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Abstract

:

Micro-arc oxidation (MAO) coatings of aluminum alloy have great potential applications due to their high hardness and wear resistance. However, the micro-pores and defects formed in the discharge channels during the MAO process limit its application in the corrosion field. This study delves into the impact of h-BN nanoparticles into MAO coatings on their structure, corrosion resistance, phase composition, and tribological properties. The results show that the incorporation of h-BN particles reduces the porosity and surface roughness of the coating while enhancing its hardness and wear resistance. The best corrosion resistance is obtained at a concentration of 2 g/L h-BN. An analysis of worn surface morphology, corrosion resistance, and friction coefficient change was conducted to evaluate the performance of this coating. This method provides a new approach to enhance the surface hardness and wear resistance of aluminum alloys, which is significant for expanding the application of aluminum alloys in corrosion environments.
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1. Introduction


The main alloying elements in 6061 aluminum alloy are magnesium and silicon, which offer medium strength, good corrosion resistance, weldability, and good anti-oxidation performance. It is widely used in aerospace, automotive manufacturing, construction, electronic equipment, and sports equipment [1]. However, the inherent hardness and wear resistance of 6061 aluminum alloy limit its use in various service environments, especially in extremely harsh conditions [2]. Therefore, preparing protective coatings on the surface of aluminum alloys is crucial for improving their hardness and wear resistance.



Micro-arc oxidation (MAO), also known as plasma electrolytic oxidation (PEO), is a new type of surface treatment technology that is simple, efficient, and pollution-free. By applying a high pulse voltage to the valve’s metal surface, the surface gas is ionized, producing high temperature and pressure under plasma electrolytic oxidation, thus obtaining a dense, high-hardness, and strong adhesion ceramic oxidation coating. The micro-arc oxidation process involves complex comprehensive action of electrochemistry, thermochemistry, physics, and plasma chemistry [3,4].



However, during the micro-arc oxidation process, due to the formation of discharge channels on the coating surface by local spark discharge, many micro-pores affect the surface roughness and friction coefficient of the aluminum alloy [5,6,7,8,9]. Now, the incorporation of inert nanoparticles into the coating has become a research hotspot, which can reduce porosity and improve the surface performance of the coating [10]. For example, hard nanoparticles such as TiO2 [11], ZrO2 [12], and lubricating particles like MoS2 [13], graphene [14], and graphene oxide (GO) [15]. Hakimizad et al. [10] studied the influence of a pulse waveform on the morphology, composition, and corrosion behavior of Al2O3 and Al2O3/TiO2 composite MAO coatings on 7075 aluminum alloy, indicating that pore plugging is an effective repair mechanism that can improve the corrosion resistance of MAO coatings. Liu et al. [14] studied the influence of graphene on the structure and corrosion resistance of D16T aluminum alloy MAO coatings, finding that the incorporation of graphene improved the coating’s density, hardness, and corrosion resistance. Li et al. [15] studied the influence of GO on the morphology and tribological properties of MAO coatings on the surface of 2A12 aluminum alloy, finding that the incorporation of C elements at the interface of the film layer during the electrolytic oxidation process made the Al2O3/GO composite film layer dense and smooth, with a significant reduction in friction coefficient and improved wear resistance.



Inert inorganic nanoparticles with graphite-like crystal structures have excellent lubricating effects [16] and are widely used in the micro-arc oxidation process. Hexagonal boron nitride (h-BN) is a hexagonal crystal structure composed of stacked plate-like structures, and known for its excellent lubricating effect [17,18]. h-BN has certain chemical inertness and stability, is insoluble in cold water, and has excellent stability in most acids and bases, not reacting with weak acids and strong bases at room temperature [19]. In addition, h-BN has good electrical insulation properties with a high breakdown voltage [20,21].



Therefore, this study will investigate the influence of h-BN nanoparticles on the mechanical, tribological, and corrosion performance of micro-arc oxidation coatings of aluminum alloy, and it aims to explore their modification mechanism of these particles.




2. Materials and Methods


2.1. Materials for Micro-Arc Oxidation Coatings


The main components of test material for GB/T 3191-2010 national standard [22] 6061 aluminum alloy with hardness (100 Hv) by T6 heat treatment, and with size specifications of a 50 mm × 20 mm × 3 mm rectangle, are shown in Table 1. The basic information of experimental drugs is shown in Table 2.




2.2. Preparation Process


MAO coatings were prepared on the surface of 6061 aluminum alloy. The main components of the alloy are shown in Table 1. The base material was polished with SiC sandpaper and buffed to remove the surface oxide coating. The polished samples were cleaned in an ultrasonic cleaner with alcohol and then dried for later use. A solution containing 1.25 g/L NaOH, 5 g/L Na2SiO3, and 40 g/L(NaPO3)6 was prepared in deionized water, which was used as the electrolyte. h-BN nanoparticles with a particle size of 20 nm were mixed into the electrolyte at different concentrations of 0 g/L, 1 g/L, 2 g/L, and 3 g/L. Before the MAO process, the electrolyte was stirred for 20 min and sonicated for 10 min to ensure uniform dispersion of h-BN nanoparticles in the solution.



Using a micro-arc oxidation device (MAO-WH30A-T, Lantu Intelligent Technology Co., Nanjing, China), the sample served as the anode, and the stainless steel in the electrolysis tank served as the cathode. The power supplied outputs of a constant current with a density of 6 A/dm2, a frequency of 500 Hz, and a duty cycle of 10%. Each sample underwent a micro-arc oxidation process for 20 min.




2.3. Structural and Morphology Characterization


The surface morphology, structure, and elemental distribution of the coating were examined using a scanning electron microscope (SEM, TESCAN, Brno, Czech Republic) and an energy-dispersive X-ray spectrometer (EDS). The thickness of the coating was measured using an eddy current thickness gauge (TimelC, TL260, Beijing, China) in five random areas to calculate the average thickness. The cross-sectional morphology of the coating was observed using an optical microscope (Keyence, VHX-2000, Tokyo, Japan). The phase composition of the coating was studied using a grazing incidence X-ray diffraction (XRD) in a scanning angle range of 20° to 90°.




2.4. Hardness Tests


The hardness of the coating was measured using a manual-loading HVS-1000 micro-Vickers hardness tester with an experimental load of 300 g. After testing the hardness at five locations on the coating’s surface, the average value was taken as the hardness of the coating.




2.5. Porosity and Roughness Measurements


The pore area was calculated using the software ImageJ (ij154-win-java8) with the area of the entire picture as the basis. The porosity of the sample was obtained by calculating the ratio of the pore area to the total area. The surface roughness of the coating was measured five times in different areas using the white light interference method, and the average value was taken as the roughness of the coating.




2.6. Friction Tests


The friction coefficient (COF) of the MAO coating was measured using an RTEC (MFT-5000, RTEC Instrument Technology Co., Ltd., San Jose, CA, USA) friction tester. All wear tests were conducted under dry friction conditions, using GCr15-type steel balls as the counter material. The constant load of the friction tester was 2 N, the rotating diameter was 4 mm, and the rotation speed was 300 r/min. The test time for each sample was 30 min.



The wear morphology of the coating was observed using an optical microscope (Keyence, VHX-2000, Japan), and the width of the wear track was measured. The wear rate was calculated using the width of the wear track on the wear trajectory. The formula for calculating the wear rate is shown in (1) [23]. In the formula, W represents the wear rate, V represents the wear volume (mm3), P represents the applied load, and S represents the slide distance.


  W =   V   P · S   ,  



(1)








2.7. Corrosion Tests


Electrochemical tests were performed on an Interface 1010E electrochemical workstation. In the standard three-electrode system, a graphite electrode is used as the working electrode and a calomel electrode as the reference electrode. The samples were immersed in a 3.5 wt.% NaCl solution for 30 min. This provided a stable electrochemical environment [24].



The open-circuit potential (OCP) test was continued for 10 min. After the potential fluctuation was stabilized within 10 mV, the electrochemical impedance (EIS) data were recorded under an AC sinusoidal perturbation signal with a frequency range of 0.1–1 × 105 Hz and an amplitude of 20 mV [25,26]. The EIS data were fitted numerically using Zview electrochemical test and analysis software. OCP and EIS electrochemical tests were performed three times to ensure reproducibility and the data were averaged.





3. Results


3.1. Voltage–Time Response


The response of voltage over time during the initial stages of micro-arc oxidation is shown in Figure 1. It is observed from the figure that the change in voltage is primarily divided into two stages. During the first 20 s, the voltage increased rapidly to about 320 V. At this stage, no electric sparks appeared on the sample surface, a large number of bubbles were formed, the sample surface lost its metallic luster, and a passivated layer formed on the surface. This corresponds to the anodic oxidation stage of the aluminum alloy. After 20 s, the voltage increased more slowly than during the first stage. As the reaction progressed, electrical sparks began to appear on the surface of the sample, with a less–more trend in the area and number of sparks.



The barrier effect of the passivation coating causes the voltage applied to the substrate to increase until the coating finally breaks down. Since the breakdown voltage of a coating is a function of the conductivity of the coating, the breakdown voltage decreases as the conductivity increases [27]. During the reaction process, the h-BN nanoparticles adsorb onto the surface of the coating, resulting in an increase in the electrical resistance of the coating. Therefore, the electrolyte solution with added nanoparticles of h-BN has a higher terminal voltage than the solution without particles. The 2 g/L electrolyte had the highest terminal voltage, followed by the 1 g/L and 3 g/L electrolytes. The terminal voltage of the solution with a concentration of 3 g/L was lower than that of solutions with concentrations of 1 g/L and 2 g/L. This may be because the high concentration of nanoparticles easily leads to agglomeration on the coating surface, and the puncture voltage of h-BN particles is high [28,29], which hinders the progress of the micro-arc oxidation reaction. As a result, the voltage cannot increase rapidly enough in a short time to reach the puncture voltage required for h-BN particles, making it difficult for the coating to be punctured.




3.2. Analysis of Electrochemical Corrosion Test Results


Figure 2a–c depict the electrochemical impedance spectroscopy (EIS) results of the samples, which are presented as Bode and Nyquist plots, respectively, following the samples’ immersion in a 3.5% wt.% NaCl solution for 30 min. As illustrated in Figure 2c of the Nyquist diagram, when the concentration of h-BN nanoparticles is 1 g/L, the difference in the diameter of the capacitance ring with 0 g/L is not significant, indicating that the electrochemical impedance is minimally affected. The capacitance ring with a concentration of 2 g/L exhibits the greatest diameter, which is considerably larger than that of the 0 g/L sample. This indicates that the 2 g/L sample exhibits enhanced corrosion resistance. The capacitance ring with a concentration of 3 g/L exhibited a lower capacitance value than that of the 0 g/L control, indicating that the addition of h-BN particles at 3 g/L resulted in a reduction in the corrosion resistance of the coating. The Nyquist diagram of electrochemical impedance depicts the high-frequency region on the left and the low-frequency region on the right [30]. The capacitive loops observed in the high-frequency region are typically attributed to thin-film effects and electron-transfer processes. In contrast, those observed in the low-frequency region may originate from matter-transfer processes [31].



In order to evaluate the overall corrosion resistance of the coating, the low-frequency impedance (|Z|0.1Hz) presented in Figure 2a is employed [32,33]. The |Z|0.1Hz of the sample with a 2 g/L concentration is the largest, the difference between a 1 g/L and 0 g/L concentration is not significant, and the sample with a 3 g/L concentration is the smallest, which is consistent with the results of Figure 2c. This suggests that the corrosion resistance of the sample with a concentration of 2 g/L is the most favorable.



The EIS data results were fitted using the equivalent circuit [34] (depicted in Figure 2), where the constant phase element (CPE) is employed to represent the non-ideal capacitance [35], and the conductance is represented by the following equation:


  Y =   Y   0       j ω     n   ,  



(2)




where Y0 and n are the conductivity constant and empirical index, respectively. The present study is based on previous research in this field, and an equivalent circuit (Rs(CPEf(Rpore(CPEdlRct)(CPEdiffRdiff)))) [36] was constructed to align with the EIS data of samples exhibiting varying concentrations. In this circuit, Rs represents the solution resistance, CPEdl and Rct represent the capacitance of the bilayer in the low-frequency region and the charge-transfer resistance in the Faraday process, respectively. In turn, CPEdiff and Rdiff represent the diffusion-related capacitance and the associated resistance, CPEf represents the capacitance of the membrane effect, and Rpore represents the total resistance of the pores on the membrane.



The data obtained from the equivalent circuit fitting are presented in Table 3. Polarization resistance (Rp) is a metric utilized to assess corrosion resistance. This index is calculated as the sum of Rpore, Rct, and Rdiff [37]. The results demonstrated that the highest Rp was observed for the 2 g/L concentration. However, the Rp for the 1 g/L and 3 g/L concentrations was found to be lower than that for 0 g/L. This indicates that the addition of h-BN nanoparticles improves corrosion resistance, but if the concentration is not sufficient or if the agglomeration effect of the particles is caused by too high a concentration, it tends to decrease the corrosion resistance of the sample coating.




3.3. Surface Morphology and Composition Analysis of Micro-Arc Oxidation Coating


Figure 3 shows the initial surface morphology of the samples at different concentrations. All samples exhibit a typical crater-like terrain on their surfaces. The extremely high temperatures generated during the discharge process cause the aluminum oxide and the aluminum metal substrate to melt or even vaporize; they are then expelled outwards through the discharge channels. Under the influence of a significant temperature gradient, the molten mixture rapidly cools upon contact with the electrolyte and solidifies on the surface into a shape resembling a meteor crater.



Figure 4 illustrates the SEM surface morphology results obtained through ImageJ software processing for MAO coatings with different h-BN content. The red areas in Figure 4 indicate pores. It can be observed from the figure that the samples with added h-BN particles have a lower porosity rate compared to the 0 g/L samples, and the pore size-distribution is more uniform due to the filling effect of h-BN. Table 4 provides the surface roughness of samples with different concentrations. The surface roughness of the samples with the addition of h-BN particles was found to be reduced in comparison to the samples with no h-BN particles added. This indicates that the addition of h-BN particles was effective in improving the surface defects of the samples. With the increase in concentration, the surface porosity and roughness of the samples were observed to increase.



Figure 5g–j illustrate the percentage of EDS elements on the surface of the samples with varying concentrations. Samples with a concentration of 0 g/L did not contain B and N elements on the surface. However, these two elements were observed on the surface of the coatings prepared by adding nanoparticles of h-BN. This observation, in conjunction with Figure 5a–f, suggests that the nanoparticles penetrated the pores of the surface of the coatings efficiently, reducing the number of micro-pores and improving the densification of the coatings. The combined effect of mechanical diffusion, adsorption, and electrophoresis resulted in the attachment of h-BN nanoparticles to the coating surface, forming bumps that affected the smoothness and roughness of the coating surface. Furthermore, additional analysis of the surface morphology and EDS indicated that the nanoparticles were coated by the oxide in the molten state and subsequently infiltrated the coating. The addition of h-BN to the coating resulted in a reduction in the roughness of the coating surface due to its lubrication effect.



Figure 6 illustrates the thickness and hardness of the sample coatings at different h-BN concentrations. As the concentration of h-BN particles in the coating increases, the discharge intensity also increases. This leads to an overall increase in the coating thickness. The hardness of the sample coatings was found to be significantly increased by two to three times when h-BN particles were added, in comparison to the MAO coatings without the addition of h-BN particles. This phenomenon can be attributed to the incorporation of h-BN particles into the coating, which effectively fills the pores of the coating and makes the coating surface denser. At an h-BN particle concentration of 2 g/L, the hardness of the sample coating is at its maximum, reaching 562.5 HV. According to Figure 6, this coating exhibits a reduction in surface porosity, lower porosity, and a denser and smoother structure. However, the hardness of the coating decreases when the concentration of h-BN particles reaches 3 g/L. The surface roughness of this coating increases, with more pores and a higher porosity rate. Moreover, due to the poor dispersion of h-BN nanoparticles in the solution [36], agglomeration is more likely to occur at higher concentrations. The contact interface between the clustered h-BN particles and the coating increases, resulting in the alumina formed in the coating being affected by the doped particles. This, in turn, affects the bonding between the layers, which in turn affects the overall hardness of the coating.




3.4. Analysis of the Phase Structure of Micro-Arc Oxidation Coating


Figure 7 presents the analysis results of XRD performed using HighScore. The MAO coating prepared without the addition of h-BN nanoparticle solution mainly consisted of Al and Al2O3. The MAO coating prepared with the addition of nanoparticles also included h-BN particles and γ-Al2O3. The presence of a characteristic peak of h-BN at 26.66° in the XRD pattern indicates that h-BN nanoparticles were successfully incorporated into the MAO coating. As the concentration of h-BN in the solution increased, the intensity of the h-BN characteristic peak gradually strengthened, suggesting an increase in the content of h-BN in the sample’s MAO coating. In conjunction with Figure 7, the incorporation of h-BN nanoparticles, due to the higher hardness of γ-Al2O3, significantly enhanced the hardness of the sample.




3.5. Wear Morphology Analysis of Micro-Arc Oxidation Coating


Figure 8a illustrates the trend of the COF over time at different concentrations. The COF at 0 g/L is initially affected by the uneven surface and higher roughness of the coating [38], resulting in a larger fluctuation range in the curve’s amplitude, which eventually stabilizes around 0.4. At 1 g/L, the amplitude fluctuation of the friction coefficient curve decreases, and the curve ultimately fails to stabilize due to the influence of the testing friction time. When the concentration increases to 2 g/L, the curve stabilizes the fastest with a COF value of approximately 0.1. However, when the concentration rises to 3 g/L, the overall trend of the curve exhibits significant fluctuations. In conjunction with the wear morphology of the 3 g/L sample observed under SEM in Figure 8f, it is evident that the MAO coating has been worn through, exposing the aluminum alloy substrate. The rough surface of the aluminum alloy substrate causes a sudden change in roughness from the MAO coating to the substrate surface, leading to a sudden increase in amplitude fluctuation around 1700 s, where the curve was gradually stabilizing. Figure 8c–f display the wear morphologies of the coatings under SEM at different concentrations. The darker areas indicate wear tracks. Compared to the 0 g/L wear tracks, the 1 g/L tracks are more pronounced and show a tendency to flake off [39]. The wear tracks at 2 g/L are almost invisible, with the MAO coating surface showing minimal wear. Figure 8b analyzes the wear rates at different concentrations. The wear rate at 2 g/L is the lowest, being 0.29% of that at 0 g/L and 3.96% of that at 3 g/L. This indicates that the incorporation of h-BN particles with certain lubricating properties within the coating, filling micro-pores and micro-cracks on the coating’s surface, enhances the density of the coating’s surface, effectively reduces the coating’s friction coefficient, and provides a certain degree of wear resistance [40]. When the concentration of h-BN particles increases, agglomeration of the particles occurs, leading to a decrease in the binding force between the oxide layers and an increase in the coating’s surface friction coefficient. This is the reason why the coating of the 3 g/L sample was worn through.





4. Discussion


This study investigated the impact of h-BN nanoparticle incorporation on the structure and tribological properties of micro-arc oxidation (MAO) coatings on 6061 aluminum alloy. By comparing the surface morphology, composition, phase structure, and wear characteristics of the MAO coatings with and without the addition of h-BN nanoparticles, the paper explored the mechanisms by which h-BN improves the performance of the coatings. The main findings of the study were as follows:




	(1)

	
Porosity and surface roughness are directly proportional to the concentration of h-BN nanoparticles. Compared to MAO coatings without h-BN, the porosity of coatings with 1 g/L decreased by 30%.




	(2)

	
The incorporation of h-BN significantly increased the hardness and thickness of the coatings. Due to the high hardness of h-BN nanoparticles, the MAO coating at a concentration of 2 g/L had the highest hardness, which was 2.5 times greater than that of the coating at 0 g/L. The best corrosion resistance of the coating was also obtained for the 2 g/L sample.




	(3)

	
The addition of h-BN nanoparticles effectively reduced the COF of the MAO coatings. h-BN provided a certain level of lubrication; the coating at 2 g/L showed the most stable friction coefficient curve with the lowest COF. With the lubricating effect of h-BN particles, the wear resistance of the 2 g/L h-BN/Al2O3 coating had a friction coefficient of about 25% compared to the coating without h-BN.
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Figure 1. Voltage–time response curve of MAO coatings incorporated with varying amounts of h-BN. 
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Figure 2. (a,b) Bode plots of EIS impedance; (c) electrochemical impedance. 
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Figure 3. Initial surface morphology of samples with different concentrations. 
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Figure 4. (a–d) Pore distribution on the sample surface; (e) sample porosity. 
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Figure 5. (a–f) present the SEM morphologies of samples at various concentrations; (g–j) show the corresponding EDS elemental composition ratios for the different concentrations. 
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Figure 6. Thickness and hardness of MAO coatings at different concentrations. 
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Figure 7. XRD spectra of sample MAO coatings at various concentrations. 






Figure 7. XRD spectra of sample MAO coatings at various concentrations.



[image: Coatings 14 00771 g007]







[image: Coatings 14 00771 g008] 





Figure 8. (a) Trend of COF over time at various concentrations; (b) wear rate of the wear tracks at different concentrations; (c–f) wear morphologies of the coating surfaces on the samples at different concentrations. 
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Table 1. The components of 6061 aluminum alloy.






Table 1. The components of 6061 aluminum alloy.





	Element
	Cu
	Mn
	Mg
	Zn
	Cr
	Ti
	Si
	Fe
	Al





	Content (wt.%)
	0.15~0.4
	0.15
	0.8~1.2
	0.25
	0.04~0.35
	0.15
	0.4~0.8
	0.7
	Base










 





Table 2. A brief overview of the fundamental characteristics of experimental drugs.
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Name of the Drug

	
Fineness

	
Manufacturer






	
NaOH

	
Analytical purity

	
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China)




	
Na2SiO3




	
(NaPO3)6




	
h-BN











 





Table 3. The results of the EIS tests were obtained by fitting the equivalent circuit model.
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Sample

	
0 g/L

	
1 g/L

	
2 g/L

	
3 g/L




	
Equivalent Circuit

	
R(Q(R(QR)(QR)))






	
RS (Ohm⋅cm2)

	
4.44

	
3.61

	
3.66

	
4.40




	
Yf (Ohm−2·cm−2·s−n)

	
9.56 × 10−4

	
2.52 × 10−6

	
4.01 × 10−5

	
3.47 × 10−5




	
nf

	
0.64

	
0.88

	
0.69

	
0.88




	
Rpore (Ohm⋅cm2)

	
1.26

	
1.61 × 10−7

	
1.15 × 10−7

	
1.10




	
Ydl (Ohm−2·cm−2·s−n)

	
4.98 × 10−4

	
3.40 × 10−4

	
7.21 × 10−4

	
4.72 × 10−4




	
ndl

	
0.98

	
1.00

	
0.93

	
0.93




	
Rct (Ohm⋅cm2)

	
586.80

	
472.70

	
1218

	
359.90




	
Ydiff (Ohm−2·cm−2·s−n)

	
1.28 × 10−2

	
2.31 × 10−2

	
7.43 × 10−3

	
1.31 × 10−3




	
ndiff

	
0.43

	
0.36

	
0.33

	
0.72




	
Rdiff (Ohm⋅cm2)

	
493.80

	
12.37

	
15.35

	
7.59











 





Table 4. Sample surface roughness.






Table 4. Sample surface roughness.





	Sample
	0 g/L
	1 g/L
	2 g/L
	3 g/L





	Roughness (µm)
	2.505
	1.138
	1.654
	1.704
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