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Thermodynamic modeling of obtaining wear-resistant coatings using composite powder charges
Abstract. The article provides an overview and analysis of obtaining wear-resistant coatings for parts working in aggressive environments of metallurgical production. The solution of these problems is associated with the hardening of the surface layers of products. Their role in the durability of machines and mechanisms has especially increased at the present time, since the development of most industries is associated with an increase in loads, temperatures, and the aggressiveness of the environments in which the part operates. The titanizing process is an effective method of increasing the reliability and durability of machine parts, tools and technological equipment due to the creation of titanized layers on the surface of the machined parts, which have a unique set of physical and chemical properties. The results of thermodynamic modeling for the production of wear-resistant titanium-based coatings for the determination of rational composite powder charges are presented. The use of thermodynamic modeling makes it possible to quantitatively model and predict the composition and properties of complex heterogeneous, multi-element, multi-phase systems in a wide range of temperatures and pressures, taking into account chemical and phase transformations. The results of research on wear resistance revealed that, when tested under friction-sliding conditions, the best wear resistance among the considered alloyed titanium coatings was achieved by coatings alloyed with chromium and silicon. Their wear resistance is 1.7-1.9 times higher than that of coatings obtained under isothermal conditions.
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Formulation of the problem. Obtaining wear-resistant coatings for parts working in aggressive environments of metallurgical production is relevant, as it allows to increase the reliability and durability of parts of machines, devices, installations, increase their efficiency and, consequently, the issues of metal economy, combating corrosion and wear of machine parts, increase resource of metallurgical equipment before overhaul. The solution of these problems is associated with the hardening of the surface layers of products. Their role in the durability of machines and mechanisms has especially increased at the present time, since the development of most industries is associated with an increase in loads, temperatures, and the aggressiveness of the environments in which the part operates. The titanizing process is an effective method for increasing the reliability and durability of machine parts, tools, and technological equipment due to the creation of chromium-plated layers on the surface of the machined parts, which have a unique set of physical and chemical properties [1]. Titanium coatings on steels and alloys can significantly improve corrosion resistance, heat resistance, hardness and wear resistance, and often obtain the required combinations of them. However, all known powder methods are energy intensive and time consuming.  In this regard, the development of new composite powder charges is an urgent development of new technologies that allow you to control the composition and structure of coatings, provide the necessary performance characteristics with a minimum time of their formation. This paper considers the technology of chemical-thermal treatment of steels using composite powder charges for obtaining complex diffusion layers [2–3].

Analysis of recent research and publications. You can change the surface properties in the required direction in various ways. They can be conditionally divided into two types: 1) applying a new material with the necessary properties to the surface; 2) change in the composition of the surface layer of the metal, providing the desired change in properties. In the first case, such well-known coatings as galvanic, chemical, etc. are used. Non-metallic materials, such as enamel, paint, and various synthetic materials, are also applied to the surface of metal alloys. In the second case, the surface layers of the metal are subjected to diffusion chemical-thermal treatment (CHT), as a result of which a new alloy, different from the core, is formed on the surface of the product. CHT allows to obtain an alloy of almost any composition in the surface layer of the product, and to provide a set of necessary properties - physical, chemical, mechanical, etc. Among the methods of surface hardening, titanium coatings obtained by various methods are widely used [4–5]. Titanium coatings on steels and alloys can significantly improve corrosion resistance, heat resistance, hardness and wear resistance, and often obtain the required combinations of them.

For the processing of mills from carbon alloy steels, methods for creating various functional coatings are widely used. Coating - locally changes the surface ball, which is characterized by the same chemical and structural-phase warehouse, which is similar to the base material.

Classification of the main methods and methods of modifying surface materials induced in robots . In this way, the classification of covers is given according to the technological principle. Methods for applying coatings in robots are classified according to the type of application of the coating material on the surface of the base material and are divided into two great groups: contact methods, in some cases, the contact of the base material with the elements of the coating, which may be in a phase (gas, solid, rare) ; non-contact or chemical methods, with which materials are covered, they arrive at the connected person. The classification is given for the demonstration of the limiting process of forming the coating, as well as for the kinetic assessment of the concentration of the coating element in the surface ball of the lining.

When choosing a method or a method of applying coatings, the main factors are reaching the tasks of optimal authority, warehouse and structure of coating, its density (homogeneity, number of defects), dimensions of parts, serialization of manufacturing, economic efficiency.

Setting objectives. Our task is to conduct thermodynamic modeling of obtaining wear-resistant titanium-based coatings to determine rational composite powder charges. The use of thermodynamic modeling makes it possible to quantitatively model and predict the composition and properties of complex heterogeneous, multi-element, multi-phase systems in a wide range of temperatures and pressures, considering chemical and phase transformations [6,7]. This makes it possible to effectively study thermochemical processes in existing high-temperature installations and to optimize the conditions for their implementation, to predict the results of high-temperature interactions, to sharply shorten the terms and reduce the cost of research, to successfully systematize theoretical and experimental information.

Presenting main material. Calculation of the thermodynamic equilibrium of arbitrary systems (determination of all equilibrium parameters, thermodynamic properties, chemical and phase composition) is carried out by minimizing the isobaric-isothermal potential or maximizing the entropy of the system while considering all potentially possible individual substances q in equilibrium. Calculation methods developed on the basis of variational principles of thermodynamics [8] allow us to assume that:

1. Of all the permissible values ​​of moles Mq of individual substances in a thermodynamic system, those that minimize the thermodynamic potential of the system correspond to the equilibrium values;

2. Of all the permissible values ​​of the energy Ui contributed by each independent component (atom), those that maximize the total energy contribution of individual atoms to the system correspond to the equilibrium values.

The constituent parts of the system are all possible and existing substances in various states of aggregation, formed from the elements included in the composition of the studied system. Components of a thermodynamic system are substances that are minimally necessary for the assembly of this system. The number of components is equal to the number of substances present in the system, minus the number of independent reactions connecting these substances. In thermodynamic modeling, condensed individual substances are taken to be compounds with a multiple of the atoms that form them.

Substances with fractional stoichiometric coefficients are considered solutions. Condensed phases include compounds in solid (crystalline or amorphous) and liquid states. Individual substances that have the same chemical formula, but are included in different phases, are considered to have different constituent substances. The constituent parts of the gas phase are molecules, radicals, atoms, ions and electron gas.

Calculation of the thermodynamic equilibrium of arbitrary systems (determination of all equilibrium parameters, thermodynamic properties, chemical and phase composition) is carried out by minimizing the isobaric-isothermal potential or maximizing the entropy of the system while taking into account all potentially possible individual substances q in equilibrium. Calculation methods developed on the basis of variational principles of thermodynamics allow us to assume that:

1. Of all the permissible values ​​of moles Mq of individual substances in a thermodynamic system, those that minimize the thermodynamic potential of the system correspond to the equilibrium values;

2. Of all the permissible values ​​of the energy Ui contributed by each independent component (atom), those that maximize the total energy contribution of individual atoms to the system correspond to the equilibrium values.

The constituent parts of the system are all possible and existing substances in various states of aggregation, formed from the elements included in the composition of the studied system. Components of a thermodynamic system are substances that are minimally necessary for the assembly of this system. The number of components is equal to the number of substances present in the system, minus the number of independent reactions connecting these substances. In thermodynamic modeling, condensed individual substances are taken to be compounds with a multiple of the atoms that form them.

Substances with fractional stoichiometric coefficients are considered solutions. Condensed phases include compounds in solid (crystalline or amorphous) and liquid states. Individual substances that have the same chemical formula, but are included in different phases, are considered to have different constituent substances. The constituent parts of the gas phase are molecules, radicals, atoms, ions and electron gas.

Extensive thermodynamic parameters of the system, that is, proportional to the amount or mass of the substance in the system, are the volume V, entropy S, internal energy U, enthalpy H, Helmholtz energy F (F = U - T · S), Gibbs energy G (G = H - T · S); intensive thermodynamic parameters, i.e. independent of the quantity or mass of the system, are pressure P, thermodynamic temperature T, concentration, molar and specific thermodynamic quantities. Thus, to determine the specific parameters of the system state, it is necessary to specify two of its characteristics (for example: P and T, V and T; I and P, etc.), the mass content of chemical elements in the working body, a list of potentially possible individual substances in equilibrium with their thermodynamic functions - entropy and enthalpy. The ASTRA.4 software package also provides for the possibility of considering some non-ideal conditions: exclusion of any individual substances from the number of equilibrium components; the possibility of assigning (fixing) concentrations of one or more substances with subsequent calculation of the balance for the rest of the system; consideration of non-ideal condensed solutions by the problem of excess Gibbs energy; accounting of the own volume occupied by condensed substances.

When performing the thermodynamic modeling procedure in the direction of determining technical and economic characteristics, in addition to regression equations, it is necessary to use additional coupling equations based on the use of the second law of thermodynamics, as well as heat and energy balance equations [9].

Equations based on the use of the second law of thermodynamics include:

The equation of the specific entropy of air at the end of the adiabatic compression process (S2’):
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(1)

where RВ– technical gas constant air, kJ/kg; combustion in the exhaust tract of the gas turbine installation;

Equation of specific entropy of fuel at the end of the adiabatic expansion process (S4’(T)’):
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(2)

where RТ – technical gas constant of fuel, kJ/kg;

The balance equations include: the equation of the coefficient of excess air in the combustion chamber:
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(3)

where L0 and QН– stoichiometric coefficient and lower calorific value of calculated fuel (kJ / kg);

h3'(Т ) and h1(T )  –  specific enthalpies of fuel at the exit and entrance to the combustion chamber;

h3'(В) and h2(K ) – specific enthalpies of air at the exit and entrance to the combustion chamber, kJ / kg;

The equation of the specific enthalpy of the mixture of air and fuel at nodal points:
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(4)

where і - where and - the index of the corresponding nodal point;

The equation of the average temperature of the mixture of components at the nodal point:
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(5)
The equation of the average temperature of the mixture of components at nodal points:
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          (6)
where і - index of the corresponding nodal point. 

Research on the mechanism of formation of protective titanium coatings on structural materials was carried out using the method of thermodynamic analysis of possible chemical reactions between the components of the system. For this purpose, the calculation of the interaction of the gas saturating medium, which is formed in the process of thermal self-ignition of the SBC charge, was performed.

As can be seen from figures 1-4, at 700–1500 K, the decomposition products of the activators I2 and NH4Cl react with the components of the charge to form gaseous compounds: AlCl, AlCl2, Al2Cl6, AlI, AlI2, AlI3,Al2I6, AlHCl, AlH2Cl, AlOCl, SiCl, SiCl2, SiCl3, SiCl4, SiHCl, SiI,  SiI2, SiI3, SiI4, CrCl, CrCl2, CrCl3, CrI2, CrI3, TiCl, TiCl2, TiCl3, TiOCl, TiOCl2, TiCl4, TiI, TiI2. TiI3,TiI4
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Fig. 1 – The content of condensed products in the reactor in the mode of thermal self-ignition
 of SHS- charge for the system:
 23% ХС + 20% Ti + 8% Si + 43% Al2O3+ 2% I2 + 4% NH4Cl

As the temperature increases, the number of products in the gaseous phase increases (for Ti compounds from 10-16  to  10-4 4 mol/kg, for Al compounds from 10-19  to  10-1 mol/kg, for Si compounds from 10-18  to 10-6  mol/kg, for Cr compounds from 10-16  to  10-3 mol/kg) and condensed products are released.
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Fig. 2 – The content of gaseous compounds of silicon in the reactor in the mode of thermal 
self-ignition of SHS - charges for the system:
 23% ХС + 20% Ti + 8% Si + 43% Al2O3+ 2% I2 + 4% NH4Cl
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Fig. 3 –The content of gaseous aluminum compounds in the reactor in the mode of thermal self-ignition of SHS- charge for the system: 
23% ХС + 20% Ti + 8% Si + 43% Al2O3+ 2% I2 + 4% NH4Cl
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Fig. 4 –The content of gaseous compounds of titanium in the reactor in the mode of thermal 
self-ignition of SHS - charge for the system:
23% ХС + 20% Ti + 8% Si + 43% Al2O3+ 2% I2 + 4% NH4Cl
Starting from a temperature of 700 ºK, the reaction products decompose, which confirms the appearance of decomposition products and a sharp increase in the number of moles of gas. Gaseous products interact with the elements of the powder system (Al, Si, Ti, and Cr) and convert them into the gaseous phase.

To calculate the equilibrium of chemical reactions in the system being studied, as well as to determine the equal mass compositions of the components involved in these reactions, the equilibrium constants of all independent reactions possible in the given charges are determined.

With the determination of the concentration of gaseous products for the calculation of equal-mass compositions of powder SVS charges in the mode of thermal self-ignition, there are data on two thermodynamic properties: enthalpy Ht and Gibbs energy GT. Enthalpy is chosen in order to determine the thermal effect of the considered chemical reactions; at ΔH<0, the reaction takes place with heat release, and at ΔH>0 – with heat absorption [10–13].

Gaseous products interact with the elements of the powder system (Al, Si, Ti, Сr) and are transferred to the gas phase (appear AlCl, AlCl2, Al2Cl6, AlI, AlI2, AlI3, Al2I6, AlHCl, AlH2Cl, AlOCl, SiCl, SiCl2, SiCl3, SiCl4, SiHCl, SiI, SiI2, SiI3, SiI4, CrCl, CrCl2, CrCl3, CrI2, CrI3, TiCl, TiCl2, TiCl3, TiOCl, TiOCl2, TiCl4, TiI, TiI2, TiI3, TiI4 etc.). At temperatures above 700 K, the proportion of the condensed phase practically does not change. This fact gives reason to assume that in the temperature range of 700–1500 K reactions occur with the release of a condensed phase, but without a change in the number of moles, that is, there is a chemical transport of elements to the processed part.

For the system: 23% ХС + 20% Ti + 8% Si + 43% Al2O3+ 2% I2 + 4% NH4Cl, in the temperature range of 700–1500 K, the content of gaseous compounds of silicon, aluminum and titanium in the reactor, in the mode of thermal self-ignition – charge consists of: SiH, SiCl, SiCl2, SiCl3, SiCl4, SIHCl, SiI, SiI2, SiI3, SiI4; AlH, Al2, AlCl, AlCl2, Al2Cl6, AlHCl, AlH2Cl, AlI, AlI2, AlI3, Al2I6; SiH, SiCl, SiCl2, SiCl3, SiCl4, SIHCl, SiI, SiI2, SiI3, SiI4, as well as the content of condensed products: Al2O3(c), Cr3Si(c), Cr5Si3(c), TiCl2(c), TiI2(c), TiN(c), Ti5Si3(c).

The results of the test on the SMT-1 friction machine in friction-sliding conditions are shown in figura 5.
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Fig. 5 –The rate of wear of protective coatings on steel 45 when tested on the SMT-1 friction 
machine (tpr.=1050°С, τdrying time =60 min.)

The results of the tests revealed that, when tested under friction-sliding conditions, the best wear resistance among the considered alloyed titanium coatings was achieved by coatings alloyed with chromium and silicon (Fig. 5). Their wear resistance is 1.7-1.9 times higher than that of coatings obtained under isothermal conditions.

Conclusions. The conducted thermodynamic modeling of the production of wear-resistant titanium-based coatings made it possible to determine the rational gas environment of composite powder charges. The use of thermodynamic modeling made it possible to quantitatively model and predict the composition and properties of complex heterogeneous, multi-element, multi-phase systems in a wide range of temperatures and pressures, considering chemical and phase transformations.
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