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Abstract

:

As electrolytic plasma polishing (EPP) offers the advantages of strong shape adaptability, high efficiency, and environmental friendliness, it has great application prospects in biomedical material processing. However, the effect of EPP on the biological performance of the treated surfaces remains unclear. In the present study, the effects of EPP on the surface roughness, micro-morphology, corrosion behavior, and cell response of 316LVM were investigated. The results revealed that the surface roughness (Ra) was reduced from 0.3108 to 0.0454 µm upon EPP, and the sharp peaks and protrusions produced as a result of mechanical grinding were removed. The corrosion current density decreased from 1.129 to 0.164 µA/cm2, while the charge transfer resistance increased from 513.3 to 17,430 kΩ·cm2, which implied that EPP treatment could significantly improve the corrosion resistance of 316LVM. Furthermore, affected by the sharp ridges on both sides of the groove, the outward spreading of osteoblasts (MC3T3-E1) on the untreated samples was inhibited, and the edges were curled. The cells grew along the direction of the mechanical processing texture on the untreated samples, while they grew randomly in all directions on the surface treated using EPP, which adversely affected the growth, spreading, and migration of the cells.
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1. Introduction


Austenitic stainless steels, such as AISI 316LVM, exhibit excellent corrosion resistance, commendable comprehensive mechanical properties, excellent processing and formability, good biocompatibility, and low cost. Therefore, these steels are used widely in medical devices and implants, such as knee prosthesis, hip prosthesis, fracture internal fixation devices, dental orthopedic devices, cardiovascular stents, artificial heart valves, and coronary artery stents [1,2,3,4]. The surface characteristics of metal implants, such as roughness, morphology, and chemical elemental composition, exert significant impacts on the biocompatibility and corrosion resistance of the implants, thereby influencing the performance and service life of the implants [5,6].



The corrosion resistance of the implants is an important factor that determines the success or failure of the operation. When metal implants corrode inside the biological environment, they release metal ions that may cause inflammation, allergies, and other adverse effects [7]. Long-term corrosion may lead to mechanical loosening of the prosthesis [8]. In addition, the surface characteristics of the implant will affect the cell adhesion, proliferation, differentiation, and other life activities, and is also an important factor affecting the performance of the implants [9]. Currently, researchers have developed a variety of techniques to improve the surface properties of implants, thereby increasing their corrosion resistance and biocompatibility. These include mechanical grinding [10], electrochemical polishing [11], plasma alloying technique [12], laser processing [13,14], shot peening [15], cold spraying [16], and so on.



Electrolytic plasma polishing (EPP) is an advanced technology for polishing metal and alloy surfaces. The EPP device generally consists of a DC power supply, temperature control system, polishing tank, electrolyte, cathode, and anode (workpiece). The workpiece (surface to be polished) is immersed in the polishing solution at a certain temperature and then a high voltage is applied between the anode and the cathode. Under the action of electrochemistry and the thermal effect of the current, a vapor gas envelope (VGE) is formed on the anode surface [17,18]. The VGE is ionized under the action of high voltage and plasma discharge medium is formed [19,20]. The anode surface is oxidized under the action of electrochemistry and plasma chemistry and the generated oxide is removed under complex physical and chemical actions, such as discharge bombardment, gas layer flow, and electrochemical dissolution [21,22,23,24]. When a dynamic balance is reached between the generation and removal of the oxide, the polishing of the anode surface is realized [25]. The EPP technology is applicable to the surface of products with complex geometric structures. The roughness of the product is greatly reduced upon treatment with EPP and the surface becomes free of burrs [26]. The processing requires a short duration for completion, which facilitates mass production [26,27]. Moreover, a low concentration salt is used as an electrolyte, rendering this process environmentally friendly [27,28]. EPP may be utilized to process biomedical metal materials, such as stainless steels, cobalt-chromium alloys, and titanium alloys [20,24]. In addition, the polishing of additive manufacturing products can be achieved through EPP technology [29,30]. EPP has a wide application potential in the field of biomedical product processing [30,31]. It can be used as the final processing process of the product and is also expected to be used in the pretreatment or post-treatment of coating, spraying, surface micro and nano structure [32,33], and other processing. Henning Zeidler conducted a preliminary study to reveal the effect of EPP-polished surface on biocompatibility and reported that the EPP-polished surface would not affect the survival of cells and could limit the growth of dental plaque bacteria [34]. However, the effects of EPP on biological corrosion behavior and cellular response remain to be elucidated so far.



The present study investigated the effects of EPP on biological corrosion resistance and osteoblast response using medical stainless steel 316LVM as the research object. The samples’ surface roughness, microscopic morphology, and chemical composition changes prior to and after treatment with the electrolytic plasma processing were characterized using scanning electron microscopy (SEM), ultra-depth three-dimensional microscope, surface profilometer, and X-ray photoelectron spectroscopy (XPS). Then, the corrosion resistance of the sample surface in simulated body fluid was examined. Electrochemical technology was adopted to analyze the EPP-treated surface’s polarization curve and impedance spectrum. The strengthening mechanism of corrosion resistance was analyzed in combination with the surface changes. Furthermore, osteoblasts (MC3T3-E1) were inoculated on the surfaces of the samples and the effect and the underlying mechanism of EPP treatment on the growth and morphology of these cells were studied.




2. Materials and Methods


2.1. Preparation of Samples


The EPP device is depicted in Figure 1. The samples of size 20 mm × 15 mm × 3 mm were cut from the cold-rolled plates of 316LVM austenitic stainless steel with the following chemical composition (in wt.%): 0.019 C, 0.47 Si, 1.46 Mn, 0.016 P, 0.002 S, 18.29 Cr, 14.77 Ni, 0.02 Cu, 2.68 Mo, 0.082 N, and 62.191 Fe. A 2 mm hole was drilled in each sample close to the edge of the short side to hang the samples. All samples were then placed on a polishing machine and polished using 120-mesh sandpaper to remove the oxide scale and render the roughness as consistent as possible. Then, the samples were divided into a control group and test group, and the samples of the control group were used as the initial samples before EPP treatment. The samples of the test group were processed by EPP in 3% (wt.%) ammonium sulfate solution at a temperature of 88–92 °C for 15 min and the processing voltage was 300 V.




2.2. Sample Characterization


The electron micrographs of the samples at 800× and 2000× were taken with a TESCAN VEGA scanning electron microscope. An ultra-depth of field microscope (Leica DM6M, Wetzlar, Germany) was employed to analyze the 3D morphology and microstructure of the samples. The values of surface roughness parameters (Ra, Rq, and Rz) were obtained with a Marh M400 surface profilometer and each sample was measured five times. A Thermo Electron Escalab 250xi multifunctional surface analysis system was employed to conduct the X-ray photoelectron spectroscopy (XPS) of the samples using a monochromatic Al Kα X-ray source (h = 1486.6 eV) and an X-ray spot size of 500 µm. The survey spectra were recorded at a step size of 1 eV and the high-resolution spectra of the Fe 2p and Cr 2p were recorded at a step size of 0.1 eV. Binding energies were calculated with respect to C 1s at 284.8 eV and were measured with a precision of ±0.05 eV. Curve fitting of the spectra was performed using the XPS PEAK software and 0-iterative Shirley-type background subtraction.




2.3. Electrochemical Measurement


Electrochemical measurements were conducted using a CHI660E electrochemical workstation. CHI version 18.04 was employed to control the instrument and for data collection and treatment. All measurements were conducted in a three-electrode system, in which the counter electrode (CE) was a platinum electrode, the reference electrode (RE) was a saturated calomel electrode, and the samples served as the working electrode (WE). The WE samples were placed in a specially constructed corrosion electrochemical cell, which exposed 1 cm2 of the sample to the solution. The corrosion tests were conducted in Hank’s balanced salt solution at 37.0 ± 0.5 °C under the control of a water bath. The composition of Hank’s balanced salt solution (per L, dissolved in distilled water) was as follows: 8.0 g NaCl, 0.4 g KCl, 0.14 g CaCl2, 0.35 g NaHCO3, 1.0 g C6H12O6, 0.1 g MgCl2·6H2O, 0.06 g MgSO4·7H2O, 0.06 g KH2PO4, and 0.06 g Na2HPO4·12H2O. A minimum of three samples were used in each corrosion test to ensure the accuracy and repeatability of the measured data. The order of measurements was as follows. Open circuit potential (OCP) was measured and recorded for 1800 s to ensure the stability of the alloy samples in Hank’s solution. After the OCP measurement, electrochemical impedance spectroscopy (EIS) was performed potentiostatically, in which peak-to-peak sinusoidal voltage signals of 5 mV were run over the frequency range of 10−2–105 Hz. The data obtained from EIS were processed using the software ZVIEW 3.1. Afterward, potentiodynamic polarization tests were conducted in a sweeping range of −0.5 to +0.5 V (vs. OCP) at a sweeping step of 1 mV/s.




2.4. Culture of Osteoblasts


The osteoblasts (MC3T3-E1; Shanghai Cell Bank, Chinese Academy of Sciences, Shanghai, China) were cultured in α-MEM medium inside a humidified, constant temperature incubator with a saturated humidity, a constant temperature of 37.0 °C, and a stable CO2 content of 5%. The culture medium comprised α-MEM dry powder 10.2 g/L, fetal bovine serum 10% (vol.%), penicillin 100 units/mL, streptomycin 100 µg/mL, and sodium bicarbonate 2.2 g/L. The samples were soaked in 75% alcohol for 30 min, followed by three rinses with sterile phosphate-buffered saline (PBS) and then incubation.



The cell toxicity of the samples was evaluated by subjecting osteoblasts to LIVE/DEAD cell staining. The stain comprised 5 µL Calcein AM, 20 µL ethidium homodimer-1(EthD-1), and 10 mL PBS. Calcein AM emits green fluorescence when it comes into contact with living cells. At the same time, EthD-1 passes through the damaged membrane structure of dead cells and binds to the nucleic acid to emit red fluorescence from inside the entering cells. The cells were cultured on the surfaces of the samples for 24 h. After the culture growth was terminated, the samples were rinsed gently with PBS three times, and then 50 µL of live/dead fluorescence stain was added dropwise to the surface of each sample. This was followed by incubation of the samples in the dark at a constant temperature inside an incubator for 1 h. After 1 h, the samples were rinsed gently with PBS and observed and photographed under a fluorescence microscope.



The cytoskeleton assembly ability of osteoblasts was evaluated using the mixed staining method involving fluorescein isothiocyanate (FITC) and 4, 6-diamidino-2-phenylindole (DAPI). FITC stains fibrins, such as microtubule filaments, in the cells, while DAPI stains the location of the nucleus. The cells were cultured on the surfaces of the samples for one day and three days, followed by rinsing with PBS, fixing in paraformaldehyde for 30 min, and rinsing gently with PBS solution again to remove the excess paraformaldehyde. Then, 50 µL of the FITC stain was added dropwise to the surface of each sample and staining was allowed to occur in the dark for 40 min. After gently rinsing with PBS, 50 µL DAPI stain was added to each sample’s surface and stained in the dark for 10 min. The samples were then rinsed and observed, and then photographed under a fluorescence microscope.



The cells were cultured for one day and then fixed in 2.5% glutaraldehyde for 30 min, followed by dehydration in graded ethanol and a subsequently sputtered Au thin layer. Cell morphology was examined using SEM. Cell morphology was observed with scanning electron microscope at 200×, 1000×, 10,000×, and 50,000× magnifications.





3. Results and Discussions


3.1. Surface Roughness and Morphology


The scanning electron microscopy images and the three-dimensional topographies of the samples before and after electrolytic plasma polishing are depicted in Figure 2. Deep valleys and sharp peaks were observed on the surface of the sample after mechanical grinding. In the EPP process, owing to the tip effect, the local field intensity and the charge density at the peaks on the sample surface are larger, which leads to an accelerated reaction rate and preferential removal of the peaks. After the peaks are completely removed, the surface of the sample would be uniformly removed, finally leaving the surface of the sample flat and smooth. In comparison with the original samples, the EPP-treated samples exhibited significant reductions in the surface roughness parameters Ra, Rq, and Rz, from 0.3108 to 0.0454 µm, 0.4419 to 0.0585 µm, and 3.2604 to 0.3678 µm, respectively (Figure 3).




3.2. XPS Analysis


In the EPP process, the formation and removal of oxides occur on the metal surface, causing changes in the content and valence of the metal elements. Therefore, X-ray photoelectron spectroscopy (XPS) analysis of the untreated and EPP-treated surfaces was performed to investigate and compare the variations occurring at these surfaces. Figure 4 depicts the high-resolution XPS spectra and the deconvoluted results of the Cr 2p3/2 and Fe 2p3/2 of untreated and EPP-treated samples. The black lines indicate the test spectrum, while the red lines indicate the sum of the deconvoluted XPS spectrum. In the chromium (Cr 2p3/2) spectra of the samples, three main peaks were observed at 574.0, 576.4, and 577.6 eV, which corresponded to Cr, Cr2O3, and Cr(OH)3, respectively, attributed to the metallic states Cr(0) and Cr(III) [35,36]. Similarly, in the iron (Fe 2p3/2) spectra of the samples, four main peaks were observed at around 707.0, 708.0, 710.0, and 711.6 eV, which corresponded to Fe, Fe3O4, Fe2O3, and Fe(OH)3, respectively, attributed to the metallic states Fe(0), Fe(II), and Fe(III) [35,36]. A comparison of the areas of the deconvolution results indicated that the relative content of Fe(0) in the samples increased after EPP, which was attributed to the exposure of the new metal matrix after the removal of the oxides. Chromium mainly exists in the form of oxides. As chromium has a lower electrode potential compared with iron, it was oxidized again, and the relative content of Cr(0) exhibited no significant change.



Chromium and iron are the most important elements that affect the corrosion resistance of stainless steel, and increasing the atomic concentration ratio of chromium to iron (Cr/Fe) is beneficial to improving the corrosion resistance of stainless steel [6]. In the present study, the element sensitivity factor method was adopted to calculate the Cr/Fe of the samples prior to and after EPP, and the results are presented in Table 1. In comparison with the untreated samples, Cr/Fe was significantly increased after EPP, which was consistent with the change trend of 316 stainless steel after electrochemical polishing [6]. This suggests that iron is more easily removed than chromium during EPP, which may be attributed to the fact that electrochemical reaction is the main method for material removal [37,38] and the chemical properties of Cr oxides are more stable than those of Fe [39], with relatively less removal.




3.3. Biological Corrosion Resistance Analysis


The anodic polarization curves of the original and EPP-treated 316LVM stainless steel samples in Hank’s solution are depicted in Figure 5. The corrosion parameters of the samples derived from these polarization curves are presented in Table 2, where icorr denotes the corrosion current density, Ecorr denotes the corrosion potential versus saturated calomel electrode (SCE), βc denotes the cathode Tafel slope, and βa denotes the anode Tafel slope. The corrosion potential of the samples was observed to increase after EPP, from −0.276 to −0.261 V, while the corrosion current density was reduced from 1.129 to 0.164 µA/cm2. The corrosion potential and corrosion current density of CoCr Mo alloy and structural steel in 3.5% sodium chloride solution have the same trend before and after EPP polishing [30,40]. According to Faraday’s law, the corrosion rate of the metal is proportional to the corrosion current density [41], which confirms that the surface of 316LVM stainless steel samples polished using electrolytic plasma had a stronger corrosion resistance in Hank’s solution compared with the surface of the untreated sample.



Figure 6 illustrates the EIS data presented in the form of (a) Nyquist plots and (b) Bode plots for untreated and EPP-treated samples. The Nyquist plots characterize the relationships between the real and imaginary parts of the impedance. In these plots, only single semi-circular capacitance is shown for each sample, indicating the existence of one time constant [42]. In comparison with the smaller diameter of the untreated samples, a much larger loop diameter was observed in the EPP samples. It is known that the radius of the capacitor arc in the Nyquist diagram reflects the impedance of the passive film formed on the sample surface, implying that the capacitor arc with a larger radius generally specifies a higher impedance of passive film [2]. Therefore, it was inferred that the surfaces of the EPP samples had greater resistance to electrochemical dissolution compared with the untreated surface, and the corrosion resistance of the former was stronger, which is consistent with the results obtained regarding the lower corrosion current density of these samples.



In the Bode impedance diagram, two distinct regions were observed. A flat portion of the curve was observed from the middle to high frequency (103–105 Hz) region, which was a response to the resistance of the electrolyte. In the frequency range of 10−2–102 Hz, the impedance increased with a decrease in the frequency, exhibiting a linear relationship. The impedance of the EPP samples was significantly higher than that of the untreated samples. In the Bode phase angle diagram, the phase angle approached 0° at a high frequency (104–105 Hz), which also indicated the constant resistance of electrolyte in the EIS measurements. In the frequency range of 10−2–104 Hz, the phase angles of the EPP samples were significantly larger than those of the untreated surface. These results demonstrated that electrolytic plasma polishing could effectively improve the corrosion resistance of the 316LVM stainless steel surface. In addition, the maximum phase angles of the untreated and EPP-treated samples were 77.6° and 84.2°, respectively. The modulus of the phase angle maxima is lower than 90°, suggesting that the non-ideal capacitor behavior of the passive films formed on the samples [43].



The equivalent electrical circuit (EEC) depicted in Figure 6a was used for the quantitative characterization of the electrochemical behavior at the interface between the passive film and the electrolyte medium. In the EEC, Rs denotes the solution resistance, Rct denotes the charge transfer resistance, and CPE is the constant phase element. The EIS results were fitted using the ZsimpWin software (v 3.60) and the fitted results are listed in Table 3. The χ2 value of less than 10−3 indicated a good quality fitting [41,44]. As all EIS tests were conducted in Hank’s solution under the same conditions, the solution resistance values were the same. In comparison with the untreated sample, the EPP-treated sample exhibited a great increase in the charge transfer resistance, from 531.3 to 17,430 kΩ·cm2. The larger Rct value of the EPP samples implied that their interfacial charge transfer was impeded, which suppressed the anodic dissolution process and decreased the corrosion rate. The EIS results were in good agreement with the anodic polarization curve.



The content of chromium element is a key factor affecting the corrosion resistance of stainless steel, because it can form a chromium trioxide passivation film with high stability and low ionic conductivity, which has a protective effect on the substrate [45]. Iron is the element with the highest content in stainless steel and it is also the main element for the corrosion reaction of stainless steel. Increasing the atomic concentration ratio of chromium to iron (Cr/Fe) is beneficial to improving the corrosion resistance of stainless steel. The difference in corrosion resistance of the samples before and after EPP is related to a change in the chromium/iron ratio. Compared with the untreated samples, the chromium/iron ratio of the samples after EPP treatment increased, resulting in an increase in chromium oxide content in the passive film and a decrease in the acceptor concentration in the corrosion reaction. Consequently, the charge transfer resistance increased and the corrosion current density decreased, improving the corrosion resistance. The CPE exponent value (n) defines the degree of deviation from pure capacitive behavior (n = 1). The increase in the n value after EPP treatment is related to the decrease in surface roughness, and it has been reported that the n value is inversely proportional to the interfacial roughness [46]. In addition, the surface roughness of the samples before EPP is larger, which led to a larger contact area with the corrosion medium, thereby increasing the area of corrosion reaction. The surface of a metal is composed of microscopic peaks and valleys. The larger roughness of a sample surface implies that it has higher peaks and deeper valleys. In corrosive media, these peaks are often unstable and more likely to induce the occurrence of corrosion reactions. After EPP, the higher peaks on the sample surface were removed, greatly reducing the number of sites prone to corrosion reactions. Therefore, the corrosion resistance of samples is improved after EPP, owing to the combined effect of the reduction of surface roughness and increased ratio of chromium to iron.




3.4. Osteoblast Response


The live/dead staining of osteoblasts (cultured for one day) is depicted in Figure 7a,b. Few dead cells (red) were observed in any of the groups, indicating a good level of viability of osteoblasts on the untreated samples and EPP-treated samples. Figure 7c–j shows the results of the cytoskeleton staining and nuclear staining of cells, where the green parts were the outline of the cells and the blue parts were the nucleus. The cells spread along the direction of the grinding marks on the surface of the untreated samples, as shown in Figure 7c,g. However, on the surface of the EPP-treated samples, the cells exhibited a trend of random spread in all directions, as shown in Figure 7e,i. It indicated that osteoblasts could recognize surfaces with different degrees of roughness and texture. The spread direction of the cells was seriously impacted by the topography of the material surface, exhibiting a topographic induction trend, which is related to the degree of roughness and the direction of surface texture. After three days of culture, the spreading area of cells on the surface of the samples treated with EPP was larger than that of the control group, indicating that a flat surface is more conducive to the growth and spreading of cells.



Figure 7k–r shows the results of the scanning electron microscope observation of the growth morphology of osteoblasts on the samples. Comparing Figure 7k,o, it can be seen that cells grew along the texture on the surface of untreated samples and there was no fixed growth direction on the EPP-treated surface, which is consistent with the results of the cytoskeleton staining. At the same time, it was found that the pseudopodia of cells on the EPP-treated surface were longer than those on the untreated surface. As can be seen from Figure 7l,p, pseudopodia of cells on the EPP-treated surface were wider than those on the untreated surface, and the cells were flat on the untreated surface as if they had infiltrated into the material, while on EPP-treated samples, they were convex and adhered to the surface. On the untreated samples, cells were affected by the microscopic topography of the samples, sinking into grooves (Figure 7m) or hanging in mid-air by the support of peaks (Figure 7n), and the edges of the cells were curled, which adversely affected the growth, spreading, and migration of these cells. It was, therefore, concluded that the improvement in the microtopography of the materials using EPP is beneficial to the growth, spreading, and migration of osteoblasts.





4. Conclusions


To explore the effect of EPP treatment on the surface characteristics and properties of biomedical alloy, 316LVM medical stainless steel was taken as the research object. The changes in surface roughness, micromorphology, and chemical elements before and after EPP treatment were analyzed. The effects and mechanism of EPP treatment on biological corrosion resistance and osteoblast responses were studied. The results show that the EPP treatment effectively removes the microscopic protrusions on the surface of the material, making it flat and smooth, and greatly reducing its roughness (Ra was reduced from 0.3108 μm to 0.0454 μm). After EPP treatment, the charge transfer resistance of 316LVM in simulated body fluid increased from 513.3 to 17,430 kΩ·cm2 and the corrosion current density decreased from 1.129 to 0.164 µA/cm2, indicating that its corrosion resistance was improved, which is related to the improvement in surface morphology and the increase in the chromium/iron ratio. In addition, the improvement in the microtopography of the materials treated by EPP is beneficial to the growth, spreading, and migration of osteoblasts. The research results are of great significance in extending the application range of EPP and further provide a new idea for the polishing of medical alloys.
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Figure 1. Schematic illustration of the electrolytic plasma polishing apparatus. 
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Figure 2. SEM images and 3D topographies of the samples: (a,b) prior to EPP and (c,d) after EPP. 
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Figure 3. Surface roughness parameters of the samples prior to and after EPP. 






Figure 3. Surface roughness parameters of the samples prior to and after EPP.



[image: Coatings 12 01672 g003]







[image: Coatings 12 01672 g004 550] 





Figure 4. The high-resolution spectra of Cr 2p3/2 and Fe 2p3/2 (a,c) prior to and (b,d) after EPP. 
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Figure 5. Tafel polarization curves of samples in Hank’s solution prior to and after EPP. 
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Figure 6. The results of the electrochemical impedance spectroscopy analysis: (a) Nyquist plots and (b) Bode plots. 
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Figure 7. Optical and SEM images of osteoblasts: live/dead staining (a,b), FITC and DAPI fluorescence staining (c–j), and osteoblasts morphologies (k–r). 
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Table 1. Atomic concentration ratio of Cr to Fe (Cr/Fe).
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-

	
Name

	
Start BE (eV)

	
Peak BE (eV)

	
End BE (eV)

	
Area (P) CPS.eV

	
SF ALTHERMO1

	
Atomic

(%)

	
Cr/Fe






	
Initial

	
Cr

	
594.08

	
576.73

	
568.18

	
24,878.01

	
11.765

	
29.622

	
0.5120




	
Fe

	
740.08

	
710.7

	
700.18

	
59,283.19

	
14.353

	
57.861




	
EPP

	
Cr

	
593.88

	
576.83

	
567.98

	
55,728.95

	
11.765

	
55.919

	
1.7477




	
Fe

	
739.88

	
706.99

	
699.98

	
38,901.99

	
14.353

	
31.997
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Table 2. Fitting results derived from the Tafel polarization curves.
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	-
	Ecorr/V
	βc/V−1
	βa/V−1
	icorr/(µA/cm2)





	Initial
	−0.276
	6.342
	0.632
	1.129



	EPP
	−0.261
	10.569
	0.102
	0.164
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Table 3. Fitting results derived from the electrochemical impedance spectra.
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	-
	Rs (Ω·cm2)
	CPE × 105 Y0 (Ω−1·cm−2·sn)
	n
	Rct (kΩ·cm2)
	χ2 (10−4)





	Initial
	84.34
	7.448
	0.8651
	513.30
	6.389



	EPP
	83.79
	1.872
	0.9380
	17,430
	3.283
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