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Abstract

:

The objective of the study was to investigate the characteristics of coatings formed on 7075 Al alloy using a plasma electrolytic oxidation (PEO) method in silicate electrolytes under alternating current conditions. The properties of the coatings were evaluated based on the current density applied during the experimental process. To analyze the samples, the surface and cross-sectional images of the coatings were observed using scanning electron microscopy. The results showed that the PEO coatings were between 25–102 µm in thickness, and the thickness was found to be dependent on the applied current density. The hardness values of the PEO coatings were found to be significantly, approximately three times, higher than the uncoated alloy. Wear analysis revealed that the PEO coatings formed under current densities of 8.8 A/dm2 and 17.8 A/dm2 exhibited the best wear resistance among all the coatings. In addition, the PEO coatings also displayed good corrosion resistance, with the resistance of the coatings formed under the current densities of 13.5 A/dm2 and 17.8 A/dm2 being significantly improved compared to that of the bare Al alloy. The most effective anticorrosion PEO coating was found to be the one formed under a current density of 17.8 A/dm2. The wear depths of the PEO coatings formed under current densities of 8.8 A/dm2 and 17.8 A/dm2 were low, resulting in high wear resistance. Among all the PEO coatings, the coating formed under a current density of 17.8 A/dm2 showed the best overall anticorrosion and mechanical properties. Overall, the study highlights the potential of PEO coatings in significantly improving the corrosion and wear resistance of 7075 Al alloy. The results of the study provide useful information for the selection of current density for the PEO coating process on 7075 Al alloy to achieve desired properties.
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1. Introduction


Aluminum (Al) and its alloys are commonly used in a wide range of industries, including aerospace, transportation, construction, and packaging. They are also used to manufacture automotive parts, appliances, electronics, and many other products. Additionally, Al alloys are used in many industrial processes, such as heat exchangers, pressure vessels, and piping systems, due to their high formability, low density, and high strength [1,2,3]. Al alloys have a naturally occurring thin oxide layer on their surface that provides good corrosion resistance in most natural environments [4,5]. However, this thin oxide layer can weaken in harsh environments, leading to rapid corrosion of the alloy’s surface [6,7]. Additionally, the atmospheric corrosion resistance of 7075 Al alloy can be reduced due to the presence of zinc (Zn) as a main alloying element, which limits its use in certain applications [8,9]. The engineering applications of Al and its alloys are further limited by their low hardness, which results in these materials exhibiting high wear rates [10,11]. To address these limitations, various surface treatment methods, such as anodizing, plating, plasma electrolytic oxidation (PEO), vapor deposition, and polymer coating techniques, have been developed to improve the corrosion resistance and mechanical properties of Al alloys [12,13]. Among them, PEO, also known as micro-arc oxidation, is an electrochemical surface treatment that can be used to create compact, thick, and well-adhered coatings [14,15,16,17]. PEO is an electrochemical process that forms a ceramic coating on the surface of the metal, providing enhanced corrosion resistance, wear resistance, and mechanical properties. PEO has been widely used on Al and its alloys to enhance their surface characteristics [18,19,20]. PEO coatings can be formed at high voltages in various electrolytes with microdischarge over the alloy surface, with the resulting coatings typically comprising three layers: thin barrier inner, dense intermediate, and porous outer layers [21,22]. The compact barrier layer shows anticorrosion properties, whereas the dense intermediate layer provides high hardness and wear resistance [23]. The wear resistance of PEO coatings has been shown to increase after the porous outer layer is worn away, with the coatings exhibiting excellent wear resistance with only the dense intermediate layer exposed [24,25]. The properties of PEO coatings are dependent on various factors, such as electrolyte and electrical parameters. The effects of electrolyte composition and current–voltage regimes are important for designing coatings with a higher proportion of the compact barrier layer. Coatings can be grown under the regimes of either direct current (DC) (pulsed unipolar current) or alternating current (AC) (pulsed bipolar current). However, overheating can occur under DC regimes, resulting in the destruction of the coating material [26,27]. Therefore, the growth of a barrier layer is promoted by AC regimes, which allows control of the microdischarge characteristics of the coating and prevents it from overheating [28].



PEO coatings are usually formed in weak alkaline silicate, phosphate, and aluminate electrolytes [29,30]. In this investigation, we looked at coating 7075 Al alloy with PEO using an electrolyte based on sodium silicate. To achieve a quicker development rate and thicker ceramic coating, this electrolyte was selected over alternatives, including phosphate and aluminate. Coatings made using silicate-based electrolytes have been demonstrated to have enhanced corrosion and wear resistance. Coatings with the appropriate characteristics might be formed on the surface of the 7075 Al alloy thanks to the use of this electrolyte [30].



The present study aimed to investigate the effect of current density on the properties of coatings formed on 7075 Al alloy using a plasma electrolytic oxidation (PEO) method in a sodium-silicate-based electrolyte under alternating current conditions. The primary objective was to analyze the correlation between the current density applied and the properties of the PEO coatings formed on the Al alloy surface. The properties of the coatings were evaluated in terms of their corrosion resistance, wear resistance, and mechanical behavior. The study aimed to identify the most suitable current density for the PEO coating process on 7075 Al alloy to achieve enhanced corrosion resistance, wear resistance, and mechanical properties. To accomplish this, the surface and cross-sectional images of the coatings were observed using scanning electron microscopy, and various testing methods were used to evaluate the corrosion and wear resistance. The results showed that the PEO coatings produced at current densities of 13.5 A/dm2 and 17.8 A/dm2 exhibited improved corrosion and wear resistance compared to the bare Al alloy. The coating produced at a current density of 17.8 A/dm2 was the most effective, with the greatest anti-corrosion and mechanical capabilities. The study provides valuable insights for selecting the optimal current density for the PEO coating process on 7075 Al alloy to achieve desired properties.




2. Materials and Methods


2.1. Sample Preparation


The 7075 Al alloy samples used in the PEO treatment process were 15 mm in diameter and 8 mm in thickness. The samples were analyzed and found to have a specific chemical composition including 4.30 wt.% Zn, 2.66 wt.% Mg, 1.13 wt.% Cu, 1.13 wt.% Cr, 0.26 wt.% Mn, 0.06 wt.% Si, and 0.01 wt.% Fe. Before the PEO coating process could begin, the samples were subject to a thorough preparation procedure to ensure a consistent surface for the coating to adhere to. This involved several steps including grinding the samples with abrasive papers, polishing with fine alumina powder, and ultrasonically cleaning in ethanol. The samples were then rinsed in distilled water and dried in an air stream. These preparation steps were crucial in ensuring the proper adhesion of the PEO coating to the surface of the 7075 Al alloy. By following these steps, the samples were thoroughly cleaned and presented with a smooth surface, which would facilitate the PEO coating process.




2.2. Experimental Procedure


The PEO coating treatment was performed using a sinusoidal AC power supply which provided a varying electrical current. The initial current densities for this process were set at four different levels: 8.80 A/dm2, 13.5 A/dm2, 17.8 A/dm2, and 22.3 A/dm2. These current densities were chosen to investigate their effects on the PEO coating process. The sinusoidal AC power supply was used to apply the current densities to the 7075 Al alloy samples for a set amount of time, up to 1960 s. This allowed for a controlled and consistent application of the electrical current, which was essential for achieving consistent results in the PEO coating process.



By varying the initial current densities and applying them for a set amount of time, researchers aimed to study the effects of these factors on the PEO coating process and the resulting microstructure and properties of the coated samples. This information would help to optimize the PEO coating process and produce samples with improved characteristics.



During the coating process, the variations in voltage were recorded as a function of time. The PEO process was executed under varying current densities, and great care was taken to ensure consistent conditions throughout the experiment. To maintain a stable temperature, a cooling jacket was added to the 3-L container that held the 2-L electrolyte solution composed of 10 g/L Na2SiO3 and 5 g/L KOH. The temperature was kept at 25 °C ± 2 °C during the experiments, and the electrolyte solution was stirred to ensure even distribution.



The 7075 Al alloy served as the anode in the PEO process, while a stainless steel net with dimensions of 8 × 13 cm was utilized as the cathode. This configuration was carefully selected to provide a controlled setup for the PEO process, allowing for accurate measurement and control of the voltage changes during the coating process.



The voltage variations during the PEO process were continuously recorded as a function of time, providing valuable information about the underlying electrochemical reactions. By carefully controlling the temperature, stirring the electrolyte solution, and using the 7075 Al alloy and stainless steel net as the anode and cathode, respectively, the researchers aimed to ensure that the PEO process was carried out under consistent and controlled conditions.




2.3. Coating Characterization


Various analytical techniques were used to examine the coatings in more detail. The surface morphologies and cross-sectional images of the PEO coatings were analyzed using field-emission scanning electron microscopy (SU8230, Hitachi, Japan). This technique allowed us to observe the physical characteristics of the coatings, such as thickness and porosity. Additionally, X-ray diffractometry (XRD, SU8230, Hitachi, Japan) was used to examine the phase compositions of the coatings. This technique uses X-ray beams to analyze the crystal structure of the coatings, providing information about the types of minerals present in the coatings and how they are arranged. Energy-dispersive X-ray spectroscopy (EDS) measurements based on SEM were also used to identify the constituent elements of the coatings. EDS (Energy Dispersive Spectroscopy) is a widely used analytical technique that allows researchers to determine the elemental composition of a sample. This information provides valuable insight into the chemical makeup of the material, including the relative proportions of different elements present in the sample. Together, these analytical techniques provided a comprehensive understanding of the properties and characteristics of the PEO coatings formed on 7075 Al alloy under various current densities.




2.4. Corrosion Performance


The corrosion behavior of the PEO coatings was characterized by measuring the potentiodynamic polarization (PDP) curves in a 3.5 wt.% NaCl aqueous solution at room temperature. A three-electrode cell was used for the electrochemical corrosion tests, which consisted of a silver/silver chloride (saturated Ag/AgCl) electrode as the reference electrode, a platinum mesh as the counter electrode, and a PEO sample with an exposed area of 1 cm2 as the working electrode. The polarization curves were recorded over a range of potentials from −2 V vs. Ag/AgCl to 0.5 V vs. Ag/AgCl, with respect to the open circuit potential, at a scan rate of 1 Mv/s. To ensure data reproducibility, each PDP curve was measured at least three times. The Tafel extrapolation method was used to fit the corrosion current density (icorr), corrosion potential (Ecorr), and Tafel slopes from the recorded data.




2.5. Mechanical Properties


Wear tests were conducted on coated and uncoated Al alloy samples under dry sliding conditions using pin-on-disk tribometer equipment in accordance with ASTM G99 guidelines [31]. The sliding tests were performed on a track with a radius of 6 mm and linear sliding velocity of 25 mm s−1 under a normal load of 5 N. The stopping condition of the dry wear tests was a sliding distance of 10,000 laps or ~377 m. The wear properties of the PEO-coated samples were measured with a steel ball of 6 mm in diameter under ambient conditions (25 ± 2 °C) and relative humidity of 58–64%. The friction coefficient and wear depth, which were continuously measured, were monitored as a function of sliding distance during the wear tests.



The nanoindentation instrument (Fischerscope, H100 V) was able to detect the hardness of the PEO coatings at a microscale level by analyzing the indentations left by a diamond tip. To ensure consistency in the measurements, the cross sections of the PEO-coated samples were polished and cleaned before testing. A total of 3–4 indentations were made at each coating thickness level to determine the hardness value. These results provided a detailed understanding of the mechanical properties of the PEO coatings and how they compare to the uncoated alloy.





3. Results


3.1. Voltage


In the PEO treatment of the Al samples, the variations in voltage that arose at a fixed current of the power supply were measured, with the results shown in Figure 1. During the evolution of the coatings, the fixed currents of 1 A, 1.5 A, 2 A, and 2.5 A were transformed into mean alternative current densities of 8.80 A/dm2, 13.5 A/dm2, 17.8 A/dm2, and 22.3 A/dm2, respectively. At the initial stage of PEO coating, when the potential was rapidly increased, the voltage versus time curves was identical at different current densities. Once dielectric breakdown started, microdischarge was initiated over the substrate surface [32,33]. The breakdown points for the samples coated under current densities of 8.80 A/dm2, 13.5 A/dm2, 17.8 A/dm2, and 22.3 A/dm2 were between 162 V and 170 V. After the breakdown, the rate of voltage change slowed and changed according to the current density. A greater amount of microdischarge was observed. Under different current conditions, the final potentials were measured to be 215 V, 227 V, 232 V, and 248 V at 1960 s. These values resulted in different electrochemical reactions that were dependent on the fixed current values.




3.2. Characterization of the Coatings


Figure 2 shows the surface morphologies of the PEO-coated 7075 Al alloy samples coated under four current densities. A pancake-like structure with pores is visible on the surface of the PEO-coated samples, as reported in the literature [33]. The microstructure of the surface of the sample PEO-coated under a current density of 8.80 A/dm2 features pores of 5 µm in diameter and has a shrunken appearance. Figure 2a,b show that the distribution of the pancake structure significantly increased. The pores on the surfaces of the coating formed under current densities of 13.5 and 17.8 A/dm2 were filled under high current and shrunk to form a flatter microstructure. The coating surface of the layers grown under high current density (22.3 A/dm2) changed the microstructure of the coating (Figure 2b,e). As a result of the filling of the pores, the pancake microstructure could no longer be observed. Therefore, with an increase in the applied current density, the coating became compact due to the decrease in the pancake structure and the growth of a flat structure on the sample surface. Additionally, X-ray diffractometry was used to examine the phase compositions of the coatings; the XRD pattern of the PEO-coated 7075 Al alloy samples is presented in Figure 1 and shows the XRD images of the PEO coatings. There is no evidence of crystalline on the different current densities of coated substrates. This has evolved into an amorphous structure on the PEO-coated surface.



Furthermore, the thickness of the coatings was measured by observing the cross-section of the samples using scanning electron microscopy. The thicknesses of the PEO-coated samples prepared under different current densities are shown in Figure 3. The results showed that the coatings formed under a high current density were significantly thicker than the coatings formed under a low current density. This can be attributed to the increased microdischarge activity at the surface of the alloy when the current density is higher, which results in a faster growth rate of the coating. Additionally, it can be observed that all the coatings featured almost the same micropores as a result of oxygen growth at their interface, which is a common characteristic of PEO coatings. This information is important to take into account when choosing the current density for the PEO coating process on 7075 Al alloy to achieve the desired thickness of the coating and its properties.




3.3. Corrosion Behavior


The PDP behavior of the uncoated and PEO-coated samples is shown in Figure 4, and the electrochemical parameters are presented in Table S1 (Supplementary Materials). In the polarization curves, the positive Ecorr and negative icorr values indicate high anticorrosion behavior [12]. Compared to the uncoated aluminum alloy 7075, the corrosion potentials of the PEO-coated samples were significantly shifted toward more positive values. The icorr values decreased for the PEO-coated samples due to the formation of an oxide coating on their surface. In particular, for the PEO coatings formed under current densities of 13.5 A/dm2 and 17.8 A/dm2, the icorr values decreased by order of magnitude compared with those of the other samples. However, for the PEO coating formed under the highest current density of 22.3 A/dm2, its icorr value increased considerably, which can be attributed to the microstructure of the formed PEO coating. It is worth mentioning that the PEO-coated sample prepared under a current density of 17.8 A/dm2 showed the best anticorrosion behavior, with an icorr value of 1.73 × 10−6 A/cm2 and corrosion potential of −0.34 V vs. Ag/AgCl. the detailed corrosion data of the Al substrate and PEO coated samples were also collected and analyzed. The data includes information, such as the corrosion current density, corrosion potential, and Tafel slopes, which gives a comprehensive understanding of the corrosion behavior of the samples shown in Table S1 (Supplementary Materials).




3.4. Tribological Performance


Wear depth measurements provide valuable insights into the wear resistance of a material, with low wear depths indicating high wear resistance. In order to evaluate the wear resistance of the PEO-coated and uncoated samples, wear depths were measured against a steel ball at room temperature, as shown in the results presented in Figure 5. After 377 m of wear testing under loads of less than 5 N, the wear depths of the PEO-coated samples prepared under current densities of 8.80 and 17.8 A/dm2 were found to be around 25 and 45 µm, respectively. The wear depth of the PEO-coated sample prepared under a current density of 13.5 A/dm2 was around 65 µm, which was almost the same as that of the uncoated sample. However, the PEO-coated sample prepared under a current density of 22.3 A/dm2 showed the highest wear depth, attributed to its highly amorphous porous structure. As previously discussed, the outer porous layer of PEO coatings typically exhibits relatively low wear resistance, with increased wear resistance observed in the dense intermediate layer. As a result of the wear testing, it was found that the PEO-coated sample prepared under a current density of 8.80 A/dm2 had the lowest wear depth, indicating that it exhibited the highest wear resistance among all the samples.



The hardness values of the PEO coatings were measured using a nanoindentation instrument on polished cross-sections of the samples. The results showed in Figure 6, that the hardness values of all the PEO coatings were greater than 450 HV, which is approximately three-fold higher than the hardness value of the uncoated 7075 Al alloy. This significant increase in hardness can be attributed to the hard aluminum oxide layer present in the PEO coatings. This increase in hardness can contribute to improved wear resistance and mechanical properties of the coated samples. It is worth noting that this hardness value can vary depending on the current density applied; thus, it is important to evaluate the hardness values of the coating based on the current density used.





4. Conclusions


PEO treatment of an Al alloy substrate, Al 7075, was conducted under four current densities in the same electrolyte. The following conclusions were drawn from the evaluation of the process and coatings.




	
The cell voltage during the PEO coating process slightly increased upon increasing the fixed current in the same silicate electrolyte. Furthermore, the obtained microstructures of the coatings showed increased thickness and roughness, resulting in the formation of a pancake structure on the surface, similar to that of the uncoated substrate. These findings demonstrate that plasma sparks on the substrate. According to SEM images, the thickness of the coating increased as the current density increased. Observation of cross-sectional SEM images of the structures indicated that the inner layers of the coatings became more compact with relatively fine porosity.



	
The corrosion resistance of the PEO coatings formed under current densities of 13.5 A/dm2 and 17.8 A/dm2 were significantly improved compared to the bare Al alloy. The most effective anticorrosion PEO coating was that formed under a current density of 17.8 A/dm2.



	
The wear depths of the PEO coatings formed under current densities of 8.80 A/dm2 and 17.8 A/dm2 were low, which resulted in them exhibiting high wear resistance. However, the wear depth was at a maximum in the coating formed under a current density of 22.3 A/dm2, which was attributed to the highly amorphous nature of the top layer of the coating. These findings indicate that the PEO coatings can effectively protect the Al alloy surface from wear and tear, making them suitable for applications that require high wear resistance.



	
The results of the PEO coating process showed that all of the coatings had good hardness values compared to the Al alloy substrate. This indicates that the PEO coating process was successful in enhancing the hardness properties of the 7075 Al alloy, making it more durable and resistant to wear and tear.



The high hardness values of the PEO coatings can be attributed to the unique microstructure of the coating, which is composed of fine, homogenous, and well-distributed ceramic particles. These ceramic particles improve the hardness of the coating by increasing its resistance to indentation and wear.



	
Among all the PEO coatings, the coating formed under a current density of 17.8 A/dm2 showed the best anti-corrosion and mechanical properties. Overall, this coating is a promising candidate for various industrial applications that require high wear resistance, corrosion resistance, and mechanical properties.
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Figure 1. Voltage versus time curves of the PEO coating of Al 7075 samples under different current densities. 
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Figure 2. SEM images of the surface morphologies of the PEO-coated samples formed under different current densities of (a) 8.8 A/dm2, (b) 13.5 A/dm2, (c) 17.8 A/dm2, and (d) 22.3 A/dm2. 
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Figure 3. Cross-sectional SEM images of the PEO coatings formed under different current densities of (a) 8.8 A/dm2, (b) 13.5 A/dm2, (c) 17.8 A/dm2, and (d) 22.3 A/dm2. 
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Figure 4. Potentiodynamic polarization curves of the uncoated and PEO-coated samples in 3.5 wt. % NaCl solution. PEO-coated samples formed under different current densities of (●) 8.8 A/dm2, (▲) 13.5 A/dm2, (▼) 17.8 A/dm2, and (♦) 22.3 A/dm2. 
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Figure 5. Wear depths measured on both the substrate and PEO-coated Al 7075 samples. PEO-coated samples formed under different current densities of (●) 8.8 A/dm2, (▲) 13.5 A/dm2, (▼) 17.8 A/dm2, and (♦) 22.3 A/dm2. 
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Figure 6. Vickers hardness of the substrate and Al 7075 samples PEO-coated under different current densities. 
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