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Abstract

:

The addition of Cr nanoparticles to a plasma electrolytic oxidation (PEO) electrolyte offers the possibility of producing layers with a broader range of coating compositions and improved properties. In this study, the effects of nanoparticles and various voltages on coating formation, microscopic morphology, and phase composition were investigated with in situ incorporation of Cr nanoparticles into PEO-coated Mg alloy. The results show that the corrosion performance of the coating was significantly improved when the final voltage was set to 460 V and the concentration of Cr nanoparticles was 1 g/L. Compared to the particle-free coating, the corrosion current density of the coating with the addition of 1 g/L Cr nanoparticles was reduced by two orders of magnitude. The impedance at the low frequency (0.01 Hz) increased by more than one order of magnitude after one hour of immersion, indicating a considerable improvement in corrosion resistance. Due to the high temperature during the coating-formation process, the Cr nanoparticles were oxidized, resulting in the formation of Cr2O3. The existence of Cr2O3 slightly increased the growth rate of the coating and sealed the open pores of the coating.
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1. Introduction


Magnesium (Mg) and its alloys have shown great potential in the fields of transportation, aerospace, and electronic communications as the lightest metal structural material with a high strength-to-weight ratio and biodegradability [1,2,3]. However, their high chemical reactivity and tendency to corrode, even in air, are major obstacles that hinder their widespread use [4,5]. Various surface treatments, such as thermal spraying [6], cold spraying [7], electroplating [8], anodizing [9], and electroless plating [10], have been applied to Mg and its alloys to provide new functionalities and long-term anti-corrosion properties. Plasma electrolytic oxidation (PEO), also called micro-arc oxidation (MAO), is an effective one-step surface-treatment process derived from conventional anodizing [11,12,13]. It can generate discharge sparks on valve metals (Al, Mg, and Ti) [14,15,16], which involves a series of electrochemical and thermochemical reactions [17,18,19]. As a result, the metal surface is covered with ceramic oxide coatings to simultaneously improve the corrosion and wear resistance of the substrate [20,21,22]. Nevertheless, the process accompanies a significant quantity of short-lived micro-discharges due to the dielectric breakdown of the oxide film at relatively high voltages, causing coatings with high porosity and large-sized defects [23,24,25]. When the coating possesses a large number of discharge channels and defects, the corrosive liquid (NaCl) can penetrate through the layer rapidly [26,27,28]. Therefore, sealing the porous film is responsible for improving the corrosion performance of PEO coatings [29,30,31].



There are two main methods to reduce the porosity of PEO coatings and improve their corrosion resistance [32,33]. One method involves depositing an additional layer with a post-treatment process on top of the PEO film to form a composite coating that enhances the anticorrosion ability of the PEO coatings [34]. For instance, Liu et al. [35] found that sol-gel or epoxy resin coatings could effectively penetrate and fill the open pores on the surface of PEO coatings. Similarly, introducing corrosion inhibitors into the open pores before sealing them has also been shown to significantly improve the corrosion resistance of coatings [36]. Alternatively, additives like nano- and micro-sized particles can be directly added to the electrolytes to seal the open pores and improve the properties of the coating [37,38,39]. In situ incorporation of nano- and micro-sized particles into PEO coating has been explored to produce functionalized coatings with a broader range of components [40]. The size and physicochemical properties, such as conductivity and melting point, of the particles influence the coating-formation process. Lu et al. [41] explored the effect of micro- and nano-sized SiO2 particle size on PEO coatings. It was found that micro-size particles entered via the surface, resulting in inert incorporation. In comparison, nano-size particles were mainly absorbed via discharge channels and open pores, resulting in reactive incorporation. Therefore, in situ incorporation with nano-size particles is the preferable option. M. Laleh et al. [42] found that incorporation of CeCl3 increased the conductivity of the base electrolyte and enabled the formation of a compact coating [42]. Similarly, the melting point of particles also influences the incorporation mode [43]. Particles with a high melting point are primarily inertly doped into the coating, whereas the mode changes to entirely reactive incorporation for particles with relatively low melting points. Additionally, the appropriate uptake of the particles varied for different applications and processes. Han et al. [44] demonstrated that adding various contents of La2O3 particles affected the formation of PEO films. The appropriate quantity of doped particles can form a compact coating.



The influence of in situ incorporation of Cr nanoparticles on the microstructure and corrosion resistance of PEO-coated Mg has not been investigated so far. In this study, we aim to investigate the influence of different voltages and concentrations of Cr nanoparticles on the formation, morphology, composition, and corrosion performance of PEO coatings. The objective is to understand the role of Cr nanoparticles in improving the corrosion resistance of silicate-based coatings and to propose a mechanism for their in situ incorporation. This research will contribute to the development of more effective and efficient surface treatments for Mg alloys and broaden their range of applications.




2. Experimental Section


2.1. Preparation of PEO Coatings


Samples of AM50 Mg alloy were selected from a gravity-cast ingot material and cut into dimensions of 20 mm × 20 mm × 5 mm. The composition of the alloy, which contained 4.85 wt.% Al, 0.383 wt.% Mn, 0.055 wt.% Zn, 0.063 wt.% Si, 0.002 wt.% Fe, 0.001 wt.% Cu, and the balance of Mg, was measured using an ICP OES (Inductively Coupled Plasma Optical Emission Spectrometer, PerkinElmer, Waltham, MA, USA). To remove the surface oxide layer, the sample was coarsely ground with 240# emery paper followed by fine grinding with 1000# and 2000# emery paper. Finally, the sample was cleaned with deionized water for 1 min and air-dried prior to PEO treatment to prevent re-oxidation.



The PEO treatment was performed on the AM50 Mg alloy using a pulsed DC power source. Mg alloy and graphite plates were used as the anode and cathode, respectively. The sample was treated at a constant current density mode with a final voltage of 430 V and 460 V. The frequency and duty cycle were set at 500 Hz and 30%, respectively. Different amounts of Cr nanoparticles (Zhuxin Company, Tianjin, China, purity ≥ 99.9%) (1 and 3 g/L) were mixed into a silicate-containing solution (40 g/L Na2SiO3, 4 g/L KF, and 2 g/L NaOH). TEM images (Figure 1) confirmed that the Cr nanoparticles had a relatively uniform size. The corresponding coatings were named as PEO−430, LPEO−430 (L represents 1 g/L Cr nanoparticles), HPEO−430 (H represents the addition of 3 g/L Cr nanoparticles), PEO−460, LPEO−460, and HPEO−460, respectively. To enhance the reliability of the experiment, parallel specimens were prepared for each condition.




2.2. Microstructure and Composition of the Coatings


The thickness of the specimens was measured using a coating thickness measurement gauge (minitest600, Elektrophysik, Cologne, Germany). Six measurements were taken at different locations to ensure accuracy, and the thickness was calculated as the average of these measurements. The morphology of the PEO coatings was analyzed using a scanning electron microscope (SEM, JSM-7001F, JEOL, Tokyo, Japan) in both top-view mode and cross-section mode. An energy dispersive spectrometer (EDS) system was used to determine the elemental distribution of the coatings. The coating porosity was determined using the image analysis software Analysis Pro 6.0 (AnalysisPro, Llanelli, UK) with the average value calculated from five SEM images at 1000 magnification. The phase composition of the coated samples was analyzed using X-Ray diffraction (Smartlab, Rigaku, Tokyo, Japan) with a Cu Kα radiation source at 40 kV and 30 mA. The scanning range was from 10° to 80° in the 2θ range with a step size of 0.02°. X-Ray photoelectron spectroscopy (XPS) was carried out on an ESCALAB—MKII X-Ray photoelectron spectrometer (VG Instruments, East Grinstead, UK) using monochromatized Al Kα radiation (1486.6 eV) as the excitation source to determine the chemical composition. The binding energy of C 1s (284.6 eV) was used as a reference, and the data were analyzed using CaSaXPS software (Casa Software Ltd., Teignmouth, UK) (version 2.3).




2.3. Corrosion Performance of the Coatings


The electrochemical corrosion tests were conducted using an electrochemical workstation (PARSTAT4000A, AMETEK, Berwyn, PA, USA) in a corrosion medium (0.5 wt.% NaCl) at room temperature (25 °C) [45]. A conventional three-electrode system was used with a coated specimen as the working electrode. The exposed area of the working electrode was 1 cm2 at the bottom of an electrolytic cell. A saturated calomel electrode was used as the reference electrode, and a platinum sheet (dimension of 10 mm × 10 mm × 0.1 mm, purity ≥ 99.5%) was used as the counter electrode. Before measuring the potentiodynamic polarization curve, the samples were immersed for 1000 s at open circuit potential. Potentiodynamic polarization (PDP) scans were initiated from −0.2 V vs. reference electrode at a sweep rate of 0.33 mV/s, reaching a terminal current density of 2 mA/cm2. Cathodic Tafel extrapolation was applied to calculate the corrosion potential values and current density values. Electrochemical impedance spectroscopy (EIS) studies were conducted in the frequency range of 105 to 10−2 Hz with an AC amplitude of 10 mV RMS sinusoidal perturbations. EIS was recorded at different immersion intervals (1, 24, 48, 72, and 96 h), and the obtained EIS data were analyzed and fitted using ZSimpWin software (AMETEK, Berwyn, PA, USA) (version 3.6).





3. Results and Discussion


3.1. Voltage–Time Curves during PEO Treatment


The voltage variation curves in Figure 2 depict the relationship between treatment time and voltage for different Cr nanoparticle additions in silicate electrolytes. All three coatings exhibited an initial rapid increase in voltage within the first three minutes followed by a slower rate of voltage increase. The coating with incorporated Cr nanoparticles reached a final voltage of 460 in a shorter treatment time compared to the coating without the nanoparticles. Additionally, increasing the content of Cr nanoparticles slightly enhanced the growth of the coating, but the effect was weak. This suggests that the presence or absence of Cr nanoparticles in the electrolyte has no significant impact on the plasma electrolytic oxidation process.




3.2. Morphology Characteristics of PEO Coatings


The results of the surface morphology analysis of the coated samples with different contents of Cr nanoparticles in the electrolyte at 430 V are presented in Figure 3. The porosity of the PEO coating under different conditions was calculated using image-analysis software (Image-Pro-Plus 6.0) (Bioimager Inc., Maple, ON, Canada) to analyze the effect of different voltages and different amounts of Cr nanoparticles on the microstructure of the coating surface, as shown in Table 1. An intensely discharged high voltage resulted in a porous surface for the PEO−460 coating (Figure 3(a1,a2)). The doping of Cr nanoparticles can significantly reduce the porosity of the coating. Specifically, the original PEO coating had a porosity of 16.9%, while the LPEO−430 and HPEO−430 coatings had porosities of 15.9% and 9.5%, respectively (as shown in Table 1). The HPEO−430 coating exhibited a similar pore size to that of the LPEO−430 coating (Figure 3(b1,b2,c1,c2)) but with lower porosity (as shown in Table 1). Moreover, the majority of the pores in the HPEO−430 coating were partially filled. Based on these observations, it can be inferred that the incorporation of Cr nanoparticles inhibits partial discharge and gas diffusion, which consequently affect the pore density and surface morphology of the coating.



The coatings formed at a final voltage of 460 V with various additions of Cr nanoparticles exhibited a similar morphology, as presented in Figure 4. The LPEO−460 coating exhibited a higher number of open pores and defects compared to the HPEO−460 and PEO−460 coatings. However, the pore size of LPEO−460 was smaller than the other two coatings. In all three coatings, a large volume of open pores was partially filled. HPEO−460 and LPEO−460 showed no significant differences in morphology, except for the presence of many white tiny particles adhering to the surface of HPEO−460, as observed in Figure 4(c1,c2).



Figure 5 illustrates the cross-sectional morphology of the coatings treated at 430 V with different additions of Cr nanoparticles. The incorporation of Cr nanoparticles did not have a significant effect on the coating thickness, which remained consistent at 20 ± 1 μm in all three electrolytes. The presence of open pores in the cross-sections of the coatings can be attributed to discharge channels and entrapped gas pores. The incorporation of Cr nanoparticles significantly altered the morphologies of the coatings with the HPEO−430 coating being more uniform and denser than the PEO−430 and LPEO−430 coatings.



The coatings formed at a final voltage of 460 V with various Cr nanoparticle additions exhibited a similar cross-sectional morphology, as displayed in Figure 6. The incorporation of Cr nanoparticles into the PEO coating did not have a noticeable effect on the growth rate of the coating, as the average thickness of the coating remained consistent at 30 ± 2 μm in all three electrolytes. The many open pores in the cross-sections of the coatings can be attributed to discharge channels and entrapped gas pores. Initially, the number of open pores and defects decreased when 1 g of Cr nanoparticles was added. However, with an increase in the Cr nanoparticle amount, the number of open pores increased again. The LPEO−460 coating showed the fewest open pores, indicating a more compact layer.



Table 2 lists the chemical composition of the different PEO coatings as determined with EDS to evaluate the distribution of Cr nanoparticles in the cross-sections of the PEO coatings. The signals of Al, O, Mg, and Si were detected in both the PEO−430 and PEO−460 coatings. The coatings with the incorporation of Cr nanoparticles showed signals of Cr, indicating that the Cr nanoparticles were successfully doped into the PEO coatings. The Cr content in the coatings increased with the Cr content in the PEO electrolytes. The difference in the amount of incorporated Cr particles between the HPEO−430 and HPEO−460 coatings can be explained by the variation in the cross-sectional morphology of the coatings (Figure 5 and Figure 6). If the porosity of the coating is too high with large pores, the Cr nanoparticles can easily enter the coating and then be trapped into the coating defects. EPMA maps (Mg, O, Na, Si, Al, and Cr) of the primary elemental distribution on the cross-section of the LPEO−460 coating are displayed in Figure 7. It is further confirmed that the Cr nanoparticles, which were capable of sealing the defects, were doped into the coatings and thus formed a compact coating.




3.3. Chemical and Phase Composition


Figure 8 displays the X-Ray diffraction (XRD) spectra of the PEO coatings obtained under various conditions. The coating is mainly composed of MgO and Mg2SiO4 phases, as reported in [46]. However, due to the thinness of the coating and the presence of micropores, the X-Rays penetrate the entire coating and reach the substrate during testing, resulting in the detection of Mg peaks and a broad bump. Despite the addition of Cr nanoparticles, the XRD pattern of the coating did not show any significant changes, and the coating remained composed of MgO and Mg2SiO4 phases, likely because of the low Cr content. In fact, the addition of Cr nanoparticles did not result in the appearance of any Cr diffraction peaks in the XRD pattern, as noted before.



In order to further investigate the chemical composition, the LPEO−460 coating was analyzed with X-Ray photoelectron spectroscopy (XPS), as exhibited in Figure 9. The Si 2p spectrum was found to consist of α-Mg2SiO4 (102.3 and 101.6 eV) and γ-Mg2SiO4 (103 eV), as reported in [47]. Our findings suggest that the main Cr-containing compound in the coating is Cr2O3, as evidenced by the Cr peaks at 576.8 and 575.9 eV (Figure 9b) [48]. Additionally, the binding energy of O 1s (Figure 9c) at 530.7 eV corresponds to Cr2O3, whereas the peak at 532.0 eV can be assigned to MgO, consistent with the Cr 2p spectrum. Notably, chromic oxide was found to exist in the surface region, although its content was too low to be detected with XRD measurement. Finally, it can be concluded that Cr2O3 was formed by oxidation of the Cr nanoparticles under the high-temperature environment generated during the PEO process.




3.4. Corrosion Performance


The polarization test was used to determine the corrosion resistance of the PEO coatings, as displayed in Figure 10. The corrosion potential (Ecorr) and corrosion current density (icorr) of the coatings were determined from the polarization curve and are presented in Table 3. At a voltage of 430 V, the current density of the Cr nanoparticle-added coating was slightly higher than that of the particle-free coating with values of (2.0 ± 0.4) × 10−6 A·cm−2 for PEO, (1.3 ± 0.5) × 10−7 A·cm−2 for LPEO−430, and (2.9 ± 1.1) × 10−7 A·cm−2 for HPEO−430, respectively. The corrosion current density ((7.6 ± 0.9) × 10−8 A·cm−2) of LPEO−460 at 460 V was significantly lower than that of the other coatings. However, increasing the concentration of Cr in the electrolyte to a certain extent can increase the corrosion current density of the coating. The incorporation of Cr particles and changing the voltage had almost no effect on the corrosion potential (Ecorr) of the PEO coating, as the corrosion potential values were almost equal, ranging from −1.45 to −1.51 mV.



The EIS test was used to investigate the long-term corrosion performance of the coating, and the results (Figure 11 and Figure 12) showed that the presence of Cr particles increased the impedance of the coating to a certain extent. However, all coatings degraded as a function of immersion time in 0.5 wt.% NaCl solution. In the initial stage (1 h), the impedance of LPEO−430 at the low frequency range was approximately two orders of magnitude higher than that of HPEO−430. The impedance of HPEO−430 was lower than that of LPEO−430 at 0.01 Hz, indicating that the concentration of Cr nanoparticles above a specific limit reduces coating impedance. The impedance of the coating was improved at 460 V compared to 430 V, but the concentration of Cr particles above a specific limit still reduced the impedance of the coatings.



An equivalent circuit (Figure 13) was used to fit the EIS results, and the fitted data were recorded in Table 4. In the equivalent circuit, Rs is the resistance of the NaCl solution. Rc and CPEc stand for resistance and capacitance of the porous PEO coating, respectively. Rs refers to the corrosion resistance of the solution (NaCl). Rct corresponds to the charge transfer resistance, and CPEdl is responsible for the double-layer capacitance at the electrolyte/metal interface [49]. Moreover, due to the non-uniform distribution of the coating surface, CPE was applied instead of pure capacitance (C) to fit all capacitances [44]. The polarization resistance (RP) was used to characterize the corrosion rate of the PEO coating, and the inverse of the polarization resistance (Rp) is proportional to the corrosion rate of the PEO oxide coating. As exhibited in Figure 14a, it can be found that the values of 1/Rp of all the coatings increased as a function of immersion time. It was found that the presence of Cr nanoparticles enhanced the corrosion resistance of the PEO coating. However, if the particle content exceeded a certain amount, the corrosion resistance of the coating was reduced. The inverse of the polarization resistance (Rp) was the smallest at any immersion time when the addition of Cr nanoparticles was 1 g/L, indicating that the degradation rate of the PEO coating was the lowest. The change in capacitance during immersion in NaCl solution is displayed in Figure 14b. The increased capacitance represents the degradation of the coating. After 4 h of immersion, the capacitance of all the coatings started to increase. The curve of the LPEO−430 coating capacitance rose at the slowest rate. The trends of these parameters indicate that the LPEO−460 coating had a superior barrier ability throughout the entire corrosion test. These results were consistent with the polarization test and EIS measurements.





4. Conclusions


(1) The addition of Cr nanoparticles into the silicate electrolyte resulted in the formation of compact and uniform PEO coatings on AM50 Mg alloy as verified by the lower porosity and higher content of chromium in the coatings. The coating thickness was not significantly affected by the addition of Cr nanoparticles, but a higher voltage promoted growth of the coating.



(2) The coating was mainly composed of MgO and Mg2SiO4 phases. After addition of Cr nanoparticles, Cr2O3 was formed on the surface of the Mg alloy as a result of the high temperature during the coating-formation process.



(3) Based on the electrochemical experiments, it can be concluded that the corrosion performance of the coating was significantly improved when the final voltage was set to 460 V and the concentration of the Cr nanoparticles was 1 g/L. The corrosion current density ((7.6 ± 0.9) × 10−8 A·cm−2) of LPEO−460 was reduced by two orders of magnitude compared to the particle-free coating. These findings suggest that the designed coating has the potential to be used in the field of transportation and aerospace application for Mg alloys.
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Figure 1. TEM micrographs of Cr nanoparticles: (a) morphology and (b) Cr element distribution. 
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Figure 2. The variation of voltage with treatment time during the coating-formation process. 
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Figure 3. Surface morphology of the coatings with and without Cr nanoparticle incorporation at 430 V: (a1,a2) PEO−430, (b1,b2) LPEO−430, (c1,c2) HPEO−430. 
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Figure 4. Surface morphology of the coatings with and without Cr nanoparticle incorporation at 460 V: (a1,a2) PEO−460, (b1,b2) LPEO−460, (c1,c2) HPEO−460. 
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Figure 5. Cross-sectional morphology of the coatings produced with and without Cr nanoparticle incorporation at 430 V: (a1,a2,a3) PEO−430, (b1,b2,b3) LPEO−430, (c1,c2,c3) HPEO−430. 
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Figure 6. Cross-sectional morphology of the coatings produced with and without Cr nanoparticle incorporation at 460 V: (a1,a2,a3) PEO−460, (b1,b2,b3) LPEO−460, (c1,c2,c3) HPEO−460. 
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Figure 7. EPMA maps of the main elemental distribution on the cross-section of LPEO−460. 
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Figure 8. XRD patterns of the PEO coatings. 
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Figure 9. XPS spectra of the LPEO−460 coating formed in an alkaline silicate electrolyte: (a) the survey spectrum; (b–e) the specific spectra of Cr 2p, O 1s, Mg 2p, and Si 2p. 
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Figure 10. Polarization curves of the coatings in 0.5 wt.% NaCl solution. 






Figure 10. Polarization curves of the coatings in 0.5 wt.% NaCl solution.



[image: Coatings 13 01196 g010]







[image: Coatings 13 01196 g011 550] 





Figure 11. Electrochemical impedance spectroscopy of the coatings at 430 V: (a,d) PEO−430, (b,e) LPEO−430, (c,f) HPEO−430. 
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Figure 12. Electrochemical impedance spectroscopy of the coatings at 460 V: (a,d) PEO−460, (b,e) LPEO−460, (c,f) HPEO−460. 
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Figure 13. Equivalent circuits used to fit the EIS data. 
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Figure 14. Evolution of (a) 1/Rp and (b) Ccoating of the different PEO coatings during the EIS test. 
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Table 1. Surface porosity of the PEO coatings with various contents of nanoparticle incorporation and different voltage.
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	Sample
	Porosity





	PEO−430
	(16.9 ± 0.5)%



	LPEO−430
	(15.9 ± 0.5)%



	HPEO−430
	(9.5 ± 0.3)%



	PEO−460
	(12.4 ± 0.4)%



	LPEO−460
	(18 ± 0.6)%



	HPEO−460
	(12 ± 0.3)%










[image: Table] 





Table 2. Cross-sectional composition (at.%) of the PEO coatings determined with EDS analysis.
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Sample

	
PEO−

430

	
LPEO−

430

	
HPEO−

430

	
PEO−

460

	
LPEO−

460

	
HPEO−

460




	
Element

	






	
O

	
57.8 ± 0.5

	
60 ± 0.7

	
60 ± 0.9

	
60 ± 0.5

	
59.4 ± 0.6

	
59.8 ± 0.3




	
Na

	
2 ± 0.2

	
2.2 ± 0.1

	
2.6 ± 0.2

	
2 ± 0.1

	
2.2 ± 0.1

	
3.5 ± 0.3




	
Mg

	
23.6 ± 0.3

	
22.1 ± 0.2

	
19.6 ± 0.3

	
23 ± 0.4

	
22.1 ± 0.5

	
17.6 ± 0.2




	
Al

	
1 ± 0.1

	
0.8 ± 0.1

	
1 ± 0.2

	
1.1 ± 0.1

	
0.9 ± 0.1

	
0.8 ± 0.1




	
Si

	
15.6 ± 0.3

	
13.7 ± 0.4

	
13.6 ± 0.3

	
13.9 ± 0.5

	
14.1 ± 0.2

	
13.8 ± 0.5




	
Cr

	
0

	
1.2 ± 0.1

	
3.2 ± 0.1

	
0

	
1.3 ± 0.1

	
4.5 ± 0.2
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Table 3. Corrosion potential and corrosion current density of the coatings.
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	Sample
	Icorr (A/cm2)
	Ecorr (V)





	PEO−430
	(2.0 ± 0.4) × 10−6
	−1.51 ± 0.01



	LPEO−430
	(1.3 ± 0.5) × 10−7
	−1.48 ± 0.02



	HPEO−430
	(2.9 ± 1.1) × 10−7
	−1.45 ± 0.03



	PEO−460
	(1.4 ± 0.4) × 10−6
	−1.45 ± 0.02



	LPEO−460
	(7.6 ± 0.9) × 10−8
	−1.49 ± 0.03



	HPEO−460
	(3.7 ± 0.8) × 10−7
	−1.47 ± 0.02
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Table 4. Fitted results of the impedance spectra in Figure 10 and Figure 11.
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Sample

	
Time

	
CPEc

(S s−n cm−2)

	
n1

	
Rc

(Ω·cm2)

	
CPEdl

(S s−n cm−2)

	
n2

	
Rct

(Ω·cm2)

	
RP

(Ω·cm2)

	
C

(S s−n cm−2)






	
PEO−430

	
1

	
5.21 × 10−7

	
0.78

	
5.57 × 104

	
2.42 × 10−6

	
0.80

	
2.46 × 104

	
8.03 × 104

	
1.25 × 10−5




	
24

	
1.48 × 10−7

	
0.84

	
2.55 × 103

	
2.79 × 10−7

	
0.76

	
7.51 × 104

	
7.76 × 104

	
1.29 × 10−5




	
48

	
4.85 × 10−7

	
0.80

	
1.37 × 103

	
1.66 × 10−7

	
0.89

	
7.74 × 104

	
7.88 × 104

	
1.27 × 10−5




	
72

	
6.82 × 10−6

	
0.90

	
1.25 × 104

	
1.63 × 10−4

	
0.92

	
8.37 × 103

	
2.08 × 104

	
5.20 × 10−6




	
96

	
1.44 × 10−5

	
0.90

	
9.65 × 103

	
3.48 × 10−4

	
0.87

	
4.21 × 103

	
1.39 × 104

	
1.15 × 10−5




	
LPEO−430

	
1

	
2.18 × 10−7

	
0.84

	
4.49 × 104

	
2.49 × 10−7

	
0.68

	
4.48 × 106

	
4.52 × 106

	
8.77 × 10−8




	
24

	
3.66 × 10−7

	
0.84

	
2.68 × 105

	
3.04 × 10−7

	
0.69

	
3.39 × 106

	
3.65 × 106

	
2.33 × 10−7




	
48

	
7.68 × 10−7

	
0.89

	
2.21 × 105

	
9.40 × 10−6

	
0.56

	
1.85 × 105

	
4.06 × 105

	
6.22 × 10−7




	
72

	
6.68 × 10−6

	
0.94

	
1.12 × 104

	
5.60 × 10−4

	
0.78

	
4.76 × 103

	
1.59 × 104

	
5.63 × 10−6




	
96

	
1.43 × 10−5

	
0.94

	
8.01 × 103

	
8.94 × 10−4

	
0.73

	
3.47 × 103

	
1.15 × 104

	
1.24 × 10−5




	
HPEO−430

	
1

	
7.86 × 10−7

	
0.75

	
3.44 × 104

	
1.47 × 10−7

	
0.90

	
1.87 × 106

	
1.90 × 106

	
2.28 × 10−7




	
24

	
1.26 × 10−6

	
0.81

	
1.81 × 105

	
5.20 × 10−8

	
0.91

	
5.08 × 105

	
6.89 × 105

	
8.88 × 10−7




	
48

	
2.10 × 10−6

	
0.89

	
1.16 × 105

	
8.47 × 10−5

	
0.61

	
5.65 × 104

	
1.73 × 105

	
1.76 × 10−6




	
72

	
4.67 × 10−6

	
0.93

	
2.78 × 104

	
2.28 × 10−4

	
0.77

	
1.35 × 104

	
4.13 × 104

	
4.02 × 10−6




	
96

	
1.44 × 10−5

	
0.90

	
9.65 × 103

	
3.48 × 10−4

	
0.87

	
4.21 × 103

	
1.39 × 104

	
1.15 × 10−5




	
PEO−460

	
1

	
2.15 × 10−7

	
0.81

	
6.93 × 104

	
1.33 × 10−7

	
0.79

	
5.60 × 105

	
6.29 × 105

	
1.59 × 10−6




	
24

	
2.32 × 10−7

	
0.80

	
1.63 × 104

	
1.45 × 10−6

	
0.54

	
6.27 × 104

	
7.90 × 104

	
5.66 × 10−8




	
48

	
3.21 × 10−7

	
0.77

	
1.13 × 105

	
4.16 × 10−6

	
0.88

	
2.90 × 104

	
1.42 × 105

	
7.03 × 10−6




	
72

	
1.10 × 10−6

	
0.90

	
4.41 × 104

	
5.22 × 10−5

	
0.74

	
1.09 × 104

	
5.50 × 104

	
7.78 × 10−7




	
96

	
3.17 × 10−6

	
0.93

	
1.93 × 104

	
2.06 × 10−4

	
0.71

	
7.01 × 103

	
2.64 × 104

	
2.53 × 10−6




	
LPEO−460

	
1

	
1.16 × 10−7

	
0.83

	
3.29 × 106

	
1.20 × 10−7

	
0.51

	
1.12 × 107

	
1.45 × 107

	
9.52 × 10−8




	
24

	
1.79 × 10−7

	
0.80

	
1.10 × 106

	
1.66 × 10−7

	
0.69

	
4.72 × 106

	
5.81 × 106

	
1.20 × 10−7




	
48

	
2.35 × 10−7

	
0.82

	
4.75 × 106

	
6.99 × 10−7

	
0.89

	
4.63 × 106

	
9.38 × 106

	
2.41 × 10−7




	
72

	
5.67 × 10−7

	
0.90

	
5.90 × 105

	
3.58 × 10−5

	
0.91

	
2.33 × 105

	
8.23 × 105

	
5.04 × 10−7




	
96

	
1.50 × 10−6

	
0.94

	
7.78 × 104

	
7.89 × 10−5

	
0.76

	
4.04 × 104

	
1.18 × 105

	
1.29 × 10−6




	
HPEO−460

	
1

	
1.16 × 10−6

	
0.77

	
1.50 × 106

	
2.30 × 10−5

	
0.90

	
2.23 × 105

	
1.72 × 106

	
1.37 × 10−6




	
24

	
1.24 × 10−6

	
0.82

	
1.57 × 105

	
7.02 × 10−7

	
0.82

	
1.40 × 105

	
2.28 × 105

	
8.70 × 10−7




	
48

	
1.62 × 10−6

	
0.85

	
1.47 × 105

	
1.48 × 10−5

	
0.87

	
1.27 × 104

	
1.60 × 105

	
1.26 × 10−6




	
72

	
2.32 × 10−6

	
0.89

	
1.03 × 105

	
8.37 × 10−5

	
0.70

	
2.59 × 104

	
1.29 × 105

	
1.96 × 10−6




	
96

	
1.54 × 10−5

	
0.95

	
1.46 × 104

	
9.39 × 10−5

	
0.45

	
7.34 × 103

	
2.19 × 104

	
1.42 × 10−5
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