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Abstract:



Plasma electrolytic oxidation (PEO) is a surface treatment process for obtaining oxide coatings with a high performance on valve metals. PEO is mostly performed in an aqueous solution electrolyte that limits the size of treated parts due to the fact that the system is heated. Therefore, the coating of large surfaces cannot be synthesized in an aqueous electrolyte. In the current work, an alternative approach of PEO treatment, whereby an aluminum 1050 alloy in nitrate molten salt at a temperature of 280 °C is applied, was investigated. The microstructure, phase and chemical compositions, and micro-hardness were examined using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and micro-hardness tests. The obtained results show that formed coating contains from two sub-layers: one is the outer sub-layer of the α-Al2O3 phase and the second is its inner sub-layer. It was found that the formed coating was free of any contaminants originating from the electrolyte and had no cracks or pores, which are usually present in coatings formed by PEO treatment in an aqueous solution electrolyte.
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1. Introduction


In the last two decades, plasma electrolytic oxidation (PEO) became one of the most attractive surface treatment methods of advanced ceramic coating formation on metallic compounds [1,2,3,4,5]. This technological approach is usually applied in so-called valve metals as aluminum, magnesium, or titanium to obtain surface advanced properties such as high electrical insulation, corrosion and wear resistance, and excellent performance [6,7,8]. The combination of the obtained properties leads to their wide applications in medical, oil and gas, automotive, and aerospace industries.



The basic principle of the PEO technology is a high-voltage application between the specimen subjected to the treatment and the electrode, while the micro-arc discharge migration points appear on the its surface. These discharge points provide an additional impact to the thermal and plasmo-chemical effect, which causes the ceramic coating formation with a high adhesion to the metallic base [9,10,11].



The majority of research works describe the PEO process at frequencies of 50 Hz in different aqueous solutions [12]. Some of them show the process of in situ doping such as cerium or phosphate [13], tungsten [14], or even nanoplatelets [15]. Other works describe nanoformation on the coating surface, which affects its final properties [16,17]. The main disadvantages of the PEO treatment in aqueous solutions are a relatively low coating rate, a formation of a thick high porosity layer, a necessity of electrolyte cooling, and the presence of some undesirable compounds in the coating originating from the solution [18]. These issues can be solved by performing PEO treatment in an alternative electrolyte, such as molten salt.



In the current work, a ceramic coating formation achieved by PEO treatment in nitrate molten salt of the eutectic composition was investigated. The obtained morphology, chemical and phase composition, and performance are herein discussed. Moreover, different stages of the treatment and their comparison to the process in aqueous solution are also discussed.




2. Materials and Methods


Aluminum wrought alloy 1050 specimens (chemical composition shown in Table 1) with a surface area of 0.16–0.17 dm2 were ground using abrasive papers grits #280, #400, #600, #1000, #2400, and #4000 and then subjected to ultrasonic cleaning in acetone. The surface roughness after polishing was Ra 3.



Table 1. Chemical composition of the Al alloy 1050.







	
Chemical Element (mass %)






	
Si

	
Mg

	
Fe

	
Cu

	
Mn

	
Zn

	
Ti

	
Al




	
0.25

	
0.05

	
0.44

	
0.05

	
0.05

	
0.07

	
0.05

	
Base










PEO treatment was performed at 280 °C in the electrolyte with a eutectic composition of NaNO3—KNO3 (Sigma-Aldrich, St. Louis, MO, USA) with the mass % of 45.7:54.3 respectively. The electrolyte was held in a nickel crucible (99.95% Ni), which served as a counter electrode. The surface ratio of anode-to-cathode was 1:30, the anodic current density was 70 mA/cm2, and the voltage was limited by the galvanostatic mode. The applied power supply has the following parameters: Imax = 5 A, Umax = 900 V, current and voltage were pulsed with a square-wave sweep at a frequency of 50 Hz (ta = tk = 0.01 s) by a pulse generator Digit-EL PG-872 (Minsk, Belarus). The duration of the PEO treatment was 10 min, with a coating rate of 1 µm/min. Finally, the obtained specimens were rinsed with water and dried.



The current and the voltage wave profiles and trend plots, as well as the power consumed during the process, were measured using Fluke Scope Meter 199C (Eindhoven, The Netherlands) (200 MHz, 2.5 GS s−1), which was located into the electrical circuit between the power supply and the working container.



Photo images of the PEO treatment progress were made by the high-speed digital camera Nikon 1j5 (Tokyo, Japan) with a 1 Nikkor VR 10-110 lens (Tokyo, Japan) and a macro extension tube with a frame rate of 120 fps.



Cross sections were prepared by a standard method of metallography. Surface and cross-section morphologies of the obtained PEO coatings were examined by TESCAN MAIA3 scanning electron microscopy (SEM) (Brno, Czech Republic) equipped with an energy dispersive X-ray spectroscopy (EDS) system by Oxford instruments (Abingdon, UK) with an X-MaxN detector. The phase composition of the coatings were determined by a PANalytical Empyrean diffractometer (Almelo, The Netherlands) with Cu Kα radiation in grazing incidence mode using a scan with a grazing angle of 3°, with a step size of 0.03°, and at a 2Θ range from 10° to 90°.



A BuehlerMicromet 2100 (Lake Bluff, IL, USA) micro-hardness tester was used to evaluate micro-hardness on a cross section of the obtained oxide layer. The micro-hardness was determined according to ASTM E384, C1327, and B578 that’s standard names as the mean of eight measurements for each sublayer under a load of 10 g.




3. Results


Figure 1 shows the voltage and the current behavior as a function of treatment time.


Figure 1. Electric parameters behavior plots (a) voltage as a function of treatment time; (b) current as a function of treatment time.
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Figure 2 illustrates different stages of oxide layer formation that corresponds to different stages on the voltage–time plot presented in Figure 1a. Figure 2a corresponds to Region 1; no discharges were revealed. Figure 2b corresponds to Region 2; microarc discharges start to appear. Figure 2c corresponds to Regions 3–4; the number of microarc discharges increases. Pits visible on the image are an accumulation of small bubbles that appear on the surface during PEO treatment. Black squares in the center of the specimens are the camera focusing locations, e.g., target.


Figure 2. Different stages of the oxide layer formation: (a) anodizing process; (b) microarc appearance (presented in a white frame); (c) plasma electrolytic oxidation (PEO) treatment and increasing of microarc number discharges (presented in a white frame).
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Surface morphology of the sample subjected to PEO was investigated as well and the obtained images by SEM are presented in Figure 3.


Figure 3. Surface morphology of the Al 1050 alloy after PEO treatment, magnifications: (a) 250×; (b) 1000×; (c) 5000×; (d) 10,000×.
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It is evident from the presented micrographs that the surface morphology of the treated alloy contains round-shaped pores with a diameter in the range of 0.5–2.5 µm. This is well correlated with treatment obtained in aqueous solution and later compared in discussions of the current work.



The coating morphology of the PEO-treated specimen was investigated by SEM, and its elemental analysis, performed by EDS, is presented in Figure 4.


Figure 4. Surface area morphology investigated by SEM and elemental composition investigated by energy dispersive X-ray spectroscopy (EDS) after PEO treatment.
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EDS was performed for qualitative analysis; however, quantification was performed as well and consequently followed by XRD investigation to evaluate coating phase composition. According to EDS investigations, the atomic composition of aluminum and oxygen are 36.7% and 63.3%, respectively. EDS results also indicate that no additional compounds were incorporated into the coating, as it confirmed is usually present after treatment in aqueous solutions originating from the electrolyte.



The obtained semi-quantitative calculations by XRD show phase composition distribution of the coating. Results in Figure 5 indicate the presence of 55% of α-Al2O3 and 45% of γ-Al2O3.


Figure 5. X-ray diffraction pattern of aluminum 1050 alloy surface after PEO treatment.
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Micro-hardness measurements were performed on the oxide coating, and the obtained results are illustrated in Table 2. Different values of the micro-hardness obtained due to the different layers’ compositions depend on the depth.



Table 2. Micro-hardness test results of different alloy coating depth related to Figure 6: Base metal: point 4; inner layer: point 3; outer layer: point 2.







	
Base Aluminum [HV10]

	
Inner Layer [HV10]

	
Outer Layer [HV10]






	
42 ± 2.2

	
756 ± 3.1

	
1051 ± 2.8










Figure 6 demonstrates a cross-section micrograph of the obtained coating after PEO treatment and its EDS line scan elemental analysis.


Figure 6. EDS line scan of the aluminum 1050 alloy cross section after PEO treatment and its microphotograph: 1: resin; 2: outer layer; 3: inner layer; 4: aluminum base.
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It is evident from the micrograph that the thickness of the porous outer layer is about 4 µm and the thickness of the inner dense layer is about 3.5 µm. According to the linear dependence of the oxygen (O) and aluminum (Al) scans, the oxide layer of the Al2O3 composition is indicated as previously confirmed by XRD analysis.




4. Discussion


When a positive voltage is applied to a sample immersed in the electrolyte, redistribution of the charge begins. Negatively charged ions of electrolyte migrate to the metal′s surface by the influence of the external electric field, resulting in the formation of the adsorbed ions on the surface of the anode and leading to the distribution of the voltage drop across the electrolytic cell. As shown in Figure 2a,b, a typical anodizing process proceeds up to 30 V and causes the formation of a thin oxide layer that prevents further chemical reaction. At the same time, the negatively charged ions accumulate on the anode surface, forming a so-called quasi-cathode [19,20]. These ions simultaneously redistribute the voltage between electrodes in the electrolytic bath, leading to an increase in the electric field intensity between the anode and local quasi-cathode until a sufficient value for the ion diffusion process is reached through the barrier layer. This oxide layer affects the current magnitude, which decreases due to the added resistance of the formed layer.



While the coating thickness increases, the electrical resistance grows alongside the current reduction simultaneously, leading to the redistribution of potential between the electrodes. The increase in the voltage between the anode and quasi-cathode provides further appearance of the electrochemical process leads to the anodic growth of porous oxide layer by the mean of microarc discharge channels [21] as shown in Figure 2b,c. Finally, a high voltage leads to the heating and electrical breakdown of the barrier layer, resulting in a microarc discharge.



Evaluation of morphological changes showed that formed alloy subjected to PEO treatment has a round-shaped porosity with a diameter in the range of 0.5–2.5 µm. The morphology and the size distribution of pores are well correlated with the work by Butyagin et al. in aqueous solution electrolyte [22]. Micrographs shown in Figure 6 illustrate the porous structure of the outer layer, while the inner layer has no porosity at all. SEM images in Figure 4 and Figure 6 show the morphology of the obtained coating and are well correlated with the morphology usually obtained in the PEO process performed in aqueous solution electrolyte [23].



No cracks were found in the formed coating. We suggest that the low cooling rate is responsible for this. However, the coating produced in aqueous solution is usually formed from the oxide layer with cracks, which is attributed to the high cooling rate of the coating formation [24]. In addition, Hussein et al. described a temperature profile of the process in their work and found that the plasma temperature in discharges is around 10.000 K [25].



EDS analysis, line scan, and XRD investigations indicated that the coating is free of any contamination, which is, in contrast to the coating obtained in aqueous solution, where contamination originates from the electrolyte [26]. Typically, electrolytes for aluminum alloys in PEO treatment are made of alkali metal hydroxides and sodium silicate. Therefore, a formed crystalline aluminum oxide coating usually contains impurities of silicon in a form of oxide.



XRD results demonstrate the presence of α-Al2O3 and γ-Al2O3 phases in the obtained coating. The micro-hardness values of α-Al2O3 are higher than those of the γ-Al2O3 [27], so it is obvious that the outer layer consists of α-Al2O3, while the inner layer consists of γ-Al2O3. No other phases were detected, which provides further support for the above statement. These results are well correlated with the micro-hardness values given in Table 2 and in the presented images obtained by electron microscopy.




5. Conclusions


In the current work, a new approach to ceramic coating formation in PEO treatment in nitrate molten salt of the eutectic composition was investigated. Results and conclusions can be summarized as follows:

	
An aluminum 1050 alloy subjected to PEO treatment has an oxide coating contained from two sub-layers: one is the outer layer composed of α-Al2O3 and second is the inner layer composed of γ-Al2O3.



	
The formed coating has an oxide composition and is free of any contaminants originating from the electrolyte. Additionally, no porosity or cracks were found.



	
The approach described herein can be applied to the treatment of high surface area specimens in contrast to treatment in aqueous solutions where the electrolyte is significantly heated.
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