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Abstract. Thermodynamic modeling of a powder self-fluxing material 
PGSR-2 based on nickel (wt. %): Ni-79.3, C-0.5, Cr-15, Si-3.2, B-2 was 
carried out. Modeling was executed in the temperature range of 300-6000 
K in the atmosphere of air and gas mixture "92 vol. % air + 8 vol. % 
propane" at a total pressure of P=105 Pa. The temperature dependences of 
the equilibrium composition of the condensed and gas phases formed 
during the heating of the investigated system were calculated. It is shown 
that the distribution of the components of the condensed and gas phases 
changes significantly when the initial content of the powder material and 
the composition of the plasma-forming gas are changed. 

1 Introduction 
To restore the geometric dimensions and shape of the surfaces of the wear parts, gas-
thermal coating methods are used, among which the most common is plasma powder 
spraying [1-10]. This method provides high performance and versatility, as well as a wide 
range of coatings properties. Powder self-fluxing materials are widely used for the 
restoration of worn surfaces by sputtering and sputtering with reflow [6, 9-14]. The most 
common of them are self-fluxing alloys of the Ni-Cr-Si-B system. The processability of 
these alloys is due to the formation of a heterogeneous structure of the eutectic type with a 
characteristic low melting point (approximately 1000°C) [9]. The coatings formed during 
the surfacing of these powder materials have high hardness and wear resistance due to the 
formation of fine particles of strengthening phases, such as CrB, Cr23C6, Cr7C3 and others 
[10, 11]. To obtain composite alloys with higher physical and mechanical properties, 
carbides and borides of refractory metals (tungsten, vanadium, chromium and 
molybdenum) are often added. 

The composition, structure, and content of the components, as well as the integral 
physicochemical properties of the new materials, depend on the initial ratio of the elements, 
parameters, and the degree of nonequilibrium of the system under study (heating and 
cooling rates, temperature gradients, and other technological factors). When spraying gas-
thermal coatings, it is often necessary to vary the input parameters: the initial composition 
of the powder material and the plasma-forming gas, temperature, pressure, etc. The choice 
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of these parameters can be greatly facilitated by thermodynamic calculations. These 
calculations can significantly reduce the amount of experimental research, time and 
material costs. For equilibrium (quasi-equilibrium) processes, the implementation of 
thermodynamic calculations is a necessary stage of research. In the case of nonequilibrium 
processes, thermodynamic calculations allow us to estimate the limit values of various 
process parameters. 

The aim of this work is thermodynamic modeling of the equilibrium composition and 
thermodynamic characteristics of self-fluxing Ni-C-Cr-Si-B powder materials in a wide 
temperature range in the atmosphere of air and propane. 

2 Method of investigation  
The computer experiment was carried out using of the thermodynamic modeling method 
(TM) [15-19].  

The TERRA software package was used as the modeling software [15-18]. This 
software implements the method and algorithm of calculations created at the Bauman 
Moscow State Technical University. It is designed to calculate arbitrary systems with 
chemical and phase transformations and allows us to model extremely equilibrium states. 
The TERRA program is coupled with an extensive database of properties of individual 
substances, which makes it suitable for the study of arbitrary chemical compositions. The 
maximum number of chemical elements that can make up the system under study is fifty; 
the number of condensed phases considered in a single calculation is limited to two 
hundred, and the number of components of the gas phase formed in equilibrium (the 
number of individual substances) can reach eight hundred. When performing calculations 
for heterogeneous systems, it is possible to use both models of single-component 
immiscible phases and various models of condensed solutions. 

The simulation was carried out in the temperature range of 300-6000 K at a total 
pressure of P=105 Pa in the atmosphere of the plasma-forming gas. Air and a mixture of 
"92% air +8% propane" (vol.%) were considered as plasma-forming gases. The initial 
composition of the simulated system corresponded to the composition of the powder self-
fluxing material PGSR-2 based on nickel (wt.%): Ni - 79.3, C - 0.5, Cr - 15, Si - 3.2, B – 2. 
When preparing the initial data for modeling, the average technological parameters of the 
plasma spraying plant were taken into account: the flow rate of the plasma-forming gas - 1 
l/s, the flow rate of the powder - 1 g/s, 5 g/s and 10 g/s. 

3 Results and discussion 

3.1 Simulation of PGSR-2 heating in air 

Fig.1 shows the temperature dependences of the content of the components of the 
condensed phase formed during the equilibrium heating of PGSR-2 in the air atmosphere at 
different powder flow rates: 1 g/s( a), 5 g/s (b) and 10 g/c (c). 

It can be seen from Fig. 1-a, that at the initial composition of the simulated system, 
corresponding to the flow rate of the plasma - forming gas of 1 l/s and the powder material-
5 g/s, active oxidation occurs. The existence of carbon, nickel, and NiO, B2O3, SiO2 and 
Cr2O3 oxides is possible in the condensed phase. The nickel content is constant in the 
temperature range of 400-2000 K. The increasing of the mass fraction of nickel in the 
temperature range of 300-400 K and 2000-2400 K is due to a decrease in the mass fraction 
of NiO from 0.17 to 0.14 (at 300-400 K) and from 0.14 to 0 in the range of 2000-2400 K. 
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At T=2400 K, complete evaporation of NiO occurs and a sharp decrease in the mass 
fraction of nickel begins, due to its evaporation.  

а 

b 

с 

Fig. 1. Temperature dependences of the content of the components of the condensed phase formed 
during the equilibrium heating of PGSR-2 in the air atmosphere. Gas consumption 1 l/s. Powder 
material consumption: a) 1 g/s; b) 5 g/s; c) 10 g/s. 
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Fig. 2. Temperature dependences of the content of the components of the gas phase formed during the 
equilibrium heating of PGSR-2 in the air atmosphere. Gas consumption – 1l/s. Powder material 
consumption: a) 1 g/s; b) 5 g/s; c) 10 g/s.  
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With the initial compositions of the simulated system corresponding to the flow rates of 
the plasma - forming gas of 1 l/s and the powder material-5 g/s (Fig. 1-b) and 10 g/s (Fig. 1-
c), the condensed phase may contain Ni, Ni3B, Ni2B, Ni2Si, SiO2, B2O3, Cr, CrN, Cr2N, 
Cr3C2, Cr7C3, Cr3Si, Cr5Si3, BN, C. In addition, with an increase in the flow rate of the 
powder material in the system in the condensed phase, the appearance of boron and NiSi, 
Si3N4 compounds is observed. 

Let us consider in detail the behavior of the components of the condensed phase on the 
example of Fig. 1-b. The nickel content practically does not change in the temperature 
range of 300-1800 K. In the temperature range of 1800-2000 K, a decrease in the mass 
fraction of nickel is observed, and at 2000-2400 K, its increase is observed. A subsequent 
increase in temperature to 3000 K is accompanied by a sharp decrease in the mass fraction 
of nickel to zero. In the temperature range of 1900-3100, the formation of compounds Ni3B 
(2000-3000 K), Ni2Si (1900-2400 K), Ni2B (3100 K), B2O3 (1900-2100 K), Cr3Si (2400 
K), Cr5Si3 (2500–2600 K) is possible. The CrN content is almost constant in the 
temperature range of 300-1100 K, at 1100-1300 K non-monotonic behavior is observed due 
to the formation of Cr3C2, and at 1300-1400 – a sharp decrease to zero. The compounds 
Cr2N and Cr7C3 exist in the temperature range of 1400-1700 K. The content of SiO2, BN, 
Cr2O3, and C is almost unchanged over a wide temperature range: 300-1800 (SiO2 and 
BN), 300-1300 K (CrN), 300-1000 (C), and 300-1400 K (Cr2O3). At T ≥ 1700 K the 
decomposition of the compounds Cr2O3, Cr7C3, Cr3C2, CrN, Cr3Si occurs, so the 
existence of condensed Cr is observed in the temperature range 1800 -2600 K. 

Figure 2 shows the temperature dependences of the content of the components of the 
gas phase formed during the equilibrium heating of PGSR-2 in the air atmosphere. The 
main components of the gas phase in the temperature range of 300-1800 K are N2, CO and 
CO2, the content of the other components is significantly lower. The temperature increase 
is accompanied by the evaporation of the condensed phase components (see Fig. 1) and an 
increase in the vapor content of nickel, chromium, silicon, boron, their oxides, and nitrides 
in the gas phase. A subsequent increase of temperature leads to the dissociation of N2, O2, 
CO2, SiO2, B2O3, NiO and other molecules, which leads to an increase in the mass fraction 
(and, accordingly, the partial pressures) of atomic oxygen, nitrogen, boron, nickel, silicon, 
etc. The content of ionized components of the gas phase (Ni+, Si+, Cr+, BO-, BO2

-, O-) in 
the investigated temperature range is small. 

3.2 Simulation of PGSR-2 heating in the atmosphere "air + propane» 

Figure 3 shows the temperature dependences of the content of the components of the 
condensed and gas phases formed during the equilibrium heating of PGSR-2 in the 
atmosphere of the plasma-forming gas "92 vol.% air+8 vol.% propane". When preparing 
the initial data for modeling, the technological parameters of the plasma spraying 
installation were taken into account: the flow rate of plasma-forming gas - 1 l/s, the flow 
rate of powder -1 g/s. 
As can be seen from Fig. 3-a, the existence of Ni, Cr, C, Ni2Si, B2O3, BN, Cr2O3, SiO2, 
HBO2, Cr3C2, Cr7C3 is possible in the condensed phase. The content of other components 
is insignificant (less than 0.01 wt. %). The nickel content is constant in the temperature 
range of 300-2300 K. The decrease in the mass fraction of nickel at T=1900 K is caused 
with the formation of the Ni2Si compound, which exists in a narrow temperature range of 
1900-2000 K. Chromium oxide Cr2O3 is stable in the temperature range of 300-1400 K. 
With a following increase of temperature, the content of Cr2O3 decreases, while in the 
temperature range of 1300-1500 K, the formation of Cr3C2 chromium carbide is observed, 
and in the temperature range of 1500-1900 K – Cr7C3 chromium carbide. At T ≥ 1800, the 
content of Cr7C3 decreases sharply, while the appearance of chromium is observed in the 
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condensed phase at 1900 – 2400 K. Silicon oxide in the condensed phase exists in the 
temperature range of 300-2100 K, and, in the temperature range of 300-1800 K, the SiO2 
content is unchanged. In addition, HBO2, B2O3, and C can be formed in the condensed 
phase. The content of these components is less than 0.05 wt.%.  

a 
 

b 
Fig. 3. Temperature dependences of the content of the components of the condensed (a) and gas 
phases (b) formed during the equilibrium heating of the PGSR-2 system in the atmosphere "92 vol.% 
air + 8 vol.% propane». 
 

The main components of the gas phase (Fig. 3-b) in the entire studied temperature range 
are N2, H2, CO, H2O, and CO2. The mass fraction of H2, CO, H2O, and CO2 change 
nonmonotonically with increasing of temperature, and the pressure of N2 decreases 
monotonically. The contribution of the other components of the gas phase to the total 
content becomes noticeable at T ≥ 1300 K. It should be noted that in the studied 
temperature range, the main ionized components of the gas phase are the electron gas e-, as 
well as the Ni+ and Cr+ ions. 
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4 Conclusion 
Thermodynamic modeling of a powder self-fluxing material PGSR-2 based on nickel 
(wt.%): Ni-79.3, C-0.5, Cr-15, Si-3.2, B-2 in the temperature range of 300-6000 K in the 
atmosphere of air and gas mixture "92 vol.% air + 8 vol.% propane" at a total pressure of 
P=105 Pa was carried out. 

It is shown that the distribution of the components of the condensed and gas phases 
changes significantly with changes in the initial content of the powder material and the 
composition of the plasma-forming gas:  

• When simulating the heating of PGSR-2 in an air atmosphere with the initial 
composition corresponding to the flow rate of the plasma-forming gas of 1 l/s and the 
powder material of 5 g/s, active oxidation occurs. In the condensed phase, the 
existence of carbon, nickel and oxides of NiO, B2O3, SiO2, Cr2O3 is possible. 

• When simulating the heating of PGSR-2 in an air atmosphere with the initial 
composition corresponding to the flow rate of the plasma-forming gas of 1 l/s, and the 
powder material of 5 (10) g/s, the formation of Ni, Ni3B, Ni2B, Ni2Si, SiO2, B2O3, 
Cr, CrN, Cr2N, Cr3C2, Cr7C3, Cr3Si, Cr5Si3, C, BN is possible in the condensed 
phase. With an increase in the consumption of powder material in the condensed 
phase, the appearance of NiSi, Si3N4 compounds and boron is observed. 

• When PGSR-2 is heated in air, the main components of the gas phase in the 
temperature range of 300-1800 K are N2, CO and CO2, the content of the other 
components is significantly lower. The increase of temperature is accompanied by the 
evaporation of the components of the condensed phase and an increase in the vapor 
content of nickel, chromium, silicon, boron, their oxides, nitrides in the gas phase, as 
well as to the dissociation of molecules and ionization of the gas. 

• At the equilibrium heating of PGSR-2 in the atmosphere of "92 vol.% air+8 vol.% 
propane" in the condensed phase, the existence of Ni, Cr, C, Ni2Si, B2O3, BN, Cr2O3, 
SiO2, HBO2, Cr3C2, Cr7C3 is possible. The main components of the gas phase in the 
entire temperature range under study are N2, H2, CO, H2O and CO2. 

Thus, the results obtained allow us to estimate the composition of the condensed and 
gas phases formed during the equilibrium heating of the studied system, and to predict the 
behavior of materials under extreme conditions. It should be noted that the methods and 
calculation algorithms used by us are intended for modeling extremely equilibrium states of 
complex systems and do not allow us to find the "trajectory" of the transition to the 
equilibrium state.  
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