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Abstract

:

Due to the spontaneous degradability, excellent biocompatibility, favorable bone−inducibility, and antimicrobial properties, Mg−based alloys acting as miniature intravascular stents and bone−fixation materials have shown great development−potential. Regrettably, the uneven degradation model and excessive dissolution rate restricted their clinical application. In this study, the latest research on five methods (high−purity or amorphous, micro−alloying, heat−treatment, plastic−deformation, and surface modification) in medical Mg alloy degradation behaviors was reviewed. The corrosion mechanisms of Mg alloys under different processes were summarized. In addition, the effects of microstructure characteristics and film−layer features on corrosion resistance were systematically discussed. Ultimately, existing problems and future development directions of medical Mg−based alloys were reviewed.
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1. Introduction


Traditional biomedical metallics (BMs) are commonly composed of permanent titanium, cobalt, stainless steel, etc. [1,2]. Long−term service has problems such as the release of toxic ions and acidic degradation products, which lead to tissue separation and even induced inflammation to aggravate the patient’s condition [3,4,5]. Until now, medical implants with a Mg−matrix have possessed excellent loading−conductivity, spontaneous degradability in vivo, and good osteogenic and antibacterial functions, and can avoid the hidden dangers of secondary surgery and play a crucial role in human metabolism [6,7]. Detailed applications are shown in Figure 1 [8,9,10]. Unfortunately, Mg−based implants are prone to failure in a corrosive environment, especially in complex cyclic−stress, fatigue, and dynamic−flow conditions [11,12]. As a result, determining how to improve and enhance the corrosion resistance and explore the corrosion mechanism of medical Mg has become an urgent issue.



More importantly, excellent corrosion resistance is a prerequisite condition and necessary guarantee for medical Mg−implants. Furthermore, the property requirements of different parts varied for different Mg−based implants, which could cause failure during service. For instance, the implantation behavior of the WE43 bone screw in a dog−bone was studied by Byun et al. [13]. Results revealed that hydrogen was generated 3 weeks’−after implantation, and inflammation occurred 12 weeks’−after implantation. This was primarily due to the reaction of elements in the human body with Mg to produce bubbles, resulting in local alkaline effects. Similarly, Tie et al. [14] evaluated the degradation behavior of ZJ41 ureteral stents implanted in pigs. The results indicated that the corrosion rates of alloys decreased to 0.31 mm/y on the 14th day, which was caused by the gradual thickening of the corrosion layer and the obstruction of electron−transfer. Although the shape remained intact for 7 weeks following’−implantation, the corrosion rates gradually increased. Elkamel et al. [15] investigated the electrochemical corrosion behaviors of the AZ91E magnesium alloy in a peritoneal aqueous solution. The results suggested that the corrosion current density of the alloys was 15.837 μA·cm−2 after 20 days of’−immersion. The value of H2 evolution rates was very high, and could not meet the requirements of gastric implantation. Thus, new challenges were posed to research the preparation and improvement technologies for uncontrollable degradation behaviors of implanted alloys. In previous studies [16,17,18,19,20,21,22,23], authors found that the micro−alloying addition and plastic deformation optimized the degradation behavior of Mg−based alloys by refining the internal structure and stabilizing physical barrier coatings to improve corrosion resistance.



As a result, based on different improvement methods such as high−purity/amorphous, micro−alloying, heat treatment, plastic−deformation, and surface protective coatings, the latest research progress of medical Mg−based alloys was reviewed. Moreover, the corrosion mechanism of Mg alloys under various processes was summarized. Finally, existing problems and future development directions of medical Mg alloys were reviewed.




2. High−Purity and Amorphous


2.1. High−Purity Mg Alloys


Due to the remarkable difference in Volta potentials, it is prone to forming galvanic−corrosion in the matrix, especially for impurities, i.e., Cu, Fe, and Ni. Recently, with the booming development of metallic melting and metallic purification, the high−purity preparation of Mg alloys to improve corrosion resistance has become an important method. For instance, Woo et al. [24] investigated the effect of processing history on the corrosion behaviors of pure−Mg in a 3.5 wt% NaCl solution. The results revealed that the corrosion resistance of as−cast/as−extruded high−purity Mg showed significant differences despite having the same Fe contents (0.430 and 9.120 mm/y). They determined that the impurity of Fe and Si was precipitated into the Fe−Si phase by heat treatment prior to extrusion, leading to severe micro−galvanic corrosion. As a result, the control of the tolerance limit considering not only the impurity contents but also the processing history was required in designing alloys. Gao et al. [25] comparatively investigated the degradation behaviors of high−purity Mg under stress in Hanks’ solution and in the subcutaneous environment of rats. The results declared that when quantitative stress was applied, the corrosion rates of HP−Mg in Hanks’ solution increased while the corrosion rates in the subcutaneous environment were not obviously different. The reason was that the stress could produce particle degradation products that attached to the surface differently and unevenly, whereas the fibrotic capsule suppressed the effects of stress in vivo by protecting the corrosion surfaces. Similarly, Ma et al. [26] studied the corrosion behavior of pure−Mg in rabbit bone. The results showed that the corrosion resistance of pure Mg first decreased and then increased as the implantation time extended. This was due to the corrosion product film that formed on the implanted pure−Mg screw, which mainly consisted of Mg(OH)2, and the low contents of other impurities. Moreover, the long−term degradation evolution of high−purity Mg screw in vivo was evaluated by Yu [27]. They observed the alloy’s own uniform degradation morphology and slow corrosion rates. They were attributed to the formation of Mg(OH)2 and other hydroxyapatite products during the corrosion process, which had a barrier effect on dissolution behavior. Moreover, the good bone repair ability and long−term local/systemic biosafety granted it very high application prospects in the medical field.




2.2. Amorphous Mg Alloys


Fortunately, acting as medical metals, amorphous Mg alloys have excellent corrosion resistance with no grain boundaries, precipitation, or surface active−points such as inclusions and dislocations. Chen et al. [28] observed the amorphous Mg67Zn8Ca5 alloy in simulated body fluid to display its own excellent corrosion resistance along with uniform degradation morphology. Furthermore, the degradation rates were linear in relation to the crystallization volume fraction. Moreover, Wang et al. [29] prepared the high−performance amorphous Mg−Zn−Ca through laser powder bed fusion, as shown in Figure 2, with a corrosion rate of 0.35 mm/y, which was within the ideal range of corrosion rates for human bone implants. The formation of dense and uniform products of Ca3(PO4)2 and ZnO was beneficial to protect further corrosion and reduce the degradation rate of amorphous alloys. Zai et al. [30] studied the corrosion behaviors of metallic glass formed by adding Ga to a Mg−Zn−Ca block. The result indicated that as the Ga content increased, the corrosion current densities of the Mg−Zn−Ca−Ga metallic glass decreased significantly. This was because the addition of Ga to amorphous Mg was beneficial for forming dense degradation products and decreasing the pitting corrosion. Thus, the metallic glass showed a uniform corrosion morphology. Moreover, Li et al. [31] studied the corrosion behavior of metallic glasses consisting of Mg66Zn30Ca4 with various particle sizes. The results showed that the corrosion resistance of a large−sized alloy is better, and therefore it can be used as a candidate material.





3. Micro−Alloying


Due to the substandard mechanical strength and corrosion resistance of pure Mg, it is necessary to add some solute−elements. It can not only modify the distribution characteristics but also optimize the Volta potentials of the precipitates, which was beneficial to inhibit the intense galvanic−corrosion. Based on the elements’−properties, they can be roughly divided into three categories.



3.1. Nutrient Elements


Ca, Zn, Sr, and Mn are the essential trace elements for the human body, with no toxicity, which can promote enzyme synthesis and bone differentiation. As a result, they were usually used to improve the corrosion resistance of degradable Mg alloys. For instance, Makkar et al. [32] analyzed the in vitro degradation of binary as−cast Mg−xCa alloys (x = 0.5 or 5.0 wt.%) in a PBS solution. The dissolution rates of the Mg−Ca alloys increased notably with increasing Ca content. The poor corrosion resistance was associated with the presence of excessive intermetallic Mg2Ca phases in the vicinity of the primary α−Mg phase. Due to the negative Volta potentials, Mg2Ca was corroded more readily than α−Mg, which might expose the surface area to react with the PBS solution. In addition, 4 weeks’−after implantation, Mg−0.5Ca showed better biocompatibility and new bone formation ability. Subsequently, Chen et al. [33] studied the stress−corrosion behavior of novel Mg−Ca−La for guided bone regeneration. The results revealed that the bent Mg−0.2Ca−0.2La has a low corrosion rate (0.09 mm/y) and presents a uniform corrosion morphology (Figure 3a). It precipitated the Mg12La/Mg2Ca equiaxed crystals with Ca addition, creating more stable and uniform product layers.



Hu et al. [34] explored the corrosion behaviors of Mg alloys with various Zn contents (10, 20, 30, wt.%). They found that the corrosion current density decreased from 2.325 × 10−5 to 1.087 × 10−5 A/cm2 as the Zn contents increased. The reason could be expressed from two perspectives: (i) As the Zn contents increased, the self−corrosion potentials of α−Mg increased; (ii) due to the difference in melting points (Mg/Zn), the low melting Zn was easily melted, covering the surface and delaying the breakdown of the protective film and improving the stability of the degradation layer. Abdel−Gawad et al. [35] further studied the corrosion behavior of Mg−xZn−yCa (x = 1, 2, 2.5 wt.%; y = 0.6, 0.6, 1.5 wt.%) in simulated body fluid, with the corrosion rates of 0.073, 0.043, and 0.280 mm/y, respectively. Moreover, the passivation region observed in the alloy indicated the formation of an HA layer. However, the addition of a large amount of Zn (2.5 wt.%) and Ca (more than 0.6 wt.%) can cause a fast corrosion rate due to the intense galvanic−corrosion.



Sr is an important component in human−bone and can promote bone growth and differentiation. Initially, Pan et al. [36] investigated the corrosion behaviors of Mg−1Zn−1Mn−xSr (x = 0, 0.5, 1.0, 1.5, 3.0) in Hanks’ solution, with the rates of 0.051, 0.115, 0.149, 0.230, and 1.006 mm/y, respectively. They indicated that the corrosion rates increased linearly with increasing Sr contents due to the enhanced micro−galvanic corrosion. However, undermining Mg17Sr2 and α−Mg results in a dramatic increase in corrosion rates at a high Sr content (3.0 wt.%), resulting in high weight loss. Nevertheless, the alloys with Sr addition increased the corrosion area and decreased the maximum corrosion depths, leading to a more homogeneous corrosion morphology. Afterward, Wen et al. [37] explored the improvement in the in vitro and in vivo corrosion resistance of the Mg−1Zn−1Sn alloy by microalloying it with Sr. The corrosion morphology of Mg−1Zn−1Sn−xSr (x = 0, 0.2, 0.4, 0.6, wt.%) was uniform, and the best corrosion resistance was obtained in 0.2% Sr, with a corrosion rate of 0.53 mm/y. This was mainly because the grain sizes of Mg−1Zn−1Sn−0.2Sr were refined. In addition, the Mg−1Zn−1Sn alloy had the ability to spontaneously form the network structure layer with micro/nanotopography, which was conducive to cell proliferation, adhesion, and spreading. In contrast, Song et al. [38] found that the Sr addition significantly deteriorated the corrosion performance of the as−cast Mg−Zn−Ca, as shown in Figure 3(b1,b2) with the degradation rates of 0.07 to 0.24 mm/y, respectively. This is mainly due to the precipitation of secondary−phase particles to form more micro−couples. Thus, the addition of Sr should be controlled.



Acting as the nutrient element for metabolism, Mn can affect the corrosion resistance of Mg alloys through the formation of the second phase/compound and the stable oxide−layer. Cho et al. [39] verified the degradation behavior of squeeze−cast Mg−Zn−Ca−xMn (x = 0, 0.4, 0.8) for biomedical applications in vitro and in vivo. The results indicated that the corrosion resistance of squeeze−cast alloys showed improvement at higher Mn levels, due to the more refined and uniform dendritic microstructure, which was beneficial to improving the corrosion resistance. Moreover, the Mg−4Zn−0.5Ca alloy implanted into the skulls and spines of Sprague−Dawley rats for 4 weeks showed no swelling. This was because the pH of the extracted−solute decreased with the increase in Mn concentration, thus the cell viability increased. Meanwhile, Li et al. [40] assessed the effect of degradable Mg alloys supplemented with Mn on osteogenesis in vitro and in vivo. Results showed that compared with the Mg−3Zn Mg alloy, the corrosion rate of Mg−2Zn−1Mn was reduced to 0.36 mm/y. In addition, Mg−2Zn−1Mn implanted into the femur of rats showed stable degradation. It was associated with the densification degradation film and a refined microstructure with Mn addition.




3.2. Rare−Earth Elements


Compared with nutrient elements, RE elements could play an important role in improving the service properties of the Mg−based alloys, due to its unique peripheral electronic structure and rare earth energy. Furthermore, the RE elements could form intermetallic compounds and hydroxide/oxide on the surface, which weaken the negative−polarity during galvanic corrosion. More importantly, RE possess a special affinity with biomolecules to participate in metabolism reactions, which can activate or inhibit a variety of enzymes. Recently, RE elements were mainly composed of light and heavy rare−earth elements (LREs and HREs).



Light−rare−earth elements (LREs) used in medical Mg alloys primarily include Nd, Ce, and La. For example, Zhang et al. [41] systematically studied the degradation behaviors of Mg−xNd (x = 0, 0.5, 2, 5, wt.%) in a DMEM + 10% FBS solution. Their results indicated that with prolonged corrosion, corrosion rates first increased and then decreased, and the maximum was reached at 2%Nd. This was mainly due to the existence of intermetallic particles of Mg41Nd5, which caused micro−galvanic corrosion as the content gradually increased by 2%. With further addition (5%), the degradation products on the surface of Mg−xNd alloys mainly included carbonates, calcium−phosphate, neodymium oxide, and neodymium hydroxide, which favored the formation of a continuous and compact corrosion layer. Afterward, Wang et al. [42] compared the corrosion of as−cast Mg−5 wt.% Nd and Mg−30 wt.% Nd in a 0.9 wt.% NaCl solution. They indicated that the corrosion current densities of the Mg−Nd alloy increased as the Nd contents increased. Due to its negative potentials, Mg12Nd corroded first in comparison with α−Mg, suggesting the anodic role of the phase at the initial stage. Wang et al. [43] investigated the corrosion resistance of a Mg−1.5Sn−0.5Ca alloy with and without Ce microalloying in a 3.5 wt.% NaCl solution, with corrosion rates of 4.31 and 3.12 mm/y, respectively. They indicated that Ce can refine the eutectic structure between CaMgSn and the α−Mg grains. The corrosion products were mainly Mg(OH)2 and a small amount of Ce(OH)2 and CeO4, which was beneficial to enhancing the compactness of the film via the addition of Ce. Thus, the corrosion rate was reduced. Wang et al. [44] compared the degradation behaviors of the twin−roll casting of Mg−10La/20Ce with AZ31 in a 3.5% NaCl solution. The results demonstrated that the degradation rates of Mg−RE alloys were slower than that of AZ31. This was primarily because the addition of Ce/La to the Mg−based alloy was beneficial for forming amorphous alloys, which had superior corrosion resistance to crystalline alloys due to the absence of grain boundaries and precipitations.



Heavy−rare−earth elements (HREs) used in medical Mg alloys primarily include Gd, Y, and Dy. Kania et al. [45] studied the corrosion resistance of as−cast Mg−(5−x)Ca−1Zn−xGd (x = 1, 2, 3 wt.%) in a Ringer’s solution. The results illustrated that Mg−4Ca−1Zn−1Gd had the highest corrosion rate due to the high contents of rich−Ca phases (Mg2Ca), which accelerated the anodic kinetics. Cheng et al. [46] reported that the corrosion resistance of the melting−casting of Mg−Zn−Ca−Y in Hanks’ solution was continuously improved with the increase in Y contents. The α−Mg grains were refined gradually with the increase in Y contents and the secondary phase Mg24Y5 changed into fine particles with a uniform distribution. Furthermore, Y could purify the Mg−melt and reduce the intensities of galvanic corrosion caused by the second phase or impurities. Li et al. [47] analyzed the degradation behavior of Mg−2Zn−0.5Zr with different Dy contents. The results indicated that when the Dy content was less than 1.5%, the corrosion was mainly filiform corrosion. When the Dy content was above 1.5%, pitting corrosion occurred. In addition, the corrosion behavior of Mg−RE (Mg−0.3Ce, Mg−0.41Dy, Mg−0.63Gd, Mg−1.44Nd, Mg−1.43La) in 3.5%NaCl was compared by Azzeddine [48]. The corrosion resistance of Mg−RE alloys was ranked as follows: Mg−1.43La, Mg−1.44Nd, Mg−0.3Ce, Mg−0.63Gd, and Mg−0.41Dy. This was because the formation of Dy2O3 prevented the Mg−0.41Dy alloy from undergoing pitting corrosion.



Compared with single−rare−earth elements, double−rare−earth elements can be formed and produce a greater passivation effect, which further improves their corrosion resistance. For example, Dvorský et al. [49] found the corrosion rates of Mg−3Nd−0.5Zn, Mg−2Y−1Zn, and Mg−4Y−3Nd were 1.3, 2.4, and 0.3 mm/y. Mg−4Y−3Nd had the lowest corrosion rate due to the formation of relatively stable Y2O3/Y(OH)3, which helped to create more protective barriers. Prasad et al. [50] also reported the role of La addition in enhancing the corrosion resistance of as−cast Mg−10Dy in a 0.9 wt.% NaCl solution. The corrosion rate of the Mg−10Dy alloy was reduced from 5.26 to 2.28 mm/y with the addition of 0.7 La. This was ascribed to the presence of Mg12(Dy, La), which was less detrimental than the Mg24Dy5. The La/Dy addition promoted the formation of an oxide film, which enhanced the corrosion resistance of the alloys.




3.3. Other Elements


In addition to the common elements and RE elements mentioned above, the addition of Cu, Ag, Li, and Sc also affects the degradation behavior of medical Mg alloys. Cu is not only an important trace element for many enzymes in the human body but also its ions can enhance antibacterial activity. Firstly, Lotfpour et al. [51] reported that the corrosion resistance of biodegradable cast Mg−2Zn with the addition of 0.1% Cu in simulated body fluid (SBF) was enhanced. The reason was found to be related to grain refinement, the formation of a better passive layer, and the presence of a low volume fraction of MgZnCu intermetallics that created lower Volta potential differences with the α−Mg phase. In addition, Qiao et al. [52] evaluated the corrosion behavior of biodegradable Mg−2Zn−1Gd−0.5Zr−xCu (x = 0, 0.1, 0.3, 0.5 wt.%) in Hanks’ solution, with the corrosion rates of 0.09, 0.24, 0.31, and 1.10 mm/y, respectively. The reduction in the corrosion rate was due to the fact that Cu was a low hydrogen overvoltage impurity that can cause galvanic corrosion (Figure 4). Nevertheless, the Mg−2Zn−1Gd−0.5Zr−0.1Cu degradation rate was much lower than other alloys containing−Cu, making it a potentially degradable antibacterial biomaterial.



Ag is an important trace element with good biological safety in the human body, which has been successfully applied in wound healing and implant fields. For example, Liu et al. [53] explored the degradation behavior of Mg−xAg (x = 2, 6, 8 wt.%) sheets, and the lowest degradation rate was obtained in Mg−2Ag. Subsequently, Ma et al. [54] studied the corrosion behavior of quaternary Mg−1Zn−0.2Ca−xAg (x = 1, 2, 4 wt.%) wires applied as degradable anastomotic nails in simulated body fluid. The results showed that the corrosion resistance decreased as the Ag content increased due to the large number of fractions of Ag17Mg54, which exhibit a remarkable difference in Volta potentials compared to the α−Mg matrix.



The Li element can change the hexagonal close−packed (hcp) structure of Mg alloys into a body−centered cubic (bcc) structure, and Li+ ions can also promote bone formation and enhance bone density in vivo. For example, Li et al. [55] analyzed the corrosion behaviors of Mg−xLi alloys in a 0.1 M NaCl solution with various Li contents (1, 3, 5, wt.%). The mass loss results indicated that corrosion rates determined for Mg−1Li, Mg−3Li, and Mg−5Li immersed for 3 days were 2.7, 1.9, and 1.5 mg·cm−2·d−1, respectively. This was due to the fact that grains with normal orientations along the {0110} and {1210} plane were difficult to corrode in Mg−5Li compared with the 45° base (0001) plane in Mg−1Li, leading to the high corrosion resistance of Mg−5Li. Meanwhile, the high Li concentration in Mg−5Li accelerated the deposition of Li2CO3 compounds on the surface, and the insoluble Li2CO3 compounds further seal the porous Mg(OH)2, mitigating the permeation of aggressive Cl− to destroy the surface film. On this basis, Xia et al. [56] investigated the corrosion behavior of biodegradable Mg−(3.5, 6.5 wt.%)Li−xCa in Hanks’ solution. The results pointed out that after the addition of Li and Ca, all OCP and Ecorr values were not significantly different than the pure Mg. However, the corrosion rates were significantly higher. The main reason was that the Mg−3.5Li−xCa alloy was dominated by the α−Mg phase, the Mg−6.5Li−xCa alloy was dominated by the α−Mg phase and β−Li phase, and the presence of a large number of second phases resulted in an increase in the corrosion rate. In addition, the appropriate amount of Li was added and a Li2CO3 protective layer was formed to achieve better corrosion resistance.



Sc has the same crystal structure as Mg and has a relatively high hydrogen evolution overpotential, thus containing−Sc Mg−based alloys that showed a relatively low degradation rate. For example, Baek et al. [57] examined the corrosion resistance of HP−Mg and Mg−0.05Sc in a 0.6 M NaCl solution, and the weight−loss rates after 3 days were 4.9 and 0.36 mm/y, respectively. This was because the less noble ScFeSi2 formed in Mg−Sc instead of the nobler Fe3Si particles, thereby the degree of micro−galvanic corrosion between the anodic Mg and surrounding particulate cathodic phases was significantly diminished and the integrity of the passive layer was enhanced. Moreover, this contributed to lowering the anodic Mg dissolution rate by suppressing defect formation on the passive layer, which resulted in relatively uniform corrosion behavior. The corrosion behaviors of Mg−2Zn−0.2Zr−xSc (x = 0, 0.2, 0.4, 0.6, 0.8 wt.%) with the addition of Sc were also enhanced, which was investigated by He [58]. The results showed that the degradation rate of Mg−2Zn−0.2Zr−0.2Sc was 0.77 mm/y, and with an increase in the Sc element, the corrosion rate increased to 1.10 mm/y, but it was still lower than the alloy without Sc. This is due to the dispersion distribution of fine, rod−like Mg(Zn, Sc, Zr) phases leading to uniform corrosion. Furthermore, the surface potential difference between of α−Mg phase with Mg(Zn, Sc, Zr) phases was lower than with Mg(Zn, Zr) phase, improving the electrochemical homogeneity. Conversely, the addition of Sc may lead to discontinuous second precipitates, which caused the corrosion resistance to deteriorate. For instance, Yang et al. [59] studied the effect of Sc/Sm microalloying in Hanks’ solution on the properties of as−cast Mg−2Zn−0.3Ca alloys. Results showed that the corrosion rates of Mg−2Zn−0.3Ca, Mg−2Zn−0.3Ca−Sc, and Mg−2Zn−0.3Ca−Sm alloys were 3.05, 4.21, and 1.26 mm/y, respectively. The precipitates distributed along the grain boundary were discontinuous, and the corrosion type of Mg−2Zn−0.3Ca−Sc was primarily intragranular corrosion, as depicted in Figure 4(b1–b3). Moreover, the corrosion was transmitted across grain boundaries to neighboring grains and spread along with the absence of a corrosion barrier, so corrosion resistance was reduced.
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Figure 4. The corrosion mechanism of Mg−2Zn−1Gd−0.5Zr−0.1Cu alloy in Hanks’ solution: (a1): Mg degradable and Mg(OH)2 formation, (a2): Mg(OH)2 dissolution, (a3) HA formation [52]; schematic illustration of corrosion mechanisms of the as−cast alloys immersion in Hanks’ solution: (b1) Mg-2Zn-0.3Ca, (b2) Mg-2Zn-0.3Ca-0.4Sc, (b3): Mg-2Zn-0.3Ca-0.4Sm [59]. Reprinted with permission from refs. [52,59]. Copyright 2022 Elsevier. 
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4. Heat−Treatment


The heat−treatment process can eliminate segregation defects, reduce stress distribution, and promote recrystallization behavior. In accordance with these specific purposes, it can be roughly divided into homogenization, solution, and aging treatments.



4.1. Homogenization−Treatment


Homogenization treatment is generally carried out to reduce solute segregation and dissolve these precipitations, which has a huge effect on the biocorrosion resistance of Mg alloys. For instance, Xu et al. [60] studied the effect of homogenization on the corrosion behaviors of as−cast Mg−Zn−Y−Gd−Zr alloys in Hanks’ solution, and the average corrosion rates of the as−cast and homogenized alloys were 3.49 and 2.7 mm/y. This was associated with the existence of large semi−continuous and inhomogeneous W phases (Mg3Zn3Y2), which were liable to cause intense galvanic−corrosion between the a−Mg matrix and W phases. The volume fraction of the coarse second phases in the homogenized alloy decreased, which affected the sizes and intensities of galvanic−cells, thus the corrosion resistance was improved. Similarly, Zhang et al. [61] reported that the corrosion resistance of Mg−Y in a 3.5 wt.% NaCl solution was enhanced after homogenization treatment, and the degradation morphology become more uniform as the homogenization temperature and time increased. Lv et al. [62] further revealed the effect of homogenization treatment on the corrosion resistance of a cast Mg−4Zn−1Ca alloy in Hanks’ solution. The results clearly showed that the average mass loss rate determined for the as−cast and as−homogenized samples immersed in Hanks’ solution for 3 days were 0.18 and 0.08  mg·cm−2·d−1, respectively. The corrosion initiation of the as−cast alloy occurred in the porous Ca2Mg6Zn3 phases and gradually propagated toward the surrounding α−Mg, resulting in severe corrosion damage. However, the porous Ca2Mg6Zn3 phases were transformed into a compact one after homogenization treatment. Although localized corrosion also occurs in as−homogenized treatment, the corrosion resistance was enhanced due to the barrier effect on the corrosion process. Moreover, as−homogenized Mg−4Zn−1Ca was more favorable for bone−related gene expression in rBMSCs.




4.2. Solution−Treatment


Solid−solution treatment can lead to the strong dissolution and lattice distortion of the as−cast alloys, which affects the microstructure evolution and corrosion behavior significantly. For example, Janbozorgi et al. [63] evaluated the corrosion resistance of medical Mg−2Zn−1Gd−1Ca via solution treatment in simulated body fluids. The results revealed that the corrosion rate was reduced from 3.09 to 1.35 mm/y. The main reason for the low corrosion resistance in the as−cast alloy was the strong galvanic corrosion of α−Mg together with the dendritic microstructure and micro−area segregation. The formation of intense lattice distortion and the strong dissolution of precipitates after the solution treatment can induce the enhancement of corrosion resistance. Gui et al. [64] further proved that solid solution treatment can improve the corrosion behavior of Mg−5Y−2Nd−3Sm−0.5Zr in a 3.5% NaCl solution at the rate of 1.3 to 0.4 mg·cm−2·h−1. This was mainly due to the complete dissolution of the skeletal structure, the uniform surface, and the lack of impurity aggregation on the grain boundaries. As a result, the corrosion resistance of the alloy after solution treatment was enhanced. The corrosion resistance of Mg−2Cu and Mg−5Cu alloys after solid solution treatment in Hanks’ balanced salt solution was also verified by Yan [65]. The enhanced corrosion resistance was owing to the remarkable decrease in Mg2Cu contents after solution treatment. The distribution of the Mg2Cu phase changed from dispersion to localization, which lead to a large cathodic phase coupled with a small matrix anode in the local region. Furthermore, Iranshahi et al. [66] investigated the degradation rate of a solution heat−treated ZKX50 alloy in a 0.5 wt.% NaCl solution, with corrosion rates of 0.46 and 0.73, respectively. They primarily observed the partial dissolution and spheroidizing of Ca2Mg6Zn3 IMPs particles, and the morphology of intermetallic changed from strip−like to globular, which decreased the contact area between Ca2Mg6Zn3 as the cathode and the matrix as the anode.



Furthermore, Cao et al. [67] analyzed the effect of solution treatment on the corrosion behavior of as−rolled Mg−5Gd in a 3.5 wt.% NaCl solution. The results stated that the corrosion rate decreased from 4.60 to 1.48 mm/y. This was because, after solution treatment, the deep corrosion cavities were absent as the large cathodic particles dissolved into the matrix, which only left a few fine particles. Thus, the strong micro−galvanic corrosion was significantly minimized. Moreover, Jiang et al. [68] studied the corrosion resistance of extruded Mg−2Zn−1Mn treated by solid−solution treatment in Ringer’s solution. The results showed that the degradation rate of the solution−treated alloy was reduced from 0.48 to 0.44 mm/y, and the T4−treated sample (solution treatment) showed less corrosion product than the extruded sample. It can be speculated that the volume fraction of MgxMny decreased significantly after T4, and the fraction of dislocations and defects decreased. Thus, the T4−treated alloy showed higher corrosion resistance than the extruded alloy. Dong et al. [69] studied the effect of solution treatment on the corrosion behavior of the as−extruded Mg−Sr alloy in Hanks’ solution. The results found that after the solution was exposed to T4−450 °C, the corrosion rate of the extruded alloy was changed from 0.149 to 0.107 mm/y, but at T4−560 °C, the corrosion rate increased slightly to 0.153 mm/y. Moreover, Kang et al. [70] studied the corrosion resistance of the medical as−extruded Mg−Zn−Y−Nd alloy via solution−treatment. The results found that the corrosion resistance of the treated alloy solution was obviously superior to as−extruded alloys, and the minimum corrosion rate was 0.5 mg·cm−2·d−1. This was primarily because the grain size of the alloy was further homogenized after heat treatment, and some grain boundaries dissolved into the matrix, which reduced the galvanic−cells and impeded the local corrosion. Furthermore, the heat treatment process may remove the residual stress, which further inhibited the corrosion rates.



In addition, it can improve the corrosion resistance after the solution treatment, and the partial dissolution of the second phase will also increase the corrosion rate. For example, Chelliah et al. [71] found that the corrosion rate of as−cast AZ91 was reduced by 72% compared to the T4−treated alloy in Ringer’s solution. This was because the passive film of as−cast AZ91 contains MgCO3 and CaCO3 precipitates, while the treated−T4 AZ91 was primarily composed of unstable Mg(OH)2. The corrosion products were more compact and protective than the latter. Furthermore, the larger area fraction of the β−Mg17Al12 phase in as−cast alloys could act as an effective barrier to biocorrosion. Similarly, Del Rosario Silva Campos et al. [72] also reported the effect of solution treatment on the corrosion behavior of as−cast Mg−10Gd in a 0.5% NaCl solution. The results indicated that the corrosion rate of the solution−treated alloy was twice that of the as−cast one, with corrosion rates of 5.0 and 10.0 mm/y, respectively. The relatively good corrosion behavior in the as−cast condition was associated with the formation of Gd enrichment zones, which reduced the local damage due to galvanic corrosion between the Mg5Gd phase and the α−Mg matrix. However, the T4 heat treatment caused the Gd to distribute uniformly in the matrix, and the Mg5Gd phase was dissolved, while the existence of the GdH2 phase also reduced the corrosion resistance.




4.3. Aging−Treatment


Compared with the solid−solution treatment, the aging treatment can improve the corrosion resistance of the alloy by forming nano−scale precipitations. Janbozorgi et al. [63] also studied the corrosion resistance of aging treatment of medical Mg−2Zn−1Gd−1Ca in simulated body fluid. The results showed that the corrosion rate of the alloy was reduced from 3.09 to 1.85 mm/y. This was mainly due to the appropriate precipitation of the Ca2Mg6Zn3 and Mg3Gd2Zn3 secondary phases during aging treatment, which induced the enhancement of corrosion resistance in the heat−treated samples. Gui et al. [64] studied the effect of aging treatment on corrosion behaviors of as−cast Mg−5Y−2Nd−3Sm−0.5Zr in a 3.5% NaCl solution. The results showed that as the aging time increased, the corrosion rate decreased from 1.3 as cast to 0.3, 0.2, and 0.5 mg·cm−2·h−1. Therein, when the aging time was 12 h, the lowest weight loss rate of the Mg−5Y−2Nd−3Sm−0.5Zr alloy in 3.5% NaCl was achieved. Unlike solid−solution treatment, the corrosion resistance of aging treatment improved due to the fine precipitation phase and the dispersion distribution in the matrix, which can inhibit the formation and expansion of corrosion. Li et al. [73] studied the degradation behavior of the Mg−5.8Zn−2.0Yb−0.5Zr alloy during aging treatment in the simulated body fluids. The results indicated that after peak−aged (PA), under−aged (UA), and over−aged (OA) durations, the corrosion rates were 2.3, 23.5, and 58.6 mm/y, respectively. This was because the denser and more homogeneous nanoprecipitates result in a more compact and more stable protective film, thereby possessing better corrosion resistance. Subsequently, similar experimental results for Mg−1Zn−1Ca in Hanks’ solution were further verified by Pulido−González [74].



Compared with single aging treatment, aging treatment after solution treatment can further reduce the degradation rate. For example, Cao et al. [67] compared the influence of solution treatment on the corrosion behavior of rolled Mg5Gd alloys in a 3.5 wt.% NaCl solution. The results showed that the aging process after solution treatment further decreased the corrosion rate to 1.40 mm/y. This was because the aging process after solution treatment precipitated nano−sized Mg5Gd particles, which formed a protective product layer. However, some aging treatments will produce a large amount of precipitation, which will increase the corrosion rate. For example, Jiang et al. [68] studied the effect of aging treatment (T5) on the corrosion resistance of an extruded Mg−2Zn−1Mn alloy in Ringer’s solution. The results showed that the degradation rate of the T5−treated alloy increased to 0.50 mm/y, and the surface presented a typical filament corrosion morphology. This is because, in the process of T5 treatment, Zn and Mg precipitate at the grain boundary of the extruded alloy, forming Mg7Zn3 phases. Mg7Zn3 phases can act as micro−cathodes and the alloy surface showed an apparent micro−galvanic effect to accelerate the corrosion rate. Nevertheless, as for these alloys, each sample was degraded below 0.5 mm/y. In addition, Dong et al. [69] studied the effect of aging treatment on the corrosion behavior of an as−extruded Mg−Sr alloy in Hanks’ solution. Results showed that after aging, the corrosion rate of the extruded alloy changed from 0.149 to 0.174 mm/y, and with the increase in aging time, the corrosion rate further increased to 0.318 mm/y. This is primarily because, after aging treatment, the Mg17Sr2 precipitation with large quantities increased galvanic corrosion and accelerated the corrosion rates. In addition, the changes in corrosion resistance of Mg alloys after different heat treatments are presented in Table 1.





5. Plastic−Deformation


Compared with heat treatment and micro−alloying, plastic processing can further improve the corrosion resistance of medical Mg alloys via grain refinement, crushing the precipitations, and decreasing the microstructure defects.



5.1. Rolling−Deformation


The rolling process is the most important method of forming metal materials at present, so it is necessary to study the corrosion behaviors of Mg alloys via rolling, particularly in high−strain−rate, high−reduction, and high−temperature conditions. For example, Guo et al. [75] studied the effects of the rolling strain rates on the biocorrosion behavior of Mg−5Zn−1Mn in Hanks’ solution. The results showed that the average rolled strain rate was fixed at 10, 15, and 20 s−1 and the corrosion rates were 0.72, 0.63, and 0.54 mm/y, respectively. As the strain rate increased, the corrosion morphology transitioned from severe pitting to uniform filiform−corrosion. It can be speculated that as the dynamic recrystallization (DRX) volume fractions increased, the area−ratio of the cathode and anode was reduced, resulting in less severe galvanic corrosion. Furthermore, the dislocation density was decreased with increasing DRX volume fractions, which was also beneficial to the corrosion resistance. Similarly, the improvement in corrosion resistance for Mg−2Zn−2Er−0.3Zr−0.3Mn was explored by Zheng [76], in which they were treated by various rolling reductions (25%, 50%, and 75%). The results revealed that severe localized corrosion was found on HR−25, while HR−50 and HR−75 revealed uniform corrosion and filiform corrosion. The worst corrosion resistance of HR−25 was due to the generation of twins, and the deformation of−twins increased the galvanic corrosion. The superior corrosion resistance of HR−50/HR−75 was associated with the homogeneous structure and fine−grain, which can reduce the hydrogen chemical kinetics, protect the film−layer integrity, and insulate the contact reaction between corrosive ions and the α−Mg matrix. In addition, Deng et al. [77] found that the corrosion properties of WE43 improved when treated with different rolling−temperatures. This was primarily because, when the temperature was low, the second phase was coarser, resulting in a large number of dislocation defects, and the formation of a large number of galvanic double layers. As the rolling temperature increased, the segregation degree decreased and the grains were markedly refined, resulting in uniform corrosion morphology.



Compared with the ordinary rolling process, the large plastic deformation of the twin roll casting (TRC) process can achieve a finer−grained microstructure. At the same time, it can form a unique structure to further protect the surface oxide film and improve its corrosion resistance. For example, Wang et al. [78] investigated the corrosion behavior of the twin roll casting Mg−RE in the PBS solution. The results declared that after twin roll casting, the corrosion current densities decreased from 1.74 × 10−3 to 1.51 × 10−4 µA. After the TRC process, the cathode reaction formed a heterogeneous, thin, porous layer, which was predominantly magnesium hydrate on the surface of the Mg−RE, preventing contact between the solution and the substrate. Furthermore, the Mg−RE sheet obtained by the TRC process had a unique structure, due to its crystal structure surrounding the amorphous structure, which improved the corrosion resistance of the magnesium−hydrated film, thus the corrosion resistance was enhanced. In addition, as an implant material, the Mg−RE sheets were safe with respect to rats’ physical fitness and induced new bone formation in vivo. On this basis, Dargusch et al. [79] assessed the in vivo corrosion of a rare−earth−free Mg−Zn−Ca alloy manufactured using twin roll casting (TRC) and compared it to the properties of the rare−earth (RE)−element−containing WE43 alloy. The results displayed that the TRC Mg−0.5Zn−0.5Ca alloy showed a degradation rate of 0.51 mm/y similar to that of the WE43 (0.47 mm/y) in the rat model 7d after implantation. More importantly, the rate of degradation was perceptibly lower after 4 weeks (0.27 for the TRC Mg−Zn−Ca alloy and 0.29 mm/y for WE43). The reasons are as follows: (i) After the TRC process, the refinement microstructure was obtained and the segregation degree was reduced; (ii) the slower degradation after 4 weeks of’−immersion was due to the formation of more protective film−layers (hydroxides, calcium phosphates, and MgO). Compared with WE43, the presence of more organized scarring tissue around TRC Mg−0.5Zn−0.5Ca suggests that the biodegradation of the RE−free alloy may be more conducive to the tissue proliferation and remodeling process.




5.2. Extrusion−Deformation


Extrusion is another common process for metals, especially for magnesium and zinc alloys. The fine structure and the broken second phase that formed after extrusion could promote the formation of a dense oxide film−layer on the surface, thus reducing micro−galvanic corrosion. For example, Xu et al. [60] found that the corrosion resistance of the Mg−Zn−Y−Gd−Zr alloy in Hanks’ solution was enhanced after the extrusion process, and the corrosion rates decreased from 1.05 to 0.616 mm/y. This was because, after hot extrusion, the W phase changed, thus the area ratio between the anode and the cathode and the intensity of micro−galvanic corrosion in the as−extruded alloy was the lowest. Furthermore, the refined microstructure increased the volume fraction of grain boundaries. The chemical activity of the grain boundary is higher than that of the matrix, which can rapidly offer many more nucleation−sites for production deposition, thus improving the corrosion resistance of the studied alloys. Compared with other influence factors, the optimum corrosion resistance of Mg alloys could be achieved by increasing the extrusion temperature. Cao et al. [80] analyzed the corrosion behavior of Mg−2Y−1Zn−0.4Zr−0.3Sr with various extrusion temperatures in simulated body fluid conditions. The results revealed that the as the temperature increased from 300 to 450 °C, the corrosion rates were 1.3, 0.78, 0.47, and 0.55 mm/y, respectively. The increase in the extrusion temperature reduced the precipitation intensity of the W−phase and decreased the galvanic−cells, which weakened the occurrence of galvanic−corrosion sites, improving the corrosion resistance. In addition, the potential of grain boundaries is higher than that of adjacent grains, which also plays a role in preventing corrosion diffusion. Therefore, as the extrusion temperature increased to 400 °C, the galvanic sites and intensities were weakened. Xu et al. [81] further investigated the effect of the extrusion temperature on the corrosion behavior of Mg−2Zn−1Gd−0.4Mn−0.1Sr in Hanks’ solution. The results showed that for extrusion at 320 °C, 360 °C, and 400 °C, the corrosion rates of the alloys were 0.117, 0.094, and 0.107 mm/y, respectively, and the lowest corrosion rate and uniform degradation model was achieved at an extrusion temperature of 360 °C. It can be speculated that as the extrusion temperature increases, the bimodal grain structure transforms into a uniform microstructure with the equiaxed grains, and the volume fractions of W precipitates decrease (as shown in Figure 5). In addition to the conventional extrusion process, Shunmugasamy et al. [82] studied the corrosion response on friction stir extrusion (FSE) of an ultra−thin wall biodegradable Mg alloy in Hanks’ balanced salt solution. The results indicated that after the FSE process, the corrosion rates of the alloy decreased from 16.4 to 8.3 mm/y. This was because the grains were obviously refined after extrusion, and the corrosion rate was reduced. Meanwhile, the inner tube surface with refined grains and a basal texture resulted in micro−galvanic corrosion, and coupled with the outer tube surface, it resulted in localized dissolution preferentially initiating on the outer surface. Equal−channel angular pressing (ECAP) is one of the most efficient techniques to fabricate fine−grained metallic materials, and the corrosion rate can be reduced by further refining the grains and increasing the grain boundary density. For example, Ly et al. [83] studied the effect of equal−channel angular pressing as pretreatment on the corrosion behavior of biodegradable Mg−Zn−Ca in Hanks’ solution. The results showed that the corrosion rates of the as−cast and ECAP alloys after 36 days of immersion were 0.830 and 0.597 mm/a, respectively. This was primarily because the ECAP treatment resulted in grain refinement and the enhanced formation of the corrosion product layer on the Mg alloy surface as a result of the increased grain boundary density. Subsequently, Horky et al. [84] investigated the effects of double equal−channel angular pressing (D−ECAP) on the microstructure and degradation behavior in simulated body fluid. The results showed that after D−ECAP, Mg−Zn−Ca exhibited low degradation rates and smooth surfaces. This was due to grain refinement during D−ECAP, which occurs via dynamic recrystallization, and only the presence of Mg2Ca intermetallic particles. Therefore, the D−ECAP−treated alloy exhibits good degradation properties, which makes it a promising candidate for the future as an absorbable orthopedic implant material. On this basis, Kavyani et al. [85] studied the corrosion behaviors of Mg−Zn−Ca−Mn under different extrusion conditions, with one and two passes of the equal−channel angular pressing (HECAP) process in simulated body fluid. The results clearly revealed that after different extrusion treatments, the corrosion rate of the alloy decreased from 0.142 to 0.087, 0.074, and 0.058 mm/y, respectively, and the two−pass HECAPed sample had the highest corrosion resistance. This is because, after extrusion and HECAP, the grain size of the alloy was markedly refined due to the occurrence of dynamic recrystallization and the formation of a hydroxyapatite protective layer, which significantly improved the corrosion resistance. Meanwhile, the grain size distribution of the two−pass HECAPed sample was uniform, resulting in better corrosion resistance.




5.3. Other Plastic−Deformations


Compared with the above common processes, other plastic deformation modes such as forging, stamping, and high−pressure torsion will also affect corrosion resistance. For example, Liu et al. [86] compared the corrosion behaviors of extruded and forged WE43 in a 0.6 M NaCl solution. The results showed that after being extruded and forged, the corrosion rates were 0.7 and 1.35 mm/y, respectively. The extruded WE43 showed a uniform corrosion morphology, while the forged WE43 suffered from severe local galvanic corrosion. After extrusion deformation, the WE43 undergoes complete dynamic recrystallization with a relatively uniform distribution of second phases. However, the forged WE43 exhibited coarse grains and a larger phase size relative to the extruded WE43, along with the nonuniform segregation of rare earth elements. Furthermore, strong micro−coupling was formed between the large second phase and the Mg matrix, which caused severe local corrosion. Thus, the corrosion rate was approximately two times faster than that of the extruded−WE43.





6. Surface Modification


In addition to adjusting the corrosion resistance of the alloy by changing its own structure, surface modification is also an important means to improve the corrosion resistance of medical Mg alloys. It can improve corrosion resistance by forming a physical barrier to isolate the corrosive medium, and can also improve biological activity, antibacterial, self−healing, and other functions. At present, the most commonly used coating methods are mainly composed of mechanical surface treatment, organic/polymer coatings, inorganic coatings, and composite coatings.



6.1. Mechanical Surface Treatment


Mechanical surface treatment is mainly achieved via high−energy shot peening (HESP), without introducing other substances, and it is ultimately achieved via in−situ surface nanocrystallization (ISNC), forming nanocrystals and dense barriers to improve the corrosion resistance of medical magnesium alloys. For example, Wu et al. [87] studied the corrosion properties of a Mg−alloy bone−plate treated by high−energy shot peening (HESP) in a 0.9 wt.% NaCl solution. The results showed that after 15 min of high−energy shot peening, the corrosion rate was 0.017 mg·cm−2·h−1, while the corrosion rate was 0.024 mg·cm−2·h−1 for the untreated sample. This is due to the occurrence of mechanical twins caused by HESP. The mechanical twins can inhibit the dislocation movement, resulting in a large increase in subgrain−boundaries. Afterward, dynamic recrystallization was caused due to the distortion of energy, and finally, nano−particles were formed. At the same time, HESP generated residual compressive stress, which increased the density of the passivation film Mg(OH)2, thus improving the corrosion resistance. In addition, the slightly dissolved Mg2Cl(OH)3 · 4H2O protects the passivation film and slows the corrosion rate by reducing the free movement of surface ions and blocking the entry of media such as oxygen. Meanwhile, Guo et al. [88] studied the effect of laser shock peening on the corrosion behavior of biocompatible ZK60 in a simulated body fluid. The results showed that with the increase in laser shot peening density, the corrosion current densities decreased from 1.378  ×  10−5 to 1.267  ×  10−5, 1.230  ×  10−5, and 1.196  ×  10−5 A/cm2, respectively. This was mainly due to the increase in residual compressive stress and grain refinement. Firstly, the smaller the grain sizes, the more grain boundaries there are, which can act as a physical shield to prevent corrosion. Meanwhile, the increase in residual compressive stress on the surface of the sample made the passivation film more compact. Liu et al. [89] studied the electrochemical corrosion properties of AZ31 with laser shock peening (LSP) pretreatment in 3.5 wt.% NaCl, and the current densities of the bare and LSP alloys were 392.5 and 13.04 μA/cm2, respectively. This was primarily due to the existence of massive grain boundaries and compressive residual stress, which acted as physical−barriers to the corrosion medium. The LSP process induced severe plastic deformation and significantly decreased the contents of the β−Mg17Al12 phase, which effectively enhanced the corrosion resistance. Additionally, the LSP pretreatment produced crystal defects and refined grains in the surface layer, which enhanced the surface activity of AZ31 and increased nucleation spots of phosphate crystals. Thus, compared to the untreated sample, the LSP−treated sample had relatively better corrosion resistance. Subsequently, Singh et al. [90] investigated the effect of soda−lime shot blasting on the corrosion resistance of AZ31 in simulated body fluids. The results indicated that the corrosion rate after the 21st day of the shot−blasting−treated sample was found to be significantly less. This is primarily due to the Mg(OH)2 layer that formed on the surface of the sample, retarding the rapid corrosion of magnesium alloys.



Additionally, other surface mechanical treatments such as ultrasonic treatment and friction treatment can also affect the degradation behavior of medical Mg by improving the surface microstructure. For example, Hou et al. [91] studied the corrosion behavior of AZ31B after ultrasonic nanocrystal surface modification (UNSM) in simulated body fluid. The results indicated that the corrosion current densities slightly increased from 2.67 to 5.27 μA/cm2 after UNSM. This was related to the increased surface area after patterning and higher dislocation density induced by UNSM, which slightly accelerated the galvanic corrosion rate. In contrast, Marchenko et al. [92] found that the corrosion resistance of Mg−4Ca−1Zn improved after ultrasonic treatment and doping with nanodiamonds. This was due to the correlation between the phase volume fractions segregated along the grain boundaries. After ultrasonic treatment, the densities of the second phase were lowest, and the degradation rate was the lowest. In addition, nanodiamond particles did not markedly affect the degradation rate, which was helpful to achieve a high biocompatibility level of the Mg alloy in contact with living organisms. Meanwhile, Long et al. [93] reported that the corrosion resistance of as−cast Mg−5Zn after friction stir processing (FSP) was enhanced in a 3.5 wt.% NaCl solution, and the corrosion current densities were reduced from 3.1 × 10−5 to 4.1 × 10−6 A/cm2. This could be explained by the fact that after the FSP treatment, the precipitated phases in the Mg−5Zn alloy were uniformly refined and dissolved, and the corrosion product layer of the FSPed alloy was more uniform and less permeable than that of as−cast alloys. Similarly, Rokkala et al. [94] indicated that the dissolution rate of the Mg−Zn−Dy alloy after friction stir processing (FSP) improved in DMEM with a 10% FBS solution, and the degradation rate was reduced from 0.24 to 0.07 mm/y. It is mainly because the fine−grain microstructure and uniform structure of FSPed alloy improve the corrosion resistance.




6.2. Inorganic Coating


Inorganic coatings mainly include ceramic coatings and metal coatings, which can improve their degradation performance by forming dense and uniform barriers.



Commonly, ceramic coatings change the corrosion resistance of Mg alloys primarily by reducing porosity. For example, Baghdadabad et al. [95] studied the corrosion behavior of bioactive ceramic coatings synthesized by plasma electrolyte oxidation on AZ31 with different Na2SiO3·9H2O concentrations in simulated body fluid. The results indicated that the excellent corrosion resistance of PEO was achieved via the concentration addition of 10%. On one hand, the increase in the corrosion resistance of the internal dense layer was due to the presence of F−. On the other hand, MgSiO3 was formed via three different reactions during the PEO process (Equations (1)–(4)). According to the following formula (Equations (1)–(4)), due to the high plasma temperature and time, reactions (1) and (2) were the formation of the dual−phase compound of Mg2SiO4 and SiO2, which had transformed into MgSiO3. Meanwhile, Reaction (3) was SiO32− and Mg2+ reacting to form MgSiO3. Reaction (4) was the reaction of MgO and SiO2 during the PEO process under high plasma temperatures. Thus, the sealing of the porous external layer was due to the presence of SiO32− and PO43− on the external porous layer, and the external porous layer started to seal and became compact. Thus, the corrosion resistance of the alloy was improved at the optimum concentration. On this basis, Keyvani et al. [96] assessed the corrosion behavior in Hanks’ solution of ceramic coating developed on AZ31 by plasma electrolytic oxidation and ZnO nanoparticles. The results indicated that the corrosion resistance of the coating was substantially increased by increasing the concentration of ZnO nanoparticles from 0 to 6 g/L, and the Icorr reduced from 1.3 to 0.08 A/cm2. This was due to the formation of the dense and compact coating achieved by the addition of 6 g/L ZnO nanoparticles. Similarly, the excellent corrosion resistance of PEO coatings was further achieved at voltages of 500 V, with a corrosion current of 7.62  ×  10−8 A/cm2 [97]. This is because as the coating deposition voltage increased, the pore density of the coating decreased and thus became more compact. Moreover, the coatings synthesized at higher voltages exhibited higher adhesive and cohesive properties owing to the greater overall thickness of the coatings, thus the corrosion resistance improved.
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The metal coating improves the external defects of the coating by introducing other particles, thus improving its corrosion resistance. For example, Song et al. [98] evaluated the corrosion resistance of Mg−2Zn−Mn−Ca−Ce via equal−channel angular pressing and a hydrothermal surface coating in Hanks’ solution (as listed in Figure 6). The results declared that the corrosion rate of the as−cast alloy changed from 0.625 to 0.896 mm/y after equal−channel angular pressing but decreased to 0.066 mm/y after hydrothermal coating. This is mainly due to the high density of grain boundaries, which can provide a high driving force in the hydrothermal reaction process. Li et al. [99] researched a silicate−loaded MgAl LDH coating on biomedical Mg alloys for corrosion retardation. Electrochemical tests revealed that the LDH−SiO3 coating reduced the corrosion current density by 266 times to 0.8 μA/cm2 in the simulated body fluid, and the average corrosion rate diminished from 4.79 mm/y of the bare alloy to 0.02 mm/y of the LDH−SiO3 coating alloy. This was because the direct effect of the silicate precipitate was to block local defects in the coating, thus resulting in higher resistance against aggressive species. Additionally, Cl− was trapped by the LDH coating as a result of the exchange with SiO32−, thereby increasing the time required by Cl− to reach the substrate, and the adherent inner LDH coating also contributed to long−term protection. Moreover, Mashtalyar et al. [100] assessed the corrosion of Ca/P−coatings in Ringer’s solution. Antibacterial coatings formed on the Mg alloy via plasma electrolytic oxidation with subsequent antibiotic impregnation. The results showed that the corrosion current density of the formed coating substantially decreased compared to the bare alloy. Furthermore, the obtained coatings reduced the corrosion rate of the Mg alloy in an environment similar to human body fluid, thereby regulating the bioresorption of the implant.




6.3. Organic/Polymer Coating


Organic coatings can directly block the corrosion of harmful particles on the substrate and can prevent electrochemical cathodic reactions, thus preventing the formation of corrosive primary cells. Meanwhile, as the organic coating is insulating, the organic coating can prevent the dissolution of metal cations and inhibit the discharge, so that the substrate has better corrosion resistance. At present, organic coatings are primarily composed of polycaprolactone coatings, silane coatings, and chitosan coatings. For example, Zheng et al. evaluated [101] a metal−organic framework (MOF)−incorporated polycaprolactone film for enhanced corrosion resistance of a Mg alloy. The results showed that after the PCL coating was added, the corrosion current of the alloy was greatly reduced from 8.50  ×  10−7 to 9.66  ×  10−10 A/cm2 and had a higher solution resistance. This is mainly due to the fact that the PCL hydrophobic coating provides better protection for magnesium alloys and is more resistant to the attack of electrolytes. In addition, the mixed MOF particles have good compatibility with the PCL chain, which enhances the compactness of the coating via hydrogen bonding. Thus, the composite coating has better corrosion resistance.



The silane coating on the magnesium alloy surface prevents the electrolyte from penetrating the layer and releasing corrosion products. When the silane conversion film was formed on the metal surface, it hindered the corrosion of H2O, O2, and the electrolyte solution in the working environment, causing the metal materials to obtain excellent corrosion resistance. For example, AhadiParsa et al. [102] assessed the bio−corrosion of a hydroxyapatite−coated AZ31 Mg alloy pre−treated with vinyl tri−ethoxy silane in SBF. The results indicated that both the hydrolysis and immersion times of pre−treatment with the silane coating markedly affect the anti−corrosion performance of the Mg substrate. Regarding the Mg alloy, which was immersed in 1 h hydrolyzed VTES for 60 s, the corrosion current density was reduced from 36.1 to a minimum of 2.1 μA/cm2. This is because the silane coating has a better film−forming property, and the fine particles are uniformly covered on the surface of the substrate, forming a uniform film with the highest density and least defects. Moreover, by applying the HA coating on the surface of the silane−treated Mg substrate, the corrosion current was reduced to 0.9 μA/cm2. This was the result of the presence of the silane coating as an intermediate layer, which effectively improved the anti−corrosion resistance. Additionally, Guo et al. [103] analyzed the bio−degradability and osteogenic activity of a guided bone−regeneration membrane based on a chitosan−coated magnesium alloy (CS−Mg). The results showed that CS−Mg was degraded by hydrolysis and that its degradation proceeded slowly during the early immersion stages. This is because the chitosan coating is tightly wrapped on the surface of the Mg alloy, which reduces the porosity of the coating and avoids direct contact between the Mg alloy and the medium. Thus, the chitosan coating decreased the degradation of the Mg alloy. Additionally, a chitosan−coated−Mg alloy was used as a biodegradable barrier membrane in guided bone regeneration. Pozzo et al. [104] demonstrated the influence of the crosslinking degree on the corrosion protection properties of AZ31 chitosan coatings in simulated body fluids. The results indicated that the hydrogen evolution rate of 0.01 mL·cm−2·d−1 was achieved. This is due to the good adhesion between the chitosan coating and the NaOH−treated matrix, which reduces the porosity and thus the corrosion rate. Additionally, a crosslinking degree of up to 42% results in higher resistance of the chitosan coating (Rcoating) and better anticorrosive properties.



Common polymer coatings include polylactic acid (PLA), which retards the initial degradation rate of the Mg alloy, limits the local alkalization caused by OH− release, and retards the release of hydrogen. For example, Cifuentes et al. [105] studied the in vitro degradation of biodegradable polylactic acid/Mg composites by comparing a composite with a poly−L−lactic (PLLA) coating with another with a poly−L, D−lactic (PLDA) coating. The results showed that PLDA was more effective at reducing the degradation rate of Mg than PLLA. This was due to the increased hydrolysis of amorphous domains in the PLDA−cr/Mg in comparison to that of PLDA/Mg, which formed fast paths for the water to diffuse faster into the core of the samples. In contrast, the decrease in corrosion resistance of bioresorbable poly−lactic acid/Mg composites for orthopedic applications in simulated body fluid was assessed by Ali [106]. The results showed that degradation was accompanied by fiber−corrosion of α−Mg. Due to the expansion of Mg(OH)2 in the corrosion process, PLA formed radial cracks in the corroded fiber, and the degradation behavior was reduced. The radial cracks in the PLA facilitated the penetration of water into the interface, which led to pitting corrosion of the fibers and fast degradation. Therefore, further surface modification of Mg fiber to delay degradation is the key to developing Mg/PLA composites for biomedical applications.




6.4. Complex Coatings


Compared with the above single coatings, two or more composite coatings could further seal the distribution of pores to form a more stable protective layer. Therefore, its degradation behavior could better meet the requirements of human implantation. For instance, Zhang et al. [107] studied the corrosion behavior of a polycaprolactone/HA composite coating on bioresorbable Mg alloys in Hanks’ solution. The results indicated that the uncoated AZ31 alloy had a corrosion rate of 160 mm/y, while the AZ31 with PCL/HA coatings exhibited the smallest corrosion rate (6.9 mm/y), which was nearly 23 times lower than that of AZ31. This is because the presence of HA crystals in the PCL coating helps to enhance biomineralization and form Ca−P deposits on the surface. In addition, HA and PCL improved surface chemical compatibility and achieved chemical bonding. Moreover, the micro−nano spaces between the HA crystals constructed a rough surface for the penetration of PCL and formed a mechanical lock. Rahman et al. [108] investigated the degradation behaviors of a polymer/ceramic hybrid coating on a Mg−Zn−Ca alloy in simulated body fluid. Electrochemical tests revealed that the corrosion rate of the PCL/HA coating was 6.63 × 10−3 mm/y, which was greatly reduced by approximately 10 times and 900 times compared to the HA and un−treated Mg−Zn−Ca alloys, respectively. This is primarily because the HA membrane acts as a barrier layer to prevent the aqueous solution from penetrating the metal surface. Moreover, the nanocomposite coating of PCL/HA offered adequate and stable obstruction to fast metal dissolution, which slowed the degradation process in SBF. Moreover, the corrosion behavior of AZ31 was enhanced by the treatment of the hydroxyapatite/chitosan−metformin composite coating, which was analyzed by Li [109]. The results showed that the corrosion rate of AZ/HA/CS−MF was 1.05   ×  10−3 mm/y, which was much slower than that of AZ31 (1.16  ×  10−1 mm/y) and AZ31/HA (1.14  ×  10−2 mm/y). This is due to the large number of particle aggregates on the surface of the AZ31/HA/CS−MF coating, which are formed by the adsorption of calcium and phosphate ions in the body fluids of SBF on the coating surface during the impregnation process. Moreover, the AZ31/HA/CS−MF coating effectively blocked corrosion ions, which had potential application as a protective coating on AZ31 for orthopedic applications. Similarly, Jin et al. [110] evaluated the biocorrosion of an HA−CS/PLA hybrid coating on a micro−arc−oxidized AZ91D Mg alloy in simulated body fluid. When the concentration of PLA was 20%, the Icorr was the lowest at 1.13 × 10−8 A/cm2. This is primarily due to the fact that with the increase in the PLA concentration, PLA will further penetrate the pores to achieve a complete sealing effect, thus forming a stable corrosion barrier. In addition, He et al. [111] determined that a composite Ca−P/ZnO precoating can provide better protection for a magnesium implant than a pure PCL coating in simulated body fluids. This was primarily because the Mg elements will induce the deposition of Ca−P/ZnO compounds on the surface. Moreover, the Ca−P compounds transformed into a more stable HA layer with the increase in soaking time, which helped to retard the corrosive process of simulated body fluid on the substrate. Moreover, different proportions of doping nanoparticles resulted in different porosity and porous structures, which was helpful for controlling the degradation rate of the magnesium matrix.



Furthermore, other coatings can also greatly improve corrosion resistance. For example, Kalaiyarasan et al. [112] researched the corrosion resistance of a chitosan/silica hybrid coating on AZ31 in Earle’s solution, and the corrosion rate was reduced from 0.166 to 0.01 mm/y. According to the following formulae (Equations (5)–(7)), the reason was the formation of the Mg(II) Chi complex on the intermetallic β phase, which prevented the movement of ions and reduced the rate of deposition on the metal surface, thereby preventing further cathodic reactions and reducing the hydrogen gas evolution. Additionally, the coral−like morphology formed on Ch−3/Si with the nanoporous structure could offer better cell adhesion and osteointegration processes.


  Mg + 2  H 2  O   → Mg ( OH  ) 2  +  H 2   



(5)






  Chi −  NH 2  +  H 2  O     →   Chi −   NH 3  +  +  OH −   



(6)






  Mg ( OH  ) 2  + Chi −    NH 3   +  →     Mg ( II ) − Chi −  NH 2  +  H 2  O +  H +   



(7)







Furthermore, Gao et al. [113] studied the corrosion resistance of a chitosan/heparinized graphene oxide (Chi/HGO) multilayer coating on Mg alloys in Hanks’ simulated body fluid. With the Chi/HGO coating, the corrosion potential increased to −1.376 V and the corrosion current density decreased from 8.863  ×  10−5 to 7.483 × 10−7 A/cm2. Firstly, the amino group on chitosan could promote the binding of the anion and reduce the surface positivity and prevent the further adsorption of anions, increasing the corrosion resistance. Secondly, HGO with negative charges can inhibit anionic erosion, and the Chi/HGO multilayer coating was very dense, compact, and much thicker than the monolayer chitosan film. Thus, it could provide the sample with excellent protection for a long time. On this basis, Bahatibieke et al. [114] studied the degradation behavior of anodic oxidation (AO)−silane (SA)−chitosan (CS)−coated Mg−4.0Zn−0.8Sr alloys for bone applications. The results indicated that the AO−SA−CS coating reduced the average corrosion rate of Mg alloys from 2.069 to 0.708 g·m−2·d−1. This was because the SA coating was hydrophobic, which can block contact between the corrosion solution and the coating sample. Moreover, the thickness of the CS coating was relatively large and can effectively prevent further contact with the corrosive environment. Moreover, after the magnesium alloy prepared by the AO−SA−CS coating was implanted into the femur of rats, the bone tissue of the rats recovered well and the kidney tissue was normal, showing good biocompatibility. Moreover, Dong et al. [115] researched the corrosion properties of a dual, self−healing, inorganic−organic hybrid coating on biomedical Mg in Hanks’ balanced salt solution. The results revealed that the DCPD/HxPhy9 coating had the lowest Icorr value. The results showed that the increase in pH of the Mg corrosion by−product and the enrichment of Mg2+ were double stimulants for the self−healing of the coating. Furthermore, the apatite and Mg−HxPhy compounds were formed as corrosion−resistant products to eliminate the local corrosion.





7. Summary and Future Prospective


Acting as a new generation of biodegradable materials (BMs), Mg alloys have great potential applications in bone repair/fixation, blood vessel stents, and oral scaffolds. In accordance with previous research results, the corrosion rate statistics of medical magnesium alloys in different processes were listed in Figure 7. It can be directly selected for research according to the degradation requirements of medical implants. However, medical Mg alloys still face many challenges in the following aspects:



It was necessary to establish the multiple elements’ selection rules consistent with the biodegradation system, so as to achieve an effective combination of common alloy elements and rare−earth elements and essentially improve the corrosion behavior and mechanical behavior of the alloy itself.



The complex environment in the human body was subject to the synergistic effect of alternating loads and corrosive media. It is necessary to achieve a long−term excellent performance of implant materials at specific sites through comprehensive and accurate in vitro and in vivo tests to meet the diversified functional requirements of biological implants.



Although Mg2+ could be absorbed and metabolized in the human body, it is necessary to change the release rate of magnesium ions to balance the excretion rate of magnesium in the human body.



Until now, single−process measures have shown obvious limitations and could not meet the complex requirements in vivo. It was necessary to explore the synergy effect of large plastic deformation and multiple composite coatings. However, the current combination method was not mature and still needs further experiments to verify.
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Figure 1. Real applications of biodegradable magnesium implants: (a,d) cardiovascular stents, (b) screws for orthopedic fixation, and (c) biodegradable orthopedic implants [8,9]; images of the rabbit knee joint in the anterior−posterior position at 3, 6, 9, and 12 weeks post−operation in (e) HP Mg group and (f) Ti group (red and white arrowheads indicate soft tissue swelling and periosteal reaction, respectively) [10]. Reprinted with permission from refs. [8,9,10]. Copyright 2022 Elsevier. 
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Figure 2. The compositions of the alloy selected in the present investigation are shown in (a) schematic diagram (b) of powder preparation and LPBF [29]. Reprinted with permission from ref. [29]. Copyright 2022 Elsevier. 
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Figure 3. (a) Schematic diagrams illustrating the corrosion process of bent Mg−Ca−La alloys [33]; schematic illustration of Sr addition on the microstructure and corrosion process of the (b1) Mg−Zn−Ca and (b2) Mg−Zn−Ca−Sr alloys [38]. Reprinted with permission from refs. [33,38]. Copyright 2022 Elsevier. 
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Figure 5. Schematic images of TEM bright–field (BF): (a,b) DRXed and un–DRXed regions in E320, (c) E320, (d,e) E360, (f) E400, (g) spherical nanoscale phase, (h,i) HRTEM micrograph, FFT image and EDS result corresponding to the nanoscale precipitate in (g) [81]. Reprinted with permission from ref. [81]. Copyright 2022 Elsevier. 






Figure 5. Schematic images of TEM bright–field (BF): (a,b) DRXed and un–DRXed regions in E320, (c) E320, (d,e) E360, (f) E400, (g) spherical nanoscale phase, (h,i) HRTEM micrograph, FFT image and EDS result corresponding to the nanoscale precipitate in (g) [81]. Reprinted with permission from ref. [81]. Copyright 2022 Elsevier.



[image: Metals 13 00071 g005]







[image: Metals 13 00071 g006 550] 





Figure 6. Schematics of corrosion degradation process and the corresponding microstructure alteration in all samples [98]. Reprinted with permission from ref. [98]. Copyright 2022 Elsevier. 
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Figure 7. Corrosion performance images of magnesium alloys under different processes. (a) As−cast: Mg−Zn−Y−Gd−Zr [60]; Mg−2Zn−1Gd−1Ca [63]; ZKX50 [66]; Mg−2Zn−2Gd−0.5Zr, AZ91−1.5Gd, Mg−3.0Gd−2.7Zn−0.4Zr−0.1Mn, Mg−6Gd−0.5Zn−0.4Zr, Mg−6Gd−1Zn−0.4Zr, Mg5Gd, Mg10Gd [67]; Mg−1.5Sr [69]; Mg−2Zn−2Er−0.3Zr−0.3Mn [76]; WE43 [77]; Mg−Zn−Ca [83]; Mg−2Zn−Mn−Ca−Ce [98]; Mg−2Zn−2Gd−0.5Zr [116]; AZ91−1.5Gd [117]. (b) Heat treatment: Mg−2Zn−0.2Mn−0.6Nd, Mg−2Zn−0.2Mn−1.2Nd, Mg−2Zn−0.2Mn−1.8Nd [18]; Mg−Zn−Y−Gd−Zr [60]; Mg−2Zn−1Gd−1Ca [63]; ZKX50 [66]; Mg−3.0Gd−2.7Zn−0.4Zr−0.1Mn, Mg91.5Al3.5Gd5, Mg−7Gd−3Y−0.4Zr, Mg5Gd [67]; Mg−Zn−Mn [68]; Mg−1.5Sr [69]; Mg−5.8Zn−2.0Yb−0.5Zr [73]; Mg−4Zn−4Al−0.6Ca−0.5Mn [118]; Mg−1Mn, Mg−5Sn, Mg−0.3Ca [119]; Mg−4Zn−0.1Sr [120]; Mg−2.33Zn−0.84Gd [121]. (c) Plastic deformation: Mg−Zn−Y−Gd−Zr [60]; Mg5Gd [67]; Mg−5Zn−1Mn [75]; Mg−2Zn−2Er−0.3Zr−0.3Mn [76]; WE43 [77]; Mg−0.5Zn−0.5Ca [78]; Mg−2Y−1Zn−0.4Zr−0.3Sr [80]; Mg−2Zn−1Gd−0.4Mn−0.1Sr [81]; Mg−Zn−Ca [83]; Mg−Zn−Ca−Mn [85]; Mg−1Zn [122]; ZK60, pure Mg, Mg−1.6Mn, AZ91, WEZK2200, ZEXM2110, AZ31, AZ61, Mg−3.0Nd−0.2Zn−0.4Zr [123]. (d) Surface modification: Mg−2Zn−Mn−Ca−Ce(Hydrothermal coating) [98]; Mg−Zn−Ca(PCL/HA) [108]; Mg−Zn(TiO2), AZ31(Mg(OH)2, AZ31(MgF2), JDBM(Mg3(PO4)2), JDBM(MgF2), pure Mg(PCL), AZ31(PDA), AZ31(MAO/LDH), Mg−4Li−1Ca(MAO/CS), AZ31B(Mg(OH)2/PDA/HA), ZE21B(PDA/HA), ZK60(MAO/MgF2), ZE21(PEA) [124]. This figure is reproduced based on [18,60,63,66,67,68,69,73,75,76,77,78,80,81,83,85,98,108,116,117,118,119,120,121,122,123,124]. 
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Table 1. Changes in corrosion resistance of common magnesium alloys after different heat treatments (HT: Homogenization−treatment; ST: Solution−treatment, A: Aged−treatment).
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	Alloy
	Condition
	Second Phase(s)
	Testing Environment
	Corrosion Resistance
	Reference





	Mg−2.5Zn−0.7Y−0.7Gd−0.4Zr
	HT
	Mg3Zn3Y2
	Hanks’ solution
	↑
	[60]



	Mg−Y
	HT
	Mg24Y5
	3.5 wt.% NaCl solution
	↑
	[61]



	Mg−4Zn−1Ca
	HT
	Ca2Mg6Zn3
	Hanks’ solution
	↑
	[62]



	Mg−2Zn−1Gd−1Ca
	ST
	Ca2Mg6Zn3,

Mg3Gd2Zn3
	SBF solution
	↑
	[63]



	Mg−2Zn−1Gd−1Ca
	A
	Ca2Mg6Zn3,

Mg3Gd2Zn3
	SBF solution
	↑
	[63]



	Mg−5Y−2Nd−3Sm−0.5Zr
	ST
	Mg24Y5

Mg41Nd5

Mg41Sm5
	3.5% NaCl solution
	↑
	[64]



	Mg−5Y−2Nd−3Sm−0.5Zr
	A
	Mg24Y5

Mg41Nd5

Mg41Sm5
	3.5% NaCl solution
	↑
	[64]



	Mg−2Cu/

Mg−5Cu
	ST
	Mg2Cu
	Hanks’ balanced salt solution
	↑
	[65]



	ZKX50
	ST
	Ca2Mg6Zn3
	0.5 wt.% NaCl solution
	↑
	[66]



	Mg−3.0Gd−2.7Zn−0.4Zr−0.1Mn
	ST
	(Mg, Zn)3Gd
	Hanks’ solution
	↑
	[67]



	Mg91.5Al3.5Gd5
	ST
	Mg5Gd, Mg12ZnY, Al2Gd
	1 wt.% NaCl
	↑
	[67]



	Mg91.5Al3.5Gd5
	ST + A
	Mg5Gd, Mg12ZnY, Al2Gd
	1 wt.% NaCl
	↑
	[67]



	Mg5Gd
	A
	—
	3.5 wt.% NaCl saturated with Mg(OH)2
	↓
	[67]



	Mg5Gd
	ST
	—
	3.5 wt.% NaCl saturated with Mg(OH)2
	↑
	[67]



	Mg5Gd
	ST + A
	—
	3.5 wt.% NaCl saturated with Mg(OH)2
	↑
	[67]



	Mg−2Zn−1Mn
	HT
	MgxMny
	Ringer’s solution
	↑
	[68]



	Mg−Sr
	HT
	Mg17Sr2
	Hanks’ solution
	↑,

then↓
	[69]



	Mg−Y−Zn−Mn
	ST
	LPSO
	3.5 wt.% NaCl
	↑
	[70]



	AZ91
	ST
	Mg17Al12
	Ringer’s solution
	↑
	[71]



	Mg−10Gd
	ST
	GdH2

Mg5Gd
	0.5% NaCl solution
	↑
	[72]



	Mg−Zn−Ca
	ST
	Mg2Ca,

Ca2Mg6Zn3
	Hanks’ solution
	↑
	[74]



	Mg−Zn−Ca
	Peak−A
	Mg2Ca,

Ca2Mg6Zn3
	Hanks’ solution
	↓
	[74]



	Mg−Zn−Ca
	Over−A
	Mg2Ca,

Ca2Mg6Zn3
	Hanks’ solution
	↑
	[74]
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