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In this work, ZK60 magnesium alloy was employed as the substrate substratum for producing micro-arc oxidation (MAO) coating which contains Ca and P. Electrophoretic deposition (ED) process was conducted on the micro-arc oxidized sample to prepare a hydroxyapatite (HA) layer on the original coating. X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive spectrometer (EDS) and Fourier transform infrared spectroscopy (FT-IR) were used to analyze the phase constituents and microstructures of both MAO and MAO-ED coatings. Corrosion resistance and degradation behavior of the coatings in SBF were investigated by electrochemical tests and simulated body fluid (SBF) immersion tests. The results indicate that a dense HA layer about 5 μm in thickness had been successfully prepared on the MAO coating. After going through the ED process, the porosity of the MAO-ED coating had decreased from 5.63 to 0.81%. The Ca/P ratio of the MAO-ED coating had become 1.60, which indicates a potential biocompatibility of the material. Therefore, the MAO-ED coating can induce the deposition of bioactive products from SBF. During an immersion test of SBF for 10 days, the weight gain of MAO-ED sample continued to increase, showing that the deposition rate of the induced products is always higher than that of corrosion products before experiencing the 10 days of immersion. The deposition of induced products protects the substrate from being corroded so effectively that it ensures the good mechanical properties and biocompatibility during the initial stage of implantation. According to the changes in sample morphologies and the electrochemical measurements in SBF, a relevant degradation model has been suggested and the underlying mechanism for degradation behavior is discussed.
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INTRODUCTION

With the development of modern medical science, there are more user-friendly and diversified choices for biomedical materials (Liu et al., 2015; Ataee et al., 2017; Zheng et al., 2017; Chen J. et al., 2019; Qin et al., 2019; Zhang and Chen, 2019; Zhang et al., 2020). New composite materials with biomedical purposes have attracted a lot of attention. Mg alloys, as one of the biomedical materials, possess numerous advantages such as biodegradation, similar density and modulus to bones, reliable bone induction (Zhang et al., 2006a, b; Razavi et al., 2014; Qin et al., 2015; Peng et al., 2016; Cipriano et al., 2017; Chai et al., 2018; Rabadia et al., 2019; Zhang Y.M. et al., 2019). Such advantages can avoid a secondary surgery for patients to remove their implants and get rid of the “stress shielding effect.” In this way Mg alloys can improve the growth and aggradation of new bone tissue. Hence, the investigation of Mg alloys has been highlighted in the field of biodegradable materials (Agarwal et al., 2017; Bian et al., 2018; Chen C. et al., 2018). The development of biodegradable magnesium has completely changed the concept of metallic biomaterials. As a qualified magnesium alloy implant, the corrosion rate of it should match that of the tissue healing and the biocompatibility should be acceptable. Furthermore, it also should possess sufficient mechanical properties. Mechanical properties of a magnesium alloy implant greatly depend on the grain size, the solubility of alloying elements and the size, amount and distribution of the second phase (Li and Zheng, 2013; Pan et al., 2018). Therefore, the composition, the heat-treatment and processing technique of the magnesium alloy have become a hot issue. Currently, there are some scholars who have employed non-toxic or low toxic elements and developed a new type of magnesium alloy. Among them, Mg-Ca alloy has been extensively applied in different fields. Calcium is a major component in human bone and is essential in chemical signaling with cells (Ilich and Kerstetter, 2000). Magnesium is necessary for the calcium incorporation into the bone (Serre et al., 1998), which might be expected to be beneficial to the bone healing with the co-releasing of Mg and Ca ions, moreover, Ca ion can help to refine grain. Pan et al. successfully developed a light-weight Mg–1.0Ca–1.0Al–0.2Zn–0.1Mn extrusion alloy and Mg-2Sn-2Ca alloy with high strength– ductility synergy (Pan et al., 2019, 2020).

However, the corrosion resistance of Mg alloy is poor and the rate of its degradation in the practical application is too fast, which vastly shortens its service period. All these deficiencies have greatly limited clinical applications of Mg alloys. Therefore, it is necessary to design new kinds of Mg alloys with improved corrosion resistance and longer degradation period (Jiang et al., 2016; Zhu et al., 2017; Zhang L.C. et al., 2019). Micro-arc oxidation (MAO) is an advanced anodizing technique that generates in situ ceramic-like coatings via high voltage discharge, which is controlled by the electrical parameters of process and the compositions of electrolyte (Pezzato et al., 2015; Xiong et al., 2017). The previous works show that the corrosion resistance of Mg alloys can be effectively improved by MAO (Gu et al., 2013; Jia et al., 2014; Chen et al., 2017; Wang et al., 2018). It is well known that MAO coatings have a porous structure and can easily be permeated by corrosive species (e.g., Cl–), which results in their bad corrosion resistance. On the other hand, it is hard to trigger bone induction and meet the requirements of clinical applications with such a small number of the contents of Ca and P in MAO coatings. Hence, the key to endow the coatings with excellent biocompatibility and bioactivity is the re-designation of MAO coatings (Shadanbaz and Dias, 2012; McEntire et al., 2015; Wang et al., 2019; Xia et al., 2020).

As an important part of bone tissue, hydroxyapatite (HA) has gradually become an essential biological medium in the process of surface modification of Mg alloys. HA, chemical formula of Ca10(PO4)6(OH)2), has good biocompatibility for its production of non-toxic substances in the body and reliable bone induction to promote the growth of new bone cells. Research has shown that a good bone tissue growth can be found along the surface or the interior void of the implants coated by HA (Suchanek and Yoshimura, 1998; Tampieri et al., 2001; Habibovic et al., 2002; Kim et al., 2004; Bose et al., 2015). However, the pure HA is unable to be directly used as an implant owing to its poor mechanical properties such as high brittleness and low strength. As a result, it is of great importance to use HA to produce a synthesis of composite coating which combines biological activity, bone induction and good mechanical properties for biomedical application (Chen G. et al., 2016). So far, there are many surface modification methods for applying HA to the surfaces of metals and alloys. Electrophoretic deposition (ED) (Hornberger et al., 2012; Sankara Narayanan et al., 2014) is a surface modification method for depositing particles on a substrate in a suspension under electric field forces.

It has been reported that HA coatings can be prepared on the micro-arc oxidation coatings by electrophoretic deposition. Xiong et al. (2017) argued that by comparison, the MAO-ED composite coating has stronger bioactivity and ability to be protected long-term than the MAO coating and the n-MAO coating. Razavi et al. (2015) modified the surface of Mg implants by means of fluoridated hydroxyapatite (FHA: Ca10(PO4)6OHx2–Fx) through the combined MAO and ED techniques. The results revealed a significant enhancement in the biocompatibility of FHA/MAO coated implant compared to the uncoated one according to the vivo. So far, there are still few works on the production of composite coatings by combining MAO and ED as well as their degradation characteristics in simulated body fluid (SBF). The degradation behavior of MAO-ED composite coatings directly determines their qualities of the implants in human body. Therefore, it is significant to investigate the degradation behavior of MAO-ED composite coatings in order to better understand the characteristics of the materials.

In our previous work, the degradation behavior of ZK60 MAO coating has been deeply investigated (Wang et al., 2018). An anti-corrosion layer that contains Ca and P was synthesized on ZK60 Mg alloy by MAO technology based on the perspective of improving the corrosion resistance and bioactivity of Mg alloy matrix. In this work, bioactive HA layer was produced by ED on MAO coating. X-ray diffraction (XRD) and scanning electron microscopy (SEM) were employed to analyze phase constituent and microstructural characteristics of composite coatings. Based on the corrosion tests and electrochemical measurements, the degradation behavior of composite coatings was systematically investigated and the relevant degradation model was established.



MATERIALS AND METHODS


Preparation of MAO Coating

Commercially available rolled ZK60 Mg alloy ZK60 Mg alloy (Mg-5.8wt%Zn-0.45wt%Zr) was cut into 20 mm × 20 mm × 5 mm bulks as for the substrates. MAO was conducted in the optimized electrolyte which composed of 0.8 g/L (NaPO3)6, 6 g/L Na2SiO3⋅9H2O, 0.5 g/L Ca(CH3COO)2⋅H2O, 0.5 g/L NaH2PO4⋅H2O and 2.8 g/L NaOH. Current density, duration time, positive duty cycle, negative duty cycle and frequency were set as 10 A/dm2, 13 min, 40, 60, and 500 Hz, respectively.



Preparation of ED Coating

For the electrophoretic deposition, HA powder with an average particle size of 15 nm and Ca/P ratio of 1.64 was chosen then was dried at 200°C for 3 h to remove water molecules before the process. An anhydrous alcohol based on HA (10 g/L) slurry with an adequate addition of concentrated nitric acid (to keep the slurry pH at 3∼4 and also to avoid agglomeration of HA particles) was prepared and used in electrophoreses cell for the deposition of HA layers on MAO coatings so as to obtain the MAO-ED composite coatings. The slurry was subjected to ultrasonic oscillation for 1 h to ensure its uniformity and stability followed by a 24 h standing before electrophoretic deposition.

WWL DC voltage stabilizer was applied as the power to supply for the ED process. A 40 mm × 30 mm × 2 mm stainless steel was applied as an anode and the micro-arc oxidized Mg bulk was used as the cathode. By means of adjusting the voltage and time of electrophoretic deposition, MAO-ED coating was produced. Deposition voltage and deposition time were set as 90 V and 2 min. To ensure the uniformity of the solution, a constant temperature magnetic stirrer was used during the whole ED process. When the ED process was over, the power was turned off and the sample was taken out. Then the electrophoretic deposited sample was dried and sintered in the furnace at 200°C for 1 h and cooled in the furnace.



Characterizations

JSM-6480 scanning electron microscope equipped with energy-disperse spectroscopy (EDS) was used for microstructure characterization. Phase constituents were collected by X-ray diffraction by means of a Shimadzu XRD-6000 with CuKα radiation operated at 40 kV. The parameters of 2θ range of 20°–80° and scan rate of 4°/min were employed in this work. Fourier transform infrared spectroscopy (FT-IR) spectra were recorded through fourier transform infrared spectrometer FT2000 between the frequency range of 4,000 and 500 cm–1. Image J software was used to calculate the coating porosity (Chen L.Y. et al., 2019). Electrochemical impedance spectroscopy (EIS) was performed on a CS2310 electrochemical workstation (CorrTest, Wuhan, Hubei, China) at a frequency ranging from 100 mHz to 100 kHz with a low alternating current amplitude of 5 mV in SBF at 37°C. ZSimp WIN software was used for fitting the EIS data.



SBF Immersion Test

A series of 20-day immersion tests in SBF were conducted by use of MAO-ED samples in a thermostat water bath at 36.5 ± 0.5°C. 1,000 ml SBF with ion concentrations which are similar to the ones in human blood (Table 1) was prepared by dissolving reagents (Table 2) into distilled water. Tris and HCl were used to adjust the pH value to 7.45. A Banter-920-UK precision pH meter was used to measure the pH of SBF.


TABLE 1. Ion concentration of simulated body fluid (SBF) and blood plasma (m mol/L).
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TABLE 2. Reagents and dose for 1,000 ml SBF.
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The pre-weighed samples (three parallel samples as a group for each immersion period) were soaked in the solution at 36.5 ± 5°C with the volume (cm3) 10 times to its total surface area (cm2). The SBF solution was changed and the pH value was recorded every 24 h. A group of samples was taken every 5 days. After being rinsed and dried, it was weighed again. The weight gain Rwt can be calculated as the below equation (Chen et al., 2015b; Chen L. et al., 2016; Yazdimamaghani et al., 2015):

[image: image]

where M (g) indicates the sample weight before immersion and M1 (g) indicates the sample weight after immersion.



RESULTS AND DISCUSSION


Microstructures of MAO Coating and MAO-ED Coating


Surface Morphology

Figures 1a,b shows the surface micro-morphologies of the MAO coating and the MAO-ED composite coating. It can be seen that uniformly distributed micro-pores, melts and micro-cracks have appeared on the MAO coating surface (Figure 1a). Meanwhile, there are also many visible crater-like channels on the MAO coating surface During the MAO process, the instantaneous high-energy caused by discharge sparks repeatedly break down the oxidized coating which is formed on substrate surface, resulting in a lot of melts around the breakdown channels. Under the synergistic effect of high temperature and pressure, complex electrochemical reactions take place between the melts and the solution in the channels, causing the deposition of MgO and other calcium/phosphor salts on the channel inwall and around the channel openings. When the melts are exposed to the electrolyte, the quenching process can cause thermal stress, resulting in the formation of micro-cracks (Zhou et al., 1999; Chen et al., 2010a, b, 2015a; Liu et al., 2010).


[image: image]

FIGURE 1. Morphologies of the coatings (a) surface morphology of MAO coating; (b) surface morphology of MAO-ED coating; (c) cross-section morphology of MAO coating; (d) cross-section morphology of MAO-ED coating.


After the ED process, a new ED coating with few micro-pores and/or micro-cracks can be observed on the surface of the sample (Figure 1b). The surface porosity of the MAO-ED coating decreases from 5.63% (before the ED process) to 0.81% for that the MAO coating with high porosity offers considerable sites for the growth of HA. Nano-sized HA-rods are easily accommodated and developed in the micro-pore at the early stage of ED. The porous layer is gradually covered by the deposition layer with the increase of treatment time. In this way, the porosity decreases after the ED process (Gao et al., 2011; Xiong et al., 2014), indicating that the micro-pores and micro-cracks are effectively blocked by the ED coating, which leads to a smoother and denser sample surface. Based on the EDS analysis, it is found that the Mg content of the coating decreases while the contents of Ca and P have increased after the ED process (Table 3). The Ca/P ratio of the MAO-ED coating surface is 1.60, which is very close to that of the HA powder used in the experiment (O: 67.78 at%; Ca: 20.02 at%, P: 12.20 at%) (Meng et al., 2011; Bakhsheshi-Rad et al., 2014).


TABLE 3. Element contents of the coatings on ZK60 Mg alloys derived from EDS analysis (at%).
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Wettability is an important factor to evaluate the biocompatibility of biomaterials. Cells prefer to adhere to and grow on hydrophilic surfaces, that is, the higher the wettability is, the better the cell compatibility will be (Gu et al., 2013). When the contact angle of water to the material surface is less than 80°, cells can adhere to and grow on the surface (Gu et al., 2013). The contact angle of water to the MAO-ED coating is 0°, making the water easy to spread out on the surface completely. Hence, owing to the good wettability, the MAO-ED composite coating is expected to have a better biocompatibility and bioactivity (Pan and Yoon, 2018).



Cross-Sectional Morphologies and Element Distributions

Figures 1c,d shows the cross-sectional morphologies of MAO coating and MAO-ED coating. Both through-holes and blind-holes can be observed on MAO coating (Figure 1c). Corrosive media like Cl– can permeate into the coating easily through the through-holes so that the substrate can be corroded quickly. Fortunately, the loose and porous surface of MAO coating meets the requirements of electrophoretic deposition (insulating, uniform, and porous). The micro-pore grooves provide preferable positions for the deposition of HA particles. Therefore, a considerable number of HA particles enter into the MAO coating through the through-holes (as indicated by arrows in Figure 1d), resulting in the formation of a mechanical bond interface between ED coating and MAO coating. Hence, HA particles will not easily fall off from the surface of the sample. The other HA particles deposit on the MAO coating surface. The deposited HA layer with a thickness of about 5 μm is uniform and dense (Figure 1d). Such a flawless coating can provide a good barrier against the invasion of corrosive ions, which is consistent with the results shown in Figures 1a,b.

Figure 2 shows the element distributions of Mg, Ca and P in MAO coating and MAO-ED coating. Due to the existence of micro-pores and micro-cracks, discontinuous element distributions are observed in MAO coating. After the ED process, one can observe that a layer with higher Ca-P content is formed and covers the original MAO coating surface. From the enlarged view of the through-hole position (as shown by an arrow), Ca and P are embedded in the hole, verifying that the micro-pores have been sealed.


[image: image]

FIGURE 2. Element distributions of MAO coating and MAO-ED coating.




Analysis of Phase Constituent

XRD patterns of MAO coating and MAO-ED coating are shown in Figure 3A. MAO coating mainly consists of Mg, MgO, silicates and phosphates, while the MAO-ED coating is mainly made up of MgO and HA. The existence of HA peaks illustrates that the deposited HA particles form an intact and dense layer on the MAO coating surface. However, even though the HA diffraction peaks in the XRD pattern of MAO-ED coating are well matched with HA standard diffraction peaks, it is still not sufficient evidence to prove the existence of HA deposition on the surface of MAO coating. HA in solutions, especially acidic solutions with low pH values, usually forms a thermally unstable intermediate phase of octacalcium phosphate (Ca8H2(PO4)6⋅5H2O, OCP) (Burg et al., 2000; Han et al., 2003). The crystal structure of OCP is very similar to that of HA, which has almost identical diffraction peaks within 20°∼40° of 2θ. It’s difficult to effectively distinguish these two calcium phosphate salts by XRD. Therefore, FT-IR was employed to further confirm the phase constituent of coatings.
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FIGURE 3. XRD patterns of MAO coating and MAO-ED coating (A) and FT-IR of HA and MAO-ED coating (B).


Figure 3B is a comparison of FT-IR patterns between HA powder and MAO-ED coating. It can be observed that compared to those of HA power, there is no change in relevant peak positions like the asymmetric stretching vibration absorption peak of PO43– near 1,033 cm–1, the bending vibration absorption peaks of PO43– near 603 and 631 cm–1, and the vibration absorption peak of OH– near 3,424 cm–1. Each peak of MAO-ED coating is sharper than that of HA, indicating a high crystallinity of MAO-ED coating. However, the position and width of peaks of HA powder and MAO-ED coating are almost the same as each other, illustrating there is no phase transformation of HA after the ED and sintering process.



Degradation Behavior of MAO-ED Coating


SBF pH and Weight Gain of Samples

Figure 4 shows the variations of SBF pH values and weight gain of samples vs. immersion time. As shown in Figure 4A, the solution pH experiences a shape of ‘Λ’ change during the first 2 days, followed by a slow increasing period until the end. According to the study of García Rodenas et al. (2005), it can be inferred that ionization equilibrium reactions as shown from Eqs 2–5 and synthesis reactions as shown from Eqs 6–8 take place during the immersion (Wang et al., 2019).
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FIGURE 4. Results of immersion tests: (A) variations in pH value of the SBF over time and (B) weight gain of MAO-ED samples after SBF immersions.


At the beginning of immersion, the decomposition of the deposited HA layer produces a lot of OH– (as shown in Eq. 2), leading to a fast increase of pH value. With the increase of Ca2+ and PO43–, Ca-P compounds are deposited while some ions of OH– in SBF are consumed (as shown in Eqs 3–5), leading to the decrease of pH value. During the 20 days of immersion, the decompositions of HA layer and the deposition of immersion products take place simultaneously. Hence, the pH value maintains a slow growth.

[image: image]

According to the discussion above, the composite coating with a Ca/P ratio of 1.60 (similar to that of HA) makes it easy to induce Ca2+ and PO43– in SBF and cause deposition on the coating surface (Yanovska et al., 2012). Therefore, the damage of solution to substrate was mitigated. During 20 days of immersion, the weight gain of samples increases at first and then decreases 15 days later (Figure 4B). It shows that the deposition of immersion products is the main reaction as compared with the degradation of MAO-ED coating at the early stage of immersion, causing the obvious weight gain of samples. At the late stage of immersion, the inducing ability decreases due to the deposition layer becoming thicker. At that time, the degradation of MAO-ED coating became the main reaction instead of the deposition of immersion products. Therefore, the weight gain of samples has decreased. However, the coating is still not completely decomposed, which effectively protects the substrate from the ingression of corrosive media and ensures the good mechanical properties and biocompatibility in the early stage of implantation. In the previous work, the degradation rates of MAO coating and Mg alloy were studied (Wang et al., 2018). It showed that after a 20-day immersion, the weight-loss rate of MAO coating reached 12% and the weight-loss rate of Mg alloy substrate reached 35% while the weight gain rate of MAO coating was 0.02%. It is the deposition of HA layer that effectively repairs the micro-pores and micro-cracks on the surface of the MAO coating and greatly improves the degradation rate of the coating. After the deposition, the MAO-ED coating possessed good biocompatibility and bioactivity, which is able to induce the growth of bone (Bose et al., 2015). The new bone can grow from the junction of the HA implant and original bone and can develop along the surface or internal space of the implant. Therefore, MAO-ED coating is in the state of weight gain during the whole immersion process.



Surface Morphologies and Element Contents

Coating surface morphology varies a lot at different immersion times (Figure 5). Some ball-like deposits as well as some micro-cracks (as shown by the arrow in Figures 5a,b) can be observed to be stacked on the surface after 5-day immersion. The Ca/P ratio of the MAO-ED coating is 1.69 after a 5-day immersion, which is higher than that of the original MAO-ED coating (1.60). After 10 days of immersion, ball-like deposits cover the surface of the sample and some deposits are agglomerated (Figures 5c,d). Meanwhile, the micro-cracks on the surface further expand and divide the surface into many polygonal plates. According to Figure 6A, the main phases of the sample surface after the 10-day immersion are MgO, CaMg3(CO3)4, Ca9HPO4(PO4)5OH and HA, among which CaMg3(CO3)4 and Ca9HPO4(PO4)5OH are the deposits.
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FIGURE 5. Morphologies of MAO-ED coating samples after different immersion days: (a,b) 5 day, (c,d) 10 day, (e,f) 15 day and (g,h) 20 day.



[image: image]

FIGURE 6. XRD patterns (A) and element contents (B) of MAO-ED coating samples after different immersion days.


Many researchers believe that the micro-cracks on the MAO coatings result from the volume-shrinking effect, which is caused by the loss of moisture during the drying process (Li Y. et al., 2014; Liu et al., 2014; Agarwal et al., 2016). However, this statement cannot explain this phenomenon completely. The generation and propagation of micro-cracks are also related to the local corrosion. The uneven thickness of HA layer leads to the local corrosion and the inconstant degradation rate during immersion (Zhao et al., 2013). With the increase of immersion time, the corrosion areas gradually increase, leading to the expansion and deepening of micro-cracks. Then micro-cracks connect to each other and gradually divide the coating into small pieces, which ultimately leads to the failure of the coating.

After the 15-day immersion, there are fewer ball-like deposits but wider micro-cracks on the sample surface (Figure 5e). Some deposits are observed to be dissolved (Figure 5f). After 20-day immersion, small fresh ball-like deposits are still presented on the sample surface (Figures 5g,h). However, the degradation products have obviously increased. Broadened micro-cracks as well as micro-pores are observed (Figures 5g,h). Based on the EDS examination, Ca and P contents on coating surfaces after different days of immersion are listed in Table 4. It can be drawn from Table 4 that the Ca/P ratio of coating surface decreases as the immersion time increases, indicating the weakening of the potential osteoinductivity.


TABLE 4. Ca and P contents on coating surface after different immersion days.

[image: Table 4]
The XRD patterns of soaked coatings (Figure 6A) show that the diffraction peaks of MgO, CaMg3(CO3)4 and Ca9HPO4(PO4)5OH weaken as the immersion time increases. In comparison, the diffraction peak of HA apparently intensifies. According to the analysis of decomposition products during immersion by García Rodenas et al. (2005) and Wang et al. (2019), it can be inferred that the deposition rate of Ca-P products induced by the HA layer gradually increases, hence the deposition product layer becomes thicker, covering the original HA layer. However, with the thickening of the deposition products, some parts of the HA layer are covered and isolated from SBF. Hence the deposition rate decreases. When the deposition rate is lower than the decomposition rate, the weight gain of the sample decreases (as shown in Eqs 6–8).

The changes in the atomic percentage of the elements on the MAO-ED coating surface during immersion are shown in Figure 6B. The original MAO-ED coating contains Ca, P and O, which are the main compositions of the HA layer. Since the MAO coating has been covered by the deposited HA layer after the ED process, Mg can hardly be detected during the immersion. C content monotonically increases during the immersion, specifying the increasing amount of carbonate deposits on the sample surface. Ca and P contents increase during the first 5 days, indicating that the increased deposits contain Ca and P, which is consistent with the above analysis. During the latter 15 days of immersion, Ca and P contents decrease to relatively stable values. By comparing the variations of Ca and P with that of C, it indicates that the dissolution and deposition of immersion products take place simultaneously.



Cross-Sectional Microstructures

Figure 7 shows the cross-sectional morphologies and element distributions of MAO-ED coating at different days of immersion. After the 5-day immersion, a Ca- and P- enriched deposition layer with a thickness of ∼8 μm is observed on the coating surface (the first row of Figure 7). As mentioned above, a large amount of Ca and P are also presented in the micro-pores of the MAO coating and the thickness of the ED coating is about 5 μm (Figure 2), which indicates that a dense and uniform corrosion product layer is deposited on the ED coating. After a 10-day immersion, the corrosion product layer becomes thicker, however, micro-cracks and decomposition of deposits are observed at some regions (the second row of Figure 7). After a 20-day immersion, larger-sized micro-cracks and micro-pores on and in the coating (Figures 5g,h, 7) result in the imperfections caused by the corrosion of the product layer, accelerating the degradation of the MAO-ED coating. Similar to other materials, the MAO-ED coating can be corroded due to the permeation of SBF solution through micro-cracks and micro-pores (Qin et al., 2017; Chen L.Y. et al., 2018; Sang et al., 2019; Zhang L. et al., 2019). However, the deposits are still thick enough to prevent SBF solution from completely corroding the MAO-ED coating (Luo et al., 2008; Gu et al., 2012). It has been reported that if the coating on the implant material remains intact for the first 3–6 weeks, the chances of osseointegration will increase significantly (Song et al., 2010). Therefore, the deposition of the HA layer by MAO-ED technology is a reliable method to reduce degradation rate and improve biocompatibility of Mg alloys in vivo.
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FIGURE 7. Element distribution on the cross section of MAO-ED coatings.




FT-IR Patterns

Figure 8 displays the infrared spectra of corrosion products deposited on the MAO-ED coating sample surface. No obvious change in the functional groups of corrosion products are observed during 20 days of immersion. The weak peak at 870 cm–1 belongs to the characteristic absorption of HPO42–. Another two strong absorption peaks at 556 cm–1 and 1,055 cm–1 are assigned to the P-O stretching vibrations. According to the XRD spectra of the corrosion products, these types of functional groups are ascribed to Ca9HPO4(PO4)5OH phase which decomposed from the HA layer. As the immersing time prolongs, the intensities of these peaks greatly decrease while their widths increase, indicating that Ca9HPO4(PO4)5OH is gradually covered by the new sediments. New absorption peaks at 1,410 and 1,647 cm–1 are respectively assigned to the C-O and C=O stretching vibrations, where the intensities of these two peaks increase with increasing time of immersion (Figure 8). Based on the phase analysis, it can be considered that C mainly originates from the corrosion product CaMg3(CO3)4 and it is presented in the form of carbonate on the sample surface. As shown in Figure 8, absorption peaks at 3,430 cm–1 are observed in all spectra, which are assigned to the absorption of O-H stretching vibration of corrosion products. As the immersion time prolongs, peaks at 3,430 cm–1 become more intense owing to the increase of O-H content. The intensities of peaks at 3,430 cm–1 increase, indicating that the content of HA synthesized on the sedimentary surface gradually increases during immersion.
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FIGURE 8. FT-IR of MAO-ED coating samples after different immersion days.




Electrochemical Characteristics and Degradation Model of MAO-ED Coating in SBF

In order to deeply understand the degradation mechanism of MAO-ED coating in SBF solution, electrochemical impedance spectroscopy was conducted on the immersed samples with different days of immersion. Figure 9 shows the Nyquist diagram and Bode diagram. Table 5 lists the fitted results of EIS. Combining the results from Figures 5, 7, 9, a degradation model of MAO-ED coating in SBF is suggested based on the double-deck coating on Mg alloys (Li B. et al., 2014; Wang et al., 2019), which can be divided into three stages: deposition product formation stage, crack propagation stage and internal corrosion stage respectively (Figure 10). Fitted equivalent circuits of EIS data corresponding to the three stages are shown in Figure 10. In the equivalent circuits, Rs represents solution resistance, Rcp represents the deposition layer resistance, Rct represents charge transfer resistance, Rh represents HA layer resistance, and Rm represents MAO coating resistance. The interpretation of Figures 9, 10 and Table 5 will be presented along with three stages of degradation model for MAO-ED coating immersed in SBF.


TABLE 5. Fitting EIS data of MAO-ED samples in SBF after different immersion days.
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FIGURE 9. Nyquist (A) and Bode (B) plots of immersed MAO-ED coating samples in SBF.
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FIGURE 10. Equivalent circuit models of MAO-ED samples in different stages in SBF: (a) Deposition product formation stage, (b) Crack propagation stage, (c) Internal corrosion stage.



Deposition Product Formation Stage

The coating degradation model in SBF during the deposition product absorption stage (0- to 5-day immersion) is shown in Figure 10a. During immersion, SBF solution can only slowly penetrate the ED coating to finally reach the MAO coating. At the beginning of immersion, the HA layer firstly contacts SBF, leading to the decomposition of HA (Eqs 2 and 3). Afterward, Ca-P compounds are formed by the accumulation of Ca-P ions on the MAO-ED coating surface. After 5-days of immersion, the impedance arc of MAO-ED coating is the largest (as indicated by arrow in Figure 9A), which specifies that the MAO-ED coating of 5-day immersion has the highest impedance (as well as highest density) compared with other MAO-ED coatings with different immersion days. A uniform and dense layer is then deposited after 5-days of immersion, which is consistent with the morphologies shown in Figures 5, 7. Micro-cracks in the layer have not yet expanded and therefore the layer can still protect the substrate (Figure 10a). Table 5 shows the fitting EIS results. The Rcp is relatively large after 5-days of immersion. Compared with other MAO-ED coatings with different immersion days, the Rct value of the 5-day immersed sample indicates that there is no obvious interior corrosion. During this stage, absorption plays the dominant role in the product of deposition on the coating surface, so that the corrosion medium has difficulty penetrating into the coating through micro-cracks on the surface. From the analysis above, the deposition products of this stage contain HA and phosphates. Hence the Ca/P ratio of sample surface increases. It can be speculated that the biocompatibility and bone inductivity of MAO-ED coating can be effectively improved during the beginning stage of implantation.



Crack Propagation Stage

The coating degradation model of the crack propagation stage (5- to 15-day immersion) is shown in Figure 10b. As the immersion time prolongs, micro-cracks on the surface propagate due to the further corrosion by SBF. Based on the former analysis, the decomposition rates of HA are distinct in different areas, hence micro-cracks in some areas have propagated across the deposition product layer during this stage. As a result, SBF can permeate the ED coating (i.e., the electrophoretic deposited HA coating) through the micro-cracks, leading to the degradation of the ED coating. Therefore, the degradation rate gradually becomes higher than the deposition rate. According to the Table 5, the Rct value decreases from 6.99 × 104 Ω cm2 (5-day immersion) to 2.11 × 104 Ω cm2 (15-day immersion) and the Rcp value of the deposition product layer also decreases obviously (Table 5). It indicates that micro-cracks accelerate the corrosion of the deposition product layer and both the deposition product layer and the ED coating are degraded. Therefore, the degradation rate of the deposition product layer becomes higher. It can be seen from Table 5 that the Rh value of the ED coating does not decrease during this stage, illustrating that the coating can still protect the Mg alloy substrate. The reason is that the ED coating can still induce the Ca and P from SBF to form deposits on the sample surface. Meanwhile, the degradation reactions are not strong enough to take the dominant place of deposition reactions.



Internal Corrosion Stage

The coating degradation model of the internal corrosion stage (after 15 days of immersion) is shown in Figure 10c. After 15 days of immersion, a large number of micro-pores are presented on the sample surface. Through-cracks and local peeling-off of ED coating can also be observed on the cross-section morphologies (Figure 10c). ED coating gradually becomes porous and loose due to degradation. Consequently, SBF can easily reach and corrode the MAO coating and even the substrate. The amount of corrosion products [such as Mg(OH)2] and the pH value of the SBF solution gradually increase over immersion time. The degradation of the MAO coating gradually becomes dominant in this stage and the degradation behavior at micro-crack areas can be referred to the MAO coating degradation model in literature (Wang et al., 2018). The degradation model for MAO coating in SBF explains the degradation process and corrosion mechanism for the sample in different periods. In terms of the fitting results (Table 5), the values of Rh, Rm, and Rcp which represent the impedances of ED coating, the MAO coating and the deposition product layer, decrease. Especially, the Rct value decreases to 1.03 × 104 Ω cm2, indicating that the inner MAO coating is further corroded by the SBF solution.



CONCLUSION

In this work, ZK60 Mg alloy was micro-arc oxidized (MAO) and followed by electrophoretic deposition (ED) process. Both micro-arc oxidized coating samples with and without electrophoretic deposition treatment were investigated. After the examinations of microstructures, phase constituents, immersion tests and electrochemical measurements, some key points can be concluded as follows:


(1)ED process applied to MAO coating can produce a flat and uniform hydroxyapatite (HA) layer, effectively covering the micro-pores and micro-cracks on the original MAO coating. Ca/P ratio of the MAO-ED coating surface reaches 1.60 which is close to the standard value (1.67) of implants. Meanwhile, the MAO-ED coating can be entirely wetted by water, indicating a nice biological performance to be used as implants.

(2)The main deposition product of Ca9HPO4(PO4)5OH at the beginning of immersion gradually changes to HA on the MAO-ED coating during the later immersion period, indicating a good HA inducing ability of the coating and thereby a good potential biocompatibility. Deposition of Ca-P compounds and degradation of the coating take place simultaneously. When the degradation rate is higher than the deposition rate, degradation becomes the dominant reaction and the coating would gradually fail.

(3)The degradation model of the composite coating is suggested to explain its degradation behavior at different stages during immersion in detail. It can be inferred that the degradation rate of the MAO-ED coating mainly depends on its ability for inducing Ca-P compounds and corrosion resistance.
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