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The effect of Zn/Ca ratio on the corrosion behavior of Mg–3Zn-0.2Ca-1.0MgO (3ZX) and Mg–1Zn-0.2Ca-1.0MgO (ZX) was investigated on the as-extruded specimens. Microstructure observations revealed that the low Zn/Ca ratio led to the grain growth from 1.6 µm in 3ZX to 8.1 µm in ZX. At the same time, the low Zn/Ca ratio changed the nature of second phase from the existence of Mg-Zn and Ca2Mg6Zn3 phases in 3ZX to the dominated Ca2Mg6Zn3 phase in ZX. The local galvanic corrosion caused by the excessive potential difference was alleviated obviously due to the missing of MgZn phase in ZX. Besides, the in vivo experiment also showed that ZX composite exhibited a good corrosion performance and the bone tissue around the implant grew well.
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1 INTRODUCTION
Magnesium (Mg) possesses numerous advantages for medical applications within the human body, including high specific strength, low density, and a close Young’s modulus with bone (Tsakiris et al., 2021). At the same time, as an essential element of human metabolism, Mg is biocompatible and bioresorbable (Paul et al., 2020). Moreover, Mg demonstrates biodegradability through its spontaneous dissolution in aqueous media (Song and Atrens, 2003). These properties give Mg alloys a great potential for application in the field of biodegradable implants. However, the major limitations, including high hydrogen precipitation during degradation and unpredictable degradation rates, prevent the widespread application of Mg alloys (Peng et al., 2022).
Alloying is considered to be one of the most important ways to improve corrosion properties of Mg. The second phases in the Mg matrix through adding various alloying elements have a significant influence on the corrosion behavior of Mg alloys (Zhang et al., 2012; Zeng et al., 2015). On the one hand, the morphology and structure of the second phase play key role during corrosion process (Lu et al., 2015; Zander and Zumdick, 2015). The fine and diffuse second-phase particles promotes the formation of continuous corrosion product films (Zhao et al., 2008; Cai et al., 2012), whereas a continuous and reticulated particles can serve as a physical barrier against corrosion diffusion, consequently enhancing the corrosion resistance of Mg alloys (Wang et al., 2011; Cubides et al., 2020). However, a separate and coarser second phase can lead to localized microelectron corrosion, producing severe localized corrosion (Zhang et al., 2020). On the other hand, the nature of the second phases also influences the corrosion behavior of Mg alloys through the formation of various compounds (Bakhsheshi-Rad et al., 2012; Jin et al., 2020). The greater the potential difference between the second phase and the matrix, the more severe the microelectron corrosion present (Liu et al., 2019). Generally, Mg matrix exhibits a negative potential compared to the second phase particles, resulting in the Mg matrix acting as an anode for micro-electro-coupling and undergoing preferential corrosion (Esmaily et al., 2017).
Therefore, the selection of biosafe alloying elements and the minimization of the potential difference between the second phase and the matrix became the key point in the design of biomedical Mg alloys. Although the addition of Al, Zr and rare earth elements (REEs) can effectively improve the corrosion resistance of Mg alloys (Jung et al., 2015; Sun et al., 2022; Chen et al., 2023), but excessive intake of Al may cause Alzheimer’s disease (Gu et al., 2014), the large leaching of Zr may cause cytotoxicity (Li et al., 2012), and how rare earth elements are metabolized in the human body is not clear, which limits the application of these elements (Staiger et al., 2006). Therefore, it is imperative to develop biomedical Mg alloys with biosafe elements. As common elements in the human body, both Ca and Zn elements possess good biocompatibility (Chang et al., 2020). The corrosion resistance properties and the in vivo degradation behavior of Mg-Zn and Mg-Ca alloys have been well studied in recent years (Jafari et al., 2017; Holweg et al., 2020; Schäublin et al., 2022). However, the second phase of binary alloys is difficult to modulate from the perspective of second phase micro electric corrosion. It has been shown that the second phase in Mg-Ca alloys is dominated by the Mg2Ca phase, which potential is about −50 mV relative to the Mg matrix, and exhibits preferential corrosion over the matrix (Bahmani et al., 2019; Moreno et al., 2019). The second phase of Mg-Zn alloy is dominated by the MgZn phase, which has an electric potential of about 550 mV higher than that of the Mg matrix and may cause severe micro electric corrosion, and weaken the corrosion resistance (Jin et al., 2020).
For the ternary Mg-Zn-Ca alloys, different contents of Zn and Ca lead to variations in the nature of the second phase (Zhang et al., 2011; Bakhsheshi-Rad et al., 2012). When the Zn/Ca mass ratio is greater than 5, the MgZn + Ca2Mg6Zn3 phases tend to form in Mg-Zn-Ca alloy. When the mass ratio is between 5 and 2, Ca2Mg6Zn3 phase is easily generated. With further increase Ca content, the Mg2Ca phase starts to precipitate out from the alloy matrix, and the main second phases are mainly Mg2Ca + Ca2Mg6Zn3 phase when the Zn/Ca mass ratio is below 2. For the above three types of second phases, the potential of Ca2Mg6Zn3 phase is about 80 mV higher than that of the matrix (Fu et al., 2022), which has the smallest potential difference among these second phases. Therefore, avoiding the formation of MgZn phase in Mg-Zn-Ca alloy and increasing the proportion of Ca2Mg6Zn3 phase will help to improve the corrosion resistance of Mg-Zn-Ca alloy.
From the perspective of ensuring the plasticity of Mg alloy, the content of Ca element in Mg alloy needs to be controlled below 0.3 wt. % (Zhang et al., 2012; Schäublin et al., 2022). In this case, reducing Zn content helps to generate the Ca2Mg6Zn3 phase in Mg-Zn-Ca alloy. However, reducing the Zn and Ca content simultaneously will lead to a decrease in mechanical properties of Mg alloys. Consequently, the inclusion of reinforcing phases is necessary to compensate the mechanical properties due to the low content of Zn and Ca. The conventional reinforce phases such as graphene oxide (GO) (Shuai et al., 2019), SiC (Ali et al., 2019) and TiC (Nie et al., 2020) are not suitable to add in biomedical Mg alloy due to their non-degradable property. In contrast, MgO particles are degradable and they can maintain excellent interfacial bonding with the Mg matrix (Lin et al., 2018; Fan et al., 2022). Besides, MgO can simultaneously impede grain growth by pinning grain boundaries (Fan et al., 2022) and enhance the mechanical properties through Orowan strengthening (Goh et al., 2007). Moreover, the degradation product of MgO was the same with the Mg matrix (Mg(OH)2), which could enhance the densities of the corrosion product layer (Tang et al., 2023).
On this basis, the influence of the second phase on the corrosion resistance of the Mg-Zn-Ca alloy was further investigated in this work. Extruded low alloyed 1.0MgO/Mg-1Zn-0.2Ca (ZX) composite was the studied alloy and 1.0MgO/Mg-3Zn-0.2Ca (3ZX) was regarded as a comparison to study the effect of the second phase on the in vitro corrosion performance and to evaluate the in vivo corrosion behavior of ZX.
2 MATERIALS AND METHOD
2.1 Materials preparation
The as-cast ZX and 3ZX composites used in the current study were prepared by combining pure Mg (wt% 99.99%), pure Zn (wt% 99.99%) and Mg-25Ca (wt%) master alloys at a temperature of 780°C in the presence of an inert gas atmosphere consisting of N2 and SF6. MgO nanoparticles (MgO NPs) were preheated at 200°C in a muffle furnace and then were introduced into the melt at 780°C using a high shear stirrer and ultrasonic treatment (Fan et al., 2011). The mixture melt was poured into a cylindrical ingot with a diameter of 60 mm. After the homogenization treatment (400°C/24 h for 3ZX and 420°C/8 h for ZX), the extrusion process was carried out at 300°C with an extrusion ratio of 56 and the rod with a diameter of 8 mm was obtained. All the test specimens were then obtained by cutting the extruded rods (the schematic diagram shown in Figure 1).
[image: Figure 1]FIGURE 1 | The schematic diagram of the samples cut from the extruded bars.
2.2 Microstructure characterization
The phase types were determined by X-ray diffraction (XRD, D/MAX-2500, Japan, Cu-Kα, 20 - 80) with a scanning speed of 5/min and an acceleration voltage of 40 kV and current of 40 mA. The specimens for scanning electron microscope (SEM) observation were prepared by mechanical grinding and polishing followed by etching with picric acid solution (picric acid 2.75 g, acetic acid 2.5 mL, ultrapure water 5 mL, anhydrous ethanol 45 mL) and the average grain size was determined by ImageJ software. The energy dispersive spectrometer (EDS) was used to analyze the second phase composition. The detailed microstructure was analyzed by transmission electron microscopy (TEM). TEM samples were prepared as standard 3 mm thick cylinders by mechanical grinding to a thickness of approximately 50 μm, followed by Ar + ion milling to achieve electron transparency. Imaging was performed in scanning-TEM (STEM) mode using a high-angle annular dark field (HAADF) detector and the chemical information was obtained in STEM mode using an EDS detector.
2.3 Electrochemical test
The electrochemical polarization and electrochemical impedance spectroscopy were conducted in simulated body fluid using a Zennium electrochemical workstation with a three-electrode test system. The simulated body fluid was prepared with NaCl (6.5453 g), NaHCO3 (2.2683g), KCl (0.3728 g), NaHPO4·7H2O (0.2681 g), MgCl2·6H2O (0.3050 g), CaCl2 (0.2780 g), Na2SO4 (0.0711 g) and (CH2OH)5CNH2 (6.057 g). The reference electrode used was a saturated glycerol electrode, and the auxiliary electrode was a graphite electrode. The sample used for the electrochemical tests was cut into a cylinder shape with a diameter of 8 mm and a height of 3 mm. A 60-min open-cycle potential (OCP) test was carried out first to ensure that the sample potential was stable for subsequent tests, and the scanning speed was 1 mV/s. Potentiodynamic polarization experiments were performed within a range of −500 mV–500 mV. During the electrochemical impedance spectrum (EIS), the test frequency ranged from 0.01 Hz to 100 kHz, and the amplitude of the positive spin perturbation signal was 5 mV. To ensure accuracy, three parallel samples were tested in each group.
2.4 In vitro degradation
The in vitro degradation rate of 1ZX1.0 and 3ZX1.0 were evaluated by weight loss measured by immersion test in SBF solution. Three parallel samples with a surface area of 176 mm2 were prepared by mechanically grinding the surface with SiC5000 paper. The SBF solution was added at a rate of 0.25 mL/mm2. Three parallel samples were set up in each group for immersion test in water bath. All the samples are pre-weight (m0) before immersion. Change the corrosion medium every 48 h and record the pH value of each group. After immersion for different days, the samples were picked and cleaned by chromic acid solution (CrO3 180 g/L, AgNO3 10 g/L, BaNO3 10 g/L) for 2–3 min to remove surface corrosion products. After that, the weight of the cleaned sample was measured as m1. The annual corrosion rate of the samples was then calculated according to the following Eq. 1.
[image: image]
The cross section of the immersed sample was measured by SEM. The sample was first set vertically into the resin and then cut open using a diamond cutter to reveal the cross section. After that it was prepared by mechanical grinding and polishing and the element contents in different positions were measured by EDS.
2.5 In vivo degradation experiment
Degradation experiments were carried out using with better. The presented material was implanted in adult Japanese white rabbits (provided by Tianjin Institute of Medical Sciences) to examine its corrosion resistance in vivo. The extrusion rods with a diameter of 8 mm were machined into cylindrical implants with a diameter of 2 mm and a length of 6 mm, which were sterilized by Co60 radiation before surgery. During the operation, the rabbit was anesthetized and the fur on the hind limbs was removed. A hole defect was made in the left femoral condyle with a diameter of about 2 mm. The implant was inserted into the hole and the sutured the myofascial membrane and skin after operation. The operation process was shown in Figure 2. The rabbits were euthanized at 6- and 13-weeks post operation. The Femoral tissues (including implant) were then fixed in 4% paraformaldehyde solution.
[image: Figure 2]FIGURE 2 | Implantation process of ZX composite.
The micro-CT scanning was then carried out by Inveon MM CT (SIEMENS, Munich, Germany). The Inveon Acquisition Workplace (SIEMENS, Munich, Germany) and Inveon Research Workplace (SIEMENS, Munich, Germany) software were then used for scanning and data analysis. The COBRA_Exxim (EXXIM Computing Corp., Livermore, CA) software was used for 3D reconstruction and bone parameter analysis.
2.6 Potential measurement
Scanning kelvin probe force microscopy (SKPFM) is used to measure the relative potential between second phase and matrix. The sample used in experiment was cylindrical with diameter of 8 mm and height of 3 mm. It was grinded and then was polished mechanically before examination.
3 RESULTS
Figure 3 displays the XRD spectra obtained perpendicular to the extrusion direction (ED) of the as-extruded ZX and 3ZX composites. The obtained results indicate that the main diffraction peaks of both materials predominantly align with the prismatic plane and pyramidal plane. This indicates that both materials show a typical basal texture (Jiang et al., 2018). Additionally, a slight distinction is observed in the diffraction pattern of the second phase between the two materials. In the spectrum of the 3ZX composite, the peaks corresponding to MgZn2, Mg2Zn3 are evident and a few peaks of Ca2Mg6Zn3 also appeared, indicating that the second phase in the 3ZX composite is mainly MgZn phase accompanied by a small amount of Ca2Mg6Zn3 phase. In addition, the XRD spectrum shows a small diffraction peak corresponding to MgO. However, as the Zn content reduced to 1.0 wt% in ZX composite, most of the diffraction peaks of the MgZn phase disappear, indicating a change of second phase from the existence of Mg-Zn and Ca2Mg6Zn3 phases in 3ZX to the dominated Ca2Mg6Zn3 phase in ZX.
[image: Figure 3]FIGURE 3 | The XRD spectra of as-extruded ZX and the 3ZX composites.
Figure 4 exhibits the SEM images of as-extruded ZX and 3ZX composites taken along the ED at various magnifications. The low magnification images (Figures 4A, C) reveal that the ZX composite has an average grain size of approximately 8.1 μm, whereas the 3ZX composite exhibits an average grain size of around 1.6 μm. The discrepancy in grain size is attributed to the Zn content and the second phase. As shown in Table 1, the Zn content in ZX composite is reduced to 0.41 at. % from 1.01 at. % in 3ZX, and this large reduction weakens the grain refinement capability. Furthermore, the reduced volume fraction and size of the second phase also decrease the pinning effect of grain boundary migration during recrystallization. The high magnification images (Figures 4B, D) show numerous white particles are distributed uniformly in the 3ZX, and the volume fraction of them is about 2.69%. The EDS results in Table 1 and the phase composition in Figure 3 classify these secondary phases as MgO nanoparticles labeled P1 and P2, Mg-Zn phases labeled P3, and Ca2Mg6Zn3 phases labeled P4 in 3ZX. While for ZX, the fraction of the second phase in is reduced to 1.86%, and only a few Ca2Mg6Zn3 phases are observed at the grain boundaries. Moreover, the mean diameter of the second phase is also decreased. The high O element content of MgO NPs confirmed by EDS results (Table 1) at the intersection of grain boundary in ZX is also observed and labeled P5 in Figure 4D.
[image: Figure 4]FIGURE 4 | SEM microstructure of as-extruded (A, B) 3ZX and (C, D) ZX composites.
TABLE 1 | EDS results of ZX and 3ZX in Figure 4.
[image: Table 1]Figure 5 depicts the TEM results of as-extruded ZX and 3ZX composites. From the HAADF image and EDS mappings of 3ZX in Figure 5A, the dark and elongated second phases marked by green arrows are the MgZn phases, and the bright blocky second phase marked by blue arrows, which contains both Ca and Zn elements, is the Ca2Mg6Zn3 phase. This finding further corroborates the domination of the MgZn phase in 3ZX. In contrast, most of the second phase in ZX is predicted to be Ca2Mg6Zn3 phase and its volume fraction is also decreased. The mean diameter of the second phase in ZX is 60 nm, which is 50% smaller than the 127 nm in 3ZX.
[image: Figure 5]FIGURE 5 | HAADF images of as-extruded (A) 3ZX and (B) ZX composites.
Figure 6 presents the results of the electrochemical tests conducted on the as-extruded ZX and 3ZX composites. Figure 6A displays the polarization curve from twice measurements for each composite. Typically, the current density in the cathodic curve represents the hydrogen evolution rate due to the reaction of the Mg matrix with the caustic medium, whereas the anodic current density is attributed to the dissociation rate of the Mg matrix into Mg2+.The current density of the ZX composite, both cathodically and anodically, is significantly lower as compared to the 3ZX composite, indicating less matrix dissolution activation and a lower hydrogen release rate. Moreover, the Ecorr of the ZX has improved to −1.367 V, and the Icorr has reduced to 27.5 μA as shown in Table 2, which indicates a higher corrosion resistance in the matrix dissolution reaction than that of 3ZX. Additionally, the passivation potential of the ZX is lower than that of the 3ZX, which enhances its capability to form a passivated film. Figure 6B illustrates the electrochemical impedance spectrum (EIS), where the scatter plot reflects the experimental results and the curve plot portrays the fitted results. Figure 6C presents the Bode plot; Figure 6D shows the equivalent circuit fitted using Zviwe software. In the circuit, Rs indicates the solution resistance between the working electrode and reference electrode, the CPEct-C represents the charge of the bilayer equivalent capacitance, and Rct denotes the charge transfer resistance. Both 3ZX and ZX composites exhibit only a large capacitive loop associated with the Rct, which corresponds to the phase peak in the high frequency range within the Bode plots. However, the ZX composite exhibits a larger radius of the capacitive loop, with Rct increasing from 108 Ω in 3ZX to 170 Ω in ZX. This implies a low matrix dissolution activity of ZX, resulting in an augments of the material’s corrosion resistance. The average corrosion rate of ZX, as estimated by the electrochemical tests, is 0.73 mm/y, which is lower than that of the 3ZX composite (1.06 mm/y).
[image: Figure 6]FIGURE 6 | Electrochemical test result of as extruded ZX and 3ZX (A) Potential dynamic polarization curves, (B) Nyquist spectra, (C) Bode plots, (D) Corresponding equivalent circuits.
TABLE 2 | Corrosion properties of 3ZX and ZX composites.
[image: Table 2]Figure 7 displays the accumulated pH value curves of the as-extruded ZX and 3ZX composites during in vitro immersion experiment (28 days) and the average corrosion rate calculated by weight loss method. The results show that the pH variation curve of the 3ZX composite maintains a stabilized high slope during the entire immersion test, resulting in a higher accumulated pH value as compared to the ZX. This indicates a high corrosion rate and a poor ability to form protective corrosion products layers. Conversely, the slope of the accumulated pH change curve of the ZX composite decreases significantly after the 8th day post-immersion and remains at a lowslope until the end of the immersion. This low growth rate of pH value in the ZX composite also indicates a low average corrosion rate and a delayed dissociation rate of the Mg matrix. The changes in the average corrosion rate of the ZX and 3ZX composites, as shown in Figure 7B, are consistent with the pH variations. The 3ZX composite maintains a high corrosion rate during the immersion test, and the average corrosion rate at the 28th day post-immersion is 1.63 mm/y, while for ZX is 1.57 mm/y.
[image: Figure 7]FIGURE 7 | (A)Accumulated pH change curve, (B) average corrosion rate.
Figures 8, 9 present the surface morphologies of the as-extruded ZX and 3ZX composites at 14-day and 21-day post-immersion in SBF solution, respectively. The results demonstrate that both ZX and 3ZX composites exhibit a smooth surface appearance after 14 days of immersion. The corrosion product layer completely covers the surface of both specimens, and minimal pitting corrosion is observed. However, severe cracking is observed on the 3ZX composite. Some deep cracks are formed in the corrosion products layer in 3ZX composite, resulting in a black mesh distribution under the electron microscope. This leads to a division of the corrosion product layer into smaller areas and reduces its protective effect. On the contrary, the proportion of deep cracks in the corrosion product layer of the ZX composite is significantly lower, allowing the corrosion product layer to provide a large block covering on the material’s surface. Nonetheless, shallow cracks are still visible on these blocks. Based on the EDS results in Figure 8D, the element contents in the shallow cracks on the surface of ZX are still mainly composed of Ca and P.
[image: Figure 8]FIGURE 8 | Surface morphology after immersion for 14 days: (A, B) 3ZX and (C, D) high ZX.
[image: Figure 9]FIGURE 9 | Surface morphology after immersion for 21 days: (A, B) 3ZX and (C, D) ZX.
After extending the immersion time to 21 days, the density of deep cracks on the surface of the corrosion product layer of the 3ZX composite further increases. The corrosion product layer becomes divided into fine areas, making it easier for the corrosive medium to penetrate the inner layer. Additionally, part of the corrosion product layer on the 3ZX composite changes from dense to sparse, as shown in the bright white area on the left side of Figure 9A. The sparse area displayed in Figure 9B is distinct from the dense Ca-P particle deposition area (Figure 9D), and the corrosion product layer starts to flake off, significantly decreasing the protective effect of the corrosion product layer on the matrix. Conversely, the ZX composite can maintain a dense corrosion product layer, and minimal sparse areas are observed. These findings suggest that the corrosion product layer on the ZX composite is denser and more complete, making it more effective at shielding the matrix from corrosion.
The in vivo degradation experiments were conducted with the ZX material due to its better corrosion resistance. Figure 10 displays 2-D cross-sectional images of femoral ankles and implants after surgery, along with a 3-D reconstruction of the implants and surrounding bone tissue within a 1 mm radius. The images demonstrate that the degradation rate outside the implant is notably higher than that inside the implant. This is possibly attributed to the presence of blood vessels in the fascia surrounding the femur. The flow of blood causes an increased rate of ion exchange and degradation outside the implant. The mean starting volume of the implant rods was 15.9 ± 0.4 mm3. After 6 weeks post-operation, an initial implant degradation of 12.97%. After 13 weeks post-operation, the original implant volume had degras by approximately 23.31% to 12.2 ± 0.3 mm3. The calculated degradation rate of ZX material in weeks 1-6 is around 0.75 mm/y; the average degradation rate in weeks 6–13 is 0.60 mm/y. The decreased degradation rate contributed to an improvement in the bone density (BMD) around the implant, as evidenced by increased trabecular number (Tb. N.) and decreased trabecular separation (Tb. Sp.), as shown in Table 3. These changes indicate that the bone is growing well around the implant.
[image: Figure 10]FIGURE 10 | The 2-D cross-sectional pictures of post-surgery femoral ankle of the thigh and implants (A) 6weeks and (C) 13 weeks, and the 3-D reconstruction image of the implants and bone tissue within a 1 mm radius surrounding the implants (B) 6weeks and (D) 13 weeks.
TABLE 3 | Information on the bone tissue surrounding the implant.
[image: Table 3]4 DISCUSSION
The objective of this study is to determine whether MgO/Mg-Zn-Ca composites with low Zn/Ca ratio has a greater corrosion resistance than that with higher ratios. Generally, refining grain size increases the density of the corrosion product layer (Aung and Zhou, 2010; Luo et al., 2020), which effectively separates the alloy matrix from the corrosion medium, and enhances the material’s corrosion resistance (Tang et al., 2023). However, the corrosion resistance of the ZX composites with larger grain size is superior to that of the 3ZX composites with smaller grain size from both electrochemical tests and immersion experiments. Electrochemical tests reveal that ZX composite has lower corrosion currents in both cathodic and anodic regions of the polarization curve, indicating that they exhibit lower electrochemical corrosion activity (Abdel-Gawad and Shoeib, 2019). The passivation phenomenon of ZX is more noticeable in the anodic region of the polarization curve. This indicates that the surface of ZX is more prone to form a passivation film. The EIS results that the passivation film on the surface of ZX exhibits a large capacitative loop, which significantly reduces the transfer of current between the matrix and corrosion medium during the corrosion process and ultimately protects the matrix from corrosion. Although electrochemical tests can only explain the short-term corrosion behavior, the above conclusions could illustrate that the key to the higher corrosion resistance of ZX composite is the formation of a strong protective corrosion product layer during the corrosion process.
Figure 11 displays the surface and cross-sectional images of 3ZX and ZX composites after 21 days of immersion, with the EDS results tabulated in Table 4. EDS results showed that the surface cracks of 3ZX composites were covered with high Zn content at point A. Cross-sectional images of Figures 11B, D, and the corresponding EDS results, reflected similar results. The corrosion product layers of 3ZX composites were divided into two layers. The top layer at point B had a Ca-P product layer rich in Zn elements. The layer beneath B, at points C and D, contained a Mg(OH)2 layer with minimal Ca and P elements. Point C was roughly at the interface between the external Ca-P layer and the internal Mg(OH)2 layer and had relatively high Ca and P content. Point D, located close to the matrix, had the least content of Ca and P elements in Mg(OH)2 layer. Moreover, the Mg-Zn phase released during the degradation of the surrounding matrix remained in the corrosion product layer leading to higher Zn content at point D than in the matrix (Table 1, M1). In contrast, the cross-section of ZX composite was distinctly different from that in 3ZX. EDS results at the E point on the surface of corrosion product layer, and at the F and G points within the corrosion product, revealed no obvious Zn enrichment in the corrosion product layer of ZX due to the reduction of the Mg-Zn phase in ZX. Comparing the element content of points E, F and G, it is evident that E and F points contain higher Ca and P elements, which are closer to the element content of the Ca-P layer, indicating a higher thickness of the corrosion product layer deposited on the ZX. Moreover, by comparing the cross-sectional photos of ZX and 3ZX, it is evident that there are fewer cracks in the corrosion product layer on the surface of ZX.
[image: Figure 11]FIGURE 11 | (A) Surface image of 3ZX composite after 21 days of immersion, (B) cross-section image of 3ZX composite after 21 days immersion; (C) surface image of ZX composite after 21 days immersion, (D) cross-section image of ZX composite after 21 days immersion.
TABLE 4 | EDS results of 3ZX and ZX in Figure 11.
[image: Table 4]The changes in the composition of the second phase in ZX composites lead to significant changes in corrosion behavior. Earlier studies have shown that the potential difference between the Mg-Zn phase and the Mg matrix is nearly ten times that of the Ca2Mg6Zn3 phase (Jin et al., 2020). The SKPFM test results presented in this study (Figures 12A, B) also support similar conclusions. The study shows that although the Mg-Zn phase does not show significant potential difference in 3ZX as it has been reported due to matrix material changes, the potential difference of Mg-Zn phase is still about 60 mV higher than that of the matrix. The potential of Ca2Mg6Zn3 phase is about 40 mV lower than that of the matrix. Thus, the presence of the Mg-Zn phase in the 3ZX composite can cause severe galvanic corrosion. The matrix of lower electrode potential acts as the anode in the electrogalvanic corrosion process and is preferentially corroded, while the Mg-Zn phase acts as the cathode and does not degrade due to the protection of anode sacrifice. As illustrated in the schematic diagram of the corrosion process in Figure 12C, when the Mg matrix surrounding the Mg-Zn phases dissolves, the Mg-Zn phase without clutching to the matrix falls off from the surface of the matrix. Part of these fallen Mg-Zn phases may enter the corrosion medium and slowly degrade with time. The other part may remain on the surface of the sample with the gradual deposition of Ca-P products and eventually form Zn-containing corrosion products. Under the influence of galvanic corrosion, the corrosion rate and hydrogen release rate of 3ZX are accelerated, resulting in internal destruction of the corrosion product layer and more cracks in the corrosion product layer of 3ZX composite.
[image: Figure 12]FIGURE 12 | Surface height distribution and potential distribution of (A, B) 3ZX measured by SKPFM, (C) schematic diagram of 3ZX and (D) ZX corrosion process.
In ZX composite, the decreased potential difference between matrix and second phases, which ultimately reduces the micro-galvanic corrosion and improves the uniformity of the corrosion product layer. The Ca2Mg6Zn3 phase in ZX acts as an anode during electrochemical corrosion, as shown in Figure 12D, due to its lower potential than the matrix. Additionally, the reduced potential difference between matrix and second phase in ZX helps to prevent severe local corrosion and improve the density of the corrosion product layer (Tie et al., 2022). As a result, the corrosion rate of Mg matrix reduces under the protection of Ca2Mg6Zn3 phase. Furthermore, the presence of Ca2Mg6Zn3 phase significantly weakened the micro-galvanic corrosion, resulting in a reduction in the fraction and width of cracks in the corrosion product layer. The surface of corrosion product layer of ZX is more complete than that of 3ZX composite. The deep cracks on the surface of ZX composite practically disappear, whereas some shallow cracks remain. The EDS results inside the shallow cracks (Figure 9D) reveal that the element content inside and on the surface of the corrosion product layer is similar. Accordingly, these shallow cracks only form on the surface of the corrosion product layer and do not affect the layer’s protective performance. This implies that the corrosion product layer of ZX composite effectively protects the matrix and reduces the annual corrosion rate to 1.57 mm/y.
5 CONCLUSION
In this study, we analyze the distinction in the corrosion behavior of 3ZX and ZX composites after the reduction of Zn/Ca ratio. The main conclusions are as follows:
The reduced content of Zn in ZX composites alters the second phase from the cathode Mg-Zn phase, which has a larger potential difference, to the anode Ca2Mg6Zn3 phase, which has a smaller potential difference. This alteration effectively prevents severe local galvanic corrosion, reducing the potential difference between the matrix and the second component, hence enhancing the material’s corrosion resistance. Moreover, the in vitro experimental results reveal that the ZX composite maintains a low corrosion rate and promotes robust bone tissue growth around the implant.
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