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

This article presents the results of a complete thermodynamic modeling of 
the smelting process of chromium-manganese-silicon-containing ferroalloy from 
chromium and manganese ores of Kazakhstan. A complete thermodynamic simulation 
of the smelting process of chromium-manganese silicon-containing ferroalloy was 
performed in the software package «HSC Chemistry 6». The principle of operation 
of this software package is based on the principle of maximum entropy and takes 
into account all known properties of the reacting components that make up the 
thermodynamic system. Thermodynamic analysis for modeling the smelting process 
of a complex alloy was carried out in the temperature range from 900 to 1800 ℃ 
for three real charge compositions (with a lack of 10 % solid reducing agent, with a 
normal course of the regime and with an excess of 10 % solid reducing agent). The 
mechanism of joint carbothermic reduction of silicon, aluminum, calcium, manganese, 
chromium and iron was studied using the Cr-Si-Al-Ca-Mn-Mg-O-C system. The 
calculations carried out make it possible to fully consider all the physicochemical 
processes occurring during the smelting of chromium-manganese silicon containing 
ferroalloy by the carbothermic method. According to thermodynamic data, the optimal 
consumption of solid carbon per 100 kg of ore mixture (chromium and manganese 
ore), in the amount of 17 kg, has been established. The chemical composition at a 
temperature of 1800 °C is, %: Cr - 43.43; Mn - 21.28; Si - 10.25 and Fe - 24.55.

Keywords: complex alloy, carbothermic process, chromium-manganese-silicon-
containing ferroalloy, thermodynamics, chromium ore, manganese ore.
   
Introduction
To determine the rational parameters of the technology of smelting chromium-

manganese-silicon-containing ferroalloy, it is necessary to conduct a thermodynamic 
analysis of the state of the system, which allows determining the probable direction 
and depth of transformations of charge materials from the beginning of melting to 
metal production [1–2]. The mixture of starting materials for ferroalloy smelting is 
multicomponent (manganese and chromium ore, carbon reducing agent). To establish the 

mailto:makhambetovyerbolat@gmail.com
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mechanism of joint carbothermic reduction of silicon, aluminum, calcium, manganese, 
chromium and iron, it is necessary to study the main reactions in the Cr-Si-Al-Ca-Mn-
Mg-O-C system.

The relevance of the work lies in the need to develop a comprehensive ferroalloy 
technology by developing theoretical and technological foundations that contribute to 
increasing technical and economic indicators, as well as solving the task of attracting 
poor manganese ores of the Republic of Kazakhstan for metallurgical processing [3–4]. 
The ever-high demand for quality steel grades contributes to an increase in the production 
of ferroalloys, in particular, complex alloys based on three main elements-manganese, 
silicon and chromium, which are acidifiers of steel. To lay the scientific basis for the 
production of a complex chromium-manganese silicon-containing alloy (FeCrMnSi) 
using chromium and poor manganese ores in Kazakhstan, the study of Phase balances 
in the Cr-Fe-Mn-Si metallic system and the establishment of its general laws is carried 
out [5,6,7].

Materials and methods
To calculate the coexisting phases in the Cr-Si-Al-O-Mn-Mg-O-C system, 

thermodynamic values from the HSC Chemistry 6 database were taken. The database of 
the integrated HSC Chemistry 6 program is based on and updated by SGTE. According 
to the sources [8,9,10], the error in calculations on the HSC Chemistry software package 
is no more than 4–6 %, which is quite acceptable. The HSC software allows you to 
quickly and easily perform conventional thermodynamic calculations using personal 
computers. Therefore, HSC has a wide range of applications in scientific education, 
industry and research. The equilibrium composition of the multicomponent oxide and 
metal system was developed using the «Equilibrium Compositions» module. For the 
calculation, the algorithm of the «GIBBS» program of the minimum potential of the 
Gibbs energy was used. 

For thermodynamic analysis, the principles that formed the basis of thermodynamic 
modeling of Cr-Si-Al-Ca-Mn-Mg-O-C systems were formulated.

1 Temperature. Thermodynamic analysis was carried out in the temperature range 
from 900 to 1800 ℃. The lower limit characterizes the standard state, changes are 
insignificant up to a temperature of 900 ℃, the upper limit is the final state, the melting 
point of the components, the formation of the final reaction products, that is, the initial 
and final equilibrium states of the system.

2 In all calculations, the pressure was chosen to be 0.1 MPa, which approximately 
corresponds to a pressure of 1 physical atm., characteristic of most metallurgical 
processes, including processes of solid-phase coal-thermal interaction. 

3 Volume. The volume is determined by the thermodynamic state of the system.
4 The system is closed, there is no exchange with the environment.
5 A complete thermodynamic analysis was carried out for three real charge 

compositions (with a lack of 10 % solid reducing agent, with a normal course of the 
regime and with an excess of 10 % solid reducing agent) for smelting a complex 
alloy of manganese and chromium ore, in order to determine the optimal mode of the 
carbothermic process (Table 1). 
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Table 1 – Chemical composition of the charge mixture, kg.
Charge 
mixture Cr2O3 Fe2O3 Mn2O3 SiO2 Al2O3 CaO MgO C

№ 1 27 15 13 29 12 3 8 11
№ 2 27 15 13 29 12 3 8 14
№ 3 27 15 13 29 12 3 8 17

 
6. The following substances were selected as associates for calculations:
- metal phase: Cr, Fe, Mn, Cr4C, Fe3C, C, Cr3C2, Cr7C3, FeSi, Cr3Si, CrSi, Fe3Si, 

Cr5Si3, Si, CrSi2, Al, SiC, FeSi2, Fe5Si3, Cr23C6, FeSi2.33, FeSi2.43, CaC2, Mg2Si, CaMg2,  
MnSi, MnSi1.7, MnSi1.727, Mn23C6, Mn15C4, Mn7C3, Mn5Si3, Mn3Si, MnC2, Mn3C, Al4SiC4;

- slag phase: Cr2FeO4, Cr2O3, SiO2, MgSiO3, FeAl2O4, Al2O3, CaO*Al2O3*2SiO2, 
MgO*Al2O3, CaMgSi2O6, CaO*MgO*2SiO2, CaSiO3, Mg2SiO4, MgCr2O4, 
(CaMg)0.5SiO3, (CaFe)0.5SiO3, Mg2Al4Si5O18, Cr2MgO4, FeSiO3, MgO, *3Al2O3*2SiO2, 
Al4Mg2Si5O18, CaAl2SiO6, CaO*MgO*SiO2, FeO, CaO*Al2O3*SiO2, CaO*Cr2O3, 
Mg3Al2Si3O12, CaMgSiO4, CaO*Al2O3, *2FeO*SiO2, CaFe(SiO3)2, CaO*2Al2O3, 
*2CaO*MgO*2SiO 

2, *2CaO*SiO2, *2CaO*Al2O3*SiO2, FeO*SiO2, CaO, Al2O3*2SiO2, 
Ca3Si2O7, *3CaO*2SiO2, CaO*MgO, *3CaO*MgO*2SiO2, *3CaO*Al2O3*3SiO2, 
Ca2MgSi2O7, CrO2, CaO*6Al2O3, Fe2Al4Si5O18, Ca3SiO5, Fe3Al2Si3O12, Fe2O3, 
Fe3O4, *3CaO*SiO2, *2CaO*Al2O3, MgCO3, MgFe2O4, AlO, CaFeSiO 4, MgO2, 
Fe2MgO4, *3CaO*Al2O3, MgFe1.415Cr0.632O4.07, CaO*Fe2O3, Ca3Fe2Si3O12, CrO3, 
*2CaO*Fe2O3, CaMg(CO3)2, Mg7Al9O4*Al9Si3O36, Mg2Al4SiO10, Ca3(Al2Si2O8)3*CaCO3, 
Mn0.9554Ca0.0446SiO3, Ca3Cr2(SiO4)3, CaFe3O5, MnO*Al2O3, MgCrO4, MnO, 
MnSiO3, CaCrO4, MnCO3, CaFe5O7, Fe2MnO4, MnO*Fe2O3, CaMg3(CO3)4, MnO2, 
*2Ca2SiO4*CaCO3, Cr(CO)6, Ca3Si2O7*2CaCO3, *12CaO*7Al2O3, Cr8O21, Fe3(CO)12, 
*4CaO*Al2O3*Fe2O3, Cr5O12, Fe2(CO)9, Ca(MnO4)2, Mn3O4, Mn2SiO4, MgMn2O4, 
Mn2O3, CaC2O4;

- gas phase: CO(g), CO2(g), SiO(g), Mg(g), Al(g), Si(g), AlO(g), MgO(g), Al2O(g), Mn(g), 
MnO(g).

Results and discussion
The main purpose of thermodynamic modeling in this work is to establish the 

regularities of the distribution of chemical elements between metal, slag and the gas 
phase during carbothermic reduction of chromium and manganese ore.

Data analysis shows that the initial composition of the charge, recovering, undergoes 
significant changes. As a result of modeling, it was revealed that, during the smelting 
of chromium-manganese-silicon-containing ferroalloy by the carbothermic method up 
to 1800 °C, the formation and some changes of elements (Figure 1, 2, 3 and 4) in the 
gas, metal and slag phase are observed.



ҚАЗАҚСТАН ҒЫЛЫМЫ МЕН ТЕХНИКАСЫ. ISSN 2788-8770.  № 3, 2023

214

 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
0

5

10

15

20

25

30

        

File: C:\Users\Ерболат\Desktop\GibbsIn.OGI

C

kg

Temperature

Cr2FeO4

Cr2O3

CO(g)

S iO2

MnC2MgSiO3

Fe
FeAl2O4 Mn

Al2O3
CrCaO*Al2O3*2SiO2

MgO*Al2O3

CaMgSi2O6FeSiO3CaSiO3 CaO*MgO*2SiO2Mg2SiO4FeO(CaFe)0.5S iO3 C(CaMg)0.5S iO3MgCr2O4 MgOCr2MgO4 CaO*MgO*SiO2 CaAl2SiO6CO2(g) Mg2Al4S i5O18*3Al2O3*2SiO2Al4Mg2Si5O18CaO*Al2O3*SiO2CaO*Cr2O3Fe3C *2FeO*SiO2CaMgSiO4

Figure 1 – Dependence of the condensed and gas phase composition on temperature 
(consumption of solid carbon 11 kg per 100 kg of ore mixture)
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Figure 2 – Dependence of the condensed and gas phase composition on temperature  
(consumption of solid carbon 14 kg per 100 kg of ore mixture)
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Figure 3 - Dependence of the condensed and gas phase composition on temperature  
(consumption of solid carbon 17 kg per 100 kg of ore mixture)
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Figure 4 - Dependence of the condensed and gas phase composition on temperature  
(consumption of solid carbon 20 kg per 100 kg of ore mixture)

Analysis of the curves shown in the figures shows that:
– charge mixture № 1 (Figure 1), solid carbon consumption 11 kg. The reduction 

processes of metal formation begin at a temperature of 1200 °C, the content of iron 
and manganese at a temperature of 1300 °C is 8–9 kg in the metallic phase, practical 
in all solid carbon costs. At a solid carbon consumption of 11 kg per charge mixture, 
the phase - Cr2FeO4 at a temperature of 1300 °C will decompose into free Cr2O3, the 
content of which reaches 22 kg in the slag mixture. As the temperature increases, the 
content of Cr2O3 decreases to 18, the high content of Cr2O3 and SiO2 in the slag phase 
indicates a clear lack of reducing agent. In the composition of the metal phase, the 
silicon content is very low.
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– charge mixture № 2 (Figure 2), solid carbon consumption 14 kg. The reduction 
processes of metal formation begin at a temperature of 1200 °C, the content of iron 
and manganese at a temperature of 1300 °C is 8–9 kg in the metallic phase, practical 
in all solid carbon costs. With a solid carbon consumption of 14 kg per charge mixture, 
starting from a temperature of 1100 to 1450 °C, the phase – Cr2O3 in the slag mixture 
decreases, and the Cr content increases to 15 kg in the metal phase. The high content 
of SiO2 in the slag phase also indicates a lack of reducing agent.

– charge mixture № 3 (Figure 3), solid carbon consumption 17 kg. The reduction 
processes of metal formation begin at a temperature of 1200 °C, the content of iron and 
manganese at a temperature of 1300 °C is 8–9 kg in the metallic phase, practical in all 
solid carbon costs. At a solid carbon consumption of 17 kg per charge mixture, starting 
from a temperature of 1100 to 1300 °C, the phase – Cr2O3 decreases in the slag mixture, 
the content of Cr, Cr4C, Cr3C2, Cr7C3, Cr3Si, CrSi, Cr5Si3, Si, CrSi2, Cr23C6 increases in 
the metal phase. The SiO2 content in the slag phase is reduced to 6 kg, which indicates 
the abundance of the reducing agent (Table 2). 

– charge mixture № 4 (Figure 4), solid carbon consumption 20 kg. The reduction 
processes of metal formation begin at a temperature of 1200 °C, the content of iron and 
manganese at a temperature of 1300 °C is 8-9 kg in the metallic phase, practical in all 
solid carbon costs. At a solid carbon consumption of 20 kg per charge mixture, starting 
from a temperature of 1100 to 1300 °C, the phase - Cr2O3 decreases in the slag mixture, 
the content of Cr, Cr4C, Cr3C2, Cr7C3, Cr3Si, CrSi, Cr5Si3, Si, CrSi2, Cr23C6 increases 
in the metal phase. There is a high silicon content in the metal at a temperature of  
1800 °C, 15.80 %.

According to thermodynamic data, changes in the composition of metal and slag 
were calculated for each charge mixture at a temperature range of 900–1800 °C.

Table 2 – Chemical composition of metal and slag
Charge mixture № 1, consumption Csolid - 11 kg

t, °C
Metal composition, % Slag composition, %

Cr Mn Si Fe Cr2O3 Fe2O3 SiO2 Al2O3 CaO
900 0.0 51.6 0.0 10.7 30.72 12.26 31.73 13.66 2.80

1000 0.0 46.4 0.0 23.0 31.81 8.81 33.07 14.14 2.99
1100 0.3 42.1 0.0 32.5 32.87 5.27 34.48 14.66 3.19
1200 3.8 39.4 0.0 35.7 32.45 3.54 35.69 15.13 3.33
1300 26.3 31.5 0.0 34.7 23.64 0.84 42.15 17.76 4.03
1400 33.9 29.5 0.0 32.7 18.65 0.80 44.95 18.93 4.31
1500 37.2 28.7 0.1 31.9 16.08 0.75 46.38 19.52 4.49
1600 39.1 28.2 0.2 31.5 14.39 0.69 47.31 19.89 4.66
1700 40.3 27.9 0.3 31.2 13.35 0.67 47.78 20.11 4.81
1800 40.5 27.9 0.4 31.0 13.44 0.84 47.46 20.05 4.90

Charge mixture № 2, consumption Csolid - 14 kg
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t, °C
Metal composition, % Slag composition, %

Cr Mn Si Fe Cr2O3 Fe2O3 SiO2 Al2O3 CaO
900 0.00 42.29 0.00 13.82 31.17 10.88 32.27 13.85 2.88

1000 0.06 38.04 0.00 25.65 32.52 6.57 33.94 14.47 3.11

1100 1.02 35.05 0.00 32.99 33.35 3.01 35.49 15.04 3.33

1200 16.84 30.67 0.00 31.52 27.40 1.96 39.41 16.66 3.73

1300 36.85 25.48 0.01 28.67 13.29 0.55 48.08 20.23 4.62

1400 43.28 24.02 0.06 27.22 5.83 0.43 52.29 22.01 5.05

1500 45.79 23.43 0.21 26.69 2.21 0.33 54.26 22.88 5.32

1600 46.65 23.19 0.72 26.55 0.79 0.24 54.71 23.35 5.55

1700 46.65 23.15 2.14 26.55 0.73 0.22 53.50 23.91 5.82

1800 46.31 23.26 3.53 26.63 1.44 0.29 51.48 24.45 6.09

Charge mixture № 3, consumption Csolid - 17 kg

t, °C
Metal composition, % Slag composition, %

Cr Mn Si Fe Cr2O3 Fe2O3 SiO2 Al2O3 CaO
900 0.00 36.17 0.00 14.96 31.50 9.85 32.67 14.00 2.93

1000 0.10 32.88 0.00 25.54 32.94 5.23 34.47 14.66 3.18

1100 1.69 30.72 0.00 31.01 33.36 2.07 36.02 15.24 3.40

1200 25.80 25.39 0.00 27.43 20.75 1.26 43.52 18.36 4.14

1300 40.94 22.04 0.02 25.15 4.55 0.29 53.11 22.33 5.14

1400 43.59 21.47 0.19 24.69 0.31 0.14 55.44 23.39 5.42

1500 43.68 21.40 1.40 24.70 0.03 0.07 54.62 23.96 5.63

1600 43.48 21.30 5.51 24.58 0.01 0.05 50.78 25.94 6.18

1700 43.25 21.18 9.90 24.46 0.04 0.08 45.60 28.61 6.88

1800 43.43 21.28 10.25 24.55 0.05 0.12 43.90 29.46 7.17

Charge mixture № 4, consumption Csolid - 20 kg

t, °C Metal composition, % Slag composition, %

Cr Mn Si Fe Cr2O3 Fe2O3 SiO2 Al2O3 CaO

900 0.01 31.76 0.00 15.25 31.76 9.04 32.98 14.12 2.98

1000 0.12 29.19 0.00 24.62 33.22 4.35 34.82 14.79 3.23

1100 2.23 27.53 0.00 28.80 33.23 1.57 36.38 15.38 3.45

1200 30.58 22.04 0.00 24.50 14.38 0.79 47.34 19.95 4.53

1300 40.00 20.18 0.02 23.18 1.51 0.16 54.89 23.05 5.33

1400 40.81 20.01 0.31 23.09 0.06 0.07 55.50 23.52 5.47

1500 40.76 19.96 2.54 23.09 0.00 0.03 53.45 24.61 5.79

1600 40.32 19.74 10.63 22.82 0.00 0.02 44.13 29.54 6.97

1700 40.18 19.67 14.86 22.71 0.00 0.02 36.78 33.54 7.83

1800 40.41 19.78 15.80 22.85 0.00 0.03 32.90 35.91 8.29
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Conclusions
Thus, the calculations carried out fully allow us to consider all the physico-chemical 

processes occurring during the smelting of chromium-manganese-silicon-containing 
ferroalloy by the carbothermic method. The optimal consumption of solid carbon is 17 kg 
per 100 kg of ore mixture, the chemical composition at 1800 °C is, %: Cr – 43.43; Mn – 21.28;  
Si – 10.25; Fe – 24.55. 

Thermodynamic calculations also show that increasing the consumption of solid 
carbon to 20 kg per 100 kg of ore mixture reduces the chromium and manganese content, 
the chemical composition at 1800 ° C is, %: Cr – 40.41; Mn – 19.78; Si – 15.80; Fe – 
22.85.
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ЖАҢА КЕШЕНДІ ХРОМ-МАРГАНЕЦ-КРЕМНИЙ ҚҰРАМДАС 
ФЕРРОҚОРЫТПАНЫ БАЛҚЫТУ ПРОЦЕСІН 

ТЕРМОДИНАМИКАЛЫҚ МОДЕЛЬДЕУ

Бұл мақалада Қазақстанның хром және марганец кендерінен құрамында 
хром-марганец-кремний бар ферроқорытпаны балқыту үрдісін толық 
термодинамикалық модельдеу нәтижелері келтірілген. Құрамында 
хром-марганец-кремний бар ферроқорытпаны балқыту үрдісін толық 
термодинамикалық модельдеу «HSC Chemistry 6» бағдарламалық кешенінде 
жүргізілді. Бұл бағдарламалық кешеннің жұмыс принципі максималды энтропия 
принципіне негізделген және термодинамикалық жүйені құрайтын реакция 
компоненттерінің барлық белгілі қасиеттерін ескереді. Кешенді қорытпаны 
балқыту үрдісін модельдеуге арналған термодинамикалық талдау үш нақты 
шихта құрамы үшін 900-ден 1800 ℃ дейінгі температуралық интервалда 
жүргізілді (10% қатты тотықсыздандырғыштың жетіспеушілігімен, 
қалыпты режиммен және 10% қатты тотықсыздандырғыштың артық 
мөлшерімен). Кремний, алюминий, кальций, марганец, хром және темірдің 
бірлескен карботермиялық тотықсыздану механизмі Cr-Si-Al-Ca-Mn-Mg-O-C 
жүйесі арқылы зерттелді. Жүргізілген есептеулер құрамында хром-марганец-
кремний бар ферроқорытпаны карботермиялық тәсілмен балқыту кезінде 
болатын барлық физика-химиялық үрдістерді толық қарауға мүмкіндік 
береді. Термодинамикалық мәліметтерге сәйкес 17 кг мөлшерінде 100 кг 
кен қоспасына (хром және марганец кендері) қатты көміртектің оңтайлы 
шығыны анықталды. 1800 °С температурада қорытпаның химиялық құрамы 
%: Cr-43.43; Mn - 21.28; Si - 10.25 және Fe-24.55.

Кілтті сөздер: кешенді қорытпа, карботермиялық үрдіс, құрамында хром-
марганец-кремний бар ферроқорытпа, термодинамика, хром кені, марганец кені.
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ТЕРМОДИНАМИЧЕСКОЕ МОДЕЛИРОВАНИЕ ПРОЦЕССА 
ВЫПЛАВКИ НОВОГО КОМПЛЕКСНОГО ХРОМ-МАРГАНЕЦ-

КРЕМНИЙСОДЕРЖАЩЕГО ФЕРРОСПЛАВА

В данной статье приведены результаты полного термодинамического 
моделирования процесса выплавки хром-марганец-кремнийсодержащего 
ферросплава из хромовых и марганцевых руд Казахстана. Полное 
термодинамическое моделирования процесса выплавки хром-марганец-
кремнийсодержащего ферросплава были произведены в программном комплексе 
«HSC Chemistry 6». Принцип работы данного программного комплекса 
основан на принципе максимума энтропии и учитывающий все известные 
свойства реагирующих компонентов, составляющих термодинамическую 
систему. Термодинамический анализ для моделирования процесса выплавки 
комплексного сплава осуществлялся в температурном интервале от 900 до 
1800 ℃ для трех реальных составов шихты (с недостатком 10 % твердого 
восстановителя, с нормальным ходом режима и с избытком 10 % твердого 
восстановителя). Механизм совместного карботермического восстановления 
кремния, алюминия, кальция, марганца, хрома и железа изучали по системе 
Cr-Si-Al-Са-Mn-Mg-O-C. Проведенные расчеты, в полной мере позволяют 
рассмотреть все физико-химические процессы, протекающие при выплавке 
хром-марганец-кремнийсодержащего ферросплава карботермическим 
способом. Согласно термодинамическим данным установлен оптимальный 
расход твердого углерода на 100 кг рудной смеси (хромовой и марганцевой 
руды), в количестве 17 кг. Химический состав сплава при 1800 °С составляет, 
%: Cr - 43.43; Mn - 21.28; Si - 10.25 и Fe - 24.55.

Ключевые слова: комплексный сплав, карботермический процесс, хром-
марганец-кремнийсодержащий ферросплав, термодинамика, хромовая руда, 
марганцевая руда.
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