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OBTAINING COMPLEX CHROME COATINGS USING COMPOSITE POWDER CHARGE

Abstract. In the work the methods of obtaining protective wear-resistant coatings on steels in the mode of thermal self-ignition are considered. The results of studies of the structure and properties of coatings obtained by different methods of processing (simultaneous and sequential) are shown. With the use of mathematical modeling methods, optimal charge compositions for applying wear-resistant coatings on machine parts using composite powder media have been developed. The analysis of significant parameters affecting the structure and operational properties of coatings obtained by different processing methods is given. The study of wear resistance of the obtained layers on carbon steels is carried out.
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Formulation of the problem. In difficult operating conditions of machine parts, units, equipment and tools, the physical and mechanical properties of their surface layer, its hardness, wear resistance and corrosion resistance are of great importance. The most widely used for surface hardening are various methods and methods of chemical-thermal treatment (CHT). One of the effective CHT methods used to increase the surface hardness, corrosion and wear resistance of iron-carbon alloys is diffusion saturation with one or more carbide-forming elements. At the same time, the known methods of saturation are characterized by a significant duration of the technological process (up to 10–16 h) [1,2] and energy intensity. In this regard, it is important to develop technologies that allow coatings to be applied with a minimum time of their formation. One of such technologies is the method of composite powder charge using gas-transport chemical reactions [3–6].

The essence of the composite powder charge method lies in the implementation of exothermic reactions in the mode of propagation of combustion waves. The process is characterized by intensive coating due to the presence of a temperature gradient in the product-powder medium system, which allows mass transfer of saturating elements to the surface of the product [7]. Coatings consist of a film of the applied product and a transitional diffusion gradient zone. It is known that when saturated with several carbide-forming elements, their joint diffusion is possible only in a certain, rather narrow concentration range, while it is impossible to obtain coatings of considerable thickness and high concentrations of all saturating elements in the surface layer [8–9]. In this case, it may be effective to apply a sequential processing method.

Analysis of recent research and publications. The purpose of this work is to model the processes of chromium plating and titanium-chromium plating under composite powder charge conditions, develop compositions of composite powder charge powder mixtures for deposition of wear-resistant coatings, comparative analysis and optimization of technological parameters of the composite powder charges process. The study of the structure, phase, and chemical composition of coatings obtained by various deposition methods (simultaneous and sequential), as well as the evaluation of the effectiveness of the use of the sequential technology of the composite powder charges process in the case of competition of diffusing elements during the formation of layers.

Presenting main material. Coatings were applied on samples of steels for mass use (steel 20, steel 45, U8). The processes of CPC chromium plating and titanium chromium plating were carried out in open type reactors (P = 105 Pa) in the mode of thermal autoignition. The operating temperature range varied in the range of 950÷1200 ºС, the total duration of isothermal exposure was 120 minutes (both with simultaneous and sequential saturation methods). Powders of oxides of chromium and aluminum, titanium, chromium, aluminum, technical purity, metallic iodine with a dispersion of 200–350 μm were used as reaction agents. The surface preparation of the samples included successive stages of grinding, polishing, and degreasing in acetone. The saturation process was initiated by preheating in a resistance furnace to the temperature of the onset of self-ignition (heating rate 0,5°C/s). The temperatures of the composite powder charges mixture were controlled by a chromel-alumel thermocouple in a protective case, introduced directly into the batch volume and connected to a KSP series potentiometer. The thickness of the hardened layers was studied using a Neophot-21 light microscope at x500 magnification. The microstructure was revealed by etching in a 3% alcohol solution of picric acid [10]. A 4% alcoholic solution of nitric acid was used to identify ferrite grain boundaries. The analysis of the phase composition of the coatings was carried out on a DRON-3M X-ray diffractometer. The elemental composition was studied by X-ray microanalysis using a JEOL Superprob-733 microanalyzer. The locality of analysis is 1 µm2, the depth of analysis is 1 µm.

The microhardness of the coatings was determined on a PMT-3 device at a load of 0.098 N and 0.196 N. The wear resistance was assessed by friction against loosely fixed abrasive particles using an SMT-1 installation. Heat resistance tests were carried out on cylindrical samples with a diameter of 10,0±0,2 mm and a height of 20.0±0.5 mm and isothermal conditions, followed by weighing on an analytical balance. The corrosion resistance of coated specimens was evaluated in a 10% H2SO4 solution at a temperature of 20°C. ASTRA4 and Recalc software packages [11-14] were used to calculate the equilibrium composition of the system products. When developing the optimal compositions of composite powder charges powder reaction mixtures that provide sufficient coating thickness and high wear resistance, we used the methods of mathematical planning of the experiment with the implementation of full factorial analysis according to plan 23 and fractional factorial experiment 24-1.

The kinetic regularities of the occurrence of chemical processes in composite powder charges depend on both temperature and diffusion factors. Assuming that at the heating stage the slowdown of diffusion processes in the gas phase is small, and the rate of temperature change is small compared to the rate of gas-phase chemical reactions, we can assume that at each temperature the equilibrium composition of the reaction products is determined. In this case, by calculating the equilibrium composition of the reaction products for a number of temperatures, one can follow the chemical picture of the development of the process.

The efficiency of processing under non-stationary temperature conditions is determined by the time parameters of the process and the thermophysical characteristics of the exothermic composite powder charges. The formation of coatings in the mode of thermal self-ignition can be conditionally divided into five stages:

1 - inert heating of the reaction mixture to the ignition temperature;

2 - thermal self-ignition;

3 - heating products;

4 - isothermal exposure;

5 - cooling.

In fig. 1 shows the dependence of the thickness of the chromium-doped titanium coating depending on the duration of isothermal exposure in the mode of thermal self-ignition (process temperature tp = 1050). An increase in the saturation temperature leads to an increase in the thickness of diffusion layers.
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Fig. 1 – Dependence of the thickness of the chromium-doped titanium coating depending
 on the duration of isothermal exposure in the mode of thermal self-ignition 
(process temperature tп = 1050).

The duration of the first stage depends on the composition of the mixture and its thermal characteristics. The second stage is characterized by the occurrence of the main exothermic reactions, as well as the formation of gaseous compounds and the transport of saturating elements to the substrate surface. The thermodynamic analysis of the equilibrium composition of the products of the system indicates that, in the operating temperature range, the main components of the gas phase are I, I2, AlI2, CrI2, CrI3, TiI4. It has been established that an increase in the concentration of the gas transport agent (metallic iodine) in the charge up to 2–4% leads not only to an increase in the amount of gaseous iodides, but also to an increase in the ignition reaction rate. At the third stage, the process temperature decreases to the calculated saturation temperature, and the formation of the coating begins. At the fourth stage, the diffusion growth of the coating occurs. At the stage of cooling, the intensity of layer formation decreases, this is due to a decrease in the diffusion coefficients of the charge elements. Two characteristic points are distinguished on the temperature curve, i.e., the ignition onset temperature t* and the maximum heating temperature tm, which depend on the composition of the reaction mixture. With an increase in the concentration of the active exothermic component and the gas transport agent in the mixture, t* decreases and tm increases. The thickness of the formed coatings is affected by the composition of the charge, the duration and temperature of isothermal holding, the chemical composition of the substrate, and the method of saturation.
As a result of the processing of the obtained experimental data, equations characterizing the dependence of the thickness of the alloyed titanium coating on the technological characteristics of the SHS process were obtained, so on steel 20: y = 0,0594e0,008x, on steel 45: y = 0,0513e0,0081x, on steel U8: y = 0,0318e0,0083x. The size of the coating depends on the cooling rate. Studies show that the maximum growth rate of coatings is observed at the initial stages of the CPC process.

Metallographically, coatings are defined as a light zone with a clear separation boundary with the base. Most of the coverage is occupied by a zone with a heterogeneous structure. In U8 steel, a zone of carbides (Fe,Cr)23C6, (Fe,Cr)7C3, Cr3C2. ocated directly on the outer side of the coating. The study of the phase composition of the obtained alloyed titanium coatings (obtained at τв = 60 min., tп = 1050 °С) was carried out using X-ray units DRON-2 and DRON-3, which work together with the computing complex under the ARFA program. When alloying titanium coatings with chromium on the considered carbon steels, phases (Fe,Cr)23C6, (Fe,Cr)7C3, Cr3C2, as well as phases: Fe2Ti, Cr2Ti are formed.
The main alloying elements of all heat-resistant coatings are elements capable of self-passivation, that is, those that form protective oxide membrane. In diffusion coatings, the content of titanium, aluminum, silicon and chromium does not exceed 20–25%. Comparative characteristics of the heat resistance of alloyed titanium protective coatings, obtained in the mode of thermal self-ignition of the CPC process and in isothermal conditions at a test temperature of 900 ºС.
As a result of the research, it was found that with a simultaneous processing method, the main factor affecting the thickness of the coatings is the concentration of saturating elements in the reaction mixture. At the same time, during titanium chromium plating by the composite powder charges method, the supplier of active chromium atoms is both metallic chromium and the chromium component (CS). When saturated in mixtures containing CS and titanium or CS, titanium, chromium (provided that the total amount of chromium in the mixture is identical), a large coating thickness a.
Under these conditions of saturation, chromium has a higher diffusion coefficient than titanium, and thanks to a smaller atomic radius, it forms solid solutions of inclusion more easily. Therefore, it penetrates the substrate to a greater depth than titanium. Depending on the chemical composition of the substrate, the formation of (Cr,Fe)23C6 or (Cr,Fe)7C3 carbides alloyed with titanium is possible in the near-surface zone, and the zone of solid solution of Cr in α-iron is located below. With a two-stage processing method, the phase composition of the coating mainly depends on the sequence of saturation stages. During titanization with subsequent chromium saturation, carbides of the complex composition (Ti, Cr)C are formed on the surface of carbon steels (Ti content – 42%, Cr – 46%). Zones of carbides and α-solid solution are located below. If, at the first stage, saturation is carried out with chromium, and then with titanium, the predominant chroming occurs with the formation of higher carbide Cr3C2 with Cr2Ti inclusions on the steel surface (Cr concentration is 78%, Ti concentration is insignificant).
As a result of X-ray structural and metal graphic analysis, it was established that a continuous, homogeneous, non-abrasive layer is formed on the surface of the steels. Adjacent to it is a transition zone formed as a result of counter diffusion, behind it is a carbon-depleted ferrite zone (Fig. 2), obtained by the SBS method on steel at 45°C, the duration of isothermal exposure – chrome plating; 
b  –  simultaneous titanochromization. The phase composition of the zones depends significantly on the carbon content in the steel and the method of saturation. During simultaneous saturation, compounds of titanium with chromium are formed on the surface of the samples, which are the product of the SBS interaction (with the content of titanium and chromium in the surface layer of 66 and 34%, respectively), as well as carbides of the complex composition (Ti,Cr)C.
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Fig. 2 – Microstructures (x100) of chromium-doped titanium coatings, at different exposure times, on U8 steel (tп –1000 оС): а – τв = 40 min; б – τв = 60 min
When examining the formed layers on the PMT-3 device, it was established that the microhardness of carbides (Ti, Cr)C on the surface of carbon steel varies within 16500–25000 MPa. The evaluation of wear resistance and corrosion resistance was carried out on samples made of steel 45 with chrome and titanium chrome coating obtained by various methods of processing and duration of isothermal exposure of 120 minutes (both for sequential and simultaneous saturation). According to the results of the tests, it was revealed that the best indicators of wear resistance and corrosion resistance are possessed by titanium chrome coatings obtained during two-stage processing (titanization followed by chromium plating.

Conclusions
1.Gas-transport technology with the use of CMP makes it possible to obtain high-quality chromium and titanium-chromium coatings on iron-carbon alloys. At complex saturation with several carbide-forming elements their influence on coating thickness, their phase and chemical composition has been studied. The method of obtaining significantly affects the performance properties of the coatings (sequential or simultaneous).
2. For obtaining coatings of considerable thickness and increasing their performance characteristics the two-stage technology with the use of CPP can be recommended. The sequential saturation with titanium and chromium provides a high concentration of these elements in the surface diffusion layer.
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ОТРИМАННЯ ЖАРОСТІЙКИХ ПОКРИТТІВ З ВИКОРИСТАННЯМ КОМПОЗИЦІЙНИХ ПОРОШКОВИХ СЕРЕДОВИЩ

Анотація. В роботі розглянуті методи отримання захисних зносостійких покриттів на сталях в режимі теплового самозапалювання. Показано результати досліджень структури та властивостей покриттів, отриманих при різних способах обробки (одночасному та послідовному). Із застосуванням методів математичного моделювання розроблено оптимальні склади шихт для нанесення зносостійких покриттів на деталях машин з використанням композиційних порошкових середовищ. Наведено аналіз значних параметрів, що впливають на структуру та експлуатаційні властивості покриттів, отриманих при різних способах обробки. Проведено дослідження зносостійкості одержаних шарів на вуглецевих сталях. 
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