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Abstract:

 The formation of low surface energy hybrid organic-inorganic micro-nanostructured zinc stearate electrodeposit transformed the anodic aluminum oxide (AAO) surface to superhydrophobic, having a water contact angle of 160°. The corrosion current densities of the anodized and aluminum alloy surfaces are found to be 200 and 400 nA/cm2, respectively. In comparison, superhydrophobic anodic aluminum oxide (SHAAO) shows a much lower value of 88 nA/cm2. Similarly, the charge transfer resistance, Rct, measured by electrochemical impedance spectroscopy shows that the SHAAO substrate was found to be 200-times larger than the as-received aluminum alloy substrate. These results proved that the superhydrophobic surfaces created on the anodized surface significantly improved the corrosion resistance property of the aluminum alloy.
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1. Introduction


Aluminum (Al) and its alloys are naturally-abundant engineering materials with extensive applications in daily life. In recent years, nanoporous anodic aluminum oxide (AAO) prepared by electrochemical anodization has found a multitude of applications, such as catalysis [1], drug delivery [2], biosensing [3], template synthesis [4], molecular and ion separation [5], corrosion resistance [6], and so forth. The formation of AAO on the aluminum alloy surface would act as the corrosion barrier. The formation of AAO was limited to a certain extent due to its hydrophilic behavior. Therefore, it is necessary to transform the AAO to be superhydrophobic in order to improve the corrosion resistance properties.



Superhydrophobicity, exhibiting an excellent water-repellent property, is characterized by a contact angle above 150°. Creating a rough surface, as well as reducing the surface energy is attributed to the modification of superhydrophobicity [7]. In the last few decades, a large effort has been devoted to the realization of superhydrophobic surfaces, due to their applications in biology [8], anti-corrosion [9,10,11,12], anti-icing [13], self-cleaning [14], etc.



Recent publications show that the anodized surface can be made superhydrophobic by passivation with organic molecules [15,16,17,18]. In the study of Liu et al., the superhydrophobic anodized surfaces were fabricated by polypropylene (PP) coating after anodizing [17]. Li et al., used a very complex process to engineer superhydrophobic anodized aluminum alloy surfaces [16]. After anodizing with sulfuric acid, the anodized sample was firstly immersed in the mixing solution containing M(NO3)2 salt (M = Mg, Co, Ni and Zn) and NH4NO3, followed by immersion in (Heptadecafluoro-1,1,2,2-tetradecyl)trimethoxysilane (n-CF3(CF2)7CH2CH2Si(OC2H5)3). Vengatesh and Kulandainathan fabricated superhydrophobic anodic aluminum oxide (SHAAO) surfaces by passivation with organic molecules and show these surfaces having corrosion resistance properties indicated by potentiodynamic polarization [15]. Despite this, the fabrication, as well as corrosion resistance properties of the electrodeposited superhydrophobic surfaces on AAO have not been shown in the literature.



In this work, we have described the method to prepare the superhydrophobic surfaces on AAO by the electrodeposition process and describe their corrosion resistance properties, both using potentiodynamic polarization and electrochemical impedance spectroscopy (EIS).




2. Experimental Procedure


After pretreatment with 0.01 M NaOH at 55 °C for 3 min, the AA6061 aluminum alloy substrates were anodized using 3 vol. % H3PO4 aqueous solution at 10 °C at 0.01 A/cm2 (Ametek Sorensen DCS 100-12E, Chicoutimi, QC, Canada) for 2 h. The superhydrophobic anodic aluminum oxide (SHAAO) surface was prepared by the electrodeposition process in an ethanolic solution containing 0.01 M stearic acid (SA) and 0.01 M zinc nitrate (Zn(NO3)2) by applying 20 V (Ametek Sorensen DCS 100-12E) for 10 min. Microstructural examination was conducted using a scanning electron microscope (SEM, JEOL JSM-6480 LV, Chicoutimi, QC, Canada). Surface roughness was measured using an optical profilometer. The X-ray diffraction (XRD) analyses of the samples were carried out using a Bruker D8 Discover system (Chicoutimi, QC, Canada). The chemical composition of the samples was analyzed by means of Fourier transform infrared spectroscopy (FTIR, Perkins Elmer Spectrum One, Chicoutimi, QC, Canada) and an energy dispersive X-ray spectrometer (EDX, JEOL JSM-6480 LV, Chicoutimi, QC, Canada). Wetting characteristics of sample surfaces were evaluated by measuring static contact angles (CA) using a first ten Angstrom contact angle goniometer at five positions on each substrate using a 10-μL deionized water drop. In the case of rolling-off surfaces, the contact angle was measured by holding the water drop between the needle and the surface, as presented in the inset image of Figure 1c. Electrochemical experiments were performed using a PGZ100 potentiostat and a 300-cm3-EG & G PAR flat cell (London Scientific, London, ON, Canada), equipped with a standard three-electrode system with an Ag/AgCl reference electrode, a platinum (Pt) mesh as the counter electrode (CE) and the sample as the working electrode (WE). Before the test, the open circuit potential (OCP) was monitored for more than 20 h for stabilization by immersing the sample surface in 3 wt. % NaCl aqueous solution. The electrochemical impedance spectroscopy (EIS) was tested in the frequency range between 10 MHz and 100 kHz with a sine-wave amplitude of 10 mV. For the potentiodynamic polarization experiments, the potential was scanned from −250 mV to +1000 mV with respect to the OCP voltage at a scan rate of 2 mV/s.


Figure 1. Secondary electron SEM micrographs showing the top surface of (a) the as-received aluminum alloy; (b) the anodized and (c) the electrodeposited anodized substrates. The inset top-right images present the water drop on the surfaces, and the bottom-right ones show magnified microstructures.
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3. Results and Discussion


SEM images in Figure 1 reveal the evolution of the different morphologies of: (a) the as-received the aluminum alloy surface; (b) the anodized (AAO) surface; and (c) the electrodeposited hybrid organic-inorganic anodized surface using the ethanolic electrolytic solution containing stearic acid (SA) and zinc nitrate (Zn(NO3)2) at 20 V DC. The as-received aluminum alloy surface was characterized by parallel lines resulting from the rolling process, corresponding to a surface roughness of 0.45 ± 0.03 μm and a contact angle of 87° ± 3° (Figure 1a).



After anodizing in phosphoric acid for a duration of 2 h, uniformly-distributed nanopores with an average diameter of approximately 100 nm and an inter-pore distance of ~137 nm are observed on the surface of the anodized substrate (Figure 1b), with a roughness of 0.68 ± 0.02 μm, while the contact angle was measured to be 8° ± 1°, indicating a superhydrophilic property. It is however evident from Figure 1c that the electrodeposition process resulted in the appearance of a porous network microstructure on the anodized substrate. This substrate was built by nanofibre clusters connected with each other, as presented in the inset of Figure 1c. It can be also observed that these micro-nanoporous structures are distributed uniformly on the anodized surface, resulting in a micro-nanorough surface having a roughness of 6.85 ± 1.02 μm. Interestingly, this surface shows superhydrophobic properties with a contact angle of 160° ± 1° having a contact angle hysteresis of 2° ± 1°.



Low angle X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDX) and Fourier transform infrared spectroscopy (FTIR) have been carried out to determine the composition of the electrodeposited micro-nanostructure thin films on the anodized substrate, as shown in Figure 2. Figure 2a(a3) shows four distinct peaks at 4.2°, 6.26°, 8.3° and 10.4°, which correspond to zinc stearate ((CH3(CH2)16COO)2Zn) (abbreviated as ZnSA, ). The possible mechanism of the formation of ZnSA has been presented as follows:


Figure 2. (a) Low angle XRD patterns of (a1) as-received aluminum alloy, (a2) AAO, (a3) electrodeposited anodized substrate; (b) high angle XRD patterns of (b1) as-received aluminum alloy, (b2) AAO and (b3) electrodeposited anodized substrate; (c) EDX spectra of (c1) the as-received aluminum alloy, (c2) anodized and (c3) electrodeposited anodized substrate (ZnSA = zinc stearate); (d) FTIR spectrum of the electrodeposited anodized substrate.
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This reaction mechanism is very similar to that mentioned by Liu et al. for the electrodeposition of cerium myristate by electrodeposition on magnesium substrates to obtain superhydrophobicity [19]. When the DC voltage was applied on the electrodes, the Zn2+ ions close to the cathodic electrode reacted with SA, forming ZnSA and H+ ions, as presented in Equation (1). Meanwhile, some of the H+ ions obtained an electron and formed H2 gas. It is noted that the as-received aluminum alloy and anodized substrates of Figure 2a(a1,a2) do not show any characteristic peaks. Furthermore, in Figure 2b, it shows the peaks at 38.47°, 44.72° and 65.1°, respectively, which are in good agreement with the characteristic peaks of Al(111), (200) and (220). This arises from the substrate of the aluminum alloy.



EDX analysis (Figure 2c) revealed that the chemical composition of the anodized surface consisted of O and Al, resulting from the formation of aluminum oxide (Al2O3), whereas only the Al peak was seen in the spectrum of the as-received aluminum alloy surface. However, C, Zn, O and Al are observed in the spectrum of electrodeposited anodized surface, confirming the formation of ZnSA complementary with the XRD pattern of the electrodeposited anodized substrate. It is worth mentioning that the Au peaks appearing in Figure 2c are due to the thin layer of gold on the electrodeposited thin films for improving the resolution by eliminating the charging effect of non-conducting samples during EDX analyses.



In the FTIR spectrum of the electrodeposited hybrid organic-inorganic anodized substrate (Figure 2d), the appearance of the –CH group (–CH3 at 2962 cm−1, as well as –CH2 at 1459 cm−1, 2850 cm−1 and 2919 cm−1), as well as –COO at 1395 and 1550 cm−1 indicated the formation of ZnSA on the surface [20], which is in good agreement with the XRD and EDX results. These results support the formation of low surface energy methylated (–CH3 and –CH2) components on the electrodeposited anodized surface and make it superhydrophobic. In addition, the ZnO peaks at 560 cm−1 may come from the bonding of –COOZn, which further verifies the reaction production of ZnSA formed on the modified surface in a one-step electrodeposition process.



Figure 3 illustrates the variation of open circuit potential (OCP) on the superhydrophobic AAO (SHAAO) surface. The OCP value shifted from −177 to −708 mV with an average of −281 ± 87 mV into a 5-h immersion time in the salt solution. It is quite unstable during this period. From 5 to 16 h of immersion time, the OCP value varied from −533 to −686 mV with an average of −610 ± 26.8 mV. With the prolongation of immersion time to 20 h, the OCP value varied from −708 to −730 mV, with an average of −717 ± 2.8 mV. It can be seen that the fluctuation of OCP voltage reduces with time and stabilized nearly after 20 h. In contrast, the surface of the aluminum alloy substrate gets stabilized within 30 min of immersion time in the salt solution. The OCP fluctuations of the SHAAO substrate may be due to the poor wetting, as well as protective properties of the SHAAO surface with the salt solution. Therefore, the EIS and polarization experiments were performed after 20 h of immersion of the superhydrophobic surface in the salt solution while monitoring the OCP continuously.


Figure 3. The variation of open circuit potential (OCP) with time on the superhydrophobic AAO (SHAAO) surface.
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To evaluate the corrosion resistance performance of the fabricated anodized and SHAAO substrates, potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) tests were carried out. Figure 4a shows the polarization curves of the as-received aluminum alloy, anodized and SHAAO substrates, respectively. The as-received aluminum alloy substrate exhibited a corrosion current density (Icorr) of 400 nA/cm2 and a polarization resistance (Rp) of 50 kΩ·cm2. The Rp value was calculated by the Stern-Geary equation, as shown in Equation (2).


Figure 4. (a) Polarization curves of the as-received aluminum alloy, AAO and SHAAO substrates in 3 wt. % NaCl corrosive solution; (b–d) the Nyquist plots of (b) as-received aluminum alloy; (c) AAO (as-received aluminum alloy (a small semicircle in green close to the origin) also shown for comparison) and (d) SHAAO substrate (as-received aluminum alloy and AAO also shown inside for comparison, very small semicircle, nearly visible, close to the origin).
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When the aluminum alloy substrate was anodized, the Icorr was reduced to 200 nA/cm2, and Rp increased to 87 kΩ·cm2, indicating an improved corrosion resistance compared to the as-received substrate. This was due to a barrier layer formed on the anodized surface. On the other hand, the Icorr of the hybrid organic-inorganic SHAAO substrate decreased remarkably to 88 nA/cm2, while the Rp increased up to 441 kΩ·cm2. This shows an even better anti-corrosion performance of the SHAAO substrate relative to the anodized substrate, likely attributed to the superhydrophobic ZnSA coating formed on the surface. It is noticed that the current density of the SHAAO substrate was increased sharply at around −0.4 V vs. Ag/AgCl, which might have been related to the dissolution of the superhydrophobic film with the prolongation of corrosion time (more than 20 h). It is also found that the current density of the SHAAO substrate at −0.4 V to 0.2 V vs. Ag/AgCl was parallel to, but smaller than, that of the anodized substrate. This might be due to the superhydrophobic material ZnSA filling the anodized pore structure. As a result, the SHAAO substrate after dissolution of the surface material still presents a good corrosion resistance property.



The Icorr of the electrodeposited cerium stearate superhydrophobic Mg surfaces was reported to be 142 nA/cm2 with a 30-min immersion to perform OCP [19]. Experiments performed by Vengatesh and Kulandainathan with a 30-min immersion before polarization show that the corrosion current varies between 2 and 1050 nA/cm2, depending on the passivated molecules [15]. Moreover, in the study of He et al., a 1-h immersion time is used for the stabilization [21]. In our experiment, the samples were exposed to NaCl solution for 20 h to stabilize under OCP. This indicates that our superhydrophobic film displays a better stability and durability in the corrosion test as compared to the reported values in the literature.



Nyquist plots of the as-received aluminum alloy, anodized and hybrid organic-inorganic SHAAO substrate are presented in Figure 4b–d. It is well known that Rct is the charge transfer resistance, describing the difficulty of the corrosion occurring on the substrate. Rct of anodized substrate is found to be 14 kΩ·cm2 in Figure 4c, which is about 10-times higher than that of the as-received aluminum alloy substrate (1.5 kΩ·cm2) in Figure 4b. However, the corrosion protection of the SHAAO substrate is the combined effect of Rct of 284 kΩ·cm2 (semicircle at low frequency) along with the resistance of the superhydrophobic films of 405 kΩ·cm2 (semicircle at high frequency) in Figure 4d. This indicates a significant enhancement of corrosion resistance, which is complementary to the result from the polarization curves, where the polarization resistance of SHAAO is higher than the anodized substrate, as well as for the Al substrate.



In the study of Liu et al. [19], the Rct of the superhydrophobic magnesium substrate covered with cerium myristate was found to be 13 kΩ, which is comparable to our anodized substrate, but much smaller than our zinc stearate-covered SHAAO substrate [19].




4. Conclusions


A superhydrophobic anodic aluminum oxide (SHAAO) surface was prepared by the electrodeposition process using the ethanolic solution of stearic acid (SA) mixed with zinc nitrate (Zn(NO3)2) at a constant voltage of 20 V. The hybrid organic-inorganic SHAAO surface having a micro-nanoporous structure of low surface energy zinc stearate (ZnSA) exhibits a water contact angle (CA) of 160° ± 1°. The SHAAO substrate has a polarization resistance (Rp) and charge transfer resistance (Rct) of 441 and 284 kΩ·cm2, respectively, much higher than that of the as-received aluminum(Rp of 50 kΩ·cm2 and Rct of 1.46 kΩ·cm2) and anodized aluminum substrate (Rp of 87 kΩ·cm2 and Rct of 14 kΩ·cm2) in the corrosion. This indicates that the SHAAO substrate displays a much better corrosion resistance property as compared to the as-received aluminum alloy substrate, as well as the anodic aluminum oxide (AAO) substrate.
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	AAO
	
Anodized aluminum oxide





	SHAAO
	
Superhydrophobic anodized aluminum oxide





	SA
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Zinc stearate
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