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Abstract

:

The plasma electrolytic oxidation (PEO) surface modification technique was employed for improving the mechanical and anti-corrosion properties of the AZ63 magnesium alloy. Different PEO processing times (5, 10 and 20 min) in a 10 g/L NaAlO2 electrolyte, with no other additives, led to the formation of ceramic coatings with mean thicknesses between 15 and 37 microns. Scanning electron microscopy (SEM) showed that the porosity of the coatings decreased with processing time, but an increase in roughness was observed. X-Ray diffraction phase analysis indicated a coating structure composed of majority magnesium aluminate spinel. The corrosion rate of the coated samples decreased with an order of magnitude compared with the bare alloy. The average micro-hardness values of the PEO-coated samples was up to five times higher than those of the AZ63 alloy.
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1. Introduction


AZ series magnesium alloys, with aluminum and zinc as main alloying elements [1], are widely used as materials for structural elements due, mainly, to their low weight and high strength-to weight-ratio [2]. However, reduced wear resistance [3] and high corrosion rates [4] limit their use in top applications for the automotive, aero-spatial and medical industries [5]. Thus, further applications of magnesium alloys require an improvement of those properties [6]. The mechanical and anti-corrosion properties’ enhancement is usually done by adding new alloying elements or by surface modification (coating or surface treatments) [7]. The surface modification approach can be divided into three major techniques classes [8,9,10]: chemical conversion coating (including PEO), physical or chemical deposition methods and modification of the surface microstructure.



One of the most promising, inexpensive and environmentally friendly surface modification techniques is plasma electrolytic oxidation (PEO) [7,11,12,13]. By using high voltages and, in general, an aqueous alkaline electrolyte, the ceramic PEO-obtained coatings exhibit well improved mechanical and corrosion protection properties compared to the base alloy. Silicates, phosphates and aluminates with a series of additives are often used as base electrolytes for plasma electrolytic oxidation of magnesium and its alloys [14]. According to the reviewed scientific literature [4,15,16], PEO surface modification of AZ magnesium alloy series has focused on AZ91D and AZ31 alloys. Several research groups showed that the nature and composition of the substrate affects the composition and the properties of the PEO coatings [17,18].



A widely used AZ series magnesium alloy is AZ63 [19]. Different approaches for mechanical and corrosion properties’ improvement were studied: heat treatment [20,21], thermomechanical treatment [22], reinforcement by alloying with gallium and adding ZrO2 particles [23], calcium doping [24] and tailoring the microstructure of the AZ63 Mg alloy [25].



Very few studies [26] reported the surface modification of AZ63 by PEO coating. We chose to use the AZ63 magnesium alloy because of its relative high content of aluminum (approx. 6%) and zinc (approx. 3%), which could provide better corrosion and mechanical protection properties for PEO coatings obtained on this kind of substrate, as reported by the above-mentioned authors.



Therefore, this study aims to investigate the influence of processing time on the morpho-structural characteristics and mechanical and anticorrosion properties of the PEO coatings on the AZ63 magnesium alloy in an aluminate-based electrolyte.




2. Materials and Methods


2.1. Materials and PEO Experimental Parameters


Commercial cast AZ63 magnesium alloy (provided by SC iP AUTOMATIC DESIGN SRL, Lunca Corbului, Romania) [27], was cut in disc-shape samples with a diameter of 20 mm and thickness of 4 mm. The electrical contact was made using a 2 mm insulated steel rod threaded into the lateral side of the disc. Before starting the plasma electrolytic oxidation experiments, the specimens were mechanically polished (with sandpaper of different granulation up to 4000) and ultrasonically cleaned in acetone. In this work, the surface modification of the AZ63 magnesium alloy samples was achieved by means of PEO processes in an aqueous electrolyte of 10 g/L     NaAlO  2    (conductivity—11.5 mS/cm, pH—12.2), without any additives. The PEO processing durations were 5 min (AZ63_5m), 10 min (AZ63_10m) and 20 min (AZ63_20m). A pulsed DC galvanostatic regime, at a constant 2 A applied current (implying a current density of approx.   0.23   A /   cm  2   ), frequency of 150 Hz and a mean duty cycle of 42%, comprised the experimental parameters used for PEO surface processing. The experimental set-up is presented in a previous work [28]. The maximum amplitude of the applied voltage was 570 V and the temperature of the electrolyte was kept below   30   ℃  .




2.2. Characterization Methods


SEM-EDS surface and cross-section analysis was performed using a Hitachi SU5000 Schottky Field Emission Scanning Electron Microscope, equipped with both secondary and backscattered electrons detectors (BSE), together with energy dispersive X-ray spectrometry (EDS) module for chemical elemental analysis. Sample surface charging was overcome by employing a Low Vacuum and Variable Pressure module set at 30 Pa, 25 kV accelerating voltage and 125 μA emission current. 3D models of the coated samples’ surfaces were generated by using each of the four channels of the BSE detector and the Hitachi Map 3D software. For cross-section PEO thin film analysis, the samples were cut, embedded in conductive resin, gradually polished with abrasive papers having different grain size and finally polished for one hour using IM4000 Ar+ ion beam milling system.



X-ray diffraction (XRD) patterns of the substrate and coated samples were recorded on a Rigaku Ultima IV diffractometer in Bragg–Brentano geometry, using CuKα radiation (  λ = 0.154   Å  , 45 kV and 40 mA) and a D/teX Ultra one-dimensional detector with graphite monochromator. For the phase analysis of the coated samples, XRD patterns were acquired in the   2 θ   range of     15 ° – 80 °    , with a step of   0.05 °   and a scanning speed of 3  ° / min  . The ICDD PDF4+ 2022 database was used for crystalline phase identification.



Microstructural parameters and quantitative phase analysis were performed by whole powder pattern fitting (Rietveld analysis) [29], using Rigaku’s PDXL2 XRD software. Reliable XRPD (X-Ray powder diffraction) microstructural analysis required the detachment of the PEO coatings from the substrate using a procedure adapted from [30]: the coated samples were mechanically polished on the edges and then submitted in a    H 2    SO  4    3M solution. The sulfuric acid reacts preferentially with the magnesium alloy substrate producing     MgSO  4    and hydrogen gas, and so in a manner of minutes, the coating was detached from the substrate. After ultrasonically cleaning in acetone, the detached coatings were dried, fine grinded and submitted to analysis. The XRD patterns for Rietveld analysis were acquired in the   2 θ   range of [  15 ° – 103 °  ], with a step of   0.02 °   and a scanning speed of   0.5 ° / min .   The micro-hardness of the coatings was measured using a FALCON 500 micro-Vickers hardness tester from INNOVATEST.



The corrosion resistance of the uncoated and coated samples was tested in 3.5 wt.% NaCl solution at room temperature by measuring the polarization curves with a PARSTAT 4000 electrochemical system (Princeton Applied Research, Oak Ridge, TN, USA) over a voltage range of −0.25 to −1.5 V at 1.0 mV/s in a conventional three-electrode cell.





3. Results and Discussions


3.1. SEM-EDS Sample Surface Analysis


3.1.1. Morphology and Topography


The surface morphology for the raw Mg alloy and PEO treated samples was observed by SEM in backscattered electrons mode at different magnifications (Figure 1a–d).



Figure 1a presents a typical [18] Mg AZ series alloy surface SEM micrograph, with a majority darker α-Mg matrix and β-Mg17Al12 brighter areas. EDS data (not shown here) indicated that in the beta phase area, a rich Al compound, the mean ratio of Al and Mg (approx. 0.7) is 10 times bigger than average ratio for the entire surface of the alloy (approx. 0.06).



For all the PEO-coated samples (Figure 1b–d), data showed typical PEO “pancake-like” surfaces with different porosity, radial surface cracks and areas with chemical elemental contrast. In addition, in zoom boxes from Figure 1b–d, some sintered particles (or nodules) at the border of the re-solidified melt pool [30] can be seen. Similar structures were reported by other groups dealing with PEO on titanium alloys [31,32]. A representative SEM micrograph in both BSE and SE mode is presented in Figure 2.



The formation of “pancake-like” structures, as in Figure 2, indicates strong penetrating plasma discharges [33] and the dielectric properties of the ceramic PEO coating [5]. In Figure 2a, the main surface morphology characteristics are indicated as follows: 1—“deep-pores”; 2—“shallow pores”; 3—radial micro-cracks; 4—sintered particles on the coating surface; 5—central “sink-hole” of a completely closed pore; 6—the re-solidified melt pool [30]. This characteristic morphology, with deep and shallow pores, was also reported by Arunnellaiappan et al. [34], who studied the surface morphology of PEO AA7075 aluminum alloy.



Using ImageJ software for image processing and analysis on SEM images obtained at ×100 magnification for PEO treated samples, the average apparent surfaces porosity were obtained. A representative example of a used SEM image and its correspondent ImageJ pore identification is presented in Figure 3.



Considering the SEM image resolution capabilities and PEO micro-discharge channels, pore size constrain was introduced to account only for pores with an area above 78.5      μ m   2  ,   which is equivalent to a round pore with a size (diameter) above 10    μ m   . No pore shape constrain was added. The data obtained for pore sizes from surface image analysis were quantitatively analyzed, the porosity for each of the three PEO treated samples being calculated as the ratio between total pores area versus total investigated area. The determination of the average porosity was carried out by using SEM (×100 magnification) micrographs from five randomly chosen areas of each sample, and the obtained mean values are presented in Table 1.



The mean porosity values presented in Table 1 show a decrease of the apparent surface porosity with increasing processing time, reaching a level of approx. 11% for the 20 min PEO surface treatment. Higher values (approx. 27%) were reported by Laleh et al. [35] for the PEO on AZ91D Mg alloy in NaAlO2 without additives. A decrease in porosity with increasing processing time could be explained by the PEO coating formation mechanisms [5]: numerous softer plasma discharges in an early stage, followed by lesser, localized and more powerful events when the PEO coatings develop.



Based on the Hitachi SU5000’s capabilities and Hitachi Map 3D software, the mean height parameters of the PEO coatings were determined in order to perform a comparative analysis of the coatings’ roughness evolution with processing time.



Using four surface profiles taken from each of the five areas used previously for porosity analysis, the surface height parameters were determined, as defined in [36]:




	–

	
standard deviation of the height distribution, or RMS surface roughness











   S q  =    1 A    ∬  A   z 2    x , y   d x d y    



(1)







	–

	
mean surface roughness









   S a  =  1 A    ∫  A    z   x , y     d x d y  



(2)




where A is the area of the investigated surface and z(x,y) is the roughness profile in the x and y direction. The SEM height maps were generated in Hitachi Map 3D software by using each of the four channels of the BSE detector. An example of SEM topographic analysis is presented in Figure 4.



In Figure 4, four directional backscatter images (Figure 4a) recorded for each investigated surface were converted into a 3D surface height map (Figure 4b). Using a Hitachi calibration standard, a 3D surface rendering was obtained from the height maps (Figure 4c). A 2D topographic profile (Figure 4d) illustrates the variation of the peak and pit heights on the x direction of the chosen cross-section (where zero level represents the mean plane).



The results for surface roughness analysis, as defined in [36], are presented in Table 2.



The obtained results show similar roughness values for 5 and 10 min and an increase in surface roughness parameters for the 20 min PEO treated. In the early stages of PEO, well uniform distribution of the discharging channel led to lower values of surface roughness. As the processing time increased, the discharge channels were fewer and more localized, which could be the explanation for the increased roughness values of the AZ63_20m sample [37].




3.1.2. Surface Elemental Composition


First, EDS area scans were performed on a raw Mg alloy in order to extract chemical elemental concentrations. The measured average values (Table 3) from five determinations correspond to an AZ63 Mg alloy [1].



Figure 5 shows the point scans used for identifying the chemical elemental composition corresponding to different surface morphological structures.



Three EDS measurements for each selected structure from representative areas were used to analyze the chemical composition variation of the main elements present in the coatings. The mean values are presented in Table 4.



The qualitative analysis of chemical composition in the measured point scans indicates the formation of magnesium and/or aluminum oxide compounds (a mixture of magnesium oxide, aluminum oxide and magnesium aluminate phases).





3.2. Cross-Section SEM-EDS Analysis


3.2.1. Cross-Section Morphology and Elemental Composition


In order to monitor cross-section chemical elemental distribution for Mg, Al and O, mapping (Figure 6) and EDS line-scan analysis were performed (Figure 7).



The cross-section SEM-EDS analysis show a structure formed by a barrier layer, local Al/Mg rich areas and sandwich structures of alternating Mg and Al increased concentration layers.



Figure 6 indicates a complex, non-uniform structure of the PEO coatings, which evolves with the processing time. Duan et al. [38] showed in their study that the concave regions, rich in aluminum (Figure 6a), appearing in the PEO coatings were the result of the coating formation above the constituent β-phase of the magnesium alloy. They assumed that the coating layers formed above the Mg17Al12 phase were formed by lateral growth of the layers formed above the alpha phase. In Figure 5b,c, it can be seen that areas rich in aluminum are covered by areas rich in magnesium, which is why we believe that a similar growth mechanism is responsible for the formation of PEO coatings on the AZ63 magnesium alloy. The presence of closed cavities in the structure of PEO coatings could be attributed to a mechanism of plastic deformation of the constituent material under the influence of the gas evolution within the coating [32].



Both EDS line-scans and mapping data showed that, for all three investigated samples, there was a non-homogenous ceramic PEO coating with variable cross-section Mg/Al ratios.




3.2.2. Coating Thickness


Coating thickness measurements were performed in cross-section by scanning electron microscopy (SEM) at 300× magnification in 5 different areas. A representative example for each sample is shown in Figure 8.



The obtained mean values are summarized in Table 5.



Figure 8 and Table 5 show that PEO coatings are non-uniform, being thinner in the growth areas above the β-phase (concave regions) and thicker in the areas corresponding to coating formation from the α-Mg matrix. This also explains the high values of mean thickness standard deviations. The barrier layer thickness increased with processing time from a mean value of 0.36 µm for the 5 min PEO treatment, to approx. 0.66 µm for the 10- and 20-min processing times.





3.3. X-Ray Diffraction Analysis


Figure 9 presents the results of the XRD phase analysis of the AZ63 magnesium alloy and of the PEO coatings obtained in 10 g/L     NaAlO  2    for a process duration of 5 min (AZ63_5m), 10 min (AZ63_10m) and 20 min (AZ63_20m).



At the bottom of Figure 9, one can see a typical XRD pattern of an AZ63 magnesium alloy, with results consistent with other reports [19,25]. It shows high-intensity lines related to the Mg α-matrix (DB card 04-006-2605) and some Mg17Al12 β-phase (DB card 04-010-7477) less-intense XRD lines.



XRD data show that all the PEO treated samples are composed mainly of MgAl2O4 (DB card 04-007-4175), with a minor contribution from the MgO (DB card 01-076-2583) crystalline phase. Due to the porosity and limited thickness of the coatings, line profiles associated with the substrate are also present in the diffraction patterns of the coated samples. The magnesium alloy diffraction lines’ intensity decreases with processing time, suggesting the formation of thicker coatings. No Zn specific crystalline phase was detected.



The formation of MgAl2O4 as a majority coating constituent is promoted by substrate [26] and electrolyte composition [39].



XRD patterns of the coatings detached from the magnesium alloy according to the procedure described in Section 2.2, are shown in Figure 10.



Better XRD resolution and the powder state of the coatings allowed the identification, aside from the spinel and the oxide crystalline phases, of another possible constituent crystalline phase—γ-Al0.667O (a non-stoichiometric γ-Al2O3 phase, DB card number 04-016-1445).



The position of the diffraction peaks from PDF cards used for qualitative phase analysis are presented in Appendix A (Figure A1, Figure A2, Figure A3, Figure A4, Figure A5, Figure A6 and Figure A7).



Assuming the correct identification of the alumina crystalline phase, the quantitative phase analyses and microstructural parameters refined by the Rietveld method are presented in Table 6.



The Rietveld analysis results indicate an increase in MgAl2O4 coating content with processing time. Li et al. [40] showed that an increased concentration of sodium aluminate in the electrolyte can also lead to the formation of a larger amount of magnesium spinel by PEO processing of the AM50 alloy. Since the hardness of MgAl2O4 is higher than the hardness of the periclase crystalline phase, an increased percent of magnesium spinel at the expense of MgO in the PEO coatings is of interest for applications that require hard coatings [41,42].



There is no correlation between processing time and the mean crystallite size, all the PEO coatings being nanostructured. Table 6 does not include microstructural parameters for magnesium oxide and the supposed gamma-alumina, given the quality and number of XRD line profiles associated with those crystalline phases.



The reaction mechanism for magnesium oxide and magnesium aluminate spinel formation are explained in detail in a 2017 Hussein et al. paper [14].



The presence of aluminum-rich areas can be due to:




	-

	
Decomposition of the electrolyte under the influence of the strong discharges that penetrate the layer, which leads to the presence of electrolyte species on the surface of the pancakes and at the coating/substrate interface after a single discharge [5]. Thus, aluminum ions from the electrolyte and oxygen species present in the pores and discharge channel forms aluminum oxide allotropic forms;




	-

	
Ejecting process of molten magnesium and alloying elements (approx. 6% aluminum), followed by an oxidation process in the discharge channel, and finally quenching and deposition. The formation of γ-alumina is associated with a fast cooling rate [43].









It was shown [26] that the alloying elements of the AZ series can be simultaneously oxidized along with Mg, and the data obtained from the SEM-EDS cross-section analysis support the importance of alloying elements in the formation of the PEO coatings




3.4. Vickers Micro-Hardness


The mean values of Vickers micro-hardness were evaluated as a result of 6 measurements in 6 different areas, with a 300 g applied force and 10 s dwelling time. The 300 g applied force was chosen so that the penetration depth (h) satisfied the relationship h ≤ d/7 (where d is the mean size of the indentation diagonal had a maximal value of 59 μm).



Mean values of the Vickers micro-hardness are presented in Table 7 and show higher micro-hardness values proportional with the plasma electrolytic oxidation process time.



It is believed that this improved hardness is a result of time-related reduced porosity and an increased ratio of crystalline material in the coating, in our case MgAl2O4 spinel [39].



The AZ63_20m coating reached a Vickers micro-hardness of 4.4 GPa, which means that the coating processed for 20 min was five times harder than the AZ63 magnesium alloy substrate, with similar values reported in [40].




3.5. Potentiodynamic Polarization Tests


Potentiodynamic polarization measurements were used to estimate the corrosion behavior of the AZ63 Mg alloy uncoated and PEO-coated samples in 3.5% NaCl solution. A three-electrode conventional electrochemical cell connected to a Parstat 4000 potentiostat system was employed for potentiodynamic polarization tests at a constant 30 °C temperature. After 30 min stabilization, the potentiodynamic polarization curves were measured from la −0.25 V vs. open circuit potential to +1.5 V vs. open circuit potential at a scanning speed of 1 mV/s. The obtained polarization curves (corrosion current density as a function of measured potential vs. saturated calomel electrode—SCE) are shown in Figure 11.



The calculated corrosion parameters—constants anodic Tafel slope βa and cathodic Tafel slope βc—were obtained by Tafel extrapolation from the polarization curves; corrosion potential (Ecorr), corrosion current density (icorr) and corrosion rate (Vcorr), are presented in Table 8.



The cathodic reaction (2H+ + 2e = H2) presents bigger values in all cases in comparison with metal corrosion, typically for Mg alloys [4]. Total cathodic current corresponds to the cumulating of the currents for both hydrogen (H) and oxygen (O) reduction reactions and has to be balanced by the single anodic reaction current. Depending on the level of electrolyte agitation, the magnitude of the limiting current for the oxygen reduction will vary. The Ecorr of the PEO coating was lower than that of the Mg alloy, especially for the AZ63_10m sample. For the thinner layer obtained in the first conditions (AZ63_5m), the Ecorr value was near the base material and this fact can be associated with the micro-pores’ presence on the PEO coating surface. The electrolyte could penetrate into the inner PEO layer through the micro-pores and cause the corrosion starting and occurring [4,44]. Increasing the layer thickness improves the corrosion resistance behavior of the material by sealing part of the pores, and the contact between the base material and saline solution is reduced much more. Values of icorr generally are connected to a possible corrosion rate of the material. All coated samples presented an improvement in corrosion current on the surface with a decrease of 2 order of magnitude. The results confirmed an improvement of corrosion resistance of the material through PEO coatings. Corrosion resistance increased with an increasing cathodic current density, which may be attributed to low porosity and more compactness of the coatings produced [17,45].



In general, the overall protective effectiveness of PEO coatings is determined by [14]:




	-

	
Coating thickness, crystalline phase composition, roughness, level of porosity and defects for mechanical properties;




	-

	
Coating thickness, structure and chemical composition, level of porosity and the integrity of the coating/substrate barrier layer for anti-corrosion properties.









In addition, an important key factor is the structure and chemical composition of the substrate material, in our case the AZ63 Mg alloy, which has a huge influence on the nature of the PEO coating. Krishna et al. [26] reported a strong relationship between the protective properties of the PEO coatings (obtained on binary and ternary magnesium alloys in a mixture of sodium silicate, sodium aluminate and potassium hydroxide electrolyte) and the content of aluminum and zinc in the substrate material. They showed that a high content of aluminum promotes the formation of the MgAl2O4 phase, while the role of the Zn alloying element is to increase the coating formation rate.



A high ratio of aluminum-related crystalline phase, which corresponds to the formation of the coating from the substrate’s β-phase, led to more defective coatings, hence the lower protective properties.



As processing time increases, the α-Mg phase plays a predominant role in coating formation, promoting the increase in MgAl2O4 content.



The reduction of the macro-scale defects and level of porosity, along with the increase in overall and barrier layer thicknesses of the PEO samples with longer processing time, are responsible for better corrosion protection, since it will be harder for corrosive species to reach the substrate. Better corrosion protective properties with increasing processing time could be attributed also to the increase of the MgAl2O4 crystalline phase ratio in the coating with a longer processing time, as shown by XRD analysis. It has been shown [14] that an increase in spinel volume fraction is beneficial for corrosion protective properties, being more stable.



The higher content of the spinel phase with a longer PEO duration, along with the increasing thickness of the coating and reduced porosity, could also be responsible for the increase in micro-hardness. The MgAl2O4 crystalline phase is much harder than MgO [40].



Further research must be carried out to determine the influence of the aluminum-related crystalline phase on the protective properties of obtained PEO coatings. More detailed mechanical properties investigations, such as wear and adherence, are also future targeted in order to test the quality of the coatings.





4. Conclusions


In this paper, the influence of time on the composition, structure and protective properties of PEO coatings on the AZ63 Mg alloy formed in aluminate electrolyte was investigated. The time dependence of the morpho-structural features investigated by SEM-EDS and XRD analysis showed that:




	-

	
The PEO coatings formed on AZ63 magnesium alloy, in NaAlO2 electrolyte without any additives, were mainly composed of Mg, Al and O;




	-

	
Although the PEO coatings have similar characteristic surface structures, a decrease in relative apparent porosity and an increase in surfaces roughness with increasing processing time was observed;




	-

	
The PEO coatings were mainly composed of the MgAl2O4 crystalline phase, with its relative ratio increasing with processing time;




	-

	
The coatings (and barrier layer) thickness and compactness increased with processing time.









The functional surface properties determined by means of Vickers micro-hardness and potentiodynamic polarization measurements were correlated with the time-dependent morpho-structural features, thus:




	-

	
A 2 order of magnitude improvement of the corrosion protective properties was correlated with an increase in MgAl2O4 content, coatings thickness and a decrease in apparent porosity level;




	-

	
A 5 times increase of the Vickers micro-hardness was correlated with an increase in roughness, thickness and crystalline phase composition of the coatings.
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Appendix A


The Figure A1, Figure A2, Figure A3, Figure A4, Figure A5, Figure A6 and Figure A7 present the position of the diffraction peaks from PDF cards, as generated by PDXL2 software, used for qualitative phase analysis for all the analyzed samples: AZ63 alloy, AZ63_5m PEO coating (5 min processing time), AZ63_10m PEO coating (10 min processing time), AZ63_20m PEO coating (20 min processing time), 5m_powder (AZ63_5m detached from substrate), 10m_powder (AZ63_10m detached from substrate) and 20m_powder (AZ63_20m detached from substrate). “*DB pattern” annotation means that the position of the peak bars in the presented figures are the exact positions of the corresponding crystalline phases as recorded in PDF4+ database.
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Figure A1. AZ63 alloy—XRD qualitative phase analysis with displayed PDF cards peak bars. 






Figure A1. AZ63 alloy—XRD qualitative phase analysis with displayed PDF cards peak bars.
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Figure A2. AZ63_5m sample—XRD qualitative phase analysis with displayed PDF cards peak bars. 






Figure A2. AZ63_5m sample—XRD qualitative phase analysis with displayed PDF cards peak bars.
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Figure A3. AZ63_10m sample—XRD qualitative phase analysis with displayed PDF cards peak bars. 






Figure A3. AZ63_10m sample—XRD qualitative phase analysis with displayed PDF cards peak bars.
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Figure A4. AZ63_20m sample—XRD qualitative phase analysis with displayed PDF cards peak bars. 






Figure A4. AZ63_20m sample—XRD qualitative phase analysis with displayed PDF cards peak bars.
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Figure A5. AZ63_5m in powder-form sample—XRD qualitative phase analysis with displayed PDF cards peak bars. 






Figure A5. AZ63_5m in powder-form sample—XRD qualitative phase analysis with displayed PDF cards peak bars.
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Figure A6. AZ63_10m in powder form sample—XRD qualitative phase analysis with displayed PDF cards peak bars. 






Figure A6. AZ63_10m in powder form sample—XRD qualitative phase analysis with displayed PDF cards peak bars.
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Figure A7. AZ63_20m in powder form sample—XRD qualitative phase analysis with displayed PDF cards peak bars. 






Figure A7. AZ63_20m in powder form sample—XRD qualitative phase analysis with displayed PDF cards peak bars.
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Figure 1. SEM images obtained at different magnifications (100× and 700× in zoom box) for raw Mg alloy (a) and PEO treated samples: AZ63_5m (b), AZ63_10m (c) and AZ63_20m (d). 
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Figure 2. SEM micrographs in BSE (a) and SE (b) mode of a representative area of the PEO coating surface for the sample AZ63_20m. 
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Figure 3. Example of a used SEM image ×100 (a) and ImageJ pore identification (b) of the sample AZ63_10m surface. 
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Figure 4. Example of a 3D SEM-BSE topographical analysis performed on sample AZ63_10m: the four BSE images acquired on the same surface by the four channels of the BSE detector (a); generated 2D surface height map (b); 3D surface rendering (c); topographic cross-section profile (d). 
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Figure 5. Surface point-scans EDS analysis on “pancake-like” areas: P1—deep pore; P2—shallow pore; P3—re-solidified melt pool; P4—sintered particles for AZ63_5m (a), AZ63_10m (b) and AZ63_20m (c) samples. 
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Figure 6. Cross-section morphology and EDS mapping of main coating elements for sample AZ63_5m (a), AZ63_10m (b) and AZ63_20m (c). 
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Figure 7. Cross-section EDS line-scan analysis for sample AZ63_5m (a), AZ63_10m (b) and AZ63_20m (c). 
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Figure 8. Overall coatings (left) and barrier layer (right) thickness of AZ63_5m (a), AZ63_10m (b) and AZ63_20m (c) samples. 
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Figure 9. XRD patterns of AZ63 magnesium alloy and coated samples. 
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Figure 10. XRD patterns of the detached PEO coatings (inset: zoom on the 40°–70° 2θ range). 
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Figure 11. Polarization curves for AZ63 magnesium alloy in 3.5% NaCl: AZ63 alloy, 5 min PEO processed (AZ63_5m), 10 min PEO processed (AZ63_10m) and 20 min PEO processed (AZ63_20m). 
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Table 1. Mean porosity values of the PEO treated surfaces.
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	Sample Code
	Porosity ± SD (%)





	AZ63_5m
	19.17 ± 1.96



	AZ63_10m
	14.59 ± 1.40



	AZ63_20m
	11.30 ± 1.36
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Table 2. Surface roughness analysis.
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	Sample Code
	Sq ± SD (µm)
	Sa ± SD (μm)





	AZ63_5m
	5.11 ± 2.08
	4.28 ± 2.04



	AZ63_10m
	5.24 ± 0.36
	4.17 ± 0.29



	AZ63_20m
	6.67 ± 1.29
	5.23 ± 1.03
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Table 3. EDS area scan quantitative chemical elemental analysis of raw Mg alloy.
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Element ± SD (wt%)




	
Mg

	
Al

	
Zn

	
Mn

	
Si






	
91.55 ± 0.05

	
5.36 ± 0.04

	
2.83 ± 0.03

	
0.17 ± 0.01

	
0.09 ± 0.01
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Table 4. Chemical composition of the selected representative PEO coatings’ surfaces.
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Sample

	
Point Scan P1

	
Point Scan P2

	
Point Scan P3

	
Point Scan P4




	
Mg

(wt%)

	
Al

(wt%)

	
O

(wt%)

	
Mg

(wt%)

	
Al

(wt%)

	
O

(wt%)

	
Mg

(wt%)

	
Al

(wt%)

	
O

(wt%)

	
Mg

(wt%)

	
Al

(wt%)

	
O

(wt%)






	
AZ63_5m

	
23.70 ± 0.11

	
30.85 ± 0.14

	
45.44 ± 0.17

	
22.19 ± 0.09

	
32.40 ± 0.20

	
47.36 ± 0.11

	
24.08 ± 0.06

	
30.70 ± 0.08

	
45.22 ± 0.09

	
23.68 ± 0.05

	
30. 59 ± 0.09

	
45.73 ± 0.08




	
AZ63_10m

	
26.43 ± 0.13

	
29.35 ± 0.14

	
44.22 0.17±

	
27.11 ± 0.13

	
28.53 ± 0.14

	
44.35 ± 0.17

	
32.40 ± 0.05

	
25.16 ± 0.05

	
42.44 ± 0.06

	
27.46 ± 0.05

	
31.53 ± 0.06

	
41.01 ± 0.07




	
AZ63_20m

	
20.38 ± 0.10

	
33.18 ± 0.12

	
46.44 ± 0.15

	
24.23 ± 0.12

	
30.71 ± 0.14

	
45. 06 ± 0.17

	
25.23 ± 0.06

	
29.88 ± 0.08

	
44.89 ± 0.09

	
23.00 ± 0.04

	
33.47 ± 0.05

	
43.53 ± 0.06
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Table 5. Coating and barrier layer mean thickness.
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	Sample
	Coating Thickness (µm)
	Barrier Layer Thickness (µm)





	AZ63_5m
	15.14 ± 4.21
	0.36 ± 0.06



	AZ63_10m
	23.78 ± 11.64
	0.66 ± 0.08



	AZ63_20m
	36.60 ± 9.22
	0.67 ± 0.05
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Table 6. Quantitative phase analysis and microstructural parameters of the PEO coatings detached from the substrate (in powder form).
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Sample

	
Phase Composition

	
Quantitative Phase Composition (wt%)—Rietveld Analysis

	
Crystallite Mean Size (nm)






	
AZ63_5m

	
MgAl2O4

	
82.2 ± 0.4

	
35.9 ± 1.6




	
MgO

	
7.5 ± 0.4

	
NA




	
gamma-Al0.667O

	
10.3 ± 1.2

	
NA




	
AZ63_10m

	
MgAl2O4

	
89.2 ± 0.3

	
33.3 ± 0.3




	
MgO

	
7.1 ± 0.4

	
NA




	
gamma-Al0.667O

	
3.7 ± 0.5

	
NA




	
AZ63_20m

	
MgAl2O4

	
91.2 ± 0.2

	
35.0 ± 0.3




	
MgO

	
4.9 ± 0.2

	
NA




	
gamma-Al0.667O

	
3.8 ± 0.2

	
NA
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Table 7. Coating Vickers micro-hardness.
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	Sample
	HV/0.3 (GPA)





	AZ63
	0.88 ± 0.09



	AZ63_5m
	2.04 ± 0.09



	AZ63_10m
	3.42 ± 0.17



	AZ63_20m
	4.44 ± 0.12










[image: Table] 





Table 8. Calculated corrosion parameters.






Table 8. Calculated corrosion parameters.





	Sample
	βa

(mV)
	βc

(mV)
	Ecorr

(V vs. SCE)
	icorr (A/cm2)
	Vcorr (mmpy)





	AZ63
	20.6
	222.7
	−1.49
	51.0 × 10−5
	11.1



	AZ63_5m
	77.85
	404.8
	−1.48
	15.6 × 10−5
	4.0



	AZ63_10m
	30.01
	647.5
	−1.35
	2.91 × 10−5
	2.4



	AZ63_20m
	37.56
	419.04
	−1.39
	0.83 × 10−5
	0.8
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