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ABSTRACT

Report 143 pages, 1 book, 10 figures, 11 tables, 56 sources, 6 appendices
PLASMA ELECTROLYTIC OXIDATION, CURRENT PULSE DURATION, OXIDE COATING, OXIDE - POLYMER COATING, CORROSION RESISTANCE
The subjects of study are protective oxide coatings obtained in the pulsed anodic-cathodic mode by plasma electrolytic oxidation and composite oxide-polymer coatings. 
The goal of the work is to obtain oxide-polymer coatings on titanium and its alloys by filling the pores of oxide layers synthesized by the method of plasma electrolytic oxidation. 
Research methods: modern method of plasma electrolytic oxidation was used to modify the surface of titanium and its alloy. When implementing this method, a pulsed anode-cathodic mode with a short anode current pulse duration of 250 μs was used. The corrosion resistance of oxide and composite coatings was studied in neutral salt fog under GOST 9.308-85 and gravimetric method. 
Research results: materials to fill the pores of the oxide coating have been studied according to literature data. The results of the analysis of available materials to fill pores to increase the protective properties were obtained according to the literature data. Composite oxide coatings are obtained by filling the pores. Samples with oxide-polymer coatings were obtained. The corrosion behavior of composite coatings is investigated. The results of corrosion tests were obtained. Research results are summarized and analyzed. 
Fields of application: consumers of scientific and technological foundations can be universities of the Republic of Kazakhstan, which train bachelors and masters in technical specialties in the field of creating new materials. The multifunctional coatings developed as a result of the project can be used in the space industry, medicine, and other industries. 
Predictive assumptions about the development of the object of research: results of this project study will make it possible to proceed to the development of a technology for the formation of oxide coatings by the method of plasma electrolytic oxidation on articles made of titanium and its alloys. 
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LIST OF ABBREVIATIONS AND DESIGNATIONS 

In this research report, the SRW following  abbreviations and designations are used.
	ARIAM
	· All-Russian Institute of Aviation Materials

	CP
	· chemically pure

	MАO
	· microarc oxidation

	OC
	· oxide coating without sealing

	ОCC-ER
	· oxide-polymer coating compacted with epoxy resin

	ОCC-F-32-1 layer
	· oxide-polymer coating compacted with fluoroplastic F-32 – 1 layer

	ОCC-F-32-2 layer
	· oxide-polymer coating compacted with fluoroplastic F32 – 2 layers 

	P
	· 	pure

	PEO
	· plasma electrolytic oxidation

	PEPA
	· polyethylene polyamine

	PS
	· power supply

	RAS SB
	· Siberian Branch of Russian Academy of Sciences 

	RG
	· 	reagent grade

	RK MES
	· Ministry of Education and Science of Republic of Kazakhstan

	SAS
	· surface-active substance

	UKTMP JSC
	· "Ust-Kamenogorsk titanium and magnesium plant" JSC

	UPTFE
	· ultrafine polytetrafluoroethylene

	

	· negative corrosion rate

	

	· positive corrosion rate

	m0
	· sample weight before corrosion, g

	Mcor
	· sample weight after corrosion tests, g

	Δm
	· decrease/increase in the mass of the test material during the test

	Тcor
	· corrosion test temperature



INTRODUCTION

Assessment of the current state of the solved scientific and technical problem. Titanium and its alloys, widely used as structural materials, have a limited set of properties, which does not allow their use for the creation of promising and modernization of existing products. The introduction of alloying additions significantly improves the physical and mechanical properties of the material, but this leads to an increase in the mass of the structure and a rise in the cost of products. Besides, the resulting composite materials are narrowly functional. 
At present, Ust-Kamenogorsk titanium and magnesium plant JSC (hereinafter – UKTMP JSC) is the leading titanium producer in the country from raw material extraction to titanium ingots and alloys used in the aerospace, oil and gas, medical industries. The enterprise is successfully implementing new projects that will allow us to enter a new market for critical and rotating products in the aerospace segment. 
Because of this, a promising method for treating the surface of valve metals is of interest – the method of plasma electrolytic treatment (PET). This method makes it possible to obtain fundamentally new coatings with a unique set of properties, characterized by high performance. The technology is based on the phenomenon of micro-arc discharges that promote the formation of porous oxide layers on the surface of metals. Filling porous structures with polymers, drugs, metals makes it possible to obtain materials with improved functional properties such as wear resistance, corrosion resistance, electrical conductivity, biocompatibility, etc. mechanical engineering. 
Basis and initial data for project development – the decision of the National Scientific Council on grant financing for the priority “Rational use of natural resources, including water resources, geology, processing, new materials and technologies, safe products and structures” (Protocol No. 2 dated January 25, 2018), an agreement with Science Committee of the Ministry of Education and Science of Republic of Kazakhstan No. 93 dated March 5, 2018.
Project goal. To develop composite coatings with different functional properties by plasma electrolytic oxidation on titanium and its alloy.
Relevance. Currently, work is underway to create domestic samples of space equipment and technology, which are priority activities in the space industry. For some parts of new technology, coatings with a set of properties are required. Therefore, it is important to study the issue of creating oxide coatings for various purposes with improved physical and mechanical characteristics. The oxide layers formed as a result of PET have different porosities, which can affect the protective properties of the coatings. Various materials can be introduced into the pores of the coating, giving them the necessary functional properties: a decrease in the friction coefficient, corrosion rate, etc. 
The novelty and perspective of research lies in the use of one of the most modern and promising approaches with the use of fast-flowing pulsed actions for the formation of multifunctional coatings and obtaining new information on the physic-mechanical and protective properties of oxide layers on titanium and its alloy. The results of the research will serve as the foundation for development of domestic technologies for the surface modification of titanium alloys and products made from them.
Justification of the need for research. Titanium and its alloys are used in various fields of technology due to the combination of their physicochemical properties and increased corrosion resistance in atmospheric conditions. However, in some corrosive environments, they are subject to corrosive destruction. Because of this, research on the modification of the surface of titanium and its alloys by the method of plasma electrolytic oxidation followed by pore filling is dictated by the need to obtain materials with improved functional characteristics. The introduction of various materials into the pores of oxide coatings significantly expands the range of their application. 
Information on the scientific and technical level of development, on patent research and conclusions from them, information on the metrological support of research. The project is provided with the necessary materials, equipment, and qualified performers. Communication was established with laboratories at the branch of the Institute of Nuclear Physics in Nur-Sultan, the Institute of Strength Physics and Materials Science of the RAS SB, Tomsk. The literature study has been completed. Normative and methodological support of scientific research is based on modern certified research methods, the latest databases. 
Relation to other research projects. There is a close relationship with the Institute of Strength Physics and Materials Science of RAS SB (Tomsk); L.N. Gumilyov Eurasian National University (Nur-Sultan); laboratories in the branch of the Institute of Nuclear Physics in Nur-Sultan.
Under the work schedule, tasks for 2020 were completed in 4 stages.
Stage 1 task – Studying materials to fill the pores of the oxide coating according to literature data. 
Expected results. Study of materials to fill the pores of the oxide coating according to literature data. Obtaining the results of the analysis of available materials to fill the pores of the coating to increase the protective properties according to the literature data.
Obtained results. Analysis of literature data showed that to give coatings antifriction, wear-resistant, corrosion-resistant properties, polymeric materials can be used as a sealing material: epoxy resin, ultra-high molecular weight polyethylene, etc. Copper can be used as a solid lubricant when filling the pores of the coating, MoS2. To improve biocompatibility and reduce the corrosion rate, materials such as polytetrafluoroethylene, poly-(L-lactide) polymer, various bactericidal agents, etc. are used to seal the pores of oxide layers. ARIAM researchers to increase the protective properties of porous coatings propose to seal them in a solution of the sodium water glass, triethanolamine. Compaction with these materials is performed by immersion in sealant solutions, or by the electrophoretic method. 
Stage 2 task–Obtaining composite oxide coatings by filling pores.
Expected results. Obtaining composite oxide coatings by filling pores. Obtaining samples with oxide and polymer coatings.
Obtained results. 12 batches of coatings have been received. Obtaining composite oxide coatings was performed in two stages: Stage 1 – obtaining an oxide coating by the PET method; Stage 2 – filling the pores of the oxide coating with polymeric materials. At the first stage, the PET process was performed under the following conditions: duration of the anodic current pulse 250 ± 25 μs; duration of the cathodic current pulse – 5 ± 0.5 ms; pulse repetition rate – 50 ± 0.5 Hz; duration of the pause between the anodic and cathodic currents – 250 ± 25 μs. The electrolyte temperature was maintained within 20 – 300 С. The processing time for all samples was 600 sec. Alkaline solutions were used as electrolytes to obtain oxide coatings. At the second stage, the pores were filled in a polymer solution. Fluoroplastic F32, the epoxy resin in butyl acetic acid ester were used as polymers. 
Stage 3 task – Investigating the corrosion behavior of composite coatings.
Expected results. Investigation of the corrosion behavior of composite coatings. Obtaining the results of corrosion tests.
Obtained results. 
Studies of accelerated corrosion tests under GOST 9.308-85 showed that PET-coatings on BT1-0 and BT5 alloys without compaction are corrosion-resistant and have protective properties. The results of accelerated corrosion tests in an aggressive environment showed that oxide coatings on BT1-0 alloy without compaction and composite oxide-polymer coatings at a test temperature of 390 C have protective corrosion-resistant properties. On BT5 alloy, oxide-polymer coatings compacted with epoxy resin at a test temperature 390С. 
Stage 4 task  – Summarizing and analyzing research results.
Expected results. Generalization and analysis of research results.
Obtained results. The research results for the 2018 - 2020 years of the project are generalized and analyzed. It is shown that during the project implementation, oxide coatings with improved physical and mechanical properties were obtained. It was found that the composition of the coating includes both the components of the processed material and the electrolyte solution. X-ray phase analysis showed the presence in the composition of oxide coatings of titanium dioxide in the modification of anatase and rutile. The obtained coatings with porosity in the range of 4.41 – 12.2%. A technological scheme for processing titanium alloys by the PET method is proposed.
Terms of implementation: 05.03.2018 – 31.12.2020.
The amount of financing for the entire period of the project implementation for 2018 – 2020: 18,120 000 (eighteen million one hundred twenty thousand) tenge.
Including by years:
for 2018 – 6,000,000 (six million) tenge;
for 2019 – 6,054,000 (six million fifty-four thousand) tenge;
for 2020 – 6,066,000 (six million sixty-six thousand) tenge.
This report is the final one on the development of composite multifunctional coatings on titanium and its alloys. Based on the results of the work on the project, the following interim reports were prepared. 
The research report “To develop composite multifunctional coatings on titanium and its alloys”, 621.795.3, reg. No. 0218RK00186, 2018
In 2018, work was performed on the following main stages: 
1) studying the effect of electrolyte solutions for obtaining coatings on titanium and its alloys with improved physical and mechanical properties during PET according to literature data; 
2) studying the process of modification of the titanium and its alloy surface in a pulsed mode; 
3) investigating the surface microhardness of the coating; 4) conducting tribological tests of coatings.
The research report “To develop composite multifunctional coatings on titanium and its alloys”, 621.795.3, reg. No. 0219RK00267, 2019
In 2019, work was performed on the following stages: 
1) studying the effect of the composition of electrolyte solutions used in PET on the porosity of the oxide coating according to literature data; 
2) obtaining oxide coatings with different porosities; 
3) calculating the porosity of oxide coatings; 
4) investigating the effect of PET on the microhardness of the transition layer deep into the metal from the oxide-metal interface.
This report shows the research results for 2020.


THE MAIN PART OF THE SRW REPORT

1. Study the materials to fill the pores of the oxide coating according to the literature data. Results of the analysis of available materials to fill the pores of the coating to increase the protective properties according to the literature data
Technical solutions aimed to improve the protective, durable properties of products and mechanisms are aimed at creating surface oxide layers by various methods. Recently, the process of plasma electrolytic oxidation (microarc oxidation) in various electrolyte solutions has been increasingly used for this.
Plasma electrolytic oxidation (PEO) produces ceramic-like oxide layers with a wide range of properties. A distinctive feature of the process is that micro-discharges arising in the process of PEO have a significant and specific effect on phase and structure formation.
Along with the unique properties of the resulting coatings, the porosity of the oxide layers has a positive effect. Further processing of oxide layers makes them multifunctional [1 - 5]. At the same time, there is no clear distinction that the seal improves one or another property of the coating.
In this section, we will consider what materials and by what method are porous oxide layers obtained by the PEO method compacted.
In this direction, many works are devoted to improving the physical and mechanical properties of oxide coatings on valve metals by filling their pores with various materials. Thus, the authors of [6, 7] used epoxy resin as a sealant. The resulting oxide coating on the 7075 -T7351 Al alloy was additionally sealed by filling micropores and microcracks with epoxy resin [6]. Epoxy impregnation was performed by hand spraying at ambient temperature followed by drying in an oven at 180 °C. Micrographs of coatings are shown in Figure 1.
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a – oxide coating without pore compaction; b – oxide coating with pore compaction
Figure 1 – Micrographs of the surface structures of the samples
As shown in Figure 1, the large and small pores of the coating are filled with epoxy, however, resin agglomeration may form during filling (Figure 1b).
The composite coating obtained by filling the pores of the oxide layer with epoxy resin has optimal characteristics of corrosion fatigue in air and 5.0 wt.% of aqueous NaCl solution. Sealing of pores of the coating on cast Mg alloy AZ31B by applying paint (E-paint) showed thatthe composite coating has a higher fatigue strength in an aggressive environment of 3.5 wt.% NaCl in comparison with an untreated MAO coating and helps to slow down the occurrence of a fatigue crack [8]. 
To obtain a self-lubricating protective composite coating of polytetrafluoroethylene with PEO, it was successfully fabricated on the surface of pure titanium by combined methods: PEO, immersion, and sintering [9]. An alkaline solution was used to obtain the oxide coating by the PEO method. The coating was formed at a voltage of 420 V, a frequency of 500 Hz, and a coating formation time of 25 minutes. Oxide-coated samples were then immersed in a PTFE dispersion, heated to 50°C and held for 20 minutes, and then placed in a muffle furnace. The samples were heated in a muffle furnace from room temperature to 150°C at a heating rate of 5°C/min, the holding time at 150°C was 20 min. Then the temperature was increased to 3,50°C, the holding time at this temperature was 20 min. The samples were cooled to room temperature inside the oven. Tribological studies have shown that the wear rate of the PEO-PTFE coating is 5 times lower than that of the coating without compaction. The value of the coefficient of friction is also lower.
The aim [10] to improve the tribological properties of the MАO coating was filled with ultra-high molecular weight polyethylene. This composite material has been tested under various friction conditions and has shown a significant reduction in the coefficient of friction for many pairs of friction in various lubricating media.
To seal the pores of oxide coatings obtained by the PEO method, the method of electrophoretic polymer deposition can be used [11, 12]. To precipitate the polymer, a solution of the composition: 70-78 wt.% deionized water, 17-25 wt.% epoxy resin, 3.2 wt.% titanium dioxide, and 1.8 wt.% aluminum silicate. The deposition was performed at a voltage of 225 V for 2 minutes [11]. The curing of the polymer was performed in a drying chamber at a temperature of 179 °C for 30 minutes. Micrographs of unconsolidated and compacted coatings are shown in Figure 2.
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a – coating without compaction; b – coating with a seal
Figure 2 – Micrographs of the surface of the sample 
The results of thermal shock, abrasion, adhesion, impact resistance tests showed that the composite coating meets all the requirements. The resulting coating is recommended for surface treatment of magnesium alloys for serial cars [11]. In [12], polytetrafluoroethylene at concentrations of 10, 20, 30, and 40 g/l was used as a sealant. Precipitation was performed from an aqueous suspension with an anionic surfactant. Researchers have found that polymer-containing coatings reduce the corrosion current density by three orders of magnitude and wear rate by two orders of magnitude compared to base PEO coating. 
Additional sealing of PEO coatings by application of  DLC (Diamond-Like Carbon) layers in the magnetron installation enablesus to significantly increase the wear resistance and corrosion resistance of the coating in comparison with the uncoated sample [13].
Using MoS2 oxide layers on an alloy of valve metals as seals for oil or solid copper grease made it possible to increase the wear resistance of moving joints of machine parts by 1.7-4.5 times, reduce the friction coefficient by 30-50%, and improve corrosion resistance [14, 15].
Consolidation of PEO coatings, in addition to improving wear resistance, reducing roughness, significantly increases the corrosion resistance of oxide layers [16 - 18].
In [16], several methods of sealing (filling) the pores of oxide layers obtained on valve metals by the PEO method are considered. In a simple method, the pores of the coatings are sealed in liquid glass by the sol-gel method, which leads to an improvement in protective properties in aggressive liquids.  
In [19], several methods of densification of oxide layers on magnesium alloys are considered to improve the protective properties of coatings. As corrosion-resistant coatings, two-layer layers on the AZ31 magnesium alloy (3.1% Al; 0.73% Zn; 0.25% Mn; 0.02% Si), obtained by oxidation followed by the application of a polymer layer (MAO + polymer) [19]. The polymer layer on a polyester base was applied in an electrostatic field, followed by curing at   200°C for 20 min. The resulting coating has protective properties. Filling MAO coatings in a suspension electrolyte containing ZrO2 particles, silane (organosilicon compounds) significantly increased the corrosion-protective properties of the composite coating.  
Composite coatings obtained on the AZ91 alloy by micro-arc oxidation with subsequent compaction [20] are related to a significant increase in corrosion resistance. A self-assembled polyethyleneimine (PEI) / kappa carrageenan (KC) coating was applied as the second filler layer. The addition of a second coating layer also increases the adhesion strength of the MАO-coated specimen by filling the pores and increasing the mechanical adhesion of the coating to the substrate. 
To improve the corrosion resistance of PEO coatings on an alloy of a valve metal of magnesium, subsequent plasma treatment was performed for chemical vapor deposition to fill the pores of the oxide coating [21]. The fillers used were tetraethylorthosilicate (TEOS), hexamethyldisiloxane (HMDSO), and tetramethylorthosilicate (TMOS). It is shown that hexamethyldisiloxane, in comparison with other fillers, significantly improves the corrosion resistance of PEO coatings. 
It was demonstrated for the first time in [22] that this relatively thin composite coating based on PEO on magnesium alloy ZE41 has high barrier properties and provides excellent corrosion protection for 1 month of continuous exposure to 3% NaCl. This composite coating was obtained by sealing PEO coating with corrosion inhibitor 1, 2, 4 - triazole, and sealed with a sol-gel film based on silica modified with titanium oxide.
It was shown in [23] that sealing the oxide layer on a magnesium alloy enables obtaining a composite coating with superior corrosion resistance compared to an unsealed anode layer. The oxide coating was sealed with an epoxy dip seal. It has also been found that a multi-layer (three-layer) epoxy coating results in a more sealed coating. Sealing treatment in a solution containing 12 g/l La(NO3)3 at pH 4 at different temperatures and for different processing times, the oxide layer on the AZ91 alloy leads to a significant increase in corrosion resistance [23]. It has been shown that sealing treatment at 50 °C for 30 minutes is more promising for increasing the corrosion properties of the samples treated with PEO. PEO coatings were fabricated on samples of AZ91 magnesium alloy using an alkaline solution containing sodium hydroxide, sodium phosphates, and sodium silicates. 
The authors of [24], by modifying PEO coatings on titanium by means of densification (impregnation) in nitrate solutions followed by annealing, obtained oxide composites Co3O4 / SiO2 + TiO2 / Ti, CuO / SiO2 + TiO2 / Ti and Co3O4 + CuO / SiO2 + TiO2 / Ti. The morphological studies and the composition of the coating showed that the surface morphological structures with the highest contents of the transition metal can serve as catalytically active centers: “flakes” (Co3O4), “grains” (CuO), and “hedgehog”(Co3O4 + CuO). 
Currently, the PEO method is increasingly being used to form biologically active composite corrosion-resistant coatings on titanium, magnesium, and their alloys intended for the bioengineering of bone tissue. To impart specific properties to oxide coatings, an additional compaction process is used [25 - 27].
Thus, to improve the corrosion resistance and biocompatibility of implants, oxide coatings are compacted in a solution of 5–7 wt. % PCL in dichloromethane by immersion method. The filling time was 10 minutes, drying was performed at a temperature of 25°C – 40°C [28]. Additional sealing of the porous coating with superfine polytetrafluoroethylene powder significantly reduces the corrosion rate (> 4 orders of magnitude) of magnesium alloy in physiological solution [29]. The oxide coating was obtained on the surface of the Mg-Mn-Ce alloy during the PEO process in an electrolyte containing calcium glycerophosphate and sodium fluoride. And no doubt, the use of composite coatings to stimulate biological activity and control corrosion degradation of absorbable Mg implants is considered promising.  
Compaction of the oxide layer obtained by the PEO method on pure magnesium in a silane solution containing berberine at concentrations of 0 g/L, 2 g/L, 4 g/L, 6 g/L improves corrosion resistance and promotes bone growth [30]. It was shown that with an increase in the concentration of medicinal berberine, the surface pores of the coating became smaller and more uniform.
To obtain multifunctional coatings with improved biocompatible properties, it is proposed to include Ag, chitosan, and other bactericidal agents into coatings obtained by plasma electrolytic oxidation [31].
The results of tests for corrosion resistance in Hank’s saline solution showed positive results when sealing the pores of oxide coatings on magnesium in a 3 M NaOH solution at 60 °C for 1 h [32]. The compaction process seals smaller pores and reduces the size of medium and large pores.
In [33], to localize the degradation of magnesium-based implants in the body fluid, the oxide coating obtained on the surface of the implant by the PEO method was sealed. Poly-(L-lactide) (PLLA) polymer was used to fill the pores of the coating. To seal the pores in the PEO layer, the PLLA was coated by a two-stage centrifugation method. 
Poly-(lactic-co-glycolic acid) (PLGA) material, which is a biodegradable, biocompatible polymer, can also be used as a filler for a porous oxide coating [34]. The oxide coating on the titanium alloy was filled by immersion. The resulting composite coating improves the corrosion resistance of the product in Ringer’s solution. According to the authors, the formation of a hybrid polymer-oxide layer on the surface of the Ti-15Mo alloy is a promising approach for obtaining “smart materials”.
In [35], to improve the anticorrosive properties, bioactive PEO coatings were additionally compacted with ultradispersed polytetrafluoroethylene and composite coatings were obtained. Polymer on PEO coating was applied in two ways: 1) by immersion in a suspension based on isopropyl alcohol containing particles of UPTFE with a size of 0.2-0.6 μm (100-150 g/l) and OC-10 (6-8 g/l) followed by heat treatment in an oven at 200°C – 250°C for 3 minutes; 2) by the electrophoretic method with anodic polarization at 200 V from a suspension containing UPTFE particles (20 g/l), wetting agent OP-10 (1 g/l) and anionic surfactant (0.5l), for 25 s, followed by 15-minute heat treatment at 315°С. 
In [36], an effective method of sealing the pores of oxide MAO coatings on a magnesium alloy is considered. Composite coatings were obtained by sealing pores under low-pressure conditions using a sol-gel process. To prepare a solution to fill the pores, we used triethyl phosphite ((CH3CH2O)3P) and calcium nitrate (Ca(NO3)2), which were chosen as the source for P and Ca, respectively. In vitro electrochemical corrosion and bioactivity tests have shown that composite coatings not only improve corrosion resistance but also enhance the biological activity of AZ31 Mg alloy. 
The sealing of PEO coatings in SBF-liquid, which corresponds to the composition of Tadashi Kokubo, improves the biocompatibility of titanium implants. This solution is identical in its chemical composition to the human interstitial fluid (blood plasma). It was compacted by dipping [37]. Using artificial interstitial fluid, it is possible to obtain hydroxyapatite coatings on various surfaces. However, the process is rather slow – 7 days at a temperature of 37°C.
To improve the biocompatibility and corrosion resistance of oxide coatings on magnesium alloys obtained by the PEO method, they are filled with Mg-Al-layered double hydroxides (LDH) [38]. The special structure of the LDH provides a surface for drug delivery. 
At present, the All-Russian Research Institute of Aviation Materials (VRIAM) is the leading materials science center of the Russian Federation. Develops and supplies a wide range of metallic and non-metallic materials, coatings, technological processes and equipment, methods, and means of protection against corrosion damage and biological damage. VRIAM offers its developments for solving problems in aircraft and mechanical engineering, space industry, energy, construction, medicine, and other fields [39, 40]. Magnesium alloys are of great interest in modern aircraft construction due to their high specific strength characteristics; however, the issue of their protection against corrosion has not been completely resolved. The most promising method of protecting magnesium alloys is plasma electrolytic oxidation. In the work of VRIAM employees, the effectiveness of increasing the protective properties of a plasma electrolytic coating on a VML20 casting magnesium alloy by filling in a solution of sodium water glass was investigated [41]. It was found that after exposure in a 3% aqueous solution of NaCl for 48 hours, the most stable coating is treated in a solution of 2 g/L of sodium water glass. This makes it possible to increase the total resistance of the PEO coating by a factor of 7.3 relative to the unfilled one. Boiling treatment in distilled water also ensures the preservation of relatively high characteristics of the coating and makes it possible to increase the total resistance of the coating by a factor of 5.7, while better stability of the inner layer of the PEO coating is observed.
It is known that aluminum alloys are the main structural material of the aviation industry. Particular attention is paid to aluminum-lithium alloys and hybrid materials based on them, such as SIAL. The work [42] touches upon the issues of protecting such alloys from corrosion and imparting special properties to their surfaces. After anodic oxidation, compaction in a solution containing a plant extract, an aluminum indicator, and triethanolamine, coatings have high protective properties (after exposure for 432 hours in a salt fog chamber without corrosive damage) and when used for surface preparation, the strength of adhesive bonds was 34.0 MPa.
Analysis of the literature data showed that the coatings formed as a result of treatment with plasma electrolytic oxidation have different porosities. Sealing pores with various materials can give them certain functional properties. To impart anti-friction, wear-resistant, protective properties to coatings, polymeric materials can be used as sealing material: epoxy resin, polytetrafluoroethylene, ultra-high molecular weight polyethylene. Copper can be used as a solid lubricant when filling the pores of the coating, MoS2. 
A significant number of works are devoted to obtaining biologically active coatings on titanium and magnesium alloys. The application of oxide coatings followed by their densification with drugs and bactericidal agents improve the biocompatibility of orthopedic implants and reduce the rate of magnesium corrosion under physiological conditions. Seals made of polytetrafluoroethylene, polymer poly-(L-lactide), etc. significantly reduce the corrosion rate. 
To increase the protective properties of porous coatings, VRIAM researchers propose to seal them in a solution of the sodium water glass, triethanolamine. Compaction with these materials is performed by immersion in sealant solutions, or by the electrophoretic method. 







1 Obtain composite oxide coatings by filling pores
Obtaining composite oxide coatings was performed in two stages: Stage 1 – obtaining an oxide coating by the PEO method; Stage 2 – filling the pores of the oxide coating with polymeric materials.
- The first stage of obtaining a composite oxide coating
At the first stage, the oxide coating was obtained by PEO on a setup consisting of a two-electrode electrochemical cell and a power source (Figure 3). The cell consisted of a bath, an auxiliary electrode made of 12Kh18N10T stainless steel (in the form of a sheet 2 mm thick bent along the walls and bottom of the bath at right angles), and a working electrode — a sample of metal and its alloy, and an electrolyte cooling system. A thyristor-type "Korund M0" switching power supply was used as a power source. 
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1 – Korund M0 power supply; 2 – electrochemical cell
Figure 3 – Installation for modification of the titanium and its alloy surface
"Korund M0" power supply enables to form alternating positive and negative trapezoidal voltage pulses. When using pulses of this form, the maximum full use of the supplied energy occurs, while the duration of the pause between the pulses is sufficient so that strong overheating of the near-electrode layer does not occur. 
The technical data of the power supply unit are as follows: 1) output voltage – pulse bipolar, frequency (50 ± 0.5) Hz; 2) value of the positive voltage pulse (600 ± 60) V; 3) value of the positive current pulse (800 ± 80) A; 4) duration of the positive current pulse (250 ± 25) μs; 5) value of the negative voltage pulse (300 ± 30) V; 6) the magnitude of the negative current pulse (44 ± 4) A; 7) duration of the negative current pulse (5 ± 0.5) μs; 8) power consumed from the network does not exceed 9 kVA.
A sample attachment system was used, which consisted of a suspension rigidly fixed on a copper rod to ensure a rigid contact of the sample with the current - carrying part of the power source.
The thickness of oxide coatings was measured using a NOVOTEST TP-1 thickness gauge with an NF-2 sensor with digital indexing of indicators. When measuring the thickness of the oxide coatings, 7 measurements were performed on both sides of the sample. The arithmetic mean of the coating thickness was calculated. For surface modification by the PEO method, samples of a titanium alloy VT1-0 (Grade 2) and VT5 (Grade 6) of rectangular shape with a thickness of 0.3 cm and sizes of 2x4 cm and 1.5x4 were subjected. The composition of the alloys is given in Table 1. 
Table 1 – Composition of alloys
	Grade
	Mass fraction of chemical elements, %

	
	Ti
	Al
	V
	Mo
	Zr
	Si
	Fe
	oxygen
	hydrogen
	nitrogen
	carbon
	other impurities

	VT1-0
	basis
	-
	-
	-
	-
	0.10
	0.25
	0.20
	0.010
	0.04
	0.07
	0.30

	VT5
	basis
	4.5-6.2
	1.2
	0.8
	0.30
	0.12
	0.30
	0.20
	0.015
	0.05
	0.10
	0.30


The samples were preliminarily subjected to grinding to remove the oxide film and scratches. Then the surface was cleaned from organic contaminants, the samples were washed with distilled water, a solution of ethyl alcohol C2H5OH, and again with distilled water. Samples were dried at room temperature. 
When choosing electrolyte solutions, the combination of such indicators as porosity and physical and mechanical characteristics of coatings, which were studied by us in previous years, was taken into account. The planimetric method was used to calculate the porosity of the coatings [43]. The total porosity was determined from the analysis of micrographs as the ratio of the area of the pore image Fp to the total area of the observation site F. This method is laborious, but the results obtained are reliable and accurate [43].
Electrolyte solutions that were used to form an oxide layer on titanium alloys are shown in Table 2. For the preparation of electrolyte solutions, we used chemical reagent brands P, CP, RG.
The process of plasma electrolytic oxidation on all samples was performed under the following conditions: duration of the anodic current pulse – 250 ± 25 μs; duration of the impulse of the cathodic current – 5 ± 0.5 ms; pulse repetition rate is 50 ± 0.5 Hz; duration of the pause between the anodic and cathodic currents – 250 ± 25 μs. The electrolyte temperature was maintained within the range of 20 – 30 °C. The processing time for all samples was 600 sec. The voltage and current density of the PEO process depend on the electrolyte solution used and the basis of the processed material. The conditions of the PEO process and the obtained properties of the coatings are shown in Table 2.
Table 2 – Conditions of the PEO process and the properties of oxide coatings on samples of titanium alloys VT1-0 and VT5
	Electrolyte composition and number
	Voltage, V
	Current density, A/dm 2
	Coating thickness, microns
	Coating porosity ΔS, %

	
	VT1-0
alloy
	VT5
alloy
	VT1-0
alloy
	VT5
alloy
	VT1-0
alloy
	VT5
alloy
	VT1-0
alloy
	VT 5
alloy

	1) Na2HPO4.12H2O (40 g/l) + Na2B4O7.10H2O (30 g/l) + H3BO3 (22 g/l) + NH4F (10 g/l)
	360
	360
	113
	115
	19.0
	24.5
	6.2
	5.4

	2) Na3PO4.12H2O (70 g/l) + Al2O3 (20 g/l)
	360
	360
	110
	113
	15
	10
	4.4
	12.1

	3) Na2HPO4.12H2O (40 g/l) + Na2B4O7.10H2O (30 g/l) + H3BO3 (22 g/l) + NH4F (10 g/l)+ NaVO3 (1.0 g/l)
	360
	360
	84
	86
	20.5
	23.5
	7.4
	7.7


On samples from VT1-0 dense uniform coatings of light gray color are formed. On samples of VT5 alloy, dense uniform quartz-colored coatings (gray shade) were obtained. Administration of  NaVO3to the solution (solution No.3, Table 2) enables to obtain black coatings on VT1-0 and VT5 titanium alloys. Obtaining black coatings is due to the introduction of vanadium oxide into the coating, which is formed under the influence of high temperatures during a microarc discharge. Currently, the production requires black coatings on titanium, which must be obtained on various instrument cases, optical instruments, etc.
- The second stage of obtaining a composite oxide coating
At the second stage of obtaining a composite oxide coating on samples from titanium alloys, the pores of the oxide coating were filled with polymer materials. The pores of the oxide coating were filled by immersion in polymer solutions. For this, polymer solutions were preliminarily prepared. Fluoroplastic F-32 and epoxy resin ED-20 with hardener PEPA (polyethylene polyamine) were chosen as polymers.
It is known that fluoroplastics have a unique set of properties. This is unsurpassed chemical resistance, excellent antifriction, anti-adhesive, dielectric and insulating properties, hydrophobicity, as well as the ability to maintain these properties in a wide temperature range, from – 260°С to + 260°С [44, 45].
Fluoroplast–32L[(-CF2-CFCl)n-CF2-CH2-]m — copolymer of trifluorochlorethylene and vinylidene fluoride is a soluble polymer with high elasticity, possessing an extremely low diffusion coefficient, and is readily soluble in esters, ketones, and freons [46]. It has a high resistance to concentrated sulfuric, nitric, hydrochloric, acetic acid, alkalis, and other aggressive media. The dielectric properties of fluoroplastic are retained in high humidity conditions. High weather resistance. For sealing, fluoroplastic–32L of N grade (with low molecular weight) was used, which has increased manufacturability [47].
The second polymer, epoxy resin, chosen as a filler for pores of oxide coatings, occupies a leading place among the mass of various polymeric materials because it possesses unique physical and mechanical properties and broad technological capabilities [48]. The characteristics of the cured resin ED-20 are the following: strong adhesion to metal, plastic; refractoriness; the ability to maintain adhesion and tightness for a long time; thermal conductivity, and thermal resistance. A distinctive feature of epoxy resins during curing is the absence of volatile matter emission and low shrinkage (0.1 – 3%) [48].
Acetic acid butyl ester (GOST 22300-76) and fluoroplastic F-32LN (OST 6-05-432-78, powder fineness 30 - 40 μm) were used to prepare the fluoroplastic solution. Fluoroplastic F-32LN in an amount of 9-10 grams was dissolved in 100 ml of acetic acid butyl ester to prepare a polymer solution. First, the PEPA hardener was poured into the ED-20 resin (GOST 10587-84) very slowly, constantly stirring to prepare a solution of epoxy resin. Then, acetic acid butyl ester was slowly poured into the resulting homogeneous mixture of resin and hardener, constantly stirring until a homogeneous solution was obtained. The quantitative ratios of the prepared solution were: ED-20 - 16-20 g; hardener PEPA 3 - 4 g (20 % of resin weight); acetic acid butyl ester - 50 ml. 
When obtaining oxide-polymer composite coatings on VT1-0 and VT5 titanium alloys, 3 batches of samples were obtained for each alloy: 1 batch — oxide-polymer coatings with one layer of fluoroplastic; 2nd batch — oxide-polymer coatings with two layers of fluoroplastic; 3rd batch - oxide-polymer coatings with one layer of epoxy resin.
Obtaining an oxide-polymer coating was performed by immersing a sample with an oxide coating in a polymer solution for 5 - 7 minutes. Specimens with an oxide coating were preliminarily heated to a temperature of 40 °C – 50 °C before compaction. In the process of compaction in the polymer solution, the pores of the oxide coating are filled with the polymer. Further, during drying, the polymerization process is performed. Polymerization time for fluoroplastic was 60 minutes, for epoxy resin 30 hours at room temperature.
The preparation of the second layer of fluoroplastic was performed by immersing the samples in the fluoroplastic solution after the polymerization of the first layer of polymer for 1 - 2 minutes. In this case, the sample was not heated before immersion in the solution. Then the sample was dried at room temperature for 60 minutes.
Figure 4 shows photographs of samples with an oxide coating obtained in electrolyte No.1 (Table 2) on VT1-0 alloy, without polymer and with an oxide - polymer coating. 
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	a
	b
	c
	d


a — a sample with an oxide coating; b — a sample with an oxide-polymer coating with 1 layer of fluoroplastic; c — a sample with an oxide-polymer coating with 2 layers of fluoroplastic; d — a sample with an oxide-polymer coating with 1 layer of epoxy resin
Figure 4 — Samples with coatings
Under Figure 4, it can be seen that microroughness of the oxide coating are filled with the polymer.
Thus, three batches of composite oxide-polymer coatings were obtained. 

2 Investigate the corrosion behavior of composite coatings
2.1 The corrosion resistance of titanium
Titanium is highly resistant to corrosion in many corrosive environments. This is due to the presence of an oxide film on the metal surface [49 - 51].
Titanium and titanium alloys are corrosion resistant in the atmosphere and seawater. Besides, titanium is stable in many dilute acids. It differs in stability in nitric acid of any concentration and temperature. When interacting with fuming nitric acid, supersaturated with free nitrogen dioxide, titanium reacts violently. In hydrochloric acid, titanium is resistant only under the following conditions: temperature 333 K, and concentration not higher than 3%; temperature 373 K and acid concentration not higher than 0.5% [49]. 
At low temperatures (up to 308 K), titanium is resistant to phosphoric acid at a concentration of up to 30%. Titanium corrodes in hydrofluoric acid. Even in 1% HF, titanium corrosion proceeds at a high rate. Metal corrodes in sulfuric acid. The most intense dissolution of titanium in sulfuric acid is observed in dilute sulfuric acid (20% — 50%) [50]. When interacting with most organic acids (tartaric, acetic, lactic), titanium corrosion is very weak.
Titanium is resistant to most dilute alkalis. However, when heated and the concentration of alkali increases, titanium dissolves to form a salt Na2TiO3.
The corrosion resistance of titanium can be increased by introducing alloying additives into it [51, 52]. Aluminum, vanadium, molybdenum, silicon, chromium, zirconium, and others can be used as alloying additives. The introduction of alloying additives in titanium smelting, in addition to corrosion resistance, has a positive effect on the mechanical characteristics of titanium alloys. But it should be borne in mind that alloying titanium leads to a significant increase in their cost and an increase in the mass of the material, which is of no small importance in space technology.
However, the corrosion resistance of titanium is highly dependent on the nature of the corrosive environment. Besides, the corrosion behavior of titanium also depends on its structural state. 
3.2 Corrosion behavior of the obtained composite and oxide coatings
The corrosion resistance of oxide and composite coatings was investigated by two methods:
1) In salt fog at a temperature of (35 ± 2)°С for 1,000 hours under GOST 9.308-85, neutral salt fog. Oxide coatings without polymer compaction were subjected to this test.
2) By gravimetric method in sulfuric acid solution. Composite oxide-polymer coatings were tested.

3.2.1. Corrosion tests of samples with an oxide coating under GOST 9.308-85
Oxide coatings on VT1-0 and VT5 titanium alloys without compaction, obtained by the PEO method at the first stage, were subjected to corrosion testing under GOST 9.308-85. The conditions to perform PEO and the compositions of electrolytes are described above, are given in Table 2.
The corrosion resistance of samples with oxide coatings was performed under the influence of neutral salt fog at a temperature of (35 ± 2)°C for 1,000 hours in an Ascott CC 450 chamber. The tests were performed at MANEL JSC (Tomsk, Russian Federation). We have long-term good scientific relations with this enterprise, the tests were performed free of charge. Cameras manufactured by Ascott (UK) are one of the most modern and versatile salt spray systems, their design is impeccable, and the quality is at the highest level. 
Samples with coatings were placed in the chamber at a distance of at least 20 mm from each other, from the walls — at least 100 mm, from the bottom of the chamber at least 200 mm, and kept at a temperature of (35 ± 2) оС in a continuously sprayed solution with a concentration of chloride sodium (50 ± 5) g/dm3. The pH of the solution was 6.5-7.2. The salt spray was sprayed in such a way that the volume of condensate during the operation of the chamber for 24 hours was 1.2-1.5 cm3/h. The change in the state of the coatings was determined by visual inspection after 2, 24, 96, 294, 460, 720, 1,000, and 1,500 hours of testing. For this, the samples were removed from the chamber, washed with tap water to remove the brine, and dried with filter paper, and the appearance was assessed for the presence of corrosion damage according to the following indicators: color change, corrosion by dots, and spots.
Visual inspection of oxide coatings after the stages of corrosion tests after 2, 24, 96, 294, 460, 720, 1,000, 1,500 hours showed no traces of corrosion destruction.
Table 3 shows the results of corrosion tests.
Table 3 – Results of corrosion tests
	Test stage, hours
	The appearance of the samples treated with PEO
	Coating appearance

	1
	2
	3

	0
	[image: ]
	Initial samples

	2
	[image: ]
	Without changes


Table continuation 3
	1
	2
	3

	24
	[image: ]
	Without changes

	96
	[image: ]
	Without changes

	
294
	[image: ]
	Without changes

	460
	[image: ]
	Without changes

	720
	[image: ]
	Without changes

	1,000
	[image: ]
	Without changes

	1,500
	[image: ]
	Without changes


Thus, all samples with an oxide coating under conditions of exposure to neutral salt fog at a temperature of 35°C for 1,500 hours at a solution concentration of 50 g/l sodium chloride, solution pH 6.5-7.2 proved to be corrosion-resistant.
3.2.2 Corrosion testing of samples with a composite oxide-polymer coating by the gravimetric method
For a correct assessment of the corrosion resistance of a material, it is important to choose the correct corrosion indicator. Corrosion resistance indicators, taking into account [53]:
- change in sample weight;
- amount of oxygen absorbed in the process of corrosion, or released hydrogen;
- changes in the mechanical properties of the material as a result of corrosion;
- change in the electrical resistance of the material as a result of corrosion;
- depth of development of corrosion destruction;
- time required for the development of corrosion on a certain part of the surface. 
In studying the corrosion behavior of the obtained coatings on VT1-0 and VT5 titanium alloys, we chose the gravimetric method. This method is the easiest to implement and illustrative for determining the corrosion resistance of materials. When using this method, the corrosion rate of a material is characterized by a mass index, which determines the mass of corroded material per unit area per unit time [53, 54].
Corrosion resistance was evaluated by conducting accelerated laboratory tests. Samples in the experiment were batches of plates with coatings obtained on VT1-0 and VT5 titanium alloys of four types: 1) oxide coating without compaction (hereinafter – OC); 2) oxide-polymer coating compacted with epoxy resin (hereinafter – OPC-ER); 3) oxide-polymer coating compacted with fluoroplastic F-32 – 1 layer (hereinafter – OPC-F-32 – 1 layer); 4) oxide-polymer coating compacted with fluoroplastic – 2 layers (hereinafter – OPC-F-32 – 2 layers).
A 24% sulfuric acid solution was used as a corrosive medium. It is known that the rate of corrosion processes is strongly influenced by the process temperature. With an increase in temperature, the processes of corrosion destruction proceed much faster. In this regard, corrosion tests were performed at temperatures of a sulfuric acid solution of 39°C and 75°C. Oxide coatings during PEO are formed with different pore sizes and porosities. Corrosion processes occur at the bottom of the pores, dissolution of the base material (metal) occurs. This leads to separation (destruction) of the coating.
To assess the level of corrosion resistance of all samples, a test bench was assembled (Figure 5). The stand included an electric heating surface; a cylindrical container filled with water; two flasks with an aggressive medium. The flasks were equipped with a reflux condenser. The position of the flasks was fixed by the upper and lower tripod holders. The water temperature was monitored with a thermometer installed near the flask. The duration of the test in an aggressive environment was taken as 50 minutes. The test time was chosen based on the condition that the weight loss of the VT1-0 and VT5 alloys were measured reliably. For each batch of samples, the aggressive solution was replaced with a fresh solution every 24 hours. Since the experiment was performed in an aggressive hot solution of sulfuric acid, a polymer-insulated wire was used to fix the samples in the flask, and the upper part of the samples at the attachment point was insulated with a polytetrafluoroethylene tape. Three samples from each type of coating batch were subjected to corrosion tests.
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1 – flask with an aggressive solution; 2 – test sample; 3 –container with water; 4 – heating element; 5 – reflux condenser; 6 – water for cooling; 7 – tripod; 8 – holders

Figure 5 – Test bench for determining the corrosion resistance of materials in an aggressive environment

After holding in a corrosive environment, the samples were removed from the flask and washed with water. Further, corrosion residues were removed from the test specimens. After the removal of corrosion products, the samples were dried. The corrosion products in these tests were detached coatings. Weighing the mass before testing and after testing the coatings was performed on an analytical balance with an accuracy of 0.0001 g. Each sample was measured 3 times. The arithmetic mean values of the sample masses were calculated (Table 4). Negative corrosion values were calculated based on these values. The results of all tests are shown in Tables 4 to 9.
Table 4 – Corrosion indicators for coatings on VT1-0 alloy obtained in electrolyte 1
	VT1-0 alloy. Electrolyte 1: Na2HPO4.12H2O + Na2B4O7.10H2O + H3BO3 + NH4F

	Coating type
	Тcor=390 С
	Тcor=750С

	
	m0aver., g
	Mcor. aver., g
	Δmaver., g
	
, g/m2·h
	m0aver., g
	mcor. aver., g
	Δmaver., g
	
, g/m2·h

	OC
	10.8831
	10.8814
	0.0017
	2.36
	10.4651
	10.4489
	0.0162
	21.18

	ОPC-ER
	10.9136
	10.9133
	0.0003
	0.45
	11.2544
	11.2527
	0.0017
	2.06

	ОPC-F-32-1 layer
	11.8201
	11.8193
	0.0008
	0.87
	10.9031
	10.8979
	0.0052
	6.19

	ОPC-F-32-2 layers
	11.1007
	11.1002
	0.0005
	0.65
	11.5341
	11.5312
	0.0029
	3.83




Table 5 – Corrosion indicators for coatings on VT1-0 alloy obtained in electrolyte 2
	VT1-0 alloy. Electrolyte 2: Na3PO4.12H2O  + Al2O3

	Coating type
	Тcor=390 С
	Тcor=750С

	
	m0aver, g
	mcor.aver., g
	Δmaver, g
	
, g/m2·h
	m0aver, g
	mcor.aver, g
	Δmaver., g
	
, g/m2·h

	OC
	11.6272

	1.6266

	0.0053

	0.92
	9.7041
	9.6989
	0.0052
	8.31

	ОPC-ER
	12.0367
	12.0365
	0.0002
	0.18
	10.1089
	10.1078
	0.0011
	1.61

	ОPC-F-32-1 layer
	10.6222

	10.6221

	0.0001

	0.17
	10.7496
	10.7455
	0.0042
	4.96

	ОPC-F-32-2 layers
	10.5323

	10.5323

	0.0
	0.0
	12.9727
	12.9687
	0.004
	4.09



Table 6 – Corrosion indicators for coatings on VT1-0 alloy obtained in electrolyte 3
	VT1-0 alloy. Electrolyte 3: Na2HPO4.12H2O + Na2B4O7.10H2O  + H3BO3 + NH4F + NaVO3

	Coating type
	Тcor=390 С
	Тcor=750С

	
	m0aver., g
	mcor.aver., g
	Δmaver., g
	
, g/m2·h
	m0aver., g
	mcor.aver., g
	Δmср, g
	
, g/m2·h

	OC
	10.4147
	10.4126
	0.0021
	2.47
	10.5614
	10.5265
	0.0349
	45.54

	ОPC-ER
	10.3991
	10.3990
	0.0001
	0.12
	11.3343
	11.3340
	0.0003
	0.39

	ОPC-F-32-1 layer
	11.1430
	11.1409
	0.0021
	2.39
	10.3231
	10.3140
	0.0091
	11.92

	ОPC-F-32-2 layers
	10.1472
	10.1454
	0.0018
	2.15
	10.2398
	10.2352
	0.0046
	6.24



Table 7 – Corrosion indicators for coatings on VT5 alloy obtained in electrolyte 1
	VT5 alloy. Electrolyte 1: Na2HPO4.12H2O + Na2B4O7.10H2O + H3BO3 + NH4F

	Coating type
	Ткор=390 С
	Ткор=750С

	
	m0aver., g
	mcor.aver., g
	Δmaver., g
	
, g/m2·h
	m0aver., g
	mcor.aver., g
	Δmср, g
	
, g/m2·h

	OC
	10.1657
	10.1136
	0.0521
	67.94
	10.1888
	10.1070
	0.0818
	106.70

	ОPC-ER
	8.8847
	8.8809
	0.0038
	4.53
	8.7275
	8.6738
	0.0537
	67.01

	ОPC-F-32-1 layer
	10.3289
	10.2891
	0.0398
	45.33
	8.4935
	8.4332
	0.0603
	90.89

	ОPC-F-32-2 layers
	9.0212
	8.9865
	0.0347
	41.33
	9.9788
	9.9390
	0.0398
	49.52









Table 8 – Corrosion indicators for coatings on VT5 alloy obtained in electrolyte 2
	VT5 alloy. Electrolyte 2: Na3PO4.12H2O  + Al2O3

	Coating type
	Тcor=390 С
	Тcor=750С

	
	m0aver., g
	mcor.aver., g
	Δmaver., g
	
, g/m2·h
	m0aver., g
	mcor.aver., g
	Δmср, g
	
, g/m2·h

	OC
	9.4166
	9.4152
	0.0014
	1.65
	7.9417
	7.9371
	0.0046
	8.97

	ОPC-ER
	10.2485
	10.2485
	0.00
	0.00
	9.7445
	9.7439
	0.0006
	0.79

	ОPC-F-32-1 layer
	9.3003
	9.2987
	0.0016
	1.82
	7.1849
	7.1812
	0.0037
	8.88

	ОPC-F-32-2 layers
	9.0533
	9.0525
	0.0008
	1.09
	9.4746
	9.4691
	0.0055
	6.31


Table 9 – Corrosion indicators for coatings on VT5 alloy obtained in electrolyte 3
	VT5 alloy. Electrolyte 3: Na2HPO4.12H2O + Na2B4O7.10H2O  + H3BO3 + NH4F + NaVO3

	Coating type
	Тcor.=390 С
	Тcor.=750С

	
	m0aver., g
	mcor.aver., g
	Δmaver., g
	
, g/m2·h
	m0aver., g
	mcor.aver., g
	Δmср, g
	
, g/m2·h

	OC
	9.1639
	9.1079
	0.056
	80.80
	7.3910
	7.2951
	0.0959
	201.27

	ОPC-ER
	8.9135
	8.9135
	0.00
	0.00
	10.5198
	10.4996
	0.0202
	25.20

	ОPC-F-32-1 layer
	10.2665
	10.2326
	0.0338
	30.86
	10.3446
	10.2672
	0.0774
	84.74

	ОPC-F-32-2 layers
	7.8263
	7.8235
	0.0028
	6.20
	9.1840
	9.1159
	0.068
	82.00


The coatings were conditionally divided into 4 categories to identify the nature of corrosion destruction according to the results of the calculated data presented in Tables 4 - 9 and visual external inspection. 
1) Corrosion rate (K –m) is zero. Separation (destruction) of the coating does not occur. The integrity of the coatings is not damaged over the entire surface of the sample. These include the coating on VT1-0 alloy, obtained in electrolyte No.2, compacted with F-32 – 2 layers atТcor.=390С (Table 5). This category also includes coatings on VT5, obtained in electrolytes No.2 and No.3, compacted in epoxy resin at Тcor.=390С (Table 8, 9). 
2) Negative corrosion rate is within the following limits: 0.17 g/m2∙h – 4.96 g/m2∙h. The coating does not separate from the base on samples. The integrity of the coatings is maintained. On all samples after corrosion tests, a change in the color of the coatings is observed. The coatings after corrosion tests become lighter. The change in the weight of the sample can be explained by the partial insignificant dissolution of the metal base through the pores, which does not lead to delamination and destruction of the oxide layer, but a change in the color of the coating occurs.
3) Negative corrosion rate is within the following limits: 6.19 g/m2∙h – 11.92 g/m2∙h. All samples demonstrate a color change. Partial (micro) destruction of coatings is observed. The diameter of point fractures is about 1 mm, and they are located mainly along the edges of the sample.
4) Negative corrosion rate is within the following limits: 21.18 g/m2∙h – 201.27 g/m2∙h. At these values of the corrosion index, the delamination of the coating from the base is observed. The integrity of the coatings is broken.
Comparative diagrams based on the data in Tables 4 - 9 are shown in Figures 6 - 7.
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а – the temperature of corrosion testing Тcor.=39°С; b - the temperature of corrosion testing Тcor.=75°С
Figure 6 – Corrosion resistance of coatings obtained on VT1-0 alloy 
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а – the temperature of corrosion testing Тcor.=39°С; b – the temperature of corrosion testing Тcor.=75°С
Figure 7 – corrosion resistance of coatings obtained on VT5 alloy
As it is seen in figures 6, 7, the analysis of the results of corrosion tests with usage of weight method indicates that the greatest resistance in an aggressive environment is showed by oxide coatings on VT1-0 alloy obtained in electrolytes 1 - 3 (Table 2) and sealed in epoxy resin at corrosion test temperatures of 39 °С, 75°С. The negative corrosion index for these samples is in the range of 0.12 g/m2∙h – 2.06 g/m2∙h. The visual inspection of these coatings after corrosion tests showed that no visible damage to the coating was detected during the test time. Oxide coatings on VT5 alloy obtained in electrolyte No.2 (Table 2) and sealed in epoxy resin are corrosion-resistant at test temperatures of 39 °С and 75°С (= 0.0 g/m2 ∙ h – 0.79 g/m2∙h).
Fluoroplasticsealing improves the corrosion-resistance properties of coatings on both VT1-0 and VT5 alloys compared to coated samples without sealing. The application of a double layer of F-32 tends to improve the corrosion-resistance of ОPC in comparison with a single layer of F-32. As the temperature of the aggressive medium increases, the rate of corrosion increases (Figure 6, 7).
The comparison of data on the corrosion resistance of oxide coatings without sealing and with sealing obtained in various electrolytes shows that the best result is observed in OC, ОPC obtained in electrolyte No.2. This is quite consistent with the values of the surface porosity of these coatings on VT1-0 titanium alloy (Table 2). However, VT5 alloy has more increased porosity of  OC in electrolyte No.2 than that of OC obtained in electrolytes No.1 and No.3. This is because the pores, which are formed with the growth of the oxide layer in the PEO process in this electrolyte, are to a greater extent not through.
Based on the results of corrosion tests, the following statements can be made. Oxide coatings are proved to be corrosion-resistant coatings as was shown by the results of tests in the salt mist under standard GOST 9.308-85
The tests, which were performed in the aggressive environment at a temperature of 39°С, 75°С, showed that coatings on VT1-0 alloy, both oxide and oxide-polymer, are more corrosion-resistant than similar coatings on VT5 alloy. All the types of coatings obtained on VT1-0 alloy are corrosion-resistant at the test temperature of 39°С (Tables 4 − 6). The following types of coatings on VT5 alloy are corrosion – resistant: oxide coatings obtained in electrolytes 1- 3 (Table 2), sealed with epoxy resin at a test temperature of 39°С (Tables 7 – 9); oxide coatings obtained in electrolyte No.2 (Table 2), sealed in all polymers at a test temperature of 39°С (Table 8). 

4	Summarize and analyze the research results
This section of the report contains the summary results for the entire project implementation period.
According to the research results for 2018, it is shown that in the pulsed mode of PEO on the installation shown in Figure 3, oxide coatings with improved physical and mechanical properties were obtained on titanium alloys VT1-0 and VT5 in comparison with uncoated samples. The formation of oxide coatings was performed at current densities in the range of 84 – 115 A/dm2 and a voltage of 360 – 366 V. The current and voltage densities depend on the composition of the electrolyte solutions used. The solutions shown in table 10 were used as electrolytes.
Table 10 – electrolyte compositions
	Electrolyte No.
	Electrolyte composition

	1
	Na2HPO4.12H2O (40 g/l) + Na2B4O7.10H2O (30 g/l) + H3BO3 (22 g/l) + NH4F (10 g/l)

	2
	Na3PO4.12H2O (70 g/l) +Al2O3 (20 g/l, degree of dispersion 1,1 – 1,5 µm)

	3
	Na3PO4.12H2O (70 g/l) + Al(OH)3 (20 g/l)

	4
	Na2HPO4.12H2O (40 g/l) + Na2B4O7.10H2O (30 g/l) + H3BO3 (22 g/l) + NH4F (10 g/l)+Al2O3 (20 g/l)

	5
	Na2HPO4.12H2O (40 g/l) + Na2B4O7.10H2O (30 g/l) + H3BO3 (22 g/l) + NH4F (10 g/l)+ NaVO3 (1,0 g/l)

	6
	Na2HPO4.12H2O (40 g/l) + Na2B4O7.10H2O (30 g/l) + H3BO3 (22 g/l) + NH4F (10 g/l)+ER


The thickness of the coatings obtained on VT1-0 and VT5 alloys was 10.0 – 24.5 µm. the studies of the physical and mechanical properties of coatings were performed using modern methods: high-temperature tribometer ТНТ-S-АХ0000; contactless 3D-profilometer MICRO MEASURE 3D station; hardness tester Vickers KB 30S Pruftechnik GmbH at the Institute of strength physics and materials science in Tomsk (Russian Federation), due to the lack of certified tribology testing equipment in Kazakhstan.
In the literature data, in 2018, it was stated that tribological  analysis is not always performed when studying the wear resistance of coatings. High microhardness PEO coatings containing rutile TiO2 in their composition are considered to be wear-resistant. However, microhardness of the coating is not always proportional to the wear-resistance. Therefore, it was relevant to conduct tribological tests.
Tribological tests had the following conditions: load 1N, linear speed 4 cm/s, measurements were taken at a temperature of 25°С, air humidity 50%, track radius 3 mm, number of rotations 1000. Wear resistance was estimated by the square of the track depth, which was measured using a contactless 3D-profilometer MICRO MEASURE 3D. The program automatically determined the depth area of the track, at nine points equally spaced from each other along the entire length of the track. Figure 8 shows comparative diagrams of the wear resistance of oxide coatings on VT1-0 and VT5 alloys.
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а on VT1-0 alloy; B – on VT5 alloy in various electrolytes (Table 10)
Figure 8 – comparative data on the wear resistance of oxide coatings obtained 
Figure 8 shows that the PEO process in pulsed mode enables to obtain wear-resistant coatings on titanium alloys VT1-0 and VT5 in comparison to the uncoated sample. The best result, where the wear resistance increases by 15 times, was obtained on sample No.2 on VT1-0 alloy. This coating is formed in an electrolyte containing sodium phosphate acid with the addition of aluminum oxide powder. Aluminum oxide embedded in the coating affects the wear resistance of the coating. The maximum wear resistance of oxide coatings on VT5 alloy is observed in sample No.5, and the wear resistance increases by 6 times compared to the material without coating.
The friction coefficient curves obtained by us showed that the oxide coatings do not break down to the base (Figure 9).
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а − on VT1-0 alloys; b – on VT5 alloys 
Figure 9 - Curves friction coefficient for coating obtained in various electrolytes (Table 10)
In Figure 9 one can observe the process of the break-in of the product/counterbody pair, coatings adapt to each other while rubbing. At the break-in stage, there is a non-stationary state of the tribological system, which is accompanied by a high wear rate. Then the stage of steady wear begins, this stage has the longest duration. It is characterized by stable friction conditions and almost constant and relatively low wear intensity. There is no sharp increase in the coefficient of friction after the stage of steady wear begins, this indicates that the destruction of the coating does not occur.
Comparing the results of tribological tests with other works [55], in which an increase in wear resistance was obtained by 10, we obtained more improved results on VT1-0 alloy. We also note that in work [55], an increase in wear resistance was obtained due to subsequent heat treatment of the oxide coating formed in the PEO mode.
The studies of coating sealing in polymer have shown that composite oxide-polymer coatings on VT1-0 (Figure 8A, sample No.6), VT5 (Figure 8b, sample No.6) increase wear resistance compared to samples with an oxide coating without sealing (Figure 8A, 8b samples No.1) due to the reduction of the friction coefficient.
The studies of the surface microhardness of oxide coatings obtained on VT1-0 and VT5 alloys in various electrolytes have shown that all obtained coatings show an increase in the surface microhardness of both VT1-0 and VT5 alloys in comparison with uncoated samples. The microhardness increases by 2 – 3.3 times compared to the uncoated sample.
The increase in the microhardness and wear resistance of oxide coatings is directly related to the composition of the coating. The energy-dispersive analysis of oxide layers on VT1-0 and VT5 titanium alloys was performed with the use of a Hitachi TM3030 scanning electron microscope with Oxford Instruments energy-dispersive analysis attachment in 2019, it showed that the coating includes components of both the metal base and the electrolyte solution. So the main elements of the electrolyte No.1 contained in its composition are oxygen and titanium, other elements are boron, phosphorus, fluorine, and sodium. Similar results were obtained for other electrolyte solutions. The X-ray phase analysis performed on a D8 ADVANCE ECO diffractometer (Bruker) showed the presence of titanium dioxide in the anatase and rutile modifications in all oxide coatings on VT1-0 and VT5 alloys (Figure 10). These data were obtained by the branch of the Institute of nuclear physics in Nur-Sultan city.
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a – on VT1-0 alloys; b – on VT5 alloys
Figure 10 – X-ray patterns of oxide coatings obtained in the electrolytes 1 - 5 (Table 10)
The study of micrographs of oxide coatings on VT1-0 and VT5 alloys showed that the formed coatings have a porosity in the range of 4.41 – 12.2 %. The pores have a round shape. The average pore diameter ranges from 0.09 to 0.7 µm. The number of pores per 1 cm2 of the coating is 6,2·106 – 2,5·107. The coatings obtained in solutions containing calcium compounds (Na2HPO4.12H2O + Al(OH)3 + C12H22CaO14), as well as liquid glass-based electrolyte (Na2SiO3.9H2O + NaOH + Al2O3) were additionally studied during the study of the porosity of coatings. Fine-porous coatings are formed in these electrolytes. The average pore diameter of the oxide coating obtained in an electrolyte based on liquid glass was 0.09 – 0.2 µm (nanoscale pores are also detected) and in an electrolyte containing a calcium compound — 0.2 – 0.4 µm.
In 2019 the following question was also studied: whether microplasma discharges affect the microhardness of the transition layer from the oxide/metal section deep into the metal during the implementation of the PEO process. It is established that when VT1-0 alloy is processed during 180 sec., 300 sec., 600 sec. using PEO method, it shows a tendency to increase the microhardness of the base from the oxide - metal section deep into the metal up to 200 µm in comparison with the untreated sample. This is most likely because when microarc discharges occur on the surface of the treated electrode (anode), high temperatures and high pressures develop in the gas cavity of the microarc [56]. The simultaneous influence of these factors can affect not only the formation of an oxide layer with certain properties but also of the transition layer stretching from the oxide-metal section to the depth of the metal. It was found that the processing time affects the microhardness of the studied part of the base. The preferred PEO processing time was 180 seconds.
In the case of VT5 alloy, there is no change in microhardness in the metal section stretchingfrom the oxide/metal section to the metal depth. This may be explained by the fact that VT5 alloy is alloyed.
The microhardness of the layers was measured on a cross-section.
The studies of the corrosion resistance of oxide coatings obtained in electrolytes (Table 2) showed that the oxide layers are protective in salt fog under standard GOST 9.308-85 (neutral salt fog).
In an aggressive environment (24% H2SO4 solution), all coatings on VT1-0 alloy show the best corrosion resistance at the test temperature of 39°С. In the case of VT5 alloy, ОPC-ERis corrosion-resistant at the test temperature of 39°С. Also in the case of VT5, OC, ОPC obtained based on electrolyte No.2 are corrosion-resistant at the test temperature of 39°С.
Thus, oxide coatings obtained by plasma-electrolytic oxidation in a pulsed mode at short durations of the anode current pulse, both with and without sealing, are characterized by an improvement in their physical, mechanical, and protective properties. The results of the research were obtained on a large amount of experimental data. The developed coatings can be recommended as wear-resistant and corrosion-resistant under certain conditions.
Based on the results of the research, a technological scheme is proposed that reflects the main stages of the formation of oxide coatings by plasma electrolytic oxidation. The proposed flow chart is shown in Table 11.
Table 11 – Flow chart of the technological process for applying an oxide coating to parts made of titanium and its alloys using the PEO method 
	Name of the operation
	Name of the equipment 
	Materials g/l
	Т, 
°С
	I,
А/dm2
	U,
V
	Time,
min

	1
	2
	3
	4
	5
	6
	7

	Installation, mount parts on the suspension

	-
	-
	-
	-
	-
	2 - 5




Table continuation 11
	1
	2
	3
	4
	5
	6
	7

	Chemical degreasing,
degrease parts
	Degreasing tank
	trisodium phosphate
(15 - 35);
technical calcined soda (15 - 35);
synthanol ДС-10 (3 - 5)
	40 - 60
	-
	-
	5 - 20

	Washing,
wash the parts in cold water
	Cleaning tank
	Water
	18 - 20
	-
	-
	0,5 - 2

	Plasma electrolytic oxidation,
apply an oxide layer
	Tank PEO
	phosphatic sodium 3 – sub. 12 water (70 - 80);
aluminium oxide (1,1 – 1,5 µm) powder (20 – 25)
	18 - 25
	100 - 120
	350 - 400

	25 - 30

	Rinsing, 
rinse the parts in cold water
	Rinsing tank
	Water
	18 - 20
	-
	-
	0,5 - 2

	Drying, dry the parts in the drying chamber
	-
	-
	40 - 50
	-
	-
	5 - 7

	Filling of coatings, 
perform the filling of the coating
	Filling tank
	solution of polymers
	20 - 25
	-
	-
	2 - 3

	Drying, dry the parts in the drying chamber
	
	
	40 - 50
	
	
	30 - 40

	Dismantling,
remove parts from the suspension
	-
	-
	-
	-
	-
	2 - 5

	Control 
check the coating for the absence of uncovered areas and other defects
	-
	-
	-
	-
	-
	0,5 - 1


Preliminary preparation of parts can also be performed using other cleaning methods. The degreasing process is recommended to be performed by mixing the solution and when a large amount of foam is formed, emulsifiers with foam - reducing properties can be added to the solution. 
Within the frame of the PEO process, the coating solution is selected depending on the purpose of the coating, and the current and voltage densities will depend on the selected solution.
The drying time after filling the oxide coatings may vary depending on the brand of the selected polymer.
If there is no need to fill the oxide coatings, then the operations of filling the oxide coatings and subsequent drying are excluded (Table 11). At this, each technological operation is characterized by certain physical and chemical processes.

CONCLUSION

The presented report under the project “Development of multifunctional composite coatings on titanium and its alloys” is final and made under the decision of the National scientific council concerning the grant funding on the priority “Rational use of natural resources, including water resources, geology, processing, new materials and technologies, safer products and structures” (Protocol No.2 dated 25 of January 2018), under agreement with the Committee of the science of Ministry of Education and Science of Republic of Kazakhstan No.93 dated 5 of March 2018. The report is prepared under the calendar plan (Annex A).
1 Brief conclusion on the results of R&D
Key results for 2018
The process to modify the surface of titanium and its alloy by plasma-electrolytic treatment was studied. The physical and mechanical properties of oxide coatings were studied. The impact of electrolyte solutions on the receipt of coatings on titanium and its alloys with improved physical and mechanical properties during PEO was studied using the reported data and their analysis was performed. 7 batches of samples with oxide coatings on VT1-0 and VT5 alloys were obtained. The thickness of the coating amounted to 10 - 25 µm. The resulting coatings are characterized by uniformity over the entire surface of the sample. When sodium metavanadate was introduced into an alkaline solution, black coatings were obtained. The receipt of black coatings can be explained by the introduction of vanadium oxide for the coating that is formed under the influence of high temperatures during microarc discharge. Currently, black coatings on titanium are in demand in production, which must be obtained on various instrument housings, optical devices, etc.
It is shown that the surface microhardness of oxide coatings for all batches of samples increases in comparison with uncoated samples. The highest value of surface microhardness on VT1-0 alloys was 792.8 HV, and on VT5 - 790.2 HV, which is an increase by 3.3 and 2 times, respectively, in comparison with uncoated samples.
Tribological tests have shown that an oxide coating, which was formed on VT1-0 titanium alloy asa result of the PEO method, increases the wear resistance by 15 times compared to the uncoated sample. Oxide coatings on VT5 alloy increase wear resistance by 6 times compared to the uncoated sample.
The inclusions of polymer material into the pores, in particular inclusions of epoxy resin, increase the wear resistance of coatings compared to the sample without inclusions.
Key results for 2019
The studies have been conducted to determine the porosity of oxide coatings, as well as of the transition layer at the edge of the oxide – metal section. The impact of electrolyte solutions, which are used in PEO, on the porosity of the oxide coating was studied based on the reported data and the results of their analysis were obtained. 7 batches of samples with oxide coating were obtained for each of VT1-0 and VT5 titanium alloys of different porosity. The porosity, shape, and pore size distribution were analyzed as the ratio of the pore image area to the total area of the observation area by processing micrographs of the surface of the studied samples using planimetry methods. The porosity of the obtained oxide coatings ranged from 4.4% to 12.2%. The average pore diameter is 0.09 - 0.7 µm. The value of the number of pores per 1 cm2 was within 6,2·106- 2,5·107. The coatings with nanoscale pores were obtained in the electrolyte containing silicic sodium, sodium hydroxide, and aluminum oxide.
The transition layer was studied by measuring the microhardness deep into the metal from the edge of the oxide – metal section. It is shown that the PEO process affects the microhardness of the transition layer on an unalloyed VT1-0 alloy. The increase in microhardness values is observed in the studied metal area at different processing times. This effect is not observed on VT5 alloy.
The energy-dispersive analysis of the composition of oxide coatings was performed. It is shown that the composition of oxide coatings includes elements, both of the base of the coated material and the electrolyte solution.
The X-ray phase analysis of oxide coatings was performed. It was determined that oxide coatings, which contain titanium dioxide in the anatase and rutile modifications, are formed as a result of plasma electrolytic oxidation.
Key results for 2020
Materials for filling the pores of the oxide coating were studied according to the reporteddata. The results of the analysis of available materials for filling the pores of the coating to increase the protective properties are obtained based on reported data. The following polymer materials can be used as a sealing material to give coatings anti-friction, wear-resistant, protective properties: epoxy resin, polytetrafluoroethylene, ultra-high molecular weight polyethylene. Copper and MoS2 can be used as a solid lubricant when filling the coating pores. A significant number of scientists' works are devoted to the improvement of the biocompatibility and protective properties of titanium implants. Sealing with medicinal products and bactericidal agents helps to improve the biocompatibility of orthopedic implants and reduces the rate of magnesium corrosion under physiological conditions. Sealing made of polytetrafluoroethylene, poly - (L-lactide) polymer, etc. significantly reduces the rate of corrosion. The researchers of the All - Russian Institute of Aviation Materials suggest sealing porous coatings in a solution of sodium liquid glass, triethanolamine to improve their protective properties. The researchers used an immersion method or an electrophoretic method to fill the pores of the oxide coating.
The composite oxide coatings were obtained by filling the pores. The samples with oxide-polymer coatings were obtained. The preparation of composite oxide – polymer coatings was performed in 2 stages: stage 1 – preparation of the oxide coating using the PEO method; stage 2 – filling the pores of the oxide coating with polymer materials.
The pore filling of the oxide coating was performed by immersion in solutions containing polymers: Fluoroplastic F-32; epoxy resin ЭД-20 with a PEPA hardener. Butyl acetate was used as the solvent. 4 batches of samples with coatings were obtained: 1) oxide coatings without sealing; 2) oxide coatings sealed with Fluoroplastic F-32 – 1 layer; 3) oxide coatings sealed with Fluoroplastic F-32 – 2 layers; 4) oxide coatings sealed with epoxy resin.
The corrosion behavior of oxide and composite coatings was studied. The results of corrosion tests were obtained.
No corrosion damage was observed in the result of accelerated corrosion tests of oxide coatings obtained using the PEO method according to standard GOST 9.308-85 under the influence of neutral salt mist at the temperature of 35°С for 1500 hours, the concentration of the solution was 50 g/l of sodium chloride, the pH of the solution was 6.5 – 7.2. Under these conditions, oxide coatings are corrosion-resistant and have protective properties.
The accelerated corrosion tests in an aggressive environment (24% sulfuric acid solution), showed that oxide coatings without sealing, oxide-polymer coatings sealed with Fluoroplastic F-32 (1, 2 layers) and epoxy resin on VT1-0 alloy have the best corrosion-resistant properties at the test temperature of 39°С.
In the case of the VT5 alloy, oxide-polymer coatings sealed with epoxy resin are corrosion-resistant at a test temperature of 39°С. Also for this alloy OC, ОPC obtained based on electrolyte No.2 are corrosion-resistant at the test temperature of 39°С.
As the temperature of the aggressive solution increases, the rate of corrosion increases.
The research results are summarized and analyzed. Based on the research results, oxide coatings and composite oxide-polymer coatings can be recommended as wear-resistant and corrosion-resistant coatings under certain conditions. Pulse mode enables to form coatings with much lower energy costs. A technological scheme for obtaining oxide and oxide-polymer coatings are offered.
2 The assessment of the completeness of solutions to the tasks set
The tasks set for 2018 – 2020 have been completed in full.
Based on the research results the following was published:
- 2 publications were published in 2018, namely: 1 publication in the materials of the international symposium; 1 article in the international collection of research papers (Annex B);
- 4 publications were published in 2019, namely: 1 article in peer-reviewed foreign publication with a nonzero impact-factor, 1 article in a national scientific journal with nonzero impact-factor, 1 publication in an international symposium, 1 article in a national scientific journal (Annex B);
- 2 publications were published in 2020, namely: 2 articles in peer-reviewed international scientific publications indexed in Scopus databases with a non-zero impact factor: Eurasian Chemico-Technological Journal (CiteScore 0.6; percentile 21, Q3, with the identification of individual registration number of the project); Journal of Advanced Research in Dynamic and Control Systems (CiteScore 0.4; percentile 14, Q3, with the identification of individual registration number of the project) (Annex B)
In 2018 - 2020, 3 master's theses and 1 diploma thesis were defended at the Department of Space engineering and technology of L.N. Gumilyov Eurasian National University within the framework of training of young specialists (Annex С). In 2018 – 2020, 63 students of the bachelor program and 23 students of the master program completed practical training and scientific training (Annex D).
3 Recommendations and initial data on the specific use of research results
The results of the study are the basis for the development of domestic technologies for the receipt of multifunctional coatings on titanium and its alloys. These coatings with different porosities with and without sealing can be used to improve the quality, reliability, and durability of separate components, assemblies, and devices as a whole, as well as to reduce the cost of designing and manufacturing of mechanisms in the space industry and general engineering. Research in this area may be important for the receipt of bioactive materials on titanium implants. Currently, UTMK JSC is working on the production of alloys for the manufacture of products (implants) for the medical industry. The project resulted in black coatings on titanium alloys, which can be used on various device housings, optical devices, etc.
4 Assessment of technical and economic efficiency of implementation
The introduction of research results was not planned for the result of the project. Therefore noassessment of technical and economic efficiency of implementation was performed.
5 Evaluation of the scientific and technical level of research conduct in comparison with the best achievements in this field
During the performance of the research on the project, a fundamentally new method of processing of vent materials – plasma electrolytic oxidation was used. In comparison with the best achievements in this field, a fast-flowing pulse mode of process conduct is used, which can significantly reduce power consumption.
The studies of the physical and mechanical properties of oxide coatings were performed using modern methods: with the use of high - temperature tribometer ТНТ-S-АХ0000; contactless 3D-profilometer MICRO MEASURE 3D station; hardness tester Vickers KB 30S Pruftechnik GmbH.
The porosity of oxide coatings was calculated using a planimetric method for studying of micrographs of the coating surface that were obtained using a Hitachi TM 3030 scanning electron microscope in SEI mode at the accelerating voltage of 15 kV with Oxford Instruments attachment for energy dispersion analysis.The X-ray phase analysis was performed using D8 ADVANCE ECO (Bruker) diffractometer.
The samples of oxide coatings with improved physical and mechanical properties and protective properties were obtained as new materials as a result of the project, (Annex E).
Corrosion test report for samples with oxide coatings is given in Appendix F.
Thus, this work was conducted in line with new directions of materials science at the level of the best achievements in the field of surface modification of titanium and its alloy with the use of modern methods for the study of the properties of the obtained coatings.
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ANNEX A

Timetable for 2018-2020
Annexes 1.2
to Agreement No. 93 dated 05.03. 2018
for grant funding

TECHNICAL SPECIFICATION AND
IMPLEMENTATION SCHEDULE

Under Agreement No. 93 dated  05/ 03/2018 year

1. "National Center of Space Research and Technology" JSC.

1.1 Priority: Rational use of natural resources, including water resources, geology, processing, new materials and technologies, safer products, and structures.
1.2	Sub-priority: Production and processing of metals and materials.
1.3	Project topic: No. AP05133376 “Development of composite multifunctional coatings on titanium and its alloys”.
1.4 The total amount of the project is 18,120,000 (eighteen million one hundred and twenty thousand) tenge, including by year, for the performance of works under item 3:
- for 2018 – in the amount of 6 000 000 (six million) tenge;
- for 2019 – in the amount of 6 054 000 (six million fifty-four thousand) tenge;
- for 2020 – in the amount of 6 066 000 (six million sixty-six thousand) tenge.
2. The characteristics of scientific and technical products according to the educational characteristics and economic indicators
2.1 The direction of work: Research of receipt of multifunctional coatings on titanium and its alloy by using plasma electrolytic oxidation.
2.2 The field of application: mechanical engineering, universities of the Republic of Kazakhstan that train bachelors and masters in technical specialties in the field of creating new materials.
2.3 Final concrete result
- for 2018: oxide coatings on titanium and its alloy were obtained, their physical and mechanical properties were studied. 1 publication was published in the materials of an international scientific conference or symposium.
- for 2019: studies were conducted on the production of oxide coatings with different porosity. Published: 1 article in a foreign peer-reviewed publication with non-zero impact factor; 1 article in a national scientific journal with non-zero impact factor; 1 publication in the materials of international scientific conference or symposium.
- for 2020: studies on the corrosion behavior of composite coatings were conducted. The scientific articles were published in peer-reviewed foreign scientific publications indexed in the Web of Science or Scopus databases with a non-zero impact factor, presumably such as the Indian Journal of Engineering & Materials Sciences, Eurasian Chemico-Technological Journal.
2.4 The patentability: there is no object of patenting.
2.5 The scientific and technical level (novelty): the novelty of research lays in the application of one of the most modern and promising approaches for the receipt of multifunctional oxide coatings with new increased physical, mechanical and operational characteristics on titanium and its alloy.
2.6 The use of scientific and technical products is performed: by the Contractor.
2.7 The type of use of the result of scientific and (or) scientific and technical activities: research report, scientific publications.
3. The name of the work, terms of its implementation, and results
	Or.No.
	Name of work under the Agreement  and the main stages of its implementation  
	Implementation term

	Expected result

	
	
	start
	completion
	

	1
	Study of the process to modify the surface of titanium and its alloy by plasma-electrolytic treatment. To study the physical and mechanical properties of oxide coatings.
	January 2018 
	November 1,
2018
	The process to modify the surface of titanium and its alloy by using a plasma-electrolytic treatment will be studied. The physical and mechanical properties of oxide coatings will be studied.
Oxide coatings will be obtained on samples made of titanium and its alloy. The physical and mechanical properties of the coatings will be determined.
1 publication will be published in the materials of an international scientific conference or symposium. 

	1.1
	Study of the effect of electrolyte solutions for obtaining coatings on titanium and its alloys with improved physical and mechanical properties in PEO based on the reported data.

	January 2018 

	March 2018 
	The influence of electrolyte solutions for obtaining coatings on titanium and its alloys with improved physical and mechanical properties during PEO will be studied based on the reported data.
The results of the analysis of available electrolyte solutions for obtaining coatings on titanium and its alloys with high physical and mechanical characteristics will be obtained based on the reported data.

	1.2
	Study of the process to modify the surface of titanium and its alloy in a pulsed mode.

	April 2018 

	June 2018 
	The process to modify the surface of titanium and its alloy in a pulsed mode will be studied. Titanium samples with an oxide coating will be obtained.

	1.3
	Studyof the surface microhardness of the coating.
	July 2018 

	September  2018 
	The surface microhardness of the coating will be studied. The data on the microhardness of oxide coatings will be obtained.

	1.4
	Performance of tribological tests of coatings.
	October 2018
	November 1,
2018
	Tribological tests of coatings will be performed. Data on the wear resistance of coatings will be obtained.

	2
	Performance of research to determine the porosity of oxide coatings. Study of the transition layer at the oxide-metal section.

	January 2019
	November 1,
2019 
	Studies will be conducted to determine the porosity of oxide coatings. The transition layer at the oxide-metal section will be studied. The results ofthe researchof the porosity of the coatings will be obtained. The values of the microhardness of the transition layer will be obtained. The following publications will be made: 1 article in a foreign  peer-reviewed publication with non-zero impact factor; 1 article in a national scientific journal with non-zero impact factor; 1 publication in the materials of an international scientific conference or symposium.

	2.1
	Study of the effect of the composition of electrolyte solutions used in PEO on the porosity of the oxide coating based on the reported data. 
	January 2019 -

	March 2019 
	The influence of the composition of electrolyte solutions used in PEO on the porosity of the oxide coating will be studied based on the reported data. The results of the analysis of the composition of available electrolyte solutions for obtaining coatings with a wide pore distribution based on the reported data will be obtained.

	2.2
	Production of oxide coatings with different porosity. 
	April 2019 

	June 2019 
	Oxide coatings with different porosities will be obtained. Samples of oxide coatings with different porosity will be obtained. 

	2.3
	Calculation of the porosity of oxide coatings.
	July 2019 

	September  2019 
	The porosity of oxide coatings will be calculated. The data onthe calculation of the porosity of oxide coatings will be obtained.

	2.4
	Study of the effect of PEO on the microhardness of the transition layer deep into the metal from the oxide-metal section.

	October 2019
	November 1,
2019
	The effect of PEO on the microhardness of the transition layer deep into the metal from the oxide-metal section will be studied. The data on the microhardness of the transition layer will be obtained.

	3.
	Conduct research to obtainprotective corrosion-resistant oxide coatings on titanium and its alloy.
	January 2020 
	November1,
2020 
	The research will be conducted concerning the receiptof protective corrosion-resistant oxide coatings on titanium and its alloy. Protective corrosion-resistant coatings will be obtained.  The following publications will be made:articles in peer-reviewed foreign scientific publications indexed in Web of Science or Scopus databases with a non-zero impact factor, presumably such as the Indian Journal of Engineering & Materials Sciences, Eurasian Chemico-Technological Journal.

	3.1
	Study of materials for filling the pores of the oxide coating based on the reported data.

	January 2020 -

	March 2020 
	Materials for filling the pores of the oxide coating will be studied based on the reporteddata. The results of the analysis of available materials for filling the coating pores to increase the protective properties based on the reporteddata will be obtained.

	3.2
	Receipt of the composite oxide coating by filling of the pores.
	April 2020 

	June 2020 
	Composite oxide coatings will be obtained by filling the pores. Samples with oxide-polymer coatings will be obtained.

	3.3
	Research of the corrosion behavior of composite coatings.

	July 2020 

	September  2020 
	The corrosion behavior of composite coatings will be studied. The results of the corrosion test will be obtained.

	3.4
	Summary and analysis of research results.
	October 2020
	November1,
2020
	The results of the research will be summarized and analyzed.
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Chairman of the Science Committee of the Ministry of Education and Science of the Republic of Kazakhstan State Institution 


_______________  B.S. Abdrassilov 
place for seal
	From the Contractor:
President of National Center for Space Research and Technology JSC




__________________  Ch.T. Omarov
placeforseal
Review by:
academic adviser on the project

________________  Zh.M. Ramazanova 
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ANNEX B

List of publications, reference from NCSTE JSC, reprints of articles
Year 2020
1. Zh.M. RamazanovaandM.G. Zamalitdinova. Study of the Properties of Oxide Coatings Formed on Titanium by Plasma Electrolytic Oxidation Method // Eurasian Chemico-Technological Journal. - 2020. - №22. - P. 51-58. (CiteScore 0.6; percentile 21, Q3, with the identification of individual registration number of the project). (in Eng.) 
2. Zhanat Ramazanova, Marina Zamalitdinova, Artem Kozlovskiy, Pavel Butyagin, Svetlana Arbuzova. Synthesis and properties of coatings obtained by plasma electrolytic oxidation of titanium alloys in alkaline solutions // Journal of Advanced Research in Dynamical and Control Systems. - 2020. - Vol. 12, Special Issue 06. - P. 858-865. // DOI:10.5373/JARDCS/V12SP6/SP20201103. (CiteScore 0.4; percentile 14, Q3, with the identification of individual registration number of the project). (in Eng.)
Year 2019 
1. Zh.M. Ramazanova, M.G. Zamalitdinova. Research of the properties of oxide coatings on VT5 titanium alloy // Modern knowledge-intensive technology. - 2019. - No. 3. - P. 239-243. (Impact factor Russian Science Citation Index 0.969 (two-year)). (in Rus.)
2. Ramazanova J.M., Zamalitdinova M.G. Physical and mechanical properties investigation of oxide coatings on titanium // Complex use of mineral raw materials. - 2019. - No. 2. - P. 34-41. (Impact factor Russian Science Citation Index 0.222 (two years)). (in Eng.)
3. Zh.M. Ramazanova, M.G. Zamalitdinova, M.M. Zhangabyl, M.T. Sultanov, D.S. Yergaliyev Treatment of surface of titanium alloys VT1-0 and VT5 by plasma electrolytic oxidation // Works of the International Symposium “Reliability and Quality”. May 27-June 1, Penza. - 2019. - Vol. 2. - P. 21-23. (in Rus.)
4. Zh.M. Ramazanova, M.G. Zamalitdinova, M.M. Zhangabyl Research of the process of modification of titanium and its alloys by plasma-electrolytic oxidation // Bulletin of L.N. Gumilyov Eurasian National University. Engineering Science and Technology Series. - 2019. - No. 2 (127). - P. 64-69. (in Rus.)
Year 2018 
1. Zh. Ramazanova, D.K. Kudassova, M.G. Zamalitdinova, D.M. Orazaliyeva Review of technologies for the production of coatings on titanium and its alloys by using plasma electrolytic oxidation // Worksof the International Symposium “Reliability and Quality”. Penza May 21-31, - 2018 – Vol. 2. – P. 153-156 (IF Russian Science Citation Index 2016, 0.286). (in Rus.)
2. Zh.M. Ramazanova, M.G. Zamalitdinova, Ye.A. Adambekov, D.S. Yergaliyev Study of the process of plasma electrolytic oxidation of titanium in a pulsed mode // Anthology of scientific research papers “Space Engineering, Technologies & Exploration”. Berlin - 2018. - P. 139-141. (in Rus.)
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ANNEX C 

Staff Training Certificate [image: ]
ANNEX D 

Certificate of industrial practice, the scientific internship of students [image: ]
ANNEX E 

Photographs of specimens with oxide coatings with improved physical and mechanical, protective properties
Table Е. 1 – Photographs of specimens with oxide coatings with improved physical and mechanical, protective properties
	No
	Electrolyte
	
	

	
	
	VТ1-0

	VТ5


	1
	2
	3
	4

	1
	Na2HPO4.12H2O (40 г/л) + Na2B4O7.10H2O (30 г/л) + H3BO3 (22 г/л) + NH4F (10 г/л).
.

	[image: C:\Users\Cosmos\Desktop\Новая папка\1-ВТ-1\образец3.jpg]
	[image: C:\Users\Cosmos\Desktop\Новая папка\1-ВТ-5\образец 2.jpg]

	2
	Na2SiO3.9H2O (100 г/л) + NaOH (8 г/л) + Al2O3 (20 г/л)

	[image: C:\Users\Cosmos\Desktop\Жанат Мусановна\2-ВТ-1\образец 1.jpg]
	[image: C:\Users\Cosmos\Desktop\Жанат Мусановна\2-ВТ-5\образец 1.jpg]

	3
	Na3PO4.12H2O (70 г/л) +Al2O3 (20 г/л)

	[image: C:\Users\Cosmos\Desktop\Жанат Мусановна\3-ВТ-1\образец.jpg]
	[image: C:\Users\Cosmos\Desktop\Жанат Мусановна\3-ВТ-5\образец.jpg]

	4
	Na3PO4.12H2O (70 г/л) +Al(OH)3 (20 г/л)


	[image: C:\Users\Cosmos\Desktop\Жанат Мусановна\4-ВТ-1\образец.jpg]
	[image: C:\Users\Cosmos\Desktop\Жанат Мусановна\4-ВТ-5\образец.jpg]



Table continuation E. 1
	1
	2
	3
	4

	5
	Na2HPO4.12H2O (40 г/л) + Na2B4O7.10H2O (30 г/л) + H3BO3 (22 г/л) + NH4F (10 г/л)+Al2O3 (20 г/л).

	[image: C:\Users\Cosmos\Desktop\Жанат Мусановна\5-ВТ-1\образец.jpg]
	[image: C:\Users\Cosmos\Desktop\Жанат Мусановна\5-ВТ-5\образец.jpg]

	6
6
	Na2HPO4.12H2O (40 г/л) + Na2B4O7.10H2O (30 г/л) + H3BO3 (22 г/л) + NH4F (10 г/л)+ NaVO3 (1,0 г/л).

	[image: C:\Users\Cosmos\Desktop\Жанат Мусановна\6-ВТ-1\образец.jpg]
	[image: C:\Users\Cosmos\Desktop\Жанат Мусановна\6-ВТ-5\образец.jpg]

	Electrolyte densified oxide coatings: Na2HPO4.12H2O (40 г/л) + Na2B4O7.10H2O (30 г/л) + H3BO3 (22 г/л) + NH4F (10 г/л).

	VТ 1-0
	VТ 5

	F-32, 1 layer
	F-32, 2 layer
	Epoxy resin
	F-32, 1 layer
	F-32, 2 layer
	Epoxy resin

	[image: ]
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	[image: ]

	Electrolyte densified oxide coatings: Na3PO4.12H2O (70 г/л) +Al2O3 (20 г/л)
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	Electrolyte densified oxide coatings: Na2HPO4.12H2O (40 г/л) + Na2B4O7.10H2O (30 г/л) + H3BO3 (22 г/л) + NH4F (10 г/л)+ NaVO3 (1,0 г/л).
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In 2018, 7 batches of oxide coated samples were received, 8 samples in each batch.
In 2019, 7 batches of oxide coated samples were received, 8 samples in each batch.
In 2020, 12 batches of oxide coated samples were received, 6 samples in each batch.













ANNEX F

Test report No. 3 [image: ]
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VT1-0 alloy, Тcor.=390С
Electrolyte 1	OC	OPC-ER	OPC-F-32                     1 layer	OPC-F-32                   2 layer	2.36	0.45	0.8700000000000021	0.65000000000000246	Electrolyte 2	OC	OPC-ER	OPC-F-32                     1 layer	OPC-F-32                   2 layer	0.92	0.18000000000000024	0.17	2.5000000000000012E-2	Electrolyte 3	OC	OPC-ER	OPC-F-32                     1 layer	OPC-F-32                   2 layer	2.4699999999999998	0.12000000000000002	2.3899999999999997	2.15	Type of coatings

K –m, g/m2·h


VT1-0 alloy, Тcor.=390С
Electrolyte 1	OC	OPC-ER	OPC-F-32                     1 layer	OPC-F-32                   2 layer	2.36	0.45	0.8700000000000021	0.65000000000000246	Electrolyte 2	OC	OPC-ER	OPC-F-32                     1 layer	OPC-F-32                   2 layer	0.92	0.18000000000000024	0.17	2.5000000000000001E-2	Electrolyte 3	OC	OPC-ER	OPC-F-32                     1 layer	OPC-F-32                   2 layer	2.4699999999999998	0.12000000000000002	2.3899999999999997	2.15	Type of coatings

K –m, g/m2·h


VT5 alloy, Тcor.=390С
Electrolyte 1	OC	OPC-ER	OPC-F-32                     1 layer	OPC-F-32                   2 layer	67.940000000000026	4.53	45.33	41.33	Electrolyte 2	OC	OPC-ER	OPC-F-32                     1 layer	OPC-F-32                   2 layer	1.6500000000000001	0.8	2.1	1.0900000000000001	Electrolyte 3	OC	OPC-ER	OPC-F-32                     1 layer	OPC-F-32                   2 layer	80.8	0.8	30.86	6.2	Type of coatings

K –m, g/m2·h




VT5 alloy, Тcor.=750С
Electrolyte 1	OC	OPC-ER	OPC-F-32                     1 layer	OPC-F-32                   2 layer	106.7	67.010000000000005	90.89	49.52	Electrolyte 2	OC	OPC-ER	OPC-F-32                     1 layer	OPC-F-32                   2 layer	8.9700000000000006	2.2999999999999998	8.8800000000000008	6.31	Electrolyte 3	OC	OPC-ER	OPC-F-32                     1 layer	OPC-F-32                   2 layer	201.26999999999998	25.2	84.740000000000023	82	Type of coatings

K –m, g/m2·h


212.22	125.48	49.339999999999996	46.04	53.879999999999995	50.230000000000011	44.016000000000005	212.22	125.48	49.339999999999996	46.04	53.879999999999995	50.230000000000011	44.016000000000005	Без покрытия	1	2	3	4	5	6	1217.5	270.5888888888889	79.988888888888098	126.7888888888881	101.73333333333331	166.48888888889067	100.62222222222221	

191.035	38.25	101.05	50.04	80.319999999999993	32.36	36.58	191.035	38.25	101.05	50.04	80.319999999999993	32.36	36.58	Без покрытия 	1	2	3	4	5	6	925	155	484.66666670000001	233.7777778	307.11111109999899	148.58750000000001	138	
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(10 g/l);Electrolyte 2 — Na,HPO, (40 g/l), Na;BiO,(30 g/l), H;BO; (22 g/l), NELF (10 &/l), ALO; (20 g/l);
Electrolyte 3 —Na;HPO, (40 /1), NayB105 (30 g/l), HsBO; (22 g/l), NELF (10 g/1), NaVO; (1.0 /1)

Coating Characterization

The surface microhardness of the synthesized coatings was studied on a Vickers KB 30SPruftechnik
GmbH hardness testing machine with a load of 200 g. Tribological studies of the coating’s wear-resistance were
carried out on PC-Operated High-Temperature Tribometer THT-S-AX0000 with a BK alloy ball indenter with a
diameter of 3 mm at load 1N, linear speed 4 cm/s, the temperature of 25 °C, air humidity 50 %, track radius
3 mm, and 1000 number of revolutions.

The wear-resistance was assessed by the track depth area, which was measured using a non-contact
profilometer “Micro Measure 3D station” that could be used for displaying a three-dimensional surface image
and automatic calculation of the track depth area. To increase the reflective properties of the surface, a thin layer
of aluminum 50 - 60 nm thick was sprayed onto the samples

Microphotographs were taken using SEM/EDX (Hitachi TM3030 Plus) instrument in SEI mode at an
accelerating voltage of 15kV. The thickness of coatings was determined on a QNix® 1500 thickness gauge.
The porosity, shape, and pore size distribution were analyzed using SEM imagines

The corrosion resistance of coated samples was carried out under the influence of neutral salt spray at (35
+2) °C for 1000 hours in an Ascott CC 450 chamber. Coated samples were placed in the chamber at a distance
of at least 20 mm from each other, not less than 100 mm from the sidewalls, and not less than 200 mm from the
bottom of the chamber and kept at (35 + 2) °C in a continuously sprayed NaCl solution with concentration (50 +
5) g/dm’. The pH of the solution was 6.5-7.2 and the condensate volume was 1.2 - 1.5 cm’h for 24. The
changes of the coating’s morphology were determined by visual inspection after 2, 24, 96, 294, 460, 720, and
1000h of testing. For this purpose, samples were removed from the chamber, washed with water from brine and
dried with filter paper. The corrosion level was assessed by the color-changing, and spots appearance

Results

Coatings Synthesis and Characteristics
Using the PEO method coatings with a thickness of 19 - 24.5 um have been obtained. EDX analysis

shows that the basic elements of PC are oxygen and titanium. Moreover, boron, phosphor, fluorine, aluminum,
and sodium — additional elements that were found in the coatings (Table 2).

Table 2. Coatings composition (at. %) obtained by PEO method on titanium alloys Grade2 and Grade6™

Electrolyte [¢) Ti B P F Na Al
1 68.44 21.05 4.82 282 144 143 -
2 63.84 27.47 4.75 242 0.5 0.42 0.6
3 64.99 21.7 5.64 4.31 138 1.98 -
1 66.29 11.41 11.78 3.79 18 3.82 111
2 65.84 20.79 5.61 322 121 1.63 170
3* 67.77 15.96 7.88 3.46 122 3.06 0.65

SEM images reveal that using Electrolyte 1 during the PEO method leads to the formation of the many
small pores and several with a large pore diameter (Fig. 1 a, d). The average pores diameter is 0.4 pm and has a
rounded shape (Table 3).The obtained results demonstrate that at introducing the aluminum oxide (Electrolyte 2)
into the Electrolyte 1, the porosity and average pore diameter of the coatings as on Grade2 as well as on Grade6
alloy increases (Fig. 1 b, e; Table 3). Also, the pores are relatively evenly spread over the entire surface of the
samples. The number of pores with large diameters predominates compared to coatings obtained in Electrolyte
1. The introduction of sodium metavanadate also leads to the rising of the porosity of the coatings on both types
of alloys in comparison with Electrolyte 1 (Table 3).

Table 3. Surface porosity of the coatings

Electrolyte Porosity, AS % Poresamounton 1¥10° cm’ | Average pores diameter, um
Grade2 Grade6 Grade2 Grade6 Grade2 Grade6
1 62 67 87 104 04 04
2 113 122 7.0 7.8 0.7 0.6
3 75 77 62 113 05 03
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Figure 1. SEM images of the PC on Grade2 (a-c) and Grade6 (d-f) samples in the Electrolytes 1 (a, d), 2 (b, )
and 3 (c, d).

It is well known, that pores are formed at the burning site of a microarc (Shankar et al., 2018). At the
fast-pulsed PEO the burning time of the microarc depends on the duration of the anode current pulse.
Microdischarge occurs during the dielectric breakdown of weak sites of the coating. Consequently, with the
increasing of the coating thickness, the size of microdischarges rises at decreasing their number. This leads to
the formation of pores of large diameters. Long-time PEO process at such conditions leads to the increase of the
coating thickness and previously formed pores are “healing”. Such phenomena appear also since the synthesis of
the coating occurs not only along the bottom but also inside the pores, which leads to a decrease of the pore
diameter or its complete disappearing. Figure 1 also demonstrates that such methods exclude the formation of
pores in the form of “volcano craters”, which are observed when using stationary modes of the microplasma
treatment process (Ayday, 2018).

Coatings Microhardness

Obtained experimental data showed that micrihardness of the investigated samples is higher comparing
to the initial samples (Table 4). The highest microhardness value on the Grade2 sample was obtained in
Electrolyte 2 that is 3 times more comparing to the initial sample. On Grade6 alloy, the greatest increase in
microhardness was obtained in Electrolyte 1, which is a 2-fold increase in comparison with the initial sample
without coating. The difference in the properties of coatings on titanium alloys Grade2 and Grade6 could be
explained by their different physicochemical characteristics. It is known that under the same conditions different
coatings can be formed due to the different compositions (alloying additives) of initial samples (Mamaev et al.,
2017).

Tribological Performance

During tribological tests of the initial and coated titanium samples 3D images with a track (Fig. 2),
curves of the friction coefficient (Fig. 3), and data on the areas of the wear tracks (Table 5) have been obtained.
Figure 2 demonstrates 3D images of the surface with a track of the initial and coated Grade2 sample that was
obtained in Electrolyte 1 and 2.According to the obtained 3D images, the depth of the track of the uncoated
sample significantly exceeds the depth of the tracks of coated ones; therefore, the wear-resistance of samples
with coatings is increasing.

Table 4. The microhardness (HV) of the coatings obtained on titanjum alloys Grade2 and Grade6

Electrolyte Grade2 Grade6
1 622877 | 790.2%262.5
2 7928 £256.8 | 516.7= 1045
3 5215+119.5 | 585+748
withoutcoating | 237.5£22.7 | 374.5%33.4
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Figure 2. 3D images of the surfaces with track of initial (a) and coated Grade2 sample that obtained in Electrolyte 1 (b) and
2().

The curves of the friction coefficients (Fig. 3) show that there are zones of running-in of the tribosystem,
where friction surfaces adapt to each other. Figure 3 also demonstrates those stages, which are characterized by
stable friction conditions and an almost constant and relatively low wear rate. A sharp change in the coefficient
of friction and, consequently, of the destruction of the coating does not occur. The coatings are mot destroyed or
scuffed to the ground under the given test conditions The analysis of the obtained tracks was performed using
the Mountains Map Universal v.2.0.13 computer program. The average value track depth areas for an uncoated
Grade? titanium alloy is 1217.5 % 57.8 um’, and for an uncoated Grade6 — 925.0 % 60.2 ym’. For coatings
obtained in various electrolytes, the data of the area of the depths of the tracks are shown in Table 5.

@ ®)

Figure 3. The curves of the friction cocfficients of the Grade2 (a) and Grade6 (b) obtained in Electrolytes 1,2, and 3.

Table 5. The track depth areas values (um?) for Grade2 and Grade6 alloys coated in electrolytes.
Electrolyte 1 Electrolyte 2 Electrolyte 3
Grade2 Grade6 Grade2 Grade6 Grade2 Grade6
270.6+1354 155.0+38.3 101.7 +53.9 307.1£80.3 166.5 +50.2 148.6 +32.3

As can be seenfrom table 5, the coatings obtained on Grade2 and Grade6 alloys are characterized by high
wear-resistance compared to the uncoated sample. The tribological testing of Grade2 coatings obtained in
Electrolyte 2 demonstrates its increasing in 12 times compared to the initial sample. In Electrolytes 1 and 3 these
values are raising in 4.5 and 7.3 times respectively, compared with the uncoated sample. Coatings on Grade6
alloy formed in Electrolytes 1 and 3 have higher wear-resistance compared to the uncoated sample in 6 times.

Due to the possible influence of the alloying additives of the Grade2 and Grade6 samples, the last one
has a lower value of the wear-resistance of coatings synthesized in Electrolyte 2. A distinctive feature of the
formation of coatings on Grade2 and Grade6 alloys in Electrolyte3 is that the introduction of sodium
metavanadate leads to the formation of black coatings that is an urgent problem for some branch of industries.
Additionally, the corrosion tests of coated samples under neutral salt spray (NaCl concentration 50 g/l, pH 6.5 -
7.2) show that corrosion damage was absent on all samples.
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Discussion

As the PEO mode as well as the electrolyte type influence the characteristics of the coating. Used fast-
pulsed PEO method allows forming a coating with much lower energy costs (Mamaev et al., 2016; Mamayev et
al., 2018). Moreover, the duration of the anode current pulse has a significant effect on the quality of the
coating(Koshuro et al, 2016). The PEO process at anode pulse durations of 250 ps with a frequency of 50 Hz
leads to the occurring of the microplasma discharges within a short period. Such condition does not lead to the
strong overheating of both the near-electrode layer of the electrolyte and the the aluminum base itself and heat is
removed back to the solution.

Consider the reactions that occur on the surface of the working electrode in Electrolyte 1. It is well
known that in the initial period of electrolysis, a thin metal oxide barrier layer forms on the surface:

Ti — 48 > Ti** (1)

Ti%* 4 40H™ - Ti(OH), @
¢

Ti(0H), - Ti0, L +2H,0 ©)

Tnside the barrier layer, oxygen and metal ions migrate towards each other, and oxide forms near the
bottom of the pores. If the electric field from the external power source is higher than the electric strength of the
barrier layer, then breakdown occurs (microplasma discharge). Microplasma discharges lead to the local melting
of the metal base, which can be released into the solution by the microarc process, where part of it is hydrated,
and partly remains in ionic form in solution. Hydrated metal ions under the influence of high-temperature
transfer into oxides and embed in the coating.

The alkali metal phosphate forms phosphate ions according to the reaction:

2HPOZ™ + 2e - 2P0}~ +H, “

In this case, the concentration of anions in the pores of the oxide layer is higher than in the solution near
it. Under the influence of high temperatures, the resulting phosphate anions can be incorporated into the coating
as P,0s, which leads to an increase in the hardness of the coating.

At microplasma discharges, borates form solid and heat-resistant boroxides compounds on the surface of
the sample.

NayB,0, 5 2B,05 + Nay0 ®)
Moreover, high voltage and temperature in the area of microplasma discharges can lead to the formation of solid
and heat-resistant organoboron compounds.

The existing fluorine ions in solution can play a dual role. They can etch the oxide layer at the bottom of
the synthesized pores and, consequently, influence on increasing of the coating thickness deep into the material
At the same time, fluorine fons can form sparingly soluble titanium fluoride compounds like hexafluorotitanates,
which could form oxofluorides at high temperatures

The same processes will occur on the surface of the working electrode using Electrolytes 2 and 3, except
the influence of the aluminum oxide powder (Electrolyte 2) and sodium metavanadate (Electrolyte 3). In the
case of Electrolyte 2 powder material under the influence of electric field transports to the surface of the sample.
This phenomenon is described as arc electrophoresis(Suminov et al., 2005) and the coating is formed in
electrolytes — suspensions model, according to which powder particles are deposited on the surface and
embedded in it (Bai, Gao, Wang, Ma, & Lee, 2016; Borisov et al., 2016). In Electrolyte 3 sodium metavanadate
provides the black color of the samples due to the introduction of vanadium oxide into the coating under the
influence of high temperatures during microarc discharge.

Conclusion

Protective coatings with improved physicomechanical properties were obtained via a fast-pulsed PEO
method. The thickness of the synthesized PC is 19.0 - 24.5 um and, according to the EDX analysis, contains
elements as of an oxidized material as well as of electrolyte solution. The porosity of the formed coatings is in
the range of 6.2 - 11.3%.

The microhardness of the samples with PC is higher than of the initial ones — on the Grade2 alloy it
increases in 2.1 - 3.3 times and on Grade6 alloy — 1.5 - 2.1 times. Tribological testing showed that coatings have
high wear-resistance and increase on Grade2 alloy by 4.5 - 11.9 times and on Grade6 alloy by 3 - 7.3 times
comparing with uncovered samples. Analysis of the curves of the friction coefficients showed that the
destruction of the coatings does not occur. In addition, obtained PC are corrosion resistant.
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I/Icc.ne,aona.ﬂne mponecca MOﬂHd’ﬂuﬂpOBaHHﬂ TATAHA U €ro CIUJIaBOB ILJIA3MEHHO-
BJIEKTPOJIUTUICCKUM OKCHAMPOBaHUEM

Annoranus: COBPCMCHHOC PASBHTHC KOCMHYCCKOI TCXHUKH 3aBUCHT OT YPOBHH 9DQCKTHBHOCTH
HMCIOJIL3YCMBIX MaTCPUasion. [1pu 910M GOJILILYIO PO HIPACT yMCIHC MOAMDHIUPOBATL M BICAPATL
HOCCAHUC JOCTIKCHHA HAyKu. VICXOAs M3 9TOO, B CTATHC OCBCLICH MCTO MOAM(HIMPOBAHUA
THTAHA M CI'O CIJIABOB C MCIOJIb30BAHMCM 1LIA3MCHHOI'O 3JICKTPOJIMTHHYCCKOIO OKCHMJMPOBAHUH.
TT0J1y YCHHOC OKCHIHOC LOKPBITHC 00JIa1aCT BBICOKOH a/II'C3UCH K 1I0/UI0XKKC, M3HOCOCTORKOCTBIO H
BLICOKOH MUKPOTBCPAOCTBIO. BeiicHuC 1porccca B MMILyJIbCHOM PCAHKUMC 1130 1103B0J1SCT HOJLY YUTh
YBCUMUCHUC MZHOCOCTOMKOCTH UOKPbITHA B 12 pas, MUKPOTBCpAOCTH B 3.3 Dasa 110 CPABHCHHUIO €
UCXO/HBIM MATCDHAIOM.

KuioueBbie ciioBa: 1J1a3MCHHO-3JICK TPOJIMTUHCCKOC OKCHJIMDOBAHUC, OKCHIHOC HOKPbITHC,
Tpﬂ60ilOl‘H'—lCCKHC HCIIbITAHUA, MOAHQ)MLLHPOBS.HKC THUTAHA, JICKTPOJUTHICCKOC OKCHIHUPOBaHHC.

DO https://doi.org/10.32523/2616-7263-2019-127-2-64-69

Beepenne. Turan u Cro ClUIABLI LIMPOKO UCLOJIL3YIOTCH B PAKCTOCTPOCIUM M KOCMUYCCKOMH
TCXHHKC, BHCIDHIOTCA B KOHCTPYKIMIO OOBIYHBIX, JIO3BYKOBBIX, CAMOJICTOB, TAK KAK BbICOKAA
sbdekruBHOCTL JOGOIO JICTATC/IBHOIO AlllAPaTa OIPCACIACTCH 1IPCXAKJIC BCCIO CHHMKCHUCM CLO
MacChl I[PH COXPAHCHMM BCCX OCTAJIBHBIX BBICOKMX KAUCCTB:  JOJI'OBCYHOCTH, HAJCHKHOCTH,
sxoHoMuuHOCTH. OJHAKO MCIOJIB3YCMBIC B KAYCCTBC KOHCTPYKIMOHHBIX MATCPHAJIOB THTAH U CIO
CluIaBbl 06/181a10T OIPAHHYCHHBIM KOMIUICKCOM CBOMCTB, YTO HC 1I03BOJIACT MCIOJB30BATL HX I
CO3JAIME UCPCHCKTUBILIX M3JACHMH M MOJCPUM3anuy cynicernyomux.  Bsejeume serupyomux
J106ABOK 3HAYHTCIIBHO yILy 4IIACT (PU3HKO-MCXAHUHCCKHUC CBOACTBA MATCPUHAJIA, OLHAKO 910 IPHBOJIUT
K yBCJAMUYCHMIO MACCHI KOHCTPYKUMM M yuopoxanmio msacimii [1-2].  Kpome roro, noiyuacmbic
KOMIIOBUITMOHHBIC MATCPHAJIBI Y3KODYHKIHOHAJIbHbI.

B cB#3H € 9TUM HPCACTABJIHCT MHTCPCC 1IPOLCCC MOJAM(UIMPOBAHMI LOBCPXHOCTH MaTCpHAJIa
¢ LEILIO yiydIICHHs Cr0 (hUIMKO-MCXAlMHCCKMX XapakicpucTuk. B nacroguee spems jyis
0OpABGOTKH 1OBCPXHOCTH BCHTHJIBHBIX MCTAJUIOB IIMPOKO HCLOJUB3YCTCH MCTOJ  INIA3MCHHOLO
suckrposmTHCcekoro oxenpuposanns (I190) [3-9].

Xapaxrcpuoii ocobennoctbio 1190 mpimeres yuacrue B upouceee (OPMUPOBAHMA HOKPHITHA
LOBCDXHOCTHBIX ~MMKDODA3Ds/(0B, OKASBIBAIOUMX BCCbMA CYIICCTBCHHOC M ClCHM(HUCCKOC
Bo3zIcicTBUC HA (POPMUPYIONICCCH HOKPBITUC.

I1oJLy 4YCHHBIC 1IPH MUKPOILIA3MCHHOi1 06PabOTKC B PACTBOPAX BJICKTPOIUTOB OKCH/IHBIC IIOKPbITHH
061aJIaI0T  BBICOKOH aJI'C3MCH K 1OMJIOKKC, KOPPOSHOHHOMH CTOHKOCTBIO, U3HOCOCTOHKOCTDIO,
JKAPOIPOUHBIMI, TCPMOCTOlKUMY cpoficrsamu [10-13]. Meroj, aBisicres SKONOIHUCCKH HHCTBIM B
CPABHCHHUH C TPAMUHOHHBIM MCTOIOM AHOJMPOBAHUH.

Oupaxo upy peaimsamuu tpouccca 190 uiM MHKPO/IyIroBOIO OKCHAMPOBAHMH, OCYIICCTBIIACMON
¢ WCLOJIL3OBAIMCM CTAIMONADILIX M MCMJICILIO MCISIOUMXCs SICPICTHYCCKUX  BOBJCHCTBU,
CylLICCTBYCT IPOGJICMA HIHPOKOIO IPAKTUHCCKOIO HeNob30Batng Mcrota. Tocicuuce casano ¢ oM,
YIO 1IpH PCAJMBALMM [POLCCCA 1PH CTAIMOHADHBIX PCHKHMMAX LPoMcxout GoibIIOC 10TPCOICHIC
SIICKTPOSHCPIHH. [[PUMCHCHHC KOPOTKO-UMILYJIbCHOI'O DCKMMA PCIIACT Pl IPODJICM:  HO3BOJMT
SHAYMTCIBHO YJydlHTh KAYCCTBO 1OJYHACMbIX OKCHIHBIX HOKDBITHIL, 1103B0J1ACT (POPMHPOBATH
LIOKPBITHH C I'ODA3J0 MCHbBIUMMH SHCDICTHHYCCKHMM 3arparamu. B csasu ¢ arum passuruc
H UPOBCACHMC HCC/ICHOBAHME 1LIOJIYHCHUSA MHOIO(YHKIHOHANbHBIX UOKPbITuii Mcrogom I1D0 s
IHCPIOCOCPCIAIONICM PCAKUMC HBJIACTCS AKTYaIbHOM 3a/la4Cil.
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Lcibio JaHHON PafoThl  ABJIACICH UOJYYCHMC OKCMMAHBIX UOKDBITHH HA TUTAHC M CLO
CIJIABAX MCTOJOM ILJIA3MCHHOI'O 3JICKTPOJIMTUHUCCKOIO OKCUAMPOBAHUA M MCCJIC/IOBAHHC UX (DUSHKO-
MCXaHHHYCCKUX CBOHCTB.

1. OcHoBHasi 9yacTb. s IPOBCACHHSA MCCIICAOBAHMA MOAMMUINPOBAKMHA IIOBCPXHOCTH THTAHA
M CI'O CIIABA MCIIOJIL30BAIACH YCTAHOBKA, COCTOSIAS U3 JBYXIJICKTPOAHON JICKTPOXMMHU'ICCKOH
AYCHKHM M MCTOUHUKA IIHTAHUA.

Suciika cOCTOMT U3 BAHHDBI, BCLOMOIATC/ILHOIO JICKTPOJa u3 "Mapki Hepxkascouiciic” crajim u
pabouero snexrpoga — obpasua Merania. IloBepxHocTh BCHOMOraTeNnbHOTO 371€KTpoaa B 50 pas
HPCBBILIAJIA LOBCPXHOCTD Pabo4cro JICKTpoia. B KadcerBe MCTOYHMKA UHTAHUA MCIIOJIB30BAJICH
HMILYJILCHLIH ucTounuK uranus «Kopyuy M0O» rtupucropioro thia. Merounnk unramus «Kopyig
MO» HC CCPMIHOIO 1IPOM3BOJACTBA 103BOJSCT (POPMUPOBATH HCPCAYIOUMCCH 1OJIOXKUTC/IbHBIC U
OTPULATCIILHBIC MMILY/IbChl HAIPSKCHUA TPALCHUCBUHON (opMbL.  [Ipy 1IPUMCHCHMM MMILYJILCOB
TaKoil GOPMLI 1IPOUCXOUT MAKCUMAJILIO 1OJLUIOC MCIOJIL30BAIKMC HOAABACMOI DIICPIUM, IDH ITOM
JUIMTCIBHOCTD 11ay3bl MC2K/Y MMILYJIbCAMHU JIOCTATOYHA, Y4TO0bI HC LIPOMCXO/MJI CHJIbHBI 11CPCIPCB
HPUBJICKTPOHOLIO CJIOH.

ToxXHUYCCKHC JAHHBIC GJIOKA IUTAHUA CJIC/LYIOLIKC:

1 BhIXOJHOC HAIPHKCHUC - HMILYJIBCHOC JByXLouspHoc, yacrora (50 +0,5) I'u.

2 Besmumua HMITYJibCa HOJOXKHTCIBHOIO HalpsizkeHust - (600 £ 60) B.

3 Boymmuuna uMiLysibca 1OJI0XKHTC/IBHOIO ToKa - (800 £ 80) A.

4 JTinrCitbHOCT MMILYJICA 1I0JIO?KHTCIILHOLO ToKa - (250 £ 25) MKce.

5 Beamumua uMiry/ibca OTPHIATC/IBHOIO HapsikeHust - (300 £ 30) B.

6 Bestuuna MMILyJIbca OTPULATC/ILHOIO ToKa - (44 2= 4)A.

7 JLMTC/IbHOCTD MMILYJIbCA OTPHIATCIBHOLO ToKa - (5 4 0,5) Mc.

8 Mounoctb, norpebisicMmas o ceru, He upessimact 9 kB ® A.

CrpykrypHas cxeMa 6J10Ka LIMTaHUs 1IPC/CTAB/ICHA HA PUCYHKC 2.

Yesosust BejcHust npouccca [190: JyTcibHOCTD AHOJUHOIO MMILy/ibca Toka - 250 =25 MKc;
JUIMTCIILIOCTDL MMILYJILCA KATOMIOrO ToKa - 5 £ 0,5 MC; 4acrora CJICAOBAIMS ALOMILIX M KATOILIX
umuyasineos - 50 £ 0,5 [, naupsikenuc B upeuciax 350-365 B, 1uorHocrs 1oka B upcyciax 110-114
A/pm 2

B KauceTBe JCKTPOJIMTOB HCLOJIL30BAIMCL LICJIOHILIC PACTBOPLI DJICKTPOJATOB, COACPHKAILMX:

"

1-narpuii  docopHoKuCblil  3-3amciucHEbIA 12 BOjHbBIA, I'MJIPOOKMCH AJUOMHHHH, 2-HATPHiL
docdopHoKuCIbIL ABY3aMCIICHHBI, HATPUil TCTPAGOPHOKMCIIbLA, aMMoHuit (dropucrbli, Kuciora
6opuasn, OKHCL aJIOMUIIN.

UceicioBanue 1HOBCPXHOCTHOM MUKPOTBCPAOCTH OKCHJHbBIX LOKDBITHH HA THTAHC M CI'O CILIABC
nposojuian Ha Teepaomcpe BuxxepcarKB 30SPruftcchnikGmbH. Msmepenne MuKpoOTBCpAOCTH
00pasios ¢ LLOKPHITUCM 1POoBOAMIM 1pu Harpyske 200 r.

Ms1ococTofikoeTh  OLCIMBAJIM 110 IUIOI@M  TPCKA, KOTOPYIO M3IMCPSUIM C  IIPUMCICIIMCM
6cckonrakTHoro 3D-1podusiomerpa MICROMEASURE 3Dstation. Ha upoduiiomerpe 1ostydasiu
TPCXMCPHOC M300DaXKCHUC 1IOBCPXHOCTH U ABTOMATHYCCKOC BbIYMCICHHC 1Lji0nay rpeka. [lepes
MCCJIC/IOBAHUCM 06PA3LOB HA JAHHOM 1IPOQHIOMCTPC Ha 00PA3IbL 1I0CJIC HCIBITAHKA Ha TPHOOMCTDC
HAIIbLIAIM TOHKME CJIOH asuoMuHUA TOJIMHOMA 50-60 HM s HOBBIICHHUS OTPAXKATC/IbHBIX CBOHCTB
1IOBCPXHOCTH.

ToJiHy OKCHJHOIO 1IOKDbITUH oupcuc/suin Ha rosuuuHomepe QuaNix-1500 ¢ uudposoit
HMHJICKCAIIUCH 110Ka3aTCIICH. i

B jsranuoit pabore upu mouudunuposannu uoscpxtocru ciiasos turana BT1-0 u BT5 usyucuo
BIMAHUC ObICTPOTCKYIMX UMILyJIbCHbIX Boziciicrsuil 190, Jaunbiii pexKuM 1103B0JIHCT 1Oy HaTH
IUIOTHBIC 1IOKPBITHH C BBICOKHMM MCXaHHHYCCKMMU csoiicrsamu. Peasmsauns upouccca 1190 npu
MAJILIX 3UAYCHUAX JWIMTCILIOCTH ALOMION0 HMIlyJLea - 250 MKC - LDUBOJUT K BOBLMKIIOBCIIMIO
MUKDOJLYI'OBbIX Pa3pP#A0B B TCUCHUC KOPOTKOIO 1icpHoia Bpemctu. IIpu arom na obpabarbisacMom
MaTcpualc obpasyloTed OKCHHBIC 3CPHa MaJibix pasMcpoB. O6pasyiomuiics 110BCPXHOCTHBI CJIO0H
ABJISICTCs PAGOUMM, T.C.  MCKJIOYACTCH JOUOJIHUTC/IbHAS OLCPAlUs - MCXaHM4YCCKad 00paborka
nosepxuocty uumgosanucM.  [IPUMCHCHHMC JAHHOIO PCXKMMA 1I03BOJISCT CYLICCTBCHHO CHUBMTb
HOTPCOIICHUC DIICKTPOIHCPI'MH.
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CrpykTypa o6Gpasosanus OKCHAHOIO LOKpbITHs, dopmupycmoro s ipouccce ob6paborku 1190,
LIPCACTABJISICTCH B HCCKOBKHX 1IOCJ/ICUOBATCILHBIX CTA/MAX:  JAMCCOLMAIMS COJICH HA HMOHBI
/I0CTaBKa MOHOB K 1IOBCPXHOCTH DJICKTPO/A; 9JICKTPOXAMU'ICCKAS PCAKIUS U COIPOBOMIAIONIMI CC
MUKPOIUIASMCHHBILI 1IPOLCCE; 06PABOBAHUC OKCHIHOI'O Ml KCPAMUUCCKOL'O HOKPhITHS; 1OC/IC/LY FOIAs
XUMUHCCKAs PCAKIMA, YAAICHHC I'a3000pasHbIX LPOLYKTOB peakuuu [11].

B Haya/bHbIi 11CPHOJL BJICKTPO/IU38 HA LIOBCPXHOCTH OOPA3YCTCH TOHKHIH CJIOH OKCHJIOB:

Ti—de > Ti*, (1)
Ti* + 40H~ — Ti(OH)y, (2)
Ti(OH )4t — TiOg | +2H50, (3)

Kucsiopojt B BHIC HOHOB LIPOHMKACT YCPC3 IWICHKY M BBI3BIBACT JAJILHCHIICC OKHCJICHHC MCTAJLIA.

B pesyinrare  MCCTHOIO  BLICOKOSICPICTHHUCCKOIO BOSJACHCTBMS 118 OBCPXIOCTH  M3C/MI
hOpMUDYIOTCH CJIOM, BKJIOYAIOLMC B CBOH COCTAB KAK 3JICMCHTBI MATDHIbI (OKCHIMDPYCMOIO
MCTALIA), TAK M JCMCHTBI JICKTposuTa [4].

B pacrsope asckrposra Ne 1, na obpasuax, 3a CHCT OCHOBBI MCTAJLIA 1POTCKAIOT PCAKIMH 1-
3. Oxcmunbic cocauncHns ¢ochopa TAKKC BXOMAT B COCTAB LOKPHITHA. |HAPOOKHMCH ANIOMUHMA
110/, BO3/CHCTBUCM BBICOKOH TCMIICPATYPbl MHUKDPOIUIASMCHHOI'O Pa3psia 1PCOOPasycrcs COIVIACHO
peakuuu:

2A1(OH)st — AlyO3 + 3Hy0, ()

M BXOJUT B COCTAB IIOKPHITHH B BHJC OKCH/IA AJIIOMUHUS.

Ha obpasiax us BT1-0 110j1y4CHbI 1UIOTHBIC PABHOMCPHBIC OKCH/HBIC HOKDBITHS CCPOI'O IBCTA
rosuunoit 15 mxm.  Ha obpasuax us BTS chopmuposarbl paBHOMCDHBIC OKCHHBIC 1OKDBITHS
KBAPICBOIO 1BCTa (OTTCHOK CCPOIO UBCTA) TOJLMHON 9,5 MKM.

B suickrposre Ne 2 na merasiiax hoOpMUPYIOTCH HOKPBITHS, COACPKAIIMC B CBOCM COCTABC OKCHIbI
MCTaJL/I OCHOBbI M KOMIIOHCHTBI 3JicKTpoJiuTa. IIponcce o6pasosaHus OKCHIHOIO LIOKDPBITHH HA
TUTAIC COLPOBOXIACTCS BLILCPACCMOTPCIILIMU YPaBlCUnavMu peakiuit 1, 2, 3.

Qocdar MEI0YHOIO MCTALIA B PC3YJILTATC Peakuun obpasyct dhochar-uoHbI, KOTOPbIC

2HPO;™ +2e — 2PO;™ — Hj, (5)
110 BO3ACHCTBUCM BLICOKMX TCMIICDATYD BXOJST B COCTAB LOKPLITHA B BuiC okenua P2 Q5. Dro
UPHUBOAMT K YBCJIMUYCHHMIO TBCPAOCTH HIOKDBITHS.
Bpicokoc HAIDAXKCHMC M DA3BUBAIOIMCCH BBICOKMC TCMIICPATYDPbl B 30HC MHKDOILUIA3MCHHBIX
Pasp#A0B UPUBOAAT K 06PA30BAIMIO TBCPALIX X TCPMOCTORKUX GOPOPIalUYCCKUX COCUMIICIINI

NagB4O7 5 2By03 + NasO, (6)

OkeuJt a/OMHHUS, HAXOUSAIMIACH B BUAC LOPOLIKA B PAcTBOPC, OYICT BHCUPSTHCH B COCIAB
nokpoirus. Ha obpasuax us BT1-0 10/1y4CHBI 1UIOTHBIC PABHOMCPHBIC OKCHIHBIC HOKPbITHS CCPOI'O
usera rouunoit 21 mxm. Ha obpasuax us BT5 1oy 4cHbl paBHOMCDPHBIC OKCHJIHBIC 1IOKPBITHSA
KBaPICBOIO 1BCTa (OTTCHOK CCPOIO UBCTA) ToJIuHOi 19,5 MK,

Uccicpiopanue  10BCPXIOCTION MMKPOTBCPAOCTH  OKCHJILIX —HOKPLITHI,  IOJIYHCIIILIX I8
TuranoBbix obpasuax mapok BT1-0 u BT-5, uposoyuim 110 meroxy Bukkepea.

Wsmepenue mukporsepocru 06pasios ¢ HOKPbITHCM 11poBouH 1upy Harpyske 200 1. Harpyska
6bL1a ojuHaKoBa s Beex obpasuos. [lo pesyibraram 6 uMCpPCHHIT MUKPOTBCPIOCTH CILIABOB 6C3
LOKPBITHHA CPCAHMC apUMMCTHYCCKMC BHAYCHMH cocraBuiu s ciwiasa BT1-0 - 2375 HV | s
ciasa BT 5 - 374,5 HV.

Hauboubuias muxporscpuocrs Ha cuutasax turana BT1-0, BT 5 uabiuogacrcst Ha OKPBITHSIX,
LOJLYYCHHBIX B 9JcKrposiure Ne 2. MuKpOTBCpAOCTh LPH 9TOM yBCIAMYMBACTCH B 3,3 pasa 10
CPaBHCHHIO ¢ 06pa3LoM 63 HOKpbiTHst M cocrasisicr 792,8 HV na ciuiase BT 1-0. Ha cusiase BT 5
MMKPOTBCPAOCTH B JAHHOM 3JIcKTposTe cocrasigct 516,7 HV, yro pacr yscauycuuc B 1,4 paza 1o
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CPaBHCHHIO C UCXOJHBIM 00pas31oM. [laHHbLH SJICKTPOIUT COUCPHKUT OKHCH AJIOMUHHAL. Buarojaps
HAJIMYMIO B PACTBOPC B3BCIICHHBIX HacTul, MHrcHeuduuupycres upoucce gopmoobpazosanus. B
pesyibrare acdekTa 3JICKTPOGOPesa TBCPUBIC HYACTHIb OKCHIA AIOMUHUS BCIPAMBAIOTCA B COCTAB
1IOKPbITHHA. TCM CcaMbIM 06pa,3yc’1'0ﬂ KOMIIOBHUTHOC HOKPBITHC, COCTOHAIICC M3 OKCHJIa THTaHa M
OKCHIA aJIIOMUIINEL. TBCP,U‘L\]C HaCTHILI OKCH/1a aJLIOMUIIHSL BCTPOCIIILIC B llOKprTHC yBoJm4uBalor
MHKPOTBCPLOCTH 06pa.3y10111,01'oc;1 KOMIIO3UTHOI'O CJIOH.

CpaBHJdTCJ[bHaﬂ X&p&KTCPHCTKKﬂ AaHHbIX Ha cluiaBax 110Ka3blBaCT, 41O lpoucce HSO
CYLICCTBCILIOC BJIMIAIIMC OKa3LniBacT lia IICJICI‘HPOB&IIILblﬁ CclyiaB Turala BTI—O, yiydiiag cro
dJHBMKO‘MCXaHM'{CCKHC CBOMCTBA. STOT AcCIlICKT Ba)XCH B 3KOHOMHYCCKOM OTHOLICHHUH, KOlj/la
l\rlD,LU/leMJ.LMpyH clian, M,MCIOILLM_[’I CTOMMOCTDL MCIILIIC, YCM JlCl‘HpOB&IUIMﬁ, 1oJry4acm Ma.'repua.u C
60JICC yILyHIICHHBIMU CBOMCTBAMM.

Uccicposanust B 06J1aCTH  MCXAHMKM  KOHTAKTHBIX B3AHMOJCHCTBUII B LIOBCPXHOCTHBIX ¥
HPUIIOBCPXHOCTHBIX CJIOAX TPy LUXCsH MaTCpHaJIOB 1I0Ka3bIBaIOT, 4T0 MarcpuaJl B YKa3aHHbIX CJIOHX
B 1Ipoiiccee TPCHUA UBMCHHACT CBOC ¢M3H‘{CCKOC COCTOHAHHC. HPOHCCC TPCHUA 1LIPCACTABIACTCH KaK
PC3YJIBTAT JIBYX B3aMMOCBS3AHHBIX LIPOLCCCOB: JICHOPMANHE KOHTAKTHPYIOUNX MHKPOHCPOBHOCTCH
18 MOJICKyJ[ﬂPHOI‘O BB&MMOACF!CTBMH MaTCpuaJIOB Ha lldTHaX CbaKTH‘{CCKOl'O KOHTaKTa. B lporuncccc
TPCHUSA poTcKacrt 1POLCCC U3HAILIMBAHUS.

UsnococrofikocTh 1LOKDbITHL, 10JIyYCHHbIX Ha ciuiase Turana BT5 (pucynok 76), Taxxkc
XapaKTCPUSYCTCA BBICOKOH MBHOCOCTOHKOCTBIO 110 CDABHCHHMIO ¢ 00pasuoM 0C3 1OKDbITHH.
Maxkcumaiibhas  usnococroiikoers Habiojacres y obpasua ¢ LOKDBITHCM, 1IOJIyYCHHOI'O B
auckrposnte 1. Hsnococrolikocrs yseauuusactes B 4 pasa 10 CPABHCHHIO C varcpuajiom 6¢3
1OKPBITUS.

CpaBHCHUC JIAHHBIX 110 M3HOCOCTOMKOCTH 1HOKPBITHIA, noJty4cuupix Ha BT1-0 u BT5 nokassisaior,
410 chOPMUPOBAHHBIC LHOKPLITHs Ha ducroM civiase BT1-0 uMcior sydnme nokasarei.

B pesyiibrare 1poBCCHHbIX SKCICPUMCHTOB GbLIH HOJIY YCHbI MBHOCOCTOMKHUC OKCUHIC HOKPBITUS
Ha THTAHC U CIO CIUIABAX MCTOJOM LIA3MCHHOIO 3JICKTDOJIMTHYCCKOIO OKCHAuposaHusi. O6pasiib
OblIM MCIBITAHDI HA MBHOCOCTONKOCTL Ha BbICOKOTCMIICpaTypHOM Tpubomerpe THT-S-AX0000. Ha
OCIIOBC 1IOJIYHCIUIILIX JAlllILIX HUBIOCOCTONKOCTL HIOKPLITHS yBCJIMHMJIACL B 12 pas 1o CpaBIICILUIO
C HCXOJHBbIM MaTrcpuaJioMm. Hpﬂ HCCJICHOBAHUM UOBCPXHOCTHOF[ MUKDPOTBCPJAOCTH OKCUJIHBIX
LOKPLITUH OLUIO HOJIyHCHO yBejmucune B 3.3 pasa 110 CPABICIHMIO ¢ HCXOMILIM MaTCPHAJIOM.
HOJIy YCHHBII MOACpHKSMpOB&ﬂHbIﬁ THTaH 1103BOJIUT YBCJIHMYUTD 3¢¢CK1'MBHOC'J'b JICTaTCJ/IIbHOI'O
alulapara 1OCPCUCTBOM CHU2KCHUS CI'O Macchl, 1IpU 9TOM COXpaHsAsd HOJI'OBCYHOCTD, HAJICXKHOCTH
U B3KOHOMM'IHOCTD.
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THTAH MeH OHBIH KOPLITIAIADLIH TUIA3MANLIK - 3JeKTPOJUTTIK OKCHATEPMEeH TYPJIeH/ipy nipouecin seprrey

Annarna: Kasipri 3amanrbl  JaMybl Fapbilll TCXHHKACHIH AcHreifine GaliaHBICTEl  THIMALICIE  naltfanaHbUIATHIH
Marcpuannap. Bysl PCTTC FBUIBIMHBIN COHFbI JKCTICTIKTCDIH TYPJICHAIPY JKOHC CHIi3y Kabineri ynkcH pen arxapaapl. Ocsrran
opafi, MAKAJIAAA THTAH MCH OHBIH KODBITIAJAPHIH IIAIMAIEIK JICKTPONATTIK OKCHATCY APKBIIBI MopnduKaIHANAY dich
6epinren.  Hormacecinge anumran OKCHATI »KabLIIIap TOCCKKC JKOTApLl aIrC3usra, TOJyra TO3IMZA] KOIIC JKOrapnl MHKPO
KaTTHUIHIKKA #e. 1190 mMmynsCTIK PeXKMMAC TPOICCTI KYPrisy Bacranks! MaTCpaiMCH CaBICTHIPFAHAA KAOBIHHBIH, TO3YFa
Tesimziiiria 12 cce, MHKPO KATTBUIBIFBIH 3.3 CCC APTTHIpYFa MYMKiHAiK Gepeni.

TyiiiH ce3mep: NIA3MAIBIK-3ICKTPONATTIK OKCHITCY, OKCHATIK by, TPHOOJNOTMSAMNBIK ChIHAY, THTAHIB! TYDJICHIIDY,
JICKTPOTHTTIK OKCHATCY.

Zh.M. Ramazanova ! , M.G. Zamalitdinova ! , M.M. Zhangabyl ?

1 JSC “National Center of Space Rescarch and Technology”, Nur-Sultan, Kazakhstan
2 L.N. Gumilyov Eurasian National University, Nur-Sultan, Kazakhsten

Investigation of the process of modifying titanium and its alloys by plasma-electrolytic oxidation

Abstract: The modern development of space technology depends on the level of cfficiency in the usc of matcrials. The
ability to modify and implement the latest achievements of science plays a big role. Starting from this, the article highlights
the method of modifying titanium and its alloys using plasma clectrolytic oxidation. The resulting oxide shell provides high
adhesion to the substrate, wear resistance and high microhardness. In the experimental mode, PEO allows to obtain an incrcase
in the wear resistance of the coating by 12 times, microhardness by 3.3 times compared with the initial result.

Keywords: plasma electrolytic oxidation, oxide coating, tribological tests, titanium modification, electrolytic oxidation.
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CITPABKA

Hacrosimm noareepyiaem, cornacho norosopa Ne 53 06 OpraHu3aluu
¢unmnana kadenpsl "KocMuueckas Texika U TexHomoruu" Ha [IPOU3BOJICTBE OT
26.04.2017 rona mesxcay PITI "EBpasuiickuii HauHOHAIbHBIN YHUBEpCUTET" UMEHH
JLH. T'ymunesa u AO "HauuoHanbHBIH HeHTp KOCMUYECKMX HCCIEIOBAHHHA 1
TexHosornii"  (nanee AO "HIIKWUT") nom pyKkoBOJACTBOM K.X.H., [ONEHTa
PamaszanoBoit K. M. B LlenTpe KocMHueckoro MoHuTopunra r. Hyp-Cynran AO
"HUKHWT" npoBoauinck HecienoBanns B paMKax [0ATOTOBKH MaruCTepeKux
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kadenpe "Kocmuueckas Textuka u Texsonoran” EHY um. J1.H. ['ymunena
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kocmuyeckoii Texuuke" (Iporokonx Nel8 o1 2019 1.)

2. OpazanmeBa JIM. na Temy "MccienoBaHHe TeXHONOTMH Ta3MEHHO-
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ot 2019r.)
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CBenenus o NpoXoxkIeHuH IPOU3BOACTBEHHON NPAKTHKH, HAYYHOI
CTA’KUPOBKH CTY/JE€HTOB H MATHCTPAHTOB Kadeaphbl
«Kocmuueckas TeXHHKA M TeXHONOTHU» PU3HKO-TEXHHYECKOI0 (haxyabTeTa
Espasniickoro naunonansnoro ynusepenrera um. JLH. I'ymunesa

C 1enbio NoAroTOBKM KBATU(ULMPOBAHHBIX CHIELHATHCTOB /Ul KOCMUYECKOH
OTpacji, TPaKTHYECKOH HANpaBIeHHOCTH y4eGHOrO Mpoliecca, a TaKke
TIPOBCACHHUS COBMECTHBIX HAYYHBIX WCCIIE/I0BAHMII JUIS HAIMCAHMS BBITYCKHBIX
AMCCEPTALMOHHBIX  paboT B  dumane kapeapsl Ha mpomsBoactBe  AQ
«Haumonansnpiii HeHTp KOCMUYECKUX MCCICI0BAHNH U TEXHOIOM M) (namee AO
«HIKWT») B LleHTpe KOCMHYECKOTO MOHHTOPHHIA T. Hyp-Cyntan cornacHo
noroopy Ne 53 o6 oprammsanmu Quinana kadempsl Ha NPOM3BOJCTBE OT
26.04.2017 r. u Mewmopaniyma 0 B3aMMONOHUMAHHH mexay EHY um. JLH.
Fymunesa u AO «HLKWUT» npouiu [POM3BOJICTBEHHYIO NPAKTHKY W HAYYHYIO
CTaXUPOBKY 110 TeMaTHkaM «OGpaboTka 1aHHBIX JHCTAHIMOHHOTO 30HAMPOBAHHS
Bemmu»  u  «McclenoBaHUs  TONYdEHHS  OKCHAHBIX HOKPBITHH  METOOM
TUIa3MEHHOT'0 3JIEKTPOIUTHIECKOTO OKCHANPOBAHKS 110 TOIAM:

2018 r. — 20 GaxanaBpos;

2019 r. — 32 GakanaBpa 1 8 MarUCTPaHTOB;

2020 r. — 11 GakanaBpoB u 15 MarucTpaHToB.

Opranusanus u mpoBesieHye NPAKTUK M CTAKUPOBOK OCYIIECTBISIUCH TOJ
PYKOBOACTBOM K.X.H., JoueHTa  Pamasanosoit JK.M. (nauanshuk I[KM) u
MarucTpa MHPOPMAIMOHHEIX CHCTeM 3aMaluTIMHOBOH M.I. (H.c. LIKM).

Jlekan pusnko-TexHH4ecKOro hakybTeTa
EHY um. JL.H. l'ymusiena

moJuiaun E.E.

3apenyiomuii kagenpoii "Kocmudeckas
TeXHHKA H TeXHOJIOrHH'""

EHY um. JL.H. T'ymusieBa Epranues JI.C.
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YTBEPK/JAIO

r. Tomck ¥
['enepan “m qp¢krop AO MAHDJI

MMPOTOKOJI UCIIBITAH

1. Bux ucnbitannii: OnpeesneHue KOPPO3HOHHOM CTOMKOCTH 06pa
2. Cpoku npoBejeHusi uenbiTanmii: 11.10 - 18.12.2019

3. Kon4ecTBO HCNBITAHHBIX 00Pa3LOB:
O6pasupl ¢ MJIO-nokpeiTHem — 7 WT.

4. UcnbiTaTebHOE 060PY10BaHKE: KaMepa cosHoro tymaHa AscottCC 450
5. HopmaTuBHo-TexHH4eckue 10kymenThi: [OCT 9.308-85

6. Mecto nposenenust ucnbiranuii: AO MAHDJL. r.Tomck ya. Bragumupa Beicoukoro 25 cr.12

7. MeToauKa HCNbITAHHIH

KOppo3HOHHYIO CTOMKOCTH MOKPBITHII MPOBEPS/IM MCIBITAHHEM OOPa3LOB B COJNSHOM TyMaHe
npu Temneparype (35+2) °Ce Tteuenue 1000 uaco B coorerctBuu ¢ ['OCT 9.308-85,
HEUTpabHbIH COJIAHOM TymMaH.

HcnbiTaHus BbINOMHAIM CIIEAYIOUINM 00pasom:

OGpasiibl ¢ MOKPBITHSAMHM pa3Melliaid B KaMepe COISHOrO TyMaHa Ha paccTosHuM He MeHee 20
MM Jpyr OT Apyra, oT cTeHok — He menee 100 M, oT aHa kamepbl He meHee 200 mwm, u
BblAEpXKMBANM npu  Temneparype (35+2)°C B HENpepbIBHO pACMbLIIEMOM pacTBope ¢
KOHLEHTpaLKeii XJaopucToro Hatpus (50+5) r/av’. pH pactBopa B npenenax 6,5-7.2. Pacnbinenue
COJIHOTO TyMaHa OCYLIECTBIIS/IM TakuM o0pa3oM, 4To 0ObeM KOHIEHcarta 3a Bpems paboThl
kameps! B TeyeHue 244 cocrasmsin 1,2 -1,5 oM’ /uac.

H3meHeHHe COCTOSHMS MOKPBITUH OMNpeessii MyTeM BU3yaJbHOTO OCMOTpa uepes 2, 24, 96,
294, 460, 720, 1000 u 1500 yacoB ucnbiTaHuid. [ 3TOro 0Opasilibl W3BJIEKATU M3 KaMephbl,
[POMBIBATH BOJOMPOBOJAHON BOAOH OT COJSHOIO PacTBOpa M MPOCYIIMBAIH (UILTPOBATBLHOM
Gymaroii, OLEHHBAIM BHELIHMI BHJ HA HAJTMYME KOPPO3HMOHHbIX Pa3pyLIEHMH MO MOKasaTenam:

M3MEeHeHHe LBeTa, KOPPO3ns TOYKaMH U nsTHamu B cootetcTBum ¢ TOCT 9.308-85.

r.Tomck, ya. Bnaaumupa Beicoukoro, 1om 25, crp.12
M'WW.WLIVIC‘[. ru
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9. BbiBoabI:

1. TlpoBeaeHbl KOPPO3HOHHBIE YCKOPEHHBIE HCTbITaHus 00pasuos ¢ [190 — nokpbituem no N'OCT
9.308-85 B ycn0BHMAX BO3AEHCTBHS HEHTPANILHOrO COJNSHOTO TymaHa Mpu Temmepatype 35°C B
tedenne 1500 uacos. Konuentpauus pactsopa — 50 r/n xnopuctoro Harpusi, pH pactsopa 6,5-
7:2.

2. Koppo3uoHHbIe pa3pylieHus OTCYTCTBYIOT.

10. Hacrosmmii TpOTOKO PACHPOCTPAHSIETCSs TOJABKO HAa 00pasubl  NMPOAYKUHH,
NOABEPrHYThIE HCNBITAHHSIM.

HauanbHuk oTaena

pa3paboTKM NOKPLITHIA M TEXHOIOTHIA M/C.C. ApbGy3oa
v

r.Tomck, yn. Bnaaumupa Beicoukoro, 1om 25, crp.12
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Synthesis And Properties Of Coatings
Obtained By Plasma Electrolytic Oxidation
Of Titanium Alloys In Alkaline Solutions

Zhanat ramazanova', marina zamalitdinova', artem kozlovskiy?,
Pavel butyagin®, svetlana arbuzova

Yoint-stock company “national center of space research and technology” space monitoring center; 15 shevchenko
str., almaty, 050010, republic of kazakhstan
2institute of nuclear physics; 1 ibragimova str., almaty, 050032, republic of kazakhstan
3joint-stock company “manel”; 12 v. Vysotsky str., tomsk, 634040, russian federation

Abstract-Synthesis and characteristics of the protective coatings for titanium alloys via fast-pulsed plasma
electrolytic oxidation in alkaline solutions have been described. Obtained coatings have improved physical and
‘mechanical properties — the wear-resistance increases in 3 - 12 times higher compared to the uncovered ones.
The coefficient of friction curves reveals the absence of coating destruction. The rubbing surfaces adapt to each
other and pass into the regime of stable friction. The microhardness of the coatings is higher in 2-3 times
compared to the initial sample without coating. Morphological studies show that the porosity of the coatings is
6.2 %-12.2 %. The neutral salt spray corrosion tests at the temperature of (35 + 2)°C for 1000 hours
demonstrate that the resulting coatings are corrosion resistant.

Keywords:plasma electrolytic oxidation coatings, titanium alloys, tribological and corrosion tests; wear-
resistance, microhardness, porosity

Introduction

Due to the high specific characteristics of titanium and its alloys they are widely used in many fields of
industry and technology, especially in the aerospace area (Liitjering & Williams, 2007). However, titanium
alloys have several drawbacks - low hardness and wear-resistance. The introduction of doping elements
improves the properties of the material, but this leads to an increase in the mass of the final construction and its
prices.

In this regard, modification of the surface of titanium alloys to obtain wear-resistant protective coatings
(PC) is an urgent task. One of the most spread methods for synthesis of PC is plasma (ion) nitriding (PIN) of
titanium alloys (Ossowski et al.,, 2016; Qian et al., 2014).Such a method allows obtaining coatings that work
under friction conditions with increased fatigue strength and corrosion resistance. Simultaneously, the PIN
method significantly depends on the chemical structure of the titanium alloy. The ammonia treatment leads to
saturation with the hydrogen of the surface layer caused the development of hydrogen embrittlement. As a
result, layer with increased brittleness is formed that leads to its cracking and chipping. The PIN method also
requires a long hardening process (more than 10 hours)

One of the most promising methods for surface treatment is the plasma electrolytic oxidation (PEO) (Jin
et al.,, 2018; Ono et al., 2017; Shankar et al., 2018; Sobolev et al., 2018). This method allows significantly
change the surface of the titanium alloys and makes possible to replace traditional materials with less expensive
and non-deficient ones improving their operational properties(Mamaev et al, 2016; Nabavi et al., 2017;
Sakhnenko et al., 2018)

The obtained via PEO method coatings in electrolyte solutions exhibit high adhesion to the substrate
(Krit et al., 2018; Zhouet al., 2018), wear(Krishana et al., 2015; Ramazanova et al., 2018; Sakhnenko &
Karakurkchi, 2017; Sieber et al., 2018; Zhou et al., 2018), heat (Shtefan & Smimova, 2017), and corrosion
resistance (Dehnavi et al., 2015; Jin et al., 2018; Karabudak et al., 2017; Kumar &Muthupandi, 2019; Prasad et
al., 2017; Roknian et al., 2018). Moreover, synthesized PC are characterized by different porosity (Aliasghari et
al,, 2016; Koshuro et al., 2016; Li et al., 2013; Shi & Li, 2016b), that could be used as bioactive layer in
titanium, magnesium and their alloys(Koshuro et al., 2016; Mamaev et al., 2016; Mamayev et al., 2018; Shi &
Li, 2016a). The high-energy exposure leads to the formation of the layers including both elements of the
oxidized metal and electrolyte elements in their composition (Rudnev et al., 2018; Sakhnenko et al., 2018). In
addition, PEO method is environmentally friendly in comparison with the traditional anodizing method, where
acidic electrolyte solutions are widely used (Clyne & Troughton, 2019). Simultaneously, the PEO process can be
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carried out using stationary and slowly changing energy influences, which limits the widespread use of the
method due to the large electric energy consumption. For solving this problem the fast-pulsed PEO regime is
used, where the voltage change rate reaches 108 V/s and the current density is 600 A/dm’(Mamaev et al., 2017).
This mode allows forming coatings with much lower energy costs

As usual, the studies concerning the PC obtained by the PEO method omit wear-resistance properties.
Most of the authors consider that PC with improved microhardness is also wear-resistant(Mamaev et al., 2017)
However, such a statement is fair not in all cases and sometimes the microhardness is not correlating to the
wear-resistance. In this regard, the main goal of the work was to obtain PC with improved physical and
‘mechanical properties on titanium alloys via a fast-pulsed PEO method and to investigate its microhardness,
wear-resistance, and porosity.

materials and methods
Materials

Surface modification has been carried out using the Grade2 and Grade6 alloys (maid in Russia according
to the GOST 19807-91 “Titanium and wrought titanium alloys™). Samples have a rectangular shape with a

thickness of 3 mm and size 20x40 mm and 15x40 mm. The alloy compositions are presented in Table 1

Table 1. Initial samples composition

Sample Mass fraction, %

Ti Al v Mo r Si Fe o H N C Other
Grade2 base - - - - 0.10 | 0.25 | 0.20 | 0.010 [ 0.04 | 0.07 0.30
Grade6 base 4562 | 12 | 0.8 |030]0.12|0.300.20 | 0.015 | 0.05 | 0.10 0.30

To remove irregularities and scratches, samples were ground mechanically before coating. For this
purpose, an abrasive material with different abrasive grain sizes (from 50 — 63 jum to 20 — 28 um) has been used.
The grinding contimued on wheels made of cotton calico fabric using GOI paste with an abrasive capacity of § -

17 microns. Samples were treated by ethyl alcohol to degrease the surface and remove organic impurities and
were dried at room temperature.

Samples Coating by PEO Method

For the synthesis of coatings two-electrode electrochemical cell has been used (Scheme 1). The cell
consists of a bath, a counter stainless steel electrode, and a titanium alloy sample as a working electrode. The
surface of the counter electrode is 50 times higher than the working electrode. As a power source, a thyristor-
type switched-mode power supply “Corundum M” has been applied. It generates alternating positive and
negative trapezoidal shaping voltage pulses

®

Scheme 1. Two-clectrode clectrochemical cell for
coating synthesis: 1 - switched-mode power supply; 2 -
clectrochemical bath with a water-cooling jacket; 3 -
counter clectrode (cathode); 4 titanium sample
(anode); 5 —water; 6—air; 7 - air bubbles for solution
mixing.

The PEO process was conducting at following conditions: duration of the anode current pulse
250 + 25 ps, cathode current pulse duration 5+ 0.5 ms, pause between anodic and cathodic current pulses
250 +25 pis, pulses repetition rate 50 =0.5 Hz, voltage within 360— 365 V, current density within 110 —
114 A/dn, PEO duration 600 sec, for electrolyte mixing compressed air was used. For coating, several
electrolytes have been used:Electrolyte 1 — Na,HPO, (40 g/l), Na;B,0; (30 g/l), H;BO; (22 ¢/l), NELF
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