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THERMODYNAMIC MODELING OF THE
PROCESS OF SMELTING A COMPLEX
CHROMIUM-MANGANESE-SILICON-CONTAINING FERROALLOY

This article presents the results of thermodynamic modeling of the process of
smelting chromium-manganese-silicon-containing ferroalloy from technogenic
raw materials of Kazakhstan. Thermodynamic modeling of chromium-manganese-
silicon-containing ferroalloy was carried out using the HSC Chemistry 6 sofiware
package (Outokumpu, Finland), based on the principles of minimizing the Gibbs
energy and thermodynamic variational principles. Thermodynamic analysis
for modeling the process of smelting a complex alloy was carried out in the
temperature range from 500 to 2000 °C for four real charge compositions (with a
5% deficiency of solid carbon, with a normal course of the regime, and with an
excess of solid carbon of 5% and 10% of the stoichiometry). The mechanism of
combined carbothermic reduction of silicon, manganese, chromium and iron was
studied using the Fe-Cr-Mn-Si-Al-Ca-Mg-C-O system. The calculations performed
allowed us to fully study all the physicochemical processes occurring during smelting
of chromium-manganese-silicon-containing ferroalloy using the carbothermic
method. Based on the thermodynamic data, the optimum consumption of solid
carbon per 100 kg of charge (chromium and manganese dust) was determined to be
10.75 kg. The chemical composition of the ferroalloy at 1800 °C is, %: Cr - 35.84;
Mn - 24.47; Si - 16.25 and Fe - 22.63.

Keywords: complex ferroalloy, carbothermic process, chromium-manganese-
silicon-containing ferroalloy, thermodynamics, reduction.

Introduction

Complex alloys are primarily composed of elements such as iron, chromium,
manganese, silicon, aluminum, and others [1-2].

In the theory and practice of producing chromium-manganese-silicon (Cr-Mn-Si)
ferroalloys, the contributions of I. P. Kazachkov and N. P. Melikaev are particularly
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significant. Their research led to the development of a one-stage alloy smelting process,
which is based on the reduction of iron, chromium, manganese, and silicon oxides from
a mixture of chromium and manganese ores using carbon [3-6].

According to [7-9], the reduction of chromium ores begins with the reduction of
chromite FeCr,0,+C according to the reaction:

FeCr,04+ C=FeCr,03 + CO (1)
The temperature at which the reduction begins is 1010 °C.
The reduction of magnochromite MgCr,O4 can proceed according to the reactions:

MgCr,04+ 13/3C=2/3Cr;C,+ MgO + 3CO )
MgCr,04+ 27/7C=2/7Cr;C5+ MgO + 3CO (3)
MgCr,O4+ 81/23C=2/23Cr»;C¢+ MgO +3CO (4)
MgCr,0s + 3C=2Cr + MgO + 3CO 5)

For a rough estimate of the temperatures at which the reduction of magnochromite
begins, the value of the change in the Gibbs energy of the reaction was adopted

MgO + CI‘203=MgCI'204 (6)
within the temperature range of 0 — 1535 °C, i.e. the same 1225, 1265, 1310 and
1385 °C, respectively.

In the reduction of manganese, special attention is paid to the reduction reactions
from MnO and rhodonite MnSiO,, since higher manganese oxides tend to dissociate
at high temperatures with the release of oxygen. This means that as the temperature
increases, manganese oxides such as Mn,O, and MnO, can decompose, releasing
oxygen and turning into lower oxides, which plays a key role in the reduction process.
The reduction reactions of these compounds can significantly affect the efficiency of
manganese reduction in metallurgical processes. The following reactions are possible:

MnO + 10/7C=Mn;Cs+ CO (7)
MnO +4/3C=1/3Mn;C + CO (8)
MnO + C=Mn + CO )
MnSiO;+ 10/7C=1/7Mn;Cs + SiO,+ CO (10)
MnSiOs;+ 4/3C=1/3Mn;C + SiO, + CO (11)
MnSiO;+ C=Mn + Si0,+ CO (12)

When considering the mechanism of silicon reduction, we note two important
reactions:
S10,+ 3C=SiC +2CO (13)
S10,+ 2C:Siliquid +2C (14)
Based on reliable experimental data [6], N.V. Tolstoguzov et al. demonstrated that
silicon carbide (SiC) can exist in equilibrium with a metal containing more than 22%
silicon. In the case of smelting a chromium-manganese-silicon-containing ferroalloy
with a silicon content of 10%, the probability of reaction (13) is negligible. For reaction
(14), the temperature at which reduction begins is 1665 °C [10-11].
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Materials and methods

Thermodynamic modeling of the Cr-Mn-Si ferroalloy production process
encompasses all thermodynamic principles related to chemical reactions, phase
equilibria, and heat exchange within the system [12].

The production of Cr-Mn-Si ferroalloys is achieved through the reduction of Cr,
Mn, and Si oxides with carbon.

Thermodynamic simulations of the Cr-Mn-Si ferroalloy process were conducted
using the HSC Chemistry software, which provides extensive thermochemical data on
enthalpy (H), entropy (S), and heat capacity (C) for over 29 000 chemical compounds.
This software follows the methodology of the SGTE (Scientific Group Thermodata
Europe) consortium, which consists of scientific institutions engaged in developing
58 thermodynamic databases for inorganic and metallurgical systems. The consortium
includes organizations from Germany, Canada, France, Sweden, the UK, and the USA,
and applies this data to solve practical engineering challenges. The work utilized the
Equilibrium Compositions module, which is based on the equilibrium calculation method
relying on the minimization of Gibbs free energy [12-13].

The principles for thermodynamic modeling of Fe-Cr-Mn-Si-Al-Ca-Mg-C-O
systems were established for the thermodynamic analysis [12-13].

The analysis was performed within a temperature range from 500 to 2000 °C. The
lower limit represents the standard state, and temperature variations up to 900 °C result
in minimal changes, while the upper limit corresponds to the final state, characterized
by the melting points of the components and the formation of the final reaction
products. This range defines the initial and final equilibrium states of the system. In all
calculations, a pressure of 0.1 MPa was assumed, which roughly corresponds to one
physical atmosphere, commonly used in most metallurgical processes, including those
involving the interaction of solid phases with carbon. The system’s volume is determined
by its thermodynamic state, and the system is considered to be in a closed state [12-16].

To establish the optimal consumption of solid carbon in the smelting of Cr-Mn-Si
ferroalloy, a thermodynamic analysis of four variants of the charge mixture composition
was carried out (Table 1).

Table 1 — Chemical composition of the charge mixture, kg
(;};riinsg Cr:03 | FexO3 | MmOs | Si0, | ALOs | CaO | MgO | C | O/C*
Ne 1 12.66 | 7.84 8.50 |37.55| 6.31 | 1.39 | 1537 | 9.85 | 3,90
No 2 1244 | 7.71 833 3788 | 639 | 1.37 | 15.07 | 10.33 | 3,71
Ne3 12.18 | 7.59 8.18 | 38.16 | 6.46 | 1.35 | 14.81 | 10.75 | 3,56
No 4 1140 | 7.44 8.51 3890 | 642 | 1.40 | 1429 | 11.13 | 3,44

* _ ratio of the sum of oxides to solid carbon

The following phases were adopted for the metallic phase: MnC,, Cr,
Fe, Mn, Cr4C, Fe;C, C, Cr3C,, Cr;Cs, FeSi, Cr;Si1, CrSi, FesSi, CrsSis, Si,

CrSiy, SiC, FeSi,, FesSi;, MnSi, MnSi, 7, MnSi, 727, MnsSi3, Mn;Si;
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The following phases are adopted for the sla% (S)haSG}CrzFeO Cn0;s,
SlOz, F601,056, MgSlO3, FGA1204, A1203, CaO*A 2 3*28102, Mg(é_l)’*Alzog

CaMgSi206, CaO*MgO*zsIOQ, CaSi03, MngiO4, MgCI'204,
(CaMg)o,ssiO3, (CaFe)o,ssiO3, Mg2A14Si5018, CI’zMgO4, FeSiO3, MgO,
*3A1,05*2810,, AlsMg:Sis013, CaAlSiOs, CaO*MgO*Si0,, FeO,
CaO*A1203*SiOZ, CaO*CI'203, Mg3AIZSi3012, CaMgSiO4, CaO*A1203,
*2FeO*S10,, CaO*2AlL0;, *2Ca0*MgO*2810,, *2Ca0*810,,
*2Ca0*Al,05*Si0,, FeO*Si0,, CaO, AlL,0O5*2Si0,,  Ca3Si,0,
*3Ca0*2S10,, CaO*MgO, *3CaO*MgO*2Si0,, *3Ca0*Al,05*3Si0s,,
CazMgSi207, CaO*6A1203, F62A14Si5018, Ca38i05, Fe3Alzsi3012,
*3Ca0*Si0,, *2Ca0*Al,03, MgCO;, CaFeSiO4, Fe;Mg0s, *3Ca0*Al,0s,
MgFe1,415CI'o,63204,07, CaO*F6203, CagFeZSi3012, *2C30*F6203,
CaMg(CO3)2, Mg7A1904*A198i3O36, Mg2A14SiO1o, Ca3(Alzsi203)3*CaCO3,
Ml’lo,9554cao,o446SiO3, Ca3CI‘2(SiO4)3, CaFe305, MHO*A1203, MHO, Ml’lSiO3,
CaFe5O7, Fele’lO4, Ml’lO*FCzO3, CaMg3(C03)4, *2CaZSiO4*CaC03,
Ca381207*2CaC03, *12C30*7A1203, Fe3(CO)12, *4C30*A1203*F6203,
CI'5012, Fez(CO)9, Ca(MnO4)2, Mn28i04.

~_The following ghases are adopted for the gas phase: CO(y, COxyy),
Si0(g), Mg(g), Alg), Si(g), AlO(g), MgO(g), AlyO(g), Mn(g, MnO().

Results and discussion

Results of modeling the process in the condensed phase.

As aresult of the modeling (Fig. 1 —12), it was established that during the smelting
of Cr-Mn-Si ferroalloy by the carbothermic method up to 2000 °C, the formation and
some change of elements occurs, accompanied by their transition to a condensed phase.
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Figure 1 — Dependence of the change in slag phases on the temperature of the
charge mixture (Deficiency of 5% of stoichiometry)
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Figure 2 — Dependence of the change in metal phases on the temperature of the
charge mixture (Deficiency of 5% of stoichiometry)
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Figure 3 — Dependence of the change in slag phases on the temperature
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Figure 5 — Dependence of the change in slag phases on the temperature of the
charge mixture (Excess of 5% of stoichiometry)
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Figure 6 — Dependence of the change in metal phases on the temperature
of the charge mixture (Excess of 5% of stoichiometry)
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Figure 7 — Dependence of the change in slag phases on the temperature of the
charge mixture (Excess of 10% of stoichiometry)
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The results of modeling the process in the gas phase.
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Figure 9 — Dependence of the change in gas phases on the temperature of the
charge mixture (Deficiency of 5% of stoichiometry)
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Figure 10 — Dependence of the change in gas phases on the temperature
of the charge mixture (Stoichiometry)
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Figure 11 — Dependence of the change in gas phases on the temperature
of the charge mixture (Excess of 5% of stoichiometry)
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Figure 12 — Dependence of the change in gas phases on the temperature of the
charge mixture (Excess of 10% of stoichiometry)
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The following are the results of the analysis of the simulation and data presented
in Figures 1-12.

Charge mixture with a reducing agent deficiency of 5%. The amount of the MgSiO,
phase in the temperature range from 500 to 2000 °C is 23-26 kg. The SiO, phase at
500 °Cis 16 kg, and at 2000 °C it decreases to 9 kg. The reduction processes leading to
the formation of metal begin at a temperature of 1200 °C, while the content of Fe and
Mn in the metallic phase reaches 5-6 kg at a temperature of 1300 °C. The amount of
the Cr,FeO, phase begins with 11 kg at 500 °C and decreases to 1 kg at 1100 °C. The
Cr,FeO, phase decomposes into Cr,O,, reaching 10 kg at 1100 °C. In the temperature
range from 1100 to 1300 °C, the Cr,O, phase decreases in the slag mixture, while the
amount of Cr in the metallic phase increases to 4 kg. The amount of MnC, is 8.5 kg
in the temperature range of 500—-1200 °C, after which it decreases, and the amount of
manganese in the metallic phase reaches 5.92 kg. Starting from a temperature of 1100 °C,
the amount of solid carbon and oxide compounds decreases, and in the temperature
range of 1700 °C they reach minimum values. At the same time, as the amount of solid
carbon decreases, the content of COgas increases. The content of Fe in the temperature
range from 900 to 1300 °C is 2-5 kg, and at 2000 °C it reaches 4.38 kg. Silicon in the
metal is present in the form of phases CrSi,, FeSi, CrSi, Fe,Si, Cr,Si, CrSi,.

The charge mixture according to stoichiometry. In this case, no significant changes
are observed between the phases. The SiO, phase at 500 °C is 17 kg, and at 2000 °C it
decreases to 8 kg. The reduction processes leading to the formation of metal begin at
a temperature of 1200 °C, while the content of Fe and Mn in the metallic phase is 5-6
kg at a temperature of 1300 °C. The amount of the Cr,FeO, phase begins with 11 kg at
500 °C and decreases to 1 kg at 1100 °C. The Cr,FeO, phase decomposes into Cr,O,,
which at 1100 °C is 10 kg. In the temperature range from 1100 to 1300 °C, the Cr,O,
phase decreases in the composition of the slag mixture, and the amount of Cr in the
metallic phase increases to 3 kg. The amount of MnC2 in the temperature range of 500-
1200 °C is 8.33 kg, after which it decreases, and the manganese content in the metallic
phase reaches 5.80 kg. Starting from the temperature of 1100 °C, the amount of solid
carbon and oxide compounds decreases, and in the temperature range of 1700 °C they
reach minimum values. As the amount of solid carbon decreases, the content of COgas
increases. The content of Fe in the temperature range from 900 to 1300 °C is 2-5 kg,
and at 2000 °C it reaches 4.10 kg. Si in the metal is present in the form of the phases
Cr,Si,, FeSi, CrSi, Fe,Si, Cr,Si, CrSi,.

The charge mixture with a 5% excess of reducing agent. In this case, there were
no significant changes between the phases. The amount of the MgSiO, phase in the
temperature range from 500 to 2000 °C is 22-26 kg. The SiO, phase at 500 °C is 17
kg, and at 2000 °C it decreases to 7 kg. The amount of MnC2 in the temperature range
from 500 to 1200 °C is 8.18 kg, after which it begins to decrease, and the Mn content
in the metallic phase reaches 5.69 kg. Starting from a temperature of 1100 °C, the
amount of solid carbon and oxide compounds decreases, and in the temperature range
of 1700 °C it reaches minimum values. As the amount of solid carbon decreases, the
COgas content increases.
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The charge mixture with a 10% excess of reducing agent. The amount of the
MgSiO, phase in the temperature range from 500 to 2000 °C is 21-25 kg. The SiO—
phase at 500 °C is 18 kg, and at 2000 °C it decreases to 7 kg. The amount of MnC2 in
the temperature range from 500 to 1200 °C is 8.51 kg, after which it begins to decrease,
and the Mn content in the metallic phase reaches 5.92 kg. Starting from a temperature
of 1100 °C, the amount of solid carbon and oxide compounds decreases, and in the
temperature range of 1700 °C they reach minimum values. As the amount of solid
carbon decreases, the COgas content increases.

Based on thermodynamic data, the change in the composition of metal and slag
for each charge mixture was calculated in the temperature range from 1000 to 2000
°C (Table 2).

Table 2 — Chemical composition of metal and slag
Charge mixture Ne 1 — 5 % solid carbon deficiency
Metal composition, % Slag composition, %

Cr Mn Si Fe Cr03 | FeO Si0» AlLO3 | MgO
1000 | 0.13 0.00 0.00 37.15 17.14 | 2.57 | 50.97 8.56 20.76
1100 | 1.95 | 0.00 | 0.00 43.64 17.08 | 1.01 | 51.99 8.73 21.18
1200 | 18.61 | 30.73 | 0.00 26.30 11.07 | 0.56 | 56.09 9.42 | 22.85
1300 | 34.78 | 26.63 | 0.02 24.22 226 | 0.12 | 61.96 1041 | 25.25
1400 | 37.70 | 2591 | 0.27 23.77 0.13 0.06 | 63.27 10.67 | 25.87
1500 | 37.76 | 25.80 | 2.20 23.78 0.01 0.03 | 62.73 10.87 | 26.36
1600 | 37.40 | 25.54 | 9.65 23.53 0.01 0.03 | 60.11 11.64 | 28.21
1700 | 37.45 | 25.57 | 12.02 | 23.49 0.01 0.04 | 58.89 12.00 | 29.07
1800 | 37.82 | 25.83 | 12.16 | 23.63 0.01 0.07 | 58.06 12.25 | 29.61
1900 | 38.60 | 26.39 | 10.89 | 23.90 0.04 | 0.13 | 57.11 12.53 | 30.20
2000 | 39.85 | 27.34 | 8.41 24.32 0.13 0.22 | 55.73 12.92 | 30.98

Charge mixture Ne 2 - stoichiometry
Metal composition, % Slag composition, %
Cr Mn Si Fe Cr0O3 | FeO SiO2 | AlLOs MgO
1000 | 0.14 | 0.00 | 0.00 3584 | 1691 | 2.32 | 51.62 | 8.70 20.44
1100 | 2.24 | 0.00 | 0.00 41.54 | 16.75| 0.88 | 52.65 | 8.88 20.85
1200 | 20.96 | 28.91 | 0.00 25.14 9.54 | 047 | 57.51 | 9.70 22.78
1300 | 34.74 | 25.57 | 0.03 23.41 1.54 | 0.10 | 62.85 | 10.60 24.90
1400 | 36.71 | 25.09 | 0.34 23.16 0.07 | 0.05 | 63.73 | 10.80 25.35
1500 | 36.69 | 25.00 | 2.87 23.15 0.01 | 0.02 | 6295 | 11.06 25.96
1600 | 36.28 | 24.70 | 11.58 | 22.86 0.00 | 0.02 | 59.80 | 12.00 28.17
1700 | 36.36 | 24.75 | 1422 | 22.85 0.00 | 0.03 | 5832 | 1245 29.20
1800 | 36.81 | 25.06 | 14.37 | 23.08 0.00 | 0.05 | 57.24 | 12.79 29.92
1900 | 37.72 | 25.69 | 12.84 | 23.49 0.01 | 0.09 | 56.07 | 13.17 30.66
2000 | 39.13 | 26.70 | 10.03 | 24.05 0.06 | 0.18 | 54.52 | 13.66 31.58

t, °C
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Charge mixture Ne 3 — 5% solid carbon excess
Metal composition, % Slag composition, %
Cr Mn Si Fe CrO; | FeO | SiO2 | ALOs MgO
1000 | 0.15 | 0.00 | 0.00 34.67 |16.62 | 2.14 | 52.23 | 8.84 20.18
1100 | 246 | 0.00 | 0.00 39.76 | 16.38 | 0.78 | 53.25 | 9.01 20.57
1200 | 22.51 | 27.52 | 0.00 24.21 825 | 0.40 | 58.73 | 9.94 22.69
1300 | 34.26 | 24.78 | 0.03 22.79 1.13 | 0.09 | 63.50 | 10.75 24.54
1400 | 35.69 | 24.44 | 0.39 22.63 0.05 | 0.04 | 64.11 | 10.90 24.90
1500 | 35.62 | 24.34 | 3.48 22.62 | 0.00 | 0.02 | 63.15 | 11.21 25.62
1600 | 35.19 | 24.03 | 12.97 | 2230 | 0.00 | 0.02 | 59.68 | 12.25 28.05
1700 | 3530 | 24.10 | 16.06 | 2232 | 0.00 | 0.02 | 57.88 | 12.77 29.32
1800 | 35.84 | 24.47 | 16.25 | 22.63 0.00 | 0.03 | 56.57 | 13.15 30.25
1900 | 36.87 | 25.18 | 1449 | 23.18 | 0.01 | 0.07 | 55.23 | 13.52 31.18
2000 | 38.40 | 26.24 | 11.39 | 23.86 | 0.03 | 0.15 | 53.57 | 13.97 32.28

’ Charge mixture Ne 4 — 10% solid carbon excess

t oC Metal composition, % Slag composition, %
’ Cr Mn Si Fe Cr03 | FeO | SiO> | ALO3 MgO
1000 | 0.15 | 0.00 | 0.00 3334 | 1570 | 2.03 | 53.75 | 8.87 19.65
1100 | 2.45 | 0.00 | 0.00 37.96 | 1543 | 0.73 | 54.78 | 9.04 20.03
1200 | 22.34 | 28.45 | 0.00 22.17 | 7.14 | 035 | 60.44 | 9.97 22.10
1300 | 32.12 | 25.60 | 0.03 22.17 | 090 | 0.07 | 64.68 | 10.68 23.66
1400 | 33.27 | 25.31 | 0.45 22.06 | 0.04 | 0.03 | 65.14 | 10.82 23.97
1500 | 33.17 | 25.19 | 4.16 22.04 | 0.00 | 0.02 | 63.99 | 11.19 24.80
1600 | 32.76 | 24.86 | 13.90 | 21.75 0.00 | 0.01 | 60.40 | 12.31 27.28
1700 | 32.90 | 24.96 | 17.56 | 21.80 | 0.00 | 0.01 | 58.16 | 13.03 28.80
1800 | 33.54 | 2545 | 17.79 | 22.21 0.00 | 0.02 | 56.37 | 13.62 29.99
1900 | 34.69 | 26.33 | 15.72 | 2291 0.00 | 0.05 | 54.60 | 14.25 31.10
2000 | 36.30 | 27.57 | 12.27 | 23.74 | 0.01 | 0.12 | 52.63 | 14.97 32.27

Table 2 shows that the composition of the alloys obtained at temperatures of 1600—
2000 °C typical for pyrometallurgical processes is satisfactory and is characterized by
a fairly high content of leading elements. Some change in them is expectedly observed
depending on the content of solid carbon in the initial charge.

Information about financing

This research has been funded by the Science Committee of the Ministry of Science
and Higher Education of the Republic of Kazakhstan (Grant No. AP19676290).

Conclusions

A thermodynamic analysis of the Cr-Mn-Si ferroalloy smelting process using the
carbothermal method was conducted within the Fe-Cr-Mn-Si-Al-Ca-Mg-C-O system.
For comparative analysis, a temperature of 1800 °C was chosen, corresponding to the
temperature of tapping the alloy from the ore-smelting furnace. The Mn content in all
charge mixtures is almost the same - 24.47-25.83%. A high Cr content (37.82%) in the
alloy is observed in charge mixture Ne 1, however, a high silicon content in the slag
indicates an obvious deficiency of the reducing agent. For a complex ferroalloy, the
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Si content in the alloy plays an important role, since Si, forming Mn and Cr silicides,
contributes to a higher extraction of the leading elements into the alloy and facilitates
the tapping of the alloy from the furnace. In this regard, the preferred composition of
the charge mixture is Ne 3. The temperature range of metal formation is 15001800
°C. The predicted composition of the Cr-Mn-Si containing ferroalloy at a temperature
of 1800 °C, %: Cr —35.84; Mn — 24.47; Si— 16.25; Fe — 22.63.
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byn maxanaoa Kazaxcmannvly mexnoeenoik wuKizamulan Xpom-mapeanely-
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MoOenvoey — Homudicenepi  OepineeH.  Xpom-mapeaney-KpemHuui  Kypamoac
(eppoxopvimnanvl  MEPMOOUHAMUKANBLIK, — MoOdervdey  [ubbc — sHepeusicviH
MUHUMUBAYUATAY — HCOHE — MEPMOOUHAMUKATLIK — 6APUAYUAIBIK — NpUHYUnmepze
neeizoencen HSC Chemistry 6 6azoapramaneix kewerin (Outokumpu, Qurasanous)
KOJOAHy apKblivl dicyzeze acvipuliovl. Kypoeni xopvimnanvl Oanxwimy ypOiciH
Mooenboey yulin mepmMoOUHAMUKATBIK MAIOAY WUKIKY DAMHBLY MOPH HAKMbL KYPAMbl
ywin 500-0en 2000 °C Oeiiinei memnepamypa apaivleblHOa JHCypeizindi (Kammol
Kemipmeziniy 5% oicemicneywlinicimen, pediCUMHIY KANbINMbvl A2bIMbIMEH JHCOHe
Kammuol kemipmeziniy 5% owcone 10% cmexuomempusivlk apmulKULbLIbIZLIMEH,).
Fe-Cr-Mn-Si-Al-Ca-Mg-C-O ocyiieci apkpiivl KpeMmHull, Mapeauey, Xpom JICOHe
memipoiy Oipieckern KapOOmMepMusiiblK MOMbIKCbI30AHY MEXAHU3Mi 3epmmendi.
JKypeizineen ecenmeynep xpom-mapeaney-KpemHull Kypamoac heppoKopulmnansl
Kapoomepmusnbly 90icnen Oaikoimy Kezinoe OonamvlH OapiavlK (QUUKATLIK-
XUMUSTILIE, ypOicmepOoi movlK, 3epmmeyee MyMKIHOIK Oepedi. TepmoOuHamukaivlx,
monimemmep Heeizinde 100 ke wuxikypamaa (Xpom JicoHe mapeauey uaHbl)
Kammol Kemipmekmiy oxmailivl weizbinbl 10,75 ke den anvikmanowi. 1800 °C
memnepamypaa GeppoKopbimnansly Xumusiivlk Kypamsl, %: Cr - 35,84, Mn -
24,47, Si - 16,25 ocone Fe - 22,63.

Kinmmi  ce3dep: kypoeni ¢heppoxopwimna, Kapbomepmusivly — ypoic,
XpOoM-Mapeaney-KpemHul Kypamoac  ¢heppokopwimna, MepMOOUHAMUKA,
MOMbIKCHI30AHObIDY.

*A. M. XKakan', A. K. ZKynycoé’, A. C. Axmemoé’, C. K. Kaovinkanos?, O. Yucel’
“TopaiireipoB yHuBepcureT, PecriyOnuka Kazaxcran, r. [TaBnogap

134X IMUKO-MeTaILTy prudyeckuid HHCTUTYT MMeHH JK. AOuIiesa,

Pecniyonuka Kaszaxcran, r. Kaparanma

*CramOyJIbCcKH TeXHUYECKUi yHuBepcuret, CtamOy, r. Typrust

[Toctynuno B penakuuro 12.11.24.

[Noctynuno ¢ ucnpasiaenusimu 20.11.24.

[Ipunsaro B nevars 25.11.2024.

TEPMOJUHAMUYECKOE MOJEJNPOBAHUE MTPOIIECCA
BBIIJIABKHA KOMILIEKCHOT'O XPOM-MAPT AHEII-
KPEMHUICOJEPKAILETO ®EPPOCILIABA

B Oanmoti  cmamve  mpugedenvi  pe3yibmamvi  MEPMOOUHAMUYECKOZO
MOOenuUposanus  npoyecca  GubINAABKU — XPOM-MaApeaHey-KpeMHULCO0epucaueco
geppocnnasa  u3 mexnozennozo cvipvsi  Kazaxcmana. Tepmoodunamuueckoe
Moldenuposanue  Xpom-mapeaney-Kpemnuiicooepicawyeco  gheppocniasa  OvLIO
npoBedeHo ¢ UCHONb306aHUeM npocpammuozo xomniexca HSC Chemistry 6
(Outokumpu, Qunianous), 0CHOBAHHO20 HA RPUHYURAX MUHUMU3AYUU IHepeuu ] uboca
U MePMOOUHAMUYECKUX BAPUAYUOHHBIX NpUHyunax. Tepmoounamudeckuti anaiu3s
0J151 MOOETUPOBAHUSL NPOYECCA BbINIAGKU KOMNIEKCHO20 CNIA8A OCYIYECMEISICS 6
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memnepamyprom unmepsane om 500 0o 2000 °C 015 uemvipex peanbHblx cOCMABO8
wuxmol (¢ Hedocmamxom 5 % meepoozo yenepooa, ¢ HOPMATbHBIM X000M PercCUMa
u ¢ uzbobimrxom meepooeo yenepooa 5% u 10 % om cmexuomempuu). Mexanuzm
COBMECTNHO20 KaApPOOMEPMUUECKO20 80CCMAHOBGNECHUSI KPEMHUsL, MAp2anyd, Xpoma
u oceneza uzyuanu no cucmeme Fe-Cr-Mn-Si-Al-Ca-Mg-C-O. Ilposedennvie
paciemsl NO380ASIOM NOTHOYEHHO UZVHUMb 6Ce (DUBUKO-XUMUUECKUe NPOYeccyl,
NPOUCX00sUUe NPU BLINIABKE XPOM-MAP2aney-KpemMHuticooepaicae2o gheppocniasa
xkapbomepmuveckum memooom. Ha ocnose mepmoounamuueckux OaHHbIX ObLl
oOnpeoeneH ONMUMAIbLHBLU PAcx00 meepoo2o yenepooa Ha 100 ke wuxmol (Xpomogsotl
u mapeanyesoll nolau), cocmasuswuil 10,75 ke. Xumuueckuii cocmas ¢heppocniasa
npu 1800 °C cocmasnnem, %: Cr— 35,84; Mn — 24,47; Si — 16,25 u Fe — 22,63.

Kniouesvie cnosa: xomnuexcuvlii eppocniag, xapbomepmuveckuii npoyecc,
XPOM-MAP2aHeY-KPEMHUICOOePIHCAU UL geppocnnas, MepMOOUHAMUKA,
80CCMAHOBNIEHUE.
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