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Technology of smelting complex alloys using high-ash coals
and modeling of the possibilities of their application in the production
of steel and ferroalloys
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Abstract. The article presents the results of a study of the thermodynamic-diagram analysis of the Cr-Si-Al-C multicompo-
nent system, where, on the basis of thermodynamic data, the boundary ternary systems of the basic four-component Cr-Si-Al-C
system are constructed. As a result, the components of the condensed phases of a multicomponent system were determined. De-
scriptions are given for each of the defined phases, with the help of which it is possible to create an accurate model of the general
system of compositions of chromium-containing melts with the calculation of their normative phase compositions.

Triangles of the Cr-Si-Al-C system have been established, modulating the compositions of the resulting compositions of
metal products during the smelting of the aluminosilicochrome alloy using high-ash coals. As a result of modeling, the main
components of the phase of three-component systems Al-Cr-C, Cr-Si-C, were revealed. VVolumes and color integrals indicating
condensed and gaseous phases are determined. The technology of obtaining silicon-aluminum alloys is based on the reduction

of oxides from the ash of high-ash coal with its own carbon in ore-thermal furnaces.
Keywords: high-ash coals, ferrosilicochromium, four-component system, thermodynamic-diagram, carbon, volume.

1. Introduction

In solving many scientific and technical problems, the is-
sues of studying high-temperature processes with physico-
chemical transformations play a significant role.

Experimental methods of studying processes of this kind
are usually expensive, and often not feasible at all.

Under these conditions, a computational experiment per-
formed using a computer acquires special importance, which
allows analyzing states and processes and drawing conclu-
sions about the behavior of the objects under study based on
model representations.

The main assumption in this case is the assumption of the
existence of a local equilibrium in the system, which makes
it possible to carry out calculations using the mathematical
apparatus of equilibrium thermodynamics [1].

The most common methods of equilibrium thermody-
namics are used in combination with the so-called ideal
model, according to which the behavior of the gas phase is
described by the equation of state of an ideal gas, and all
solutions are ideal.

The main advantages of the ideal model are its simplicity,
versatility and availability of information: if a chemically
reacting heterogeneous system is being investigated, then the
parameters of the model are actually only the thermodynamic
properties of individual substances. However, in a situation
where the forces of intermolecular interaction play an essen-
tial role (dense gases, highly ionized plasma, concentrated
solutions of condensed substances), the ideal model becomes
unsuitable.

As an example, high-temperature processes, combustion
of fuel, energy materials in a closed volume, processes at the
detonation wave front, metallurgical, chemical-technological,
geochemical processes can be cited [2].

In many cases, the ideal model allows us to adequately
describe the process or phenomenon under study.

In order to increase production efficiency, improve tech-
nology and improve technical and economic indicators in the
ferrous metallurgy, it is necessary to expand the production
and use of complex ferroalloys. In order to expand the range
of alloys currently used in the production of steel and ferroal-
loys, it is necessary to search for new high-quality types of
complex alloys. The most acceptable is the selection of com-
plex alloys characterized by an optimal chemical composi-
tion and a single-stage method of obtaining from high-ash
coals, which is the cheapest method for smelting similar
types of alloys [3].

In connection with the intensification of steel smelting pro-
cesses, the practice of deoxidation and alloying of metal in a
ladle is becoming increasingly widespread. In the production
of stainless-steel grades, a relatively refractory ferrochrome
alloy is added to the bucket. The use of ferrochrome is associ-
ated with certain difficulties; therefore, it is preferable to use
complex alloys with lower melting points. An additional de-
crease in the melting point of chromium-containing ferroalloys
can be achieved by introducing some amounts of aluminum
into the alloy. Considering all the advantages of complex al-
loys over standard ferroalloys, the analysis of the technologies
developed to date for their smelting and application in the
production of steel and ferroalloys was made.
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2. Materials and methods

Thermodynamic modeling is a kind of mathematical
modeling. Its main stages are

1. Creation of a thermodynamic model;

2. Development of a mathematical model,

3. Algorithm development and software implementation;

4. Preparation of initial data;

5. Carrying out the calculation;

6. Analysis of the results of calculations.

The main task of modeling thermodynamic equilibrium is
to determine the phase and chemical composition, as well as
the values of the thermodynamic parameters of the system
under study [4].

The object of thermodynamic analysis is a thermodynam-
ic system — a conditionally isolated material region whose
interaction with the environment is reduced to the exchange
of matter and energy.

As a rule, it is assumed that the influence of gravitational
and electromagnetic fields, as well as the action of surface
tension forces, can be neglected, and the only kind of work
that the system can perform is expansion work.

Thermodynamic equilibrium is the limiting state to which
a thermodynamic system isolated from external influences
tends, i.e., thermal, mechanical and chemical equilibrium is
established at each point of the system (temperature and
pressure equalize, and all kinds of chemical reactions pro-
ceed to the end).

In practice, the isolation condition means that the pro-
cesses of establishing equilibrium proceed much faster than
changes occur at the boundaries of the system (i.e., changes
in conditions external to the system) and the system ex-
changes matter and energy with the environment [5].

And so on, let's consider modeling the production of a
complex alloy based on Cr-Si-Al-C using the «Terra» soft-
ware package.

The «Terra» program is designed to calculate the compo-
sition of phases, thermodynamic and transport properties of
arbitrary systems with chemical and phase transformations.

It allows you to model extremely equilibrium states using
an ideal gas model. Condensed phases can be described in
the approximation of immiscible single-component phases,
ideal or regular solutions. The «Terra» program is designed
to simulate extremely equilibrium states of complex systems.

The calculation method used does not allow finding the
«place» of transition to the equilibrium state.

Therefore, as the initial data determining the chemical
composition of the system, it is sufficient to specify only the
mass content of chemical elements.

The method and algorithm for calculating the composi-
tion of phases in complex multi-element systems implement-
ed in the Terra program allows you to perform a series of
calculations with a change in the content of primary sub-
stances. Multiple calculations for all possible relationships
make it possible to represent a region with the same set of
single-component condensed phases.

The main complexity of such an approach to thermody-
namic modeling consists in the labor intensity of creating
visual graphic images. The «Triangle» program allows you
to simplify the process of performing serial calculations and
building three-phase diagrams. As the three primary sub-
stances, there can be both individual chemical elements and
arbitrary compounds.

In the practice of a comprehensive theoretical study of
multicomponent systems, the method of thermodynamic
modeling is known, which much simplifies the study of the
features of Phase turns in multicomponent systems by divid-
ing them into thermodynamically resistant simple subsys-
tems by the size of the main system. A graphical method was
used to determine the phase composition of a metal system
based on Al-Cr-Si-C. During the calculation, a tetrahedron of
a multicomponent system was constructed and the compo-
nent phases were determined using coordinate lattices in this
tetrahedron [6].

The complex program «Triangle» makes it possible to
simplify the process of constructing three-phase diagrams. In
addition, to calculate the equilibrium phase composition, it
can be carried out in two modes. That is, firstly, for the iso-
thermal case, when the equilibrium of the system is given by
the values of temperature (T, K) and pressure (p, MPa). And
secondly, for the cases of changes in the adiabatic equilibri-
um (gorenje), expressed at each point of calculation by the
values of pressure (p, MPa) and enthalpy (enthalpy of for-
mation of the starting materials) (I, kJ/kg). Aluminum-
Chromiume-silicon alloy. The technology of smelting this
chromium—containing alloy is based on the complex pro-
cessing of poor chromium ores and the use of high-ash coals
instead of a relatively expensive reducing agent - metallurgi-
cal coke. Experimental tests for the production of alloys of
this type using poor chrome ores of the «Don deposit» and
high-ash «Ekibastuz» coal have been carried out repeatedly.
The alloy was smelted in a continuous slag-free way to ob-
tain an alloy of silicon, aluminum and chromium.

Aluminum-chromium-silicon alloys have been tested as a
reducing agent of chromium ore oxides during the smelting
of refined ferrochrome. Experimental melting was carried out
in a two-electrode electric furnace with a capacity of 80 kW.
As a result, ferrochrome was obtained with a content, %:
chromium - 65-68; silicon - 0.4-0.6; phosphorus - 0.02-0.05;
carbon - 1-3.5; sulfur - 0.003-0.008.

3. Results and discussion

After analyzing the above technologies for the production
of complex alloys, the following positive points can be iden-
tified:

1. In the smelting process, the complex use of substand-
ard, cheap and easily accessible raw materials is ensured with
the production of highly efficient complex alloys with a wide
range of content of the main deoxidizing and alloying ele-
ments. They are an alternative replacement for traditional
types of ferroalloys, such as ferrosilicochrome, ferrosilicon
and aluminum.

2. When using low-grade high-ash coals as a reducing
agent, the cost of alloys is noticeably reduced by excluding
the use of expensive coke from the technological chain and
subsequently predetermines a reduction in the cost of deoxi-
dized steel.

3. When using complex alloys in the production of stand-
ard ferroalloys, in particular refined ferrochrome grades, a
number of technological problems associated with the scat-
tering of slag into fine dust are solved.

4. When deoxidizing steel with complex alloys, there is
no need to use significant amounts of ferrosilicon, as well as
scarce and expensive ingot aluminum [7].
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In all the considered and industrially implemented meth-
ods, ferrosilicochrome is widely used as a reducing agent in
the smelting of refined ferrochrome.

With the help of the Triangle software package, the data
obtained from the phase state diagram of the triple Al-Cr-C
system was determined and presented. The state of thermo-
dynamic changes in the temperature range 1673-1873 of the
specified triple metal system is investigated [8-9]. Thermo-
dynamic modeling of the triple Al-Cr-C system in the tem-
perature range of 1673, 1873K revealed the main phases of
the system and their molar fractions. Stable atmospheric
pressure and a temperature scale of 1673, 1873K were taken
as initial data.
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Figure 1. Diagram of the phase composition of the triple
system AI-Cr-C at temperatures 1673K(a), 1873K(b)

In Figure 1(a) Al-Cr-C triple system forms 16 compounds
at a temperature of 1673K: 1)Al(c); 2)Al(c);CrCs(c);AlsCs(c);
3)Al(c);Cr(c);  4)AI(c);Cr:Cs(c);CeCras(c);  5)Al(c);Cr(c);
CsCras(c); 6)Al(c); AlsCs(c); 7)C(c); AlaCs(c); 8)C(c); 9)C(c);
CrsCx(c); 10)C(C); Cr3Ca(c); A14C3(C); 11)A|4C3(C); Cr3Ca(c);
Cr:Cs(c); 12)CriCs(c); 13)CrsCa(c); CrrCs(c); 14)CrsCs(c);
CeCr23(C); 15)Cr(c);CsCras(c); 16)Cr(c). Al-Cr-C 50% of the
triple system C(c); Cr(c); CeCras(C); CraCa(c); 30% of the
triple system Al(c);Cr/Cs(c); the remaining 20% make up the
remaining compounds of the triple system.

In Figure 1(b) Al-Cr-C triple system forms 17 compounds at
a temperature of 1873K: 1)Al(c); 2)Al(c);Cr:Cs(c);AlsCs(c);

3)Al(c);Cr(c); 4)AIl(C);Cr:Cs(c);CsCras(c); 5)Al(c); AlsCs(c);
6)AI(c);Cr(c);CeCras(c); T)Al(c); Cr:Cs(c); 8)C(c); CrsCac);
A|4C3(C); 9)A|4C3(C); CF3C2(C); CF7C3(C); 10)CF7C3(C); A|4C3(C);
11)C(c); AlCs(c); 12)C(c); 13)C(c); CrsCa(c); 14)CrsCa(c);
Cr7Cs(c); 15)Cr(c);CeCras(c); 16)CrzCs(c);CsCras(c); 17)Cr(c).
AI-Cr-C 50% of the triple system C(c); Cr(c); CsCras(C);
Cr3Cx(c); 30% of the triple system Al(c);Cr;Cs(c); the remain-
ing 20% make up the remaining compounds of the triple system.

The Cr(c) phase consists of Al-0%, Cr-100%, C-0% per-
centage and a mole fraction of 5.4392 mol/kg. Phase C(c)
consists of Al-0%, Cr-0%, C-100% percentage and a Mole
fraction of 35.6045 mol/kg. It was found that the Al(c) phase
consists of Al-100%, Cr-0%, C-0% in percentage composition
and with a mole fraction of 17.9057 mol/kg.

The system under consideration has phases that undergo
special changes. It is established that the Cr(c), Cr;Cs(c) phase
is formed at a temperature of 1573K and when the temperature
reaches 1673K, the phase persists, in the future the tempera-
ture scale increases, and the indicators when the temperature
reaches 1773, 1873K destroy the specified phase composition
[10]. At temperature of 1873K, a new phase AliCs(c);
Cr3Cy(c); CrsCs(c) is formed in the triple Al-Cr-C system. In
an amount of about 1%, the CrsCx(c) phase; CrCs(c) occurs at
a temperature of 1773-1873K. The phase that changes the
following composition due to an increase in temperature is
Cr3Cx(c), CrsCs(c), CeCras(c). It is known that this phase at a
temperature of 1873 K spreads in the composition of the sys-
tem in question in an amount of about 7%. Further, it was
proved that CrsCy(c) CrsCs(c);CsCras(c) are destroyed by in-
creasing the temperature scale of 1973K. When studying
thermodynamic changes at a temperature of 1873K in the Al-
Cr-C metal system, it was found that the AlsCs(c) phase
spreads in an amount of about 1% and eliminates the composi-
tion of the phase with increasing temperature.

In Figure 2(a) at a temperature of 1673K, the Cr-Si-C triple
system shows that it forms 26 compounds:

1)Cr(c); 2)Cr(c);CeCras(c); 3)Cr(c);CeCra3(c);CrsSi(c);
4)Cr;Cs(c);CsCro3(c);CrsSi(c); 5)CrsCs(c);CrsSi(c);CrsSis(c);
6)SiC(c);Cr3Cy(c);CrsSia(c); 7)C(c);SiC(c);CrzCa(c)  8)CrsSi(c);
Cr7Cs(c);CrsSia(c); 9)C(c);CrsCo(c); 10)C(c);SiC(c);
11)SiC(c);CrsSiz(c);  12)CrsCs(c);CeCras(c);  13)SiC(c);
14)SiC(c);CrSi(c);CrSiz(c); 15)Si(c);SiC(c);CrSix(c); 16)SiC(c);
CrSiy(c); 17)SiC(c);CrSi(c); 18)SiC(c);CrSi(c);CrsSis(c);
19)Si(c);SiC(c); 20)CrsCs(c);CrsSis(c); 21)CrsCs(c);CrsSi(c);
22)Cr3Cy(c);CrsSis(c); 23)Cr(c);CrsSi(c); 24)CrsCy(c);Cr:Cs(c);
25)Cr3C(c);CrsSiz(c); 26)C(c). 90% of this triple system Cr-
Si-C belongs to compounds such a CrzCs(c);CrsSis(c);
Cr3Si(c); 7% is CsCra3(c);CrSi(c);CrSiz(c);C(c), the remain-
ing 3% is the remaining compounds.

In Figure 2(b) at a temperature of 1873K, the Cr-Si-C tri-
ple system shows that it forms 23 compounds: 1)Cr(c);
2)Cr(c);C6Cra3(c); 3)Cr(c);CsCr23(C);CrsSi(c); 4)CrsCs(c);
CeCra3(c); CrsSi(c); 5)CrsCs(c);CrsSi(c);CrsSis(c); 6)SiC(c);
CF3C2(C);CT55i3(C); 7)C(C);SiC(C);CI’3C2(C) 8)Cr38i(c);
CrzC3(c);CrsSis(c); 9)C(c);CrsCa(c); 10)C(c);SiC(c); 11)SiC(c);
CrsSia(c);  12)SiC(c);CrsCy(c);  13)SiC(c);  14)SiC(c);
CrSi(c);CrSiz(c); 15)Si(c);SiC(c);CrSiy(c); 16)SiC(c);CrSiz(c);
17)SiC(c);CrSi(c); 18)SiC(c);CrSi(c);CrsSis(c);  19)Si(c);
SiC(c); 20)Cr7Cs(c);CrsSis(c); 21)CrsCs(c);CrsSi(c);
22)Cr3Cy(c); CrsSis(c); 23)Cr(c);CrsSi(c). 66% of this triple
system of Cr-Si-C is SiC(c); CrsSis(c); CrsSi(c); 21%
CeCr23(C);CrSi(c);CrSiz(c);C(c), the remaining 13% make up
the remaining compounds.
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Figure 2. Diagram of the phase composition of the triple
system Cr-Si-C at temperatures 1673K(a), 1873K(b)

Components of the triple system Cr-Si-C the Cr(c) phase
consists of Si-0%, Cr-100%, C-0% percentage and a mole
fraction of 3.5458 mol/kg. Phase C(c) consists of Si -0%, Cr-
0%, C-100% percentage and a mole fraction of
27.5134 mol/kg. It was found that the Si(c) phase consists of
Si-100%, Cr-0%, C-0% in percentage composition and with a
mole fraction of 15.3576 mol/kg.

With the help of the «Triangle» program, «Al-Cr-C», «Cr-
Si-C», the triple component system and the chemical com-
pounds included in them were studied at temperature intervals
of 1673-1873K.

4. Conclusions

To study the formation and change of compounds, it is
important to study thermodynamic changes that allow using
a software package and determine the composition of a ferro-
silicochrome alloy.

In accordance with the tasks set, phase transformations in
chromium-based metal systems and the establishment of com-
position regions in complex metal melts are determined, theo-
retical studies on the determination of phase-structural features
in the Cr-Si-Al-C metal system are relevant in this work.

In accordance with the purpose of the work, the following
tasks were solved:

-Determination of phase-structural features in the Cr-Si-
Al-C metal system by thermodynamic-diagram analysis;

-Determination of molar fractions and percentages of the
main components of the compounds of the metal system Cr-
Si-Al-C using the integrated program «Triangle».

Based on the data obtained, graphs of the temperature de-
pendence of the composition of the phases were compiled.
Using the complex program «Triangle», the mole propor-
tions and percentages of the main constituent phases of the
Cr-Si-Al-C metallic system were determined and it was
proved that the phase-forming compounds have the dynamics
of changes in accordance with the previous chapters.

In the course of the analysis of the results obtained, it was
found that the triple systems Al-Cr-Si and Si-Cr-C, which are
the main components of the studied metallic system Al-Cr-
Si-C, undergo large-scale changes in the composition and
number of phases. Although the decline in quality and im-
poverishment of ores and raw materials is a serious problem,
it is known that the demand and requirements for metallurgi-
cal charge materials are growing. Therefore, the ways to
fully study the materials involved in metallurgical production
and expand the possibilities of obtaining the necessary alloys
are relevant. The results of the work presented in the article
do not allow the processes of melting the initial products
without preliminary research. The computer program used
allows you to choose the right charge materials to assess the
composition and quality of the products being smelted. The
presented simulation results correctly and accurately reflect
the phases that form the basis of the Aluminium-chromium-
silicon alloy when using high-ash coals. the number and
volumes of condensed phases and the processes of obtaining
alloys in accordance with state standards are determined.
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Ky skorapsl keMip/i naiijgajana oTbIpbIN KemleHai KOPbITHAJIAPAbI
0QJIKBITY TEXHOJOTHUSICHI JKIHE OJIaPABbIH 00J1aT koHe heppoOKOPHITHAIAP
OHJIIpiciHIEe KOJAAHBLIYbI MYMKIHIAIKTEPiH MOJIeJIbAey

B.C. Kenamanos”, JI.A. Ecenranues, A.I'. Bypymb6aes, C.K. Ka6bukanos, E.K. Camyparos
K. )Kybanos amuvinoazer Axkmebe enipaix ynusepcumemi, Akmobe, Kazaxcman

*Koppecnonoenyus ywin asmop: Kelamanov-b@mail.ru

Anmarna. Makanana ken koMrnoHeHTTi Cr-Si-Al-C kyiieciHiH TepMOAMHAMUKAIIBIK JHarpaMMaJIapblH TalAayIbIH 3epTTeY
HOTIDKEJIEPI KeNTIpiireH, MyH/Ia TepMOIHHAMUKAIBIK MATiMETTep Heri3iHae Herisri TopT kommnoneHTTi Cr-Si-Al-C xyiieciHig
LIeKapaiblK YIUTIK >Kyienepi canbiaraH. benrimi Oip QasamapislH opKaichichl YIIIH cuUmatTamanap OepiireH, oJapiblH
KoMeriMeH XpoM Oap OajKpIMajiap KypamJapbIHBIH >KaJllbl JKYHECiHIH HAKThl MOJEJNIH OJIap/blH HOPMAaTHBTIK (ha3asbk
KypaMJIapbIH €CeNTei OTBIPHII jKacayra 0oapbl.

Cr-Si-Al-C xyiieciniy ymoypbITapsl OpHATHULABL, OJIAp KYJIi )KOFapbl KOMIp/i KOJNaHa OTBIPBII, ATFOMUHUI CHITHKOXPOM
KOPBITIIAChIH OANKBITYy Ke3iH/e alblHFaH MeTall OyHbIMIapbhIHBIH KYpaMAapblH MOAYJSAIMsIAAbl. MoJenbaey HOTHXKECiHIe
Al-Cr-C, Cr-Si-C, yur KOMIOHEHTTI *Xyienepinin (asamapblHBIH HETi3ri KOMIIOHEHTTEpi aHBIKTaNIsl. KoHaeHcarmsianran
JKOHE Ta3 Topi3di (Qasamapasl KOpCeTeTiH KeleMIep MeH TYyC HHTeTrpaliapsl aHBIKTamangel. KpeMHUA amroMuHHN
KOPBITIIATAPBIH  OHAIPY TEXHOJNOTUACHL JKOFAphl KYJI KOMIpiHIH KyJNiHEH OKCHUATEpAi KEeH TEepPMHSUIBIK NemTepaeri o3
KOMipTeriMeH TOTHIKCHI3IaHABIpYyFa HeTi31ereH.

Hezizzi co30ep: dicozapbl Kyndi KOMIp, (eppocusukoxpom, mepm KOMHOHEHMMI JiCyiie, MepMOOUHAMUKATLIK Ouazpammd,
KOMIpmeK, KoJeM.

TexHO0JI0rUsl BHIIUIABKHA KOMILIEKCHBIX CIUIABOB € HCIOJb30BAHNEM
BbICOKO30JIbHBIX yIJIeil U MO/IeJIMPOBAHUE BO3MOKHOCTEH X
NpUMeHeHHs B POU3BOJACTBE CTAJIU U (peppociniaBoB
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AHHOTanus. B cTatbe mpencTaBicHbl pe3yabTaThl UCCICIOBAHNS aHAIN33 TCPMOAMHAMUYCCKUX JHATPAMM MHOTOKOMIIO-
HeuTtHo# cuctembl Cr-Si-Al-C, rie Ha 0CHOBE TEPMOJAMHAMHUYECKHX JAHHBIX TIOCTPOCHBI TPAHUYHBIE TPOWHBIE CHCTEMbI 6a30-
BOU yeThipexkommoHeHTHo# cucrembl Cr-Si-Al-C. B pesynbrare Obutn ompejiesieHbl KOMIIOHEHTHI KOHIEHCHUPOBAHHBIX (a3
MHOTOKOMIIOHEHTHO# CHUCTEeMBI. J[aHBbI OMUCaHMS I KAXKIOW U3 OMpPECNICHHBIX (a3, ¢ MOMOIIBI0 KOTOPBIX MOXHO CO37aTh
TOYHYIO MOJIEIb OOIIIEil CHCTEMBI COCTABOB XPOMCOICPIKAIIMX PACILIABOB C PACYETOM MX HOPMATHBHBIX (Da30BBIX COCTABOB.

Boitn ycraHOBIEHBI TpeyronbHUKH cucTeMbl Cr-Si-Al-C, MOIyTHpYIOIIie COCTaBbl MOyYaeMbIX KOMITO3HIINI MeTalTHde-
CKUX WM3IEJIUi MpHU BHIIIABKE aJIOMOCHIMKOXPOMOBOTO CIUIABa C KCIOJIB30BAHHEM BBICOKO30JbHBIX yried. B pesynbrare
MOJIEITUPOBAHHUS OBUTH BBISIBICHBI OCHOBHBIC COCTABIISIOIINE (a3l TpeXxKoMmoHeHTHBIX cucteM Al-Cr-C, Cr-Si-C. Onpenens-
10TCsSI 00BEMBI M [[BETOBBIC MHTETPAJIbl, YKA3bIBAIOUIME HA KOHACHCHPOBAHHYIO U ra3000pa3Hyio ¢aspl. TexHomorus nomyde-
HUSI KPEMHUHATIOMUHHUEBBIX CIUIABOB OCHOBaHA Ha BOCCTAHOBJICHHUH OKCHJIOB M3 30JIbI BBICOKO30JILHOTO YIJIi COOCTBEHHBIM
YIJIePOJIOM B PYTHOTEPMUAYCCKHX MEYax.

Knrouesvie cnoea: svicoxko3onvHvle yeuu, QeppocuiuKkoxpom, 4YemvlpeXKOMNOHEHMHAs CUCeMd, MePMOOUHAMUYECKAs]
ouaepamma, yenepoo, 00vem.
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Processing of low-quality manganese-containing raw materials to
obtain pellets for production ferromanganese alloys. Review

A.Ye. Tastanova, Ye.l. Kuldeyev, S.S. Temirova“, G.Zh. Abdykirova, A.A. Biryukova
Satbayev University, Institute of Metallurgy and Ore Beneficiation, Almaty, Kazakhstan
*Corresponding author: s.temirova@satbayev.university

Abstract. Substandard ores and technogenic wastes can be considered as an additional source of raw materials due to the
limited resources of mineral raw materials with a high content of manganese. The article presents an overview of studies in-
tended to process low-quality manganese-containing raw materials by beneficiation of them with the production of manganese
concentrates, agglomeration of manganese fines with the formation of pellets, and smelting of agglomerates into ferromanga-
nese alloys. The main raw material sources of manganese are characterized. Manganese ores are divided into three main types -
oxide, siliceous and carbonate ones. The method to beneficiate the raw material is chosen depending on the raw material type.
The application areas of manganese alloys are described - they are used in the form of ferromanganese and ferrosilicomanga-
nese to produce steel and cast iron in ferrous metallurgy; as an alloying metal in bronze, brass, most aluminum and magnesium
alloys in non-ferrous metallurgy. The beneficiation processes for low-quality manganese-containing raw materials - sub-
standard ores and technogenic wastes are considered. A promising direction in the beneficiation of ferromanganese ores is
magnetic separation. The extraction of manganese from technogenic sources - ore fines, sludge tailings of processing plants is
of great ecological and practical importance. Methods for agglomeration of manganese fines with the production of pellets,
briquettes, the influence of the content of acidic and basic oxides, the composition of binder materials on the properties of
pellets are described. Data on the influence of various factors on the manganese ferroalloy smelting process, the reduction of
manganese ore pellets, and the phase transformations occurring during the process are specified.

Keywords: manganese-containing industrial waste, beneficiation, pellets, smelting, alloys.

1. Beenenne Mn (15% < Mn < 30%, otHomienne Mn/Fe < 3) u Oemnble
(< 15% Mn).

Br16op mporiecca oboramieHnss MapranieBbIX pyz 3aBUCHT
OT NIPUPOIBI PYIbl: KPEMHHCTAs], KapOOHATHAS MM OKCHIHAs
[3]. Ans okucneHHBIX pyxA TpeOyercst o0ecTieunTh HeOOX0ar-
Moe cooTtHoureHne Mn/Fe, mMockoibKy jkene3ucTeie pyasl
cootHomeHreM Mn/Fe Hrke 1.5 He MOIXOIAT IS METAILTY -
rH4ecKoil mepepaboTku. OCHOBHBIE 3aBOABI 10 O0OTAIICHUIO
MapraHueBoi py/sl, Takue kak GEMCO B Asctpanuu (Groote
Eylandt Mining Company wuacte rpymmsl South 32) u
COMILOG B I'abone (wactp rpymmbl Eramet), ncnomnb3yror
METOJIbl T'PaBHTAIIMOHHOTO DPa3leNieHns, TaKue, KaK METOJBI
IUIOTHOM Cpelibl ¥ OTCaKa.

[Tpu npoun3BoaCTBE MapraHIEBbIX (eppocIuiaBoB OT PyIbl
JI0 TOTOBBIX CIUIaBOB TepsieTcs nopsiaka 50% Mapranua, oopa-
3yercs OOJIBIIOE KOJIMYECTBO MOOOYHBIX MPOAYKTOB: IUIAKH,
OTCEBBI MENIKUX (PPAKLMUI PYAHOTO CHIPhSl U TOTOBOW MPOJIYK-
UM, NIJaMbl, OBUIM U psfA Opyrux Mmarepuanos [5]. Tak, c
OTBaJbHBIMH IIUIAMAMH TPOLECCOB OOOTAIleHHs] MapraHie-
BBIX pyx Tepsietcs 1o 20% mapranma, CoAepsKaliero B pyze.

IlepepaboTka 0TX0I0B MapraHIEBOTO IPOM3BOACTBA NME-
eT OOoJbIIOE MPAKTHYECKOE M HKOJIOTMYECKOE 3HAYEHHE, TaK
OHH TIPEICTABIIIOT BaXKHBIH CHIPHEBOI NCTOYHUK MapraHIa.

Cnpoc Ha MaprasIeBble CIUIAaBBI B PA3IMYHBIX OTPACIAX
MPOMBIIIUICHHOCTH OIpENeNsieT pa3BUTHE TEXHOJOTHWH mepe-
paboOTKH MapraHeICco e KaIIero ChIPhS.

KpynHeiimunmu pesepBaMyu MapraHIIEBOTO CHIpbs 00jaga-
10T TOAP, ABcrpanus, bpasumus n Ykpauna. B 2019 roxny
MHpOBasi J00BMa MapraHieBOd pyApl XocTuria 65.4 MiH
TOHH CBIPOH pyasl. OCHOBHBIMHU ITPOM3BOANUTEISIMUA TOBAPHOM
MapraHieBoi pyzas! 1 KoHIeHTpaToB sBisitoTca OAP, Kuraii,
Asctparmust, ['ana u ['aboH [1, 2].

MupoBble pecypchl Mapraiua noApa3aemstoTcs Ha TPU OC-
HOBHBIC KaTE€rOpPHH: OKCHIHBIE, KDEMHUCTHIE M KapOOHaTHbIC
pyasl [3]. MeToasl rpaBUTALIMOHHOTO Pa3AeNeHusl IPUMEHSIOT-
sl Ul KPEMHUCTBIX Py M HCIOJB3YIOTCS B HMPOMBIIIICHHOM
npakTuke B WMHnum u bpasunun. Munepansl kene3a Bcerja
BCTPEUAIOTCsl KaK MPUMECh BO BCEX BHJAX MAapraHIEBBIX DY,
HX YAQLIIOT C MOMOIIBIO Pa3IMYHBIX NPOLECCOB MArHUTHON
cermapamyn. KapGoHaTHpIe pymbl, I0ObIBaeMble B YKpauHe,
Kurae n IOxHolt Adpurke, oboramaroTcs, B OCHOBHOM, C TIO-
MOMIBIO NPOLIECCOB IPAaBUTALMOHHON U MATHUTHON CeMapaliyu.

IIpu m3Bneuennu Mn u Fe u3 kenezoMapraHieBbIX pyna
YCTaHOBJICHO, YTO yBEIWYEHHE Pa3HUIIBI B MarHeTU3Me, pac-
TBOPUMOCTH WJIH IUIaBKOCTH MMeEET pellarolee 3Ha9YeHUe IS
pazneneHust MeTayuioB [4].

[Ipeanoxkena kiaccupukanms, COTJIACHO KOTOPOH Map-
raHieBble pyIbl MOApa3felsitorcss Ha Oorateie (> 3% M, Maprasen; B OCHOBHOM HKCIIOJIB3YeTCSl B YEpHOIl MeTan-
orHomeHnue Mn/Fe > 3), pyabl cO CpeHUM COJEpP)KAaHHEM  JIypruu: B BHje (eppoMapraniia u GeppocHIMKOMapraHiia ero

2. [IpumeHeHune peppoMapraHieBbiX CIJIABOB
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JOOaBISIFOT B CTallb, YTOOBI IIOBBICUTH €€ TEXHUUECKUE XapaK-
TEPUCTUKU: KOBKOCTb, IPOYHOCTH, W3HOCOYCTOWYHUBOCTH [6].
Maprazen He0OX0ANUM I TIPOLECCOB JICTUPOBAHUS, JIECYJIb-
(dbypanun, packucineHus crayneil. B IBeTHOW Metammypruu
Maprasel] UCIOJIb3yeTcsl KaK JISTUPYIOIMHA MeTall B COCTaBe
OpOH3BI, JIaTyHH, OOJIBIIMHCTBA AIFOMUHHUEBBIX M MarHUEBBIX
CITaBOB JUIA YJIYYIIEHUsS] WX TPOYHOCTH U YCTOWYMBOCTH K
KOppO3WH; TPH M3TOTOBJICHHM CIUIaBa M3 MapraHua, Meau U
HUKEJA, OTIIMYAIONIErocs BBICOKMM COIPOTHBICHHEM M BOC-
TpeOOBaHHOTO B AeKTpoTexHuKe. Crmmkomapranern (SiMn)
MIPUMEHSIETCS B OCHOBHOM B IIPOW3BOZICTBE CTallM B KaueCTBE
WCTOYHMKA KpeMHHs M Mapraia. CHIMKoMapraHel, 0ObIYHO
coIepkuT He MeHee 4% skenesa, bonee 30% mapranma, Ooiee
8% xpemuus u He 60ee 3% docdopa.

MupoBoe npousBoactBo SiMn B 2019 roay cocrasisiio
18.2 myH ToHH. KpynHeHImmMu cTpaHaMu-IIPOM3BOIUTEISIMA
apisumick Kurait, Maaus, Yikpauna [2]. IIpou3BoacTBO BICO-
KoyriiepoaucToro ¢peppomapraniia B mupe B 2019 rony Haxo-
Juiock Ha ypoBHe 4.4 MIH TOHH. Jluampyroniue MO3UIMH
3aauMai Kurait, Magus u Snoxws.

Top 10HC FeMn Producing countries in 2005
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Top 10 5iMn Prod coumtries In 2013

[t dnl|

Sauth Kores
=

Bl

Sonsth Abres
1% -

™

Rt of the Wikt
o~

Pucynok 1. Cmpansi-nudepsl o npou3eoocmey cuiuKomap-
2anua (a) u evicokoyziepooucmozo geppomapzanya (0) [2]

HuskoyrieponucTelii crilMKoMapraHell MMpeACTaBsieT Co-
6oii (eppocmiiaB cliienyIomero cocraBa: He Menee 55% map-
ranna, 27% xpemuus, 4% sxenesa, He Oonee 0.1% docdopa,
0.1% yrnepona u 0.05% cepsr [6]. HuskoyriiepoqucTsiid cu-
JIMKOMapraHel| UCMOJIB3yeTCsl B MPOU3BO/ICTBE HEpIKaBeIoLIeH
CTaJlM U CIICHUAJIbHBIX COPTOB YIVICPOAMCTOW CTallM, TAKHX,
KaK CcTalb Ul JIAMHHHPOBAHWS IBUTrateseil, conepkaHue
yriaepoaa B KOTOPBIX JOJDKHO OBITH OYEHb HU3KHM.

Takum 00pa3oMm, HanOoIpIIee MPUMEHEHHWE CpPemd Map-
TaHLEBBIX CIUIABOB HAXOIUT (eppocrimkomapraren. [lo-
TpebieHne paUHIPOBAHHOTO (heppoMapraHIia ONpenesieTCst
YBEJIMYEHHEM CIIpOca Ha BBICOKOINPOYHYIO M CHELHUAIbHYIO
CTAJILHYIO TPOAYKLMIO, a TAaK)Ke HAa HCIOJIB30BAHHUE €ro Kak
3aMEHHTENS] METAJUTHMYECKOTO MapraHIia.

3. O6orameHue HU3KOKAYECTBEHHOT 0 Maprabmeucoaep-
JKalero CoIpbs

Pactynmii npOMBIIIICHHBI CIPOC Ha MapraHel JeJaeT
aKTyallbHOH pa3paboTKy MPOIECCOB W3BJICUCHHS MapraHia u3
HU3KOCOPTHBIX MApraHUEBBIX PYA U TEXHOT€HHBIX OTXOJOB
[7-14].

3HayUTEeNbHbIE Pa3lWiMsl B BELIECTBEHHOM COCTaBE HM3-
KOCOPTHBIX MapraHelcoJepxaiiux pyl U UX MHHEpaJoruye-
CKUX XapaKTePHCTHKaX TPEeOYIOT BEIOOpa COOTBETCTBYIOIIETO
mporiecca 00oraIeHuUsI.

Pecypcbl MapraHueBoil pyabl ¢ BBICOKMM COJAEpKaHHUEM
JKeJle3a CTAHOBATCSI OCHOBHBIM CHIPHEBBIM MCTOYHHKOM Map-
raHlla U3-3a COKpAILEHUs 3allacOB BBICOKOCOPTHBIX MapraHle-

11

BBIX pyA. MarHuTHas cemapaims SBISIETCS HEepPCHEKTUBHBIM
HalpaBJICHHEM B 00OTaIICHUH JKeJIe30MapTraHIEBhIX PYI.

Jis  mepepabOTKM  HU3KOCOPTHOM  JKeIe30COoepKaIeit
MapraHLueBOH pyAbl ¢ KOMIUIEKCHBIM M3BJICYEHHEM JKelle3a U
MapraHia  HCIOJB30BaHA  TEXHOJNOTHUS  CYCIICH3MOHHO-
BOCCTAHOBHUTENBHOIO OOXHWra M MAarHHUTHOH —cemapaunuu
(SRMS) [13]. ®a3oBbIie mpeBpalieHusl MUHEPAJIOB B IpoIiecce
00XHra MCCIEeAOBAINCH C IIOMOIIBIO PEHTICHOCTPYKTYPHOTO
anammzatopa (XRD) u mpocBeYMBAIOMIETO 3JIEKTPOHHOTO
MUKpockona Beicokoro pasperterusi (HRTEM). Ilpu onrtu-
MaJIbHBIX YCIJIOBUSIX BOCCTAHOBJICHUS: TEMIlepaTypa BOCCTa-
HosyieHust 680°C, Bpemsi BoccraHoBiieHHsT 30 MHUH, KOHIIEH-
tparus CO 20% u pa3mep vactui -0.9 MM MOTydeH KOHIICH-
Tpart >keJie3a ¢ cofepKaHueM xenesa 67.38% npu u3BIeueHUN
87.14% wu mapraHueBbIi KOHLEHTPAT C COZACp)KaHHEM Map-
ranna 30.51% npu uzBneuenun 87.02%.

Marnetutr FeO-Fe;Oz, mpeoOpa3oBaHHBIN W3 Tremarura
Fe>O3, oborammancst B KOHIEHTpaT MarHUTHOW cerapanuy, a
MaHraHosur MnO, TpaHc()OPMHUPOBAHHBI W3 IHPOJIIO3UTA
MnO; u 6payrnta Mn2O3-MnSiOsz, — B XBOCTBI MArHUTHOMN
cermapanui. [Ipe/utokeHHBIH TIpoIlecC MOXET OO0eCHeduTh
MOJIHYIO  YTHJIM3ALMIO KOMIIOHEHTOB JKeJle30CozeprKamieit
MapraHieBoOy pyabl.

Mn2* Mn®* Mnt* Fed* Fed M5 Fes@:

© @ © © & ©
Fes04

Pucynok 2. Peakyus éoccmanognenus munepanos [13]
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Pucynox 3. ®@aszoevie npespaujeHus MUHEPAIO8 dHcene3a U
mapzanya [13]
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[NomydeHs! pe3ynbTaThl 0 0OOTACHUIO PYAHOTO CHIPhS
Mectopoxxkaenns Yaparax (Mpan), comgepsxamero 17% mupo-
mo3urta, 78% xanpuura u 4% xBapua [16]. ITocpenctBom
OTCaJI0OYHOW MAaIIMHBI MOJIYyYeH HHPOIIO3UTOBBIH KOHIIEH-
TpaT ¢ cojepaHueM okcuzaa mapranua 20%, npu nocieny-
IOIIeil MarHUTHOM cemapalyy BBHICOKOW WHTEHCHBHOCTH
yZIaJ0Cch MOBBICUTH coaeprkaHue MnO 1o 44.3% npu u3Bie-
yenuu 61.3%.

C mpuMeHeHHEM MarHUTHOW Cellapalyy IOcie TpeBa-
PUTENBHOTO O0XKMTa MapraHIEBON pyIbl MOJYYEH KOHIICH-
Tpar ¢ JOCTATOYHO BEICOKUM cojiepxanreM Mn (> 44% Mn)
u cootHoureHueM Mn/Fe (> 7.5) [17]. YcraHoBiena koppe-
JSIIUS MEXIy MUHepasorue, conepxkanneM Mn u Fe B pyne
Y Ka4eCTBOM IOJIy4€HHOTO KOHIIEHTpATa.

[IpeanoxeH crnocod CeneKTUBHOTO BOCCTAHOBJICHHSI HU3-
KOCOPTHOM MapraHueBON pyJbl C MOCIEAYIOIIEH MarHUTHOM
cemapanueil Al IOJIydeHUs] MapraHIEeBOrO KOHIEHTpaTa
[18]. OmTumanpHBle mMapaMeTphl: TemIeparypa OOXKura
1050°C, Bpems obOxwura 6 4, KpyITHOCTH MapraHLeBOH py/bI
8-13 MM, OTHOIIIEHHE CBS3aHHOTO yTJIepoja B YIie K BoccTa-
HaBJIMBAEMOMY KHCIIOPOJy jKeJie3a M MapraHiia B MapraHie-
Boi pyne 2.5. Ilpu HampspDKEHHOCTHM MAarHUTHOTO TOJIS
100 mTn ko3 Puruentsr m3sneuenus Mn (RMn), Fe (RFe)
u obmee comepxanne Mn (TMn) B HEeMarHUTHOM TIPOJYKTE
nocturaror 3”Hayenu 71.00%, 93.60% u 56.20 macc. %,
coorBeTcTBeHHO. OTHOIEHHEe Mn k Fe cocrasuser o 10.85,
YTO COOTBETCTBYET TPeOOBAaHMSAM BBIIUIABKH (heppomapraH-
L[EBBIX CILIABOB.

Ob6orainieHre ABYX BUIOB MHIOHE3MICKUX MapTaHIEBhIX
PYA C HHM3KHM COJIepKaHHEM MapraHiia ObUIO BBITIOJIHEHO
IyTeM TPAaBUTAI[IOHHOTO PA3JIeJICHNUs] U BOCCTAaHOBUTEIHHO-
00>XXMIOBOTO Tpolecca ¢ MOoCieaAyonleld MarHUTHOM cerapa-
e s ynydieHust cootnomenus Mn/Fe [9]. Uccnenosa-
HO BJIMSIHME pa3Mepa YacTHIl M TeMIlepaTyphl BOCCTaHOBH-
TeNpHOTO OOkura Ha mpouecc oborameHus. IlosydeHHbIE
NPOJIYKTHl OXapaKTepH30BaHbl C NPUMEHEHHUEM PEHTIEHO-
(hITyopeceHTHOTO ¥ PEHTTCHOAN(PAKIMOHHOTO aHAIN3A.
YCTaHOBIEHO, YTO OKCHJ MapraHiia B (hopMe MHPOITIO3HUTA
(MnOy) oboramaercs nerde, 4eM B (HopMe MUPOKCMAHTUTA
(MnSiOs3) " MapraHieBoro rpoccysipa
(Ca1,3Mgo,1Mng gFeqgAlx(SiO4)3. OnTUManbHBIE PE3yNbTATHI
MOJIyYeHbl B PE3yJIbTaTe BOCCTAHOBUTEIHLHOIO 00XKWTa HU3-
KOCOPTHOM MapraHIeBoii pyasl B -40+60 mem npu Temrmepa-
Type 700°C ¢ mocienyroniM IpoIeccoM MarHUTHOW cema-
panuu, cootHomenne Mn/Fe B HU3KOCOPTHOW MapraHIEeBOH
pyze moseicuiock ¢ 1.39 mo 4.0.

IIpn moOBIYEe BBICOKOKAUYECTBEHHOTO MapraHIIEBOTO CHI-
Pbs, COAEPXKAIIETO MUPOIIO3UT, 00Pa3yIOTCs OTXOIBI — XBO-
CTBI MUPOJIFO3HUTA, KOTOPHIC MPEACTABIIAIOT COOOW BaKHBIN
BTOPUYHBINA pecypc uisi u3BiedeHust Mapranua [19]. Paspa-
6otan MeToa hGEKTUBHOIO HM3BIICYCHUS MapraHila U3 IH-
POJIFO3UTOBBIX XBOCTOB IyTEM HMX OOKHMra ¢ OTXOJOM THTa-
HoBoro mnpomsBojacTBa — kommepac (FeSOs7H20), sBisto-
IMUMCS BOCCTAHOBUTEIEM H CYIb(QATHUPYIOIINM arcHTOM, C
MOCJICYIOLINM BBIIIENIaYMBAaHUEM BOIOH. Pe3ynbTaTsl moka-
3amu, 4to 89.8% Mn MoXeT OBITH M3BIIEYEHO MPH OITH-
MAaJbHBIX YCIOBUSX Iporiecca: pasmep gactun 200-300 merr,
Temneparypa obxwura 650°C, cOOTHOIIEHHE MEAW W ITHPO-
JIFO3UTOBBIX XBOCTOB 3:1.

Takum 06pa3om, BEIOOp criocoba 0OOTraIieHns: MapraHell-
COJIEPIKAILETO ChIPbSI 3aBUCUT OT THUIA PYJbl, MUHEPAIOTHU-
YECKOr0 M BELIECTBEHHOTO COCTaBa, JAUCIEPCHOCTU U CTPYK-
TYpbI MaTepHaa.
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4. Cnioco0bl arjioMepanuy MapraiueBoii MeJIo4u

[Ipu noOwrue, npobneHHH, oOOTAIEHHNH W TPAHCHIOPTH-
pOBKe OoraThlXx MapraiueBbiX pyn okosio 30% ceipbs mpe-
BpalaeTcs B MaprafieByr pynHyro Menoub (-10 Mm) ¢
HU3KHUM COJepKaHreM Mapranua [5].

Merkue yacTUIIBI MapraHIeBoil py/bl, 00pa3yroluecs Ha
pa3MYHbIX JTanax nepepadboTKU MapraHueBbIX pyH, HE MO-
TYT HETOCPEACTBEHHO HCIIOJIb30BaThCs B MEYaX MPHU MPOU3-
BOJICTBE (PEpPOCILIABOB, TaK KaK OHH MOTYT HapyIIHUTH IIO-
ToK CO- 1 CO2-Ta30B yepe3 MIUXTY, YTO MPUBOIUT K CHUKE-
HHUIO CTEIICHHW NPEABAPUTEIHFHOTO BOCCTAHOBIICHUS MapraH-
HEeBBIX coeauHeHWH. [losTomMy Menkwe (Qpakiue JOTKHBI
OBITH arJoMepupoBaHBl B 0oJiee KPYIHBIE KYCKH, YTOOBI
o0ecreynTh PaBHOMEPHBIH IOTOK ra3a. DTO MOXET OBITh
JOCTHUTHYTO C MIOMOIIBIO PA3JIMYHBIX ITPOLIECCOB.

Mernkue MapraHieBbie pyabl (KOHIEHTPATHI) M ILIAMO-
BbIE OTXOJBI TMOABEPrar0T OKYCKOBBIBAHMIO C IIOJyYCHUEM
arJoMeparoB, OPUKETOB M OKaThiieh. J[is monydeHus oka-
ThIIIEH OOBIYHO MCIOJIB3YIOT HEKOHIUIIMOHHBIN KOHLEHTPAT
MEINKOH (pakIiy, B COCTaB ITUXTHI TAK)KE BBOISAT HEKOTOPOE
KOJIMYECTBO PA3JINYHBIX BHIOB CBA3YIOMINX KOMIIOHEHTOB.

HccrnenoBaHpl TIaBAMAECS M BOCCTAHOBHTEIBHBIC CBOM-
CTBa arioMepaTa M OKaTBIIICH, a Takxke d3QPeKT mo0aBICHUSA
Takux (IrOcoB, Kak moinoMuT u kBapim [20]. YcraHomieHo,
YTO TOBBIIICHHOE COJEPIKAHNE KUCIOTHBIX OKCHUIOB CHIDKA-
eT TeMIlepaTypy IUIaBJICHUS] M BIOCICACTBUH YBEIMYHBACT
CKOPOCTh BOCCTAHOBHUTEIHHBIX IPOLIECCOB.

IIpoBeneH cpaBHUTENbHBIN aHAIU3 OCHOBHBIX I€OMETal-
JYPrudecKuX XapakTePUCTHK KYCKOBOW PyAbl U3 PYAHHKA
Azyn (Bpasunust) U oxarblliel, U3TOTOBJICHHBIX M3 MEJIKHX
4acTUI, 00pa3yloUINXCcs MpH OOOTAIICHHUH STOH KYCKOBOW
pymst [21]. OTMedeHO, 4TO B OKATHIIIAX COACPIKAHUEC OKCH-
JIOB Maprasma OoIbIlle, 4eM B KyCKOBOH pyne. B okaTbermax
SIBIICHHS JIC3MHTCTPALUN TOPSIYUX M XOJIOJHBIX YACTHUI] MU-
HUMAITGHBI 110 CPABHEHUIO C SIBICHUSMH, OOHAPYKEHHBIMHU B
KyckoBoi pyne. KyckoBas pyna mMoxer ObITh 3(QQeKTHBHO
BOCCTaHOBJIGHA B TBEPJOM COCTOSIHHM, B TO BpeMs Kak
OopIIast 4aCcTh MapraHIEBEIX MUHEPAJIIOB B OKATHIIIAX yiKe
BoccTaHoBiieHa 10 MnQO. CremaH BBIBOJA, YTO OKATBIIIN
MOTYT HCIIONTE30BAThCS B Ka4eCTBE MCTOYHMKA MapraHia W
JIEHCTBOBATh KaK areHThI, CIHOCOOCTBYIOIIHME YBEIHUCHHIO
MIPOHHUIIAEMOCTH PYIBL.

IomyuyeHs! okathimu Kiacca 10 6.4 MM, KOTOPBIH MMOJ-
BEprajJy BOCCTAHOBHTEILHOMY MarHEeTH3UPYIOLIEMY O0XHUTY
npu 820-850°C, momsmenvyanu a0 kpynaoctu -0.147 Mmm u
MPOBOJIUIIA MAarHUTHYIO CEMapalyio, 3aTeM OKOMKOBEBIBAIIU B
TapesibuaToM IpaHyysiTope ¢ J00aBKOH B KauecTBE CBS3YIO-
mero 0eHToHnTa. OKaThIIIM CYIIHIIH, 00XKHUTaIN [IPU TEMIIe-
parype 1300°C m oxmaxnmamm. [locime orceBa Menmo4ym Ha
IDTaBKY HAIPABISUIA OKATHIIH Kiacca 6.4-19.0 MM, KoTOpEIE
Mo (U3UUECKUM CBOWCTBAM YIOBIETBOPSIIN TpPEOOBaHHSIM
(heppocIuTaBHOTO IPOM3BOJICTBA.

OnmcaHbl KOHCOJNMAAMOHHBIE CBOWCTBA ariioMepaToB
BBICOKOJKEJIC3UCTHIX MapraHIEeBbIX pPYA C €CTeCTBEHHOM
OCHOBHOCTBIO [22]. Y CTaHOBJIECHO, YTO JUIsl CIIEKaHHS PYABI C
BBICOKHM cofiepxaHueM Fe u Mn TpeOyeTcst BbICOKasi J03H-
poBKa KokcoBod wmenouu (okoio 9.9 macc. %). Mertomamu
pentrerodaszoporo ananuza (XRD) u ckaHupyromiei 3iek-
TPOHHON MUKPOCKOIIMH C 3JIEMEHTaMH TOIYKOJIUYECTBEHHO-
ro a"amu3za (SEM-EDS) mnoka3aHo, 4TO OCHOBHBICE MHHE-
paneHBIe (a3bl B arjioMeparax BKJIFOYAIOT OKCHIBI Fe-Mn
(FexMn3.x0a), heppotedpour (Fe, Mn),SiO4), Ca-, Al-, Mn-,
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JKeNe30Ccoieprkaliie CIIUKATHBIE pacIUiaBbl, HEOOJBIIOE
KoymuecTBO raycManuuta (MnzOs) M cBOOOZHOTO KBapia
(SiO2). Onruueckast MUKpocTpykTypa 1 COM-u300pakeHus
MoKa3ayn, 4To okcuabl Fe-Mn M cuiMkaTHble pacIliaBBbl,
conepxkame Ca, Al, Mn, Fe, u wactuis! ¢epporedponra
TECHO B3aMMOCBs3aHbI ApYyr ¢ apyrom. OOpa3oBaHHEe OKCH-
noB Fe-Mn u depporedponta crnocoOCTBYET MOBBILICHUIO
NPOYHOCTH CIICKaHUSI.

XapaKTepuCTUKN U TOBEICHHUE TP MPOKATMBAHUN HU3-
KOCOPTHOM MapraHIeBOH pynbl OBIUIH M3YYEHHI C TOMOIIBIO
METOZOB peHTreHoduyoperciuentHoro anammsa (XRF), ex-
situ XRD, in-situ XRD u SEM-EDS [23]. DkcniepiMeHTHI 110
MPOKAIMBAHUIO TPOBOAMIINCE TPHU TEeMIlepaType HE BEIIIE
900°C B aTtmocdepe Bo3myxa U aproHa. JJOMHHHPYIOIIMMU
MeXaHU3MaMH TPOKAIUBaHUA SBIAIOTCS TEPMUYECKOE pas-
JokeHue u peaktuBHas nuddysus. AtMocdepa u mpucyt-
CTBHE JIPYTUX 3JIEMEHTOB CHJIBHO BIMSIOT Ha PEakIUU Ipo-
KaJuBaHUS Mn ChIpbsi. BUKCOMHT W TeMaTHT PEearupyroT C
rayCMaHHUTOM, MarHETUTOM M 00Jiee CIIOKHBIMH (ha3aMu.

HccrnenoBanpl NpeBpalieHus] HU3KOCOPTHOW MapraHIie-
BOM pynnl Ipu OOXKHIe Ha BO3AyXE MPHU TeMIIEpaTypax 1o
1200°C ¢ npumenenunem metoqoB XRD u TGA-DTA [24].
BrisBneno, uto MnQO; mpeBpamiaeTcsi B HU3IIMN OKCHI
MnsOsg mpu 500°C, a 3atem B Oukcouut (Mn203) mpu 600°C.
Hanee OukcOuuT mepexoaut B raycManHuUT (MnszOs) mpu
800°C. IloBblienne TemmepaTypsl o0xura 10 900 °C unny-
UPYET PEeaKklHI0 MEXJIy IeMaTHTOM M TayCMaHHUTOM H
NPUBOAMT K 00pa30BaHUIO HEOOJIBIIOTO KOJINYECTBa TBEPIO-
ro pactBopa ¢epputHoii mnuHenn MnFe,O,. [Ipu nossimre-
HuUKM Temneparypsl 1o 1000°C mpoucxomur oOpazoBaHue
TBEpIOTO pacTtBopa Gpayruta (Mn7SiO12), KOTOpBIH pasna-
raetcst 1o pononuta (MnSiO3) mpu 1200°C.

YCTaHOBIEHO  BIHMSHWE  OCHOBHOCTH  (OTHOIICHHE
Ca0/Si0;) u coxepxkanuss MgO Ha MeTaTypruyecKue xa-
PaKTEPUCTHKU OKAThINIEH Opa3sHIILCKOro crekyispura [25].
I'panyner ¢ pasmuasOit ocHOBHOCTHIO (0T 0.12 mo 1.20) m
conepxanneM MgO (ot 0.08% 1o 3.0%) moxsepranu UCIbI-
tanusiM Ha RI (uHpexc BocctanaBnuBaemocT) W RSI (uH-
Jiekc yMeHblIeHust HaOyxanus). C yBeJIMueHHEeM OCHOBHOCTH
unu coaepxanus MgO 3Hauenus RI u RSI ynmyumanucs. B
nuanazoHe ocHoBHocTH Huxke 0.20 mmm Beime 0.80 rpaHyiisl
JeMOHCTpHpoBanu Hu3kue 3HaueHus RSI. B nuamasone
ocHoBHocTH OT 0.20 mo 0.80 mpoucxoausio aHoOMalbHOE
HaOyxanue, RSI npesbrman 20%, 9uTo 0OBSICHSACTCS TOSIBIIC-
HHEM OOJIBIIEr0 KOJIWYECTBA IUIAKOB C HU3KOHM TeMIlepary-
poit mwaBneHus. [Ipr IpoW3BOACTBE OKATHIMICH C HCIIONB30-
BaHHUEM Opa3MIBCKOTO CIIEKYISIPUTa PEKOMEHIOBAaHO WC-
KIIFOYUTH UI KOoMITo3uuii ocHoBHOCTE OT 0.20 mo 0.80.

IIpoBeneHO cpaBHEHHE Pa3IMYHBIX 00pa3IOB MEIKO3ep-
HUCTOM MapraHLEBOW PYJbl IS MOCIEAYIOIIEro MPOU3BOJ-
CTBa arJioMepartoB criocoboM criekanus [26]. Ananuz ¢usu-
KO-XMMUYECKUX CBOUCTB 00pa3loB MapraHIEBOW PyAbl W3
Bocaun (1) u I'epueroBuns! (2) moxasaiay, 4To rpaHyJIOMET-
pust 00pas3loB BIMAECT Ha UX XHUMUYECKHH cocTaB. MapraH-
HEeBBIN ariomepar | MOAXOMUT IS NANbHEHIIEro HCIOIbh30-
BaHMs B Npom3BojacTBe FeSiMn ¢ TOYKM 3peHHs HHU3KOTO
conepxanus (ocdopa U moaxomAmero (asoBoro CocTama,
arjomepar 2 u3-3a BBICOKOTO cozepxanust SiOz HE cOOTBET-
CTBYET I10 POYHOCTHBIM XapaKTEPUCTHKAM.

[Ipu armoMepanyy MeIo4M MapraHIEBOrO CHIPbS pacxo-
JyeTcsl 3HAYUTEJIbHOE KOJIMYECTBO Kokca. J{J1s yMeHbIIeHus
pacxona KOKca pPEKOMEH/AYeTCsl 4acTH4YHas 3aMeHa ero Ha
yriaeBogopoacoaepkamue marepuansl [27, 28]. TIpoBeaeHs
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HCCIIEZIOBAaHMS 10 arjloMEpaldy MapraHelCcoep Kallero
CBIPhSI TIPH COOTHOIICHHHM KOKCa M He(PTeOMTYyMHHO3HOMH
nopogst 1:1 u 1:2.

ArnoMepartsl, KaK CIIEUEHHbIe, TaK U OpUKETHI, 4acTO HC-
MOJIB3YIOTCS B KAU€CTBE CHIPbS B IE€YH C IOTPYXKEHHOH ny-
ro, mpousBojsAuici (eppomapranen. M3BECTHO MOIOKU-
TeJILHOE BIIMSHUE arjloMepaToB Ha CTPYKTypy IOTOKa rasa, a
TaKXkKe KaK OXJIaKIAIOLUX areHTOB.

Taxum 00pa3oM, OKATHIIIHN B KAYECTBE IIMXTHI JOMEHHOH
TeYd 00IaJaroT CIeIYIOMMMH NTPENMYIIECTBAMHE: OJHOPOI-
HBIH pazMmep W Qu3ndecKas MPOYHOCTh. MeTamTyprudeckue
XapaKTEPUCTUKN OKATHIIICH UIPaOT BaXKHYIO POJIb B CHHXKE-
HHUH pacxo/ia KOKCa M yJeJIbHOTO pacxoja 3JIEeKTPO3HEPIHH,
MOBBIIIEHUH POU3BOAUTENBHOCTH JJOMEHHOM Neud U U3BJIe-
YyeHUU Maprasia. Ha xauecTBO okaThllleld BIUSET IpHUpoAa
PYZIBI MM KOHIIEHTpATa, CBSI3aHHAsl C HUMH IIycTas Mopoja,
THIT U KOJIMYECTBO J00ABISIEMBIX (DIFOCOB, U HX MOCIEIYIO-
masi o0paborka. JTH (AaKTOPbl NPHUBOIAT K W3MECHEHHIO
(PM3NKO-XMMHYECKHX CBOMCTB COCYIIECTBYIOUIIMX (a3 M HX
pacripeielieHust TPy OTBEpXKJCHUM TpaHyl. B TexHomorum
MIPOM3BO/ICTBA (peppoMapraHina M CHIMKOMapraHua HpuMe-
HSIOT TaKKe MpeIBapUTENBHBIA MMOJOrPEB IIUXTOBBIX MaTe-
puanoB, uTo oOecreuynBaeT YcioBUS A8 3()(HEKTHBHOTO
BOCCTAHOBJICHMS MapraHiia U YJIydllaeT 3KOHOMHYECKUE
MoKa3aTel! Ipolecca.

5. Ilponecc MIaBKH arJa0MepaToB

ToOHKOAWCIIEPCHOE MAapraHIeBOE CHIPhE HEBO3MOXKHO
IUTABUTH HETIOCPEICTBEHHO B II€YM C MOTPYKEHHOH IyTOM,
TaK KaK MEJKHe YaCTHIBl OyAyT MpEMsITCTBOBAaTh PaBHOMEP-
HOMY IPOXO’KICHHUIO Ta3a yepe3 muxTy. Huskas razomnpoHu-
LIaEMOCTh IIMXTHI MPUBEIET K CHIKCHUIO CTENEHU IpejBa-
PHUTEJIILHOTO BOCCTAHOBJICHUS PYJbl U YBEIMYECHHUIO YIIIEpO-
JIOEMKOCTHU ¥ SHEProeMKOCTH Mpouecca. s HCIoIb30BaHUs
MEJIOYM MapraHIeBOH py/bl €e arlIoMepupyloT B arjiioMepa-
THI, OKaTBILIN WJIH OPUKETHI.

HccnenoBaHsl miaBsyecs 1 BOCCTAHOBHUTEIILHBIE CBOM-
CTBa arjioMepaTa W OKaTbhImeH, 3pdexr mobamieHus ¢iro-
COB, TaKWX, Kak IoJoMHUT W kBaprl [20]. YcraHoBieHO, 9TO
noOaBlieHNE KBaplia CHIDKAET TeMIIepaTypy IUTaBICHHS H3-3a
00pa30BaHMs JETKOIIABKUX CHJIMKATOB MapraHIia. Bricokoe
CoJlepKaHNe KBapIla TaKke MPUBOINUT K CHIDKEHUIO YHEPTHU
AKTUBAIINY TPOIIECCOB TUTABJICHUS U BOCCTAHOBIICHUSL.

JlonoMuT OKa3bIBae€T MPOTHBOINOJOXKHBIA 3(hdeKT, mno-
BbIlllag TEMIICPATypy IJIaBJICHUA. 3Hepr1/1;1 aKTHUBallUK I10-
BbINIACTCA C YBCIIMYCHUEM COJACPIKAHUA JOJIOMUTA, YTO IPU-
BOJIUT K OoJiee MEJICHHOMY BOCCTAHOBJICHHIO. I'paHyIBI C
€CTEeCTBEHHBIM BBICOKHM coaepkanneM CaO u MgO Taxoke
UMEIOT HU3KYI0 CKOPOCThH IJIaBJICHUS/BOCCTAHOBIICHHUS. AT-
JIOMepar ¢ BBHICOKHM conepkanneM SiO2 UMeEeT CaMylo Bbl-
COKYIO CKOpPOCTH IUIaBJIEHHUsI M BOCCTAHOBJEHUS CPEIH HC-
CJIC/IOBAaHHBIX CHIPHEBBIX MAaTEPHAJIOB.

Bricokoe cozepkaHHe KHCIOTHBIX OKCHJOB IPHBOJMT K
CHIDKEHHUIO TEMIEPaTyphl IUIABJICHUS U YBEJINUCHUIO KOJIHWYe-
CTBa XHUIKOH (a3bl, TOCTYIMHOM Ul BoccTaHOBJIEeHUs. Hamu-
YHe JIETKOTUIABKHUX CHIIMKATHBIX U alTIOMHHATHBIX (Da3 B CHIPhE
TIPUBOINUT K CHIDKCHUIO TEMIIEPaTyphl IUTABJICHUS U TIOBBIIIIE-
HUIO CKOPOCTH BOCCTAaHOBJICHHS COCAMHCHHWH MapraHia B
Oonpiieit crenienu, yem SiO2, 700aBIAEMBIN B IITUXTY.

C Hcronp30BaHAEM BBICOKOTEMIIEPATypPHOH yTIIepoaHO
TpyO4aTON MEYH MCCIIEIOBAHO BOCCTAHOBJICHHWE OKATBIIIEH
MapraHueBoi py/bl, cojepkamux yriepos [29]. Pesynbrars
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SKCIIEPUMEHTOB IIOKA3aJH, YTO IPOIECC BOCCTAHOBICHHSA
METaJUIOB MPOUCXOAUT B JIBE CTATUH: CKOPOCTH B3aWMOJICH-
CTBHSI Ha MEPBOM CTAJIUU OMPEILIIACH XUMUICCKIMHU PEeaK-
vy Mexxay FeO, MnO u yriepoaHbIM BOCCTAHOBUTEIEM,
JHeprus aktuBaiuu coctabisuia 28.85 xJx/monb. Ha BrO-
pO¥i cTajauu, KOra YriaepoIHbI BOCCTAHOBHUTENb 3aMEHSIICS
CO, ckopocTths peakuuu peryiupoanach aupoysueit CO B
TBEpJbIC MPOAYKTHI, ¥ COOTBETCTBYIOIIAs HEPIHs aKTHBA-
muu coctaBisuia 86.56 k/[x/Moms. CKOpPOCTh peakIiy BTO-
poii craguu ObLTa MEHBIIIE, YeM TICPBO.

Bricokas TOPHCTOCTh YTOJNBHBIX OKATHIIICH BIHSET Ha
MEXaHHYECKYI0 IMPOYHOCTh W CTENEeHb IPEeIBAPUTEIHLHOTO
BOCCTaHOBJICHHUS, B TO BpeMsl Kak (opMa M pa3Mep yriepo-
JIUCTBIX OKATBIIIEH OKa3bIBalOT CHIIbHOE BIIMSHHE Ha Cerpe-
ranuio U ra3ornpoHUIaeMOCTh IPU BOCCTAHOBIICHUH PYIbI.

H3ydyeHna peakinuoHHasi CIOCOOHOCTh ETHIETCKHX Map-
TaHIEBBIX Py JAJsI UCIOJIb30BaHU B MPOU3BOACTBE (eppo-
MapraHIEBbIX CIUIABOB B 3JIEKTPOIYrOBOW MEYH C IOTpYyKe-
HueM [30]. YcraHOBIEHO, YTO OCHOBHBIMH MHHEpPAJIOTHYE-
CKUMH (a3aMH Tpex pPyA SBISIOTCS MHPOIIO3UT MnQOz u
rematut Fe;O3. OnpeznencHa MOPUCTOCTh BHIOPAHHBIX Map-
TaHIEBHIX pyA. PeaknmoHHas CHOCOOHOCTH pyI OMpemems-
Jlach MyTeM WX HpPEeABAPUTEIHHOTO BOCCTAHOBICHHUS CMECHIO
razoB CO u CO, mpu 900°C u 1100°C ¢ wucmosib30BaHHEM
TEpPMOBECOB. BoccTaHOBIEHHBIE pPyOBl HCCIEIOBAIN C IIO-
MOIIBIO PEHTIeHO(a30BOr0 aHAJIKM3a U CKaHUPYIOIIETo dJIeK-
TPOHHOTO MUKPOCKOIIA. Pe3ynbTaThl MOKa3aiu, 4T0 MHPOJIIO-
3T B Py/ax C BBICOKUM U CPEIHHUM COJICPKaHHEM MapraHiia
nosiHOCThIO mpeBpamaercss B MnO mpu 1100°C, B pynax c
HU3KMM COJiep)kKaHHeM MapraHua ¢opmupyrorcss MnO u
Mn30,. CnemoBarenbHO, pyabl C BBICOKAM M CPEIHHM CO-
nepxxanneM MnO», kak 6osee peakKIMOHHOCIIOCOOHBIE, BOC-
TpeOOBaHBI B MPOM3BOJCTBE BBICOKOYTIIEPOIUCTOTO (eppo-
Maprasiia.

JKemesucTele MapraHIEBBIE PYIBI COAEPKAT BBICOKHE
KOHIICHTPAIIMHM JKeJe3a M HWMEIOT HH3KOE€ COOTHOIICHHE
Mn/Fe u He MOAXOIAT AJsl MPOU3BOJCTBA CHIIMKOMAapraHIla
craniaptHoro kadectsa [31]. TepMoxuMuueckoe MOAEIHPO-
BaHME TIpoliecca MJIaBKH CHIIMKOMAapraHia ¢ MCIOJIb30BaHU-
€M PYJHOI cMecH U3 jkene3oMmapraniieBoii pynsl (60 mac. %)
W 1IJJaKa IIPOM3BOJICTBA BBICOKOYIJIEPOIUCTOrO (heppomap-
radna (40 mac. %) ychemHo mpeacka3ajo XUMHYECKHH co-
CTaB IIUTaKa U €T0 BIMSHUE Ha pacrpeneneHue Mn u Si Mex-
Iy TIJJAKOM U CIUIABOM.

CmraB cmmkomapranma SiMn sBisieTcss Hanboiee BOcC-
TpeOOBaHHBIM CpEAX MapraHIEBBIX CIUTaBOB. CHIMKOMapra-
HeII TOJTy4aloT ITyTeM COBMECTHOTO TIJIaBIICHHS B TIOTPYKHOM
JJIEKTPOAYTOBOM II€YM HWCTOYHHKOB KPEMHHUS, MapraHIia,
KeJie3a M yrJIepoJICOACPIKALIEr0 BOCCTAHOBUTEINS, OOBIYHO
yras 1 kokca [6]. OCHOBHBIMU MCTOYHUKAMU MapraHiia siB-
JSIFOTCSL MapraHieBasi pyla M >KeJe30MapraHueBblil Ak,
SIBJISIFOLMICS. TIOOOYHBIM TPOJYKTOM MPOHM3BOJACTBA (eppo-
Maprania. MCTOYHHKAMH KPEMHHUS SIBJSIOTCS MPUPOIHBIN
KBapIl (PEYHON TPaBHii) WM NIIAK, 3aKYMacMbI y IPOHU3BO-
mureneii ¢eppocmmuiusa. Celppe OOBETUHSECTCS B IIUXTY
(KoTOopasi MOXKET TaKKe BKIOYATh JPEBECHYIO MICIY, JOJIO-
MUT ¥ (IIFOC) ¥ BBOJIUTCS B IEUb, TJIE CUCTEMA JIICKTpHUYC-
CKOro TpaHC(opMaTopa MOJACT CHIBHOTOYHBIA HU3KOBOJIb-
THBIA TOK B IIUXTY 4Yepe3 YIICPOIHBIC 3JICKTPOJIBI. 3apsia
HarpeBaetcsi 70 temreparypbl 1300-1400°C. Ilpumecu u3
PYOBI WIN APYTHX NCTOYHHKOB MapraHIa BHICBOOOXKIAIOTCS
1 00pa3yroT Hulak, KOTOPHIA MOJHMMAETCS HABEpX IMEYH U
TUTaBaeT MMOBEPX PACIUIABICHHOTO CHIIMKOMAapPTaHIa.
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Iocne naBky pacIUTaBICHHBIA CHIMKOMApPTaHel[ U IIIaK
YAAISIOT («BBITYCKAOT») W3 IMMe4d. PacIulaBICHHBIA CHITU-
KOMapraHel 3aJIUBaOT B OOJbIIHe GOPMBI (TaK Ha3bIBAaEMbIC
«OTIIUBBI»), TE€ OH OXJaXHaeTcs W 3aTBepaesaer. llocie
TOT0, KaK CIUIAB 3aTBEPICET, KOKIIN ONOPOXKHAIOT, a CIUIaB
W3MENBYal0T Ha MENIKHe KYCOYKH U MPOCEHBAIOT /IO JOCTa-
TOYHO OIJHOPOJHBIX pa3MmepoB. Ha pucynke 4 mpezicraBieH
OCHOBHOH TIpoIiecc TMPOM3BOJICTBA CIIMKOMapraHma u dep-
pomaprania Ha 3aBoje Eramet Marietta.
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Pucynok 4. Texnonozuueckas cxema [6]

CunukaTsel Mapratia, o0pas3yromuecs: B mporecce Mmpej-
BapUTENbHOW 00pabOTKM MapraHIEBBIX PYA, SBISIOTCS OC-
HOBHBIMH COETMHEHUSIMH st Tiosrydenust SiMn [32]. TIpen-
ToJIaraeTcs, 9YTO MapraHell U KPeMHHH B CHIIMKaTaX BOCCTa-
HaBJIMBAIOTCS yrieponoM 1o Mn7Cs u SiC, COOTBETCTBEHHO,
a 3aTeM KapOuapl B3aMMOAEHUCTBYIOT C 00pa30BaHMEM CILIa-
Ba. CuntesnpoBaH MnSiOs, a 3aTeM ¢ IPUMEHEHHUEM METO-
JIOB PEHTIeHO(]a30BOro aHalin3a, CKaHUPYIOIIEH 3JIEKTPOH-
HOH MMKpPOCKONHUH, PEHTI€HOBCKOH (DOTOIMHCCHOHHOM
CIIEKTPOCKOIIMU M TEPMOJMHAMHUYECKOTO aHaJIM3a HCCIEN0-
BaHA PEaKIys B3aMMOJCUCTBUS CHUJIMKATAa MapraHiia ¢ yrie-
POIOM M TpEIUIOKeH MeXaHu3M BoccraHoBiieHHs MnSiOs.
ITokazano, yto MnSiO3 cHagaia ObUT BOCCTAHOBJICH J0 Kap-
oumoB mapranma u SiOz, a 3atem SiO2 OBIT BOCCTAaHOBIICH
KapOumamu c obpasoBanmeMm ciuraBa SiMn. [IpomexyTod-
HBIH MpoAyKT Mn7C3 WrpaeT pemarmuryio poib, MOCKOIBKY
SiO2 jlerye BocCcTaHABIMBAETCS paciulaBiIeHHbIM Mn;Cs, yem
yrieponoM. Kpome Toro, BBISIBICHO pa3iioKeHHE CIUIaBa
SiMn no kepamuku SiC npu 1700°C, 4TO CBHIETEIBCTBYET O
XPYITKOCTH MPOMBIIIEHHOTO TPOAYKTA U3 cIuiaBa SiMn.

Nzydeno karanutuueckoe aevicteue Na,COs Ha BoccTa-
HOBJIEHHE jkene3oMapranieBoil mmunenn (MnFe.Os) ¢ unc-
NOJIb30BaHHEM OHOYINISL B KauyecTBe BoccTaHoBHTenmst [33].
TepMoIuHAMHUYECKHI aHaIH3 ToKa3a, 4To MnFe;O4 MOXKHO
BoccTaHoBUTh 0 MnO u Fe mpu 500-700°C. DkcniepuMeH-
TaJIBHO YCTaHOBJIEHO, UYTO >KeJIe30MapraHiieBas MIITHHEb
ToJIBeprajiach CTyINeHYaToMy BoccTaHoBJIeHuto mpu 1050°C
B TeueHue 30 MuH. D((HEKTHBHOCTH BOCCTAHOBIICHHUS OblIa
3HAYMTEIIBHO yiyullieHa npu aobasnenuu 5 mac. % Na;COs,
0 YeM CBHJETEJILCTBYET OoJiee BBICOKAsl CTeNEHb MeTaluIn3a-
un skenesa. JJodasnenne Na,CO3z Takxke IPUBEIIO K CHHXKE-
HHUIO HAyaJbHOM TEMIIepaTypbl pPEeaklMH BOCCTAHOBJICHHS
npumepHo Ha 200°C. PacueTs! mokasany, 4To B pe3yJsbTare
peakumu mexny Na,COz m kinactepom Cs4 u3 Ouoyris Ha
nosepxHoctH NapCO3 00pa3yloTcst KUCIOPOAHBIE BaKaHCHHU.
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3aTeM STH BaKaHCHM 3allOJHAIOTCS aTOMaMH KHCIIOpoJa
COg2, 06pazys CO, KOTOPEIH 1ecoOpOHPOBAIICS C TTIOBEPXHOCTH
Na,COz 1o Toro, Kak OH Y4acTBOBaJl B BOCCTAHOBJICHHH.
Co3naBasti KMCJIOPOJHbIE BaKaHCHU B PE3YJIbTAaTe PEaKLUU C
yrieponoM, Na,CO3z urpaer KaraluTHYECKyl0 poJib B IIPO-
1ecce BOCCTaHOBIICHHSI.

PaccMoTpeHBl 0COOCHHOCTH TEXHOJIOTHH BBIIIABKH CH-
JMKOMapraHiia B IIAXTHOM pyAHO-TEPMUYECKON IedH, pac-
TIpeeNieHIe TOKOB, TEMIEPATYPHBIH M MUIAKOBBIHA PEKUMBI
[34]. TIpenmokeH MeXaHW3M BOCCTAHOBJICHHS MapraHiia H
KpeMHHs, B KOTOPOM BEIYIIYIO POJIb UTPAIOT 00pa3yronecs
B KOKCOBOM CJIO€ KOMIUIEKCEI, COCTOSIINE U3 Kalelb BBICO-
KoyriepoaucToro pacmiaBa Fe-C-Mn u  3aKitroueHHBIX
BHYTPH HHMX MEJIKUX YaCTHUL YIJIEPOAUCTOrO BOCCTAHOBUTE-
ast. Iloxa3aHo, YTO MpHM TNPOXOXKAEHHM TaKUX Karlelb-
KOMIIJIEKCOB 4epe3 CJIOH MIJIAaKOBOTO paciulaBa OCYIIEeCTBIIS-
eTCsl JIOBOCCTAHOBJICHHE MapraHlia M KpeMHHs U3 IIUIaKa.
HpOBe[[eHI)I MMPOMBINUICHHBIC MCIBITAHUA IIOJTYKOKCa IIpU
BhITUIaBKe (eppocuinkomaprania B nedax PKO-25 na Ta-
pasckoMm Metamryprudeckom 3aBone (Kasaxcran) m 3aBome
Geoferrometal (I'py3usi), KOTOpBIE TMOKA3aIHd BBHICOKYIO TEX-
HUKO-9KOHOMHYECKYI0 3(P(PEKTHBHOCTh TPUMEHEHHUS IOITY-
Kokca B3amMeH 50% KOKCOBOI'O OpellKa.

B npoMbInuTeHHOH npakTHKe 171 TUIaBKH (peppocCInIaBoB,
B OCHOBHOM, IIPUMCHSIOT JOMEHHBIN KOKC U OTXOMBI, 00pa-
3YIOIIUECS TIPU €ro cOpTUpoBKe. OAHUM M3 TaKHX OTXOJOB
SBIIIETCS. KOKCOBBI OpEX, KOTOPBI NPUMEHSETCA B Kade-
ctBe BoccTaHoButens [35]. HMccnemoBaHa BO3MOXKHOCTH
3aMEHbl KOKCOBOTO OpEIIKa BBICOKO30JBbHBIM KOKCOM H3
yraeid Kyy-4ekckoro MecTopokIaeHHs Ui BBIIUIABKU (ep-
pocuiMKoMapraHna. 305a Kyy4eKCKOTO KOKCa COJAEPKHT
Gosnee 60% nMOKCHIA KPEMHUS, YTO IO3BOJIICT CHU3UTH
pacxox KBaplWTa, HCIOJIB3yEMOI'0 IPU HPOMBIIUICHHON
BhIIJIaBKe (heppocunmukomapranna. ConepkaHue TIMHO3EMa
6osiee 20% B 30J1e KOKCa TPUBOAUT K TIOBBIIICHHUIO TEMIIEpa-
Typbl Hadajia IUIaKooOpa3oBaHMs M 00pa30BaHUIO OTHOCH-
TEJNFHO TYTOIUIaBKHUX TIIMHO3EMHCTHIX IIJIAKOB. DTO CIIOCO0-
CTBYeT WHTEHCHU(HKAIIMH 3JIEKTPOTEPMHUUIECKOTO IpoIecca
BBIINIaBKK  (eppocmiimkomMapranmna. [lomydeHa ombITHAs
napTusi eppocrIIMKoMapraniia cocrasa, B Macc. %:. Mn —
69.59; Cu — 18.09; P - 0.11; S-0.018; C — 2.2. OToOT cocTaB
COOTBETCTBYET (eppOCHINKOMApraHily Mapku MnSiiz 1o
T'OCT 4756-91. KoapdunmeHTsl HU3BJICUSHUS MapraHia u
KkpemHUs cocTaBuin 87.2% u 38.9%, coOTBETCTBEHHO.

OcymecTBieHa BEIIUIaBKa paQHAPOBAHHBIX MapOK (ep-
poMapraHna ¢ IpUMEHEHHEM KPEeMHHHaTIOMHHHEBOTO BOC-
cranoButens [36]. YcraHoBieHa BO3MOXKHOCTh MOJTYYCHHUS
cpenHeyriaepomucToro  (eppomapranma Mapku FeMn-
80C20LP (MCO 5446-80). Crenenp u3BinedeHHs U dpQek-
THUBHOI'O HCIIOJIB30BAHHUA OCHOBHBIX 3JICMCHTOB IOOCTHUIACT
51.1-51.2% wmapranua, 54.5-59.8% kpemuus u 82.5-89.5%
AMIOMHUHUS. B cBsi3u ¢ TeMm, YTO cojepkaHHMe MapraHua B
(eppomapraniie 3aBUCHUT OT €ro COJIep)KaHHsl B BOCCTAHOBH-
Tese, He0OXOIUMO HCIOJIh30BATh AMFOMOCIIMKOMAapTaHell ¢
coxepkaHueM mapranHua He meHee 40-45% u BBICOKO30I1b-
HBIE YTJIU C 30JbHOCTBIO MeHee 42%.

OmHAM W3 BO3MOXKHBIX CHOCOOOB WICIIONB30BaHHS II0-
OOYHBIX MPOAYKTOB METALTyPTHIECKOTO MPOU3BOJICTBA,
TaKWX, KaK METAIUIMYCCKWHA JIOM, IIDIAK, KOJIOIITHHUKOBAS
IbIJIb U APYTU€ OTXOMABI, SABJISACTCA UX UCIIOJIB30BAHUE B Ka-
YCCTBEC ChIPbA JJId MPOU3BOJACTBA MPOMBIIIIIICHHBIX METAJIJIOB
WJIN CIIJIaBOB. HpOBe)IeHI)I OKCIICPUMEHTBI 1O TOJIYYCHHUIO
(heppoCHIMKOMAapraHIeBOro CIulaBa C HCIIOJIb30BAaHUEM B
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KauyecTBE CBIPbS MapraHieBOd pyAbl M MEACIUIaBHIHHOTO
nuiaka [37]. MapranmneByio pyny, MeIeIIaBIIIBHBIN IUTaK U
YTOJIb CMEIIMBAIN B Pa3IM4YHBIX mponopruax. CMmecu mpec-
COBAJIM B OpPHUKETHI HA THAPABINIECKOM TIpecce, ¢poTorpadun
OpuKeTa 10 ¥ 1OCIE BOCCTAHOBIICHUS], METAJUIONPOLYKINHT U
IIJ1aKa IPEJICTAaBICHBI HA PUCYHKE 5.

\:. Metal products.

b. Briquette, after
reduction.

a. Initial briquette,
before reduction.

d. ISIag.

Pucynox 5. Tunuunwtit 6puxem 00 u nocie 60ccmano6ieHus,
1550°C [37]

BpukeTsl OBLIM BOCCTAaHOBICHBI OMTYMHHO3HBIM YIJIEM
mpu Temneparypax Boraepxkku 1450, 1500 u 1550°C. VYcra-
HOBIICHO, YTO TpH Ao0aBKe Menu B miaBKy 1o 60% comep-
JKaHWE W W3BIICUEHHE MapraHia M KPEeMHHUS B MeTaluInde-
CKOM TIPOIYKTE YBEIUYHMBAIOTCS C TTOBBIIICHUEM TEMIIEPaTy-
PBI, @ JKelie3a ¥ MEJM YMEHBIIIA0TCSI.

IIpoBeaeHBI SKCIIEPUMEHTHI 110 TUIABKE CHIIMKOMAapraHIla
C WCIOJIb30BAaHUEM PYyJIHON CMecH, COCTOsIIEH W3 Keye3u-
CTO-MapraHUEBOil pyAbl U I1UIAKA BBICOKOYIIEPOJUCTOIO
(deppomaprania, Ha OCHOBE MOJAEIUPOBAHUS TEPMOXUMHYE-
ckoro paBHoBecwust [31].

OKCIIepUMEHTHI 0 TUTaBKE MPOBOAMINCH B TOTPYKHOM
IYyTOBOH Ie4r, COCTOSIIEH 13 rpaduTOBOTO TUTIS H Tpadu-
TOBOTO DJIEKTPOJA, CTOHKHU AeprKaTells AIIEKTPOAa, OTIOPHOM
IUTATHL ¥ OTHEYTIOPHOH 00010uku. Bo Bpems paboTHI 3ieK-
Tpox U 06a3oBas yriaepoaHas IUIACTHHA OBLIM TMOIKITIOYCHBI K
($a30Boii TOUKE W HEHTPaJbHOM TOYKE MCTOYHHMKA MEPEMEH-
HOT'O TOKa COOTBETCTBEHHO (PUCYHOK 6).

Graphite electrode —»
[Phase]

(Netral)

Pucynok 6. Cxema IxcnepumeHmanbHoll ycmanoeKu 01 uc-
cnedosanus nnaeku [31]

TepMOXUMHUYECKHE PAaCcUEThl, OCHOBAHHBIC Ha JOCTYITHBIX
0a3ax OaHHBIX TEPMOAMHAMHKH, OBUTH HCIIONB30BAHBI IS
MPOTHO3UPOBaHHS TEOPETHYECCKOH OCHOBHOCTH BXOIHOM
wuxThl W BxomHoro 3HadeHus R (CaO +MgO/ AlOs, B
Macc. %) A7 ONTHMAIbHOTO U3BJICUYCHUS cruiaBa. TepMoXu-
MHYECKOE MOICTUPOBAHUE MPOLEcca YCIEIHO MPencKa3ano
XUMHYECKHI COCTAaB LUIaKa M €ro BIHSHHE Ha pacrpeierne-
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HUE Mn 1 Si MEXy IUTAKOM H CIDIABOM. DTOT METOJl MOXKET
OBITH PAcCIPOCTPAHEH Ha JPYTHE MPOIECCHI TUIABKU (eppo-
CIJIAaBOB HA OCHOBE KPEMHUSI.

W3zydeHo BiusiHUE coziepkaHusi Mg Ha MUKPOCTPYKTYpY U
MeXaHH4YecKrue CcBoiicTBa crutaBa Al-xMg-2.0Si-0.6Mn [38].
MuKpocTpyKTYypy, ($a3oBblii cocTaB U MOP(]OJIOrHIo H3I0Ma
CIIaBa ONpEIEUIM METOaMH CKaHHMPYIOIEH AJIEKTPOHHOM
MHKPOCKOITUH, IIPOCBEUUBAIOIIEH AJIEKTPOHHOH MUKPOCKOIIUH
1 PEHTTEHOCTPYKTYPHOTO aHAJIN3a. Y CTAaHOBJIIEHO, UTO C YBE-
JIWYCHHEM COJCpKaHus Mg yBEIMUIHMBACTCA KOJIMYECTBO
ynpounstomux ¢a3. [Ipu conepxxannu 5% Mg ciulaB umeer
MaKCHUMAJIBHBIA Tpeesl MPOYHOCTH NPU PACTSHKEHWH U TIpe-
nen Tekydectu 227.22 Mmna u 136.55 MIla, cooTBeTCTBEHHO.
Kpowme Toro, BbIsIBIIeHO, 4TO ToueuHas (aza MgySi cymiecTy-
eT B CIUIABE U COCyIIecTByeT ¢ ToyeuHoit a-Alis(Fe, Mn)szSio.
U3 ¢asoBoit muarpammbl ciepyer, uto (asa o-Alis(Fe,
Mn)3Si> sBASETCST BEPOSTHBIM CYOCTpPAaTOM VISl 3apOKACHHUS
dbazer MgoSi.

CuHTE3MpOBaH MapraHIEBbIA arioMepar U3 IulaKa mpous-
BozicTBa FeSiMn 1 MapraHIeBbIX KOHIIEHTPATOB, MOIYYEHHBIX
W3 HU3KOCOPTHBIX MapraHIeBbIX pyx, ¢ pasMepom gactui 0-
2 MM [5]. KoHeuHBIIf MapraHIeBBIH arjioMepar, ColepKamui
32.3% Mn u 28.3% SiO,, 6blT 106aBIEH KaK 4acTh 3arpy3KH
npu ipon3BojicTBe FeSiMn.

HccenenoBaHa KMHETHKA CENEKTHBHOTO OKHCIICHHS CIIIABOB
JKeNe30-MapraHell-KpEMHUH ¢ pa3iIM4HBIM COJlep’)KaHHEM KpeM-
Hus npu Temnepatype 700°C u mapuuaibHOM JaBICHUU KHC-
nopopa 2.9-10-22 6ap B TeueHue 10 2 yacos [39]. YcraHoBICH
JIMHEIHBIM PUPOCT Macchl ¢ TeueHreM BpemeHu. [Ipenmonara-
€TCsl, YTO TOTJIONIEHNE KUCIOPO/a SIBJISETCS CTauel, KOHTPO-
JMpPYIOLIEH CKOPOCTh peakuud. | ITyOnHa OKHUCIICHNUS, 0COOCHHO
BZIOJIb TPAHUI] 3€PEH, 3HAUUTEIFHO BO3PACTACT C yBEIMICHUEM
COZIepKaHMsl KPEMHUS. BBISBIECHBI pa3iuuusi B MUKPOCTPYKTY-
pe ¥ TPHUIOBEPXHOCTHOW XHMHHM CIUIABOB B 3aBHCHMOCTH OT
CoZlepKaHMsl KpEMHUS. Pe3ynbTaThl yka3pIBaloT Ha PELIAIONIYIO
POJIb TOHKOTO OKCHIHOT'O CJIOsI, TBEpIOTo pacTBopa Mexay FeO
1 MnO, B mipoliecce OKHCTICHUS.

Haunbosnee mmpoko HCHOIB3YEMBIM METOAOM IPOHM3BOII-
CTBa METAJUIMYECKOT0 MapraHia SIBJsIeTCs TUPOMETaLTypriu-
YeCKHi Croco0 IJIaBICHUS] MapraHIeBBIX KOHIIEHTPAaTOB B
pyaHo-TepMudeckoit neun. MccnenoBaHusi, MpoBEACHHbIE 110
JNIEKTPOIUIABKE ariIoOMepaToB W OKAThIIIEH, MOIYyYSHHBIX U3
pYAHOH MeNoYM M MIIaMOB, TOKa3auu 3(PQEKTHBHOCTH WX
WCTIONB30BaHMS [UIs TIPOM3BOJICTBA (PepPOMAPraHIIEBBIX CILIa-
BOB. [IpoBeneHO TEPMOXUMHYECKOE MOEINPOBAHHE IIPOLEC-
ca IUIaBKU JUIS pacdeTa XMMHYECKOTrO0 COCTaB IIaka W pac-
TIPE/IeNICHUs] OCHOBHBIX 3JIEMEHTOB MEXIy IIIAKOM M CIUIa-
BoM. Iloka3aHo, 4YTO IpollecC BOCCTAHOBJIICHHS MapraHna
3aBHCHT OT psijia (JaKTOpOB: KOHCTPYKIHH TI€4H, TEMIeparTyp-
HOro M MUIAKOBOIO PEXKHUMOB, IUIABAMINXCA W BOCCTAHOBHU-
TEIBHBIX CBOICTB MapraHILEBOTO ChIPbs, IPUPOJIBI BOCCTAHO-
BUTEJICH U (IIFOCOBBIX MaTCPHANIOB.

6. BoiBoabI

HaxkorieHre TBepIpIX MPOMBINLICHHBIX OTXOJOB CO3JIAcT
CEpPBhC3HBIC 3KOJIOTHUYCCKHE MPOOJIEMBI, TaKUe, KaK 3arpsi3He-
HHUE TIOYBBI, TPYHTOBBIX BOJ U BO3IYIIHOM CpE/Ibl, OKa3bIBACT
BpEIHOC BO3JICHCTBHE HA 3I0POBBE YCIOBEKA. B CBsI3U ¢ 3THM
nepepaboTKa M U3BJICYCHUC [ICHHBIX KOMIIOHCHTOB M3 TEXHO-
TCHHBIX MCTOYHUKOB — PYTHON MEJIOYH, IIJIAMOBBIX XBOCTOB
oboraTuTeNbHBIX (aOpHK, TOPHBIX OTBAJOB TMPEACTABISICT
AKTyaJIbHYIO YKOJIOTHYECKYIO M TEXHOJIOTMYECKYIO 3a/1a4y.
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BoBneueHne B NpOMBINIICHHYIO NepepadOTKy TEXHOTECH-
HBIX OTXOJIOB ITO3BOJIUT ITOBBICUTH 3()()EKTUBHOCTD MapraHIie-
BOIO MPOU3BOJACTBA. Jlou3BieueHHE MapraHua W3 PpyAHOU
MEJIOYH, IIIAMOB I'PaBHUTAI[IOHHOTO OOOTAICHUS Maprasiie-
BBIX Py, LUIAKOB IIPOM3BOACTBA MAPraHIEBBIX CIIABOB U
COBEPILICHCTBOBAHNE TEXHOJIOTHUECKUX MIPOLIECCOB BBIIIIABKI
MapraHieBbIX (eppOCIIaBOB OOECTICUUT IMOBBIIIEHHE CKBO3-
HOTO M3BJICYCHUSI MapraHIla U3 MUHEPAIEHOTO CHIPbSI.

DuHaAHCHUPOBAHME

HUccnenosanne ¢uHaHcupoBanock KoMureToM mo Hayke
MuHHUCTEpCTBAa HAYKU U BBICIIEr0 0Opa3oBanus PecryOnuku
Kazaxctan (rpant Ne AP09258880).
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Kypambinaa TeMeH canaJjbl Mapraseni 6ap mukizatrapabl eHaey
apKbLIbI (peppoMapraHenTi KOpbITIA OHAIPICiHe apHAJIFaH
TyiipmikTep aay. Hloay

A.E. Tacranosa, E.W. Kennees, C.C. Temuposa®, I'.JK. A6asikuposa, A.A. buprokosa
Satbayev University, Memanrypaus sicone ken bativimy uncmumymst, Aimamot, Kazaxcman
*Koppecnondenyus ywin aemop: S.temirova@satbayev.university

Amngarna. KypaMmbIHma Mapraner; MeJiepi >Korapbl MUHEPAIJIBIK MIHKI3aT pECypCTapbIHBIH MEKTEY i 00TybIHa OaliTaHbICTHI
camachl3 KeHJep MEH TeXHOTCHIIK KaJIBIKTapAbl KOCBIMIIIA TIMKI3aT K631 peTiHAe KapacTeipyFa Oonaapl. Makaiaaa KypambIH/Ia
Mapradeni 6ap INHMKi3aTTaH MapraHell KOHIIEHTPATTAapblH ally apKbUIbI OaifbiTy, MapraHell YCakTapblH arjoMepanysiay jKoHe
arJoMepaTtTapasl (eppoMapraHer] TYHIpIIK KOpHITHaJapblH OalTKBITY apKeLIbl oHIeY OOWBIHINA 3epTTeyJIepre MOy JKacaiFaH.
Maprasenrig HeTi3ri MHUKi3aT Ke3Aepi cumaTTanrad. MapraHen KeHIepi YII HeTi3ri Typre OesiHemi: OKCHATI, KPEMHUII JKoHe
kapOoHatThl. 11IMKi3aTThIH TypiHe OaillaHbICTHI, OAMBITY SICIHIH TaHIAybl )KY3€re achlpbulajpl. MapraHen KOpbITIaTapbIHbIH
KOJJIaHy alMakrapbl CHIATTAIFaH: Kapa MeTaulyprusja OoyiaT MeH INOWBIH eHJipiciHae (eppoMapraHen; >xoHE
(eppocuKoMapraser| KoJjIaHa/Ibl, TYCTI METaJUTyprysiia KoJa, kKe3, aTIOMHUHUH )KoHe MarHUi KOPbITHATapbIHBIH KOMIILTIriHIe
JIETUPJICHTeH KOCAJIKBl METaJUl peTiHzAe KoigaHbuiaasl. KypamblHaa Maprasen 0ap TOMEH canalibl MIUKI3aTThl - KOHAUIMSIIBIK
eMeC KeHAEp MEH TEXHOTeHJIK KaJABIKTap/bl OalbITy HpolecTepi KapacThipbliFaH. Temip-mapraHen KeHJepiH OalbITy/bIH
NEePCHEKTUBANIBIK OaFbIThl MAaTHUTTIK ceraparysi O0JbI Tadbuia bl. MapraHenTi TEXHOTeH/IIK Ke3/ep/IeH - KeH/ YCaK 3aTTap/aH,
OaifbITy (haOpHKaJapbIHBIH MITaMIbl KaJIJbIKTaPbIHAH ally MaHBI3/Ibl SKOJIOTHSIIBIK JKHE MPaKTHKAIBIK MaHbI3bl Oap. MapraHer
YCaK-TYHEeKTepiH, OpUKEeTTepAi aly apKBUTBI arioMeparsuiay oficTepi, KBIIKBII JKOHE HETI3TI OKCHATEP KYPaMBIHBIH,
0alNMaHBICTHIPYIIEI MaTepHAIIAPAbIH KYPaMBIHBIH TYHIPIIIKTEpIiH KaCHETTEepiHe acepi CHMATTAIFaH. Op TYpIi (aKTopIapIbsIH
Maprasen] (heppOKOpHITIATAPEIH OalKBITY MPOIECiHe, MapraHel KeHi TYHIpPIIIKTepiH KajlblHA KEeNTIpyre >MOHe Ipolecc
OappICEIHA OONATHIH (ha3alIBIK ©3repicTepre acepi TypaIbl MAIIIMETTEp KeNTipiireH.

Hezizzi co30ep:’ Kypamvinoa mapearey 6ap mexHo2eHOIK Karlovlkmap, dauvimy, myuipulikmep, OAIKulmy, KOpblmnaiapol.

IepepadoTka HU3KOKAYECTBEHHOT0 MAPTAHEICOAEPKALIET0 ChIPbI C
MOJIyYeHHEeM OKAThILIeH IS MPOU3BOACTBA (peppoMapraHueBbIX
criiasos. O030p

A.E. Tacranosa, E.W. Kynsaees, C.C. Temuposa“, I JK. A6asikuposa, A.A. Buprokosa
Satbayev University, Hncmumym memannypeuu u obo2awenus, Aimamel, Kazaxcman
*Aemop onsn koppecnonoenyuu: S.temirova@satbayev.university

AHHoOTauus. B CBS3M ¢ OTpaHUICHHOCTHIO PECYPCOB MUHEPAIBHOTO CHIPBS C BEICOKMM COJCpIKaHHEM MapTaHIla HeKOHIU-
[OMOHHBIE PYIBl U TEXHOTEHHBIE OTXOJBI MOTYT PacCMAaTPHBATHCS B Ka4eCTBE JOMOIHHUTENBHOTO CHIPHEBOTO HCTOYHHKA. B
CTaThe IMpEeJCTaBlIeH 0030p MCCIEJOBAaHUN MO NepepaboTKe HU3KOKaYeCTBEHHOI'O MapraHelCO/EpIKaIlero ChIpbsi MyTeM €ro
oboraleHus ¢ 1MoJy4eHUeM MapraHIeBbIX KOHIIEHTPATOB, arJIoOMEpalii MapraHieBoi Menouu ¢ (OPMUPOBAHHEM OKAaThIIIEH
U IUIaBKM arjJioMeparoB Ha (eppoMapranieBble cruiaBbl. OXapakTepH30BaHbI OCHOBHBIE CHIPDhEBbIE MCTOYHHMKH MapraHiia.
MapraHuessle pyabl, TIOAPA3IEISIOTCA HA TPU OCHOBHBIX THIIA: OKCHJIHBIE, KDEMHHCTHIE U KapOoHaTHBIE. B 3aBHCMMOCTH OT
THIIa CBIPBSl OCYIIECTBIIETCS BBIOOP criocoba ero oborarieHus. Onncansl 001acT TPUMEHEHHUS CIUIaBOB MapraHiia: B YepHOH
METAUTYPTHU UX MCIOJB3YIOT B BUJE (peppoMaprania u ¢peppocriInKoMapratia npy IMponu3BOJCTBE CTAJIHM U YyryHa; B L[BET-
HOW METaJUTYpTHH KaK JISTHPYIOUIHA METalll B COCTaBe OPOH3HI, IaTYHH, OOJIBITMHCTBA ATFOMAHUECBBIX 1 MATHUEBBIX CIIABOB.
PaccmoTpeHsI mporiecchl 000TameHnss HU3KOKa4eCTBEHHOTO MapraHelCOAep KaIIero ChIpbs — HEKOHAUIIMOHHBIX PYX U TEXHO-
TeHHBIX OTXOZOB. [IepCrIeKTHBHBIM HampaBIieHHEM B 00OTaIlEHUH JKEIe30MapTaHIeBBIX Py SBISETCS MarHUTHAS CeTlapalys.
BakHOoe 3KONOTHYECKOe M MPAKTHYECKOe 3HAYCHHE MMEeT HM3BJICUCHHE MapraHIa W3 TEXHOTCHHBIX MCTOYHHUKOB — PyTHOU
MEJIOYH, MIAMOBBIX XBOCTOB 000TaTUTEIHHBIX (padpuk. OMUCAaHBI CIIOCOOBI arJIoMepaluil MapraHIeBOH MEJIOYH C MOTyYeHH-
€M OKAaTHIIIeH, OpUKETOB, BIUIHUE COAEP KaHUSI KUCIOTHBIX M OCHOBHBIX OKCHJIOB, COCTaBa CBS3YIOUINX MaTePHaJIOB HA CBOM-
cTBa oKaThbllei. [IprBeeHbl JaHHbIE N0 BIUSHUIO Pa3IMYHBIX (AKTOPOB Ha MPOIECC IUIABKM MapraHIeBbIX (eppoCILIaBoB,
BOCCTAaHOBJIGHUIO OKATBILIEH MapraHieBoi pybl U (ha30BbIM NPEBPAILECHUSIM, IPOUCXOISIIUM B X0JI€ IpoLecca.
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Abstract. In recent years, much attention has been paid to research in the field of increasing resistance to external influ-
ences, including the corrosion resistance of steels and alloys exposed to aggressive environments or high temperatures. Interest
in this area is due to the need to increase the service life of steel products, which will reduce the cost of most technological
processes. The most promising methods for improving the strength characteristics, as well as resistance to corrosion degrada-
tion, are the application of various protective coatings to steel, among the variety of which one can single out nitride coatings
that are highly resistant to corrosion and degradation caused by exposure to aggressive media. Also, one of the ways to in-
crease resistance to external influences is the methods of changing the dislocation density in the near-surface layer, which
make it possible to create a barrier layer for the penetration of oxygen and moisture through the protective coating. Based on
the proposed corrosion protection methods, this paper considers the possibilities of combining the methods of applying nitride
coatings and subsequent ionic modification in order to create a barrier protective layer against corrosion of 316L stainless steel.
During the studies conducted, it was found that the magnetron deposition of a nitride coating (TiN) on the surface of stainless-
steel leads to a hardness growth by 10-13 %, and the subsequent ion modification, performed by the action of low-energy N2+
ions on the nitride coating with different irradiation fluence, leads to an increase in strength by 50-70 % compared to the initial
value. As a result of corrosion tests to maintain the stability of strength properties, it was found that the most effective influ-
ence of ion irradiation is a fluence of 5x1013-1014 ion/cm?, leading not only to maximum hardening, but also to an increase in
the corrosion potential, the alteration of which indicates a decrease in the degradation rate.

Keywords: ion modification, TiN thin films, dislocation density, stress resistance, hardness, crack resistance.

1. Introduction ance of destructive inclusions [10, 11]. In the case of using
thin-film coatings that are highly resistant to degradation when
interacting with most various external factors, this technology
makes it possible to increase wear resistance, as well as service
life, which entails a reduction in economic costs and energy
resources [12, 13].

However, despite the prospects for using thin-film coatings
as anti-corrosion protective materials, a number of problems
remain, the solution of which will increase the service life of
materials, as well as enhance their resistance to mechanical
damage and high-temperature heating. One way to solve this
problem is to use the methods of ion or radiation modification
using low-energy ions or electron radiation [14-16]. This mod-
ification is based on the hypothesis that, during the interaction
of incident charged particles (ions) with the crystal structure of
thin films, energy transfer processes, accompanied by energy
transformation of kinetic energy into thermal energy, lead to
structural changes in film coatings and their hardening. Hard-
ening effects in this case are associated with changes in dislo-
cation density and size factors, which leads to an increase in
resistance to external influences, a decrease in the rate of struc-
tural degradation as a result of corrosion or high-temperature
heating.

The aim of this study is to explore the prospects for the use
of ion modification (low-energy irradiation with heavy ions) to

As is known, one of the most common types of steel is
316L stainless steel, which has high mechanical strength,
electrical and thermal conductivity, which allows it to be used
in a wide range of various practical applications, including
operation in aggressive conditions (exposure to aggressive
environments, acids, alkalis, high temperatures, etc.) [1-3]. At
the same time, the possibility of forming a passivating film on
the surface of the steel makes it possible to use this type of
steel under aggressive conditions of exposure, including inter-
actions with acids or alkalis [4, 5]. However, the protective
film that does not always form on the steel surface leads to
complete protection against corrosion processes, and in most
cases the degradation of the steel surface occurs through the
formation of pitting, accompanied by partial destruction of the
surface layer and subsequent volumetric degradation [6, 7].

One of the most promising ways to increase the resistance
to degradation processes caused by environmental influences
or external influences, including aggressive media, is the use
of thin-film coatings based on nitrides or carbides [8, 9]. This
modification method is based on a number of technological
solutions aimed at applying protective thin-film coatings to
metal parts of devices that are subject to corrosion or external
influences that can lead to surface degradation and the appear-
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change the strength properties of nitride coatings, and to de-
termine the effectiveness of the influence of magnetron sput-
tering of titanium nitride followed by ion modification to in-
crease corrosion resistance in aggressive environments.

2. Materials and methods

Thin-film coatings based on titanium nitride (TiN) ob-
tained by magnetron sputtering on the surface of steel 316L
were selected as objects for research. The thickness of the
deposited coatings was no more than 500 m. The thickness
determination was carried out using the ellipsometry method.

Surface modification in order to create a barrier layer in the
applied coating was carried out by ion irradiation, by irradia-
tion with low-energy N2+ ions with an energy of 40 keV and
fluences of 1013-1015 ion/cm?. The choice of the irradiation
fluence is due to the possibility of dislocation density for-
mation as a result of the interaction of incident low-energy
ions with the crystal structure of the deposited coating. The
formation of the dislocation density in this case is due to the
effects of energy transfer with subsequent transformation of
the kinetic energy of the incident ions into thermal energy
along the ion motion trajectory with the formation of structural
changes, initialization of recrystallization processes, and grain
crushing. The maximum possible projective range of ions in a
film based on titanium nitride is no more than 100-150 nm,
while 49% of the total incident ion energy is spent on ioniza-
tion processes, which indicates that structural changes associ-
ated with the processes of electron density alteration (as a
result of ionization during the interaction of incident particles
with the electronic subsystem), and deformation distortions as
a result of the interaction of incident particles with nuclei,
leading to the formation of primary knocked-on atoms are
equiprobable. In this case, the variation of the irradiation flu-
ence can lead both to hardening processes due to structural
distortions and changes in the dislocation density, and to the
opposite effects associated with partial sputtering or peeling of
the deposited coating at a high concentration of deformation
distortions in the structure associated with ion implantation.

The hardness assessment was carried out using the indenta-
tion method. The measurements were performed on a Duroline
M1 Metkon microhardness tester (Metkon, Turkey). The
measurements were carried out using the Brinell hardness
method at a maximum load value of 100 N. The measurements
were performed in the form of series (at least 25 measurements
on the sample), which made it possible to determine the aver-
age value of hardness, as well as the values of the measure-
ment error and standard deviation. The hardening effect was
calculated by comparing the hardness values of the modified
coatings with the hardness value of 316L steel measured under
the same conditions.

Corrosion resistance tests were carried out by measuring
the corrosion potential (CP) using the corrosion potential ver-
sus corrosion current method. The experiments were carried
out using a 0.1 M solution of sulfuric acid (H2SO4). The meas-
urements were carried out using a three-electrode cell in which
the sample was used as the working electrode, the platinum
electrode was used as the counter electrode, and the silver
chloride electrode was used as the reference electrode.

Measurements were made using a PulmSenc 4+ gal-
vanostat potentiostat, corrosion current was measured using a
galvanostat, and corrosion potential was measured using a
potentiostat. According to a number of works [17, 18], it is
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known that the corrosion potential is directly proportional to
the corrosion resistance, i.e. the higher the CP value, the high-
er the resistance to corrosion and, accordingly, the lower the
rate of degradation and corrosion.

3. Results and discussion

One of the important factors determining the modification
efficiency of 316L steel is the determination of its strength char-
acteristics, the change of which indicates a positive effect of the
proposed surface modifications. The results of this assessment
are presented in Figure 1 as a dependence of the change in the
hardness values of the samples before and after ion irradiation.
As a comparison, the hardness value measured for uncoated
316L steel is 1.53 GPa, which is in good agreement with the
data on the strength characteristics of this steel grade. During
magnetron deposition of a thin TiN film with a thickness of 500
nm, an increase in hardness from 1.53+0.05 GPa to 1.74+0.06
GPa is observed, which indicates a strengthening by more than
10% compared to the original steel (see data presented in Figure
2a). Such a small increase in hardness during the deposition of a
thin film can be due to the fact that the thickness of the applied
coating is rather small, and the coating itself, formed by magne-
tron sputtering, consists of rather large grains (more than 80
nm), which does not provide high resistance to external influ-
ences. In the case of ionic modification with a fluence of
1013 ion/cm?, a more than twofold increase in hardness is ob-
served in comparison with the initial value for steel and by more
than 13% in comparison with the applied coating.

The maximum efficiency in hardness increase is achieved by
irradiating thin film samples with a fluence of 5x1013 ion/cm?,
for which the hardness value is more than 2.6 GPa, which is
more than 70% higher than the hardness value of the original
steel and is 6 times higher than the hardness of coated samples.
Such an increase in hardness can be explained by the effect of
the so-called dislocation hardening associated with a rise in the
dislocation density in the modified layer, as well as a decrease in
grain size as a result of their crushing and recrystallization pro-
cesses (see data in Figure 2b) [19, 20].

The dislocation density alteration in the case of irradiated
samples is associated with the following processes that occur
when the samples are irradiated. Firstly, during the interaction of
low-energy ions with the crystal structure, due to the equiproba-
ble contribution of the ionization processes and displacement of
atoms, as well as the transformational transition of kinetic ener-
gy into thermal energy, the damaged layer structure undergoes
large changes associated both with a change in the electron
density distribution and with the displacement of atoms from the
crystal lattice nodes, which leads to the accumulation of defor-
mation distortions. In this case, the effect of the irradiation flu-
ence or the density of interacting ions with a crystal lattice per
unit area plays a very important role. When the calculated val-
ues of the diameters of the damaged areas that appear along the
ion trajectory are equal to 3-5 nm, the effect of deep overlapping
of these areas will be observed at fluences of 5x1013 ion/cm?
and higher. As a result, a sufficient concentration of deformation
distortions and residual stresses associated with the displace-
ment of atoms can accumulate in the structure of the damaged
layer due to deep overlap, which can lead to the initialization of
recrystallization processes and grain fragmentation, which in
turn leads to an increase in dislocation density (see data in Fig-
ure 2b).
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the original 316L steel); b) The evaluation results of the change in
dislocation density depending on the irradiation fluence
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An increase in the dislocation density, the value of which
is inversely proportional to the square of the grain size, leads
to the creation of additional obstacles to the propagation of
microcracks under external influences, which leads to
strengthening and the creation of a modified layer of increased
hardness. However, at a high concentration of deformation
distortions and residual stresses arising from high irradiation
fluences, the effect of supersaturation with dislocations can
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occur, which will lead to the appearance of deformed inclu-
sions in the damaged layer, which are in a metastable state, the
impact on which can lead to embrittlement or partial peeling of
the near-surface layer. In this case, hillocks can form on the
surface of the coatings, which are characteristic of the defor-
mation extrusion of the volume onto the film surface due to
structural distortions or the implantation effect.

Figure 3 reveals the data on the change in the corrosion
potential value obtained by analyzing electrochemical corro-
sion curves using a potentiostat-galvanostat. As is known, an
upward change in the corrosion potential (shift to the passive
region) is due to an increase in degradation resistance and a
decrease in the rate of formation of corrosion inclusions in
the form of pits or passive films. According to the data ob-
tained, the most dramatic increase in the value of the corro-
sion potential is observed for modified samples with fluences
above 1013 ion/cm?, for which, as shown earlier (see data in
Figures 1-2), an increase in hardness and hardening values is
observed. At the same time, the corrosion potential increase
in the case of unmodified coatings is no more than 4.5%,
while for samples with ionic modification, the corrosion
potential increase is more than 20%. Such a difference in the
values of corrosion potentials may be due to the fact that the
modified coatings have a barrier layer consisting of disloca-
tions and defective inclusions in the form of small grains,
which leads to an increase in degradation resistance during
corrosion.
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Figure 4 shows the data on the dependence of the change
in the hardness values of the test samples before and after
corrosion tests, reflecting the dependence of the change in
hardness and the degree of softening of the samples in the case
of corrosion and degradation. As can be seen from the data
presented, the most pronounced differences in hardness values
before and after corrosion tests are observed for unmodified
steel and coated samples. At the same time, in the case of
samples modified by ion irradiation at fluences above
1013 ion/cm?, the differences in hardness values are no more
than 2.5-3%, which indicates a high resistance of these sam-
ples to degradation of strength properties and softening during
exposure to aggressive media.

Figure 5 shows the data on changes in the values of the
corrosion potential and the softening of TiN films after cor-
rosion tests. The softening value was calculated based on a
comparison of data on the change in hardness values before
and after corrosion testing and is presented as a percentage.
In general, the presented data have a good correlation be-
tween changes in the corrosion potential and the softening
value, which also characterizes the resistance of materials to
corrosion processes. An increase in the corrosion potential,
indicating a decrease in the rate of degradation and the for-
mation of pits, leads to a decrease in the spread in the values
of hardness before and after corrosion tests, which in turn
indicates an increase in resistance to degradation. In this
case, it is also worth to note that the maximum efficiency of
stability and degradation resistance growth is observed for
the case when the samples were irradiated with a fluence of
5x1013 ion/cm?, for which, according to the data on hardness
changes, the maximum increase in strength parameters is
observed. In this case, despite the decrease in the value of the
corrosion potential with a subsequent increase in the irradia-
tion fluence, the amount of disordering remains practically
unchanged, which indicates that the effect of hardening and
an increase in the corrosion resistance of the modified films
is retained even with a decrease in hardness values in com-
parison with the maximum achievable effect of hardening
with ionic modification.
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Figure 5. Comparison of data on changes in the potential of
corrosion and softening after corrosion tests

Analyzing the data obtained, it can be concluded that the
use of methods of magnetron sputtering of thin TiN films
leads to an increase in degradation resistance when interact-
ing with sulfuric acid by 10%, while ion modification of thin

22

films leads to an almost 10-fold increase in resistance to
corrosion and degradation. This effect is due to the presence
of a high dislocation density, which leads to the creation of a
barrier layer near the surface, which creates obstacles for the
penetration of oxygen ions and the subsequent formation of
oxide inclusions or passive films in the surface layer, an
increase in the thickness of which characterizes corrosion
processes.

4, Conclusions

In this paper, the prospects of using ionic modification to
increase resistance to the external influences of titanium
nitride-based thin films obtained by magnetron sputtering
have been studied. N2+ ions with an energy of 40 keV and
fluences of 1013-1015 ion/cm? were chosen for modification.
During experiments, it was found that an increase in the
irradiation fluence leads to an increase in the hardness values
of coated steel from 1.74 GPa to 2.38-2.65 GPa, depending
on the irradiation fluence, while the steel hardness in the
initial state was 1.53 GPa. In this case, the strengthening of
the films is primarily due to a change in the dislocation den-
sity, as well as a change in the size factor associated with the
recrystallization and grain fragmentation processes caused by
irradiation.

In the course of corrosion tests, it was found that the
modification of TiN thin films by ion irradiation leads to an
increase in the corrosion potential and, as a result, a decrease
in the corrosion rate and degradation of strength properties.
The established dependences of the change in the value of
the corrosion potential and the resistance to softening of the
near-surface layer with the modified coating showed good
agreement between the change in the corrosion potential
value and the increase in stability.

Based on the data obtained, it was found that the most ef-
fective way to modify thin TiN films in order to increase
resistance to external influences and increase corrosion re-
sistance in an acidic environment is to irradiate films with
fluences of 5x1013-1014 ion/cm?. At these irradiation flu-
ences, the most effective improvement in the properties of
anticorrosion coatings is observed, while an increase in the
irradiation fluence above 1014 ion/cm? leads to a decrease in
stability, which is due to the effects of supersaturation of the
damaged layer with dislocations, which leads to the occur-
rence of deformation stresses and distortions in the structure
of the coating, and also reduces the stress resistance of coat-
ings to external influences.
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AHgarna.

KOPBITIIANAPJBIH KOPPO3UsAFa TO3IMJAUIINH Koca ajFaHja,

COHFLI KbUIAApbl KOPPO3UAIBIK OpTara HEMECC KOrapbl TEMIICpaTypara YIlbIparaH 6onaTTap MCH
CBIPTKBI

acepiepre TO3IMIUIKTI apTTBIpY CajlaChIHAAFbI

3epTTeynepre Kem KoHin Oeminmi. bynm OarpITKa JEreH KBI3BIFYIIBUIBIK OOJIaT ©HIMIEpPiHiH KbI3MET €Ty MEp3iMiH apTTBIPY

KOKETTUTIriMEH OailaHBICTBI, OYJI KONTETeH TEXHOJOTHSUIBIK TPOUECTePiH ©3iHMIK KYHBIH TOMEHJICTEII.

BepikTik

CHUITaTTaMaJIapBbIH, COHAAN-aK KOPPO3WSUIIBIK JACTpajalisra TO3IMIUTIKTI apTTBIPYIBIH €H IEepPCIeKTHBAIBI dmicTepi OomaTka
OpTYpii KOpFaHbIC XaOBIHAAPBIH KOJAAaHY OONBIT TaObUIaAbI, OJAPIBIH apacblHOa AarpecCHBTI OpTaJapAblH JcepiHeH
KOppO3WsIFa KOHE Jerpajanusra >KOFaphl TO3IMIUTIri 6ap HUTPUATI KaObHIApAB! axbIpaTyra Oomanpl. CoHOai-aK, CBIPTKHI
ocepIiepre TO3IMIUTIKTI apTTHIPYIBIH Oip ofici-KopFaHBIC KabaThl apKbUIBI OTTETi MEH BUIFANIIBIH CHYiHEe TOCKAyBUI KaOaThIH
KypyFa MYMKIHJIK OepeTiH OeTki KabaTTarbl JUCIOKAIMUIBIK THIFBI3IBIKTEI €3repTy oaictepi. Kopposusgan KoprayablH
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YCHIHBUTFAH 9JIICTEpiHE CYHEeHe OTHIPHIT, OV jkyMbIc 316L TOoT GacmalThiH OOJaTTaH TOCKAYBUT KOPFaHBIIN KAaOATHIH KYPY
MaKCaThbIHIa HUTPHUATI >KaOBIHIAPABI KOJNJAHYy OJICTEpiH JKOHE KeHiHHEH WOHABIK MOTUPUKAIMSIAYILl OipiKTipy
MYMKIHAIKTepiH KapacTelpisl. JKyprisiiren 3eprreyiep ToT OacmaiiTelH OosaTThlH OeriHe HUTpuATI >xaObiHAbl (TiN)
MarHeTpoHJIbl KOJNJaHy KaTThUIBIKTBIH 10-13% >KorapbulayblHa OKENETIHIH aHBIKTaJbl, al TeMeH OSHeprusuibl N2+
WOHJIApBIHBIH  9pTYpii cayinesieHy ¢uroeHci Oap HUTpUATI >kaObIHFA acep €Tyl apKbUIbl JKacajFaH KeHiHIl MOHIBIK
Moau(puKanus OacTalnKpl MOHMEH caibICThIpraHna OepikTikriH 50-70%-ra aprybiHa okenexmi. bBepikTik KacueTTepiHiH
TYPaKTBUIBIFBIH CaKTayFa apHaJIFaH KOPPO3HSIBIK CHIHAKTAPIBIH HOTHIKECIHIE HOH/IBIK COYNEeNeHYAIH eH Thuimui acepi 5x1013
-1014 von/cm? uroeHci GOJIBIT TaObLIATHIHB AHBIKTAJIBI, OYJI MAKCUMAIIIbI OEPIKTIKKE FaHa EMEC, COHBIMEH KAaTap KOPPO3Hs
MOTEHIMAJIBIHBIH )KOFapbIIaybIHA OKEJE 1, OHBIH 63repyi Jerpafanys )KblJIIaM/IbIFbIHBIH TOMEHACYIH KopCeTeIi.

Hezizzi co30ep: uonovix moougpuxayus, TiN ocyka niaenkanap, OUCIOKAYUS MbIZbI30bIRLL, CMpeccKe MmoO3iMOINIK,
KammuliblK, CblHy2d MO3iMOilIK.

Pa3zpaborka cnoco0a HanpaBJIeHHON MOAU(PUKAIMHA TOHKOIJICHOYHbIX
HUTPHU/IHBIX NOKPBLITHH [IJI51 MOBbIIIEHUS CONPOTHUBJISIEMOCTH
KOPPO3HOHHBIM IPOLECCAM CTAJIeH U CILIABOB
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AnHoTanus. B nociexnue rons! 60iblIoe BHUMaHUE YIEISETCS NCCIIEAO0BAHHUAM B 00JIACTH IOBBILICHHS YCTOHYMBOCTH K
BHEIIIHUM BO3JCHCTBHAM, BKJIOYas KOPPO3HOHHYIO CTOMKOCTh CTaleil M CIUIABOB, IIOJIBEPraloOlIUXCs JKCIUTyaTallMd B
YCIIOBHSX BO3ACHCTBHS arpecCHBHBIX CpEJ WM BBICOKMX TemIieparyp. MHTepec K JaHHOMY HAaIpaBiIeHHIO 00YyCIOBIEH
HEOOXOAMMOCTBIO IOBBIICHUSI CPOKOB JKCIUTyaTAallUHd CTaJbHBIX M3JENHH, YTO IIO3BOJUT CHU3HTH CeOECTOMMOCTD
OOJIBIIMHCTBA TEXHOJIOTHYECKUX TporeccoB. Haubosnee mNEpCHeKTUBHBIMA METOJAMH  TIOBBIICHHMS IMPOYHOCTHBIX
XapaKTEepUCTHK, a TaKKe YCTOMYMBOCTH K KOPPO3MOHHOM JErpajaliuyu SIBISETCS HAHECEHHE Ha CTalb Pa3jIMYHBIX 3allUTHBIX
MOKPBITUH, cpe MHOT0OOpa3nsi KOTOPHIX MOXKHO BBLICINTh HUTPUIHBIE MOKPHITHS, 00JIaIal0IUe BICOKOH YCTOMYHBOCTBIO
K KOPpPO3WUM W Jerpajaluy, BbI3BAHHON BO3JEHCTBHEM arpecCHMBHBIX cpel. Takke OIHMM U3 CIIOCOOOB ITOBBINICHUS
YCTOWYMBOCTH K BHEIIHUM BO3JICUCTBHUSM, SBJISIFOTCSI METO/Ibl U3MEHEHHUS! AUCIIOKAIMOHHOM MJIOTHOCTH B IIPUIIOBEPXHOCTHOM
clloe, MO3BOJIAIONIUE CO34aTh OapbepHBIM CIOH I MPOHMKHOBEHMS KHCIOPOJA M BJIArM CKBO3b 3alIUTHOE IOKPBITHE.
OCHOBBIBAsICh Ha NPEAJIaraeMbIX METOAAX 3alIUThl OT KOPPO3UH B JaHHOW pabOTe pacCMOTPEHBI BOBMOXKHOCTH COBMEIICHUS
METOZI0OB HAHECCHUS] HHUTPUIHBIX IOKPBITHH M IIOCIEAyIONIeil MOHHOW MOIMOGUKAMH C ILEJBI0 CO3A4aHHsA OGapbepHOro
3aIMTHOTO CIIOS OT KOPPO3HMHU HepikaBeromed craan 316L. B xone mpoBeneHHBIX MCCIIEAOBAaHMI OBLIO YCTAHOBIICHO, YTO
MarHeTpoHHOe HaHeceHHe HUTpuaHOro NokpeiTHs (TIN) Ha MOBEPXHOCTH HEpIKaBEIOWICH CTadd NPHBOIMT K HOBBILICHUIO
tBeprocty Ha 10-13%, a mociemyromas noHHasT MOMU(UKAIWSA, BBHIIOJHEHHAs ITyTEM BO3ACHCTBUS HU3KOIHEPTETHUYECKUX
noHoB N2+ Ha HUTPUIHOE TIOKPHITHE C PA3THIHBIM (DITIOEHCOM OOTYYeHHS MPUBOIMT K MOBBIIICHHIO ITpoYHOCTH Ha 50-70% B
CPaBHEHHUH C UCXOJHBIM 3HaYeHUEM. B pe3ynbTare KOppO3MOHHBIX MCIBITAHMIA HAa COXpaHEHHE CTaOMILHOCTH MPOYHOCTHBIX
CBOMCTB OBLIO yCTaHOBJIEHO, YTO Hanbosee 3pdeKkTHBHBIM BO3/eiCTBIEM HOHHOTO 00iy4eHus sBisiercs: ¢uroenca 5x1013-
1014 vion/cM?, IPUBOSIIME HE TOJBKO K MaKCMMAIbHOMY YIIPOYHEHHIO, HO U TIOBBIIEHHIO MOTEHIMAIA KOPPO3UH, U3MEHE-
HHE KOTOPOT'O CBUJICTEIbCTBYET O CHHXKEHUH CKOPOCTH JIerpaJaliiy.

Kniouesvle cnosa: uonnaa moouguxayus, TiN mouxue nienxu, niomHOCMb OUCIOKAYUL, CMPEccoyCmouiueocms, meep-
00CMb, CONPOMUBTAEMOCb PASPYULEHUTO.
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Effect of various phosphate inhibitors on corrosion of low carbon steel
in 3% sodium chloride solution
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Abstract. The inhibitory properties of various phosphate inhibitors were studied on low-carbon steel (St3) in 3% sodium
chloride solution. Standard gravimetric method and electrochemical measurements were used. It has been shown that adding
calcium manganese phosphate to a 3% NaCl solution in concentrations of 5-100 mg P,Os/l reduces the corrosion rate of St3.
The inhibitor efficiency at 100 mg P20s/l is 91.8%. Adding sodium polyphosphate at concentrations of 1-20 mg P2Os/L to the
chloride solution increases the corrosion rate of St3. The inhibitor efficiency of NaPQOj; at 100 mg P2Os/l is 24.4%. The results
of electrochemical tests obtained by taking and calculating polarization curves confirm the data of gravimetric measurements.
Using electron microscopy, it has been shown that uneven loose deposits with low protective properties are formed on the steel
surface in a 3% sodium chloride solution both without additives and with sodium polyphosphate additives. When sodium chlo-
ride (Ca, Mn)(POs), is added to the solution, ordered fine-grained deposits with high protective properties are formed on the
steel. IR spectroscopic analysis of deposits formed on the surface of St3 in 3% NaCl solution with addition of various phos-
phates was performed. It has been found that uniform coatings containing insoluble calcium hydrophosphates are formed in the

presence of (Ca, Mn)(POs)..

Keywords: corrosion, corrosion rate, inhibitor, inhibitory properties, inhibitor efficiency.

1. Introduction

Low-carbon steel (St3) is the main structural material from
which pipelines and systems of industrial and domestic and
drinking water supply are made. Steel of this grade has low
corrosion resistance in aqueous media [1, 2]. Therefore, the
task of ensuring the reliable operation of these systems in a
corrosive manner is urgent.

Violation of the established water supply mode due to cor-
rosion damages of steel pipelines can lead to serious equip-
ment accidents causing large material and environmental dam-
age [1, 2].

Corrosion of metal in water is an electrochemical process.
Products of cathode and anode reactions OH- and Fe2+
formed near the metal surface can slow down the corrosion
process [2-4]. The inhibitory effect of corrosion products is
found in cases where they are deposited in a uniform, relative-
ly dense and uniform layer in thickness. The possibility of
formation of such a layer is determined by the operating mode
of the water supply system and the chemical composition of
the water. A continuous flow of water at a speed of about
0.5 m/s favors the formation of a protective layer of corrosion
products [2].

Presence of increased concentrations of corrosion activat-
ing ions such as chlorides and sulphates in aqueous media
prevents formation of protective rust layers. Chlorides and
sulfates lead to the formation of loose, porous deposits of
corrosion products that slightly inhibit the corrosion process
and are easily washed away by water moving through the
pipes. Chlorides and sulfates contribute to localized corrosive

© 2023. A.S. Raimbekova, V.I. Kapralova, A. Dalbanbai, Sh.N. Kubekova, A.K. Popova

lesions. Their concentration is always higher near the anode
sites where the metal dissolution reaction takes place [2].

The most common method of corrosion protection of pipe-
lines and water supply systems for various purposes is inhibi-
tory protection [4]. The advantages of this method over others
are [4]:

- possibility of timely response to changes in corrosion sit-
uation;

- possibility of use for protection of pipelines that have
been in operation for a long time;

- there is no need to fundamentally change the existing
process diagrams;

- relatively low capital expenditures.

The main advantage of inhibition is the ability to control
the rate of corrosion. By changing the dosage of the inhibitor
or using inhibitors with various anticorrosion properties, it is
possible to reduce the corrosion rate to an acceptable level [4].

In world practice, organic compounds containing active
basic functional groups are widely used.

The authors of a number of papers investigated the use of
organic phosphonic acids to protect carbon steel from corro-
sion in neutral aqueous media and showed that they are quite
effective inhibitors [5-7].

Organic phosphonic acids are widely used as water treat-
ment agents due to their low toxicity, high stability and corro-
sion inhibition activity in neutral aqueous media [8-13].

The authors [12-15] studied the effectiveness of
propylphosphonic acid (PPA) as a corrosion inhibitor in com-
bination with the divalent cation Zn2+ by gravimetric and
electrochemical methods. It has been proven that a synergistic
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mixture of 75 ppm PPA and 100 ppm Zn2+ is an effective
carbon steel corrosion inhibitor that not only slows down the
anodic dissolution of carbon steel, but also reduces the oxygen
content of cathodic regions during corrosion inhibition.

Despite the high anticorrosive properties, inhibitory com-
positions based on phosphonic acids and zinc salts are not
widely used in Kazakhstan due to the lack of own production
and the high cost of imported reagents.

Currently, there is also a tendency to use in the protection
of water supply systems of the so-called "green" inhibitors,
which are water extracts of products of natural origin, and in
particular such as turmeric, saffron, oats, etc. According to the
authors [16], these inhibitors are mixed-type inhibitors and
their effectiveness increases with an increase in concentration
from 0.04 g/L and higher. These studies are still at the stage of
laboratory research.

Among inorganic substances, phosphate, silicate, chro-
mate, nitrite, boron-containing compounds are used as inhibi-
tors [2, 17-19]. However, despite the high efficiency, the use
of chromates and nitrites does not find practical use due to
their high toxicity [14]. The use of silicates is possible only for
waters with low mineralization. In addition, their use can in-
crease the pH of water [2, 18]. Highly soluble inorganic phos-
phates of alkali metals, including polymeric ones, have low
efficiency at low concentrations, and at high concentrations
they can increase the rate of metal corrosion due to the for-
mation of soluble polyphosphate complexes [2, 19].

Kazakhstan has all the prerequisites for the production of
domestic phosphate corrosion inhibitors. Their production is
complicated by the fact that most of the natural waters of the
Republic have increased concentrations of chloride and sulfate
ions that promote corrosion of St3 steel.

Since the information on the inhibitory properties of inor-
ganic phosphate inhibitors in waters with a high chloride con-
tent is extremely small in the scientific and technical literature,
the purpose of this work was to study the corrosive behavior of
low-carbon steel (St3) in sodium chloride solutions in the
presence of various phosphate inhibitors.

The objects of research were the well-known sodium poly-
phosphate inhibitor NaPO3z and the new calcium-manganese
phosphate inhibitor (Ca, Mn)(POs),, developed earlier on the
basis of manganese ore enrichment waste from some deposits
in Kazakhstan [20, 21].

2. Materials and methods

2.1. Experimental

Studies of the inhibitory properties of the synthesized
product were carried out by the gravimetric method at room
temperature according to the standard procedure [22] on sam-
ples in the form of plates 20x50x1 mm in size. Samples were
made from low-carbon steel grade St3 composition (according
to State standard GOST380-2005): 0.12%C, 0.2%Cr,
0.17%Mn, 0.025%P, 0.17%Si, 0.018%S, 0.25%Ni, 0.25%Cu,
the rest is iron.

Before testing, the surface of the samples was polished,
washed with ethanol, distilled water [24], and dried in a desic-
cator with calcined calcium chloride to constant weight. For
each sample, the initial mass was measured on high-precision
scales (with an error of no more than + 0.1 mg) and the surface
area was measured. The tests were carried out on five parallel
samples for each inhibitor and each concentration. Statistical
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processing of the results was carried out using the Ordinary
Least squares (OLS) method at a confidence level of 0.90 [24].

The corrosive medium was 3% sodium chloride solution in
absence and in presence of phosphative inhibitors of various
compositions and concentrations. The tests were carried out in
glass chemical beakers, the volume of the tested solutions was
200 cm?®. The well-known corrosion inhibitor sodium poly-
phosphate NaPOs served as the reference inhibitor. After the
end of the tests, the samples were removed from the solutions,
dried in air, and the surface was visually assessed. After visual
evaluation, the corrosion products were removed with a plastic
spatula, washed with ethanol, distilled water, dried in a desic-
cator with calcined calcium chloride, and weighed.

Potentiodynamic polarisation studies were carried out us-
ing Potentiostat/Galvanostat Model «Palmsens 4» at a scan
rate of 1 mV s under static conditions. The studies were
carried out in a classical three-electrode electrochemical cell at
room temperature. A chlorine-silver electrode served as a
reference electrode, and a graphite electrode 5 mm in diameter
was used as an auxiliary electrode. Steel plates (St3) with
dimensions of 10x10x1 mm served as working electrodes. The
working surface area of the samples was 1 cm?, the rest sur-
face was isolated with epoxy resin. 3% sodium chloride solu-
tion in absence and in presence of inhibitors of different com-
position and concentrations was used as electrolyte. At the
beginning of the test, the working electrode was immersed in a
corrosive medium for 3 hours to obtain a stabilized open cir-
cuit potential.

The steel surface morphology after testing in a 3% NaCl
solution supplemented with inhibitors was removed using a
low-vacuum raster electron microscope JSM-6490LA.

The molecular composition of the deposits formed on the
surface of steel samples during the tests was studied by IR
spectroscopic method by pressing the test substance with a
sample of potassium bromide. Infrared absorption spectra were
recorded on the Fourier spectrometer «Nicolet 5700» in the
400-3600 cm? region.

3. Results and discussion

The inhibitory properties of the calcium-manganese
phosphate product were studied gravimetrically [22] under
static conditions at room temperature. The corrosion rate of
low-carbon steel grade St3 was determined by formula (1):

(My —Mgac)
ST

mg

@)

V = ’
corr cmzday
where m, and mg,c are the mass of the sample before and
after the testing and removal of corrosion products from the
surface of the sample, g; S is the surface area, cm?; T is the
time of testing, days.
Inhibitor efficiency, IE (%) was calculated by the formula (2):
_ 100(Vgorr cor

—Veorr

IE (2

0
Veorr

where Veor® and Vo™ are the corrosion rate in absence
and in presence of inhibitor.
The protection coefficient y was determined according to (3):

0
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The rate of accumulation of corrosion-salt deposits on the
surface of a steel sample was calculated by formula (4):

(mf _mo)

,m /cméda
S-T g y

Vdep = (4)
where m, and ms are the mass of the sample before and
after the testing, g.

The results obtained are presented in Tables 1-2.

Table 1. Dependence of corrosion parameters on concentra-
tion of inhibitor NaPOs in 3% NaCl solution

NaPO; concentration mgP,0s /I
1.0 50 | 10.0 | 20.0 50.0 100.0

0.220 0.238 | 0.257 0.275 0.277 0.211 0.166

Index 0.0

Corrosion rate Veor,

mg/sm?day
The protection
coefficient y ) 0 0 0 0 104 132
Inhibitor efficiency
IE, % - 0 0 0 0 391 244

The rate of accumu-
lation of deposits on
the surface of the
metal, Viep,
mg/cm?day

0.163 0.320 1 0.187 0.189 0.367 0.200 0.266

Table 2. Dependence of corrosion parameters on concentra-
tion of inhibitor (Ca,Mn)(POz)2 in 3% NaCl solution

(Ca,Mn)(PO3), concentration mgP,0s /1
00 10 5.0 100 20.0 50.0 100.0

0.220 10.226 0.219 0.213 0.198 0.168 0.018

Index

Corrosion rate Veor,

mg/sm?day

The protection coeffi- 1004 1030 111 131 1222
cient y

Inhibitor efficiency IE, ) 0 045 318 100 236 918

%

The rate of accumula-
tion of deposits on the
surface of the metal,
Vep, Mg/cm’day

0.163 | 0.150 0.194 0.188 0.188 0.272 0.087

It follows from the results that the known sodium poly-
phosphate inhibitor NaPOs in a 3% NaCl solution in the
concentration range of 1-20 mgP,Os/l accelerates the corro-
sion process. At the same time, the corrosion rate of St3
increases from 0.220 mg/sm? day in a 3% solution of NaCl
without additives to 0.277 mg/sm? day with the addition of
20 mgP.0s/L sodium polyphosphate (Table 1). Inhibitory
properties for NaPO3 begin to appear only at 50 mgP,Os/L
(IE = 3.91%) and at 100 mgP20s/L, the Inhibitor efficiency is
24.4% (Table 1).

Calcium-manganese phosphate inhibitor (Ca, Mn)(POs);
shows inhibitory effect already from 5 mg P,Os/l concentra-
tion. With an increase in its concentration, the corrosion rate
decreases monotonously and at a concentration of 100
mgP.0s/1, the protection coefficient is 12.22 with the Inhibi-
tor efficiency of 91.8%, which indicates high inhibitory
properties of this phosphate (Table 2).

A histogram, shown in Figure 1, was constructed from
gravimetric data to provide a clearer representation of the
results of the effect of the test inhibitors on the corrosion
resistance of steel samples.

The results of gravimetric tests are confirmed by electron
microscopic images of the surface of steel samples (Figures
2-3). Deposits formed on the surface of a steel sample in a
3% NaCl solution without additives (Figure 2, A) are repre-
sented by dendrite-like grains of various shapes and sizes,

27

there are relatively large voids between the grains, which
indicates the formation of uneven loose coatings with low
protective properties.

0,3
' 0,275 0,277
0,257

Cppe Mg PO

0,238

o

0,25
0,211
0,166

0,22
0,2
0,16
0,15
0,05
0,01
o 2]
50 100

Figure 1. Histogram of the dependence of the corrosion rate
of steel (Ct3) in 3% NaCl solution on the composition and concen-
tration of phosphate inhibitors

® inhibitor (Ca,Mn)(PO3)2

® |nhibitor NaPO3

Veorr, mg/em? day
=]

Figure 2. EM photographs of the surface of the steel sample
after testing in 3% NacCl solution without inhibitors (A) and with
NaPOs additives in concentrations (mgP20s/L): B - 50; C — 100

The nature of the deposits on the steel surface in the sodium
chloride solution with sodium polyphosphate additives (Figure
2, B-C) practically coincides with the nature of the deposits on
the control sample without additives, which confirms the lack of
protective properties of the NaPOj3 in the 3% NaCl solution.
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Deposits formed on the steel surface in a 3% NaCl solu-
tion supplemented with calcium-manganese phosphate inhib-
itor (Ca, Mn) (POg); at concentrations of 50-100 mg P,Os/L
are more ordered and uniform and formed by fine grains of
almost the same size and shape (Figure 3, A-B), which ex-
plains the high protective properties of this inhibitor.

Figure 3. EM photographs of the surface of steel samples af-
ter testing in 3% NaCl solution supplemented with calcium-
manganese phosphate inhibitor in concentrations (mgP20s/L): A -
50; B-100

The composition of deposits formed on the surface of
steel samples was studied by IR spectroscopy. It follows
from the results that deposits on the surface of a steel sample
aged in a 3% NacCl solution without additives (Figure 4, A)
consist mainly of hydrated iron oxide compounds, as evi-
denced by an absorption band in the region of 3200-3400 sm-
1, corresponding to valence fluctuations of OH groups of
hydrated iron oxide compounds [25, 26].

The band in the region 1500-1600 sm., corresponds to de-
formation oscillations of HOH molecules. The absorption
band in the region 580-630 sm™ corresponds to valence os-
cillations of the Fe-O group (Figure 4, A) [22].

IR spectra of deposits formed on St3 in a 3% NaCl solu-
tion supplemented with calcium-manganese phosphate have
characteristic absorption bands of 3400; 1605; 1150; 1100
and 613 cm! (Figure 4, B-C).

It should be noted that the IR spectra of deposits formed
in both 3% NaCl + 50 mg P20s/l (Ca, Mn)(PO3), and 3%
NaCl + 100 mg P,Os/l (Ca, Mn)(PQs), are absolutely identi-
cal (Figure 4, B-C) and indicate the presence of hydrophos-
phate ion HPO4> in the deposits (bands 3400; 1150; 1100,
613 cm), which confirms the high protective properties of
calcium-manganese phosphate inhibitor (Table 2).

Electrochemical studies (Figures 5-6, Table 3) showed
that additives NaPOs in a 3% NaCl solution at all concentra-
tions shifted the corrosion potential towards negative values
(Figure 5) compared to the control. At the same time, the
corrosion current density is higher than in the sodium chlo-
ride solution without an inhibitor (Table 3), which indicates
the absence of an inhibitory effect of NaPOs in waters with a
high content of chloride ions and confirms the results of
gravimetric tests.

The results also show that the addition of a calcium-
manganese phosphate inhibitor to the sodium chloride solu-
tion provides a reduction in the rate of metal corrosion, that
is, an inhibition effect is present (Table 3), although there is
no clear correlation between inhibitor concentration and
reduction in corrosion current density.
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Figure 4. IR spectra of corrosion deposits formed on steel
samples (St3) after testing in 3% NaCl solution without additives
(A) and with calcium-manganese additives of phosphate inhibitor:
B - 100 mg P20s/l; C - 50 mg P20s/I
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Figure 5. Potentiodynamic polarization curves taken for steel
(St3) in 3% NaCl solution without and with inhibitor additives
NaPOs
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Table 3. Corrosion parameters based on the results of
electrochemical tests of St3 in 3% NaCl solution with additives of
various phosphates

Inhibitor | Corro- . -
Corrosive | concentra- corrosion sion  Corrosion  Inhibitor
medium tion, potential, currgnt rate, efflcl:ency,
mg PO/l \Y density = mm/year %
HA/sm?
3% NaCl 0.0 0601 | 1211 014 0
solution
1.0 -0.682 9.03 0.10 254
5.0 -0.695 11.40 0.13 5.8
(,\?}I?EZ)C(LB 10.0 0693 737 009 39.2
' ) s 20.0 -0.725 11.90 0.14 1.7
2 50.0 -0.691 6.91 0.08 429
100.0 -0.729 15.12 0.18 0
1.0 -0.773 16.09 0.19 0
5.0 -0.753 15.65 0.18 0
3% NaCl + 10.0 -0.721 14.79 0.17 0
NaPO, 20.0 -0.729 13.04 0.15 0
50.0 -0.728 14.43 0.17 0
100.0 -0.750 9.91 0.11 18.1
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Figure 6. Potentiodynamic polarization curves taken for steel
(St3) in 3% NacCl solution without and with inhibitor additives
(Ca, Mn)(PO3):2

The dynamics of the working electrode corrosion poten-

tial in the 3% sodium chloride solution in the presence of
various inhibitors was also studied (Figure 7).

......

E, mb

1304

......

T T T T T T T
0 200 400 800 800 Lo 1200
Le

T T
1600 E

T
1 400

Figure 7. Changes in the corrosion potential of the working
electrode in 3% sodium chloride solution in the presence of vari-
ous inhibitors

It was found that the corrosion potential of the working
electrode in the sodium chloride solution without the addi-
tion of inhibitors within 15 minutes shifts from -720mV to -
685 mV, and then gradually stabilizes at -693 mV (Figure 7).
The introduction of 100 mg P,Os/l NaPOs into the solution
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shifts the corrosion potential towards negative values. After
about 5 minutes, it stabilizes at -735 mV, confirming its low
inhibitory properties (Figure 7).

Adding a calcium-manganese phosphate inhibitor to the
NaCl solution shifts the electrode potential positively to -677
mV (Figure 7). This indicates the formation of a protective
layer on the metal surface and, thus, confirms the effective-
ness of the calcium-manganese phosphate product as an
inhibitor of corrosion of low-carbon steel in waters with an
increased content of chloride ions.

4. Conclusions

1. Anticorrosive properties of various phosphates for St3
in 3% sodium chloride solution were investigated.

2. It has been found that a known inhibitor NaPOs in a
3% NacCl solution at 1-20 mgP,Os/l accelerates the corrosion
process. Inhibitory properties for NaPOs begin to appear only
at 50 mgP,0s/l (IE = 3.91%). At 100 mgP,Os/l, the Inhibitor
efficiency is 24.4%.

3. Calcium-manganese phosphate (Ca, Mn)(POs), has
been shown to have an inhibitory effect at a concentration of
5 mg P,0s/L. With an increase in its concentration, the cor-
rosion rate decreases monotonously and at a concentration of
100 mgP.0s/l, the protection coefficient is 12.22 with the
Inhibitor efficiency of 91.8%. This indicates high inhibitory
properties of this phosphate.

4. Deposits formed on the surface of a steel sample in a
3% NaCl solution without additives are represented by den-
drite-like grains of various shapes and sizes. There are rela-
tively large voids between the grains, which indicates the
formation of uneven loose coatings with low protective
properties. The same pattern is observed for deposits on the
surface of steel samples after testing in sodium chloride solu-
tions with sodium polyphosphate additives. Deposits formed
on the steel surface in a 3% NaCl solution with additives
(Ca, Mn)(POs3) at concentrations of 50-100 mg P.Os/L are
more ordered and uniform and formed by fine grains of al-
most the same size and shape, which explains the high pro-
tective properties of this inhibitor.

5. Electrochemical studies confirm the results of gravi-
metric tests. The introduction of NaPO; into the sodium
chloride solution in concentrations of 1-50 mgP,Os/L shifts
the corrosion potential towards negative values up to - 728+
-773 mV, and its current density exceeds the current density
in the test. This indicates an increase in the corrosion rate of
St3 and the low efficiency of sodium polyphosphate as an
inhibitor in chloride solutions.

6. When calcium-manganese phosphate is added to the
NaCl solution, the corrosion potential is shifted to - 682+ -
691 mV, and the corrosion currents are reduced to 11.4+6.91
pA/sm2, which corresponds to Inhibitor efficiency of
5.8+42.9%.
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Typai ¢pocharTbl HHTHOUTOPJIAPBLIHBIH 3% HATPUH XJIOPUTi
epiTICTIriHaeri ToMeH KOMipTeKTi 00J1aTThIH TATTAHYbIHA dCepi
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Anparna. 3% Hatpuil XJ10puai epitiaicinaeri TeMeH kemiptekti 6osat (CT3) yiuin apTypui ¢pocdar HHrHOUTOPIAPBIHBIH
TeXEY KacHueTTepi 3epTrenii. 3epTTeyliep CTaHIapTThl IPaBUMETPHSIIBIK JKOHE JIEKTPOXUMHUSUIBIK SiCTEPMEH KYpri3inai. 5-
100 mr P,Os/n xonnentpanusiceiana 3% NaCl epitinnicine kanpuumii Mmaprasen ¢pocharbiHbIH KOCbUTybl CT3 KOppO3USICBIHBIH
KBUIIAMJIBIFBIH TOMeHeTeTiHi kepcerireH. Konnentpanuscel 100 mr P2Os/m uaruduropasie taimainiri 91.8% kypaiiasl.
Xnopun epitingicine 1-20 mr P2Os/n xoHmeHTpamusaga Hatpuit moidudochaThlHIH KOCBUTYBI CT3  KOPPO3WSICHIHBIH
KBUIIAMABIFRIH apTThipansl. Konmentparmmscel 100 mr P,Os/ m xesinge NaPOs tuimainiri 24.4% xypaiiael. [omspusanns
KUCBIKTAPBIH ally JKOHE eCeNnTey apKbUIbl aJbIHFaH JJIEKTPOXMMUSUIBIK ChIHAKTAPJABIH HOTHXKEJIepl I'PaBUMETPHSIIBIK
ONIIEMICPAIH NEPEeKTepiH pacTalapl. DIEKTPOHIBIK MHKPOCKONHMSHBIH KoMeriMeH Oomat Oetinme 3% HaTpuil Xjopumi
epITIHIICIHE KOCIIACKI3 JIa, HATpHid oaudocdar KocraiapbIMeH Jie KOPFaHBIII KaCHEeTTEPl TOMEH OipKesIki eMec OOpIbUIIaK
weringisep Tysinerini kepcerinmi. Epitingire watpuit xmopuai (Ca,Mn)(POs); KockaHma 0oyiaTTa >OFapbl KOPFaHBIC
KacueTTepi Oap perTeireH ycak TYHIpHIKTI meringinep tysiieni. Oprypui docdarrap kocsurran 3% NaCl epirtinniciaeri
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Ct3 Getinne Ty3inren merinainepai MK-crmekTpocKonusuIbIK Tanaay, KYpaMblHIa epiMEHTIH Kanbluid cyTeri Gocharrapsr 6ap
OiprekTi xabsiaaapasiH (Ca,Mn)(POs3)2 KaThICHIHA TY31IETIHIH KOPCETTI.
Hezizzi co30ep: kopposus, KOPPO3Usl HCHLIOAMOBIZbL, UHSUOUMOP, UHSUOUMOPTILIK KACUemmep, UHSUOUMOpObIY mMuiMoLniei.

Bausinue pa3iauuHbIX GochaTHLIX HHTHOMTOPOB HA KOPPO3UI0
HU3KOYIJIEPOAUCTOM cTaju B 3% pacTBope XJIOPpHAA HATPUSA
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AHHOTauusA. VM3ydeHsl HHrUOUPYIOIIHE CBOMCTBA pa3NIUIHBIX (Poc(aTHBIX HHTHOUTOPOB IS HU3KOYTJICPOIUCTON CTaJIH
(C13) B 3%-HOM pacTBOpe Xyopuna Hatpus. VccinenoBaHus IPOBOIIIN CTaHAAPTHBIM TPABUMETPHUIESCKAM U AIIEKTPOXUMHUYE-
CKHMM MeToIaMH. Bruto mokaszaHo, uro jgobasnenue Gochara mapranna-kansius k 3% pacteopy NaCl B konmnentparmsx 5-100
Mmr P,Os/n cHikaer ckopocth kopposuu Ct3. D dextuBHocTs MHrHOUTOpa npu 100 MrP20s/11 cocrasnsier 91.8%. J{obasie-
Hue nonudocdara Hatpus B KoHHeHTpaimsax 1-20 mr P2Os/n k pacTBOpy XJOpuaa yBEJIMYUBAET CKOpPOCTh Koppo3un Cr3.
A dexruHOCTs NaPO3 mpu 100 mr P2Os/n cocraBnsier 24.4%. Pe3ynbraThl 21eKTPOXMMUYECKUX HCHBITAHUH, TOJIyYeHHBIC
MyTEM CHATHS M pacué€ra KPUBBIX MOJIIPU3ALMH, OATBEPXKAAIOT JaHHbIE TPABUMETPUUYECKUX H3MepeHHi. C MOMOIIBIO JJeK-
TPOHHOW MUKPOCKOIHMH OBLIO MOKa3aHO, YTO HAa MOBEPXHOCTH CTaJH 00pa3ylOTCs HEPOBHBIE PHIXJIBIE OTJIOXKEHHS C HU3KUMHU
3alIMTHBIMU CBOMCTBaMHU B 3% pacTBOpe XJopuaa HaTpus Kak 0e3 100aBokK, Tak M ¢ gobaBkamu mnonudocdara Hartpus. [Ipu
nobasnennn B pactBop xiopuaa Harpus (Ca,Mn)(POs), Ha cTann o6pa3yroTcs YIOPSMIOYEHHBIE METKO3EPHUCTBIC OTIOKEHHUS
C BBICOKHUMHU 3aIIUTHBIMU cBoKicTBaMU. K-criekTpockonmnyIecKkuii aHanm3 OTI0KEeHNH, 00pa3oBaBIuxcs Ha oBepxHocTu Ct3
B 3% pactBope NaCl ¢ nobasnennem pasmndgHbix GocharoB MOKa3ai, YTO OJHOPOIHBIE TOKPBITHS, COACPIKAIIIE HEPACTBOPH-
MBIe THApOodochaTs! Kanbiwst, 00pasyoTcs B mpucytetsud (Ca,Mn)(POs)..

Knrwouesvie cnosa: kopposusi, CKOpocmsb KOppo3ul, UHSUOUMOP, uHeUOUpYIowue ceoticmaa, 3¢dexmuenocms uHeubUmMopa.
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Abstract. Estimated 45% of all mining equipment worldwide is mining haul trucks. More than 44 thousand mining haul
trucks are in operation worldwide as per 2017 Mine Safety and Health Administration of USA reports and over 20% of acci-
dents with fatalities on mining equipment happens with participation of mining haul trucks. Mining haul trucks are critical
equipment for mining industry of Kazakhstan where 80% of mines are operated by open cast mining. To better understand haul
trucks operation failures statistical method was used during this study. 8 training instructors were interviews who trained 1048
truck operators over 3 years at 5 mine sites. The analyses explore the context of the accidents with focus on initiating reasons,
outcomes of accidents and possible preventive and mitigative controls. Overall, most accidents take place due to haul road
condition, read design and operation decision making. Bow-tie diagram as a constructive risk management tool used in this
study for visual presentation of links between hazards, initiating controls, preventive and mitigative controls, and outcomes.
The results of the study suggest improving organizational control over operator trainings and mine haul road design and

maintenance.

Keywords: mine haul trucks, safety on mine sites, failure analyses, accident preventive measures.

1. Introduction

Mining haul trucks are most common peace of mining
equipment of mining operations in Kazakhstan and the most
related to safety accidents occurred in open cast mines. The
same statistics we can observe in mining operations in USA.
In fact, 6 out of 28 and 6 out of 27 mining fatal accidents that
occurred in the USA in 2017 and 2018, respectively, were
related to haul trucks [1].

Over last years, many researchers have studied and ana-
lyzed reasons of safety accidents keep taking place in mining
industry. Mine Safety and Health Administration of USA has
collected a lot of data on accidents related with mining haul
trucks [2]. In general, safety accidents initiation events mostly
the same with some alternations on proportions. An analyses
of 31 safety accidents in 5 open cast mines on Kazakhstan
from 2020 through 2023 found that 33% of the accidents in-
volved in loose of control related to unacceptable road condi-
tions, 20% related to operator qualification as abuse of service
brakes and failures to follow policies and procedures, 35%
related to operation of working areas as safety berms, dust
control and illumination, 12% related to maintenance of
equipment as misuse of tooling, fire safety and tire mainte-
nance as shown in Figure 1.

Similarly, an earlier analysis of nonfatal accidents in USA
found that operator failures and ground control hazards were
two of the most frequent reported contributing factors to acci-
dents [3]. Limited visibility due to poor illumination and dust
control are common hazards that makes operating mining haul
truck challenging to keep safe distance between vehicles and
mine environment especially on night shifts. Mining haul truck
drive over light vehicle as shown on figure 2 keep taking place
in Kazakhstan so training the support and service personal
away from blind sport are critical.
© 2023. A. Shakenov, D. Kramsakov, I. Stolpovskih
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Figure 1. Safety accident initiation events with mining haul
trucks in mines of Kazakhstan for 2020-2023

Figure 2. Mining haul truck drive over light vehicle in
Kazakhstan

Operator fatigue due to monotonous driving brings to col-
lisions with mine environment and other vehicles as shown
in Figure 3. Haul road profile and condition is another major
contributor to mine site hazards and cost of production. Use
of proper tire handling tooling and maintenance of electrical
parts of trucks as batteries can reduce contribution of number
of accidents as well.
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Figure 3. Two mining haul trucks collide due to operator fa-
tigue in Kazakhstan

The aim of this work was to take analyze mining haul
truck operation failures in make practical advice to mitigate
the risks for long terms with help of modern technologies
and best practices.

2. Materials and methods

Bowtie diagram method good practical tool for assem-
bling information on hazards, initiating events, preventive
and mitigative controls and comprehensive for understanding
and training. Focus on health and safety controls and risk of
bowtie can help mine managers to evaluate effectiveness of
their current controls and further improve their risk manage-
ment [4].

Using the accident information from 5 mine sites in Ka-
zakhstan from 2020 to 2023 from training department of
Borusan Makina Kazakhstan bowtie diagram was created
and showed in Figure 4. Bowtie diagram includes following
elements:

Initiating reasons: The events can lead to the loss of con-
trol such as driving conditions, driving condition, operator
qualification, operation of working area, equipment mainte-
nance.

Causes: Possible hazards that may contribute to the sever-
ity of the accidents.

Preventive controls: Possible controls that could prevent
accident partially or completely.

Mitigative controls: Possible controls that can reduce the
severity of the accidents.

Outcome: Event brings to safety accident or incident at
mine site.

Generic definitions were selected to effectively group the
results collected from mine sites. Causes, preventive and
mitigative controls were developed based on modern trends
and availability in mining industry in Kazakhstan. Missing or
incomplete information was not taking to study. Fatal and
nonfatal accidents were used all in total statistics. Name of
mines not disclosed due to ethical reasons. Drugs and alcohol
causes was not identified during data collection as all opera-
tors taking toxicology tests before shift. Collision avoidance
system advised through internal expertise and previous re-
search [5]. Corrective actions to include changes to policies
and procedures as well as communication plan intend to
support existing preventive measures. Operator and health
and safety trainings for operators in Kazakh language will be
beneficial as well as use of immersive training simulators for
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newcomer operators. Proper tooling and periodical inspec-
tion for maintenance of equipment can help to reduce possi-
ble equipment maintenance hazards.

Initiating reasons | | Preventive controls ‘
Driving Haul road width, Digital road analyses
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Figure 4. Bowtie diagram of mining haul truck operation
failures analyzes of mines in Kazakhstan

3. Results and discussion

Typical failure of mining truck operation failures in-
cludes safety accidents connected with road condition, opera-
tor qualification, operation of work areas and equipment
maintenance as shown in Table 1 bellow.

Table 1. Result of data collection from 5 mine sites in Kazakh-
stan from 2020 to 2023

N Type of Description of reasons brought to Quantity of
causes safety accidents occurrence
- Excessive grade and narrow haul
1 Road_ condi- roads, sharp turns, obstacles on 10
tion -
haul roads bring to loss of control
Abuse of service brakes, drive over
2 @ﬁ?ﬁggn service vehicles, misuse of parking 6
4 brakes, not using while chocks
Not enough berms, mine wall
. sliding, poor illumination of haul
Operation
3 roads and workshop, poor dust 11
of work area -
suppression, not enough safety
signs
. Use of unproper tooling for tire
Equipment -
4 maintenance malntenanf:e, wrong battery 4
maintenance,
Total: 31

Driving conditions must be improved by proper design of
haul road profile and road maintenance practice in order to
improve haul road condition to safe operation level in terms
of width, grade, turning radius and rolling resistance. Haul
road condition can be proactively monitored with digital
technologies [6].

Design of haul roads is critical factor to improve mining
haul truck operation safety [7]. Better designed roads are safe
to operate and cost effective.

Operator qualifications should be organized on systemat-
ic approach and regular fitness tests should be conducted on
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regular bases. Communication plan about updates of policies
and procedures as well as HSE updates should be on Kazakh
language for understanding of all new coming operators.
There are 7500 schools in Kazakhstan, 3700 of them in Ka-
zakh language, 1200 schools are in Russian language and
2000 schools are in both Kazakh and Russian languages.
70% of new students entered in Kazakh schools in 2022 [8].
As per reported incidents data from Queensland, NSW and
WA around 2.5% of notable incidents includes operator
fatigue as a factor. More incident occurs on last new hours of
shift and two third of them takes place in night shifts [9]. A
number of fatigue detection equipment is available on market
now that can contribute to improve fatigue risk management
in mining industry [10]. New technologies such as fatigue
monitoring, seat belt interlock, cameras, automatic parking
brake, speed limit gradually entering to mining operations in
Kazakhstan.

Operation of work areas can be improved by better con-
trol of safety berms, proper dust suppression and haul road
illumination, use of more modern safety signs and markings.
There are many ways to haul road dust control. Water spray
is the most obvious, but there are many other ways which
include:

- Salts — as calcium chloride, magnesium chloride, sodi-
um silicates etc. Salts extracts moisture from atmosphere and
increase surface moisture of haul road.

- Surfactants — as soaps and detergents. They decrease the
surface tension of water, which allows the available moisture
to wet haul road.

- Soil cement — cement mixed with native soil forms new
surface compound.

- Bitumen — compounds delivered from coal and petrole-
um such as asphalt, oil etc.

- Films — polymers that form discrete tissues and layers
such as vinyl and fabrics, etc.

These kinds of solutions form coherent surface layers that
seal the haul road surface and reduce generation of dust [11].
Technologies for collision avoidance [12], road edge warning
and geo fencing can significantly contribute to mitigate the
risks as well.

Equipment management should be managed based on
preventive maintenance principles. Tire maintenance and
electrical components servicing are the special concern from
safety point of view. Proper maintenance tools for mechani-
cal and lifting works should be inspected on timely manner.
Remote tire condition monitoring [13], automatic fire sup-
pression system can contribute to mitigate the risks on
equipment maintenance area.

4, Conclusions

Results of this study highlight necessary focus areas to
mine manager’s attention on effective preventive and miti-
gating measures to improve safety on mining truck opera-
tions in Kazakhstan. Haul road and mine operation im-
provements can avert most of the accidents in this study.
Overall systematic view on operator trainings, health and
safety policies and procedures as well as proper communica-
tion plan will provide a strong base for future improvement
of mineworker’s safety.
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In the meantime, mine operation may consider additional
investment to new technologies to proactively manage possi-
ble risks by remote condition monitoring of operators, haul
roads and mining haul trucks.

Continues near-miss and safety accident studying should
go on and could put more light on initiating reasons, prevent-
ing, and mitigating controls. Armed with this knowledge,
safety experts should be able to further improve the safety of
mining haul truck operators and their co-workers.
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Tay-keH TacbIMaJIapPbIHBIH KYMBICBIHAAFBI A0aIBIKTAPABI TAJ1AY

A. lllakenos”, 1. Kpamcakos, M. CTonmosckux
Satbayev University, Arvamoi, Kazaxcman
*Koppecnonoenyus ywin asmop: ashakenov@yahoo.com

Anparna. [lyHue Ky3iHzeri 0apiblKk Tay-KeH kaOIbIKTapbIHbIH 45%-bl Tay-KeH KYK KeiikTepi Oonbin Tabbutansl. 2017
*bUTFBl AKIL keHaepiHiH Kayinci3Iik KoHE JeHCayJbIK OackapMachkl ecenTepi OOMbIHIIA AyHUE KY3iHIe 44 MBIHHAH acTaM
Tay-KeH JKYK KOJIiri »KyMbIC iCTEHli KoHe Tay-KeH >kababIKTapbIHaa Ka3a OosraH anarrapabiH 20%-/1aH acTaMbl Tay-KeH KYK
KOJIIKTEepiHiH KaTblcybiIMeH Oomaznpl. Tay-keH Xyk KeusikTepi Ka3zakCTaHHBIH Tay-KeH ©HEpKOCiOi VINIH MaHBI3ABI YKaOIbIK
Gouteint TaOBLTAABI, MyHIA KeHimTepaiH 80% ambIk omicnieH yMmbIc icteiini. JKYK KeiKTepiHiH KYMBICHIHIAFBI aKayJapbl
JKaKCHI TYCIHY YIIiH OCBI 3epTTey OapBICBIHIA CTATUCTUKAJIBIK 9JiC KOMAAHBUIALL. 8 OKBITY HYCKAYyIIBICH QHTIMEJEeCYACH OTTi,
omap 5 xeH opHbIHAA 3 kb1 imiHae 1048 5kyK KeJiri onepaTOpsIH OKBITTHL. Tangaymap jka3aTailblM OKHFalapIslH MOHMOTIHIH
3epTTeliail, oMapaslH ceOenTepil, HOTIKENEPiH KoHe BIKTIMAJ ajiIbIH ally MEH CallIaphIH JKOI0ABI OaKbUIayIsl OacTayra Ha3ap
aynapansl. JKanmsl, anmaTTapAbIH KOTIIUTIT KOJ KaFqaibIHa, TU3aiHABl OKyFa KOHE MalajaHy Typaibl OIemIiM KaObIiiayra
OaiinaHpICTBl OpBIH ajajpl. Bow-tie auarpaMMachl Kayin-karep, OacTamkel Oakpliay, ajJiblH aly JKOHE IKYMCapTy
Oakpliayllapbl MEH HOTH)KEJIEp apachlHIarbl OaiJIaHBICTBI KOPHEKI KepceTy YIIIH OChbl 3epTTeyAe NaijiajaHblIaThiH
ToyeKenaAep/ i 0acKapyIblH ChIHAAPIBI KYpajbl peTiHe. 3epTTey HATHKeNepi ollepaTopiap/sl OKbITYFa JKOHE MIaXTaJIbIK KOJIiK
JKOJIJIAPBIH K00anay MEeH KYTill ycTayFa YHBIMIACThIPYIIBLIBIK OaKbLIay bl )KAaKCAPTY bl YCHIHABI.

Heezizei co30ep: waxmanvix JHCyK KONKmMepI, wmaxma yiackenepinoei Kayincizoik, akayiapovl maioay, anammoly ajioblh
any wapanapol.

AHAaJIU3 ABaPUIHHOCTH B padoTe KapbePHbIX ABTOCAMOCBAJIOB

A. lllakenos”, JI. Kpamcakos, Y. CTOIMOBCKUX
Satbayev University, Arvamoi, Kazaxcman
*Aemop onsn koppecnonoenyuu: ashakenov@yahoo.com

AnHortanus. ITo omenkam, 45% Bcero ropHOZOOBIBAIOIIETO O0OPYIOBAHUS B MHPE COCTABISIOT KapbepHBIE CaMOCBAJHI.
[To nanubIM ynpaBieHue 1o 6e3onacHoCTH U 370poBbio B maxrax CILIA 3a 2017 roa, B Mupe skciutyatupyercst 6oiee 44 Tbl-
CsI4 KapbepHBIX CaMOCBAJIOB, U Oosee 20% aBapuii CO CMEPTEIBHBIM HCXO0JIOM Ha TOPHOA0OBIBAIOIIEM 000PYI0BaHUH IIPOUC-
XOAUT C y4YacTHEM KapbhepHBIX caMOCBalloB. KapbhepHble caMOCBalbl SIBISIOTCS KPUTHUECKH BAa)XKHBIM O0OpYJOBaHHMEM JUIs
ropHojo0bIBatoniel npomsiiieHHocTn Kasaxcrana, rae 80% ropHsIX pa3pabOTOK SKCIUTyaTHPYIOTCS OTKPBITBIM CHOCOOOM.
Jist Jiydiero moHMMaHUsL OTKa30B B padOTe CaMOCBAJIOB B XOJ€ MCCIIEAOBAHMS OBLI MCIIOJIb30BaH CTATUCTUYECKUH METOI.
Brumm onpomieHs! 8§ HHCTPYKTOPOB O 00YYICHHUIO, KOTOPBIE B TeueHne 3 jet oOyumnn 1048 BoauTeneii aBTocaMOCBaIoB Ha 5
pyaHukax. B xone aHannsa u3ydaeTcsi KOHTEKCT IPOUCIIECTBHH C yIIOPOM Ha MHHUIUHMPYIOIINE NPUYUHBL, TIOCIEICTBUS IIPO-
UCIIECTBUHA U BO3MOXKHBIE TIPO(MIAKTHIECKNE U CMATYAIOIIIE MEPI KOHTpOUIA. B 1ienoM, GONBIIMHCTBO aBapuil IPOUCXOANUT
U3-32 COCTOSIHUSI I0POT, IIPOSKTUPOBAHMS U MPUHSITHUS KCIUTyaTal[MOHHBIX perneHnid. JJnarpamma Bow-tie Kak KOHCTPYKTHB-
HBIIl HHCTPYMEHT YIPaBJICHHSI PUCKaMH, MCIIOIb30BaH B 3TOM HMCCIIEIOBAHUH IS BU3YAJILHOTO NPECTaBICHHS CBSI3EH MEXITY
ONAaCHOCTSIMM, MHHUIIMHMPYIOIMMHA MEpaMH KOHTPOJIS, MPOMMIAKTHIECKUMH M CMSTYalOMAME MEPaMHU KOHTPOJS, a TaKke
pesynbTaTaMu. Pe3ynpTaThl HCCIeI0BaHUS MO3BOJISIIOT IIpeUlaraTth yiaydllleHHe OpraHu3allMOHHOTO KOHTPOJISA 3a 00ydeHHEeM
OIIepaToOPOB, MIPOCKTUPOBAHUEM U COJICPKAHUEM TEXHOJIOTHUYECKUX JOPOT.

Knrwouegvie cnosa: kapvepuvie camoceanst, 6€30nacHOCMb HA PYOHUKAX, AHAIU3 OMKA306, Mepbl N0 NpeodomepaujeHuro
asapuil.
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Abstract. At present, the problem of excessive CO, emissions in Kazakhstan is more acute than ever. Almost all major
industrial cities, in one way or another, suffer from multiple excesses of harmful substances in the atmosphere. Under the
Paris Agreement, Kazakhstan, along with other signatory countries, has pledged to reduce greenhouse gas emissions by
15% by 2030, compared to 1990 levels. However, to date, no positive trend has been observed. In this regard, the technolo-
gy of carbon dioxide captures from industrial facilities and injecting it into depleted oil or gas fields could be a good inno-
vation and set a good trend in reducing greenhouse gas emissions. In this paper we reviewed the studies that evaluated the
geology of the known sedimentary basins in the country and compared the results to the existing criteria for assessing the
CO, storage potential. The results of the studies were summarized and a technical review was presented, which suggests the
suitability of Kazakhstan to implement CCS in the basins of the Caspian region, Ustyurt basin, Mangyshlak, Chu-Sarysu,
South Turgai, Zaisan basin.

Keywords: carbon capture and storage, CCS, potential, greenhouse gases, emissions, well, pressure, temperature, injec-

tion, phase.

1. Beenenne

Ha cerogssmanii neHb BHIOPOC MAPHUKOBHIX Ta30B B
aTMocdepe SBISETCS OOIMEMHPOBOH IMpoOIeMoil. YdeHbIe
BCEX CTpaH BeAyT AaKTUBHYIO paboOTy IO pa3paboTke H
ONTHMU3AINN METOJ[a CHIKEHHSI 3THX BBIOpocoB. [IpuHsToE
B 2014 romy Ilapmxckoe cormameHne OOs3BIBaeT CTPaH
yyacTHHIl  cHWXeHHi0  BbIOpocoB CO,.  He crama
uckimoueHneM n PecnyOnmka Kazaxcran. Kak oTMeuaror B
cBoeii cratbe E. AGyoB, H. Ceiicenbaes u W. Lee exerozno,
HaunHasg ¢ 2014 ropna, mpenen, yCTaHOBJICHHBIN COTJIAIICHH-
€M, MPEBBIIIACTCS ¥ 0KUIACTCS, YTO ITO YHCIIO OY/AET pacTH,
MOCKOJIbKY pacTylias SKOHOMHKA IOKa3bIBaeT, YTO B ATOH
CTpaHE MEpbI 10 CHI)KEHHWIO BBIOPOCOB MAPHUKOBBIX Ta30B
HEJ0CTAaTOYHHI [1].

OpmHUM H3 HOBBIX MeTO/OB 10 cHIbkeHUIo CO» sBiseTcs
meron ~ CCS  (Carbon  Capture and  Storage),
MIPEIOJIararoIIiid cO0p BHICBOOOKIAIOMIETOCS TAPHUKOBOTO
ra3a ¥ 3aKkauMBaHME B NOA3EMHbIe XpaHwiuma. s
pemenust npoOnembl MonenupoBaHus xpaHenusi CO; B
HeJIpaX MHOTHE HCCIIENOBaTeNn MNPEAIOXKWIN Pa3IHYHbIe
YHUCJIEHHbIE MOJENM C Pa3JMYHBIMH  PEATUCTUYHBIMHU
JaHHBIMH [4]. B Mupe cyiiecTByeT MHOECTBO NPHMEPOB
HCCIIeIOBAHMS TAKHX MEXaHM3MOB, TAKHX KaK racT MoxaH-
CeH, IIacT Yuupa, MHIOTHBIHA mpoekT Kpaudwna, mpoekt
®pwo [2,6] u opyrue.

KpynaomacmtabHOE MOZEINPOBAaHNE TOMOTAET OLCHNUTH
noBeAcHue 3akaunBaemMoro CO2 B pa3MuHBIX CIICHAPHUAX, U
MOJIeTH OBUIM NIPOBEPEHBI C HCIOIb30BAHUEM JIOTIOIHHUTEIb-
HBIX HMCTOYHHUKOB MPOEKTa Ha MECTOPOXKICHUH, BKIIOYAs
M3MEpEHUsl JaBJICHUS], CEHCMHUYECKHE HCCIIeIOBaHUS U T.J1.

© 2023. J. Ismailova, Kh. Fadi, A. Khakimzhan

He menee Baxao nonumanwne (azoBoro mosenerus CO»
1 cBs3aHHBIX ¢ HUM PVT 3((dexToB Ha MOBEpXHOCTHOH CH-
CTeMe M B CTBOJIE CKBaXXHMHBbI. Kak BbISCHHJIOCH, (DAa30BbIi
nepexox CO; W3 TUIOTHOTO COCTOSIHWS B Tra3o00pasHoe
OPUBOAMT K TIOHMKEHHIO TEMIIEpaTypbl, YBEJIUYCHHIO
CKOPOCTH TIOTOKa M JPOCCEIMPOBAHMIO JAABJICHUS, YTO
MOJXKET TOBJIMATh HA IICIOCTHOCTh CTBOJIA CKBa)XKHHEI,
KOHTPOJIb YCThS ¥ IPUEMHUCTOCTH MOPOABI-KOJUIEKTOPA.

1.1. McToYHHUKHT BBIOPOCOB

B 2016 roxy 3naumtensHas 4acTh (88%) mpomsBoAcCTBa
sHeprun B KaszaxcTtaHe B OCHOBHOM IIpPHXOAMJIAch Ha
C)KUTaHME UCKOTIAeMBIX BHIOB TOIUIMBA, BKIIFOYAsl YTOJb, Ta3
U He(Tb, M3 KOTOPHIX Ha JOJIO YIJISI MpUXOAWIock 65%
YHICTOrO MPOU3BOJICTBA 3HEPTUH B cTpaHe (coobmmaeT Kazen-
ergy, 2017). B ToM ke rofy cTalluOHApHBIE TOUKU CKUTAHUS
Boiemuin 223 miH ToHH CO2 B 9KB., 4TO cocTaBHIIO 67% OT
ob1ero oobemMa BBHIOPOCOB ITApPHUKOBBIX Ta3oB, a 78% ot
obmero obbeMa  BBIOPOCOB TTaPHUKOBBIX ra3oB
coorBercTBoBaUI CO7. 3HAaYEHUs YKa3bIBAIOT HA TO, YTO
BEIOpockl CO2 OT CTalMOHAPHBIX MYHKTOB COKHTaHUS
SBIISIIOTCSI CEPAIICBHHON MpPOOJEMBl MAapHUKOBBIX Ta30B B
CTpaHe W 4TO cMsrdeHwe mnocienctsuii BeIOpocoB CO2 or
CTAlMOHAPHBIX IYHKTOB CXKHWTAaHUS TPHBEIO OBl K
3HAYUTEIHLHOMY COKPAIICHUIO BHIOPOCOB NMAapHUKOBBIX I'a30B
B Kazaxcrane [1].

B Hacrosmiee Bpems B Kaszaxcrane skcruryarupyercs B
o01ei ca0XKHOCTH 225 CTAallMOHAPHBIX ITyHKTOB CXKUI'AHUS,
/i€ KaXKIbId U3 HX €XKEroHBIX BEIOPOCOB MApHUKOBBIX I'a30B
cocrapisger Oonee 20 000 tonn skB. CO2 B ron. B muane
pacnpenenenus s Cuctemsl Toprosiau Beiopocamu (ETS)
Ha 2018-2020 rompl Ha AJIEKTPOIHEPTETUUCCKUE CUCTEMBI
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npuxoautcsi 56% Bcex BBHIOPOCOB IMApPHHUKOBBIX Ta30B OT

CTAallMOHAPHBIX HCTOYHHWKOB CXKHTAHMSA, 33 KOTOPBIMH
CIIEyIOT METaJulypruyeckas MnpombliuieHHOCTs  (19%),
HedTenepepadaTHIBAIOIIHE 3aBOJIbI (14%),

TOpPHOJO00BIBAIONIAs [TPOMBIIUIEHHOCTH (6%), IPOU3BOJICTBO
CTPOUTENBHBIX MaTepuasioB (4%) M XHMHYECKHE 3aBOJBI
(1%) (MunucrepctBo toctuuuu Pecnyonunku Kasaxcraw,
2017). Ha pucynke |1 moka3zaHbl reorpapuieckie MeCTOIo-
noxenns 104 cTannoHAPHBIX HCTOYHUKOB TOPCHMUS, KaXIbIi
3 KoTopeix BeIOpaceBaeT 6oee 100 000 tromr CO; B rog,
COOTBETCTBYIOITHE 6 0CaTOYHBIM OacceifHaM 3TOTO MCCIeIO-
BaHus. K CTAallMOHAPHBIM HMCTOYHHKAM TOPEHHS OTHOCSTCS
O0BEKTHI ~ JHEPTreTHYECKOrO0  CeKTopa,  HeTera3oBoi
MIPOMBIIIUICHHOCTH, TOPHOJOOBIBAIONIEH IPOMBIIIIEHHOCTH,
METaJTypIrHy, XUMHUYECKOU MIPOMBIIICHHOCTH "
MPOM3BOJICTBA  CTPOUTEIBHBIX  MaTepuajoB  (IIEMEHTa,
W3BECTHU U TUIICA).
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Pucynok 1. Ocnosnvie ucmounuxu sazpasuenuii ¢ Kazax-
cmane [1]

1.2. MeXIyHAPOIHBI ONBIT

HenaBHee uccienoBanue, MpoBEIEHHOE IPYIIION YUEHBIX
m3 CaynmoBckod ApaBHM B paMKax W3Y4EHHS 3aKauKd
JVOKCHJA yTJIEBOJOPOJa B HEPa MCTOMIEHHOTO pe3epByapa
CyXOro ra3a. B kadecTBe HCIBITYEMOTO IUIACTa MCIIOIb30Ba-
JOCh MECTOpOXKAEHHE Ha Tepputopun CeBepHOro Mope,
pacmionoxxeHHOe TpuMepHo B 140 kM oT Oepera co ciemyro-
IIUMH TapaMeTpaMHu:

— HavaneHoe nasnerue = 4200 psi (290 Gap);

— rimy6una = 9000 ft (2744 m);

— temmeparypa = 182°F (84°C);

— XpaHujMine rasa 3abpomero Ha gasiexun = 200 psi
(14 bar), uto cooTBeTCTBYeT KOI(D(PUIMEHTY H3BICUCHHUS
90% ot OGIP (original gas in place);

— MOPOJa-KOJUICKTOP - YHCTHIA MECYAHUK C MOYTH OIHO-
POIHOM OPUCTOCTHIO M IPOHUIAEMOCTHIO;

— MEXaHH3M BOCCTAaHOBJICHHS - PaCIIMPEHHUE METAHOBOTO
rasa;

— BKJIQJl BOCCTaHOBJICHHSI OT MOJIEP)KKH BOJIOHOCHOTO
TOPH30HTa U BOJONIPHUBOAA - MeHee 2%.

UccnenoBatenu rmuanupoBanu  mepekauky CO2 ¢
OeperoBoii 3JEKTPOCTAHLIMH 110 MOABOJHOMY TPyOOIPOBOIY
K MECTYy 3aXOpOHEHMs B KHAKOH ero ¢asze. BosHuxume
TEXHUYECKHUE TPOOJEMBl MOXXHO OTHECTH K THUIIMYHBIM,
TaKUM KakK: OCJIOXHEHHMA NpH OypeHHH B HCTOIICHHBIX
30HaX, TPAaHCIIOPTHPOBKA Ta3a, a TAaKXKE €ro YJIaBIHBaHHE,
00e3BOKMBaHHE U CIKATHE.

OKcIepuMeHT OBUT pa30UT Ha CIIEAYIOIINE HTAIIBL.
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2. MeToabl 1 MaTepHaJIbI

Oran 1. CO. ymaBiamBaercsi, 00€3BOXHBACTCI U
CKMMaeTcs Ha OeperoBoi ajekrpocraHumu. HeobOxomumoe
JIaBJICHWE HAarHETaHHsI B KOMIIPECCOPE 3aBHUCHT OT XKelaeMOM
CKOPOCTH 3aKauykd Ha YCTbE CKB@KHHBI, AWaMeTpa TpyO
TpyOOIIpOBOIa ¥ COOTBETCTBYIOIIErO Iepernajga AaBiIeHUs
MEXAy MECTOM CKaThsi W TOA3EMHBIM PE3epByapoM.
Osxupaercsi, 4To Tepenax JAaBieHHs OyneT MEHSTHCS B
npolLecce 3aloJIHeHH IuacTa, 0 4eM OyIeT CKa3aHO HUXKE.
Hdus  momnepxanuss 3(G(GEKTUBHOCTH  TPyOOTIPOBOIHOTO
Tpancnopra CO;  [OMKEH  TPaHCHOPTHPOBATHCS |
3aKauMBaThCS B IUIOTHOM COCTOSHUM. TpaHCHOPTHPOBKA
CO; B razoo0paszsom coctosiHun HedddekTruBHa.

Ortan 2. JTOT 3Tan COOTBETCTBYET YCIOBHUSIM TTOCTYILICHUS
CO, na ycree ckBakuHbl. JlaBnenue mnepernag B 140-
KuioMeTpoBoM Tpybomnposojae (AB) cocrasnsier okono 550
psia, m oxunmaercs, uro Ttemneparypa CO; Oyner
COOTBETCTBOBATh TEMIIEpaType MOPCKOil Boapl. Temneparypa
MOpCKOH Bozibl Koseouercst Mesxxy 40°F 3umoit 1 60°F netom.
B stom mmanazone temmepatyp CO; HaxoAWTCS B JKHAKOM
COCTOSIHHH (PHCYHOK 2).
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Pucynox 2. @azoean 00010uKka 0aeneHus-memnepamypl
(PT), noxasviearowas zazosoe, »HcuoOKoe u CEEPXKpUMUUECKOE
cocmoanun CO2 kak yynkyuio oagnenusn u memnepamypul. Tou-
ku A, B, C u D npeocmasnarom ycnosusn oasnenus (P) u memne-
pamypor (T) CO2 na paznuunsix Imanax 3akauku. A - oxcudae-
mute P u T nocne cocamusn na mecme ynaenusanus, B - oxycuoae-
mote P u T na ycmoe cxeaxcunsi, C - ycnosus (P, T) ¢ nnacme 6
nauane 3akauxku CO2, a D - koneunvie ycnosusn (P, T) nocne 3a-
nonnenusn nnacma COz. S-L npedcmasnsem coboit mouxy nepe-
x00a CO2 u3 ceepxkpumuueckozo cocmoanus 8 ycuokoe, a L-G -
MOUKY nepexo0a u3 HeudKo20 cOCmoanus 6 2azo0oopasmoe [7]

Crangust 2 Ha pUCYHKE 2 COOTBETCTBYET CLEHApHIO, B KO-
TopoM naeieHue u temneparypa CO; Ha yCThe CKBa)KHHBI
cocrasisror B = (1000 psia, 40°F)

Oran 3. OTa cTagus COOTBETCTBYET yCIOBHAM ILIACTOBO-
TO JTAaBIICHUS W TeMIlepaTypsl mo Hadana 3akadku CO,. Ilo-
aToMy craausi C Ha pUCYHKE 2 COOTBETCTBYET TEKYIIUM
yenopusim  macta C = (200 psia, 182°F). Ormeuaercs
¢azoBeii mepexon oT kuakocth K razy (L-G), xortopsrit
NPOUCXOJUT B  pe3ylbTare W3MEHEHMS JaBJICHUS |
TeMIlepaTypsl OT TIOBepXHOCTH K Iuiacty. Touka L-G
o0o3Hauaet Temneparypy Benbiku CO2. B 3aBucumocty ot
MOTOKA U TEIUIOBBIX YCJIOBUIi, IEPEX0]] B r'a30BOE COCTOSHUE
MOJKET IPOUCXOANTH BHYTPH HACOCHO-KOMIPECCOPHBIX TPYO
WA B TPHUCKBAXKUHHOM TIPOCTpAaHCTBE. JlOMOJHHUTEIBHEIE
MOIPOOHOCTH TPEICTABIICHBI B CIIEAYIOIIEM pazelie

Oran 4. Drta cramus MpeaCTaBiIseT COOOW OXHIacMEIC
YCIIOBHS JABIICHUS W TEMIIEPATYPhI ITOCIIE 3al0THEHUS TIIa-
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cra CO,. Ilpemmomaraercs 100% 3amemieHne MycToT, U
MO3TOMY OKHJIAETCsI, YTO KOHEYHOE JIaBICHHe Oymer
NPUMEPHO PABHO HAYalbHOMY JaBJIEHUIO B Iuiacte. [lpu
OTCYTCTBUH BO3MYILEHHSI CpEIHEN TeMIeparypsl IUIacTa
crafaus D Ha pUCYHKE 2 COOTBETCTBYET CBEPXKPUTHUECKOMY
cocrostauto CO; mpu D = (3500 psia, 182°F).

2.1. Horenuuaa ucnoas3oBanue CCS B Ka3zaxcrane

Mo nmamaeM  KazEnergy (2015), Ha Ttepputopun
Kasaxctana mmeercs 15 ocamgounbix OacceiiHoB. [lo mByMm
npuunHaM (YHOMSIHYTBIM HHWDKE), TOJBKO IIECTh W3 HHUX
(ITpukacnuiickuii, YcTroprckuii, Manreinuiakckuid, FOxHo-
Typraiickuii, Yy-Capsicylickuii 1 3aiicaHckuil OacceiHbl)
BBIOpaHBI Ul JTAaHHOTO HCCIIEIOBAHHS II0CIE OOLIMPHOTO
o030opa mmTepaTypbl mo reojornn KazaxcraHa B paHHHUX
paboTax COBETCKHX T'€OJIOTOB, ITOCICIHUX HCCICAOBAHUAX H
MECTHBIX T€0JIOTHUECKUX 0a3ax TaHHBIX.

JocratodHble TEOJOTHYECKHE JaHHBIE UIS OLEHKH IO-
teHmmana xpaHeHns CO2 B OCHOBHOM HaXOJISTCSI B yTJIEBO-
JopoaHbIx Oacceiinax, a BHeapenune CCS B Kasaxcrane B
HeTsaHBIX OacceifHax OoJjiee OCYLIECTBUMO M PEaTUCTUYHO
MO AKOHOMHYECKMM IIpHYMHAM (CyIIECTBYyromas HHppa-
crpykrypa u norenuman it CO.-EOR, cpenu mpouero).
lects BbIOpaHHBIX OacceifHOB HMMEIOT pa3HBI BO3pacT,
TE0JIOTHYECKUE XapaKTEPUCTHKH, MOTEHIHANl HCKOIaeMOTo
TorunBa, Oamu3ocTh Kk ucroynnkam CO; M pasHbI ypOBeHb
Pa3BUTHA CYIIECTBYIOMNX HHPPACTPYKTYP (PUCYHOK 3).
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3. Pe3ynbTaThl U 00Cy:KIeHHE

Kak Beisscuniocs, 3akauka CO2 B INIOTHOM COCTOSIHHH B
MJacT C HU3KUM JaBlieHHeM MpuBOIUT K ucmapeHuio CO-
MO0 B CTBOJIE CKBaXXUHBI, JIMOO B MPHUIIOBEPXHOCTHOM
mwiacte. [Iporecc ucnapeHus: CBsi3aH ¢ IaJCHUEM TeMIlepa-
Typsl u3-3a 3¢ dexra Jxoynsa-TomMcoHa, pe3KUMHU H3MCHEHU-
SIMH TEPMOJUHAMHYECKHUX cBOMCTB (a3 CO2 u yBenmuueHUEM
CKOpOCTH MOTOKa m3-3a pacumpenus CO,. DTu sBICHUA
MOTYT OBITh OIACHBIMH, TaK KaK MOTYT BBI3BaTh IPOOJIEMBI C
oOecrieyeHHEM IMOTOKAa, TaKHE KaK OOpa3oBaHUE THIPATOB,
MoTepsi KOHTPOJISL AaBJICHUS M HapylIeHHE UEeIOCTHOCTH
CTBOJA CKBaXHHBL. OCHOBHOI 1eNTBI0 pabOTHI YUEHBIX CTAJIO
mydenne moBexeHuss CO. VYyeHple 3aKIIOYalOT, dYTO
LIMPOKO  KCIOJb3yeMOE MOJCIUPOBAHUE C  PAa3BI3KOM
sBisieTcss  Hed((EKTUBHBIM METOJOM B Jielie  OIUCAHUS
MOBENICHMsI TOTOKA YIJIEKHCIOr0 Tra3a B MEPEXOJHOM
COCTOSIHUU JKHIKOCTh-Ta3 B CTBOJIC CKBAKHMHBI, TaK-Kak
Pa3BsI3aHHBIN MOJXO/ MPEICKA3bIBACT Pa3pPhIB AABICHUS, YTO

38

HepeaabHO. YUEHBIMH OBUIO MPEVIOKCHHE PEIICHHE
HArpeBaTh MOTOK 3aKAaYMBAEMOr0 ra3a Ha YCTbE CKBAXKHUHBI
s obecriedeHust (a3oBOro mepexoja rasa M3 KUIKOTO B
CBEPXKPHTHUYECKOES COCTOSIHHE. IMTomumo 3TOrO,
HCCIICZIOBATENI 3aTPOHY M JKOHOMHYECKHE IOKa3aTesln
IMpOCKTa. TaK, JJIA TOCTATOYHOT'O MOBLIMICHUSA TEMIICPATYPbI
CO; notpedyercs ot 60 1o 70 kBT1/4 Ha METpUUECKYIO TOHHY
CO>. Taxxe MOTYT BO3HUKHYTb JIOTIOJHUTENbHbIC 3aTPAThI B

3aBHCUMOCTH  OT  3((}EeKTUBHOCTH  YCTAaHOBKH W
TEII000MeHa.
4. BeiBoabBI
YyuteiBasg ~ OOJIBIIOW  TIOTEHIIMAJI ~ XpaHEHHS  Ha

teppuropuu KazaxcraHa, cTaOIIBHYIO TEKTOHHUKY, BBICOKYIO
3aBHCUMOCTh OT UCKOIIAEMOTO TOILIMBA M XOPOIIO Pa3BUTYIO
HEeTAHYIO TPOMBIIUIEHHOCTh peruoHa, CCS oOnamgaer
OONBIIMM  TMOTCHLIMAJIIOM  TOHIDKCHHS  3arps3HCHUS
aTMocdepbl B COOTBETCTBUU ¢ [lapmKCKUM COTJIAIIICHUEM.
BrusiBieHo d4eTslpe Hambosiee MOAXOIAIIUX OacceiiHa, B
KoTOpbiX CO2 MOXET XpaHHUTBCA B CBEPXKPUTHYCCKOM
cocrossauu. Mmm sBisitotes: [Ipukacnuiickmii  GacceiiH,
MaHreInuIakckuli, HOxHo-Topraiickuéi u  YCTIOpTCKHAN
Oacceitnbl. Kak coobmaer B cBoeti ctatee E. AGyos, H. Ceii-
cenbaeB u W.Lee emxocTs xpanenus CO; B 3THX OacceifHax
cocraBmsieT 462 I't, 43 I't, 5 't 1 29 I't, ¢ cymmapHO# Momi-
HocThio 539 I'T addexTuBHBIX MomHOCTEH Xpanenus CO; B
Kazaxcrane [1]. Kak  mokaspiBaeT  Hccle[OBaHUE
paccuutannbie dpdexTuBHoe xpaneHne CO, B Kazaxcrane
MOXET OOCCIEYNTh CHW)KCHUC HAIMOHAIBHBIX BBIOPOCOB
MApPHUKOBBIX ~ Ta30B M MNONACPKAaHUEC  YIICPOTHON
HelTpanpHOCTH B TeueHue 1600 ner.

HecmoTps Ha mpeanpwHHMaeMble TOCYAApCTBOM MEPHI
10 CHIKCHUIO CKHTAHHUS WCKOIIAEMOTO TOIUTMBA ITyTeM
ncnoip3oBaHus BUD, BnusHue Ha o0mImii 006eM BEIOPOCOB
CO; 0oCTaeTcs HE3HAYNTEILHBIM. Ucxons n3
BBIIIIECKa3aHHOTO, TexHosorusi CCS BHONHE MpUMEHNMa Ha
Tepputopun KazaxcTaHa M MOXXET OKazaTh CYIIECTBEHHOE
BJIMSIHAC HA CHW)KCHUE BHIOPOCOB YIIICKHCIIOTO Ta3a, 4To B
CBOKO OYEpe[b, IOJOKHUTEIHHO CKAXKETCS HAa 3KOJIOTHU
peruoHa ¥ Ka4ecTBE KHU3HH JIIO/ICH.
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Anparna. Kazipri yakeirta Kazakcranna CO; miaMafaH ThIC IIBIFAPBIHABLIAPEI Moceleci OYpBIHFBIIAH Ja oTKip Typ. Ic
JKY3iHze OapibIK ipl @HEpPKACINTIK Kasanap arMocdepanaarsl 3UsHIbI 3aTTapAbIH KYpaMblHaH OlpHeIIe ece Kol 3ap/arl HIerei.
IMapmwx kemicimi menOepinge Kasakctan Kateicymsl engepMer kKatap 2030 oxpuFa Kapailh TapHUKTIK —Tas3nap
NIBIFAPBIHIBUIAPBIHEIH CaHbIH 1990 KBUIFBI JICHICHMEH calbICThipranna 15%-Fa TOMEHJeTyre MiHIeTTeH 1. Anaija, OyriHri
TaHJa OH TeHJCHIMs Oalikammayaa. OchlFaH OailIaHBICTBI OHEPKACINTIK O0BEKTIIEPICH KOMIPKBIIIKBLT Ta3bIH ally KOHE OHBI
TayCBUIFaH MYHall HeMece a3 KeH OpBIHAAPBIHA aijay TeXHOJIOTHACH JKaKChl MHHOBAINS 00Ja aiabl )KOHE MapHUKTIK Tazaap
IIBIFAPBIHABUIAPEIH  a3alTy ICiHIE JKaKChl TpPeHA oOpHaTta amanpl. bynm Makamaga pecryONWKaHBIH O€nrimi IMmeriHmi
OacceifHnmepiHiH TeonoTHscH OaramanraH >koHe HoTmkenep COz cakray oneyeTiH OarajmayablH —KOJIJAHBICTAFBI
KpUTEpHUATICpIMEH CANTBICTRIPBUIFAH 3€PTTEYIIep KapacTHIPBUIAIbl. 3epTTey HOTIbKenepi kuHakTaiein, Kasakcranusy Kacrmit
MaHbI eHipiHiH OacceiHepinae, YcTipT OacceitHinme, Manrpmiak, [Lly-Capeicy, Onrycrik Topraif, 3aiican 6acceitHnepinae
CCS enrizyre ®apamIbLTBIFBIH OOJKAUTHIH TEXHUKAJIBIK [IOJTY JKacal bl

Hezizei co30ep: carbon capture and storage, CCS, nomenyuan, napHuxmix 2azoap, wbleapblHObLIAP, YHELIMA, KbICbIM,
memnepamypa, auoay, gasa.

O030p BO3MOKHOCTEH Ire0JIOTHYECKOr0 XpaHeHUs AJIsl YJIABJIUBAHUSA U
xpanenust yriekucsoro raza (CCS) B Kazaxcrane
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Satbayev University, Arvamoi, Kazaxcman
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Annoranus. B Hactosmiee Bpems B Kaszaxcrane mpoOGiiema ype3mepHbix BbIOpocoB COz CTOMT Kak HHUKOTAA OCTPO.
[IpakTryeckn Bce KPYIHBIC MPOMBINLUICHHBIC TOPOJA, TAK WM WHAYEe, CTPAJAIOT OT KPATHOTO IMPEBBIINICHUS COJICPKAHUS
BpPEIHBIX JUIS 3JI0pOBbsl BemlecTB B aTMmocdepe. B pamkax Ilapmkckoro cornmamienus KaszaxcraH, Hapsly cO CTpaHaMu
yuacTHHIAMH, o0s3aics K 2030 roJy CHU3UTh KOJIMYECTBO BHIOPOCOB MAPHUKOBBIX T'a30B Ha 15% 1O CpaBHEHHUIO C ypOBHEM
1990 roma. OmHAKO HA CETOAHSAIIHUIN JICHb, MOJOXKHUTCILHOW TEHJICHIMM HE HaOdromaeTcs. B CBSI3M ¢ 3TUM, TEXHOJIOTHUS
YIIABJIMBAHUS YIJCKHCIOrO ra3a ¢ NPOMBINUICHHBIX OOBEKTOB M 3aKauyka €ro B HCTOIICHHBIC HE()TSIHBIC WIH Ta30BbIC
MECTOPOXKIICHHUS MOTJIa ObI CTaTh HETUIOXOW WHHOBAIIMEH M 33/1aTh XOPOIINI TPEH/ B JeJe CHIKECHUS BEIOPOCOB MTAPHUKOBBIX
ra3oB. B nmaHHOW cTaTtbe paccMaTpUBAIOTCS WCCIICIOBAHUS, TNl OLCHHBAJACh T'EOJOTHS W3BECTHBIX OCATOYHBIX OacceiHHOB
pecryOINKi W CPaBHUBAIKMCH PE3YJIBTATHl C CYIIECTBYIOIIUME KPUTEPHUSMH OICHKH moTeHimana xpaneHus CO.. beum
0000IIIeHBI Pe3yIbTaThl UCCIIETOBAHUN U TIPEICTABIICH TEXHUYECKIA 0030p, KOTOPBIH MperonaraeT npurogHocts Kazaxcrana
s BHenpenus: CCS B Oacceifnax Ilpukacnmiickoro permoHa, YcTiopTckuid Oacceitn, Manrsmuiakckuit, Yy-Capsicy, FOxHO-
Typraiickwuii, 3aficanckuii 6acceiH.

Kmouesvie cnosa: carbon capturing and storage, CCS, nomenyuan, napruxosvle 2asvl, 6bl0pOChl, CK8ANCUHA, OA6LeHUE,
memnepamypa, 3akaixa, ¢asa.
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