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Abstract

:

Bioactive plasma electrolytic oxidation (PEO) coatings were developed on a wrought Mg0.5Zn0.2Ca alloy using a transparent electrolyte for easy maintenance and waste disposal, compared to a conventional suspension-based solution. Treatment times of 300, 600, and 900 s were evaluated for their effects on coating morphology, composition, and corrosion resistance. A short-time electrochemical impedance spectroscopy (EIS) screening was utilized to identify coatings with optimal corrosion protection. To assess the degradation rate and corrosion mechanisms, hydrogen evolution was monitored under pH-controlled quasi-in vivo conditions over extended immersion periods. Coating thickness increased by only 3% from 300 to 900 s of treatment (13 and 18 µm, respectively), with pore bands formed near the barrier layer at 900 s. The short-term EIS screening revealed that the coatings produced at 600 and 900 s were less protective and consistent than those at 300 s due to the presence of pore bands, which increased permeability. Hydrogen evolution measurements during 5 days of immersion at pH 7.4 indicated a tenfold higher degradation rate of the PEO-coated alloy compared to the bare substrate. Therefore, none of the PEO coatings provided effective corrosion protection after 24 h of immersion, which is attributed to crack formation at the PEO/corrosion products interface. This highlights the importance of crevices in the corrosion of Mg-Zn-Ca alloys. The presence of ZnO exacerbates the corrosion of magnesium in crevice areas.
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1. Introduction


In recent decades, Mg and its alloys have been of great interest as temporary implants due to their good biocompatibility and mechanical properties similar to bone [1,2]. Most biomedical Mg alloys approved for clinical use up to date contain rare earths (RE) which might lead to toxicity problems in the human body [3]. The non-toxicity of alloying elements is becoming a priority in alloy design. In this regard, zinc (Zn) and calcium (Ca) are of great interest; (i) Zn is involved in mineralization, DNA synthesis, hormonal activity, and antibacterial response; (ii) Ca is an essential element in the human body because it is the main component of bone and is involved in cell-signaling reactions [4,5].



Newly developed biodegradable Mg-Zn-Ca alloys have shown excellent mechanical properties and great biocompatibility [6,7,8,9]. However, the main concern of that system is a high degradation rate that indirectly delays recovery at the surgical site, due to the generation of gas pockets caused by hydrogen evolution [10]. Most of the degradation studies of Mg-Zn-Ca systems were performed on cast alloys [11,12,13,14], while much fewer data exist on extruded alloys [15,16,17,18].



Plasma electrolytic oxidation (PEO) is a flexible method of surface protection and functionalization of Mg alloys [19,20]. It allows for a wide variation in composition, microstructure, porosity, and roughness of the coatings through the modification of the electrolyte and process parameters [21]. PEO-coated Mg alloys commonly demonstrate enhanced corrosion resistance [22,23]. However, most of the research has been applied to Mg-Al-Zn system alloys, and less work has been conducted in Al-free systems for biomedical purposes. For instance, in the case of Mg-Zn-Ca systems, PEO has been only applied to as-cast alloys, the findings showing a 2–4 times improvement in the corrosion performance in SBF medium [24,25,26,27,28,29]. It should be noted that in most cases PEO systems have been evaluated by electrochemical or immersion testing without a tight pH of the medium. Recent studies have indicated that this omission can significantly accelerate the corrosion rate of Mg-Zn-Ca alloys [30].



The Ca-P containing electrolytes used in PEO treatments of Mg alloys are typically based on suspensions which do not offer easy maintenance and waste disposal. Additionally, PEO electrolytes for Mg alloys often contain fluoride compounds for enhanced passivation of Mg. These could negatively affect the cell adhesion and proliferation [26,31]. Transparent Ca-P-based electrolytes have been recently proposed as a more chemically stable and user-friendly alternative and have been applied to Mg-Zn-Ca alloys. To the best of the authors’ knowledge, there is no available data on PEO of extruded Mg-Zn-Ca systems.



The present work focuses on a comparative study of the PEO coatings on a wrought Mg0.5Zn0.2Ca alloy using a suspension electrolyte and a transparent electrolyte, both containing bioactive Ca, Si and P species. The coatings were carried out at three different treatment times (300, 600, and 900 s). The influence of the electrolyte and treatment time was evaluated in terms of composition and morphology, thickness, and corrosion behavior of the coatings. Short-term electrochemical impedance screening of the coated systems was followed up by a longer-term hydrogen evolution test, where the pH was kept constant by a CO2 flow through the medium. The results offer an understanding of the corrosion mechanism of a lean-extruded Mg0.5Zn0.2Ca alloy and highlight the issues with the degradation rate controlled by PEO coating systems.




2. Materials and Experimental Methods


2.1. Materials


The substrate was a wrought Mg0.5Zn0.2Ca alloy supplied by the Institute of Surface Science (Helmholtz-Zentrum Hereon, Geesthacht, Germany), with a composition of (% wt.: 0.5% Zn, 0.2% Ca, 0.001% Ni, 0.001% Cu, 0.002% Fe, 0.01% Si, 0.03% Ag, bal. % Mg) determined by Arc Spark analysis. The alloy was cut into 3.5 mm-thick disks with a diameter of 10 mm. The samples were ground through successive grades of silicon carbide abrasive (up to P1200), rinsed in isopropyl alcohol, and dried in warm air.




2.2. PEO Treatment


PEO treatments were carried out using an alternating current (AC), voltage-controlled power supply (EAC-S2000, ET Systems electronic, Altlußheim, Germany) with a current density of 100 mA/cm2, 50 Hz frequency and +350/−50 V. The experimental setup was equipped with a stainless-steel mesh (AISI 316 of Ø15 cm) along with a 2 L jacketed cell operating at a constant temperature (20 °C). The PEO process was conducted in transparent and suspension-based alkaline Ca-P-Si electrolytes (Table 1) using three different treatment times of 300, 600, and 900 s. After the PEO process, the specimens were rinsed in deionized water, cleaned with isopropyl, and dried in warm air.




2.3. Characterization


Optical micrographs were obtained under polarized light with a Leica DMi8 optical microscope. A chemical etching with an acetic-picral solution (5 g picric acid, 100 mL ethanol, 5 mL acetic acid and 10 mL water) was used to reveal the microstructure.



The coated specimens were examined in plan-view and cross-section views (polish to 1 µm diamond paste) using JEOL JSM-6400 (Freising-Lerchenfeld, Germany) scanning electron microscopy equipped with an energy dispersive X-ray (EDS). The coating thicknesses were determined with an ISOSCOPE FMP10 eddy current meter (Fischer, Munich, Germany), equipped with an FTA3.3H probe. The coating porosity was analyzed with ImageJ software V.1.8.0 using at least three SEM plan-view micrographs at ×1000 magnification for each coating.



The roughness parameters, Sa (arithmetical mean height of the area) and S10z (Ten-point height), were evaluated using a focus-variation optical 3D profilometer (InfiniteFocus SL, ALICONA, Utrecht, The Netherlands).



Phase identification was carried out by X-ray diffraction (XRD) analysis using Philips X’Pert (Malvern, UK) diffractometer. XRD patterns are analyzed by ICDD PDF4+ database. The XRD spectra were acquired in the range of 2Ɵ range: 10 to 90° with a step size of 0.04° and a dwell time of 1 s per step.




2.4. Electrochemical Measurements


The electrochemical measurements were carried out using a GillAC potentiostat (ACM Instruments, Cartmel Fell, UK). The test was run at 37 °C in a modified α-MEM solution (Minimum Essential Medium Eagle-alpha) prepared in the laboratory and containing only inorganic compounds as follows: 6.8 g/L NaCl, 2.2 g/L NaHCO3, 0.4 g/L KCl, 0.12 g/L Na2HPO4, 0.09 g/L MgSO4, 0.2 g/L CaCl2, and pH adjusted at 7.4 with 0.1 M of HCl. A conventional three electrode cell was used with a graphite counter electrode, an Ag/AgCl-3 M KCl reference electrode, and the specimen as the working electrode (exposed area of ~4.3 cm2).



Potentiodynamic polarization curves were obtained after 1 h of immersion at a scan rate of 0.3 mV/s with potential sweep from −200 mV to +1000 mV (relative to the OCP) using a current density limit of 5 mA/cm2. The corrosion current density was obtained from an analysis of cathodic Tafel slope.



Electrochemical impedance spectroscopy (EIS) measurements were conducted after 1 h of immersion, applying a sinusoidal perturbation of 10 mV amplitude (vs. OCP) and a frequency sweep from 100 kHz to 10 mHz. ZView software V.3.5i was used to analyze the impedance spectra, and a goodness fit was ensured through the square of the standard deviation, which should be <0.01, and the weighted sum of squares (proportional to the average percentage error between the original data points and the calculated values) < 0.1.




2.5. Hydrogen Evolution


The corrosion performance of bare alloy and PEO-coated specimens were carried out with an hydrogen evolution test at 37 °C in inorganic α-MEM solution during 5 days of immersion. The total surface area of the immersed specimens was ~4.3 cm2 and the presented results were tested in triplicate to obtain the average value. The pH of the solution in the immersion tank (~21 L) was continuously adjusted at 7.4 from a flow of CO2 regulated by a switch coupled with a pH sensor (more details on the set-up can be found elsewhere [32]).



Statistical analysis (mean ± standard deviation) of the resulting data was performed using an unpaired t-test with the GraphPad t-test calculator (Dotmatics, Boston, MA, USA, https://www.graphpad.com/quickcalcs/ttest1/ (accessed on 25 February 2024).





3. Results and Discussion


3.1. Characterization of Wrought Mg0.5Zn0.2Ca Alloy


Optical and SEM/EDS studies (Figure 1a,b) revealed a microstructure of α-Mg equiaxed grains (25 ± 3 µm) decorated with deformation twins, formed as a result of partial dynamic recrystallization during the alloy manufacturing, and particles distributed along the extrusion direction [33,34]. Some of the particles have dissolved/detached during the metallographic preparation (Figure 1b). An EDS point analysis of the matrix (Figure 1b) reveals that Ca and Zn are partially dissolved in a α-Mg phase at a lower concentration. The X-ray diffraction pattern (Figure 1c) shows high intensity peaks ascribed to the α-Mg phase and lower intensity peaks corresponding to the secondary phases, Mg2Ca and Ca2Mg6Zn3.




3.2. Electrical Response and Efficiency of PEO Treatment


Figure 2a illustrates the evolution of the root mean square values of voltage and current density (Urms, irms) during PEO treatment in transparent (PEO-T) and suspension (PEO-S) electrolytes during 900 s. The treatments performed for shorter times (300 and 600 s) revealed similar behavior.



A linear voltage is observed during the 60 s ramp followed by a second inflexion at 50 s caused by the initiation of the plasma microdischarges, which corresponds to the oxide layer growth kinetic. A constant value of voltage (~230 V) is observed until the treatments are stopped, due to the increase in the impedance of the coatings during the PEO treatment. It is worth mentioning that microdischarges can be detected visually only in the case of PEO in transparent electrolyte (PEO-T), whereas it is not possible in case of PEO-S, due to the opacity of the milky suspension solution.



The calculated apparent specific energy consumption for all PEO processes is shown in Figure 2b. The calculation is conducted according to the formula: E (W·s·cm−2) =     ∫  t 0   t f      (current density (A·cm−2) × Voltage (V)), where t0 = 0 s and tf is the duration of the PEO coating process. The specific energy consumption is obtained by dividing the energy by the coating thickness and adjusting the units to kW·h·m−2·μm−1.



An increase in energy consumption for PEO-T and PEO-S is observed with the increase in the treatment time from 0.14 to 0.40 kW·h·m−2·µm−1 and from 0.15 to 0.29 kW·h·m−2·µm−1, respectively. The energy efficiency is slightly higher for the PEO-S electrolyte at low treatment times (300 and 600 s), while at longer treatment times (900 s) it is slightly higher for the PEO-T electrolyte. It is important to note that the energy consumption values of this work are comparable with the data available for the PEO treatments in a Ca-free, transparent electrolyte for Mg alloy [35], which is around 0.13 kW·h·m−2·µm −1. Also, these values are lower compared with those previously reported by the authors in as-cast MgZnCa and Mg3Zn0.4Ca alloys in fluorine-containing electrolyte (1.6 and 1.9 kW·h·m−2·µm−1, respectively) [30].




3.3. Characterization of the PEO Coatings


The surface and cross-sectional morphologies of all the developed coatings, along with their respective EDS, are shown in Figure 3 and Table 2. Common surface features are found for all the PEO coatings (Figure 3a–c,g–i), characterized by a pumice-like structure with pores. The latter are formed due to gas ejection out of the discharge channels and gas evolution through molten coating material followed by fast solidification [36].



Regarding surface roughness, the average value of Sa of PEO-T and PEO-S coatings tends to decrease (from 3.9 ± 0.7 to 2.7 ± 0.1 µm and 2.4 ± 0.4 to 1.1 ± 0.2 µm, respectively), while that of S10z tends to increase with the treatment time (Supplementary Material, Table S1). Furthermore, the Sa and S10z values for PEO-T are slightly higher compared to PEO-S values for all treatment times. The evolution of the surface pore population density in PEO-T electrolyte decreases from (1 ± 0.3) × 106 to (7 ± 1.2) × 105 pore·mm2 (Figure 3a–c) with the increase in treatment time. In addition, the average pore size shows slightly higher values for longer treatments (2.5 ± 0.7 to 1.4 ± 0.4 µm for 600 and 900 s, respectively) compared to 300 s (0.9 ± 0.4 µm).



Coatings developed in suspension electrolyte do not reveal significant changes in the surface characteristics, with values of surface pore population density from (5 ± 0.8 to 3 ± 0.5) × 106 pore·mm2 and the average pore size from 0.5 ± 0.2 to 0.4 ± 0.1 µm. In most PEO/Mg works reported in the literature, the average pore size increases with increasing treatment time because the discharge channels tend to coalesce, contributing to the increase in pore size [37,38]. The opposite situation is observed here, although the energy consumption is higher with treatment time, as shown in Figure 2b. This may be attributed to the lower intensity of microdischarges on the surface, while most of the energy is involved in the development of a few isolated micro-arcs [39]. In addition, the sub-micrometric pores may be due to gas bubbles passing through the molten oxide material, displaced by the micro-arc events.



Regardless of the treatment time and electrolyte, BSE cross-section images reveal the presence of an inner dense layer and an outer part with internal pores. It is worth mentioning that oxide layers formed at 900 s show the formation of an intermediate pore band which could be related to the evolution of discharges and the specifics of the coating growth mechanism [40]. This may be due to the high solidification rate of the molten coating material. If it solidifies too fast, it forms a vault over the channel, blocking the escape of gases. In addition, this oxidation can also be facilitated by the high amount of Zn in the coating, as illustrated in the EDS analysis of nine points (Table 2) of Figure 3f,l. This type of pore band has been also reported for PEO coatings developed in phosphate-based electrolytes for treatment times longer than 10 min [41,42].



In general, the oxide layers achieved a thickness in the range of (~13–18) μm with slight differences depending on the treatment time and electrolyte (Figure 3d–f,j–l, Supplementary Material, Table S1). The thinnest coating is the one developed in the suspension electrolyte for short time (PEO-T, 300 s). This electrolyte produces an increase in the thickness values (up to 18 for PEO-T 600 s) by increasing the treatment time. This trend is in agreement with observations made in several works conducted on Mg alloys [43,44,45].



The use of a suspension electrolyte led to the formation of slightly thicker coatings. This fact may be related to the size of the species formed in the electrolyte. In the case of suspension electrolytes, the particles are CaO (size of 1–5 µm), while in the transparent electrolyte, a [Ca-EDTA]−2 complex is formed (the size is few angstroms). According to the literature, the incorporation of particles into PEO coatings in particle-containing electrolytes [46] depends on their size, with respect to the diameter of the microdischarges channels and coating pores. Once in the plasma discharge channel, the particle is melted and ionized, and the Ca2+ and O2− ions migrate under the electric field and form part of the coating material. The CaO particle size is larger than that of the [Ca-EDTA]−2 chelate complex, and there is 0.05 M Ca species in the suspension electrolyte versus only 0.01 M in the transparent one. Therefore, the amount of newly formed coating material per discharge is greater, which translates into a thicker coating. Thicker coatings can be easily achieved in suspension electrolytes compared with particle-free true solutions, this is a well-established and known fact in PEO technology [47,48].



A semiquantitative analysis of the elemental composition of coatings performance by EDS is shown in Table 2. The most important feature is that short PEO treatments (300 s) led to a higher incorporation of Ca, while a slight reduction in Ca occurred for longer treatment times. No clear differences are detected between 300 and 600 s and the type of electrolyte. The decrease in Ca with treatment time could be explained by the development of greater intensity (i.e., longer lasting) microdischarges that could cause a destructive effect with the consequent loss of the previously formed material at the site of microdischarges [49]. It is worth noting that the Ca incorporation for all treatments times is slightly two times higher in the suspension electrolyte than in the transparent electrolyte. The thickness of PEO coatings is affected by the size of the species in the electrolyte as discussed previously. This is related to the fact that the size of the species can also affect their ability to diffuse and transport through the electrolyte to the metal surface and into the growing ceramic layer. Thus, smaller species may have a higher diffusion compared to larger species [50]. Some reports have found that smaller species may have a greater facility to act as “cores” around which ceramic composites form [51]. Therefore, the coatings formed in the suspension electrolyte, although they have a larger particle size, have a higher concentration in the electrolyte (0.05 M vs. 0.01 M), and therefore allow for a higher incorporation of Ca into the coatings.



EDS conducted through the thickness of the coating revealed that Si, K and P migrate inwards from the electrolyte and are mainly incorporated in the outer part of the PEO coatings. Zn incorporation was higher in the inner part of all PEO coatings. This occurs because Si and P migrate from the electrolyte inwards, while Zn migrates from the substrate outwards.



The X-ray diffraction patterns of the (a) PEO-T and (b) PEO-S studied coatings are displayed in Figure 4. All of the coatings reveal high intensity peaks of Mg, MgO, and the presence of amorphous material corresponding to a peak broadening between 25 and 40° (2θ). In addition, Mg2SiO4 (forsterite) and ZnO (wurtzite) are formed in all coatings in both electrolytes. During microdischarges, the SiO2 reacts with MgO to form forsterite in the range 1100–1400 °C [52], while ZnO is formed by the transformation of Zn(OH)2 at 80 °C [53]. The intensity of Mg peaks decreases with an increasing process time while the intensity of those for MgO, ZnO, and Mg2SiO4 increases with process time for both electrolytes. The crystallinity of the coating inside the PEO may be also related to the intensity of the discharge. In general terms, the degree of crystallinity/amorphism is around ~71% for PEO-T and ~84% for PEO-S, being slightly higher in the case of the suspension electrolyte. The higher energy required for coating breakdown and the higher discharge intensity can be observed on the Mg surface within the PEO procedure for a longer process time [37]. This means that a higher temperature in the PEO process may favor a greater crystallinity of Mg2SiO4, MgO, and ZnO. Crystalline material has a greater electron conductivity and promotes the oxidation of oxygen anions and O2 evolution, which, together with fast solidification of ejected molten material at the coating/electrolyte interface, explains the presence of a pore band at the 900 s treatments.



As for the semi-quantitative percentage content of Mg, MgO, Mg2SiO4, and ZnO phases for the transparent electrolyte, it is in the range of MgO (7–26%), Mg (47–57%), ZnO (1–3%), and Mg2SiO4 (27–37%). Similar behavior is observed for the suspension electrolyte, MgO (6–8%), Mg (41–60%), ZnO (1–3%), and Mg2SiO4 (31–50%). Overall, the values are slightly higher for the suspension electrolyte due to the incorporation of higher species in the coating, as discussed before. The lack of apatite or hydroxyapatite is due to the fact that a higher positive pulse voltage is required for its formation, as a higher plasma discharge temperature and a lower cooling rate of the material are needed [54].




3.4. Electrochemical Measurements


3.4.1. Potentiodynamic Polarization Curves (PDP)


The polarization curves of PEO-T and PEO-S coatings obtained under different treatment times on the Mg0.5Zn0.2Ca alloy after 1 h of immersion in inorganic α-MEM at 37 °C are displayed in Figure 5. The electrochemical parameters obtained from the curves (corrosion potential (Ecorr) and corrosion current density (icorr)) are presented in Table 3.



Regardless of the electrolyte and the treatment time, all PEO coatings shifted the Ecorr to slightly nobler values (~60–120 mV, depending on the coating). PEO coatings formed during 300 s in both electrolytes reveal protective properties with a decrease in the current density by ~2–3 times, with PEO-T at 300 s being the coating with the best results. It is worth mentioning that increasing the treatment time leads to an increase inf icorr, indicating that the coatings become less protective and could even induce an acceleration of the degradation process, compared with the non-treated substrate. This could be associated with the crevice phenomena and undercoating corrosion, which will be probed further. The pore band formed in the coatings developed under longer times could act as a storage of a more aggressive electrolyte that might also intensify the corrosion process.



It should be noted that the anodic branches of the all PEO-coated specimens do not reveal a well-defined region of pseudo passivity or marked pitting potential, especially for longer treatment times. The latter can reasonably be called pseudo-Tafel behavior, i.e., the anodic behavior of these systems resembles an active dissolution which can be attributed to a uniform undercoating corrosion morphology.



Data unavailability on PEO of extruded Mg-Zn-Ca systems does not allow for a proper comparison with the literature. The closer systems in terms of comparison would be PEO-coated as-cast Mg-Zn-Ca alloys. The current density values of the present work are higher (3–6 times) than those obtained in the literature, e.g., PEO/Mg3Zn0.4Ca and PEO/Mg1.78Zn0.51Ca alloys (icorr of 2.38–7.28 and 5.25 mA/cm2, respectively) [31,55]. This brings up the fact that the final performance of a PEO system is influenced not only by the electrolyte composition and process parameters, but also by the bulk material including the fabrication process. In fact, in the authors’ previous work it was reported that the extruded Mg0.5Zn0.2Ca alloy revealed a slightly higher degradation rate in comparison to as-cast Mg-Zn-Ca alloys, which was associated to the lack of barrier network and the high number of twins which facilitate the corrosion process [17].



It should be noted that the PDP results may not reflect the true protective capability of the coating, taking into account that high polarization is a source of non-stationarity in Mg-based systems. Therefore, additional screening by EIS is always advisable.




3.4.2. Electrochemical Impedance Spectroscopy (EIS)


Figure 6 shows the modulus of total impedance at low frequencies (׀Z׀10mHz) of PEO-coated specimens and the substrate after 1 h of immersion in inorganic α-MEM solution at 37 °C. This value provides a good estimation of the overall corrosion performance of the material.



PEO coatings formed in a transparent electrolyte during 300 and 600 s showed the best repeatability, whereas the rest of the coatings revealed higher differences between the results. This might be related to the heterogeneity of the coatings formed under longer treatment times and the variability between the randomly selected specimens. In general, all of the developed layers do not show a considerably better corrosion performance compared to the bare substrate. This might be attributed to the formation of the pore band close to the inner barrier layer, leading to a premature failure of the sample during the first hour of immersion.



In order to analyze in detail the EIS spectra of PEO coatings formed in different electrolytes, PEO-T (600 s) and PEO-S (300 s) specimens were selected based on their higher repeatability. These two coatings were taken as an example with the aim of understanding the contribution of the coating microstructure and the various electrochemical processes taking place in the coating/substrate systems to their corrosion resistance.



Figure 7a,b shows the Nyquist and Bode plots of the EIS spectra of PEO-T and PEO-S coatings for the selected treatment times (300 and 600 s). The equivalent circuit (inset in Figure 7a) used to interpret the EIS results includes: Rel—solution resistance, R1/CPE1—the response ascribed to the capacitive and resistance behavior of outer part of the coating, R2/CPE2—the capacitive and resistance behavior of the inner barrier layer and Rct/CPEdl—the electrochemical activity at the substrate/electrolyte interface associated with the double layer and charge-transfer phenomena. This equivalent circuit has been previously reported to fit the behavior of this type of PEO systems [30,56]. In cases of the substrate, R1/CPE1 and R2/CPE2 represent the response of Ca-P-rich deposits that form on the Mg surface in modified α-MEM and on the corrosion products layer, respectively. The impedance of CPE is calculated by the following equation: Z = 1/(CPE(jω)n); where j is the imaginary number and −1 ≤ n ≤ 1.



The fitted values of the circuit elements (Table 4) indicate that the barrier layer is the main factor responsible for the corrosion protection of the PEO coating, where R1 is lower than R2 in both cases. It can be seen that the R1 and R2 of PEO-S sample are higher compared to the uncoated specimen, indicating that the short-term corrosion resistance of the Mg0.5Zn0.2Ca alloy is improved after the PEO process. Whereas in the case of PEO-T, both values are lower than those of the substrate, suggesting that the coating is not protective and that its barrier layer has degraded, as it has a lower resistance than the corrosion product layer of the substrate. This is because it is not very compact (note the pores inside the coatings in Figure 3e), which allows for easy permeation of corrosive species from the medium.



As for the differences between the two coatings, the R1 and R2 values of PEO-S (1206 and 32,438 Ω·cm2) are 4–10 times higher than those of PEO-T (342.6 and 777.3 Ω·cm2). These are consistent with the higher pore-area fraction of the latter and the presence of the internal pores. This also explains the lower |Z|10mHz values for PEO-T in the intermediate frequency range. Comparing the results obtained in PDP and EIS, there is a clear concordance in the relative ranking of PEO-T (600 s) and PEO-S (300 s).



Both coatings are further evaluated by hydrogen evolution measurements in modified α-MEM with CO2 flow-controlled pH for 5 days of immersion, a period that is comparable to the duration of a standard in vitro cell proliferation assay. This is conducted in order to (i) verify the results of the EIS screening; (ii) discriminate the coatings and determine the realistic degradation rate; and (iii) examine the development of corrosion products.




3.4.3. Hydrogen Evolution


Figure 8 shows the hydrogen evolution during 5 days of immersion in an inorganic α-MEM solution at 37 °C for the bulk material and PEO-coated specimens. The pH was controlled at 7.4 by a flow of CO2 through the medium during the test. It is important to note that the works reported in the literature for PEO-coated Mg alloys in physiological media either use a medium refreshment method [26,55,57] or a 5% CO2 injection into the incubator atmosphere [58], either of which does not provide a tight pH control and might lead to an underestimation of the corrosion rate [17].



Both PEO coatings show a quick, linear acceleration of corrosion rate after 2 h of immersion (Figure 8b) and until the end of the test, with a slight change in the slope after 48 h. This suggests that the coatings are easily permeable due to their internal porosity and the presence of a pore band close to the barrier layer (Figure 3e). In addition, as observed by EIS, the values of the inner barrier layer resistance are lower compared to the literature [8,31,59], which also indicates poor corrosion properties. Considering the total hydrogen volume after 5 days, that of PEO-T coating is two times higher (9.48 mL/cm2) compared to PEO-S (5.42 mL/cm2), which is in agreement with the results obtained from the EIS measurements. However, considering the standard deviation values, the differences between the PEO-T and PEO-S cannot be viewed as statistically significant. Remarkably, both PEO coatings exhibited 10–13 times higher corrosion rate (PEO-T: 26.31 and PEO-S: 15.05 mm/year) compared to the substrate (0.94 mm/year), indicating that both oxide layers accelerated the corrosion of Mg, which is opposite to what is typically found in the literature of PEO-treated Mg alloys [26,27]. According to the literature, the degradation rate of an orthopedic implant is expected to be <0.5 mm/year [60,61], which would allow an implant integration with complete bone healing. Comparing these values with the degradation rate by hydrogen evolution (PEO-T: 26.3 and PEO-S: 15.1 mm/year), they are 3–10 times higher than expected for a complete implant integration. This situation would lead to the implant degrading before implant integration occurs, so the implant is not performing its function. The corrosion-accelerating PEO treatment may present as an interest for bone cancer therapy applications, where an accelerated degradation of Mg implant is sought after, in order to treat the tumors [62,63].



The high corrosion rate observed in PEO-coated extruded Mg0.5Zn0.2Ca alloy may be attributed to two factors: (i) the formation of a crevice at the interface PEO/substrate, as described in previous work [30], and (ii) the presence of ZnO within the coatings due to the oxidation of Ca-Mg-Zn intermetallic (in particular Ca2Mg6Zn3 as identified by XRD) (Figure 1c). Studies on galvanized steel have indicated that ZnO, in the presence of carbonates (dissolved CO2 from the air), generates corrosion products in both the anodic region (e.g., Zn5(OH)8Cl2·H2O) and cathodic region (e.g., Zn5(OH)6(CO3)2). These corrosion products can function as semi-permeable membranes, facilitating the transportation of anions (as Cl−) while hindering the movement of cations (e.g., H+), thus promoting ionic flow and maintaining acidic conditions in the anodic area [64,65]. Consequently, localized corrosion is intensified. Moreover, once the corrosion process commences, it progresses swiftly due to the uniformity of the alloy microstructure and the presence of defects produced during the extrusion process (see Figure 1) [17]. A continuous network of secondary phases that might act as a barrier for corrosion progression, as occurs in cast PEO-F/Mg-Zn-Ca alloys [30], is lacking in the extruded lean alloy.



According to the literature, PEO coatings on a cast-Mg-Zn-Ca alloy showed improved corrosion performance based on electrochemical and immersion measurements [24,27,28,66]. In the present work, taking into consideration only the electrochemical measurements, a slight corrosion protection could be observed for some of the coatings. However, when the pH in the immersion test was kept at 7.4, it became evident that the PEO coatings did not improve the corrosion resistance. A direct comparison with other published results on similar coatings appears difficult due to different factors: (i) most of the PEO work reported so far has been carried out on as-cast Mg-Zn-Ca alloys, with no reports on extruded alloys. (ii) The reported coatings in general are ~2 times thicker than those of this work (in the range of 20–40 µm), not least due to the presence of fluorine species in the electrolytes. (iii) Hydrogen release volume is not measured during immersion tests or constant pH of the corrosive medium is not ensured.



Figure 9 shows the macro- and micro-morphological examination of the corrosion products developed in the studied specimens after 5 days of immersion. The bare substrate has a very uniform appearance (Figure 9a), while in PEO-T and PEO-S coated samples the corrosion products layer is heterogeneous (Figure 9c,d). A detailed cross-sectional analysis of one of the coatings (considering that both PEO-T (600 s) and PEO-S (300 s) performed similarly during H2 evolution test) has been carried out in order to understand the corrosion mechanism. The examination (Figure 9e) disclosed a 64.3 ± 1.1 µm-thick, cracked corrosion products layer and a notable lack of a PEO layer above it. Cracking of the corrosion products is related to stresses induced by twofold volume changes during dehydration of Mg(OH)2 (Reactions (1) and (2))


Mg2+ + 2OH− → Mg(OH)2



(1)






Mg(OH)2 → MgO + H2O



(2)




and evolving H2 gas.



In comparison with the results of other published works, the onset of corrosion in the present systems is rather early. For instance, on PEO-coated Mg0.8Ca the initiation of the undercoating corrosion product layer was reported after 2 weeks of immersion [67], although the coatings in question were four times thicker and contained a high level of fluorine.



The EDS analysis presented in Table 5 illustrates the composition of corrosion products (Figure 9b,e). The corrosion product layer in the PEO-S-coated substrate exhibits high levels of Ca and P (~12–18% and ~10 at.%, respectively) attributed to the precipitation of Ca-P compounds from the inorganic α-MEM solution. They are considerably lower than the respective levels in corrosion layer formed on the bare substrate (~20–27% and ~17–20 at.%), indicating that the coating must have been at least partially present during most of the immersion period and was impeding the ingress of α-MEM species [30]. These results are in agreement with observations made in other studies. The main corrosion products on Mg-Zn-Ca alloys consist of Mg(OH)2, Ca10(PO4)6(OH)2, (Ca,Mg)3(PO4)2, Mg(HCO3)(OH)·2H2O, or MgCO3·3H2O [24,27,68], which is consistent with the high levels of Mg, Ca, P, and O illustrated in Table 5. Additionally, Zn is present in both inner and outer parts of the corrosion products (e.g., points 3 and 5; Table 5) due to the diffusion of Zn from the bulk material and the dissolution of ZnO from the PEO coating. In the present conditions, the ZnO dissolution forms compounds such as Zn5(OH)8Cl2·H2O, ZnPO4, ZnCO3, and/or Zn(OH)2 [64,65]. This supports the idea of (i) the corrosion products layer acting as a crevice between the substrate and the coating, and (ii) ZnO in the PEO participating in reactions creating a more aggressive environment. The latter is corroborated by the high level of Cl− in the corrosion products in PEO-S sample (points 4 and 5, Table 5, ~1.1%,) causing an accelerated corrosion of the system.



Several important factors corresponding to the corrosion mechanisms are illustrated by post-corrosion characterization: (i) corrosive species from the medium penetrate through the micro-defects of the outer porous layer, causing progressive hydration of the coating and degradation of the inner barrier layer. (ii) Corrosion products react with the medium species causing the precipitation of Ca-P based compounds. (iii) The cracked inner coating corrosion products layer forms a crevice at the PEO/corrosion products interface. (iv) The presence of ZnO in the PEO coatings and its hydration products promote a more aggressive microenvironment in the crevice, accelerating the corrosion rate of the systems.



For the load-bearing applications where an implant is expected to be made of a wrought alloy (for the mechanical properties sake), it is necessary to continue searching for strategies to improve the corrosion behavior of the Mg0.5Zn0.2Ca alloy. A possible strategy may include changing the PEO electrolyte and electrical conditions so that the Zn is incorporated into the coating not as ZnO but in the form of Zn phosphate, or Zn-substituted hydroxyapatite.






4. Conclusions


PEO coatings were produced on a wrought Mg0.5Zn0.2Ca alloy using transparent and suspension electrolytes and were assessed for microstructure, composition, and corrosion behavior. Key findings are as follows:




	
Coatings applied for 300 s in both electrolytes were compact, while longer treatments led to the formation of a pore band.



	
Suspension electrolyte coatings were marginally thicker (13–18 µm) compared to transparent electrolyte coatings (13–16 µm) due to the relationship between species size in the electrolyte and microdischarges channel diameter.



	
The incorporation of species into the coating increased from 300 to 900 s for both electrolytes, with slightly higher incorporation in suspension electrolyte coatings, attributed to species size, diffusion, and electrolyte concentration.



	
Coatings comprised MgO, ZnO and Mg2SiO4, regardless of treatment time or electrolyte, with slightly higher crystallinity in suspension electrolyte coatings (~84%).



	
Short-term electrochemical evaluation by EIS demonstrated protective properties for 300 s coatings (|Z|10mHz, PEO-T: 5449.65 and PEO-S: 5582.60 Ω·cm2), while longer treatments showed impaired repeatability due to pore band formation.



	
PEO-T-600s coatings revealed 50 times lower corrosion protection than PEO-S-300s due to higher pore area fraction and slightly larger internal pores.



	
Both coatings revealed significantly higher corrosion rates (PEO-T: 26.3 and PEO-S: 15.6 mm/year) over the 5-day period compared to the substrate (0.94 mm/year), attributed to a Cl−-rich aggressive microenvironment in the crevice induced by hydrolysis of ZnO in the coatings.
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Figure 1. Optical (a) and secondary electron (b) micrographs of wrought alloy microstructure (inset composition determined by point analyses, EDS (at %)). (c) X-ray diffraction pattern of bare substrate. 
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Figure 2. (a) Current density-time curves and (b) energy consumption for PEO-T and PEO-S coatings for Mg0.5Zn0.2Ca alloy during 900 s. Dashed lines indicate curves corresponding to the 300 and 600 s treatments. PEO-T electrolyte correspond to black colour and squares shape, and PEO-S electrolyte correspond to red colour and circle shape. 
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Figure 3. Secondary electron plan-view micrographs and backscattered electron cross-sectional micrographs of the (a–f) PEO-T and (g–l) PEO-S coatings. Numbers indicate where the local EDS analysis (Table 2) was performed. 
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Figure 4. X-ray patterns of (a) PEO-T and (b) PEO-S on Mg0.5Zn0.2Ca alloy at 300, 600, and 900 s. 
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Figure 5. Polarization curves of (a) PEO-T and (b) PEO-S and for Mg0.5Zn0.2Ca alloy after 1 h of immersion in inorganic α-MEM. 
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Figure 6. Scatter diagram of the impedance values for studied PEO-T and PEO-S coatings. Black squares indicate bare alloy, red circles indicate PEO-T coatings, blue triangles indicate PEO-S coatings, and symbol size increases in the order of increasing treatment time. 
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Figure 7. (a) The Nyquist (inset the equivalent circuit determined for PEO coatings and substrate) and (b) Bode plots of PEO-T at 600 s and PEO-S at 300 s on Mg0.5Zn0.2Ca alloy. 
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Figure 8. Hydrogen evolution for bare substrate, PEO-T, and PEO-S coatings (a) during 5 days of immersion in α-MEM solution; (b) amplification of the first 5 h. 
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Figure 9. (a,c,d) Macrographs and (b,e) cross-section of (b) Mg0.5Zn0.2Ca substrate and (e) PEO-S coatings for Mg0.5Zn0.2Ca alloys after 5 days of immersion in inorganic α-MEM. The numbers (1–6) indicate where the local ESD analysis was displayed (Table 5). 
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Table 1. Composition and PEO process parameters of electrolytes.
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Electrolyte (g/L)

Composition

	
PEO-T

Transparent

	
PEO-S

Suspension






	
Na3PO4·12H2O

	
10

	
10




	
Na2SiO3·5H2O

	
10

	
9




	
KOH

	
8

	
1




	
CaH7C3PO6

	
2

	
-




	
CaO

	
-

	
2.9




	
Na2EDTA

	
2.67

	
-




	
NaF

	
-

	
-




	
σ (mS/cm2)

	
40.1

	
24.6




	
pH

	
12.7

	
12.9




	
Parameters of process




	
Voltage (V)

	
−350/−50




	
Current density (mA/cm2)

	
100




	
Time (s)

	
300/600/900











 





Table 2. EDS analysis (at. %) of PEO-T and PEO-S coatings.
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Coating

	
Time (s)

	
Location

	
O

	
Na

	
Mg

	
Si

	
P

	
K

	
Ca

	
Zn

	
Ca/P






	
PEO-T

	
300

	
Plan view

	
45.9

	
1.0

	
38.1

	
9.9

	
4.9

	
0.0

	
1.2

	
0.0

	
0.24




	
1

	
51.5

	
1.1

	
31.5

	
10.6

	
4.4

	
0.2

	
0.8

	
0.1

	
0.18




	
2

	
48.8

	
0.8

	
36.9

	
7.7

	
4.7

	
0.5

	
0.5

	
0.1

	
0.11




	
3

	
15.8

	
0.2

	
80.5

	
1.8

	
1.1

	
0.1

	
0.1

	
0.4

	
0.09




	
600

	
Plan view

	
42.5

	
0.4

	
40.0

	
11.7

	
5.0

	
0.5

	
0.8

	
0.0

	
0.16




	
4

	
49.4

	
0.5

	
36.0

	
9.3

	
4.0

	
0.4

	
0.3

	
0.1

	
0.08




	
5

	
48.9

	
1.0

	
38.7

	
6.2

	
3.4

	
1.3

	
0.3

	
0.1

	
0.09




	
6

	
40.5

	
0.2

	
51.3

	
5.1

	
2.4

	
0.3

	
0.1

	
0.2

	
0.04




	
900

	
Plan view

	
45.6

	
0.9

	
41.9

	
9.0

	
2.9

	
1.3

	
0.7

	
0.1

	
0.24




	
7

	
49.1

	
1.1

	
35.0

	
8.9

	
3.9

	
1.1

	
0.8

	
0.1

	
0.21




	
8

	
49.8

	
0.3

	
37.8

	
7.6

	
3.9

	
0.4

	
0.2

	
0.1

	
0.05




	
9

	
39.5

	
0.3

	
53.2

	
4.7

	
1.8

	
0.2

	
0.1

	
0.2

	
0.06




	
PEO-S

	
300

	
Plan view

	
53.7

	
3.9

	
26.6

	
7.8

	
3.4

	
0.8

	
3.8

	
0.0

	
1.12




	
1

	
45.8

	
2.2

	
34.2

	
14.1

	
2.9

	
0.6

	
0.1

	
0.1

	
0.03




	
2

	
50.3

	
1.7

	
35.9

	
9.1

	
2.5

	
0.4

	
0.1

	
0.1

	
0.04




	
3

	
44.1

	
0.3

	
50.6

	
4.0

	
0.8

	
0.1

	
0.1

	
0.1

	
0.13




	
600

	
Plan view

	
44.4

	
2.6

	
37.5

	
14.6

	
3.0

	
1.0

	
1.0

	
0.3

	
0.33




	
4

	
37.6

	
1.3

	
41.6

	
14.1

	
4.5

	
0.5

	
0.3

	
0.4

	
0.07




	
5

	
36.0

	
0.9

	
50.2

	
8.8

	
3.7

	
0.0

	
0.4

	
0.1

	
0.11




	
6

	
37.2

	
1.6

	
52.7

	
8.0

	
2.1

	
0.5

	
0.0

	
0.0

	
-




	
900

	
Plan view

	
38.7

	
2.1

	
38.1

	
12.9

	
5.8

	
1.0

	
1.3

	
0.1

	
0.22




	
7

	
36.5

	
0.9

	
44.6

	
13.1

	
4.2

	
0.6

	
0.2

	
0.1

	
0.05




	
8

	
36.0

	
0.5

	
52.9

	
7.5

	
3.3

	
0.0

	
0.1

	
0.3

	
0.04




	
9

	
41.0

	
0.1

	
55.7

	
1.5

	
1.0

	
0.1

	
0.1

	
0.4

	
0.10











 





Table 3. Corrosion characteristics obtained from polarization curves.
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Electrolyte

	
Time (s)

	
Ecorr

(V)

	
icorr

(µA/cm2)

	
Epit

(V)






	
Mg0.5Zn0.2Ca

	
−1.47

	
33.41

	
−1.40




	
PEO-T

	
300

	
−1.35

	
11.02

	
-




	
600

	
−1.41

	
55.40

	
-




	
900

	
−1.38

	
60.79

	
-




	
PEO-S

	
300

	
−1.41

	
20.20

	
-




	
600

	
−1.41

	
47.32

	
-




	
900

	
−1.38

	
60.32

	
-











 





Table 4. EIS equivalent circuits after 1 h of immersion in inorganic α-MEM solution.
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	Sample
	Rel

(Ω·cm2)
	CPE1

(µS·sn·cm2)
	n1
	R1 (Ω·cm2)
	CPE2

(µS·sn·cm2)
	n2
	R2

(Ω·cm2)
	CPEdl

(µS·sn·cm2)
	ndl
	Rct

(Ω·cm2)
	Rtotal

(Ω·cm2)





	Mg0.5Zn0.2Ca
	36.8
	10.1
	0.58
	171.3
	24.4
	0.87
	1489
	30.6
	0.56
	1500
	3160.3



	PEO-T
	14
	5.14
	0.59
	187.7
	0.003
	0.70
	342.6
	64.4
	0.55
	777.3
	1321.6



	PEO-S
	10
	6.45
	0.64
	1206
	7.44
	0.76
	32,030
	583.13
	0.8
	32,438
	65,684










 





Table 5. EDS analysis (at.%) of substrate and PEO-S on Mg0.5Zn0.2Ca alloy from Figure 9b,e after 5 days of immersion in inorganic α-MEM solution.
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Sample

	
Location

	
O

	
Na

	
Mg

	
Si

	
P

	
Cl

	
K

	
Ca

	
Zn

	
Ca/P






	
Mg0.5Zn0.2Ca

	
1

	
47.8

	
1.3

	
8.2

	
0.1

	
17.1

	
-

	
-

	
20.7

	
0.1

	
1.21




	
2

	
40.8

	
0.7

	
10.8

	
0.4

	
19.6

	
-

	
-

	
26.5

	
0.7

	
1.36




	
PEO-S

	
3

	
60.2

	
0.9

	
12.0

	
0.0

	
9.7

	
0.7

	
-

	
13.8

	
0.7

	
1.42




	
4

	
56.0

	
0.7

	
17.5

	
0.0

	
10.0

	
1.2

	
-

	
12.1

	
0.9

	
1.21




	
5

	
48.5

	
1.1

	
17.7

	
0.2

	
11.2

	
1.1

	
0.4

	
17.7

	
1.1

	
1.58




	
6

	
70.1

	
0.8

	
19.2

	
0.0

	
2.5

	
0.3

	
-

	
5.1

	
0.5

	
2.04
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