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Abstract

:

Magnesium alloys, notably AZ31B, hold promise for lightweight structural applications in the aerospace, automotive, and biomedical sectors due to their excellent strength-to-weight ratios. The broad adoption of these alloys, however, is hindered by their inherent susceptibility to corrosion, reducing durability and functional integrity in corrosive environments. This study explores anodic oxidation as a viable surface treatment to improve the corrosion resistance of the AZ31B magnesium alloy. Focusing on the impact of oxidation voltage on the oxide film’s structural and electrochemical properties, we aim to optimize these characteristics to enhance the alloy’s utility and lifespan significantly. Through detailed analysis of surface and cross-sectional morphologies, film thickness, phase composition, and corrosion resistance, we identify an optimal oxidation voltage of 17.5 V that notably improves the oxide film’s density and corrosion resistance. Through this research, we contribute to the ongoing efforts to overcome the corrosion vulnerability of magnesium alloys, thereby unlocking their full potential in contributing to more sustainable and efficient technological advancements.
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1. Introduction


Magnesium alloys are known for their low density, good electrical and thermal conductivity, high specific stiffness and strength, and excellent impact resistance [1,2]. They are among the lightest structural materials in current engineering applications. These alloys find widespread use in various fields, including electronics and telecommunications, automotive transportation, and energy materials [3,4]. Among these, the AZ31B magnesium alloy is particularly notable for its optimal balance of mechanical properties and workability. However, the widespread adoption of AZ31B and similar magnesium alloys is significantly limited by their inherent susceptibility to corrosion [5], particularly in aggressive environments. The naturally formed oxide film on magnesium alloys is porous and loose [6], offering inadequate protection to the substrate and limiting its long-term functionality in corrosive environments [7]. Therefore, improving the corrosion resistance of magnesium alloys has become a key issue in its application.



There are mainly two approaches to enhance the corrosion resistance of magnesium alloys: one is through alloying to optimize the microstructure of the magnesium alloy substrate, and the other is through surface treatment techniques to obtain a protective film with excellent corrosion resistance on the magnesium alloy surface [8]. Surface treatment techniques are advantageous for their simplicity, low cost, and effective protection, making them the most effective and commonly used means to improve the corrosion resistance of magnesium alloys.



Surface treatment techniques have been at the forefront of efforts to mitigate corrosion in magnesium alloys. Chemical conversion coatings, including chromium and phosphate-based methods, have been extensively used to confer protective properties on magnesium surfaces. Nevertheless, the environmental hazards associated with some of these chemicals have prompted the exploration of safer alternatives [9,10]. Organic coatings offer a less toxic route but may lack the durability required for effective long-term protection [11]. Plasma electrolytic oxidation (PEO) has been lauded for its superior corrosion resistance, attributed to the formation of hard ceramic-like oxide layers; however, its adoption is hindered by high operational costs and energy consumption [12,13]. Alloying has also been investigated as a means to inherently improve corrosion resistance, with aluminum, zinc, and rare earth elements being common additives. These strategies have yielded mixed results, often complicating alloy properties and processing [14,15].



Against this backdrop, anodic oxidation emerges as a promising technique for enhancing the corrosion resistance of magnesium alloys. Distinguished by its ability to form a protective oxide layer directly from the magnesium alloy substrate, anodic oxidation offers a simpler, more environmentally friendly approach to surface treatment [16,17]. This method ensures uniform coverage and strong adhesion of the oxide layer, addressing some of the key limitations of traditional coatings.



Our study focuses on the AZ31B magnesium alloy, selected for its widespread industrial use and significant potential for performance enhancement through optimized surface treatment. The choice of anodic oxidation, conducted under constant voltage conditions, is predicated on its advantages in terms of process control, environmental sustainability, and effectiveness in improving corrosion resistance. Unlike previous research, which often lacked comprehensive optimization of the oxidation parameters, our work systematically investigates the impact of oxidation voltage on the oxide film’s morphology, phase composition, and electrochemical properties. This detailed examination aims to identify optimal conditions that yield the best combination of protective qualities, thereby extending the alloy’s usability in its intended applications.



In summary, this study contributes to the field by presenting a novel approach to the anodic oxidation of AZ31B magnesium alloy, optimizing the process to achieve superior corrosion resistance. Through a combination of morphological, compositional, and electrochemical analyses, we uncover the conditions under which the anodic oxide film offers the most effective protection against corrosion. These findings not only advance our understanding of the corrosion protection mechanisms for magnesium alloys but also provide a basis for the development of more durable, lightweight materials for advanced engineering applications.




2. Experiment


2.1. Preparation Method


The AZ31B magnesium alloy was selected as the experimental material. The alloy was cut into rectangular samples of 30 mm × 20 mm × 4 mm using a wire-cutting method. A hole of diameter φ5 mm was drilled in the center of the top of each sample for suspension during the anodic oxidation experiment. The samples were polished, ultrasonically cleaned in anhydrous ethanol, and then rinsed with deionized water before being dried for use.



For the anodic oxidation treatment, pre-prepared magnesium alloy specimens were used as the anode, and graphite rod electrodes served as the cathode. This process was conducted under constant temperature water bath conditions using a direct current anodic oxidation device. Ion transmission uniformity during the anodic oxidation process was maintained using a magnetic stirrer. The basic electrolyte consisted of 10 g/L MgCl2, 15 g/L Na2SiO3·9H2O, 5 mL/L ethylene glycol, and 0.5 g/L ethylenediaminetetraacetic acid (EDTA), prepared using deionized water. An adjustable constant voltage direct current was applied at 10 V, 12.5 V, 15 V, 17.5 V, and 20 V to the samples for anodic oxidation treatment for 3 min. After oxidation, the samples were rinsed with deionized water and dried with hot air.




2.2. Detection and Analysis


The surface and cross-sectional morphologies of the anodically oxidized films on AZ31B magnesium alloy were observed using a FEI QUANTA 650 FEG Field Emission Scanning Electron Microscope. The film thickness of the anodically oxidized samples was measured at five different points on both sides of each sample using an AT240 film thickness gauge (MINITEST 745). The crystal phase structure of the anodic oxidation film layer was detected using a Rigaku D/max-2500PC X-ray diffractometer (Tokyo, Japan), analyzing the phase composition of the anodic oxide film on the surface of AZ31B magnesium alloy.



Electrochemical Potentiodynamic Polarization (PDP) and Electrochemical Impedance Spectroscopy (EIS) tests on the anodically oxidized film layer of AZ31B magnesium alloy were conducted using a Zahner Electrochemical Workstation. A three-electrode electrolytic cell configuration was employed, with a saturated calomel electrode (SCE) as the reference electrode, a platinum (Pt) electrode as the auxiliary electrode, and the AZ31B magnesium alloy sample as the working electrode. A 3.5% NaCl solution, prepared using deionized water to simulate a seawater environment, served as the corrosive solution [18]. The samples were stabilized in the solution for 10 min before testing to achieve a stable system state, and the open circuit potential (OCP) was tested for 1 h. Subsequently, EIS tests were performed with a frequency sweep range from 10−2 to 105 Hz [19]. Finally, PDP tests were conducted, with the polarization curve potential sweep range from −1.5 to 1.5 V at a scan rate of 5 mV/s. The corrosion potential (Ecorr) and corrosion current density (Jcorr) of the AZ31B magnesium alloy samples were determined through Tafel extrapolation fitting.





3. Results


3.1. Morphology of the Anodic Oxide Film on AZ31B Magnesium Alloy


Figure 1 presents the surface morphology of the anodic oxide film on AZ31B magnesium alloy prepared under different voltages. As observed from Figure 1, the anodic oxide film on AZ31B magnesium alloy is characterized by unevenly distributed micropores formed due to discharge and gas release, along with a significant presence of microcracks [20,21,22]. As the voltage increases, there is a noticeable improvement in the discharge phenomenon. The number of micropores on the film surface slightly decreases, their average diameter reduces, and the overall surface becomes smoother, denser, and more uniformly distributed. However, there are still some larger interconnected micropores.



At an anodic oxidation voltage of 10 V, the film surface exhibits a “tumor-like” protruding structure, with microcracks on the surface of the protrusions. These cracks tend to initiate and expand with the intensification of the oxidation reaction [23]. At 12.5 V, the microcracks begin to grow, and a larger discharge phenomenon occurs as the oxidation voltage increases. The formation of gas overflow channels during the oxidation process and the retention of gas within the film layer lead to localized pore formation in the film [24]. When the voltage reaches 15 V, the film surface shows a flat, lamellar structure with loosely connected layers and notable large cracks and collapses [25]. At 17.5 V, there are large through-holes on the surface, along with some small micropores and tiny microcracks [26]. This is primarily due to the discharge and gas release during the anodic oxidation of the magnesium alloy surface [27]. However, the film layer is relatively smoother and denser overall. At 20 V, the surface exhibits a large number of molten material protrusions and coarse cracks. As these cracks expand, multiple pores form, reducing the levelness of the film, which gradually becomes incomplete, and its overall roughness increases. The emergence of large cracks is mainly related to the difference in the thermal expansion coefficient between the film layer and the substrate, as well as the expansion of microcracks [26].



Figure 2 illustrates the cross-sectional morphology of the anodic oxide film on AZ31B magnesium alloy prepared under various voltages. As shown in Figure 2, the oxide film layer of AZ31B magnesium alloy exhibits an “interlocking” connection with the substrate, a characteristic due to the in situ growth of the anodic oxide film, resulting in an indistinct boundary between the film and the substrate [28,29]. The film layer internally harbors pores and cracks of varying sizes and depths; yet, overall, it maintains a relatively good adhesion with the substrate.



At an anodic oxidation voltage of 10 V, the film thickness is minimal, featuring crack defects and micropores, with the boundary between the loose and dense layers not being distinctly visible. At 12.5 V, the film thickness slightly increases, but deeper cracks appear, and parts of the film layer exhibit delamination. When the voltage is increased to 15 V, the continuous oxidation process leads to an increase in film thickness to a certain extent, making it difficult for the intensified anodic oxidation voltage to penetrate the film layer. Discharge consistently occurs in the film’s weakest areas, constantly shifting [30]. Consequently, collapsing and cracking become more pronounced, large pores emerge on the film surface, and numerous cracks develop at the juncture of the outer loose layer and the inner dense layer, leading to a reduction in the film’s adhesion strength. At 17.5 V, due to the increased anodic oxidation voltage, the driving force for film growth is enhanced, and the discharge energy gradually rises, accelerating the reaction towards the substrate interior. This results in a noticeable increase in the film thickness. Although there are no distinct loose and dense layers, the internal film layer’s overall adherence to the substrate is more uniform and compact. However, at 20 V, current efficiency decreases. Excessive voltage during electrolysis produces an excess of oxygen gas, impacting the film layer significantly and causing brittleness or delamination [31,32]. Moreover, the growth rate and dissolution rate of the film layer reach a dynamic equilibrium, preventing further thickening of the film. The outer loose film layer exhibits numerous pores and cracks, with the dual-layer film structure not being tightly bound and displaying delamination. The inner dense layer contains a wide distribution of pores, a consequence of the increased voltage leading to a high reaction rate. This prevents the subsequently formed molten material from quickly filling the pores formed in earlier stages, ultimately resulting in a large number of closed micropores within the film layer.




3.2. Thickness of the Anodic Oxide Film on AZ31B Magnesium Alloy


Figure 3 displays the thickness of the anodic oxide film on AZ31B magnesium alloy prepared under different voltages. As indicated in Figure 3, the thicknesses of the anodic oxide films prepared at varying oxidation voltages were 10.6 μm, 10.9 μm, 14.7 μm, 19.5 μm, and 17.6 μm, respectively. The trend shows an initial increase followed by a decrease in film thickness with rising voltage. With the increase in anodic oxidation voltage, the reactions associated with film re-penetration and molten growth become more intense, enhancing the film formation driving force and accelerating the growth rate of the film. This process alters the originally dense film structure, creating new pores and microcracks, allowing the anodic oxidation electrolyte to penetrate into the interior of the film. Near the metal surface, the oxide film continuously dissolves and regenerates, a cycle that repeats with changing oxidation voltage, ultimately resulting in a thicker anodic oxide film. As the anodic oxidation voltage increases, the energy input on the film surface grows, enhancing the oxidation efficiency of the AZ31B magnesium alloy surface and leading to faster film growth, thus gradually thickening the film [33,34,35,36]. However, once the anodic oxidation voltage exceeds a certain threshold, the energy of each pulse discharge becomes excessive, impeding the stable growth of the film. Consequently, the film ceases to thicken beyond a certain point. Excessive anodic oxidation voltage reduces current efficiency and generates a large amount of oxygen during electrolysis, exerting significant pressure on the film, leading to brittleness or delamination of the oxide film layer [37]. Therefore, when the anodic oxidation voltage reaches its maximum of 20 V, the film thickness begins to decrease. As the anodic oxidation voltage increases from 17.5 V to 20 V, the current significantly drops, rapidly equilibrating the film layer’s temperature with that of the electrolyte. Due to uneven volume shrinkage and larger micropore diameters, the film becomes relatively loose, ultimately resulting in film delamination and a decrease in film thickness from 19.5 μm to 17.6 μm. At an anodic oxidation voltage of 17.5 V, the film achieves its maximum thickness of 19.5 μm. Combined with its microstructural morphology, the film layer under this anodic oxidation voltage is relatively smoother, denser, and exhibits a more uniform and compact integration with the substrate.




3.3. Phase Composition of the Anodic Oxide Film on AZ31B Magnesium Alloy


Figure 4 presents the X-ray Diffraction (XRD) spectra of the anodic oxide film on AZ31B magnesium alloy. As indicated in Figure 4, the phase composition of the anodic oxide film layer on AZ31B magnesium alloy primarily includes MgO and Mg2SiO4 phases, along with the diffraction peaks of the Mg matrix. In the discharge environment, Na2SiO3 in the anodic oxidation electrolyte readily hydrolyzes, forming SiO32−, which combines with OH− in the solution to form Si(OH)4. Si(OH)4 further dehydrates to form SiO2 [38]. As anodic oxidation progresses, continuous surface discharge releases substantial energy, causing Mg in the AZ31B magnesium alloy substrate to dissolve into Mg2+ ions in a plasma state under the influence of an external power source. The high temperature microzone created by the discharge promotes thermal diffusion of Mg2+ along the discharge channels into the film layer. Here, they react with OH− anions, which migrate to the film–electrolyte interface under the electric field and deposit within the discharge channels as MgO [39,40]. When these growth elements encounter each other, under thermodynamic stimulation, SiO2 and MgO melt at high temperatures, undergo a phase change, and ultimately form a mixed oxide of Mg2SiO4 and MgO. The reactions can be summarized as follows [41,42,43]:


Mg → Mg2+ + 2e−










Mg2+ + 2OH− → Mg(OH)2










Mg(OH)2 → MgO + H2O










2Mg2+ + SiO32− + 2OH− → Mg2SiO4 + H2O











In the initial stages of anodic oxidation, the oxide film on the AZ31B magnesium alloy is relatively thin and porous. This condition allows for the prominent detection of the AZ31B substrate’s diffraction peaks, notably enhancing the Mg peaks observed in XRD analyses. However, with increasing oxidation voltage, there is a notable transition in the film’s characteristics: porosity diminishes, density increases, and the film’s thickness grows. These changes, while seemingly imposing a physical barrier to X-ray penetration, also reflect significant alterations in the film’s crystalline structure and phase composition. Such microscopic changes can profoundly influence the interaction of X-rays with the material, beyond mere physical obstruction. At an oxidation voltage of 17.5 V, this complex interplay results in a marked attenuation of the Mg diffraction peak, as evidenced in Figure 4. This observation is not solely attributable to increased film thickness but is also a manifestation of the enhanced density and altered crystalline structure of the oxide layer, as corroborated by the cross-sectional morphology of the anodically oxidized AZ31B surface [44,45,46]. These findings suggest that the variations in XRD patterns are indicative of the nuanced effects of anodic oxidation on the material’s microstructure, offering insights into the intricate relationship between surface treatment conditions and material properties.




3.4. Electrochemical Performance of Anodized Samples


Electrochemical tests were conducted to further investigate the barrier properties of the oxide film. Figure 5 displays the electrochemical curves of the samples before and after anodizing in a corrosive solution. Compared to the substrate, anodizing shifted the Tafel curves towards higher potential values and lower current densities. The extracted corrosion potential (Ecorr) and corrosion current density (Icorr) from Figure 5a are detailed in Table 1. Under anodizing voltages of 10, 12.5, 15, 17.5, and 20 V, the Ecorr of AZ31B shifted from −0.25 mV to −0.11 mV, −0.05 mV, 0.06 mV, 0.04 mV, and 0.07 mV, respectively; simultaneously, Icorr decreased from 9.4 × 10−4 A/cm2 to 5.02 × 10−4, 7.93 × 10−4, 1.04 × 10−3, 4.43 × 10−5, and 8.48 × 10−5 A/cm2, respectively. The corrosion potential is a thermodynamic measure of a material’s susceptibility to corrosion, with a more positive Ecorr indicating a lower likelihood of corrosion. The corrosion current density indicates the rate of corrosion under kinetic conditions, with a lower Icorr corresponding to a reduced rate of corrosion [47,48,49,50,51].



Based on the calculations from the Tafel slope extrapolation method, the corrosion parameters of the anodized AZ31B magnesium alloy films were determined, as shown in Table 1. Polarization resistance (Rp) is another parameter describing the rate of electrode corrosion, reflecting the resistance to reaction caused by various factors in the electrochemical process. The Rp values under different conditions reached 0.42, 0.95, 0.83, 2.35, 4.49, and 1.71 kΩ/cm2, respectively. An increase in Rp indicates a decrease in corrosion rate [52,53].



The formula for calculating Rp is as follows:


    R   p   =     β   a     β   c     2.303   I   corr   (   β   a   +   β   c   )    








where Icorr represents the corrosion current density (A·cm2), and βa and βc represent the Tafel slopes for anodic and cathodic reactions, respectively (V/dec).



The polarization curves of the anodized films were almost symmetrically distributed on both sides of the corrosion potential, indicating complete activation of the film at this stage [54,55]. Compared to the substrate, the overall Ecorr of the anodized films shifted in the positive direction, and Rp increased with voltage, while Icorr decreased, indicating enhanced corrosion resistance of the anodized AZ31B magnesium alloy. An increase in corrosion current density accelerated the corrosion rate of the film, whereas a rise in corrosion potential reduced the tendency for corrosion [56,57].



Figure 5b presents the Nyquist plots of the samples before and after anodization. Notably, the anodized samples showed a significant increase in capacitive arc radius, indicating an increase in polarization resistance at the liquid–film–metal interface [58]. Micropores in the oxide film are the primary pathways for corrosive media to penetrate the film, detrimental to substrate protection. A reduction in the number of micropores in the dense film layer significantly hindered the penetration and diffusion of corrosive fluids, thereby reducing the contact area between the corrosive fluid and the substrate and improving the film’s corrosion resistance [59]. With increasing voltage, the film density increased, reducing the tendency for corrosion of the anodized film layer, thereby lowering the corrosion rate and effectively inhibiting corrosion in the anodized samples [33].



Figure 5c,d display the Bode plots for each sample. In the high-frequency range, the impedance modulus |Z| tends to a constant value independent of frequency, indicating control by solution resistance. In the mid- and low-frequency regions, linear sections on the curve typically reflect the characteristic response of the passive film capacitance. Figure 5d illustrates two types of corrosion observed during the testing process. In the first process, the simulated body fluid permeates through defects like pores and cracks on the film’s surface. In the second one, the substrate surface is also exposed to certain ions that promote corrosion.



Figure 5e,f show the equivalent circuit diagrams of the substrates before and after oxidation treatment [60]. In the diagrams, Rs represents the solution resistance, Rfilm the film resistance, and Rct the charge transfer resistance. Additionally, Qfilm corresponds to the film capacitance and Qdl to the capacitance at the sample–solution interface. The electrochemical data calculated are detailed in Table 2. The analysis indicates that, after anodizing treatment, the R values exceed those of the untreated samples. The order of R values from lowest to highest is: substrate < 10 < 20 < 12.5 < 15 < 17.5. Tafel analysis and Electrochemical Impedance Spectroscopy (EIS) results confirm that anodizing significantly enhances the corrosion resistance of AZ31B, ultimately forming an oxide film.





4. Discussion


Corrosion Protection Mechanism


As depicted in Figure 6, from a macroscopic perspective, the primary role of anodizing is to form a uniform protective oxide layer on the magnesium alloy surface. This layer acts as a physical barrier, preventing direct contact of the base metal with corrosive environments (such as air, water, or chemicals) [61]. The anodized coating, being an integral part of the metal, uniformly covers the entire surface, including hard-to-reach areas, crevices, and pits, which are potential corrosion sites on untreated metal.



Microscopically, the nature of the oxide layer itself is crucial. Composed of magnesium oxide (MgO), it has a dense crystalline structure, is less reactive than bare magnesium, and is more stable [62]. Anodizing leads to passivation of the magnesium surface, meaning the oxide layer reduces surface reactivity, a key factor in enhancing corrosion resistance. The micro-porous structure within the anodized layer is also significant. The sizes, distributions, and densities of these pores determine the layer’s ability to resist corrosive elements. Smaller, denser pores offer better protection. At the molecular level, the anodized layer increases the electrochemical stability of the magnesium alloy. It raises the breakdown potential and lowers the current density, making the underlying metal less susceptible to electrochemical corrosion processes. The anodized layer is more than just a physical covering; it chemically bonds with the underlying magnesium alloy. This atomic-level strong adhesion ensures that the protective layer is firmly attached and less likely to delaminate or crack, which is crucial for long-term corrosion resistance.





5. Conclusions


In conclusion, our comprehensive study on the anodic oxidation of AZ31B magnesium alloy has elucidated the significant impact of varying oxidation voltages on the microstructure, phase composition, and corrosion resistance of the resulting oxide films. Through meticulous experimentation, we identified that anodic oxidation performed at 17.5 V optimally enhances the oxide film’s thickness, uniformity, and protective capabilities, evidenced by the formation of predominant MgO and Mg2SiO4 phases. This optimal voltage setting not only maximizes the corrosion resistance but also significantly improves the alloy’s electrochemical stability, as demonstrated by the positive shift in corrosion potential and the reduction in corrosion current density.



By establishing a direct link between specific oxidation conditions and the enhanced protective qualities of the oxide film, this research contributes a crucial piece of knowledge to the ongoing efforts to mitigate the corrosion vulnerability of magnesium alloys. The ability to reliably produce a dense, uniform, and corrosion-resistant oxide layer opens new avenues for the application of magnesium alloys across a variety of industries, including automotive, aerospace, and consumer electronics, where weight reduction without compromising durability is a key objective.



Furthermore, our study sets the groundwork for future research in the field, suggesting avenues for exploring the interactions between different anodic oxidation parameters and their collective impacts on the alloy’s performance. The methodologies and insights derived from this work offer valuable guidelines for the development of more effective corrosion protection strategies, promoting the wider adoption and long-term sustainability of magnesium alloys in corrosive environments. In essence, our research not only advances the understanding of anodic oxidation as a vital surface treatment for magnesium alloys but also underscores the potential for engineering more resilient materials that align with the principles of lightweight design and environmental sustainability.
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Figure 1. Surface morphology of AZ31B magnesium alloy anodic oxide film prepared at different voltages: (a) 10 V; (b) 12.5 V; (c) 15 V; (d) 17.5 V and (e) 20 V. 
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Figure 2. Cross-section morphology of AZ31B magnesium alloy anodic oxide film prepared at different voltages: (a) 10 V; (b) 12.5 V; (c) 15 V; (d) 17.5 V and (e) 20 V. 
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Figure 3. Thickness of AZ31B magnesium alloy anodic oxide film prepared at different voltages. 
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Figure 4. XRD pattern of AZ31B magnesium alloy anodic oxide film. 
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Figure 5. Electrochemical test diagram after substrate and coating treatment: (a) Tafel, (b) Nyquist plots, (c) Bode impedance plots, (d) Bode phase plots, (e) Equivalent circuit diagram for the analysis of the matrix, and (f) Equivalent circuit diagram for the analysis of anodic oxidation. 
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Figure 6. Corrosion mechanism diagram of anodic oxidation coating. 
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Table 1. The fitting result of the potentiodynamic polarization curve.






Table 1. The fitting result of the potentiodynamic polarization curve.





	
Sample

	
Ecorr

	
Icorr

	
βα

	
|βc|

	
Rp




	
(Vvs.SCE)

	
(A/cm2)

	
(V/dec)

	
(V/dec)

	
(kΩ/cm2)






	
Substrate

	
−0.25

	
9.4 × 10−4

	
0.93

	
63.9

	
0.42




	
10 V

	
−0.11

	
5.02 × 10−4

	
1.11

	
82.5

	
0.95




	
12.5 V

	
−0.05

	
7.93 × 10−4

	
1.54

	
94.7

	
0.83




	
15 V

	
0.06

	
1.04 × 10−3

	
9.02

	
14.8

	
2.35




	
17.5 V

	
0.04

	
4.43 × 10−5

	
1.05

	
0.81

	
4.49




	
20 V

	
0.07

	
8.48 × 10−5

	
1.04

	
0.49

	
1.71











 





Table 2. EIS impedance map fitting results.
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Sample

	
Rs

	
Qfilm

	
nfilm

	
Rfilm

	
Qdl

	
ndl

	
Rct

	
R = Rf + Rct




	
(Ω/cm2)

	
(μS·cm−2·s−n)

	

	
(Ω/cm2)

	
(μS·cm−2·s−n)

	

	
(Ω/cm2)

	
(Ω/cm2)






	
Substrate

	
19.8

	

	

	

	
88.9

	
0.516

	
281

	
281




	
10 V

	
17.4

	
43.6

	
0.799

	
50.7

	
46.7

	
0.917

	
593

	
643.7




	
12.5 V

	
14.1

	
97

	
0.812

	
432

	
393

	
0.845

	
525

	
957




	
15 V

	
15.1

	
86.4

	
0.798

	
685

	
468

	
0.951

	
134

	
819




	
17.5 V

	
21.0

	
113

	
0.732

	
776

	
179

	
0.926

	
1210

	
1986




	
20 V

	
16.1

	
97.6

	
0.777

	
658

	
746

	
0.977

	
318

	
976
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