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Abstract

:

Anodizing a simple and effective method to improve the wear resistance of 6061 aluminum alloy. In this study, the microstructure of 6061 aluminum alloy oxide films (AAO) was adjusted by changing the electrolyte temperature (5, 15, and 25 °C) using 160 g/L sulfuric acid as the electrolyte. The phase composition, microstructure, and morphological characteristics of the specimens were detected using X-ray diffractometer and field emission scanning electron microscopy (SEM). The hardness, elastic modulus, and tribological properties of the films were examined using hardness testers and a rotary friction tester. The results showed that as the temperature of the electrolyte increases, the surface of the oxide films changes from uniformly distributed small-sized pores to a coral-like loose porous structure, and the thickness of the films increases. The electrolyte temperature has a significant effect on the friction performance of the AAO films. When the solution temperature decreases from 25 to 5 °C, the steady-state friction coefficient decreases from 0.46 to 0.39. According to the morphology of the wear tracks, it can be determined that the main wear mechanism of AAO films gradually changes from delamination wear to abrasive and adhesive wear, and the wear rate drops by ~69%.
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1. Introduction


Aluminum is the most abundant metallic element in the earth’s crust. The low density, high specific strength, excellent thermal conductivity, and corrosion resistance of aluminum and its alloys (Al-Cu, Al-Mg, Al-Mg-Si and Al-Zn) are promoting the development of aerospace, construction, automobile, shipbuilding, controllable fusion technology and chemical industries [1,2,3,4]. The Mg and Si elements in 6061 aluminum alloy (Al-Mg-Si) improve the plasticity, weldability, and processability of the material, making the 6061 aluminum alloy widely used in electrical fixtures and electronic precision instruments, aerospace, and automotive structural parts [5,6,7]. Although aluminum alloys are prone to form an oxide layer in the atmospheric environment, the primary oxide layer is only a non-uniform structure of tens to hundreds of angstroms, resulting in low hardness and poor wear resistance of 6061 aluminum alloy [8,9,10,11]. Currently, micro-arc oxidation, anodizing, plasma electrolytic oxidation, enameling, painting, and electroplating are often used in industry to improve the surface performance and service life of aluminum alloys [12,13]. Anodizing has become the most promising preparation technology of aluminum alloy films because of its low cost, excellent film performance, functionality, and colorability. In the process of anodizing, electrochemical reactions occur on the surface of aluminum alloy. Al3+, O2−, and OH− ions pass through the substrate surface under the action of the electric field to form an anodic oxide film (AAO), which consists of a thin barrier layer as well as a thick porous layer [14,15].



The micro-nano structure of the Al2O3 porous layer is of great significance to the mechanical and tribological properties of aluminum alloy [16]. Generally, the microstructure and thickness of the AAO film depend greatly on the electrolyte composition, temperature, PH value, and concentration, as well as the time, current density, and voltage of the anodizing process. The regular and continuous hexagonal cell structure, smaller pore size and porosity obtained by adjusting the anodizing process parameters can significantly improve the mechanical and tribological properties of the AAO [17]. Minjoong Kim et al. [18] generated 6061 oxide films by adjusting the temperature (0, 5, 10, 15, and 20 °C) of the phytic acid electrolyte. The experimental results showed that with the increase of temperature, the density of AAO decreased, the thickness of AAO increased from 2.26 to 28.32 μm, and the current density increased from 14.55 to 23.38 mA/cm2. S. Theohari et al. [19] found that the magnesium doped in the barrier layer hindered the growth of the oxide layer during the preparation of AA5052 oxide films. A.A. Poznyak et al. [20] investigated the relationship between oxide growth, dissolution and oxide volume expansion in porous aluminum films. The results indicated that the increase of OH in the oxide film formed at high current density contributes to the expansion of the oxide film, oxide dissolution, and volume expansion increase with the increase of current density. Zhisheng Wang et al. [21] found that the grain size of 6061 aluminum alloy was large, and the second phase particles were distributed inside the grains. After sulfuric acid anodization, the mechanical properties of the anodic oxide films were significantly improved compared to substrates. Tsung-Chieh Cheng et al. [22] prepared anodic oxide films on 6061-T6 aluminum alloy specimens by adjusting the substrate surface roughness, electrolyte concentration, and anodizing voltage. In their study, 0.3 M sulfuric acid electrolyte was selected, and the experimental results showed that the polishing process had a great effect on the quality and stability of anodic oxide films. In addition, in the range of 30 to 50 V, the electrochemical reaction rate and the mechanical properties of oxide film increased with the increase of voltage. However, when the voltage continued to increase to 60 V, the occurrence of cracks reduced the mechanical properties of the films. I.C. Chung et al. [23] prepared AA6061 oxide films in H2SO4 electrolyte solutions with a concentration of 1–5 M and a current density of 0.3–3 A/dm2. The results showed that the growth rate of the oxide layer increased with the increase of current density and electrolyte concentration. However, when the current density and electrolyte concentration was in the range of 1–3 A/dm2 and 3–5 M, respectively, the quality of the Al2O3 layer gradually deteriorated, and the protective ability to substrate also decreased. Hyo-sang Kim et al. [17] performed reciprocating friction and wear experiments on AAO films with different pore diameters (28, 45, 95, and 200 nm) under light loads (1 mN–1 N). The results indicated that the larger the pore size, the higher the friction coefficient of the films, and under wear conditions from 1 to 10 mN, only slight plastic deformation occurred on the surface, while under conditions from 10 mN to 1 N, a thicker smooth film formed by a combination of friction-induced chemical reactions and debris formed by the compaction of the AAO appeared at the contact interface. The smooth film improved the tribological properties of the AAO. According to the research results of Seyyed Hasan Mohitfar et al. [24], the weight loss of the 6061-T6 aluminum alloy hard anodic oxide film prepared in the sulfuric acid electrolyte on the ball-on-disk tribometer was only two percent of the substrate wear. Krishna et al. [25] found that the wear resistance of oxide films was significantly higher than that of 6061-T6 aluminum alloy substrates under a 2 N normal load. Despite extensive studies on aluminum alloy anodizing parameters, due to the numerous influencing parameters in the aluminum alloy anodizing process, in-depth study on the effect of electrolyte temperature changes on the performance of anodic oxide films is still lacking.



This paper aims to explore in-depth the effect of electrolyte temperature on the quality of 6061 aluminum alloy anodic oxide films. The composition, microstructure, and wear track morphology of the porous oxide films were characterized by X-ray diffractometer and field emission scanning electron microscopy, respectively. The hardness of the oxide films was measured using the Vickers hardness tester and nano hardness tester. The tribological properties of the oxide films were tested and characterized by a ball-on-disc tribometer. A strong correlation between preparation temperature, microstructure, mechanics, and tribology of 6061 aluminum alloy anodic oxide films was established. This study provides a theoretical basis for the further development of aluminum alloy anodizing technology.




2. Materials and Methods


2.1. Materials and Pretreatment


The 6061 aluminum alloy substrate was processed by wire cutting into cubes of 20 mm × 20 mm× 5 mm. The substrate composition is shown in Table 1. The pretreatment process started with sanding the specimens using water-resistant sandpaper with different items (800#/1500#/2000#) and polishing to obtain a smooth surface, followed by ultrasonic degreasing in a room temperature solution containing surfactants for 2 min. Then, specimens were immersed in a deoxidizing solution at room temperature for 5 min. Finally, we neutralized them in a mixture of nitric acid and hydrogen peroxide for 2 min. After the pretreatment process, it was ensured that continuous water films could be formed on the surface of 6061 aluminum alloy.




2.2. Anodizing


The anodic oxide films were prepared on the surface of 6061 aluminium alloy using a 15 V pulsed power supply, during which the current density was automatically varied to maintain a constant supply voltage. A concentration of 160 g/L sulfuric acid solution was selected as the electrolyte. The temperature of the electrolyte was controlled at 5, 15, and 25 °C, respectively, and the duration of the anodizing process was 45 min. The distance between the vertically immersed aluminum alloy anode and the aluminum cathode was 3 cm, and the electrolyte was electrically stirred during the experiment. The anodizing process was an exothermic process, therefore, using a cooling system to control the temperature of the electrolyte solution within a small fluctuation range was necessary [26].




2.3. Structure and Composition and Anodic Films


In this experiment, an X-ray diffractometer (XRD, X’ Pert Powder, PANalytical B.V., Almelo, Holland) was used to analyze the structure of the AAO. The range of 2θ was between 10° and 90°, and the scanning speed was 10°/min. The chemical composition of the AAO was collected by an energy dispersive spectrometer (EDS, XFlash6l100 Bruker, Karlsruhe, Germany).




2.4. Microhardness and Tribological


A Vickers hardness (HV-1000, Laizhou Laishi Test Equipment Co., Ltd., Laizhou, China) and nanoindentation tester (G200, Keysight Technologies, Beijing, China) were used to measure the Vickers hardness and nanohardness of the oxide films, respectively. The Vickers hardness test parameter was 0.05 N and maintained for 15 s. The nanoindentation detection depth was 1 micron, and 20 nanoprobes were pressed into the area to be tested in a 4 × 5 matrix. The wear test used an ambient temperature rotary friction and wear tester (MS-T3000, Lanzhou Huahui Instrument Technology Co., Ltd., Lanzhou, China). The friction test parameters are shown in Table 2. The wear rate  k  is calculated according to the Formula (1), where  V  represents the amount of wear calculated from the size of the wear track (mm3),  S  and  L , respectively, represent the sliding distance (m) and the applied load (N). The above tests were repeated several times to obtain accurate values.


  k = V /  (  S · L  )   



(1)








2.5. Morphology


A field emission scanning electron microscope (SEM, EVO MA 10, Carl Zeiss AG, jena, Germany) was used to characterize the microstructure of the surface and interface of the AAO and the morphology of the wear track. The diameter of the oxide film pores was measured by Image J software.





3. Results


Figure 1 shows SEM images of surfaces of 6061 aluminum alloy anodic oxide films prepared at the electrolyte temperature of 5, 15, and 25 °C, which clearly show the surface microstructure of the three specimens. As shown in Figure 1a, the surface of the AAO formed at the electrolyte temperature of 5 °C has a smooth surface and a relatively dense structure. The uniformly small pits on the surface are pores with a diameter of approximately 6–12 nm, large pore spacing and thick pore walls. The steady-state current of this anodizing was 0.4 A. The existence of large-scale defects on the surface of the oxide film was mainly due to the presence of second phase particles in the 6061 aluminum alloy, which hindered the growth of the film layer. As a result, the initial electric field at the second phase particles on the surface of the substrate was weaker and the growth of the oxide layer was slower than at the position of the aluminum substrate. After the AAO covered the second phase particles, the growth rate of the oxide film recovered. This phenomenon eventually led to the formation of partial defects on the surface of oxide films. Studies have shown that the applied potential was directly related to the pore size of the porous layer [16]. Under the condition of constant potential, porous layers of different specimens had similar pore diameters as the temperature of the electrolyte increased. When the electrolyte temperature rose to 15 °C, the steady-state anodizing current rose to 0.9 A, and a rough-texture structure appeared on the surface of the oxide film, as shown in Figure 1b. During the growth of oxide film, the oxidation current usually causes the generation of oxygen bubbles (2O2− → O2 + 4e−). The increase in steady-state current led to an increase in oxygen bubbles on the surface of the 6061 aluminum alloy, and the release of small-scale oxygen bubbles reduced the density of the pore wall [27,28]. Therefore, the pore size and spacing of the AAO were similar to the specimen shown in Figure 1a. However, when the temperature reached 25 °C, the steady-state current reached 2.4 A and porous coral-like structures appeared on the surface of the oxide film as shown in Figure 1c. With the further increase of the steady-state current, the release of oxygen bubbles on the surface of the substrate provided a condition for the formation of loose porous AAO. In addition, with the increase of temperature, the transmission of Al3+ and O2− ions at the electrolyte/film interface accelerated, and the dynamic equilibrium process of growth and dissolution of oxide films also accelerated. Considering comprehensively, the temperature-induced increase in current and oxygen release as well as the acceleration of ions migration had a significant effect on the density of oxide films, resulting in loose porous structures of the AAO film when the temperature reached 25 °C.



The cross-sectional SEM morphology and elemental energy spectrum of the 6061 aluminum alloy anodic oxide layers are shown in Figure 2. Due to the large difference in film thickness, different magnification factors were used in different cross-sectional morphology pictures. As shown in Figure 2b,c, the thickness of the oxide layer became thicker, and the pit-like defects of the cross-sectional morphology increased as the temperature of the electrolyte increased. The thickness of the AAO prepared at 5, 15, and 25 °C was 3.2, 8.4, and 24.6 μm, respectively. The large difference in film thickness was due to the fact that in the anodizing process, limited by the size of the specimens, the film was driven upwards during the growth process, and the migration of ions accelerated with the increase in electrolyte temperature. When the AAO grew vertically to the substrate, the growth rate of the oxide film in the high-temperature electrolyte was much faster than that in the low-temperature electrolyte. Therefore, as the temperature increased, the driving force to promote the longitudinal growth of the oxide film increased with the increase in the overflow of oxygen bubbles and the acceleration of the electrochemical reaction. This ultimately led to an increase in oxide film thickness, while reducing surface pore density and increasing cross-sectional defects.



The X-ray diffraction patterns of the three specimens are shown in Figure 3, indicating the presence of a wide diffraction peak near 22° of the XRD curves. This implied that the films produced by anodization were non-crystalline [29,30]. In addition, the sharp diffraction peaks reflected the presence of the aluminum phase, indicating that the X-rays were able to penetrate the non-crystal oxide layer. The diffraction intensities of the oxide films formed at the electrolyte temperature of 5 15, and 25 °C at the diffraction peak of 44.6° were 9501, 10,133, and 13,888 a.u., respectively. The diffraction intensity of the thicker oxide film prepared at 25 °C was higher, indicating that the film prepared in the high-temperature electrolyte can transmit more X-rays than the film prepared in the low-temperature electrolyte, further confirming that the density of the oxide layer decreased as the electrolyte temperature increased.



The Vickers hardness, nano-hardness, and elastic modulus of aluminum alloy anodic oxide films prepared at different electrolyte temperatures are shown in Figure 4. The indenter applied pressure in a direction perpendicular to the surface of the films. The Vickers hardness (Hv0.05), nano-hardness, and elastic modulus of the oxide film prepared at 5 °C were 171.7 ± 2.6, 5.05 ± 0.42, and 100.40 ± 8.7 GPa, respectively. When the electrolyte temperature rose to 15 °C, the Vickers hardness, nano-hardness, and elastic modulus of the oxide film were 166.6 ± 3.7, 4.92 ± 0.37 GPa, and 103.6 ± 9.5 GPa, respectively. However, the oxide film prepared at 25 °C had a loose and porous structure, so accurate data could not be obtained when measuring the nano-hardness and elastic modulus. The Vickers hardness value of the specimen was 166.4 ± 5.6. It was worth noting that when measuring the Vickers hardness with a diamond indenter, the indentation morphology of the dense oxide film prepared at 5 °C was a regular diamond shape. However, as the experimental temperature increased, the density of the oxide film decreased, and the indentation morphology was an irregular diamond shape similar to a circle, which may lead to the actual hardness being slightly lower than the measured value.



The wear track morphology of the AAO was observed by a scanning electron microscope, and different magnifications were chosen for the different images to reveal the wear mechanism more accurately. The AAO had obvious wear damage marks, grooves, and cracks during the wear test, but the oxide layer did not fall off, which indicated that the AAO had a protective effect on the substrate. When the micro-convex structure of the AAO surface slid relative to the grinding ball, agglomerated micro-particles appeared at the contact interface, and finally plastically deformed under the load to form a thin friction layer. The thinner AAO film was susceptible to the effect of the substrate material during the friction test, with a significant agglomerated micro-particles transferring and smearing phenomenon at the contact interface, as shown in Figure 5a [17]. The center of the wear track of the denser and thicker AAO film was smooth and regular, and only a few fragments appeared at the edge of the wear track. The generation of fragments was related to the surface quality of the films, as shown in Figure 5b. However, as shown in Figure 5c, obvious film peeling occurred on the wear track of the AAO films, accompanied by large cracks and grooves. In order to further explore the wear mechanism of oxide films on the three specimens, the wear track was partially enlarged. In Figure 5d,e, the cyclic friction stress of the AAO film under 5 N load exceeded the yield strength of the material, and cracks appeared on the wear track. Due to the compactness and plasticity of the oxide film, the phenomenon of large-area film peeling around cracks will not occur. The wear mechanism of the oxide film was abrasive and adhesive wear. During the wear process, the porous AAO film was compacted, and a thick friction layer was formed under the action of the load as shown in Figure 5f. The gradual accumulation of cyclic stresses caused cracks on the surface of the AAO film, which gradually expanded and led to flake or block shedding of friction layer. The wear mechanism is typical delamination wear [31].



To explore the tribological characteristics of the AAO films in-depth, the evolution curves of the friction coefficient of the three specimens were plotted, as shown in Figure 6. The trends of the curves were very obvious, including the break-in period where the friction coefficient rises slowly and the steady-state wear period where the friction coefficient fluctuates within a small range. As shown in Figure 6a,b, the initial value of the friction coefficient was lower than 0.2, and as the friction coefficient increased, the friction process steadily transitioned to the steady-state wear stage. In the steady-state wear stage, the friction coefficient fluctuates little and the wear processes were smooth. The steady-state friction coefficients were 0.39 and 0.40, respectively. However, in Figure 6c, the initial friction coefficient during the break-in period was about 0.3, and the friction coefficient fluctuated greatly and was accompanied by severe wear during the coefficient rising and steady-state wear stage. The steady-state friction coefficient was 0.46. Studies have shown that the friction coefficient of AAO films increases with increasing porosity [17]. Therefore, during the wear experiments, the continuous dense film layer had a significant friction reduction effect, while the loose and porous films, due to the micro-concave structure, hindered the relative sliding of the grinding balls against the AAO films, resulting in a higher friction coefficient. The high load during the friction test caused the surface friction layer to chip and peel off, which was also one of the main reasons for the large fluctuation of the friction coefficient.



The wear track cross-sectional profiles of the three specimens and the corresponding wear rate are shown in Figure 7. As shown in Figure 7a,b,d, the uniform AAO films showed excellent wear resistance during the wear test. The average depth, width, and wear rate of the wear track were 2.41 μm, 304.5 μm, 1.11 ± 0.11 mm3·N−1·m−1 and 2.48 μm, 317.3 μm, 1.19 ± 0.09 mm3·N−1·m−1, respectively. When the electrolyte temperature increased to 25 °C, the large-area peeling on the surface of the wear track led to a significant decline in the tribological properties of AAO. The average depth, width and wear rate of the wear track were 4.18 μm, 401.9 μm and 3.84 ± 0.14 mm3·N−1·m−1, respectively, as shown in Figure 7c,d.




4. Conclusions


In this paper, the effect of electrolyte temperature on the surface microstructure of 6061 aluminum alloy anodic oxide films (AAO) was investigated, followed by the hardness and elastic modulus of the films, and the tribological properties of the films were studied. The main conclusions are as follows.



The AAO prepared in the electrolyte at 5 °C had a dense pore wall structure capable of maintaining a high hardness. The AAO had regular holes with diameters of about 6–12 nm, and the composition of the AAO was amorphous oxide layers. When the electrolyte temperature reached 25 °C, coral-like loose porous structures appeared on the surface of the AAO, which had a negative impact on the hardness and elastic modulus of the films.



The friction coefficient of AAO decreased with the decrease of electrolyte temperature. The loose AAO prepared at 25 °C had a thick friction layer in the wear track under 5 N load, and the friction mechanism was delamination wear dominated by flake or block shedding. As the temperature decreased, the worn form changed from delamination wear to abrasive and adhesive wear, and the wear resistance of the films was significantly improved. Finally, dense AAO prepared at 5 °C had excellent anti-friction and anti-wear properties.
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Figure 1. Surface microstructure images of 6061 aluminum alloy oxide films at different sulfuric acid electrolyte temperatures: (a) 5 °C, (b) 15 °C, (c) 25 °C. 
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Figure 2. Cross-sectional and elements mapping SEM images of 6061 aluminum anodized alloy films: (a) 5 °C, (b) 15 °C, (c) 25 °C. 
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Figure 3. X-ray diffraction pattern of the AAO prepared under different temperature environments. The subgraph is the 10°–35° diffraction pattern. 
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Figure 4. Hardness and elastic modulus of the AAO. 
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Figure 5. Scanning electron micrograph of the wear track of the AAO; slow magnification: (a) 5 °C, (b) 15 °C, (c) 25 °C; high magnification: (d) 5 °C, (e) 15 °C, (f) 25 °C. 
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Figure 6. Friction coefficient evolution for (a) 5 °C, (b) 15 °C, (c) 25 °C. 
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Figure 7. Cross-sectional morphology and wear rate of the AAO wear scar: (a) 5 °C, (b) 15 °C, (c) 25 °C, (d) wear rate. 
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Table 1. The elemental composition of 6061 aluminum alloy (wt%).
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	Mg
	Si
	Fe
	Cu
	Zn
	Ti
	Al





	0.8–1.2
	0.4–0.8
	≤0.7
	0.15–0.4
	0.25
	0.15
	Bal.
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Table 2. Testing parameters of wear process.






Table 2. Testing parameters of wear process.





	Ball Material
	Ball Diameter
	Wear Diameter
	Sliding Time
	Sliding Speed
	Force





	Si3N4
	6 mm
	12 mm
	10 min
	200 r/min
	5 N
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