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THERMODYNAMIC AND EXPERIMENTAL SIMULATION
OF THE SMELTING PROCESS

OF MEDIUM CARBON FERROMANGANESE

WITH THE USE OF ZHEZDINSKY MANGANESE ORES

This article presents the results of a complete thermodynamic modeling and
experimental study of the process of smelting medium-carbon ferromanganese
using Zhezdinsky manganese ores. Full thermodynamic modeling of the process of
smelting medium-carbon ferromanganese was carried out in the HSC Chemistry 6
software package. Thermodynamic modeling of the smelting process was carried
out in the temperature range of 898—1989 K. Thermodynamic analysis for modeling
the smelting process was carried out for four real charge compositions depending
on the basicity of the slag (CaO/SiO, — 1,4; 1,6, 1,8, 2,0). Based on the obtained
thermodynamic data, an experimental study was carried out on the smelting of
medium-carbon ferromanganese in a Tamman laboratory high-temperature furnace.
Manganese ore MnTot. was used as charge material — 48,23 %, SiO, — 12.48 %,
ALO, - 2,76 %, Fetot. — 3,45 %, ferrosilicomanganese grade SMn-17, not less than
90 % lime CaO. According to thermodynamic data, the optimal composition of the
slag was established, which provides the highest extraction of manganese into the
alloy and metal-slag separation. The chemical composition of the metal obtained in
the laboratory is as follows, %:Mn — 83-84; Si— 1,5-3; C—0,95-1,68; P—0,13—1,6;
which corresponds to GOST 4755-91. Slag chemical composition, %: MnO — 10,92—
17,90; SiO, 19,02-21,45; CaO 36,92-40,43; FeO — 0,33-0,77.

Keywords: ferromanganese, ferrosilicomanganese, thermodynamics, manganese
ore, laboratory smelting, slag basicity.

Introduction

The main direction in the development of ferrous metallurgy is to improve the
quality and increase the output of new highly efficient types of metal products, including
alloy steels, the production of which is impossible without the use of refined manganese
ferroalloys.

Despite significant advances in the development of ferroalloy production, the
problem of the rational use of manganese has acquired particular importance in recent
years. The main reason for this is the constantly deteriorating quality of mined manganese
ores, as well as the high cost of raw materials and electricity. In this regard, the issues
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of improving the technology for the production of refined manganese alloys continue
to be relevant and require further theoretical, laboratory and industrial research.

One of the main determining factors in the development of the mining and
metallurgical complex of a country is a high-quality ore and raw material base and its
impressive reserves. Kazakhstan has large reserves of manganese raw materials and is
among the top ten leading countries in terms of its production. Information about the
manganese ore reserves of Kazakhstan is given in many open sources [ 1, 2]. The reserves
of manganese ores in the country are sufficient in absolute terms to provide for the
metallurgical enterprises of the Republic of Kazakhstan, however, their unsatisfactory
quality served as an obstacle to the use of ores [3]. Along with ore quality requirements
for phosphorus and silica content, there is also a restriction on iron content. This moment
is absent in the universal integrated technology for the processing of manganese ore,
which could provide the country’s operating enterprises with high-quality raw materials.
At the moment, Kazakhstan produces only ferrosilicomanganese, and there is no
production of refined ferromanganese at all. This is primarily due to the lack of high-
quality initial charge materials, as well as the lack of theoretical and applied research
adapted to new production conditions.

In our country, the reserves of manganese ores are concentrated in Central
Kazakhstan. Kazmanganets Mining Administration is the country’s main enterprise for
the extraction of manganese ore. In 2021, the mining department will produce 0.9 million
tons of ore and 0.2 million tons. The main fields of management are the Dzhezdinskoye
deposit and the Zhairemskoye GOK [4].

Kazakhstani sources of manganese raw materials are beneficial for Russia by the
relative cheapness of the supplied products, the absence of interaction of import duties
(like the countries of the Customs Union) and low transport costs for delivery to the
place of consumption [5].

Ferrosilicomanganese is a deoxidizer in steel production. The largest producer of
ferrosilicomanganese in the Republic of Kazakhstan is Aksu Ferroalloy Plant JSC, a
branch of TUK Kazchrome JSC (ERG Eurasian Group). The plant has four main melting
shops with 26 powerful electric furnaces, as well as auxiliary facilities. The production
capacity is more than 1 million tons of ferroalloys per year, of which 200,000 tons of
ferrosilicomanganese. The enterprise manufactures the following products: high-carbon
ferrochrome, ferrosilichrome, ferrosilicon, ferrosilicomanganese. The company’s
products are exported to the markets of Western Europe, USA, Japan, China, Russia
[4-6].

Based on the above requirements, it is clear that the production of medium-carbon
ferromanganese in the country is the most promising. It is necessary to carry out
experimental and theoretical work to determine the optimal basicity of the slag during
the smelting of medium-carbon ferromanganese. Information obtained from laboratory
studies is important in assessing the possibility of certain chemical interactions. The
main raw materials for smelting medium-carbon ferromanganese are manganese ore,
ferrosilicomanganese, and lime. The study of the main reactions in the Mn-Fe-Si-
Al-Ca-Mg-O system is necessary to create a mechanism for the joint metallothermic
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reduction of manganese, iron, silicon, aluminum in the alloy and to study the process
of slag formation [7,8].

Materials and methods. Full thermodynamic modeling (FTM) is widely used in
research and production practice in the study of chemically complex systems at high
temperatures, when chemical and phase transformations play an important role.

FTM of'the process of smelting complex master alloys was carried out using the HSC
Chemistry software package [9,10] containing an extensive thermochemical database
of enthalpy (H), entropy (S) and heat capacity (C) for more than 29,000 chemical
compounds. The HSC Chemistry software package includes more than 10 modules. The
article used the Equilibrium Compositions module using the equilibrium calculation
method using the Gibbs minimum energy principle. To analyze the metallurgical
reduction of manganese, the method of full thermodynamic modeling of the metallurgical
process (TTM) was implemented using the HSC Chemistry 6 complex software package.
Experimental studies were carried out on the smelting of medium-carbon ferromanganese
in the Tamman high-temperature resistance furnace (Figure 1). The Tamman Furnace
is designed to simulate metallurgical processes. The working area of the device is made
of a graphite tube, and a thyristor voltage regulator is used to control the temperature.
Since the thyristor voltage regulator is connected to the primary winding of the power
transformer, it is possible to obtain a current of several thousand amperes on the output
busbars at low voltage (in the range from 0.5 to 15V). The temperature in the Tammann
furnace was measured with a VR-5/20 tungsten-rhenium thermocouple in a corundum
housing [11, 12].

To determine the optimal mode of the metallurgical process, a complete
thermodynamic analysis of the feedstock was carried out (Table 1).

Table 1 — Chemical composition of primary raw materials, %

Material Mn, SiO, ALO, Fe, MgO CaO

Manganese ore 48,23 12,48 2,76 3,45 1,47 1,28
Lime - 1 0,18 0,62 1,14 90
Reducing agent Mn Si Fe S P C
Ferrosilicomanganese 65,54 16,5 9,5 0,05 0,05 2,5
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1 — carbon-graphite tube; 2 — copper compression ring;
3 — water-cooled cover; 4 — water-cooled housing; 5 — alundum glass;
6 — investigated charge; 7 — protective lining;
8 — thermocouple; 9 — bottom electrode;

Figure 1- Tamman High Temperature Furnace (sectional view)
To determine the thermodynamic parameters for the composition of the 4 options

for raw materials, the composition of the working bodies was calculated in the range
of 1.4-2.0, depending on the suitability of the slag (Table 2).

a — manganese ore b — Ferrosilicomanganese
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c—lime
Figure 2 — Charge materials

Table 2 — List of raw materials for smelting medium-carbon ferromanganese, in grams

. . Materials, gr
Raw materials, versions o .
Manganese ore Ferrosilicomanganese Lime
1 59 53 38
2 59 53 44
3 59 53 49
4 59 53 55

The equilibrium composition of the multicomponent oxide-metal system was
carried out every 100 K in the temperature range 898—1998 K using the Equilibrium
Compositions software module. To calculate the silicothermal reduction of medium-
carbon ferromanganese, the following phases were taken:

- in molten metal: Mn, Mn,Si, Fe, Fe Si, MnSi, Si, Al, Fe Si,, Mn_Si,, FeSi, FeSi,,
MnSiu’ MnSi1.727;

- in molten slag: 2Ca0O -Si0O,, CaSiO,, MnO, 2Ca0 Al O, Si0,, 2Ca0 -MgO 28i0,,
Ca0, CaMgSiO,, MgO, Ca0 Al O,, MnO ‘Al O,, Si0,, MgSiO,, Al,O,, MgO ‘AL O,,
Mn,SiO,, Mg, SiO,, CaO 2A1,0,, MnSiO,, FeO, FeAl O,, FeO Si0,, 3Al1,0, 28i0,,
2Fe0 §i0,, Mn,0,, Mn,0,, Mg Al Si.O ., Al Mg, Si.0 ., MnO2, Fe O,, 12Ca0 ‘7AL0,,

374 273 4775718 5718 273
Fe.O,, Fe, Al Si,O , CaFe O..
Results and discussion
The results of thermodynamic modeling in 4 versions are presented in fig. 1. As
a result, the complete reduction of manganese ends at a temperature of 1598 K. The

optimal basicity of the slag composition is determined in the range of 1.6—1.8.
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Figure 4 — Complete thermodynamic simulation results B=1,6
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Figure 6 — Full results of thermodynamic simulation B=2.0

As aresult of thermodynamic modeling of the process of smelting medium-carbon
ferromanganese, a forecast for obtaining a real alloy was determined. Therefore, a

150



HAYKA N TEXHUKA KASAXCTAHA. ISSN 2788-8770. Ne 4, 2023

number of practical experiments were carried out with various raw materials in order
to establish technological and temperature regimes and technical parameters close to
the real conditions for carrying out reduction reactions.

Sampling and preparation of samples of manganese ores, ferrosilicomanganese,
quartzite and lime were carried out to study the physical and chemical characteristics
of raw materials used in laboratory studies.

The chemical composition of raw materials was taken according to table 1, and
materials for experimental melting were prepared according to 4 options. The calculation
was taken in the range of 1.4-2.0 depending on the basicity of the slag, as indicated
above. The raw materials for the Tamman furnace were placed into the furnace space
through the crucible.

During the experiment, according to the results of thermodynamic modeling, it was
heated to a temperature of 1698 K. As a result of heating, further combustion of silicon
in the deoxidizer allows the metal and slag to be completely formed. Figure 7 shows a
cross section of a crucible (metal and slag).

fi
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Figure 7 — Sectional crucible (metal and slag)
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Tables 3 and 4 show the results of experimental melting in Tamman’s laboratory
resistance furnace and the chemical composition of the metal and slag. According to
the obtained experimental results, the separation of metal and slag is shown in Table 5.

Table 3 — Chemical composition of the metal,%

No Mn Fe Si C P

1 83,54 11,36 2,13 0,95 0,161
2 84,81 10,4 0,6 1,46 0,137
3 84,39 11,46 0,23 1,66 0,16
4 84,81 12,23 0,055 1,68 0,155

Table 4 — Chemical composition of slag, %

No MnO SiO, Ca0 MgO FeO
1 17,90 21,45 36,92 7,94 0,77
2 11,79 22,19 36,92 10,83 0,55
3 10,92 20,51 38,67 9,03 0,73
4 12,22 19,02 40,43 10,11 0,33

Table 5 — Extraction into the alloy, %

Distribution of elements
Variants Metal Slag
Fe Mn Fe Mn
1 99 60 1 40
2 99 61 1 39
3 99 61 1 39
4 99 60 1 40

Financing information
This study is funded by the Science Committee of the Ministry of Science and
Higher Education of the Republic of Kazakhstan (Grant No. AP14972750)

Conclusion

Full thermodynamic modeling of medium-carbon ferromanganese and the study
of laboratory experiments in the Tamman furnace led to the following conclusions:

- temperature range by thermodynamic simulation

A period of 1598-1698 K was observed. As a result of the study, the optimal slag
range of 1.6—1.8 is suitable for melting medium-carbon ferromanganese;

- The process was completely carried out at the working temperature of the Tamman
furnace approximately 1598—1698. At a temperature of 1698 K, metal and slag were
completely formed during the melting process.

In a word, the optimal requirements for the technological regime of the normal
process of smelting medium-carbon ferromanganese, implemented in a refined furnace,
were established. It allows you to conduct laboratory and large-scale laboratory tests
based on data obtained from thermodynamic and laboratory studies.
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145K, O0imeB aTbiHAaFbl XUMUS-METAILTYPrisi HHCTUTYTHI,
Kazakcran PecniyOnukacel, Kaparanna x.;

23KaparaHbl HHIYCTPUSIIBIK YHHBEPCUTETI,

Kazakcran PecniyOnukacel, Temipray K.

Bacein msirapyra 18.09.23 kaOblnanabl.

"KE3JI MAPTAHEI KEHIH KOJIZIAHA OTBIPBIIL,
OPTA KOMIPTEKTI ®EPPOMAPTAHELTI BAJIKBITY ITPOIECIH
TEPMOJUHAMUKAJIBIK ’KOHE DKCIIEPUMEHTTIK MOJEJIBLJEY

byn maxanaoa monvik mepmMOOUHAMUKALLIK MOOeib0ey HOMUMICenepi JHCoHe
JKe30i mapearney KenOepin KOI0aHa OMbipbin, Opma KemipmeKkmi ¢heppomapeaneymi
oankpimy npoyecin sKcnepumMeHmmik sepmmey xenmipiteen. Opma Kemipmexmi
Geppomapeaneymi OanKbLImMy NPOYECiH MONbIK MEPMOOUHAMUKATBIK MOOeTbOey
«HSC Chemistry 6» b6az0apramanvi KeuieHinoe icacaiviHobl. Bankeimy npoyecitn
mepmoouHamuxanielx mooenvoey 898—-1989 K memnepamypanvly unmepsanoa
acypeizindi.  bankvimy npoyecin moodenvoeyee apHanean MepMOOUHAMUKATBIK
manoay Koxicowly He2izoinicine OAUIAHLICMbL WUXTNAHBIY MOPIM HAKMbl KYPAMbl
ywin ocypeizindi (CaO/SiO, — 1,4; 1,6; 1,8; 2,0). Anvinearn mepmoouHamuxaivix,
monimemmepee couxec Tammannvly JKozapvl memnepamypanvl 3epmXaHaiblk,
newinoe opma Kkemipmexmi peppomapeaneymi OanKbiny 60UbIHUA IKCHEPUMEHIMMIK
sepmmeyiaep oucypeizindi. Mapeaney KeHi WUKIKYpAM Mamepuaioapsbl peminoe
nauoananvinovl Mnobwy. — 48,23 %, SiO, — 12.48 %, A1203 — 2,76 %, Feoow. —
3,45 %, CMn-17 mapxaner ¢peppocuruxomapearney, ok CaO 90 % acnayvl kepex.
Tepmoounamuranvix monimemmepae CouKec, KoJCOblY OHMAIbL KYypambl AHbIKIMAL
OMbIPEN, Mapeaneymiy KOpblmnazd ey dHCo2apbl WbI2APbLIYbIH JHCOHEe Memai-
KOXHCObIH OOIIHYIH KAMMAMACHL3 emeOdi. 3epmXAHAIbIK HCaA20atiod AIbIH2AH MEMAan0blLH
Xumusnwlk Kypamol kenecioeu %: Mn — 83—84; Si — 1,5-3; C — 0,95-1,68, P—0,13—
1,6, komopwiti coomeemcmeyem I'OCTy 4755-91. Koowcoviy xumusiieix Kypami, %:
MnO — 10,92-17,90; SiO, 19,02-21,45: CaO 36,92-40,43; FeO — 0,33-0,77.

Kinmmi ce3dep: eppomapeaney, geppocunuxomapeaney, mepmoOUHAMUKA,
Mapeauey Keui, 3epmXaHaiblk OAIKbINY, KOJC He2i30Lniel.
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145X MIMUKO-METaITy prudeckuid HHCTUTYT MMeHH JK. AOuIiesa,
Pecrryonuka Kazaxcran, r. Kaparanna,

23KaparanIMHCKHI WHYyCTPUAIIbHBIH YHUBEPCUTET,
Pecrry6nuka Kazaxcrawn, r. TemupTay.

[IpunsTo x nznanuto 18.09.23.

TEPMOJIUNHAMMNYECKOE U OKCIHEPUMEHTAJIBHOE
MOJAEJIMPOBAHMUME ITPOLECCA BbIIIVIABKH
CPEJHEYIJIEPOAUCTOI'O ®PEPPOMAPI'AHLIA
C UCHIOJIB3OBAHUMEM KE3IUHCKUX MAPI'AHLEBBIX PY /]

B oannoui cmamve npugedenvl pe3yibmamsl NOIHO20 MEPMOOUHAMULECKOSO
MOOCUPOBAHUSL U  IKCNEPUMEHMANbHOE UCCLEO008AHUE NPOYEccd  GbINIAGKU
cpeoneyanepooucmozo  eppomapeanya ¢ - UCHOIb308aHUeM  HKe30uHCKux
mapeanyesvixpyo.[1oinoe mepmMoOuHamMuyeckoe MOOeIUpO8aHUs NPOYEcca GbINiaAGKU
cpeoneyanepooucmozo eppomapeanya ObLIU NPOU3EEOCHbL 8 NPOSPAMMHOM
xomniexce «HSC Chemistry 6». Tepmoounamuueckoe mMooeauposanue npoyeccd
BbINIABKUNPOBOOUNU 8 uHmMepsane memnepamypovl 898—1989 K. Tepmoounamuueckuil
amanuz 0 MOOEIUPOBAHUs.  Npoyecca  BbINIAGKU — OCYWECMEISICs — OJis
yemvlpex pPearbHbiX COCMABO8 UWUXMbL 8 3AGUCUMOCMU 0N OCHOBHOCMU WIIAKA
(CaO/SiO2 —1,4, 1,6, 1,8, 2,0). [1o nonyuennvlm mepmoOuHaAMuyecKum OaHHbIM ObLIU
NnPOBEOCHbL IKCNEPUMEHMATbHBIE UCCIEO08AHUE NO BbINIABKE CPEOHEY2NEPOOUCTIO0
Geppomapeanya 6 aabopamopHou 8vicOKomemnepamypHou neuu Tammanua.
Brauecmee uwuxmogvix mamepuanos Ovliu ucnonb308anbl MapeanyesasipyoaMnoow.
—48,23 %, Si0,—12.48 %, AZZO3—2, 76 %, Feoow. — 3,45 %, (heppocunuxomapearney
mapku CMu-17, uzeecmo CaO ne menee 90 %. Coenacno mepmoOuHAMU4eCKum
OAHHLIM  YCMAHOGIEH ONMUMAIbHLIL COCMA8 WLIAKA, KOmopoe obecnedusaem
Haubolee 8bICOKOE U3GNCUCHUS MAP2AHYA 6 CNIA8 U pa30eleHue Memaii-uidx.
Xumuueckutl cocmag Memaiia noayHeHHo20 1abopamopHblxX YCl08Uusx ciedyuee,
%: Mn—83-84; Si—1,5-3; C—0,95-1,68; P—0,13—1,6, xomopwiii coomeemcmayem
I'OCTy 4755-91. Xumuueckuii cocmas winaka, %: MnO — 10,92-17,90; SiO, 19,02—
21,45: CaO 36,92—40,43; FeO — 0,33-0,77.

Knroueswvie crosa: gpeppomapeaney, heppocuiukomapeaneyy, mepmoouHamura,
Mapeanyesas pyod, 1abopamopHasi NiAeKd, OCHOBHOCHb WIAKA.
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