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Abstract. The article is devoted to the study of the theoretical aspect of obtaining a vanadium alloy by aluminosili-
cothermic method. Vanadium pentoxide and converter vanadium slag were studied as charge materials. Silicon-alu-
minum ferroalloys, such as ferroaluminosilicocalcium, ferrosilicoaluminum and aluminum-silicon-manganese with
calcium, will be used as a reducing agent. The chemical composition of the initial vanadium-containing materials
and silicon-aluminum reducing agents were studied by the spectral method of analysis. To analyze the aluminosilico-
thermal reduction of vanadium in the V-Fe-Si-Al-Ca-O system, the method of complete thermodynamic modeling of
metallurgical processes was used. Full thermodynamic modeling was implemented in a computer system using the
HSC Chemistry software package. As initial data for determining the parameters of thermodynamic equilibrium for
the actual composition of the charge for the smelting of vanadium alloys with a stoichiometric consumption of the
reducing agent. To analyze the coexistence of phases in a multicomponent system during the aluminosilicothermal
reduction of vanadium, a triple phase diagram was constructed for the V,0;-Al-Si system at different isotherms using
the «Triangle» program. As a result, the processes of aluminosilicothermal reduction of vanadium in the process of
smelting a vanadium alloy using silicon-aluminum reducing agents were studied. The optimal temperature range for
vanadium alloy smelting was set. The range is 1650-1850 K. Also, the results of thermodynamic studies made it possi-
ble to predict the final phase composition of the alloy, in the form of V:Sis, VSi, and free silicon Si.
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Introduction

By data from 2016, the world production and
consumption of ferrovanadium is about to 86 thou-
sand tons per year. The global demand for vanadi-
um is constantly growing and in 2020 it has already
amounted to 102 thousand tons. In this connection,
there is a constant increase in the production of this
alloy and it is predicted that by 2020 this figure will
reach 140 thousand tons [1]-[3]. The average annu-
al growth rate of demand for vanadium in the most
developed industrial countries is 5-7%. This is due to
its use [4] in the production of low-alloy steels used
for the manufacture of pipes for oil and gas pipe-
lines, bridge structures, high-rise buildings, large-
span structures, the production of railway rails, etc.
It should be noted that in addition to the metallurgi-
cal and chemical industries, vanadium and its com-
pounds are widely used in atomic hydrogen energy
and in the production of vanadium batteries [5]-[9].

In recent years, due to the increase in the produc-
tion of various steel grades, the demand for vanadi-
um is constantly growing. The increase in demand
for vanadium and vanadium ferroalloys raises the
question of providing domestic ferroalloy plants
with high-quality raw materials in the future.

Almost 60% of the world's ferrovanadium is pro-
duced from vanadium slag, 30% from primary ore,
and 10% from secondary vanadium-containing raw
materials. In terms of vanadium reserves, a signifi-
cant part of which is concentrated on the territory of
the Kyzylorda region, Kazakhstan occupies one of
the first places in the world. One of the largest va-
nadium deposits (with reserves of more than 2 mil-
lion tons) is the vanadium-bearing basin of the Big
Karatau, the average content of vanadium pentoxide
in which is 0,8-1,3%. The Big Karatau basin includes
the Bala-Sauksandyk, Dzhabagly and Kurumsak [10].

At the same time, the industry of Kazakhstan [ 43 |
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consumes and imports a huge amount of metallurgi-
cal products containing vanadium, in the form of rail-
way rails and pipe products for gas and oil pipelines.
Therefore, there is a need to develop technologies for
the primary processing of local vanadium raw mate-
rials to obtain products with a higher added value.

In this connection, the current paper proposes
the production of a vanadium-containing alloy by an
unconventional method, where it is proposed to use
a cheap complex silicon-aluminum ferroalloy with a
high content of silicon and aluminum in its composi-
tion — ferrosilicoaluminum, instead of traditional alu-
minum powder and ferrosilicon, as a reducing agent.

The developed technology for smelting vanadi-
um-containing alloys using a silicon-aluminum alloy
makes it possible to use cheap raw materials and ob-
tain a low-cost ferroalloy. When reducing vanadium
oxides in the production of vanadium master alloys,
silicon is partially replaced by a stronger reducing
agent, such as aluminum from a silicon-aluminum al-
loy, which makes it possible to significantly increase
the degree of vanadium extraction. At the same time,
the cost of the proposed complex reducing agent is
significantly lower than traditional ferrosilicon, since
it is smelted from cheaper raw materials: high-ash
coal, without the use of expensive coke nuts. In addi-
tion, there is an annual demand of the industry of Ka-
zakhstan for metal products (in the form of railway
rails and large diameter pipes) containing vanadium,
in quantities from 60 to 300 tons.

Technological processes for smelting new ferroal-
loys are a set of chemical reactions accompanied by
thermal effects, during which new phases are formed.
In one of these phases, which is the target product,
they strive to extract the metal from the feedstock as
completely as possible, and to transfer the accompa-
nying unnecessary components into others. In order
to say with certainty whether certain chemical re-
actions are possible between the components of the
charge and what the chemical composition of the
finished alloy is, thermodynamic calculations are re-

quired. Accordingly, the purpose of this work is to
carry out a complete thermodynamic simulation of
the smelting process of a vanadium-containing alloy
using software packages.

Materials and methods of research

In this work, it is planned to carry out a com-
plete thermodynamic analysis in order to simulate
the process of smelting a vanadium-containing alloy
from vanadium pentoxide and converter vanadium
slag, where silicon-aluminum ferroalloys, such as
ferroaluminosilicocalcium, ferrosilicoaluminum, and
alumosilicomanganese with calcium will be used as a
reducing agent.

The chemical composition of the initial vanadi-
um-containing materials and silicon-aluminum re-
ducing agents were studied by the spectral method
of analysis on a vacuum wave-dispersive X-ray flu-
orescence spectrometer MAKS-GVM, located in the
Zh. Abisheva Chemical-metallurgical institute. The
principle of operation of an X-ray spectrometer is
based on irradiating the sample with the primary ra-
diation of an X-ray tube, measuring the intensity of
the secondary fluorescent radiation from the sample
at wavelengths corresponding to the elements being
determined, and then calculating the mass fraction
of these elements using the constructed calibration
characteristic. The results of the spectral analysis are
shown in tables 1 and 2.

To analyze the aluminosilicothermal reduction of
vanadium, the method of full thermodynamic mod-
eling of metallurgical processes implemented in a
computer system using the HSC (enthalpy (H), en-
tropy (S) and heat capacity (C)) Chemistry software
package was used. The HSC Chemistry integrated
program database is based and updated by SGTE
(Scientific Group Thermodata Europe). The error in
calculations on the HSC Chemistry software package
is no more than 4-6%, which is quite acceptable.

Thermodynamic modeling of arbitrary multi-
component systems consists in determining all equi-

Table 1 — Chemical composition of initial vanadium-containing materials

Content, %
Material
Vtotal Mntotal Fetotal Tioz A|203 cao c s P
Vanadium pentoxide 55,00 0,02 0,05 = - = = - -
Vanadium slag 15,01 9,6 20,9 10,07 3,7 1,89 0,41 0,02 0,023

Table 2 — Chemical composition of silicon-aluminum reducing agents

. Content, %
Material
Si Al Ca Mn P Fe
Ferroaluminosilicocalcium 45-55 20-25 10-18 - 0,021 rest
Alumosilicomanganese with calcium 45-50 25-35 4-10 10-17 0,019 rest
Ferrosilicoaluminum 55-65 15-25 - - 0,024 rest




librium parameters, thermodynamic properties, as
well as the chemical and phase composition of the
resulting components. With an increase in tempera-
ture, when any changes in state are accompanied by
phase, polymorphic and chemical transformations,
this problem is immeasurably more difficult than in
the formulation of classical thermodynamics, where
calculations are performed for normal conditions.
However, due to the fact that the fundamental ther-
modynamic laws remain valid for any systems, their
correct application allows us to solve the problem of
calculating thermodynamic equilibrium in the gener-
al case. Consideration within the framework of a uni-
fied approach of significantly different processes and
states is possible only with a known formalization of
the model description of the objects under study. Any
considered thermodynamic system will be character-
ized by the relative and absolute content of chemi-
cal elements in it (mol/kg). By condition, it remains
unchanged when equilibrium is established from an
arbitrary state and is sufficient to describe the system
as a material object.

To present a more complete picture of the redox
processes of the aluminosilicothermal reduction of
vanadium, thermodynamic calculations were also
carried out using the Terra and Triangle programs.

The program «Terra» is intended for calculation
of arbitrary systems with chemical and phase trans-
formations. It allows you to simulate limiting equi-
librium states and implements the method and al-
gorithm of calculations that was created at the N.E.
Bauman Moscow State Technical University. The
program is associated with an extensive database of
properties of individual substances, which makes it
suitable for the study of compositions of arbitrary
chemical composition.

30
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Results and its discussion

A complete thermodynamic analysis of the V-Fe-
Si-Al-Ca-O system was carried out for the composi-
tion of the charge with the normal course of the va-
nadium ligature melting mode in order to determine
the optimal mode of the aluminosilicothermic pro-
cess. As initial data for determining the parameters of
thermodynamic equilibrium for the actual composi-
tion of the charge for smelting vanadium alloys with
a stoichiometric consumption of the reducing agent,
the following content of the working fluid was used:
V,05-20,29; Fe - 25,64; Si - 19,61; Al -4,99; SiO, - 1,0;
Fe,O; - 1,06; ALO; - 0,67; CaO - 26,73; Ar — 0,01%,
which was obtained from the calculations.

As a result of modeling, it was revealed that
when smelting an alloy of vanadium master alloy by
aluminosilicothermal method up to 2700 K, the for-
mation and some changes of elements are observed
with their transition to the gas and condensed phase
(Figure 1).

An analysis of the curves presented in Figure 1
shows that during the reduction of vanadium pent-
oxide in the temperature range of 700-2400 K, the
formation of a condensed VSi, phase is observed. In
the temperature range of 700-1300 K, its content is
23.8%. Further, in the range of 1400-1800 K, its con-
tent decreases to 11,38%, in parallel with the forma-
tion of another condensed phase V;Si; with a content
of 7,87%. Further, with an increase in temperature to
1900 K and above, the VsSi; phase completely disap-
pears, and the VSi, compound again reaches 23.81%.
The content of the iron phase (Fe) in the temperature
range of 700-2200 K remains unchanged — 28.04%,
starting to gradually decrease as it approaches the
boiling point.

It is possible to form compounds of vanadium
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Figure 1 — Dependence of the transition of the main vanadium-containing phases on temperature
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with silicon — vanadium silicides V3Si, VsSi; and VSi,,
of which the most refractory is Vs5i;, melting at a tem-
perature of 2147 K. Up to 35% Al can be dissolved in
vanadium. Chemical compounds VeAls, VAL, etc. are
incongruent, i.e. melting with decomposition. In rela-
tion to iron, vanadium is characterized by complete
mutual solubility, both in liquid and solid states.

To analyze the coexistence of phases in a multi-

component system during the aluminosilicothermal
reduction of vanadium, a triple phase diagram was
constructed for the V,0s-Al-Si system (in the tem-
perature range from 400 to 1773 K) using the Trian-
gle program. The «Triangle» program allows you to
determine the coexisting condensed and gas phases,
the results of which are shown in Figures 2-5 and in
tables 3-6.

Figure 2 — Three-component phase diagram of V,0;-Al-Si at 400 K

Table 3 — Detected phases on the V,0;-Al-Si diagram at 400 K

1 Al(c), Al,O5(c), V(c), VsSis(c) 13 AlLSiOs(c), V,04(c), V,0s(c)

2 Al,O5(c), V(c), VsSis(c), VO(c) 14 AlLSiOs(c), Si(c), SiO,(c), VSiy(c);
3 AlLOs(c), V,05, VO(c) 15 ALLSiOs(c), SiO,(c), VsSis(c), VSiy(c);
4 Al,05(c), VO(c) 16 Al,SiOs(c), SiO;(c), VsSis(c), VO(c);
5 Al(c), Al,05(c), VsSis(c), VSis(c) 17 ALOs(c), ALLSiOs, VsSis(c), VO(c);
6 Al(c), Al,05(c), Si(c), VSi,(c) 18 Al,SiOs(c), SiO,(c), V,0s(c), VO(c);
7 Al(c), Al,O5(c), VsSis(c) 19 Al,SiOs(c), SiOs(c), V,0s5(c), V,04(c);
8 Al(c), Si(c); 20 AlLOs(c), ALLSiOs(c), V,0s(c), VO(c);
9 Al(c), Al,0s(c), V(c); 21 Al,05(c), Si(c), VSiy(c);

10 Al,05(c), Al,SiOs, V,05(c), V,04(c) 22 Al,SiOs(c), SiO,(c), VO(c);

11 Al,05(c), V,04(c), V,0s(c) 23 Al,0s(c), AlLSiOs(c), VsSis(c), VSi,(c).
12 Al,SiOs(c), SiOs(c), V,04(c), V,0s(c) - -

L o0
s00 Si(mol.%)

Figure 3 — Three-component phase diagram of V,0,-Al-Si at 800 K
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Table 4 — Detected phases on the V,0;-Al-Si diagram at 800 K

1 Al(c), Al,05(c), V(c), VsSis(c); 13 ALSiOs(c), V,04(c), V,0s(c);

2 Al,Os(c), V(c), VsSis(c), VO(c); 14 AlLSiOs(c), Si(c), SiO,(c), VSiy(c);

3 Al,Os(c), V,0;, VO(c); 15 AlLSiOs(c), SiO,(c), VsSis(c), VSiy(c);
4 AlLO5(c), VO(c); 16 ALLSiOs(c), SiO,(c), VsSis(c), VO(c);
5 Al(c), Al,0s(c), VsSis(c), VSiy(c); 17 Al,05(c), Al,SiOs, VsSis(c), VO(c);
6 Al(c), Al,05(c), Si(c), VSi,(c); 18 ALLSiOs(c), SiO,(c), V,05(c), VO(c);
7 Al(c), Al,05(c), VsSis(c); 19 Al,SiOs(c), SiO(c), V,05(c), V.04(c);
8 Al(c), Si(c); 20 Al,05(c), Al;SiOs, V,05(c), VO(c);
9 Al(c), Al,05(c), V(c); 21 Al,05(c), Si(c), VSiy(c);

10 Al,05(c), AlLSiOs, V,05(c), V,04(c); 22 Al,SiOs(c), SiOs(c), VO(c);

11 ALOs(c), V,04(c), V,05(c); 23 ALOs(c), ALLSiOs(c), VsSis(c), VSis(c).
12 ALLSiOs(c), SiO5(c), V,04(c), V20s(c);

0.0 20.0 40.0

60.0

0.0
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Figure 4 — Three-component phase diagram of V,0;-Al-Si at 1073 K

Table 5 — Detected phases on the V,0;-Al-Si diagram at 1073 K

1 Al(c), Al,05(c), V(c), VsSis(c); 9 Al,05(c), Si(c), SiO,(c), VSi,(c);
2 Al,05(c), V(c), VsSis(c), VO(c); 10 Al,0s(c), SiO,(c), VsSis(c), VO(c);
3 Al(c), Al,05(c), VsSis(c), VSiy(c); 11 Al,O5(c), SiO,(c), VsSis(c), VSiy(c);
4 Al(c), Al,Os(c), Si(c), VSiy(c); 12 Si0,(c), VsSiO,(c), VO(c);
5 Al,O5(c), SiO,(c), V,0s(c), VO(c); 13 SiO,(c), V,0s5(c), V,04(c);
6 Al,05(c), SiO,(c), V,0s(c), V,04(c); 14 Al(c), Al,Os(c), VSiy(c);
7 Al 054(c), SiO,(c), V,04(c), V,0s(c); 15 Al 05(c), V,05(c), V,04(c).
8 Al(c), Si(c);

The three-component phase diagram of V,Os- Conclusions

Al-Si at different temperatures shows the constant
presence of the following coexisting phases: VsSis,
VSi, and free silicon Si. Thus, the conducted thermo-
dynamic — diagrammatic analysis gives a predictable
estimate of the phase composition of the final ferroal-
loy, namely VsSis, VSi, and free silicon Si.

In the work, a complete thermodynamic model-
ing of metallurgical processes in the V-Fe-Si-Al-Ca-O
system was carried out using the HSC Chemistry
software package. An analysis was also made of the
coexistence of phases in the multicomponent V,0Os-
Al-Si system during the aluminosilicothermal reduc-
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Figure 5 — Three-component phase diagram of V,0;-Al-Si at 1773 K

Table 6 — Detected phases on the V,0;-Al-Si diagram at 1773 K

1 Al(c), Al,05(c), Si(c), VSiz(c); 11 Al,05(c), SiO5(c), V,0s(c), V,04(c);
2 Al(c), Al,05(c), VsSis(c), VSiy(c); 12 Al,05(c), SiO,(c), V,04(c), V,0s(c);
3 Al(c), Al,05(c), V(c), VsSis(c); 13 SiO;(c), V204(c), V,0s(c);

4 Al(c), Al,Os(c), V(c); 14 Al,05(c), V,04(c), V,0s(c);

5 Al,05(c), V(c), VO(c); 15 Al(c), Si(c);

6 Al,05(c), V(c), VsSis(c), VO(c); 16 Al,05(c), Si(c), VSiy(c);

7 Al,05(c), SiO,(c), V,0s(c), VO(c); 17 Al,05(c), Si(c), SiO,(c), VSi,(c);
8 Al,05(c), VO(c); 18 Al,0s(c), SiO,(c), VsSis(c), VSiy(c);
9 ALOs(c), V,0s(c), VO(c); 19 ALOs(c), SiOs(c), VsSis(c), VO(c);
10 ALOs(c), V,0s(c), V,04(c); 20 ALOs(c), SiOs(c), V,04(c).

tion of vanadium using the Triangle program. As a
result, the processes of aluminosilicothermal reduc-
tion of vanadium in the process of smelting a vana-
dium alloy using silicon-aluminum reducing agents
were studied.

It has been established that the optimal tempera-
ture ranges for smelting a vanadium alloy is 1650-
1850 K, since silicon and aluminum waste increases
with increasing temperature. For high extraction of
vanadium into the alloy, the slag must have a basici-
ty of 1,75-1,95. Thus, the thermodynamic calculations
carried out made it possible to fully consider all the
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AHOamna. Makana eaHaduli KOpbIMMAcbiH AAOMOCUAUKOMEPMUSAbIK HOAMEH asyO0blH MeopussblK acCreKmiciH
3epmmeyee apHanaraH. LLluxma mamepuandapel pemiHOe 8aHAOuli NeHMAaoKcudi HaHe KoHeepmep 8aHAOUU KOX(bl
3epmmendi. TombIKCbI30aHObIPFbIW pemiHOe heppoaaroMOCUNUKOKAAbYUL, (heppoCUUKOAMOMUHUU HaHe Kaabyuli
6ap antomuHuli cunuKomMapaaHey, CUAKMbl KpeMHUU anroMUHUl (heppoKopbIMnanaps! KoadaHblaadsl. KypameiHOa 8a-
Haduli 6ap 6acmankbl Mamepuaandap meH KpemMHuli aaroMUuHUl momsiKCbi30aHObIPFEILMAPbIHbIH, XUMUAbLIK KYpa-
Mbl cnekmpsik manday adicimeH 3epmmendi. BaHadulioiH antomuHuli cunuKkomepMusAnblK MomoiKCbi30aHybiH V-Fe-
Si-Al-Ca-0 wcyliecinoe manday ywiH HSC Chemistry 6ardapaamarnsik KeweHi apKblsabl KOMbromepsik xcyliede xcy3eae
acbIpblAAMbIH MemasnnypausansliK npouecmepoi mossiK mepmMoOUHAMUKAbIK Modenboey adici KondaHbindbl. TomelK-
CbI30aHOBIPFLILIMbIH, CMEXUOMEMPUSASbLIK aFbIHbIMEH 8aHAOUU AU2amypacsiH 6aaKbImy WUXMACbIHbIK HAKMbI KYpa-
Mbl YWiH mepMOOUHAMUKAsbLIK merne-meHOiK napamempepiH aH6IKMayFa apHaaraH 6acmankel depekmep pemiHoe.
BaHadulidiH antomuHull cunuKkomepmussablK MomeblKCbI30aHYbIHOA Ker KomrnoHeHmmi xcyliede ¢pazanapdeiH Kamap
emip cypyiH manday ywiH «Triangle» 6aroapnamacel apmypni uzomepmusanapoa V,0s-Al-Si wcylieci ywiH yw ¢hazansik
duazpamma racadsl. HomuxceciHoe KpemHul aaroMUuHUl momeblKCbi30aHObIPFLIWMAPbIH KOA0AHA 0mbipbir, 8aHAOUU
KopbimnaceiH 6aaKbimy npoyeciHoe saHaduliOiH aatoMuHUl CUIUKOMepPMUSAAbIK MOMbIKCbI30aHY npouyecmepi 3epm-
mendi. 1650-1850 K duanazoHbiHOG 8aHAOUl KopbimmnaceiH 6aaKbiMmyObiH 0OHMalisnel memMmnepamypansiK apasnbiFeliH
opHammei. CoHOal-aK, mepMOOUHAMUKAbIK 3epmmeynepdin Homuxcenepi VsSis, VSi, #aHe 60c kpemHuli Si mypiHde
KOpbIMMaHbIH, COHFbI (ha3abIK KYpPamblH 60axayra MymKiHOIK 6epoi.

Kinm ce30ep: saHadul, ¢peppocunukoantomuHull, KpemHull antoMuHUl momsiKCbI30aHObIPFbIW, Memasanomepmus,
npoyecmi modensoey, saHAOUl nuzamypacsi.

TepmoduHamuyeckoe modenuposaHue Npoyeccd 8binaasKu 8aHAOUEB8020 CN/aAA8d C UCMNoab308aHUeM
KpemHeasnnloMUuHUe8020 soccmaHoeumenAa
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AHHOmMayuA. Cmames NOC8AWEHA U3y4YeHU0 meopemuyecKo20 acrekma nosay4eHus 8aHA0Ue8020 Craased amomocu-
JZIUKOMepMUYecKUM criocobom. B Kauecmee WuUxmossix Mamepuasnos uzydeHsl NeHMAoKcud 8aHAOUsA U KoHeepmep-
Hoelli saHaduesslli wiaaK. B poau soccmaHosumesnsa 6y0ym UCMos6308aHbI KPEMHEAAOMUHUEBbIE (heppocrassl, ma-
Kue KaK ¢heppoantoMoCcunuKoKanoyuli, heppocunukoantoMuHuli u anomMocunuKkomapaaHey ¢ Kaasyuem. Xumudeckul
cocmas UCX00HbIX 8aHAOULICOOePHAUWUX MAmMepuanos U KpemHeaatoMuHUesbix soccmaHogumernel 6biau usy4YeHol
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CreKkmpanbHelM MemooomM aHanu3a. a9 aHanusa e cucmeme V-Fe-Si-Al-Ca-O anromMocunukomepmuyecko2o 8occma-
Ho8seHUA 8aHaousA bbla UCMOAb308aH MemoO MOAHO20 MepPMOOUHAMUYECKO20 MOOeNAUPOBAHUA Memanaypauyeckux
npoyeccos, peanu3o8aHHO20 8 KOMMbIOMepPHOU cucmeme C MOMOWbIO MPo2PaMMHO20 Komraekca HSC Chemistry. B
Kayecmee UcX00HbIX OaHHbIX 014 onpedeneHUs Napamempos mepmMoOUHAMUYECKO20 pasHo8ecus 0715 PeasabHO20 Co-
€cMasa Wuxmel 8bIMaAA8KU 8aHaouUesol Au2amypel ¢ CmexuoMmempu4ecKum pacxo0om soccmaHosumens. [na aHanusa
cocywecmeosaHus a3 8 MHO20KOMIOHEeHMHOU cucmeme npu aaMOCUIUKOMepPMUYECKOM 80CCMAHO8/eHUU 8aHA-
dus c nomowbro npoepammel « Triangle» nocmpousau mpoliHyto ghazosyro duazpammy 014 cucmemol V,0s-Al-Si npu pas-
HbIX usomepmusax. B peaynbmame 6biau usyyeHbl npoyeccel anoMOCUAUKOMePMUYECKO20 80CCMAHOBAEHUS 8aHAOUA
8 npouecce 8bINaAGABKU 8AHAOUEB020 C/aAABA C UCMOMAb308AHUEM KPeMHEeAMOMUHUEesbIx 8occmaHosumenell. Ycmaxo-
8UIU OMMUMAbHbIG memMnepamypHbili UHMepPB8an 8biNaAABKU 8aHadUes80o2o crsaasa 8 duanasoHe 1650-1850 K. Takxce
nosy4yeHHole pe3ysnbmamesl MepMOOUHAMUYECKUX UccaedosaHull Mo380auUAU CIPO2HO3UPOBAMb KOHeYHbIl ¢ha3oessili
cocmas cnaasa 8 suoe VsSis, VSi, u ce0ob600H020 KpeMHus Si.

Knrouesole cnoea: saHadull, heppocunukoantoMmuHull, KpemHuUeaartMuHUessll occmaHosumerss, Memasaomepmus,
mModenuposaHue npouyecca, saHa0Uesas Au2amypa.

REFERENCES

1. Gasik M.1., Bizhanov A., Dashevskii V. Ferroalloys: Theory and Practice. — Springer Nature, 2020. — 531 p.

2. VRFB forecast for the growth in demand for vanadium in China in 2022 [Electronic resource]. — URL: https://www.argusmedia.com/
en/news/2265782-chinas-2022-vanadium-demand-from-vrfb-forecast-to-rise. — Zagl. from the screen. (accessed 04.07.2021).

3. Rozhikhina 1.D., Nokhrina O.I., Elkin K.S., Golodova M.A. Modern state of the world and domestic production of ferroalloys //
Bulletin of the mining and metallurgical section of the Russian Academy of Natural Sciences. Department of metallurgy. — 2020.
—No. 43. - Pp. 47-62.

4. Smirnov L.A., Zhuchkov V.I., Zayakin O.V., Mikhailova LY. Complex Vanadium-Containing Ferroalloys // Metallurgist. — 2021, Vol.
64, no. 11-12. — Pp. 1249-1255.

5. Vanadium market. World industrial markets and prospects [Electronic resource]. — URL: http://www.ereport.ru/articles/commod/
vanadium.htm. — Zagl. from the screen. (accessed 04.07.2021).

6. Vanadium. Application [Electronic resource]. — URL: https://www.allmetals.ru/metals/vanadium/apply/. — Zagl. from the screen.
(accessed 04.07.2021).

7. Koketaev A., Meirmanova A., Zhaktaeva R. et. al. Strategic guidelines for the development of the mining and metallurgical complex
// Industry of Kazakhstan. — No. 4. — 2009. — Pp. 31-34.

8. Dzhumankulova S.K. Development of hydrometallurgical technology for processing vanadium-containing ores Big Karatau: dis. ...
PhD: 6D070900. Almaty: KazNITU im. K.I. Satpaeva, 2020. — 122 p.

9. Production data of LLP Ferro-Alloy Resources. — URL: http://www.ferro-alloy.com/en/company/corporate-profile/. — Zagl. from the
screen. (accessed 05.07.2021).

10. Dzhumankulova S.K., Alybaev Z.A., Bekenova G.K., Zhuchkov V.I. Review of State and Prospects for Development of Vanadium
Production in the Kazakhstan Republic // Metallurgist. — 2020. — Vol. 64. — No. 1-2. — Pp. 75-81.



