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Research object - nanocomposite electrolytic coatings with improved functional properties.
The aim of the research is to develop control methods and technological parameters of physicochemical processes for the synthesis of nanostructured galvanic coatings with alloys, mixed oxides and composites, which increase the service life of electrical equipment by 10.5-15.2 times and to create pilot projects for the production of competitive and export-oriented products: strip conductors and grounding electrodes. 
In the course of the work, the following were used: electrochemical research methods, optical, scanning electron and atomic force microscopy, X-ray diffraction, gravimetric method of corrosion research. To analyze the experimental data and determine the kinetic laws and the mechanism of cathodic reactions, kinetic parameters and characteristic criteria were used.
As a result of the study, for the first time, technological parameters of the process of obtaining nanocoatings for components of electrical equipment, launching a galvanic line, making prototypes and conducting life tests were developed.
As a result of the study, for the first time, technological parameters of the process of obtaining nanocoatings for components of electrical equipment, launching a galvanic line, making prototypes and conducting life tests were developed. The main design, technological, technical and operational characteristics: the methods of increasing the efficiency of nanocomposite electrolytic coatings (nano-CEC) developed as part of the research work on this project, made it possible to create optimal electrolyte compositions for the synthesis of coatings with double and ternary Fe (Ni, Co ) –Mo (W), Co-Mo-W.
Scope - chemical, oil and gas and heavy engineering, repair and restoration production.
Efficiency is determined by the fact that the developed electrolyte-suspension increases corrosion resistance and increases the service life of electrical equipment by 10.5 -15.2 times, depending on operating conditions.
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INTRODUCTION
Electrochemical deposition of nanodispersed alloys is an important and promising area of electroplating for several reasons. First, the list of metals that can be isolated from aqueous solutions is rather limited, so electrolytic alloys are becoming increasingly important. Secondly, due to the combination of valuable qualities of individual metals, coatings with nanodispersed alloys impart various physicochemical and physicomechanical properties to the surface of products [1-3], the level of which can be quite simply varied. Third, at present, in practical electroplating, there is an almost uncontested transition to multicomponent and synergistic alloys, which are characterized by a superadditive enhancement of functional properties in relation to alloy-forming components - catalytic, anti-corrosion, strength and wear resistance, semiconductor and superconductivity, magnetic [4-5] , including giant magnetic resistance, etc. 
Among practically important alloys, the main place is occupied by electrolytic nanocompositions formed by metals of the iron triad (iron, cobalt, and nickel) with refractory metals, primarily tungsten, molybdenum, vanadium, and zirconium. One of the reasons for this attention is that, despite the extreme demand for monometallic coatings with refractory metals in various fields, it is well known that individual coatings with tungsten and molybdenum from aqueous solutions cannot be obtained, whereas with metals of the iron triad they can be coprecipitated into alloys [ 6-7].
For the deposition of multicomponent galvanic alloys of iron with refractory metals, ammonia-citrate electrolytes based on Fe (II) are mainly used [8, 9], while, along with metal components, oxygen was found in the composition of coatings, the content of which increases with temperature and working current density, probably due to an increased degree of iron (II) hydrolysis and incomplete reduction of oxometallate. That is why the current trend in electroplating is the use of electrolytes based on iron (III) for the formation of multicomponent coatings with cobalt and tungsten [10-11].
The main task to be solved at this stage consisted in the development of technological parameters of the process of obtaining nanocoatings for components of electrical equipment, the launch of the galvanic line, the manufacture of prototypes and performance tests.
Scientific novelty, validity and compliance of the applied methodology with the specifics of research lies in the fact that the electrochemical method has such undoubted advantages as the possibility of creating a composite coating with a given structure and functional properties, the ease of carrying a uniform layer of adjustable thickness on the surface of the product, the absence of thermal effects, the possibility of excluding subsequent machining, low cost. Implementation of the project objectives was carried out strictly according to the approved research plan without deviations. On the topic of the project "Development of nanostructured coatings for electrical equipment components" (state registration number 0118RK00315), the main goal is to develop control methods and technological parameters of physicochemical processes for the synthesis of nanostructured coatings mixed with electrochemical oxides and composites, an increased service life of device devices in 10, 5-15 , 2 times and the creation of experimental and industrial developments for the production of competitive and export-oriented products. Stage 2018 "Development of a methodology for the synthesis of nanostructured electrolytic coatings and scientific foundations for the selection of coating components for various functional purposes and design of a modernized galvanic line" (Report 2018, inv. No. 0218RK00111). Stage 2019 "Development of a neural network model of the relationship between the functional properties of nanocoatings with their qualitative and quantitative composition, equipment of the modernized galvanic line" (Report 2019, inv. No. 0219RK00162). Stage 2020. "Development of technological parameters for the process of obtaining nanocoatings for electrical components, launching a galvanic line, making prototypes and conducting life tests." The report presents the results of the development and research of nanotechnology for obtaining nanostructured composite electrolytic coatings based on chromium, iron and titanium, the microstructure and properties of coatings, as well as the results of enlarged tests of electrolytes and nano-ECC in industrial conditions.
As a result of the project, 41 works were published, including those with a high impact factor 9, monographs 2, patents 5, textbooks 4, articles of the CCSSE 7. Prepared and defended 2 PhD theses and 3 Master's thesis. The results of scientific research were discussed at foreign conferences in Japan, China, Bulgaria and Ukraine.
The planned scope of work for 2018-2020 was completed in full in accordance with the schedule.



MAIN PART
1 Development of optimal compositions of chrome electrolytes for obtaining nanostructured composite electrolytic coatings
Solving applied problems of creating new technologies and expanding the spectrum of functional materials determines the interest of researchers and technologists in galvanic multicomponent alloys. Particular attention in the works of leading scientists is paid to the electrochemical synthesis of alloys by metals of the iron triad with d4-elements Fe (Ni, Co) –Mo (W). Such coatings are interesting for the possibility of combining functional properties in them that exceed those for alloy-forming metals. In some cases, researchers note a superadditive increase in performance. Complex implementation in thin layers of increased microhardness, wear and corrosion resistance, catalytic, magnetic properties allows to significantly expand the scope of such coatings. This includes replacing toxic chromium plating, creating efficient catalytic materials that are more affordable compared to traditional platinum.
Electrochemical synthesis methods make it possible to flexibly control the content of components, the deposition rate, and the state of the surface by varying the composition of electrolytes and polarization modes (static or pulsed, reverse current or potential decrease). It is obvious that the formation of coatings in each individual case depends, first, on the qualitative and quantitative composition of the electrolyte. Secondly, the synthesis conditions have a significant effect on the composition of electroplated deposits, the ratio of components, and the phase composition of coatings. Thus, the structure of the alloy predetermines the properties and applications of the coatings. In this regard, it is relevant to study the effect of electrolysis modes on the composition and morphology of galvanic alloys.
The expediency of using non-stationary electrolysis modes in the creation of triple synergistic Co-Mo-W alloys is confirmed by the research of leading scientists in the field of materials science and nanotechnology. The presented results demonstrate a significant increase in the microhardness and corrosion resistance of the coatings in comparison with the substrate material. The presence in such alloys of metals with different affinities for oxygen and hydrogen opens up prospects for the use of ternary coatings as catalysts and electrode materials for fuel and flow batteries.
Coatings with Fe-Co-Mo alloys were deposited on a copper M1 substrate at a temperature of 20–25 ºC from a complex electrolyte of the composition, mol / dm3: Na3C6H5O7∙2H2O - 0.4; Fe2(SO4)3·9Н2О - 0.075; Na2МоO4∙2H2O - 0.06; CoSO4·7H2O - 0.2; Na2SO4 – 0.15; Н3ВО3 – 0.1. The acidity of the electrolyte was controlled with a pH-meter pH-150M (Republic of Belarus) with a glass electrode EGL-6307 (Republic of Belarus), the pH of the solution was maintained at level 4.7. The surface preparation of the samples was carried out according to the standard technique, including mechanical grinding, degreasing, chemical etching in a mixture of 50% nitric and sulfuric acids, thorough rinsing with distilled water, and drying. Electrolyte solutions were prepared from certified reagent of mark  “c. p.” and "p. f. a." (Republic of Belarus, China) on distilled water.
Electrolysis was carried out in a glass cell according to a two-electrode scheme, with unipolar pulse current with an amplitude of 2–5 A / dm2. The duration of the pulse and pause was varied in the range 210–3–510–2 s. We used radially located stainless steel anodes of the Kh18N10T brand with a cathode to anode area ratio of 1: 5. The bulk current density was maintained at 2 A / dm3.The chemical composition of the obtained coatings was determined by the X-ray fluorescence method using a portable spectrometer "SPRUT" (Republic of Belarus) with a relative standard deviation of 10–3–10–2. The error in determining the content of the components was ± 1 mass. %. To verify the results, energy dispersive X-ray spectroscopy was also performed using an Oxford INCA Energy 350 electron probe microanalyzer (Great Britain) integrated into a scanning electron microscope (SEM) system.
Surface morphology was studied using a ZEISS EVO 40XVP SEM (Germany). Images were obtained by registering secondary electrons by scanning with an electron beam, which made it possible to make measurements with high resolution and contrast. The current efficiency was determined by the gravimetric method under the assumption that the metals in the deposited coating are in a fully reduced state. The theoretical weight gain as a result of electrodeposition was calculated according to Faraday's law, taking into account the electrochemical equivalent of the alloy.
The composition of the electrolyte was selected based on the results of preliminary studies on the effect of the concentration of the solution components on the composition, surface morphology and current efficiency of Fe-Co-Mo electrolytic alloys. Nevertheless, the control of the quality of coatings and the efficiency of electrolysis, expansion of the range of the content of alloy-forming components lies in the plane of the use of non-stationary current. In this regard, it is necessary to establish the influence of the energy (amplitude of the current density) and temporal (pulse and pause duration) parameters of pulse electrolysis on the composition and surface morphology of ternary alloys.
We have studied the effect of the current density of stationary electrolysis on the composition, morphology and current efficiency of ternary Fe-Co-Mo alloys. It is shown that with an increase in the current density from 2 to 4 A / dm2, the iron content in the alloy decreases from 53 at. % up to 49 at. % by increasing cobalt. The molybdenum content of the coating does not change. An increase in the current density in the studied interval leads to a decrease in the efficiency of the process from 65% to 45%. The decrease in current efficiency is explained by the intensification of the parallel reaction of hydrogen evolution.
These studies show that with a current amplitude of 2–3 A / dm2 and a fixed ratio of impulse / pause duration ti / tp = 2 ms / 20 ms, the alloy composition is practically the same (Figure 1, a, b). An increase in the current density up to 5 A / dm2 contributes to an increase in the content of cobalt and molybdenum in the coating due to a decrease in the iron content (figure 1, c).
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Figure 1 - Composition and morphology of the Fe-Co-Mo coating at the amplitude of the impulse current, A / dm2 

Varying the current amplitude significantly affects the morphology of the deposited coatings. The deposits obtained at a current density of 2 A / dm2 have a fine-grained structure. With an increase in i to 3 A / dm2, separate spheroids are formed on the surface (Figure 1, b), and at 5 A / dm2, a developed globular structure is formed (Figure 1, c). At low current densities (2–3 A / dm2) and a pause tp = 10 ms, an increase in the polarization time has an ambiguous effect on the coating composition. As can be seen from Figure 2, the content of Co and Fe in the alloy varies in the range of 4–10 at. %.
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Figure 2 - Dependence of the content of components in the Fe-Co-Mo alloy on the pulse duration at tp = 10 ms


                                                                        
The maximum amount of molybdenum ω (Mo) is 12–14 at. % corresponds to the interval ton 5–20 ms (Figure 2, a, b). However, at ti / tp = 50 ms / 10 ms, there is a sharp decrease in the concentration of alloying components (cobalt and molybdenum) in the coating. At the same time, an increase in the iron content in the alloy up to 56 at. % (figure 2, a, b).
The dependence of the current efficiency of the Fe-Co-Mo alloy on the parameters of pulse electrolysis is rather complex (table 1). Nevertheless, the analysis of the results of a series of experimental studies allows us to identify some patterns.




Table 1 - Dependence of the process efficiency W,% on the parameters of impulse electrolysis

	Impulse / pause ratio
	Impulse / pause duration, ms
	Current density, A / dm2

	
	
	
	
	

	1:1
	2/2
	39
	27
	15

	1:2,5
	2/5
	38
	40
	15

	1:5
	2/10
	59
	40
	23

	1:1
	5/5
	80
	27
	35

	1:2
	5/10
	39
	34
	31

	1:4
	5/20
	69
	51
	39

	1:1
	10/10
	57,3
	52,8
	44,3

	1:2
	10/20
	81,9
	65,9
	54,1

	1:5
	10/50
	65,7
	63,7
	68,8



First, in the entire range of current densities at a fixed ti / tp, the current efficiency increases with increasing impulse duration. Secondly, with an increase in the current density (at ti / tp = const), a decrease in the efficiency of the process is observed. The maximum current efficiency of 80–82% was recorded at a current density of 2 A / dm2 and a ratio ti / tp = (5 ms / 5 ms; 10 ms / 20 ms).
Thus, the analysis of the experimental data reflects the effect of electrolysis parameters on the composition, morphology of coatings, and current efficiency. In addition, the results of the experiment lead to the conclusion about the competitive reduction of molybdenum and iron. All this creates the prerequisites for controlling the composition of the alloy, not only by changing the composition of the electrolyte, but also by varying the parameters of pulse electrolysis.
According to the results of the 2018 year, 16 works were published, including those with an impact factor from 0.8 (Eurasian Chemico-Technological Journal) to 8.7 (Applied Surface Science) 9, monographs 3, patents 5, textbooks, CCSSE articles 7. 1 PhD thesis and 2 master's theses were prepared and defended. The results of scientific research were discussed at foreign conferences in Japan, China, Bulgaria and Ukraine.                                               
The planned scope of work for 2018 was completed in full in accordance with the schedule.


2 Establishment of the structure formation features, conducting laboratory tests, studying the mechanical properties and morphology of the surface of the nano-CEC
Coatings with binary and ternary Fe– (Co) –W alloys were deposited onto a steel substrate made of complex citrate electrolytes by constant and pulsed currents with different polarization parameters. The content of alloying elements in the coatings was determined with a SPRUT X-ray spectrometer and an INCA Energy 350 energy-dispersive spectrometer, the phase composition of electrolytic alloys was determined using a DRON-3.0 in monochromatic Co-Kα radiation, the surface morphology was visualized using a ZEISS EVO 40XVP scanning electron microscope, and the roughness was estimated by the contact method. using the probe of the atomic force microscope NT-206. The relationship between the properties of galvanic alloys Co-W, Fe-W and Co-Fe-W of various compositions and the main factors determining the composition and morphology of coatings was revealed using an apparatus of artificial neural networks (ANN). It has been established that the most significant factors influencing the structure-dependent properties of coatings with alloys are the nature, composition and ratio of electrolyte components, as well as the shape, time and amplitude parameters of the polarizing current. It is the multifactorial nature of the system that necessitated the use of ANNs to obtain an adequate description of the array of experimental data.
It is shown that the use of impulse current for the deposition of tungsten-containing coatings makes it possible to create conditions when the rates of nucleation and crystal growth become comparable, which reduces the internal stresses in the coatings. DC deposited Fe-W coatings are porous and their morphology differs from Co-W coatings in the presence of smoother and larger globules that merge with spheroidal structures. With an increase in the current density from 3 to 5 A / dm2, the tungsten content increases and the surface becomes denser. A further increase in the pulsed current density contributes to the enrichment of the coatings with tungsten up to 40 mass%, and the coatings deposited in the pulsed mode have a homogeneous structure without visible defects and pores. The study of the morphology of the coatings using atomic force microscopy made it possible to estimate the size of grains, associates, and the degree of surface development. Thus, the surface relief of Fe-W coatings is more uniform in comparison with Co-W, but it is more developed in comparison with the substrate. Nanosized grains and crystallites merge into cone-shaped agglomerates with a diameter of 0.5–1.0 µm. 
The phase composition of tungsten-containing coatings depends on the content of the refractory metal, as well as the nature of the matrix metal. In the general case, the phase composition of electrolytic alloys with the same W content is practically the same and is a solid solution of a refractory component in a cobalt or iron matrix with a small fraction of amorphous structures, but an increase in the content of a refractory component increases the fraction of the amorphous part. It is the difference in surface morphology that explains the experimentally observed fact of an increase in the microhardness of Co – W coatings deposited in a pulsed mode (10–15% higher) compared to Fe – W with the same tungsten content. In this case, the phase composition of electrolytic alloys is almost the same — a solid solution of refractory components in a cobalt or iron matrix.
The general trend in the chemical resistance of coatings with electrolytic alloys Co-W, Fe-W and Co-Fe-W in aggressive media is an increase in corrosion potentials, which is accompanied by a decrease in the corrosion rate. This relationship becomes more pronounced as the content of the refractory metal increases. Tungsten-based alloys are not only resistant to corrosion, but also have high mechanical properties - microhardness increases with increasing W content (Figure 3), but for coatings it is much higher than alloy-forming metals: Co-150, Fe-140, W-400 , which allows us to recommend such materials as an alternative to hard chrome coatings.
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	1 – Co–W, 2 – Fe–W
Picture 3- Influence of the tungsten content in the alloy on the microhardness of the coatings



When substantiating the composition of electrolytes and the ratio of components, the fact was taken into account that ionic equilibria in such solutions significantly depend on pH, and high concentrations of tungstates cause the formation of W2O72- dimer and [FeW2O7HCit]- complexes, which reduce the concentration of electrode-active particles [FeHCitWO4]-, and , therefore, inhibit the cathodic process as a whole. Based on this, the coating with the Fe-W alloy was obtained at the ratio of the components c (Fe3 +): c (Cit3 -): c (WO42-) as 1: 1.5: 0.3 from electrolytes with the composition, mol / dm3: Fe2 (SO4)3 – 0.1-0.15; Na2WO4 – 0.04-0.06; Na3Сit – 0.2-0.3; Na2SO4 – 0.1; H3BO3 – 0.1. The acidity of the electrolyte was controlled by the addition of NaOH or H2SO4 and maintained in the pH range 3.0-4.0. To obtain the Fe-Co-W alloy, cobalt sulfate was additionally introduced into the electrolyte. It was found that the high content of tungsten in the coatings corresponds to the electrolyte with the content, mol / dm3 Fe2 (SO4) 3 – 0.1 и Na2WO4 – 0.06. (Figure 4). An increase in the content of tungstates in the electrolyte over 0.06 mol / dm3 is impractical due to cracking and delamination from the coating substrate due to high internal stresses. An increase in pH to 5.0-6.0, at which mono-oxometalates dominate in the electrolyte and a higher content of alloying components in the alloy should be provided by facilitating their discharge in comparison with condensed forms (W2O72- and others), does not lead to the expected effect. On the contrary, the oxygen content significantly increases, the current efficiency (up to 50.0-60.0%) and the stability of electrolytes are significantly reduced. At the same time, the quality of the resulting coatings deteriorates significantly: cracks appear, the coating peels off from the base metal in places due to low adhesion. This is due to an increase in the rate of hydrolysis and the formation of Fe (III) hydroxoforms in the specified pH range and their inclusion in the composition of coatings.
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а)                                                               б) 

a) Fe2(SO4)3, б) Na2WO4; i = 4.5 А/dm2
Figure 4 - Influence of the concentration of electrolyte components on the composition of Fe-W coatings 

The composition, quality of coatings, as well as the efficiency of the process, depend on the ratio of the salts of alloy-forming components in the electrolyte, pH and temperature, as well as on the electrolysis mode. It should be noted that Fe-W coatings are sufficiently stressed and have defects (cracks, bulges) with a tendency to peel off. This feature is determined by the ratio of the radius of the atoms of alloy-forming metals, which is characteristically for electrolytic tungsten alloys. 
The dependences of the tungsten content in the composition of binary coatings, as well as VT on the electrodeposition current density, have an extreme character. Optimal indicators of the electrodeposition process for both galvanostatic and pulse modes (Figure 5) are observed at current densities in the range from 4.5 to 8.5 A / dm2. The coatings deposited on direct current with a density of more than 6.5 A / dm2 crack and peel off from the substrate due to the inclusion of Fe (III) hydroxoforms. The use of unsteady electrolysis makes it possible to expand the operating range of current densities up to 8.0 A / dm2 and to form electrolytic coatings of sufficient quality with a significant current efficiency and content of a refractory component. Analysis of the composition and morphology of the coatings shows that, in addition to the main components (Fe, W) (Figure 5), they contain a certain amount of oxygen.
At the same time, it should be noted the uneven distribution of alloy components over the surface of the coatings deposited with direct current: an increased content of metals is noted on the reliefs, and oxygen in the depressions (Figure 6, a). This concentration profile is due to several reasons: firstly, the increased current density on the protrusions of the coating ensures its enrichment with metals, while in the depressions at low current densities, the complete reduction of oxometallates is difficult, and, consequently, intermediate oxides of refractory elements can be included in the composition of the deposits.
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а)                                                                         б) 

a) DC deposition, b) AC deposition, ton/toff = 10/20 ms
Figure 5 - Influence of current density on the current output of the cathodic reaction and the composition of Fe-W coatings (in terms of metal) 
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	б)

	a) on DC, b)– on AC, ton/toff = 10/20 ms; рН 3.0; t – 25°C
Figure 6 - Morphology and composition of Fe-W coatings (mass%), 1 - on protrusions (1) and cavity (2), deposited



Secondly, the processes of adsorption / desorption and diffusion, as well as the chemical stages of dissociation of surface complexes, which limit the overall process of electrochemical alloy formation, proceed with a deliberately higher rate on the relief ridges, and oxoforms of electrolyte components can remain in the depressions. Coatings deposited in a pulse mode from electrolytes of a similar composition are distinguished by a more uniform distribution of components over the surface and a lower oxygen content (Figure 6, b), which is explained by the peculiarities of the electrocrystallization of alloys under conditions of unsteady electrolysis. During the impulse recovery of Iron (III) , oxo-tungstates to oxides in an intermediate oxidation state is carried out. During the pause, the processes of adsorption of reagents, chemical reduction of intermediate tungsten oxides by ad-hydrogen atoms, and a chemical reaction of ligand release are implemented. Thus, the use of the programmed electrolysis mode makes it possible to obtain more uniform coatings due to the acceleration of delayed chemical stages and the discharge of alloy-forming metals. Variations in the pulse duration within 5 - 10 ms and a pause in the interval 10 - 20 ms of the unsteady mode do not significantly affect the content of the refractory component and the current efficiency. Therefore, it is these ranges that are recommended as optimal for electrosurgical coatings with Fe-W alloy. 
Fe-Co-W coatings were formed from electrolytes (Table 2), the compositions of which differ in the ratio of the concentrations of alloy-forming components and ligand. The research results indicate the competitive reduction of iron, cobalt and tungsten, the nature of which depends both on the ratio of electrolyte components and on the electrolysis parameters.
Table 2 - Electrolytes for the formation of Fe-Co-W coatings
	Concentration of components, mol/dm3
	ratio 
с(Fe3+) : с(Со2+) : с(WO42–) : с(Cit3–)


	
	W1
	W2
	W3

	
	1 : 1 : 0,4 : 2
	1 : 1,3 : 0,6 : 2,7
	1 : 1,3 : 0,6 : 3,3

	Fe2(SO4)3∙9H2O
	0,075
	0,075
	0,075

	CoSO4∙7H2O
	0,15
	0,2
	0,2

	Na2WO4∙2H2O
	0,06
	0,06
	0,06

	Na3Cit∙2H2O
	0,3
	0,4
	0,5

	Na2SO4
	0,15
	0,15
	0,15

	H3BO3
	0,1
	0,1
	0,1

	рН
	3,8
	4,3
	4,55



In coatings deposited from electrolyte W1 (the ratio of the components in solution is c (Fe3+): с (СО2 +): с (WO42-): с (Cit3-) = 1: 1: 0.4: 2 при плотностях тока 2.0 – 4.0 A / dm2, there is a slight variation in the content of iron and cobalt, and the content of tungsten in the coatings increases with an increase in iк, but does not exceed 8 at.%. According to the results of the 2019 year, 16 works were published, including those with an impact factor from 0.8 (Eurasian Chemico-Technological Journal) to 8.7 (Applied Surface Science) 3, monographs 1, patents 3, textbooks, articles of CCSSE 3. 2 master's theses were prepared and defended. The results of scientific research were discussed at foreign conferences in Bulgaria and Ukraine.
The planned scope of work for 2019 was completed in full in accordance with the schedule.


3 Conducting increased tests for clarification technological characteristics and developing a scheme for producing nano-CEC chrome-white soot with specified anti-corrosion properties
3.1 Determination of structure-dependent functional properties of multicomponent galvanic nanocoatings and production of a batch of electrodes and strip grounding conductors
The fields of application of multicomponent galvanic nanocoatings, depending on the ratio of alloy components and the state of the surface, can vary over a wide range, depending on the quality of the coatings and, as a consequence, their functional properties. For example, iron-cobalt alloys alloyed with refractory components (molybdenum, tungsten, etc.) are predicted to be characterized by high chemical stability and corrosion resistance, high physical and mechanical properties, including microhardness, high adhesion to the substrate material. etc. It is these properties  that predetermined the choice of the objects of study - galvanic coatings with Fe-Co-Mo alloys. But, at the same time, depending on the electrolysis conditions, the coatings obtained at the same density values of the unipolar pulsed and direct current differ in the content of the oxide phase. We found that the amount of the latter will be higher for those applied in the galvanostatic mode, which gives grounds to assert the presence of MOx oxides in the coating composition, and the coatings themselves should be referred to composites. In turn, in pulsed electrolysis, the reduction of a refractory metal will occur not only during the pulse time and, but also in the chemical stage due to adsorbed hydrogen ad-atoms during the pause. Under these conditions, the amount of oxides will be minimized, as a result of which the coatings can be classified as metallic. A difference is also assumed in the topography of ternary alloys due to the different surface morphology.
The atomic force microscopy (AFM) was used to study the morphology of coatings (Figure 7) obtained at the same current densities in galvanostatic and pulse modes. It was found that the average crystallite size of the amorphous part for the Fe48Сo40Mo12 alloy obtained in a stationary mode at a current density of 3 A / dm2 (Figure 7, a) is 63 Ǻ, and for the Fe43Сo39Mo18 alloy deposited in a pulsed mode at the same current density (Fig. 7, b) is 56 Ǻ.
The study of the topographic map of the alloy surface is a source of information on the structure of composite electrolytic and metal coatings. The results of studies carried out by the AFM method indicate the heterogeneity of the formed coatings - the surface relief in an area with a size of 48 × 48 μm can vary from 0 (dark color) to 2.5 μm (light color).
The results of the analysis of the surface topography of the coating with the composition Fe44Co40Mo16, obtained at i = 2.5 A / dm2 in the galvanostatic mode (Figure 8, c), indicates the development of the surface and the formation of an amorphous-crystalline structure.
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Figure 7 - Morphology of Fe-Co-Mo alloy coatings obtained in stationary (a) and pulsed (b) modes at a current density of 3 A / dm2.
Scanning area 20 μm
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Figure 8 - 2D-, 3D-map of the surface, cross-sectional profile between markers 1 and 2 and a heights distribution histogram, tilt angles of elementary surface areas, and orientation angles of the Fe-Co-Mo coating obtained at 2.5 A / dm2. AFM scanning area 48 × 48 μm



The synthesized coatings are characterized by a fine-crystalline surface with separate agglomerate formations.
The evidence of unevenness and roughness is the presence of protrusions and depressions on the surface map, the width and depth of which, recorded on the alloy surface, can reach 0.8 microns (Figure 8, b). The general condition of the surface of the investigated area is characterized by a uniform distribution of protrusions and depressions, and in the investigated area of the surface, associates and clusters of spheroidal shape are fixated (Figure 9, c).
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Figure 9 - 2D-, 3D-map of the surface, cross-sectional profile between markers 1 and 2 and a heights distribution histogram, tilt angles of elementary surface areas, and orientation angles of the Fe-Co-Mo coating obtained at 2.5 A / dm2. AFM scanning area 5 × 5 μm





The value of the surface free energy (SFE) of alloys depends on the characteristics of the material surface, especially the roughness index Ra, with an increase in which the SFE value increases. In addition, the adsorption of oxygen ions on the surface of coatings, which displace an equivalent amount of free surface electrons of metals, leads to the formation of a passivation barrier, which significantly reduces the value of the SFE of the coatings. For all investigated samples, on the surface of which a coating was formed with an alloy, a higher value of the polar component of the SFE is characteristic, which indicates the polarity of the coating surface (Table 3).

Table 3 - The value of SFE and the characteristics of the microrelief of the surface of the Fe-Co-Mo alloy and the substrate

	Marking
	
CEP, mJ/m2

	Rа,
μm

	
	
Dispersion component, mJ/m2

	
Polar component, mJ/m2

	
Total value,
mJ/m2

	

	Copper М1
	36,36
	23,91
	60,07
	0,104 

	Fe–Co–Mo composite
	126,07
	1,66
	127,74
	0,15

	Fe–Co–Mo 
metal coatings
	115,35
	2,85
	118,10
	0,11



When measuring the surface free energy  by the sitting drop method, the contact angle of wetting depends on the values of surface tensions at the boundaries of the distribution of three phases. This can explain the difference in the values obtained in the air atmosphere (Table 1), and the known tabular (in vacuum, inert gas and hydrogen atmospheres) data. 
The free energy of the surface of ternary alloy coatings is within 118-128 mJ/m2 and is higher than for the substrate. This fact is due to the high values of the SFE of the alloy-forming components. Compared to a metal coating, Fe-Co-MoОх composites are characterized by lower values of the SFE, which is a consequence of the high oxygen content in its structure. The relatively low, in comparison with individual alloy-forming metals, the value of the surface free energy, together with high adhesive strength, are the prerequisites for high corrosion resistance of the developed coatings and composites.
One of the important consumer characteristics of electroplated coatings is their corrosion resistance. The protective ability of the alloys was established from the results of polarization measurements. Compared to the behavior of the base material in acidic (Figure 10, curves 1, 1') and neutral (Figure 10, curves 2, 2') media, the behavior of the Fe-Co-Mo alloy is markedly different.
In an alkaline medium, due to the inhibition of the cathodic reaction caused by the passivation of the alloy surface with iron and cobalt hydroxides, the corrosion potential shifts to the negative side (Figure 11, dependences 3, 3 '). The transition metal hydroxides present cause complications in the delivery of the depolarizer. In the media under study, a shift of the corrosion potential is obserVed’ in the positive direction, the corrosion rate in this case decreases due to the formation of a dense film of acidic molybdenum oxides on the surface of the coatings.
Based on the results of the analysis of corrosion resistance indicators (Table 4), ternary alloy coatings were classified as "resistant" in acidic environments and "highly resistant" in neutral and alkaline environments.
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1, 1 '- 1M Na2SO4 + H2SO4 to рН 3, 2, 2 '- 3% NaCl at рН 5, 3, 3'- 1M Na2SO4 + NaOH to рН 9,5, substrate material - steel Ст 3
Figure 10 - Cathodic (1, 2, 3) and anodic (1 ', 2', 3 ') polarization dependences of Fe51Co36Mo13 coatings in corrosive media of composition
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	1, 1'- 1M Na2SO4 + H2SO4 to рН 3,  2, 2'- 3% NaCl at рН 5,
3, 3'- 1M Na2SO4 + NaOH to рН 9,5, substrate material - steel Ст3
Figure 11 - Cathodic (1, 2, 3) and anodic (1', 2', 3') polarization dependences of Fe31Co31Mo38 coatings in corrosive media of composition



Table 4 - Corrosion indicators for steel St 3 and Fe-Co-Mo alloy with different content of components

	Coating composition, w, at. %
	рН 3
	рН 5
	рН 9,5

	
	Екор,
В
	lgiкор., А/см2
	Екор,
В
	lgiкор., А/см2
	Екор,
В
	lgiкор., А/см2

	Fe
	Co
	Mo
	
	
	
	
	
	

	51
	36
	13
	–0,25
	–3,7
	–0,3
	–4,9
	–0,46
	–5,5

	31
	31
	38
	–0,16
	–4,5
	–0,31
	–4,8
	–0,32
	–5,1

	Steel St 3
	–0,34
	–2,8
	–0,35
	–3,0
	–0,32
	–2,8



For verification of the obtained results, the corrosion resistance of the coatings under study was tested using the method of electrode impedance spectroscopy (EIS). The measurements were made according to a two-electrode scheme in a neutral medium of sodium chloride with a mass concentration of 3% at a potential of free corrosion in the frequency range of alternating current 10-2-106 Hz. The results obtained were visualized in the form of Nyquist and Bode diagrams, from the analysis of which the parameters of equivalent schemes were determined. The structure-dependent functional properties of multicomponent galvanic nano-coatings have been determined and pilot batches of electrodes and strip grounding conductors have been manufactured.

3.2 Conducting enlarged resource tests with specification of technological characteristics and development of recommendations for further use of the results
The development of technological parameters of the process of obtaining nanocoatings for electrical equipments' components, the launch of a galvanic line, the manufacture of prototypes and performance tests were carried out. The development of the parameters of the process of obtaining nanocomposite coatings was carried out on the basis of experimental data based on the study of the effect of deposition modes of nanocomposite coatings on the corrosion resistance of grounding electrodes. Analysis of the research results shows that at low concentrations of carbon in the electrolyte (2-6 g/l), the graph has maximum values at 2 kA/m2 (2 g/l C + 18 g/l SiO2), 5 kA/m2 (4 g/l C + 16 g/l SiO2) and 6 kA/m2 (6 g/l C + 14 g/l SiO2). For electrolytes with a concentration of 8 g/l C + 12 g/l SiO2 and 14 g/l C + 6 g/l SiO2, the dependence of the current efficiency on the current density exponentially decreases. Figure 12 shows electron microscopy of nano-CEPs obtained from electrolytes with a concentration of 4 g/l C + 16 g/l SiO2 (4 kA/m2) and 16 g/l C + 4 g/l SiO2 (6 kA/m2). The results obtained at the previous stages of the project implementation formed the basis for the development of the scientific foundations of the technology for the formation of multicomponent galvanic alloys. 
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                                               а)                                                              b)  
а)  4 г/л С + 16 г/л SiO2,  b) 16 г/л С + 4 г/л SiO2
Figure 12 – Electron microscope structure of nano-CEC


The testing of technological modes for the deposition of coatings with alloys was carried out in accordance with the developed recommendations and the results of enlarged resource tests. Based on the results of the entire complex of scientific and technological research, a technological instruction was developed for the process of applying a galvanic coating with an alloy of iron - cobalt - molybdenum, given below. The technological process is intended for the application of coatings with alloys and composites in the iron-cobalt-molybdenum system on products from low-carbon steel and cast iron, as well as other metals and their alloys. 
The enlarged resource tests (Appendix C) and the subsequent implementation (Appendix D) of the developed nanotechnology were carried out on the basis of Intercom LLP, with which an agreement was signed on the use of the production base for scientific research. To apply nanocrystalline coatings with an iron-cobalt-molybdenum alloy, polypropylene baths were used, which were equipped with on-board suction, brass (copper) tires, heating elements and rectifier units from 12 to 36 V. The accuracy of voltage and current stabilization is ± 5%.
The pendants are designed for rectangular bath and parts of specific sizes, configurations and types. They were necessarily insulated with plastisol. The choice of the type of side slope was determined in accordance with the requirements for sanitary and hygienic working conditions, design and technical and economic calculations of the equipment. The aspirators were made of vinyl plastic. We used insoluble stainless steel anodes of the Х18Н10Т mark. The ratio of the area of the anode to the cathode is (10:1) - (5:1). Electrochemical deposition modes for coatings with an alloy of iron-cobalt-molybdenum and the composition of the electrolyte are shown in table 5 and 6, respectively. To prepare the electrolyte, the propylene bath is filled with distilled or deionized water to one eighth of its volume.

Table 5 - Modes of coatings' electrochemical deposition  with an alloy of iron-cobalt-molybdenum

	Parameter name
	Range of values
	Optimal value

	Cathode current density, A/dm2
	2,0 – 4,0
	2,0 – 4,0

	Voltage, V
	12 -24
	12 -24

	Temperature, оС
	25 - 28
	25

	рН of solutions
	4,5 – 4,9
	4,8

	Processing time, min
	20 – 60
	Processing mode:
- galvanostatic;
- pulse unipolar, 2 ms work, 5 ms pause




We used aqueous solutions of the components at the rate of one-eighth of the calculated volume for each component. To form complexes, the sodium citrate solution is divided into three parts, which are added at stirring to solutions of iron (iii) sulfate, cobalt sulfate and sodium molybdate. A solution of sodium molybdate with sodium citrate is divided into two parts, each of which is added with stirring to solutions of iron (iii) with sodium sulfate and cobalt sulfate with sodium citrate. The addition of reagents to the bath is carried out in the following sequence:
- A solution of ferrous sulfate (iii) with sodium citrate and sodium molybdate;
- A solution of cobalt sulfate with sodium citrate and sodium molybdate. 

Table 6 - Composition, preparation and analysis of electrolyte

	
Component name
	
Standard
	
Concentration, g/dm3
	
Optimal concentration, g/dm3


	
Ferric (ІІІ) 
sulfate 9-water

	
GOST 9485-74
	
30 – 60
	
45

	
Cobalt sulfate 7-water

	
GOST 4462-78
	
30 – 80
	
60

	
Sodium 
molybdate 2-water

	
GOST 1093-74
	
15 – 30
	
20

	Sodium 
Citrate 2-water

	
GOST 22280-76
	
80 – 120
	
120

	Sodium sulfate

	GOST 4166-76
	
15 – 45
	
30

	Boric acid

	
GOST 9656-45
	
6
	
6



Iron-cobalt-molybdenum electrolytes have been tested on the basis of Intercom LLP (Appendix B). Based on the test results, it was decided to introduce the developed nanotechnology and use an electrolyte for applying to steel strips and grounding electrodes (Figures 11 and 12), the service life of which increases from 10.2 to 15.3 times, depending on the composition and moisture of the soil. 

	

	


	а)
	b)

	а) metal strips for the ground loop; b) grounding electrodes

	Figure 11 - Appearance of finished product

	Enlarged tests of nanotechnology for the synthesis of nano-CEP iron-cobalt-tungsten electrolyte at Intercom LLP (Appendix B) allowed us to establish the optimal temperature of 25–35 C and the current density of 2–7 kA / m2. The pulsating modes of deposition of nanostructured composite electrolytic coatings have been established and recommended for use.
Verification of the mathematical model developed by us showed that the corrosion characteristics obtained as a result of enlarged tests coincide with the theoretically calculated values ​​with an accuracy of 10-15%. This confirms the adequacy of the scientific statements underlying the mathematical model.


According to the results of the 2020 stage, 9 works were published, including those with an impact factor from 2, monographs 1, patents 2, textbooks, articles of  CCSSE 2. 2 master's theses were prepared and defended. The results of scientific research were discussed at foreign conferences in Japan and Ukraine.
The planned scope of work for 2020 has been fully completed in accordance with the schedule.


CONCLUSION
In order to develop a methodology for the synthesis of nanostructured galvanic coatings and scientific foundations for the selection of coating components for various functional purposes and for the design of a modernized galvanic line, a set of studies was carried out and the following conclusions were made:
- The structure-dependent functional properties of multicomponent galvanic nanocoatings have been determined and batches of electrodes and strip grounding conductors have been manufactured, which have 10.5-15.2 times higher corrosion resistance than those traditionally used in this industry.
- Enlarged resource tests were carried out with the clarification of technological characteristics on the basis of the galvanic line of Intercom LLP and recommendations were developed for further use in order to extend the service life of ground loops and electrodes.
Assessment of the completeness of the tasks' solution. A nanotechnology for the synthesis of multicomponent electroplated nanocoatings has been developed. Large-scale laboratory tests were carried out, prototypes were obtained.
Recommendations and initial data on the specific use of research results. Assessment of the technical and economic efficiency of implementation. Based on the results of this research, nanotechnology for the synthesis of nanocomposite coatings based on chromium and binary and ternary alloys with nano- and amorphous-crystalline structure has been developed.
Assessment of the scientific and technical level of the completed research work in comparison with the best achievements in this area. The scientific and technical level of the performed research and development work is comparable to modern achievements in the production of corrosion and wear-resistant composite electrolytic coatings.
Organizational and material and technical provision for performing research. Research work on the project was carried out in the laboratory of SRI of Experimental and theoretical physics and on the basis of the galvanic shop of Intercom LLP, with which a cooperation agreement was concluded. The team of the main performers, including 4 doctors (2 of which are foreign professors from Ukraine), 2 candidates of sciences, 2 PhDs and 1 master, has experience in the development of technologies for obtaining nanocomposite coatings. As support staff, 2 PhD students  of the second and third year were temporarily involVed’ in the work. 
For the realization of the project, the necessary research infrastructure was used: production facilities, modern research equipment of SRI of Experimental and theoretical physics, as well as the infrastructure of the Department of Physical Chemistry of the National Technical University "Kharkov Polytechnic Institute" (foreign partners, Ukraine).
Research works were carried out in accordance with the international standard ISO 10006 “Administrative quality management. - Guidelines for Quality Assurance in Project Management”.
SRI of Experimental and theoretical physics has implemented a certified quality management system in relation to research and development activities and personnel training for compliance with the requirements of ST RK ISO 9001-2009 "Quality Management Systems". Analytical work was carried out in a certified laboratory. The devices and equipment were systematically checked, which ensured the reliability of the results and analyzes. Patent and license provision of research is carried out by the relevant department of the organization at all stages of the project. During the implementation of the project, the following modern research and analytical equipment was used: scanning electron microscope with a JEOL JXA-8230 analyzer (JEOL, Japan); microscope OLIMPUS BX-51, thermal analyzer STA 449 F3 Jupiter, sequential atomic emission spectrometer with inductively coupled plasma model 8300 DV (Perkin Elmer Inc., USA); X-ray diffractometer D8 ADVANCE; X-ray fluorescence spectrometer with wave dispersion Venus 200 PANalyical B.V. (PANalytycal B.V., Holland), model AA240 atomic absorption spectrophotometer (Varian Optical Spectroscopy Instruments, Australia).
Economic feasibility of the requested amount of funding for Research Development. Project costs include the following items: salary for personnel, deductions from salary (social tax, social insurance), travel expenses, purchase of materials, others (transfers, registration fees), maintenance of equipment and others, project support.
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APPENDIX B 
	Calendar plan
	№ п/п
	The name of tasks, activities for the implementation of project objectives
	Duration
(in
months)
	Beginning and completion of work  (dd / mm / yy.)
	Years of project implementation, expected results of project implementation(In terms of tasks and activities)

	
	
	
	
	2018
	2019
	2020

	1.
	Development of a methodology for the synthesis of nanostructured electrolytic coatings and the scientific basis of selection of coating components of various functional purposes and designing the modernization of galvanic line.
	12
	03/01/18
31/12/18

	A methodology  for the synthesis of nanostructured electrolytic coatings  and the scientific basis of selecting coating components of various functional purposes and designing of  modernization of galvanic line will be developed
	
	

	1.1
	Analysis and generalization of existing technologies, the effect of the composition of multicomponent nanomaterials on their functional properties and the justification of methods for the synthesis of coatings with double and triple alloys, and pre-project preparation
	6
	03/01/18
30/06/18
	The analysis and generalization of existing technologies, the effect of the composition of multicomponent nanomaterials on their functional properties and the justification of methods for the synthesis of coatings with double and triple alloys, and pre-project preparation will be conducted
	
	

	1.2
	Development of a neural network models of communication for the functional properties of nanocoatings with their qualitative and quantitative composition, the rationale of methods of synthesis of coatings with mixed oxides, and the design of a galvanic line
	6
	01/07/18
31/12/18
	Development of a neural network models of communication for the functional properties of nanocoatings with their qualitative and quantitative composition, the rationale of methods of synthesis of coatings with mixed oxides, and the design of a galvanic line will be developed
	
	

	2.
	Development of a neural network models of communication for the functional properties of nanocoatings with their qualitative and quantitative composition, and the complementation of a galvanic line 
	12
	03/01/19
31/12/19

	
	Development of a neural network models of communication for the functional properties of nanocoatings with their qualitative and quantitative composition, and the complementation of a galvanic line will be carried out 
	

	2.1
	Determination the effect of the composition of electrolytes, parameters of electrochemical and thermochemical synthesis on the composition and morphology of synthesized nanocoatings and complementation of the galvanic line 
	6
	03/01/19
30/06/19
	
	The effect of the composition of electrolytes, parameters of electrochemical and thermochemical synthesis on the composition and morphology of synthesized nanocoatings and complementation of the galvanic line will be determined
	

	2.2
	Investigation of the influence of technological synthesis modes on the properties of galvanic nanocoatings and the establishment of ways to optimize the structure-dependent qualities for increasing their functional suitability, adjusting the work of the modernized galvanic line
	6
	01/07/19
31/12/19
	
	  The influence of technological synthesis modes on the properties of galvanic nanocoatings and the establishment of ways to optimize the structure-dependent qualities for increasing their functional suitability, adjusting the work of the modernized galvanic line will be investigated
	

	3.
	Development of technological parameters for the process of obtaining nanocoatings for electrical equipment components, starting a galvanic line, making prototypes and conducting resource tests
	12
	03/01/20
31/12/20

	
	
	Development of technological parameters for the process of obtaining nano coatings for electrical equipment components, starting a galvanic line, making prototypes and conducting resource tests will be conducted

	3.1
	Determination of the structurally-dependent functional properties of multicomponent galvanic nanocoatings and the production of batch of electrodes and strip ground conductors .
	6
	03/01/20
30/06/20
	
	
	Determination of the structurally-dependent functional properties of multicomponent galvanic nanocoatings and the production of batch of electrodes and strip ground conductors will be conducted

	3.2
	Conducting enlarged resource tests with clarification of technological characteristics and development of recommendations for further use of research results
	6
	01/07/20
31/12/20
	
	
	Enlarged resource tests with clarification of technological characteristics and development of recommendations for further use of research results will be conducted
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Mut, wokenoanncanuecs, npescramrens T wa TIXB. dayuo-ceneaonaren et
MHCTITYT DKCIIEpHNNTAILHOT H TEOPETIECKol (DMK, FABHMIL Hay I COTpYAINE -1
Sip-Myxamenosa TIIL,  mexyuut naysii copymons, ki Mypaion AJL, sz
uayumslt copyaue AtanGacs PA. ¢ ool Cropowst  npeacrameren TOO dutepros
auperop Gexopyk 1. B, nauarssi KIL Bypucrpona B.E., sav. wasarsmnka 1l deiopyk B 1.
 ApyTOI CTOpONM, COCTABIAII HACTORI KT 0 HICKECHEAVIOEN

Compyunku HHHDT® puspaborati  Texuoionto Notyseiis Hauokoumosmuuonii
meKTpOITICCKI  IOKPHTHIL (a0 KOII)  Ke10-KO0UIKT-BOILPPAN,  KOTOPHIL Gt
HCTIOL 108 U4 HANECEIIA 13 KOMILIEKTYIONNE >EKTPOOGOpYAOBaIIE. ONTISMLHH COCTAN i
eI OCaK IS IpeCTARICH 8 TACIHLE.

TaGunia - DneKTpomeTs u pekisn 1A Hasecens nokpuTii Fe-Co-W.
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