly Y) with low content on earth have no awareness. In addition, although Y has good corrosion inhibition performance, Y-doped ternary LDH films are rarely researched (He et al., 2010; Liu et al., 2010). In fact, ternary LDH has been widely studied in the field of catalysts. Y, La, and Ce addition in MgAl-LDHs can effectively enhance the performance of catalysis (Angelescu et al., 2004; Das et al., 2006; Mrózek, 2019) and luminescence activity (Smalenskaite et al., 2017). Particularly, compared with Ce and La, Y has the lowest electronegativity (1.22) and the smallest ionic radius (0.90 Å) in the same IIIB group (Wang et al., 2014), which makes it theoretically possible to carry Y in MgAl-LDH structure. Meanwhile, the adulteration of Y can improve the specific surface region (Świrk, 2019) and increase the dispersion of active sites (Pavel, 2011) as well as get finer LDH crystallites (Świrk, 2018), which can be used to make contributions to the synthesis of MgAlY-LDH film.
Moreover, the preparation of ternary LDHs usually uses the co-precipitation way. Recently, the study hotpot is that the in situ growth method is often used in preparing LDH film, which can contain less impurity phase concentration, possess the binding force between the substrate and film, and get a wide application prospect. Furthermore, the protective Y2O3 coating can be grown voluntarily on the surface of Mg substrates (Guo et al., 2010; Ardelean et al., 2013; Lyu et al., 2020). Furthermore, component cations can be provided by the anodic oxide film of Mg–2Zn–4Y alloys for in situ ternary LDHs, and the film can serve as a physical barrier to prevent the invasion of corrosive media. MgAlY-LDHs can possess the property of self-healing and anti-corrosion ability by the way of sealing the anodic oxide films (Bîrjega, 2005).
In this work, we investigated the possibility of ternary MgAlY-LDHs growing on the anodic oxide film of Mg–2Zn–4Y alloy in situ and investigated the isomorphous substitution mechanism of MgAlY-LDHs by adding different concentrations of Y. Furthermore, the morphology, structure characteristics, and composition of MgAlY-LDHs were studied. The corrosion resistance of MgAlY-LDHs was initially evaluated by electrochemical activity.
2 EXPERIMENTAL
2.1 Materials
Mg–2Zn–4Y alloy was manufactured in an anti-electric furnace under an environment of protective gas admixture (1% SF6 and 99% CO2). The raw materials were commercially pure Mg (Ni % < 0.007%, Al % < 0.006%, Si % < 0.005%, Fe % < 0.004%, Cu % < 0.003%, and Mg ≥ 99.95%), pure Al (Al % ≥99.5%, impurity <0.15%), pure Zn (Ni % < 0.01%, Si % < 0.03%, Cu % < 0.01%, Al % < 0.03%, Fe % < 0.05%, and Zn % ≥ 99.9%), and Mg-Y master alloys (purity ≥99.5%, Ni% < 0.01%, Al % < 0.03%, Si % < 0.03%, Cu % < 0.01%, Fe % < 0.05%, and Y % = 30%). The alloys were melted at 750°C for 20 min, and then the film was placed in a mild steel mold (size φ200 mm × 85 mm) preheated at 300°C to prepare Mg–2Zn–4Y ingots and finally cooled in an air solution for 6 h. The Mg–2Zn–4Y alloy was cut into slices of 10 mm × 10 mm × 2 mm and 20 mm × 20 mm × 2 mm. The samples were grounded from # 150 to # 3,000 using particle size silicon carbide sandpaper, washed with ethanol and deionized water, and finally dried.
2.2 Preparation of the Anodic Oxide Film
The samples were anodized in the successively stirred electrolyte of 0.6 mol/L NaF, 0.21 mol/L Na3PO4, and 3 mol/L NaOH, and the stable voltage is 20 V for 30 min by DC-regulated power. The prepared samples are anodic oxide films of the phosphoric acid system. All anodized samples are named AO. The cathode is made of 1Cr18Ni9Ti stainless steel, and the anode is made of magnesium alloy. The sample with the micro-arc oxidation film is cleaned with ethanol and dried.
2.3 Preparation of MgAlY-LDHs
The MgAlY-LDH films were produced by immersing the anodized samples in 0.3 M NaNO3 and 0.05 M M(NO3)3 (M = Al and Y) mixture solution with a pH value in the alkaline range by putting the diluted ammonia on. The mixture solutions are put into the Teflon-lined autoclave, and the synthesis was performed at 125°C for 12 h. Then, the filmed samples were rinsed with deionized water, ultrasonically cleaned with ethanol, and finally dried under environmental conditions. Meanwhile, the in situ growth of MgAlY-LDH films on different anodic oxide films is researched by changing the ratio of Y3+ to Al3+ (including Al and Y ions): 0, 20, 40, 60, and 80%. The final samples prepared with different Y3+ concentrations are named as 0Y, 20Y, 40Y, 60Y, and 80Y.
2.3.1 Permission to Reuse and Copyright
Figures, tables, and images will be published under a Creative Commons CC-BY licence and permission must be obtained for use of copyrighted material from other sources (including re-published/adapted/modified/partial figures and images from the internet). It is the responsibility of the authors to acquire the licenses, to follow any citation instructions requested by third-party rights holders, and cover any supplementary charges.
2.4 Characterization and Performance Test
The morphology components of each sample are tested by VEGA3 field-emission scanning electron microscopy (FE-SEM, Vega3 TESCAN SRO Czech) and EDS. The crystal structure of ternary LDHs of each sample is examined using an X-ray diffractometer (XRD, D/Max 2,500 × Rigaku Japan) and a Nicolet IS5 model Fourier infrared spectrometer (FT-IR, Nicolet IS5 Thermo Scientific, United States). The corrosion behavior of the sample in 3.5 wt% NaCl solution is tested using an electrochemical workstation (Parstat 4000A PAR, United States). A three-electrode battery system with the saturated calomel electrode as the reference electrode, the platinum mesh as the counter electrode, and the sample with an exposed area of 1 cm2 as the working electrode is established in a Faraday electromagnetic shielding box. Among them, when the scan rate is set to 2 mV s−1, the Tafel polarization curve with reference open circuit potential (OCP) from −0.8 to 0.8 V is obtained.
3 RESULTS AND DISCUSSION
3.1 Characterization of Film Composition, Structure, and Morphology
Figure 1 shows the XRD patterns of different specimens. Among all, the characteristic peaks of MgO and Y2O3 are found in all samples, which indicates the compound composition of the phosphate anodized film on Mg–2Zn–4Y alloy. Significantly, the characteristic peaks of Y2O3 and Mg substrate in samples 60Y and 80Y are more obvious than others. This may indicate that the moderate concentration of Y3+ is conducive to the dissolution of the anodized film. Furthermore, the characteristic peaks (003 and 006) are found in the each LDH sample. In particular, the peaks of 003 and 006 in 60Y shift most obviously to the left, that is to say, adulteration Y leads to the increase of the lattice parameter, interlayer distance, and crystallite dimension. This may indicate that the most obvious changes have taken place in the main structure of LDHs when Y3+/Al3+ equals 1.5, which means in situ substitution is the strongest. In addition, the characteristic peaks of Y(OH)3 are found in all samples. This may indicate that part of rare earth Y ions can turn to Y(OH)3 on LDHs.
[image: Figure 1]FIGURE 1 | XRD image of specimens with different Y% fabricated on anodized oxide films on Mg–2Zn–4Y alloys.
Table 1 illustrates the lattice parameters of specimens with different Y%, which can be calculated by the formula a, b inferred by XRD data. With the increasing proportion of Y, the lattice constants a and c are seen to increase in most specimens. Generally, the lattice parameter-a is considered the interplanar distance, which equals the average distance of cations in LDH (Wang et al., 2019a). The slight increase of constant-a indicates that the large cations enter LDH, causing the planar distance enlarges, or even the fragmentation, and refinement resulting from the isovalent substitution. The big size of Y cations leads to the increase of planar distance abnormally. The prominent increase of parameter-c reveals the expansion of the interlayer passage (Wang et al., 2019a). The hydrated anion species significantly are relied on parameter-c, and the degree of trivalent cation substitution has an influence on electrostatic forces from anions (Smalenskaite et al., 2017; Wang et al., 2019b). Meanwhile, Y element has relatively low electronegativity, resulting in parameter-c increases by improving the electrostatic forces from anions. In addition, the parameter-a for 80 Y and parameter-c for 20Y show slight decline, which means Y species did not infiltrate LDH very well related to cracks between coatings and the substrate in Figure 5. The cracks cause volume expansion and irregular deformation, leading to constant a and c drops. Overall, the addition of Y species leads to obvious changes in structure data as shown in Table 1; Figure 1.
TABLE 1 | Structure data of specimens with different Y% fabricated on anodized oxide films on Mg–2Zn–4Y alloys.
[image: Table 1]Figure 2 shows the SEM micrographs of samples. All the samples show typical undulating LDH nanosheet morphology, and some areas are covered with some substances (Figures 2A–D). Figure 2 e shows that a great number of coarse lamellar structures are found. Moreover, EDS analysis of the protrusion area of the samples is shown in Figure 3; Table 1. The element contents of areas 1 and 2 in Figure 2 show that the accumulated material may be Y(OH)3. Area 3 shows a large number of clusters of LDHs distributed uniformly on the surface. The composition of ternary LDHs can be determined by EDS analysis. EDS analysis of some agglomerates in area 4 shows the morphology of incompletely crystallized ternary LDHs. The energy spectrum analysis of area 5 shows that the flake material may be Mg (OH)2. Combining SEM and EDS analysis of different Y contents, the morphology of MgAlY-LDH nanosheets may be a convex cluster, and some rare earth Y ions in cluster-like material are covered on the LDH sheet. Some of the isomorphic substitutions of Al ions on Y ions existed, and ternary LDHs nanosheets were successfully obtained. In addition, rare earth ions (Y3+), which are larger than aluminum ions, enter the LDH matrix layer to form a matrix crystal lattice, resulting in the morphology of ternary LDHs as convex clusters (Dai et al., 2021).
[image: Figure 2]FIGURE 2 | SEM image of LDH specimens with different Y% fabricated on anodized oxide films on Mg–2Zn–4Y alloys: 20Y (A); 40Y (B); 60Y (C); 80Y (D); and 0Y (E).
[image: Figure 3]FIGURE 3 | EDS spectra of the corresponding points in Figure 2: 20Y [(A), 1]; 40Y [(B), 2]; 60Y [(C), 3]; 80Y [(D), 4]; and 0Y [(E), 5].
The FT-IR spectrum of each sample is shown in Figure 4. In the chemical formula of LDH, anions An− contain OH−, NO3− and PO43−, and metal cations M3+ are composed of Al3+ and Y3+. Meanwhile, the mental ion Y3+ is considered to relate to Y(OH)3 in the XRD image (Figure 1.). Thus, the result of the FT-IR spectrum is in accordance with the XRD image. The vibration wavelengths of all samples at 3,693, 3,430, and 1,640 cm−1 correspond to the hydroxyl bands of water or LDHs, respectively (Luo, 2019). Each sample showed characteristic peaks at 1,360 and 950 cm−1, which was attributed to the vibration absorption of NO3− and PO43-, indicating the presence of NO3− and PO43- in the interlayer of LDHs (Zăvoianu, 2018). In addition, the vibrational stretching of Y-OH appears in the band around 660cm−1. In addition, the bands around 660 and 550 cm−1 are attributed to the vibrational stretching of Y-OH and Al-OH, respectively (Zhang, 2016; Zhang, 2019; Jiang et al., 2021). With the gradually increasing Y content, we can find that the strength of Y-OH increases gradually, indicating that more Y(OH)3 is attached to the surface of the film.
[image: Figure 4]FIGURE 4 | FT-IR pattern of different specimens.
The SEM image of the cross section of each sample is shown in Figure 5. The thickness of the samples of 0Y, 20Y, 40Y, 60Y, and 80Y correspond to 3.66, 5.31, 4.52, 5.30, and 2.98 μm, respectively. The reason why the thickness of the samples is different is that the growth condition of films is controlled by the concentration of Y. It can be seen from the cross-sectional image that the samples of 20Y, 40Y, and 60Y have grown a relatively thick film, which may indicate that 20Y, 40Y, and 60Y samples have appropriate conditions for film growth. However, there are cracks between the 0Y, 20Y, 40Y, and 80Y coatings and the substrate, indicating that the bonding force between the coating and the substrate is relatively poor. In addition, the cross section of the 60Y sample is relatively dense and thick, and there is no gap between the sample and the substrate, indicating that the coating has a better growth condition when the concentration is 60Y.
[image: Figure 5]FIGURE 5 | Cross-sectional images of different specimens: 0Y (A); 20Y (B); 40Y (C); 60Y (D); and 80Y (E).
3.2 Corrosion Resistance Test of the Film
We make the corrosion resistance tests aiming at LDH specimens with different Y% fabricated on phosphoric acid anodized oxide films on Mg–2Zn–4Y alloys of specimens. Figure 6 shows the polarization curves of different samples immersed in 3.5 wt% NaCl solutions. The electrochemical parameters corresponding to each polarization curve are listed in Table 2. Here, the corrosion potential (Ecorr) cannot measure the corrosion resistance of the coating because Ecorr will be significantly affected by thermodynamic properties of the material (Adsul et al., 2021; Cui et al., 2021). Usually, a lower corrosion density (icorr) is regarded as an excellent corrosion prevention property (Ramezanzadeh et al., 2016; Chen et al., 2022). It can be seen in Table 2 that the current density of 20Y, 40Y, 60Y, and 80Y is close; among these, 20Y, 40Y, and 60Y have relatively thick coating making their current density rather low. However, it may indicate that because there are cracks between coating and substrate and the bonding force is poor in 20Y and 40Y, their current density is higher than 60Y, while 80Y has relatively thin coating leading to climbing of current density. Meanwhile, the 0Y and 100Y samples have more cracks and thin-film leading to corrosion current much higher than other samples. The 60Y sample has the lowest corrosion current, reaching 2.933 × 10–8 A cm−2, indicating that the ternary MgAlY-LDH film prepared on the phosphoric acid anodic oxide film has the best corrosion resistance. Also, other samples with a concentration close to 60Y (20Y, 40Y, and 80Y) all have good corrosion resistance. Therefore, the LDH film grown in situ on the phosphoric acid anodic oxidation system has better corrosion resistance.
[image: Figure 6]FIGURE 6 | Polarization curves of LDH specimens with different Y% fabricated on phosphoric acid anodized oxide films on Mg–2Zn–4Y alloys of specimens immersed in 3.5 wt% NaCl solution.
TABLE 2 | EDS profile recorded for the corresponding points on different specimens in Figure 2: 0Y (a, 1); 20Y (b, 2); 40Y (c, 3); 60Y (d, 4); and 80Y (e, 5).
[image: Table 2]In order to study the corrosion resistance mechanism of different samples in a corrosive environment, electrochemical impedance spectroscopy was studied. The Bode impedance and phase angle spectra of different samples in 3.5 wt% NaCl solution are shown in Figures 7A,B. The impedance of matrix and coating is illustrated by the |Z| 0.01 Hz impedance. The high-frequency range reflects the properties of the coating (102–105 Hz), the middle frequency range reflects the inner layer (1–102 Hz), and the characteristics of the substrate and coating intersection are reflected in the low frequency (less than 1 Hz). The greater the value of the impedance modulus (0.01 Hz) in the low-frequency region, the better the corrosion resistance of the sample in a corrosive environment (Chen et al., 2020; Zhang et al., 2018; Chen et al., 2021). Among them, the 60Y sample has the highest impedance modulus of all samples, exceeding 106 Ω cm2, which is an order of magnitude higher than the impedance value of the anodized sample (Figure 7A). In the Bode-phase angle spectrum, three relaxation phenomena corresponding to the time constant can be found in all samples (Figure 7B). The time constant is used to characterize the structural characteristics and corrosion performance of the composite coating. Table 3 has listed the fitted electrochemical impedance spectroscopy parameters. Rs is considered the electrolyte resistance. Rfilm corresponds to the sample surface film (LDHs) resistance. Rout and Rin represent the external porous layer resistance of the anodic oxide film and the internal dense layer resistance of the anodic oxide film, respectively. A larger R-value represents a better corrosion resistance of the coating. The constant phase element (CPE) is the response capacitance connected in parallel with the corresponding resistance. n indicates the angular frequency, and it can be considered that CPE is an ideal capacitor when n is close to 1. The lower the chi-squared error (χ2) indicates that the circuit fits well (Cui et al., 2018; Chen, 2019). At low frequency, diffusion of the corrosion medium affects the control corrosion process (Ye, 2018). Therefore, a Warburg impedance part (ZW) is included in the circuit of the 80Y specimen. SEM and EDS show that (Figure 2 and Figure 3) a passivation film of Y (OH)3 is formed on the coating surface when the content of Y is relatively high, and it has a certain protective effect on the sample (Ye, 2018). Compared with other coatings, the values of Rfilm, Rout, and Rin of the 60Y sample are the largest among all the tests, and the corrosion resistance is the highest, indicating that the ternary MgAlY-LDHs formed by the 60Y sample has the best corrosion performance (Table 4).
[image: Figure 7]FIGURE 7 | EIS spectra of specimens immersed in 3.5 wt% NaCl solution. (A,B); equivalent circuits and physical models of coatings (C,D); EIS data and fitting curves (straight line) of different coatings in 3.5 wt% NaCl solution after immersion for (E,F) 4 days.
TABLE 3 | Fitted parameters of different specimens for the EIS spectrum.
[image: Table 3]TABLE 4 | Electrochemical parameters of different specimens.
[image: Table 4]Figure 7 (e.f.) illustrates the Bode impedance plots of the different coatings during the 4 days. After 4 days of immersion, 60Y still has the largest |Z| 0.01 Hz value, which indicates that 60Y has the best corrosion resistance. At intermediate frequency, the phase angles of 0Y, 20Y, 40Y, and 80Y decrease quickly, indicating that the electrolyte penetrates these samples’ coating system. However, 60Y has an increasing phase angle, indicating that the electrochemical reaction does not occur under the coating. In conclusion, the coating of 60Y has the best performance in corrosion resistance.
4 CONCLUSION
The MgAlY-LDH film was fabricated successfully on the anodized film of Mg–2Zn–4Y alloys. The introduction of Y ions with larger ionic radius into the LDH laminates affects the crystal lattice changes of LDHs and ultimately leads to the formation of MgAlY-LDH nanosheets in the shape of convex clusters of flowers. MgAlY-LDHs can adsorb the corrosive medium (Cl−) into the intermediate layer in a corrosive environment, thereby triggering the stable appearance of the Y element and improving the corrosion performance of LDHs.
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Sample Leon/(A/CT?) Econl(V) pal(mV) -Be/(mV) Ry/(@cm2) Ep/%

AZ91 251 x107° -154 129 14.8 1.19x10° ——
AZRO 6.10x 1077 -143 119 148 4.70x10" 97.57
AZRS 416 x10°° -138 126 122 6.47x10* 99.83
AZR10 267 x 10 -135 126 935 8.73x10° 99.89

AZR15 1.49 x 10 -1.29 758 528 9.82x10° 99.94
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AZRO 69/ 939l 239/ ogl
AZRS 69/ 9391 239/ 591
AZR10 69/ 9391 239/ 1091

AZR15 69/ 9391 239/ 1591
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Co/(F)

Ry/(@2 om?)
Ceo/(F)
Reo/(Q om?)
Chps/(F)
Raps/(Q cT?)
Ca.-2/(F)
Ro.s2/(Q2 cm?)
Co-ar/(F)
Ro.a/(Q2 cm?)
Cep/(F)

Reo/(Q2 cm?)

Bare Mg alloy

414
2.6631E-5
1274

GO film-coated Mg alloy

4225

1.2443E-6
16.06

2.4594E-5
1744

APS film-coated Mg alloy

394

2.2014E-5
4828

8.3614E-3
610.1

GO-APS
film-coated Mg alloy

42.97

6.5417E-7
30.39

2.1302E-5
5242

9.0208E-4
5879
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Precipitated
phases

MgaXs in
magnesium alloys

Mgz4Ys
MgsGd

Mgi,Ce

Mg;2Nd

MgaXs
Volume/cm®

430.132
59.2781

191.892
189.770

354.653
31.275
25.880
51.206
21919
18.181

The lower metal activity
element in MgxXa

Density
(g/cm3)

Mg = 1.738
Mg = 1738

Mg = 1.738
Mg = 1.738

A=270
=714
Cu=896

Mg = 1.738

Ag=10.49
Ni = 8.908

Volume/
cm®

13.9845
13.9845

13.9845
13.9845

9.9933
9.1609
7.0922
13.9845
10.2829
6.5888

The molar
volume of
the preferentially
oxidized
metal/cm®

Y = 37.8016
Gd = 17.3246

Ce = 48.156

Nd = 43.912

Mg = 13.8078
Mg = 12.9532

Preferentially oxidized product PBR value

of oxidation
Molar mass  Density Volume/ s
alom® i formed
from Mg,aXs
Y203 = 22681 501 450719 11923
Gd203 = 7.41 489201 2.8237
362.49
06203 = 713 46,0365 0.9660
328.24
Nd203 = 7.24 46.4738 1.0584
386.47
3.65 11.042 0.7997
365 11,042 0.8625
3.65 11.042 0.9441
325 17.254 07425
3.65 11.042 0.9661
365 11,042 22069
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Materials  Locations Weight %
Element Mg K  Element O K  Element Y K

Mg Spot 1 984 16 -
Spot 2 95.6 44 -
Mg-3Y Spot 1 75 156 128
Spot 2 60.2 217 1841
Mg-5Y Spot 1 64.0 172 187
Spot 2 530 225 245
Mg-7Y Spot 1 57.0 214 216

Spot 2 56.6 232 212
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Materials

Locations Weight %

Element MgK  Element OK  Element Y K
mapping 97.5 25 =
mapping 65.1 138 211
mapping 62.1 14.1 238
mapping 57.0 161 269
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Materials  Locations Weight %

Element Mg K  Element O K  Element Y K

Mg Spot 1 9238 7.2 -
Spot 2 9.2 48 -
Spot 3 %3 07 =
Mg-3Y Spot 1 419 287 294
Spot 2 448 257 295
Spot 3 746 16.5 88
Mg-5Y Spot 1 35.1 323 326
Spot 2 336 314 350
Spot 3 834 14.0 27
Mg-7Y Spot 1 393 321 287
Spot 2 422 314 263

Spot 3 75.6 17.8 6.6
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Precipitated
phases

MgzaYs
MgsGd
Mg:2Ce

MgioNd
Mgi7Ali2
MgZn,

MgCu,
Mg,Ca
MgAg
MoNiy

Crystal
structure

BCC
FCC
BCC

BCC
HCP
FCC
HCP

SC
HCP

A single unit cell of precipitated phases MgAXB

Number of
atoms

48+10
1244
2442

442
34+24
2+4

4+8
442
141
244

Mass/
102g

340.8794
152.6664
143.1962

1445646
244.411
51.4458

100.4204
29.4130
219173
46.9914

Lattice
parameters

a=1.1267
a=07326
a=10383c=
0.5964

a=1.031¢=0593

a=1.056
0.5222
0.8568
a=0.7048
.623 ¢ = 1.012
a=0.3314
0.4824
1.5826

Volume

10°2'em®

1.4265
0.3932
0.6364

0.6303
11776
0.6075

03415
1.0212
0.0364
09575

Density
glem®

2.3896
3.8828
2.2501

2297
2078
4.960

5.745
1.732
6.030
5.902

Molar
mass

1,027.845

230.165
431.776

435.902
736.969
166.123

151.397
88.688
132173
107.303

Molar
volume

430.132
59.2781
191.892

189.770
354.663
31.275

25.880
51.206
21919
18.181
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