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Abstract

:

Magnesium (Mg) has been explored during the last few decades in the biomedical industry as a biodegradable implant. However, mechanical properties and corrosion resistance are still big concerns for clinical use. Therefore, this study proposes a suitable surface modification of the Mg by plasma electrolytic oxidation (PEO) to improve its corrosion resistance and biological performance. Mg samples were processed in a galvanostatic mode using an electrolytic solution of a phosphate compound supplemented with either potassium pyrophosphate or sodium-potassium tartrate. The obtained coatings were physiochemically characterized by SEM, XRD, EDS, and micro-Raman spectroscopy. The corrosion resistance of the coatings was studied using a hydrogen evolution setup and electrochemical tests. Finally, the biological performance of the material was evaluated by using an indirect test with osteoblasts. Obtained coatings showed a porous morphology with thicknesses ranging from 2 to 3 µm, which was closely dependent on the PEO solution. The corrosion resistance tests improved the degradation rate compared to the raw material. Additionally, an unreported active–passive corrosion behavior was evidence of a protective layer of corrosion products underneath the anodic coating. Indirect in vitro cytotoxicity assays indicated that the coatings improved the biocompatibility of the material. In conclusion, it was found that the produced coatings from this study not only lead to material protection but also improve the biological performance of the material and ensure cell survival, indicating that this could be a potential material used for bone implants.
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1. Introduction


Magnesium (Mg) is a biocompatible and bioabsorbable material that has been extensively explored during the last few decades as a biomedical implant. Due to its similarities with the mechanical properties of the bone, Mg seems to be a promising candidate for orthopedic implants [1,2,3,4]. However, the use of Mg is limited due to its high reactivity in aqueous media, in which Mg(OH)2 and hydrogen gas (H2) are produced in such a fast way that the body is not able to control them [5]. The release of high levels of OH- ions in a biological environment increases the pH, affecting the survival of the cells, considering that the physiological pH range of the body is between 7.4 and 7.7. On the other side, the accumulation of H2 in the implant-material interface produces gas pockets or cavities, affecting the osseointegration process and leading to necrosis in the surrounding tissue [6,7].



The biocompatibility and mechanical performances of the Mg can be improved by different strategies, such as alloying elements or coatings [2,5,8]. Regarding Mg-alloys, some of the most popular are WE43, AZ31, and AZ91, which are designed in principle for industrial purposes [8,9,10]. The biological validation of those materials has reported cytotoxic restrictions regarding some alloying elements. For instance, aluminum (Al) and rare earth (RE), despite promoting mechanical and corrosion resistance in Mg alloys, are considered toxic [11]. Al may induce neurological disorders [12], while RE leads to severe hepatotoxicity [13]. New alloys, including compatible elements such as Zn, Ca, and Sr, have been explored [14,15,16] to obtain an optimal alloy that combines good mechanical properties with high biocompatibility while decreasing the side effects during the degradation process of the implant. On the other side, coatings for Mg can be produced by two strategies: by deposition of new material on the surface or by growing the coating in situ. In this last group, plasma electrolytic oxidation (PEO) (also called micro-arc oxidation (MAO)) stands out as a simple, low-cost, reproducible, and effective technique.



The process consists of the oxidation of the material in a controlled and uniform way, generating a protective coating that improves the corrosion resistance and biocompatibility of the material [17]. In the PEO process, work parameters such as current density, voltage, time, and electrolytic solution can be modified and determine the final properties of the coating in aspects such as thickness, chemistry, and morphology [18,19]. The addition of elements and different compounds to the electrolytic solution plays an essential role in the composition and physicochemical characteristics of the coatings. Some of the most reported compounds used for Mg coatings are based on SiO32−, PO43−, and AlO2− ions [19]. A phosphate-base electrolyte seems the best choice for orthopedic implants since phosphate species are essential for bone regeneration. This component is essential for hydroxyapatite deposition [20]. As part of the Mg coating, it improves its mechanical and corrosion resistance properties [5,21]. Even though phosphate base solutions have been extensively used for PEO treatment of Mg-alloys [17,21], only a few studies reported coatings formed on commercially pure magnesium (c.p. Mg). To produce a material with potential use for bone applications and avoid using alloys, this study aimed to produce a new coating produced on c.p. Mg by the PEO technique. A new formulation was tested, consisting of a base solution of sodium phosphate supplemented with either potassium pyrophosphate or sodium-potassium tartrate to improve the corrosion resistance and biocompatibility of the material.




2. Materials and Methods


2.1. Sample Preparation


Square samples of 1 cm × 1 cm × 0.1 cm of c.p. Mg (99.9%) were grounded with SiC papers up to grit 2000. Afterward, samples were cleaned in acetone and distilled water in an ultrasound bath for 15 min in each solution. The PEO process was carried out in a power supply (Matssusada Vol. 500-20, Charlotte, NC, USA). A stainless steel beaker was used as a cathode and the sample as the anode for the set-up. The base electrolytic solution consisted of Na3PO4 and NaOH, supplemented with either potassium pyrophosphate (K4P2O7) or sodium potassium tartrate (KNaC4H4O6). The system was immersed in a cooling water bath to control the evaporation of the solution. Samples were anodized in galvanostatic mode at 135 mA·cm−2 for 600 s. A summary of the working conditions is presented in Table 1.




2.2. Material Characterization


Analysis of the chemical composition of the three coatings was performed using energy dispersive X-ray spectroscopy-EDS (OXFORD INCAPentaFET-x3, Abingdon, U.K). X-ray diffraction (XRD) analyses were realized in Empyrean PANalytical equipment with Cu Kα anode radiation (0.1541874 nm). The data were collected in the 2θ range from 10° to 100° at a scanning rate of 0.03° min−1. Raman spectroscopy analyses were performed in a Micro-Raman Jovin Yvon Horiba, Model Labram High-Resolution Spectrometer, equipped with a confocal microscope Nikon BX41 (Tokyo, Japan), through a 50× objective, with a laser of He/Ne (632.5 nm). Raman spectra were registered with a pinhole of 1000 μm, a slit of 200 μm, and a scanning range from 100 to 2000 cm−1. In addition, the surface morphology and thickness of anodized samples were observed by a scanning electron microscope (SEM) (JEOL JSM 6490 LV, Peabody, Massachusetts, USA). Samples were mounted in resin and then polished with 1 µm alumina powder to a mirror finish to analyze the cross-sections of the coatings.




2.3. Corrosion Tests


2.3.1. Immersion Test


Samples were immersed in simulated body fluid (SBF) prepared based on the Kokubo guidelines [22] and maintained at 37 °C for five days in a water bath system. The surface and cross-section of the samples were studied with SEM (JEOL JSM 6490 LV) and EDS (OXFORD INCAPentaFET-x3). Additionally, the degradation rate of the samples was calculated based on a hydrogen evolution test conducted for 90 days in a 0.9%w/v NaCl (reagent grade, Merck, Rahway, NJ, USA) aqueous solution at 22 ± 3 °C. For comparison, a sample of c.p. Mg was included. The hydrogen evolution test was performed by suspending the samples using a fishing line to avoid the sample surfaces contacting the walls of the glass beaker used to contain the sample. As widely reported in the literature, a glass funnel and a burette were employed for hydrogen collection and volume measurement. Temperature and atmospheric pressure were 22 ± 3 °C and 0.85 bar, respectively. The amount of evolved hydrogen was measured daily in triplicate, with the average values presented in the results.




2.3.2. Electrochemical Test


A potentiodynamic polarization test was performed using an Autolab PGSTAT 302 potentiostat, starting from the open circuit potential (OCP) with a scan rate of 0.33 mV/s. Measurements were made using an Ag/AgCl KCl 3 mol L−1 (ESHE = 209 Mv) reference electrode in a solution of 0.9%w/v NaCl (reagent grade, Merck) at room temperature. A platinum mesh was used as a counter electrode, and the test area was about 0.78 cm2.





2.4. Cytotoxicity Tests


The toxicity of the material was evaluated by an indirect test. Extracts of the samples were obtained from the immersion of three different samples with dimensions of 1 cm × 1 cm × 0.1 cm in 1 mL of McCoy’s 5A Medium (Invitrogen, Waltham, MA, USA) supplemented with 10% of fetal bovine serum (FBS) (Invitrogen) for 24 h. On the other side, osteoblasts from the cell line Saos-2 (ATCC® HTB-85™, Virginia, USA) were seeded at a concentration of 10.000 cells/cm in a 96-well plate and incubated at 37 °C with 5% CO2 and 95% relative humidity for 24 h. Then, the culture medium was removed and replaced with extracts diluted at different concentrations (100%, 50%, 25%, 12.5%, 6.25%, 3.12%, 1.56%, and 0.78%) and incubated at culture conditions for another 72 h. After that, the mitochondrial activity was measured by adding thiazolyl blue tetrazolium bromide (MTT) (Sigma, Cream Ridge, NJ, USA) at a concentration of 5 mg/mL in a ratio of 10 µL for each 100 µL of culture medium. Cells were incubated for 3 h, then the medium was removed, and the crystals of formazan produced were dissolved with DMSO. Finally, the optical density was measured at 570 nm in a spectrophotometer. The mitochondrial activity was measured after normalizing the values and compared to the control cells without any extracts. Each condition was evaluated in triplicate. The average and standard deviation were calculated and plotted using GraphPad Prism Version 7.03.3.





3. Results


3.1. PEO Process


Voltage-time curves of the PEO process for each sample are shown in Figure 1. Three distinct regions are observed: the first stage (i) shows a rapid rise in voltage where a compact layer begins; during this stage, the films grow following a linear relationship between voltage and treatment time, forming a barrier film, and ionic processes mostly conduct the charge. In the second stage (ii), a maximum voltage is reached, starting the discharge of sparks on the surface and producing a continuous process of melting/oxidation of the material; at this stage, the linearity of V vs. t is lost and the efficiency of the process gradually decays as the electron current component of the total current progressively increases. The maximum voltage registers for each solution were 276.8 V, 227.7 V, and 279.5 V for M1, M2, and M3, respectively. At this point, the crystallinity of the film occurs. Finally, in the third stage (iii), the voltage stabilizes, the sparks grow in size over time, the film thickness reaches its maximum value, and continuous breakdown events take place, leading to the final morphology of the PEO film and a largely increased proportion of electron current in the total current of the process. Rapid voltage fluctuations in stage III are related to the breakdown and healing of the coating during spark occurrence; more significant fluctuations are observed for M3, followed by M1 and M2. Further details on the PEO mechanism can be found elsewhere [17].




3.2. Characterization of the PEO Coatings


The composition, surface morphology, porosity, and thickness of the coatings are highly influenced by the species present in the PEO electrolyte. SEM images of surfaces and cross-sections of the PEO coatings obtained are shown in Figure 2. All the samples showed a porous morphology, characteristic of coatings obtained by PEO. The coatings of sample M1 showed a lower porous density than those of samples M2 and M3, which, oppositely, showed the most homogeneous morphology. M1 was anodized with the base electrolytic solution without additives, and the resulting coating showed a surface with several superficial cracks and circular pores of different sizes (Figure 2a). The cross-section of this sample (Figure 2d) shows a low internal porosity.



On the other hand, M2 coating, which adds K4P2O7, results in a more homogeneous surface with pores with lower dimensions (Figure 2b). The cross-section of this sample shows a porous coating in which most of the pores are concentrated in the inner part of the coating close to the barrier layer and a more compact structure is observed on the outer region. In the case of M3 (Figure 2c), adding KNaC4H4O6 leads to even smaller porosity at the surface with some big porous structures in a random distribution. In the corresponding cross-section SEM image (Figure 2f), the internal morphology of the coating is similar to that of M2; however, some passing through pores was observed. The thickness dimensions for all the coatings were similar, ranging from about 2 to 3 µm.



The chemical compositions of all the coatings are presented in Table 2. The incorporation of phosphorus and sodium from the PEO solution was found in all coatings but in a lower percentage in the M3 sample. Only in M2 was the presence of potassium (K) detected.



XRD results are shown in Figure 3. This analysis evidenced the formation of Mg3(PO4)2 in the three coatings with characteristic peaks of high intensity, varying with the PEO electrolyte. The Raman results in Figure 4 clearly show magnesium oxide (MgO) peaks in all three samples. The characteristic bands are located at 1500 and 2000 cm−1. Another phase observed was Mg3(PO4)2, with bands at 1000 and 1200 cm−1, respectively. Additionally, bands at 270 and 450 cm−1 indicated that Mg(OH)2 was detected. According to the Raman peaks intensity, there is no apparent difference in the three species between the samples.




3.3. Corrosion Tests


3.3.1. Immersion Test


After 5 days of immersion in SBF, the chemical composition of the surface samples was studied by EDS analysis, and the results are summarized in Table 3. According to this, calcium (Ca) and chlorine (Cl) became part of the coating, and the concentration of phosphate (P) increased for all the samples, suggesting the formation of calcium phosphate compounds.



Images of the surface and cross-section of the coated samples after immersion for 5 days in SBF are shown in Figure 5. Comparing with the samples before the immersion, it is observed that significant changes took place in both surface morphology and porosity. Additionally, the cross-sections of the samples after immersion (Figure 5d–f) show that the coatings reacted with the electrolyte, resulting in variations in both internal morphology and thickness of the coating. However, despite all these changes, the coatings are still present in all cases. Moreover, the corrosion process is evidenced by the changes in the coatings and the reaction of the substrate, as evidenced by the layer of corrosion products observed underneath the coating; this layer appears to be more abundant for M1 (Figure 5d).



Figure 6 and Figure 7 show the XRD and Raman results for all samples after the immersion test. It is possible to observe that calcium phosphate was present in all the coatings.



The phosphate species from the electrolyte react with Mg2+ ions from the substrate to form Mg3(PO4)2, as confirmed by XRD, Raman, and EDS results (Figure 6 and Figure 7, and Table 3, respectively).




3.3.2. Hydrogen Evolution


The degradation of Mg is directly related to hydrogen production, following the reactions below and resulting in Equation (1):
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Based on this, the degradation rate of the Mg samples was calculated using the results from the hydrogen evolution experiment and applying Equation (2).


   P H  = 2.279    V H   



(2)




where the constant 2.279 is employed to calculate the corrosion rate PH in mm·year−1 when the volume of evolved hydrogen VH is expressed in ml·cm−2·d−1, as reported in the literature [23].



The corrosion rate in terms of hydrogen evolution as a function of time is shown in Figure 8. All samples exhibited active–passive corrosion behavior. An initial rapid increase in corrosion rate reached a maximum at around 15 days of immersion, which was higher for the c.p. Mg followed by M1, M2, and M3. After that, the corrosion rate of the samples decreased. A reduction in the corrosion rate indicates passivation processes; however, this occurs differently for the three coatings. In M2 and M3, it took a couple of weeks, whereas for M1, passivation seems to start only after about three or four weeks of immersion. After about 30 days, the corrosion rate for M1 again rose with a steep slope until about 80 days, when it appeared to reach a maximum. For M2, the corrosion rate also decreased until approximately 30 days; after that, the behavior remained almost constant until the end of the test. In the case of M3, after a slight descent in corrosion rate at around 30 days, it was nearly constant for about 15 days more, with a small increment at the end of the test.




3.3.3. Electrochemical Test


Potentiodynamic polarization tests were conducted on bare and coated Mg samples to determine their electrochemical behavior in a saline solution. Figure 9 shows similar behavior for all samples, confirming the existence of active–passive behavior, as was previously observed in the hydrogen evolution test. Table 4 shows the corrosion potential (Ecorr), corrosion current density (icorr), passivation potential (Epp), passivation current density (ipass), pitting potential (Epit), and instantaneous corrosion rates calculated by polarization measurements (CR, Pi). The Ecorr moves towards more positive values, going from more negative values for M1, followed by M2, and finally, the more positive M3. All these values are more negative than the experimental value obtained for c.p. Mg, which was about −1.62 V. The Tafel extrapolation method from the cathodic branch of the polarization curves found the corrosion current densities obtained from polarization curves. The cathodic Tafel slopes observed at the polarization curves exhibited values of around 280 mV·dec−1.



By contrast, the coated samples exhibited significantly lower corrosion current densities. The corrosion current density of Mg was decreasing because the barrier action of the coatings was around two magnitude orders. Compared to this, the reduction of the corrosion rates in the coated samples taken from hydrogen evolution was just one order of magnitude lower than in the bare sample. The lower the Icorr, the higher the corrosion resistance, which can be related to forming protective barriers [24]. The polarization curves in Figure 9 for the coated samples show the occurrence of a passivation process in all anodized samples. Although passivation occurs at about the same potential, the pitting potential was more positive for the M1 sample, followed closely by the M3 and M2 samples, which showed the more negative value of the three coated samples. The pitting resistance, measured as the difference between the pitting and corrosion potentials, was higher for the sample coated in the base electrolyte (M1). In contrast, the samples processed in the M3 and M2 electrolytes presented similar lower values. M2 showed a higher passivation current, whereas M1 and M3 samples showed similar values.





3.4. Cytotoxicity Tests


Because of the high interference between Mg and the elements used to reveal the system, the indirect method used for cytotoxicity tests only considered lower dilutions [25]. For extract concentrations of 6.25% and above, cell viability was below 30%. Below a concentration of 6.25%, the viability of cells was high, and samples showed a non-toxic effect for the 3 anodized samples, as seen in Figure 10. With the decrease in Mg concentration, the number of dead cells also decreased. These results indicate similar behavior for the three coatings. No statistically significant differences among samples were observed (p > 0.05).





4. Discussion


The results obtained in the present study propose two new formulations to improve the corrosion and biological performance of the Mg. The coating formation by using the additives potassium pyrophosphate (K4P2O7) and sodium potassium tartrate (KNaC4H4O6) consisted of the three main steps usually reported in several previous studies and illustrated in the anodization curves (Figure 1) [26]. The obtained coatings presented the characteristic morphology of PEO coatings (Figure 2) [27], in which pores of different sizes and shapes are observed across the surface. The PEO process on Mg alloys induces the incorporation of elements from the electrolyte, resulting in different compounds [26,28]. In the present case, in addition to MgO, Mg3(PO4)2 was formed during the PEO process. Coatings containing these two compounds have been reported to be protective against corrosion [29,30]. Variations in internal porosity and thickness can be produced depending on the additive in the electrolytic solution. The form, distribution, and size of these pores are related to the sparks generated, which are also linked with the conductivity and nature of the electrolyte [26]. These effects are also evident in the cross-sections of the coatings (Figure 2), where variations in internal porosity and thickness are revealed. Analysis of the variations observed between the three samples studied here suggests that the more distinctive characteristic was the porosity of the PEO films, as little or no differences were detected in either chemical/microstructural composition (evidenced by EDS, XRD, and Raman results) or thickness. The surface morphology, which is the film porosity observed in Figure 2 (number and size of pores), appears to have an inverse relationship with the corrosion resistance of the film, while the number and size of the passing pores present a direct relationship with the corrosiveness of the sample. The corrosion resistance of the samples has this order: M2 > M3 > M1; for the surface porosity: M2 > M3 > M1; and the passing porosity: M1 > M3 > M2. Therefore, it is clear that the additives modified the electrolyte’s physical properties [31,32], affecting the morphology of the resulting PEO films. The observed morphologies agree well with the models proposed for PEO films on Mg alloys [17], with a porous surface layer followed by a more compact one, and finally, towards the PEO film/substrate interface, a thin barrier layer.



The morphological characteristics of the coatings allow for regulating the corrosion rate. Immersion of the coated samples and, consequently, the formation of corrosion products induce a reduction in the porosity, as suggested by the changes in morphology at the surface and in the cross-sections (Figure 5). During the first hours of immersion, the high hydrogen evolution indicates that the electrolyte initially reaches the metallic Mg substrate through the coating pores, reacting and forming corrosion products [33]. These products are mainly Mg(OH)2 [34] and result in the reduction of the corrosion rate of the samples as the hydroxide Mg layer grows at the coating substrate interface. Consequently, the aggressive species have more difficulty reaching the substrate material, and the corrosion rates gradually decrease, as depicted by the corrosion curves in Figure 8. Physicochemical characterization after the immersion of the samples showed a presence of calcium phosphate that was not detected before; this compound could be of great interest for biomedical applications since, according to the literature, it promotes cell-material interactions [18,30,35].



Finally, as the Mg(OH)2 layer continues thickening and blocking the entrance of aggressive species through the pores, the corrosion rate further decreases until reaching a more or less stable value after several days of immersion. This mechanism is similar to that proposed by other authors [36,37]. However, an active–passive behavior is proposed, which was also revealed by the potentiodynamic polarization curves of the anodized samples (Figure 9). In this manner, although the anodic coating does not fully protect the substrate, it improves the stability of the Mg(OH)2 layer, which appears to be responsible for the reduction of the substrate corrosion rate (Figure 5). In addition, considering that the cross-sections in Figure 5 reveal the existence of a continuous and relatively thick corrosion product layer already after 5 days of immersion. However, Figure 8 indicates that the corrosion rate only starts decreasing after 10 to 15 days of immersion; it can be concluded that a critical thickness of the Mg(OH)2 layer is required to induce a protective behavior of the surface. This thickness might be related to the characteristics of the anodic oxide film, as indicated by the differences of such a layer observed in Figure 5 and the variations in the curves in Figure 8. A later increase in the corrosion rate must be related to failures in the anodic oxide film, as proposed by Lin et al. [36]. Furthermore, the coating material is also attacked by the electrolyte, becoming thinner with time; however, the corrosion rate of the anodic layer appears to be very low, as it remains present on the surface all the time. This mechanism is depicted in Figure 11. The more evident effect of the additives on the mechanism of formation of PEO coatings described here is that the change in the physical properties of the electrolyte caused by the insertion of the additives (i.e., electrolytic conductivity) leads to a variation in the number of passing pores in the film, which directly affects the resistance to the entrance of aggressive ions and consequently the reaction of those ions with the Mg substrate. In other words, the introduction of the additives to the PEO electrolyte directly affects the corrosion resistance of the PEO film; this agrees with the results reported in Figure 5, where the layer of corrosion products formed underneath the PEO film appears to be thicker for M1. In addition, the reduction in the formation of passing pores is accompanied by an increment in surface porosity. Further work is required to establish if there is a relationship between the amount of additive and the corrosion resistance provided by the PEO treatment.



Generally, the corrosion rate of Mg alloys obtained from hydrogen evolution differs from other methods frequently used (for example, mass loss). This disagreement was explained by different authors [38,39], noting that those calculations did not consider the amount of hydrogen that remains dissolved in the electrolyte. In our experiments, the solution was pre-saturated with H2 to solve the problems related to dissolved H2. Other possible sources of error were negligible or easily avoided, including the variation of gas solubility with temperature and the polymeric material permeable to H2 in the measuring setup.



According to the electrochemical test, the corrosion current densities were found by the Tafel extrapolation method from the cathodic branch of the polarization curves. This procedure is the most recommended due to the existence of a cathodic control of the corrosion process of Mg and taking into account the existence of an anomalous phenomenon called the “Negative Difference Effect (NDE)” during the anodic polarization [40,41,42]. The essential feature of the NDE is that the rates of both the anodic and cathodic reactions increase with the applied anodic potential, which is unusual [39]. Furthermore, the cathodic Tafel slopes observed at the polarization curves exhibited around 280 mV·dec−1, usually reported for cathodic hydrogen evolution related to water reduction on Mg [41,42]. The icorr value for the c.p. Mg sample was 2.6 × 10−5 A·cm−2, which agrees with values reported in the literature [43].



The disagreement between the corrosion rates taken from hydrogen evolution and electrochemical measurements is broadly discussed in the literature, which is always related to the NDE anomalous phenomenon [40,41]. The corrosion products accumulate under the coating (Figure 5d–f), leading to a protective behavior as evidenced by a reducing and leveling hydrogen evolution rate (Figure 8). The transition between active and passive in the samples was evident in the coated samples. However, it was not so evident in uncoated Mg, as can be seen in the polarization curves (Figure 9). Thus, during the first hours of immersion, the pH value increases, and consequently, Mg(OH)2 becomes stable and precipitates into the coating pores, protecting the substrate against further corrosion. The formation of Mg3(PO4)2 might also contribute to the protection of the substrate, but to a lesser extent [44]. This mechanism is supported by observing a layer of corrosion products formed underneath the anodic coating, which is still in good condition after immersion (Figure 5). Despite the corrosion reaction affecting all substrate surfaces, as evidenced by the continuous layer seen in Figure 5, the presence of the coating reduces the active surface area.



Although the electrochemical results indicate that in the short term, the additives do not affect the corrosion resistance of the coating, in the long term, both additives significantly increase the corrosion resistance of the anodic coating, as evidenced by the hydrogen evolution test. In potassium pyrophosphate, the corrosion rate becomes about eight times lower than the coating without any additive, whereas for sodium potassium tartrate, the reduction is around four times that of the base electrolyte. Looking at the curves in Figure 8, the corrosion rate during the first hours of immersion is similar for the coatings with and without additives; however, the slope of the curves gradually reduces during the first couple of weeks of immersion. After that, lower corrosion rates are observed in M2 and M3 samples. Analysis of the chemistry of the coatings revealed nearly no differences; only the XRD results indicated that the M2 coating had no content of crystalline MgO.



The better corrosion performance of M2 compared with M3 could be related to the porosity characteristics of the coatings. The sparks and, consequently, the pores formed in potassium pyrophosphate (M2) are different from those in sodium potassium tartrate (M3), as confirmed in the surface images in Figure 5. After the immersion test, Mg(OH)2 is possibly formed on the coating surface due to the transformation of MgO [45], MgCl2 formed from Mg(OH)2 [46], and Ca3(PO4)2 from the electrolyte (Figure 6 and Figure 7).



The coatings formed on Mg in the present study seem to be a good option for producing Mg biomaterials. The in vitro assay results indicated that cells survived more than 75%, meaning these surfaces are non-toxic to humans [47]. Therefore, in addition to controlling the corrosion rate of Mg and, consequently, the mechanical integrity of the material; also, the survival of cells is assured. The latter could be explained as when the corrosion process of Mg is reduced and the formation of OH- ions is controlled. Being OH− a byproduct of that reaction (Equation (1)), the evolution of H2 is maintained at acceptable levels for the human body, and the pH of the medium is kept at values appropriate for cell survival [41]. However, bioactivity relies not only on the Mg substrate’s corrosion rate but also on the elements present in the coating. It is well known that calcium-phosphate species are convenient for interacting with a biomaterial surface and the surrounding tissue.



On the other hand, it has been reported that the formation of calcium-phosphate compounds on the surface of a bare Mg alloy is inhibited by the formation of Mg(OH)2 [48]. In the present study, anodization of pure Mg allows the formation of those Ca-P compounds during immersion in SBF, as evidenced by both XRD and Raman spectroscopy (Figure 9 and Figure 10). This consequently will help the formation of bone tissue on the surface of the Mg biomaterial.




5. Conclusions


PEO treatment of c.p. Mg in alkaline aqueous solutions allows for obtaining relatively thick porous coatings with different morphological characteristics. Morphological changes are mainly related to the size and distribution of the coating pores, and these variations depend on the chemistry of the electrolyte employed. According to the results of the present work, the more effective additive of the PEO film obtained in the coating without any additive protected the substrate, the corrosion resistance of the PEO film obtained in the coating without any additive provided protection to the substrate, and the corrosion resistance of the PEO coatings obtained with additives was much better and also more stable with time. Both immersion and electrochemical testing of the Mg substrate/anodic coating system reveal active–passive corrosion behavior. The anodic layer induces passivation of the surface due to precipitation of Mg(OH)2 and Mg3(PO4)2, which form a corrosion products layer underneath the anodic coating when immersed in a medium containing Cl- ions. As a result, corrosion rates are kept at much lower values than the bare Mg substrate. The anodic surface treatment in phosphate solutions, with and without potassium pyrophosphate and sodium-potassium tartrate additives, protects the substrate and improves the biological activity of the material, ensuring cell survival.







Author Contributions


Conceptualization and methodology: M.E.-R. and L.F.B.; Formal Analysis, M.E.-R., L.F.B., S.M.R., J.A.C., J.G.C. and F.E.; writing—original draft preparation and editing, M.E.-R., L.F.B., J.A.C., J.G.C. and F.E.; Funding acquisition, F.E. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded under the project code 2014-657. Grant CODI-UdeA, and the grant 406-2020, Colombian Ministry of science.




Data Availability Statement


Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Zheng, Y.F.; Gu, X.N.; Witte, F. Biodegradable metals. Mater. Sci. Eng. R Rep. 2014, 77, 1–34. [Google Scholar] [CrossRef]

	



Echeverry-Rendon, M.; Allain, J.P.; Robledo, S.M.; Echeverria, F.; Harmsen, M.C. Coatings for biodegradable magnesium-based supports for therapy of vascular disease: A general view. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 102, 150. [Google Scholar] [CrossRef] [PubMed]

	



Wu, S.; Liu, X.; Yeung, K.W.K.; Liu, C.; Yang, X. Biomimetic porous scaffolds for bone tissue engineering. Mater. Sci. Eng. R Rep. 2014, 80, 1–36. [Google Scholar] [CrossRef]

	



Tan, L.; Yu, X.; Wan, P.; Yang, K. Biodegradable Materials for Bone Repairs: A Review. J. Mater. Sci. Technol. 2013, 29, 503–513. [Google Scholar] [CrossRef]

	



Hornberger, H.; Virtanen, S.; Boccaccini, A.R. Biomedical coatings on magnesium alloys—a review. Acta Biomater. 2012, 8, 2442–2455. [Google Scholar] [CrossRef]

	



Hänzi, A.C.; Gerber, I.; Schinhammer, M.; Löffler, J.F.; Uggowitzer, P.J. On the in vitro and in vivo degradation performance and biological response of new biodegradable Mg-Y-Zn alloys. Acta Biomater. 2010, 6, 1824–1833. [Google Scholar] [CrossRef]

	



Kuhlmann, J.; Bartsch, I.; Willbold, E.; Schuchardt, S.; Holz, O.; Hort, N.; Höche, D.; Heineman, W.R.; Witte, F. Fast escape of hydrogen from gas cavities around corroding magnesium implants. Acta Biomater. 2013, 9, 8714–8721. [Google Scholar] [CrossRef]

	



Chakraborty Banerjee, P.; Al-Saadi, S.; Choudhary, L.; Harandi, S.E.; Singh, R. Magnesium Implants: Prospects and Challenges. Materials 2019, 12, 136. [Google Scholar] [CrossRef]

	



Chen, Y.; Xu, Z.; Smith, C.; Sankar, J. Recent advances on the development of magnesium alloys for biodegradable implants. Acta Biomater. 2014, 10, 4561–4573. [Google Scholar] [CrossRef] [PubMed]

	



Riaz, U.; Shabib, I.; Haider, W. The current trends of Mg alloys in biomedical applications—A review. J. Biomed. Mater. Res. Part B Appl. Biomater. 2018, 107, 1970–1996. [Google Scholar] [CrossRef]

	



Alam, M.E.; Pal, S.; Decker, R.; Ferreri, N.C.; Knezevic, M.; Beyerlein, I.J. Rare-earth- and aluminum-free, high strength dilute magnesium alloy for Biomedical Applications. Sci. Rep. 2020, 10, 1–15. [Google Scholar]

	



Abd El-Rahman, S.S. Neuropathology of aluminum toxicity in rats (glutamate and GABA impairment). Pharmacol. Res. 2003, 47, 189–194. [Google Scholar] [CrossRef] [PubMed]

	



Nakamura, Y.; Tsumura, Y.; Tonogai, Y.; Shibata, T.; Ito, Y. Differences in Behavior among the Chlorides of Seven Rare Earth Elements Administered Intravenously to Rats. Toxicol. Sci. 1997, 37, 106–116. [Google Scholar] [CrossRef]

	



Paul, S.; Ramasamy, P.; Das, M.; Mandal, D.; Renk, O.; Calin, M.; Eckert, J.; Bera, S. New Mg-Ca-Zn amorphous alloys: Biocompatibility, wettability and mechanical properties. Materialia 2020, 1, 100799. [Google Scholar] [CrossRef]

	



Li, N.; Zheng, Y. Novel Magnesium Alloys Developed for Biomedical Application: A Review. J. Mater. Sci. Technol. 2013, 29, 489–502. [Google Scholar] [CrossRef]

	



Bornapour, M.; Muja, N.; Shum-Tim, D.; Cerruti, M.; Pekguleryuz, M. Biocompatibility and biodegradability of Mg-Sr alloys: The formation of Sr-substituted hydroxyapatite. Acta Biomater. 2013, 9, 5319–5330. [Google Scholar] [CrossRef]

	



Darband, G.B.; Aliofkhazraei, M.; Hamghalam, P.; Valizade, N. Plasma electrolytic oxidation of magnesium and its alloys: Mechanism, properties and applications. J. Magnes. Alloy. 2017, 5, 74–132. [Google Scholar] [CrossRef]

	



Jang, Y.; Tan, Z.; Jurey, C.; Collins, B.; Badve, A.; Dong, Z.; Park, C.; Kim, C.S.; Sankar, J.; Yun, Y. Systematic Understanding of Corrosion Behavior of Plasma Electrolytic Oxidation treated AZ31 Magnesium Alloy using a Mouse Model of Subcutaneous Implant. Mater. Sci. Eng. C. 2014, 45, 45–55. [Google Scholar] [CrossRef]

	



Kaseem, M.; Fatimah, S.; Nashrah, N.; Ko, Y.G. Recent progress in surface modification of metals coated by plasma electrolytic oxidation: Principle, structure, and performance. Prog. Mater. Sci. 2021, 117, 100735. [Google Scholar] [CrossRef]

	



Arrabal, R.; Matykina, E.; Viejo, F.; Skeldon, P.; Thompson, G.E. Corrosion resistance of WE43 and AZ91D magnesium alloys with phosphate PEO coatings. Corros. Sci. 2008, 50, 1744–1752. [Google Scholar] [CrossRef]

	



Li, X.; Liu, X.; Wu, S.; Yeung, K.W.K.; Zheng, Y.; Chu, P.K. Design of magnesium alloys with controllable degradation for biomedical implants: From bulk to surface. Acta Biomater. 2016, 45, 2–30. [Google Scholar] [CrossRef] [PubMed]

	



Kokubo, T.; Takadama, H. How useful is SBF in predicting in vivo bone bioactivity? Biomaterials 2006, 27, 2907–2915. [Google Scholar] [CrossRef]

	



Zainal Abidin, N.I.; Martin, D.; Atrens, A. Corrosion of high purity Mg, AZ91, ZE41 and Mg2Zn0.2Mn in Hank’s solution at room temperature. Corros. Sci. 2011, 53, 862–872. [Google Scholar] [CrossRef]

	



Xiang, T.; Zhang, Y.; Cui, L.; Wang, J.; Chen, D.; Zheng, S.; Qiang, Y. Synergistic inhibition of benzotriazole and sodium D-gluconate on steel corrosion in simulated concrete pore solution. Colloids Surf. A Physicochem. Eng. Asp. 2023, 661, 130918. [Google Scholar] [CrossRef]

	



Fischer, M.H.; Prosenc, M.; Wolff, N.; Hort, R.; Willumeit, F. Feyerabend. Interference of magnesium corrosion with tetrazolium-based cytotoxicity assays. Acta Biomater. 2010, 6, 1813–1823. [Google Scholar] [CrossRef] [PubMed]

	



Mi, T.; Jiang, B.; Liu, Z.; Fan, L. Plasma formation mechanism of microarc oxidation. Electrochim. Acta. 2014, 123, 369–377. [Google Scholar] [CrossRef]

	



Wang, C.; Jiang, B.; Liu, M.; Ge, Y. Corrosion characterization of micro-arc oxidization composite electrophoretic coating on AZ31B magnesium alloy. J. Alloys Compd. 2015, 621, 53–61. [Google Scholar] [CrossRef]

	



Zhang, D.; Gou, Y.; Liu, Y.; Guo, X. A composite anodizing coating containing superfine Al2O3 particles on AZ31 magnesium alloy. Surf. Coat. Technol. 2013, 15, 52–57. [Google Scholar] [CrossRef]

	



Sreekanth, D.; Rameshbabu, N.; Venkateswarlu, K. Effect of various additives on morphology and corrosion behavior of ceramic coatings developed on AZ31 magnesium alloy by plasma electrolytic oxidation. Ceram Int. 2012, 38, 4607–4615. [Google Scholar] [CrossRef]

	



Srinivasan, P.B.; Liang, J.; Blawert, C.; Störmer, M.; Dietzel, W. Characterization of calcium containing plasma electrolytic oxidation coatings on AM50 magnesium alloy. Appl. Surf. Sci. 2010, 256, 4017–4022. [Google Scholar] [CrossRef]

	



Bester-Rogae, M.; Neueder, R.; Barthel, J.; Apelblat, A. Conductivity Studies on Aqueous Solutions of Stereoisomers of Tartaric Acids and Tartrates. Part, I., Alkali Metal and Ammonium Tartrates. J. Solut. Chem. 1997, 26, 127–134. [Google Scholar] [CrossRef]

	



Schmitz Ongaratto, R.; Laranjeira da Cunha Lage, P.; Piacsek Borges, C. Chemical Engineering Research and Design, Physical properties of potassium pyrophosphate and its use in osmotic evaporation. Chem. Eng. Res. Des. 2015, 104, 497–502. [Google Scholar] [CrossRef]

	



Song, G.L.; Shi, Z. Corrosion mechanism and evaluation of anodized magnesium alloys. Corros Sci. 2014, 85, 126–140. [Google Scholar] [CrossRef]

	



Al Bosta, M.M.S.; Ma, K.J. Influence of electrolyte temperature on properties and infrared emissivity of MAO ceramic coating on 6061 aluminum alloy. Infrared Phys. Technol. 2014, 67, 63–72. [Google Scholar] [CrossRef]

	



Pan, Y.K.; Chen, C.Z.; Wang, D.G.; Lin, Z.Q. Preparation and bioactivity of micro-arc oxidized calcium phosphate coatings. Mater. Chem. Phys. 2013, 141, 842–849. [Google Scholar] [CrossRef]

	



Lin, X.; Tan, L.; Zhang, Q.; Yang, K.; Hu, Z.; Qiu, J.; Cai, Y. The in vitro degradation process and biocompatibility of a ZK60 magnesium alloy with a forsterite-containing micro-arc oxidation coating. Acta Biomater. 2013, 9, 8631–8642. [Google Scholar] [CrossRef]

	



Gu, Y.; Bandopadhyay, S.; Chen, C.F.; Guo, Y.; Ning, C. Effect of oxidation time on the corrosion behavior of micro-arc oxidation produced AZ31 magnesium alloys in simulated body fluid. J. Alloys Compd. 2012, 543, 109–117. [Google Scholar] [CrossRef]

	



Kirkland, N.T.; Birbilis, N.; Staiger, M.P. Assessing the corrosion of biodegradable magnesium implants: A critical review of current methodologies and their limitations. Acta Biomater. 2012, 8, 925–936. [Google Scholar] [CrossRef]

	



Kappes, M.; Iannuzzi, M.; Carranza, R.M. Hydrogen embrittlement of magnesium and magnesium alloys: A review. J. Electrochem. Soc. 2013, 160, 168–178. [Google Scholar] [CrossRef]

	



Song, G.; Atrens, A.; St. John, D.; Wu, X.; Nairn, J. The anodic dissolution of magnesium in chloride and sulphate solutions. Corros Sci. 1997, 39, 1981–2004. [Google Scholar] [CrossRef]

	



Baril, G.; Pébère, N. Corrosion of pure magnesium in aerated and deaerated sodium sulphate solutions. Corros Sci. 2001, 43, 471–484. [Google Scholar] [CrossRef]

	



Rossrucker, L.; Mayrhofer, K.J.J.; Frankel, G.S.; Birbilis, N. Investigating the Real Time Dissolution of Mg Using Online Analysis by ICP-MS. J. Electrochem. Soc. 2014, 161, 115–119. [Google Scholar] [CrossRef]

	



Zhao, L.; Cui, C.; Wang, Q.; Bu, S. Growth characteristics and corrosion resistance of micro-arc oxidation coating on pure magnesium for biomedical applications. Corros Sci. 2010, 52, 2228–2234. [Google Scholar] [CrossRef]

	



Zainal Abidin, N.I.; Da Forno, A.; Bestetti, M.; Martin, D.; Beer, A.; Atrens, A. Evaluation of Coatings for Mg Alloys for Biomedical Applications. Adv. Eng. Mater. 2015, 17, 58–67. [Google Scholar] [CrossRef]

	



Chang, L.; Cao, F.; Cai, J.; Liu, W.; Zhang, J.; Cao, C. Formation and transformation of Mg(OH)2 in anodic coating using FTIR mapping. Electrochem. Commun 2009, 11, 2245–2248. [Google Scholar] [CrossRef]

	



El-Taib Heakal, F.; Fekry, A.M.; Fatayerji, M.Z. Influence of halides on the dissolution and passivation behavior of AZ91D magnesium alloy in aqueous solutions. Electrochim. Acta. 2009, 54, 1545–1557. [Google Scholar] [CrossRef]

	



Fischer, J.; Pröfrock, D.; Hort, N.; Willumeit, R.; Feyerabend, F. Improved cytotoxicity testing of magnesium materials. Mater. Sci. Eng. B Solid-State Mater. 2011, 176, 830–834. [Google Scholar] [CrossRef]

	



Wang, Y.; Wei, M.; Gao, J.; Hu, J.; Zhang, Y. Corrosion process of pure magnesium in simulated body fluid. Mater Lett. 2008, 62, 2181–2184. [Google Scholar] [CrossRef]








[image: Cmd 04 00012 g001 550] 





Figure 1. Voltage-time curves for each sample describe the three characteristics phases of the PEO process. 
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Figure 2. SEM images of the PEO coatings surfaces and their respective cross-sections: M1 (a,d), M2 (b,e), and M3 (c,f). 
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Figure 3. XRD diffractograms of the PEO coatings for the samples: M1 (a), M2 (b), and M3 (c). 
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Figure 4. Raman spectra of the PEO coatings for the samples: M1 (a), M2 (b), and M3 (c). 
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Figure 5. SEM micrographs of the surface of 3 Mg PEO coated samples after 5 days of immersion in SBF solution: (a) M1, (b) M2, and (c) M3. Cross-section SEM micrographs after 5 days of immersion in SBF solution: (d) M1, (e) M2, and (f) M3. 
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Figure 6. XRD diffractograms of 3 Mg PEO coated samples after 5 days of immersion in SBF solution: (a) M1, (b) M2, and (c) M3. 
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Figure 7. Raman spectra of 3 Mg PEO coated samples after 5 days of immersion in SBF solution: (a) M1, (b) M2, and (c) M3. 
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Figure 8. Corrosion rate calculated by the hydrogen evolution test of bare and PEO coated Mg samples immersed in 0.9%w/v NaCl aqueous solution. 
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Figure 9. Potentiodynamic polarization test of 3 Mg PEO coated samples in 0.9%w/v NaCl aqueous solution. 






Figure 9. Potentiodynamic polarization test of 3 Mg PEO coated samples in 0.9%w/v NaCl aqueous solution.



[image: Cmd 04 00012 g009]







[image: Cmd 04 00012 g010 550] 





Figure 10. Results of the cytotoxicity test for the PEO treated samples: M1, M2, and M3. 
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Figure 11. Illustration of the corrosion process of anodized c.p. Mg in an immersion test. (a) Once the sample is immersed, aggressive ions reach the substrate through the coating pores. (b) As a result of the reaction of the Mg substrate with the electrolyte ions, Mg(OH)2 starts forming at the base of the pores, gradually reducing the high initial corrosion rate. (c) The corrosion process develops along the substrate/coating interface, blocking the diffusion of the aggressive ions, and the corrosion rate is stable. (d) Failure of the coating leads to an increase in the entrance of aggressive species and a rise in the corrosion rate of the substrate. 
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Table 1. Conditions used to obtain the PEO coatings on c.p. Mg.
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	Sample Code
	Formulation





	M1
	10 g/L Na3PO4–1 g/L NaOH



	M2
	10 g/L Na3PO4–1 g/L NaOH–10 g/L K4P2O7



	M3
	10 g/L Na3PO4–1 g/L NaOH–1 g/L KNaC4H4O6
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Table 2. EDS chemical composition of the PEO coatings (wt%). Not including Mg and O.
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	P
	Na
	K





	M1
	8.3
	0.9
	



	M2
	8.2
	1.5
	1.0



	M3
	5.7
	0.4
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Table 3. Chemical composition of the coatings after the immersion test (wt%). Not including Mg and O.
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	P
	Na
	K
	Ca
	Cl





	M1
	9.9
	0.5
	-
	2.6
	0.3



	M2
	25.1
	1.7
	0.8
	3.7
	0.4



	M3
	15.0
	1.9
	-
	5.2
	0.5
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Table 4. Polarization curve parameters for bare Mg and PEO coated samples in 0.9%w/v NaCl aqueous solution.






Table 4. Polarization curve parameters for bare Mg and PEO coated samples in 0.9%w/v NaCl aqueous solution.





	Sample
	Ecorr [V]
	icorr [A·cm−2]
	Epp [V]
	ipass [A·cm−2]
	Epit [V]
	Epit − Ecorr [V]
	    CR ,    P i    [ mm ·  year  − 1   ]    





	c.p Mg
	−1.62
	2.6 × 10−5
	-
	-
	-
	-
	0.5900



	M1
	−1.90
	1.60 × 10−7
	−1.62
	5.64 × 10−6
	−1.42
	0.48
	0.0036



	M2
	−1.89
	4.22 × 10−7
	−1.69
	1.05 × 10−5
	−1.61
	0.28
	0.0096



	M3
	−1.82
	3.12 × 10−7
	−1.65
	5.33 × 10−6
	−1.50
	0.32
	0.0071
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