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Abstract

:

Micro-arc oxidation (MAO) ceramic coatings were prepared on TC4 titanium alloys by adding CuSO4 to a (NaPO3)6 base solution. The microstructures of the MAO coatings were characterized by scanning electron microscopy (SEM), energy dispersive (EDS), and X-ray photoelectron spectroscopy (XPS). The corrosion resistance and wear resistance of these coatings were evaluated via hydrochloric acid immersion of weight deficit and friction tests. Those results indicated the presence of Cu in the MAO coating in the form of CuO and Cu2O. Incorporation of CuSO4 results in a thickness and roughness increase in the coating. The coating has a lower coefficient of friction (0.2) upon the addition of 4 g/L of CuSO4. The antibacterial properties of the MAO coatings were maximized at 6 g/L of CuSO4. However, the corrosion resistance of the copper-doped MAO coating did not exceed the undoped coating. This study shows that the addition of CuSO4 to the electrolyte successfully prepared copper-containing micro-arc oxidation coatings, which improved the wear resistance and antibacterial properties of the coating.
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1. Introduction


Titanium and titanium alloys have been widely used in aerospace engineering, marine engineering, biomedicine, and many other fields due to their high specific strength, lightweight, low-temperature resistance, and good biocompatibility [1,2,3,4]. In marine engineering, titanium and its alloys have become indispensable materials in this field. However, titanium and its alloys also have disadvantages, such as low hardness, easy marine organism adhesion, and poor corrosion resistance [5,6]. Therefore, current challenges for material scientists include improving the corrosion resistance and tribological performance of titanium alloys. Various surface modifications, low friction, and corrosion-resistant coatings have been advanced to address this problem. The protective coatings significantly improved titanium alloy performances involving friction and wear [7].



Micro-arc oxidation (MAO) generates a ceramic oxide coating containing a base metal alloy with a porous structure and good valve metal adhesion (Ti, Mg, and Al) through arc discharge. In addition, MAO technology is simple, environmentally friendly, and applicable at higher external voltages compared with conventional anodizing [8,9]. Micro-arc discharge promotes molten oxide injection, which cools rapidly after contact with an electrolyte, and promotes the growth of ceramic coatings and oxide deposition [9]. The electrolyte composition often influences the MAO coating composition. Therefore, MAO coating performances improve upon additive (such as Cu, Ag) introduction into the electrolyte [10,11].



Copper and its oxides have good wear reduction and antibacterial properties, and the addition of copper to MAO coatings has improved their protective and anti-fouling properties [12,13]. Multiple Cu sources, such as Cu nanoparticles [14], Cu(C6H11O7)2 [15], Cu(CH3COO)2 [16], and Cu(NO3)2 [17] were added to the electrolyte, and MAO coatings containing copper were successfully fabricated on a titanium alloy. However, the introduction of copper also causes a certain degree of degradation of the original corrosion resistance of the coating [18]. For example, He et al. [19] successfully prepared black MAO coatings on magnesium alloys by introducing copper into the electrolyte, and the increase in copper content eventually led to a decrease in the corrosion resistance of the coatings. Previously, we reported the effects of copper pyrophosphate on the structure and properties of TC4 micro-arc oxide coatings [20]. CuSO4 has been extensively used in industry as an insecticide and antibacterial agent. Furthermore, to illustrate the effect of different metal salt concentrations on the structure and properties of micro-arc oxidation coatings, we used copper sulfate to investigate the concentration effect on the coating.



A protective coating was prepared on the TC4 alloy by altering CuSO4 concentrations in the electrolyte by MAO technology to improve the shortcomings of titanium alloy in a marine environment. The effects of CuSO4 on the morphology, composition, corrosion resistance, wear resistance, and antibacterial properties of MAO coating were studied, and an optimized CuSO4 concentration was obtained to improve the properties of the MAO coating.




2. Experimental


2.1. Material Preparation


TC4 alloy, with a size of φ 20 mm × 4 mm, was used as the substrate material. The samples were ground and polished with 400#, 600#, 800#, 1000#, 1200#, and 1500# sand paper to obtain a smooth surface, then sonicated in ethanol for 20 min, deionized water for 10 min, and dried in air. The basic MAO electrolyte was 20 g/L (NaPO3)6 + 3 g/L Na2WO4 + 3 g/L KF + 4 g/L KOH. Copper sulfate was added to the electrolyte solution (0, 2, 4, 6, 8, and 10 g/L CuSO4). Sodium citrate was added to complex the Cu2+, and thus the complex ions were negatively charged. This enhanced the doping efficiency relative to the conventional neutral and positively charged Cu sources by facilitating electromigration to the anode under an electric field during micro-arc oxidation [20]. Under a constant voltage of 450 V, frequency 600 Hz, and a duty cycle of 3%, the MAO treatment lasted 15 min. The electrolyte temperature needs to be maintained at 20–40 °C during the preparation of the MAO coating.




2.2. Structure and Performance Characterization


The surface morphology of MAO coatings was observed and analyzed by SEM (TESCAN VEGA 3-SBH, Shanghai Taseken Trading Company, magnification 1000×, work distance 10 mm, resolution 30 KV). X-ray photoelectron spectroscopy (Shimadzu-Kratos Co. Ltd., Hadano, Japan) examined the surface chemical state of the MAO coating. The elemental distribution in the coating and wear marks were analyzed by EDS (TESCAN VEGA 3-SBH, Shanghai Taseken Trading Company, Shanghai, China); a TT260 (Beijing Times, Beijing, China) eddy current thickness gauge characterized the thickness and roughness of the MAO coating. The friction and wear of the substrate and MAO coating were tested in simulated seawater using an HT-1000 (Zhongke Kaihua Technology Development Co. LTD, Lanzhou, China) friction and wear tester. The wear material was GCr15, the test load was 500 g, the rotating speed was 280 r/min, and the friction radius was 3 mm.



The MAO coating specimens prepared by adding different concentrations of CuSO4 were immersed in a 1 M hydrochloric acid solution. The corrosion resistance of the coatings was evaluated by weighing them every 2 days, totaling the weight loss after 10 days. Then, Staphylococcus aureus was poured into the sterilized culture medium, cultured on a constant temperature via shaking the table for 24 h, and the cultured bacterial solution was washed and redispersed into normal saline. After sample sterilization and cleaning upon micro-arc oxidation, the samples were placed in a 12-well plate, and an aliquot 1500 μL of bacterial solution was added to the surface of each sample. The optical density (OD) was measured after incubation at constant temperature and shaking at 37 °C for 3 days. The bacteria not attached to the sample surface were cleaned, and bacterial adhesions on the surfaces with different CuSO4 concentrations were observed by SEM.





3. Results and Discussion


Figure 1 shows the surface morphologies of the MAO coating prepared by adding different concentrations of CuSO4. The MAO coating shows “volcano crater” porous features. The addition of CuSO4 increases the electrical conductivity of the solution, which increases the current density at the specimen surface and generates more heat at the reaction interface; this promotes oxide melting and solidification. As a result, there was a discontinuous oxide distribution on the MAO coating; however, the addition of 6 g/L CuSO4 resulted in a smooth and flat MAO coating with few bumps. With added CuSO4, the micro-pores on the coating increased slightly, a result of the interconnection between smaller diameter micro-pores due to a solution conductivity increase.



As shown in Figure 2, there was a positive correlation with the added copper sulfate. The initial thickness of the coating without the addition of CuSO4 was only 6.24 μm. At CuSO4 concentrations between 4–6 g/L, the thickness change was not very clear (~22 μm). As the concentration increased from 6 to 8 g/L, the roughness coating increased significantly, and its thickness maximized at 22.94 μm. The Cu2+ concentration increase led directly to a solution conductivity increase, which led to similar increases in the thickness and roughness of the coating [20]. According to XPS results, Cu entered the MAO coating, which explains the thickening of the coating [21].



The surface of the MAO coating was explored by XPS to investigate the elemental chemical states in the coating, especially Cu. The XPS survey spectrum of the coating is shown in Figure 3a, which indicates the presence of Ti, P, and Cu on the surface. The high-resolution XPS spectrum of Cu 2p is shown in Figure 3b, and contains four deconvoluted peaks located at 932.7 eV (2p3/2) and 952.4 eV (2p1/2) for Cu2O, 934.5 eV (2p3/2) and 955.0 eV (2p1/2) for CuO [22]. This indicated that both Cu2O and CuO were present in the coating. The high-resolution XPS spectrum of Ti 2p is shown in Figure 3c. The binding energies of Ti 2p peaks at 458.6 and 464.7 eV confirm that titanium is present as TiO2 [18]. The P 2p spectra revealed the expected doublet with P 2p3/2 at 133.0 eV and P 2p1/2 at 134.4 eV, which correspond to the binding energies of isolated P-O tetrahedra and polyphosphates, respectively [23]. XPS analysis showed that the micro discharge resulted in complex ionization, which formed Cu2O and CuO [24]. The XPS results illustrated that the friction coefficient of the coating can be reduced by successful incorporation of Cu into the coating, which agreed with friction experiment results. In addition, CuO formed, which improved the antimicrobial properties of the coating [22]. For MAO treatment, titanium is served as the anode. Therefore, during MAO, reaction 1 took place. Through the reaction, free electrons were developed. At the same time, copper hydroxide is generated as an oxide by the thermal dehydration reaction, in which the copper hydroxide that obtains free electrons generated by hydroxide discharge generates cuprous oxide [25,26]. The reaction equations involved have been listed as follows:


   Ti    →   Ti   4 +   + 4  e −   



(1)






    Cu   2 +   + 2   OH  −    →    Cu     (  OH  )   2   



(2)






  Cu    (  OH  )   2    →   2  CuO    +      H   2  O  



(3)






  2 Cu    (  OH  )   2  + 2  e −    →      Cu   2  O +      H   2  O + 2   OH  −   



(4)







Figure 4 shows the change curves of the MAO coating friction coefficients at different CuSO4 concentrations in the simulated seawater. At the beginning of the wear period, the friction coefficients of coatings with different CuSO4 concentrations rose by different degrees and gradually leveled off as the friction time increased. This was due to the uneven “crater” shape of the coating surface, which has a high resistance when the abrasive ball initiates contact with the coating [27]. Abrasive chips accumulated into the coating micro-pores with time, which resulted in a reduction in the friction coefficient. In the absence of CuSO4, the friction coefficient was high, but the addition of CuSO4 lowered it significantly. The coefficient of friction minimized when the CuSO4 concentration was 4 g/L and increased with additional copper sulfate. This was due to Cu incorporation into the coating, although the self-lubricating effect of copper reduced the coating friction coefficient, Cu is a soft phase compared with the ceramic phase. Therefore, introducing a large amount of copper lowers the coating hardness, thus the friction coefficient increases. The mutual competition between the two explains why the coating friction coefficient shows a parabolic change. In addition, upon CuSO4 addition of 4 and 6 g/L, the friction coefficients were similar, though minimalized. SEM showed that the surface coating was flat and without large bumps; the diameters and micro-pores were relatively small, which is considered as the best self-lubrication effect of Cu at this concentration.



Figure 5 shows the SEM morphologies and EDS results of the MAO coating with different CuSO4 concentrations added in seawater simulations. The MAO coating surface morphology with added CuSO4 is flatter and smoother than without CuSO4 addition [28]. This was due to the MAO surface coating formed by the addition of excessive CuSO4; this introduced more bumps during coating and the grinding ball. They shed those to form abrasive particles and filled the coating micro-pore, which resulted in the wear coating surface gradually becoming tight, flat, and smooth as compared with the non-wear, whose coating surface hardness may increase. This further improves the wear resistance of the coating. Wear without the addition of the CuSO4 MAO coating not only smooths out the surface micro-porosity, but enriches Fe and a relative reduction of elemental Ti at the wear marks. This is probably due to the cutting effect of the MAO coating surface projection on the grinding ball during wear. In addition, the abrasion mark widths after wear of the MAO coating decreased, while the CuSO4 concentration increased, due to additional Cu in the MAO coating. This gives the coating a more clear self-lubrication. At the same time, EDS results indicated that the amount of O was higher at the abrasion marks than in the unworn areas, due to the frictional heat during micro-pore filling by the abrasive chips of the grinding balls during wear. This was due to oxidation that occurred during the filling of the micro-pores by frictional heat.



The corrosion resistance of MAO coating formed in electrolytes with various CuSO4 concentrations was tested in 1 mol/L HCl solutions at room temperature via weight loss, as shown in Figure 6. The MAO coating with different CuSO4 additions had negative corrosion resistance compared with the MAO coating without CuSO4 addition. This result indicated that the corrosion resistance decreased [29]. Increasing concentrations of CuSO4 increased the amount of Cu doped into the MAO coating, which decreased the corrosion resistance. Furthermore, the addition of CuSO4 to the surface morphology of MAO coating (optimized at 6 g/L CuSO4) resulted in smooth surface features that improved corrosion resistance.



Figure 7 shows the SEM of S. aureus after Figure 3d incubation in the micro-arc oxide coating prepared by adding different concentrations of CuSO4. S. aureus aggregates at the discharge channel of the membrane coating. Upon CuSO4 addition, bacteria attached to the surface of the MAO coating decreased significantly and weakened the aggregation state. This was due to a clear inhibitory effect of copper and its oxides on bacterial growth [30]. The addition of CuSO4 at 6 g/L minimized the number of bacteria on the coating; additional CuSO4 did not significantly impact the number of bacteria on the surface. The best inhibition effect on S. aureus was achieved when the electrolyte CuSO4 concentration was 6 g/L. Table 1 shows the OD values of the micro-arc oxidation coating with different concentrations of CuSO4. The incorporation of Cu significantly reduced the OD and enhanced the antibacterial and bactericidal performances of the coating. The OD value minimized when the CuSO4 concentration in the electrolyte was 6 g/L and agreed with SEM results.




4. Conclusions


	(1)

	
Incorporation of CuSO4 significantly improved the surface morphology of the MAO coating and enhanced the coating thickness; a concentration of 6 g/L unified the surface morphology of the coating and minimized the number and diameter of micro-pores.




	(2)

	
The addition of CuSO4 significantly reduced the friction coefficient of the coating. As the concentration of CuSO4 increased, the friction coefficient fluctuation decreased, the width of the abrasion marks decreased, and the wear dopped. The MAO coating with 4 g/L CuSO4 had excellent wear resistance with a small friction coefficient of 0.2.




	(3)

	
The addition of CuSO4 lowered the corrosion resistance of the coating. However, there was a significant inhibitory effect on the proliferation of S. aureus, and the number of bacteria attached to the surface of the coating was significantly reduced, with a minimum OD value of 0.526 at a CuSO4 concentration of 6 g/L.
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Figure 1. Surface microstructure of MAO coating prepared at different electrolytes with the addition of CuSO4 of (a) 0, (b) 2, (c) 4, (d) 6, (e) 8, and (f) 10 g/L. 
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Figure 2. Thickness and roughness of MAO coating with different concentrations of CuSO4. 
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Figure 3. XPS spectra of MAO coating: (a) Survey; (b) Cu; (c) Ti; and (d) P. 
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Figure 4. Wear curves of MAO-treated titanium alloys doped with CuSO4 at various concentrations. 
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Figure 5. SEM images and EDS spectrums of MAO-treated TC4 with various concentrations of CuSO4 doping: (a) 0, (b) 2, (c) 4, (d) 6, (e) 8, and (f) 10 g/L. 
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Figure 6. Hydrochloric acid immersion weight loss curves of MAO coating with the addition of various concentrations of CuSO4. 
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Figure 7. Bacterial adhesion morphologies of MAO coating with different CuSO4 additions of (a) 0, (b) 2, (c) 4, (d) 6, (e) 8, and (f) 10 g/L. 
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Table 1. OD values of CuSO4 specimens added at different concentrations in a constant temperature shaker for 3 days.
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	Samples
	S0
	S2
	S4
	S6
	S8
	S10
	Saline





	OD value
	1.160
	0.834
	0.792
	0.526
	0.546
	0.559
	0.500
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