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Abstract:



Two kinds of metal oxide coatings were fabricated on 7050 Al alloy by hard anodization (HA) and micro-arc oxidation (MAO) techniques. The microstructure, phase composition, and corrosion behavior of the two coatings were studied by scanning electron microscopy, X-ray diffraction, and corrosion tests, respectively. When compared with the HA coating, the MAO one was more effective to isolate the substrate from the corrosive environment. In addition, as confirmed by electrochemical tests, the MAO coating was of better corrosion resistance than the HA coating. Furthermore, it was revealed by neutral salt spray test that the MAO coating could protect substrate alloy over 1140 h, while the HA coating can only protect substrate alloy for 46 h due to the amorphous composition and through thickness defects (micro-pores and micro-cracks).
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1. Introduction


Due to their superior properties of good formability, lightweight, and high strength/weight ratio, aluminum alloys have a wide usage in the aerospace industry, especially in commercial transport aircraft and military fighter aircraft [1]. However, different kinds of local corrosions, such as pitting corrosion [2], intergranular corrosion [3], exfoliation corrosion [4], and stress corrosion [5], easily occur on aluminum alloys. All of these decrease the material strength and the plasticity substantially, and, thus, greatly limit the application of these materials. Hence, it is in urgent need of appropriate surface treatments to improve their corrosion resistance.



In the past half century, hard anodization (HA) as a cost effective solution has been widely used to enhance the corrosion resistance of aluminum alloys by forming an amorphous and porous coating with a thickness over 25 μm [6,7,8]. Nevertheless, it is not an environmentally friendly and economical technique, since it adopts an electrolyte with high concentrations of acid, high current density, and low temperature [9,10].



Along with the fast growth of the aerospace industry, the service environment of airframe materials becomes more severe. Therefore, it is necessary to develop a more environmental and effective anti-corrosion technologies to replace HA. Recently, micro-arc oxidation (MAO), as a novel surface treatment technique for Al, Mg, Ti, and their alloys [11,12,13], is attracting more interest in fabricating ceramic coatings to enhance the corrosion resistance, the wear resistance and the adhesion between the substrate and coating. There are fundamental differences between MAO and HA with respect to the nature of electrolyte, the voltage ranges, and the coating formation mechanism [14]. The corrosion resistance of MAO coating has been studied by a large number of studies and the results reveal that the MAO technique can improve the anti-corrosion properties of the substrate [15,16,17,18,19,20].



The MAO technique has been generally portrayed as a superior alternative to hard anodization, however, in recent studies, the corrosion resistance of MAO coating was mostly compared with substrate alloy [15,16], sealed MAO coating, [17,18], and MAO coating with additives [19,20]. Few studies investigated the difference in corrosion performance between MAO and HA coatings. Hence, the present study attempts to systematically compare the corrosion resistance of the two kinds of coating by potentiodynamic polarization tests and electrochemical impedance spectroscopy (EIS). Further, neutral salt spray testing was carried out to study the long-term corrosion behavior of HA and MAO coatings.




2. Materials and Methods


7050 Al alloy was used as an anode material, whose composition is Zn 6.2 wt %, Mg 2.10 wt %, Cu 2.40 wt %, Zr 0.12 wt %, Fe 0.15 wt %, Si 0.12 wt %, and Al balance. The samples (100 mm × 50 mm × 2 mm) were ultrasonically cleaned in pure ethanol and washed in distilled water eventually. The experimental conditions of MAO and HA are the most generic parameter and are summarized in Table 1. Different oxidation times of MAO and HA processes were selected so as to obtain the same coating thickness. The thickness of the coatings was measured by an eddy current thickness measurement instrument (FMP20, Fischer, Berlin, Germany).


Table 1. Experimental conditions employed for depositing the hard anodization (HA) and micro-arc oxidation (MAO) coatings.


	Nomenclature
	MAO
	HA





	Electrolyte bath
	Sodium hexametaphosphate 40 g/L

Sodium silicate 5 g/L

Sodium tungstate 3 g/L
	Sulfuric acid 15 wt %



	Type of power supply
	DC pulse
	DC



	Duty cycle (%)
	4
	-



	Frequency (Hz)
	500
	-



	Bath temperrature (°C)
	18–30
	0–5



	Current density (A/dm2)
	2.5
	2.5



	Voltage, Vrms
	0–550
	0–25



	Processing time (min)
	80
	40









The surface morphologies of coatings were imaged by field emission scanning electron microscopy (FE-SEM, JSM-6700F, JEOL, Tokyo, Japan) and the cross-section morphologies were imaged by scanning electron microscope (SEM, JSM-6510, JEOL, Tokyo, Japan). The phase composition of the MAO and HA treated samples were identified by X-ray diffraction (XRD, DMAX-RB, Rigaku, Tokyo, Japan, Cu Kα) at a potential of 45 kV and current of 200 mA. The scans were acquired from 10 to 90° (in 2θ) at a rate of 10°/min, with a grazing angle of 5°.



Potentiodynamic polarization testing and electrochemical impedance spectroscopy (EIS) were carried out with an electrochemical workstation (Autolab PGSTAT302N, Metrohm, Luzern, Switzerland) to compare the corrosion resistance of the HA- and MAO-treated samples at room temperature. A typical three-electrode cell system, a platinum plate as the auxiliary electrode, Ag/AgCl (saturated with KCl) as the reference electrode, and the sample as the working electrode (0.5 cm2 exposed area) was employed in the tests. After the sample as immersed in 3.5 wt % NaCl solution for 0.5 h, EIS was carried out with a signal amplitude of 10 mV over the open circuit potential in a frequency range of 100 kHz to 0.01 Hz. After 1 h immersion, the potentiodynamic polarization test was conducted at a rate of 1 mV/s. Neutral salt spray test (NSST) with 5 ± 0.1 wt % NaCl solution at 35 ± 2 °C as per GJB 150.11A-2009 for a duration of 1500 h was performed to evaluate the long-term corrosion behavior of the samples.




3. Results and Discussion


3.1. Microstructure


Figure 1 shows the surface morphology of HA and MAO coatings. There are some cavities of approximately 5–10 µm on the surface of the HA coating (Figure 1a), which was caused by the preferential dissolution of coarse intermetallic compounds into the electrolyte during anodizing [21]. Around the cavities, owing to the different dissolution rate of the substrate and the intermetallic compounds, stress concentration was easily formed and was released in the form of micro-cracks. The micro-cracks on the surface were straight, long (over 1000 µm), and perpendicular in Figure 1a. Due to the stress, cylindrical oxide cells with micro-pores (21–26 nm) spreading vertically down through the thickness of the coating were observed in Figure 1d [22,23,24]. When the cylindrical oxide cells adjoined to each other, they formed a porous layer.


Figure 1. Surface scanning electron microscope (SEM) micrographs of the HA coating (a,c,d) and the MAO coating (b,e) on the 7050 Al alloy.
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The surface microstructure of the MAO coating (Figure 1b) was “crater-like” and was quite different from the HA coating. The micro-pores (1–10 μm), which were larger than that on the HA coating, were caused by the molten oxide jetting out from discharge channels under the high pressure of gas. Moreover, the micro-cracks were distributed on the coating irregularly, which was attributed to the thermal stress [25].



The cross-section morphology of the HA and MAO coatings are shown in Figure 2. The thickness of these two coatings was 27 ± 3 μm. Due to the excessive growth of the coating in the partial discharging region, the surface and interface of MAO coating were uneven, while the HA coating was flat, but it revealed much higher bonding strength between substrate and the MAO coating. There are two obvious layers in the MAO coating: a compact inner layer (about 5–12 μm) and a loose porous outer layer. While, the micro-pores in outer layer were much larger than that in the inner layer. This meant the inner layer was more compact than the outer layer due to less influence of the cold electrolyte. Figure 2a shows the cross-section morphology of the HA coating, and, due to conventional polishing with hard SiC emery papers, the micro-pores present in the HA coating that is observed in the surface (Figure 1a) had been destroyed [14]. Figure 3a shows the cross-section morphology of the HA coating without polishing, cylindrical cells with micro-pores along their length spread perpendicularly to the surface of the substrate and grew creating a porous layer. There is a widespread agreement that a thin barrier layer (in the illustration Figure 3b) at the base of each pore, which adheres to the metal substrate, is about 10–100 nm [26,27,28]. A micro-crack throughout the entire coating in the vertical direction in Figure 2a could be due to the weak junctions along the cylindrical oxide cell boundaries.


Figure 2. Cross-sectional SEM micrographs of the HA coating (a) and the MAO coating (b) on the 7050 Al alloy.
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Figure 3. Cross-sectional SEM micrographs of the HA coating with cylindrical cells (a) and an illustration of barrier layer (b).
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Although the micro-pores in the MAO coating were larger than that in the HA coating, they were not connected, or went throughout the coating, like that in the HA coating. MAO was a repetitive process as follows: micro-arc discharging-breakdown and melting-solidification and reconstruction. As a result, most of the discharge defects formed in the early stage will be covered by the product of the next discharge melting. In summary, the MAO coating is more effective in isolating the substrate from the corrosive environment.




3.2. Phase Composition


The XRD patterns of HA and MAO coatings are shown in Figure 4. It can be found that the pattern (Figure 4a) of the HA coating consists of very broad peaks (2θ = 18–37°) typical of amorphous materials due to oxide hydration [22], while the MAO coating was composed of γ-Al2O3 in Figure 4b. When molten alumina was ejected from the discharge micro-pores, it contacted the cold electrolyte directly and inclined to form crystalline Al2O3. The presence of the aluminum peak in the two coatings could be caused by the penetration of X-rays into the substrate [26].


Figure 4. X-ray diffraction (XRD) patterns of the HA (a) and the MAO (b) coatings on 7050 Al alloys.
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3.3. Electrochemical Corrosion Behavior


Figure 5 illustrates the potentiodynamic polarization curves of samples. When compared with the substrate, the corrosion potential (Ecorr) of the coatings both moved to positive direction and the Ecorr of the MAO coating was much more positive. The Ecorr and the corrosion current density (icorr) are tabulated in Table 2. The icorr value of the HA sample dropped one order of magnitude as compared to that of the substrate. Additionally, the icorr of the MAO simple was three orders of magnitude lower than that of the HA one. In summary, the MAO technique is much more useful to enhance the corrosion resistance of the substrate.


Figure 5. Potentiodynamic polarization curves of the substrate, and the HA- and MAO-treated 7050 Al alloy in 3.5 wt % NaCl solution.
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Table 2. Fitting results of potentiodynamic polarization tests.


	Specimens
	Ecorr (mV vs. Ag/AgCl)
	icorr (A/cm2)





	Substrate
	−874
	1.11 × 10−6



	HA
	−732
	1.17 × 10−7



	MAO
	−665
	2.10 × 10−10









The EIS tests were took for further study of electrochemical corrosion behavior of the coatings. Figure 6 reveals the EIS (Bode) plots of the substrate, and HA- and MAO-treated 7050 Al alloy in the 3.5 wt % NaCl solution. There is a high frequency and an intermediate frequency capacitive reactance arc and a low-frequency impedance arc in the Bode phase angle plot of the substrate alloy. These arcs correspond to three time constants. The equivalent circuit model is exhibited in Figure 7a to fit the EIS plots. In this model, Rs is the resistance of solution. R1 is the resistance of natural oxide film and paralleled with a phase element CPE1. R2 represents the resistance of charge transfer on the metal surface and is paralleled with a phase element CPE2. The emergence of the impedance arc presents that the localized corrosion had happened. It is represented by the resistance R3 and inductance L. There are two time constants in the Bode phase angle plot of the HA coating. The one at high-frequency corresponds to the porous outer layer resistance (R1) and the phase element CPE1, and the another one at low-frequency corresponds to the barrier inner layer resistance (R2) and the phase element CPE2. Thus, a model in Figure 7b is used to fit the EIS plots of the HA coating. There are two time constants in the Bode phase angle plot of the MAO coating. A model in Figure 7c is used to fit the EIS plots. R1 in parallel with CPE1 and R2 in parallel with CPE2 are on behalf of the loose porous outer layer and the compact inner layer of the MAO coating, respectively.


Figure 6. Electrochemical impedance spectroscopy and fitting results of the substrate, and the HA- and the MAO-treated 7050 Al alloy in 3.5 wt % NaCl solution. (a) Phase angle; (b) Impedance modulus.
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Figure 7. Corresponding equivalent circuits for fitting impedance date of the substrate (a); and the HA- (b); and, MAO- (c) treated 7050 Al alloy.
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The fitted values of the circuit elements are listed in Table 3. No matter the HA coating or the MAO coating, the values of R1 and R2 were much higher than that of the substrate, and the value of R2 was much higher than that of R1. This indicated that both the HA and the MAO treatment had effects on protecting the substrate materials against the corrosion, and the inner layer presented a much more fortified barrier for the diffusion of the corrosive ions. After the HA treatment, the value of R1 (5.23 × 104) was slightly higher than that of the MAO coating (4.06 × 104). This result was related to the larger micro-pores in the MAO loose porous outer layer. However, the value of R2 (1.11 × 109) increased by almost two orders of magnitude than that of the HA coating (6.18 × 107). This improvement was due to the fact that the dense inner layer in the MAO coating was at the micron scale while the barrier inner layer in the HA coating was at the nanoscale. In conclusion, the MAO coating significantly increased the corrosion resistance of the substrate alloy.


Table 3. Electrochemical impedance spectroscopy (EIS) fitting results for specimens in 3.5 wt % NaCl solution.


	Specimens
	CPE1
	R1 (Ω·cm2)
	CPE2
	R2 (Ω·cm2)
	L1 (Ω·s·cm2)
	R3 (Ω·cm2)





	substrate
	5.76 × 10−6 (0.89)
	1.12 × 104
	1.15 × 10−4 (0.84)
	2.12 × 104
	2.85 × 105
	1.62 × 104



	HA
	2.51 × 10−7 (0.90)
	5.23 × 104
	4.66 × 10−7 (0.91)
	6.18 × 107
	-
	-



	MAO
	6.67 × 10−9 (0.72)
	4.06 × 104
	3.82 × 10−9 (0.95)
	1.11 × 109
	-
	-










3.4. Neutral Salt Spray Test (NSST)


The long-term corrosion behavior of samples was further studied by NSST. Figure 8 exhibits digital photos of HA- and MAO-treated samples in the course of the test. Slight corrosion pitting emerged on the surface of the HA sample after 46 h (Figure 8a). Lasting to 1500 h, the number of corrosion pits increased obviously. Conversely, in Figure 8b, there was slight corrosion on the MAO coating after 1140 h and, until the end of the test, the corroded area did not expand. The results shown MAO treatment significantly improved the long-term corrosion resistance of 7050 aluminium alloy.


Figure 8. Photographs of the HA- (a) and the MAO-treated (b) 7050 Al alloy after a neutral salt spray test (NSST) for different times.
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The cross-section morphology (Figure 9) of the HA and MAO coatings after 1500 h NSST were analyzed so as to observe the corrosion features clearly. The thickness of the HA coating was 16–26 μm, when compared with Figure 2a, the HA coating became thinner and uneven in Box A of Figure 9a, while, the thickness of the MAO coating (23–29 μm) did not change a lot and the coating retained the original cross-section morphology in Figure 9b. These distinctions might be the result from different phase compositions of the coatings. Furthermore, as the defects (micro-pores and micro-cracks) that went through the entire outer layer and the thickness of the barrier layer was at the nanoscale order of magnitude, the corrosive ions reached the coating/substrate interface through straight defects channels quickly, and, thus, contributed to the corrosion of the substrate. As time went on, nearby corrosion products linked and gathered together (arrow B in Figure 9a) and the accumulated corrosion products generated high stress to jack up the coating. Additionally, after the film had partly fallen off, the corrosion continued to spread downward, so that the corrosion depth of the matrix would increase and the coating lost the function of protection. On the other hand, the corrosion would spread along the interface and destroy the coating nearby (arrow C in Figure 9a). So on, severe corrosion damage appeared on the HA-treated alloy in short term. When compared with Figure 9a, a relatively small quantity of the corrosion products (arrow D in Figure 9b) were accumulated at the interface of the MAO coating and they reduced the extrusion damage to the coating. Because the MAO coating did not peel off from the substrate, the corrosion depth of the MAO-treated alloy was smaller than that of the HA-treated one. This improvement was due to the fact that the micro-pores in the loose porous outer layer did not join together and the inner barrier layer provided a compact barrier, and all of this made the path of the corrosive ions becomes complicated and delayed the time of corrosive ions’ arrival at the substrate. Thus, the amount of corrosion products at the interface of the MAO coating is less than that of the HA coating at the same corrosion time. Meanwhile, the higher bonding strength between the substrate and the MAO coating made the coating difficult to top up.


Figure 9. Cross-section SEM micrographs of the HA- (a) and the MAO-treated (b) 7050 Al alloy after a neutral salt spray test in 5 wt % NaCl solution for 1500 h.
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Thus, the substrate under the MAO coating suffered from relatively slight destroy, when compared to that under the HA coating. As a result, the MAO-treated specimen displayed better corrosion resistance than the HA-treated one.





4. Conclusions



	
MAO and HA coatings with 27 ± 3 μm thickness were fabricated onto the surface of 7050 Al alloy, respectively. The MAO coating, mainly composed of γ-Al2O3, was much more effective to isolate the substrate from the corrosive environment than the HA one, due to the amorphous composition and the penetrating defects in the HA coating.



	
The MAO technology displayed more excellent electrochemical corrosion resistance. Compared with the HA coating, the corrosion potential (Ecorr), and corrosion current density (icorr) of the MAO coating increased and decreased, respectively. Furthermore, the value of R2 of the MAO coating was two orders of magnitude higher than that of HA coating.



	
The NSST revealed that the time when the HA coating was corroded was 46 h, while the MAO coating was 1140 h. After 1500 h, the HA coating was extruded and peeled, but the MAO coating still provided good protection to the substrate.



	
The far superior protection of the MAO coating was due to the crystalline compositions and the strong interfacial adhesion. Furthermore, the blind defects in the MAO coating made the path of the corrosive ions become complicated, and the compact inner layer presented a more fortified barrier for the diffusion of corrosive ions.
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