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Abstract. The content of the leading elements in the technical composition of high-ash coals on the territory of Kazakhstan
makes it possible to obtain a complex alloy. In accordance with this, a comprehensive study of the possibilities of obtaining an
Aluminium-chromium-silicon alloy, which can be a complex deoxidizer and reducing agent, is among the topical issues. The
article presents the results of a study of the thermodynamic-diagram analysis of the Cr-Si-Al-C multicomponent 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. Descriptions
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-Si-C, Al-Cr-Si, were revealed. Volumes 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.
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1. Introduction

Technologies for the production of complex alloys can be
distinguished by the following positive aspects:

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 [1].

To obtain high-quality complex alloys, it is necessary to
conduct various studies. One of the research methods is
computer modeling.

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.

In solving many scientific and technical problems, the is-
sues of studying high-temperature processes with physico-
chemical transformations play a significant role [2-4].

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.

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-
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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 [5-8].

For a long period of time, fossil coal had no worthy com-
petitors among energy carriers and played a huge role in
global development as energy for fuel power plants, in the
metallurgical industry and in the household sector. There are
coal deposits in more than 70 countries, including Kazakh-
stan, which ranks among the top ten countries in coal produc-
tion, second only to China, the USA, India, Australia, Russia,
South Africa, and Ukraine. Reserves of both energy and
coking coal will be sufficient for hundreds of years, even
with an active increase in production.

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 [9,10].

2. Materials and methods

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.

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) [11].

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 [12].

3. Results and discussion

Aluminum-chromium-silicon alloy. The technology of
smelting this chromium—containing alloy is based on the
complex processing of poor chromium ores and the use of
high-ash coals instead of a relatively expensive reducing
agent - metallurgical coke. Experimental tests for the produc-
tion 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 obtain an alloy of silicon, aluminum and
chromium.

According to the Concept of development of the coal in-
dustry of the Republic of Kazakhstan until 2020, the total
geological reserves and projected coal resources are estimat-
ed at 150 billion tons. Off-balance sheet coal reserves by
basins and deposits, as of January 1, 2007, amount to 28.6
billion tons, including 3.2 billion tons of hard coal, 25.4
billion tons of brown coal [13].

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).

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

In Figure 1(a) Al-Si-C triple system forms 12 compounds at
a temperature of 1673K: 1)Si(c);SiC(c);Al(c); 2)Al(c); 3)C(c);
4)Si(c);SiC(c);  5)C(c);  SiC(c);Al4C3(c); 6)C(c);SiC(c);
7)C(c);Al4C3(c); 8)Al(c);Al4C3(c); 9)SiC(c);Al(c); Al4C3(c);
10)SiC(c);Al(c); 11)SiC(c);Al(c); 12)SiC(c). Al-Si-C 50% of
the triple system C(c);SiC(c); 30% of the triple system SiC(c),
the remaining 20% make up the remaining compounds of the
triple system.

In Figure 1(b) Al-Si-C triple system forms 12 compounds at
a temperature of 1873K: 1)Si(c);SiC(c);Al(c); 2)Al(c); 3)C(c);
$Si(c);SiC(c);  5)C(c);  SiC(c);Al4C3(c);  6)C(c);SiC(c);
7)C(c);Al4C3(c); 8)Al(c);Al4C3(c); 9)SiC(c);Al(c); Al4C3(c);
10)SiC(c);Al(c); 11)SiC(c);Al(c); 12)SiC(c). Al-Si-C 50% of
the triple system C(c);SiC(c); 30% of the triple system SiC(c),
the remaining 20% make up the remaining compounds of the
triple system.

In Figure 2(a) at a temperature of 1673K, the Al-Cr-Si
triple system shows that it forms 19 compounds: 1)Al(c);
2)Si(c); 3)Al(c);CrSi(c);Cr5Si3(c); 4)Al(c);CrSi(c); 5) Al(c);
CrSi(c);CrSi2(c);  6)Al(c);Cr(c);  7)Si(c);Al(c);CrSi2(c);
8)Si(c);Al(c); 9)Al(c);Cr(c);Cr3Si(c); 10)Cr(c); 11)Cr(c);
Cr3Si(c); 12)Cr3Si(c); Cr5Si3(c); 13)Al(c); Cr3Si(c);
Cr5Si3(c); 14)CrSi(c);Cr5Si3(c); 15)CrSi(c); 16)CrSi(c);
CrSi2(c); 17)Si(c);CrSi2(c); 18)Al(c);CrSi(c);Cr5Si3(c).
35% of this triple system Al-Cr-Si belongs to compounds
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such a CrSi(c);Cr5Si3(c); 20% is Si(c);CrSi2(c); 20% is
Si(c);Al(c); the remaining 25% is the remaining compounds.
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Figure 1. Diagram of the phase composition of the triple
system AI-Si-C at temperatures: 1673K(a), 1873K(b)

In Figure 2(b) at a temperature of 1873K, the AI-Cr-Si
triple system shows that it forms 20 compounds: 1)Al(c);
2)AI(c);Cr3Si(c); 3)Al(c);CrSi(c);Cr5Si3(c); 4)Al(c);CrSi(c);
5)Al(c);CrSi(c);CrSi2(c);  6)Al(c);Cr(c);  7)Si(c);Al(c);

CrSi2(c); 8)Si(c);Al(c); 9)Al(c);Cr(c);Cr3Si(c); 10)Cr(c);
11)Cr(c);Cr3Si(c);  12)Cr3Si(c); Cr5Si3(c);  13)Al(c);
Cr3Si(c); Cr5Si3(c); 14)CrSi(c);Cr5Si3(c);  15)Al(c);

CrSi2(c); 16)CrSi(c);CrSi2(c); 17)Si(c);CrSi(c); 18)Al(c);
Cr5Si3(c); 19)Cr3Si(c); 20)CrSi(c);CrSi2(c). of this triple
system  Al-Cr-Si  belongs to compounds such a
CrSi(c);Cr5Si3(c); 20% is Si(c);CrSi2(c); 20% is Si(c);Al(c);
the remaining 25% is the remaining compounds.
Ferrosilicochrome with a silicon content of ~48% is ob-
tained by carbothermic method in ore-thermal furnaces with
a transformer with a capacity of 10-20 MWA by a continu-
ous process. The charge is loaded constantly, in small por-
tions on the surface of the grate in the zones adjacent to the
electrodes. According to the smelting process and depend-

ing on the grade of the alloy obtained, there are two meth-
ods for producing ferrosilicochrome: single-stage (slag) and
two-stage (slag-free). In the one-stage method, the charge
consists of chromium ore, quartzite and a carbon-containing
reducing agent (coke, semi-coke, briquetted peat, brown
coal, graphitization waste, etc.), and in the two-stage meth-
od - of quartzite, carbonaceous (transfer) ferrochrome and
carbon-containing reducing agent (coke, semi-coke, special
coke and coal) [11-13].
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Figure 2. Diagram of the phase composition of the triple
system AI-Cr-Si at temperatures: 1673K(a), 1873K(b)

Currently, both methods are practiced. The indicators and
advantages of each of them are characterized to a large extent
by the degree of refinement of the technology and the con-
sumption of electricity. The economic efficiency of ferrosili-
cochrome production depends on the cost of charge materials
and on the content of target elements in the alloy: chromium
and silicon. The advantage of the single-stage method of
ferrosilicochrome production is the increased extraction of
chromium into the alloy, however, the total electricity con-
sumption for ferrosilicochrome smelting (48-50%) with the
two-stage method is lower (6700-7300 KW-h) than with the
single-stage (8200-8855 KW:-h).
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Table 1. Chemical composition of the starting materials

Chrome Ore, %

Cr,03 51.73
SiO, 7.76
CaO 0.53
MgO 17.75
Al,Os 8.32
F:emtal 9.42
S 0.012
Puncture loss 2.10
Al-Cr-Si, %
Cr 36.92
Si 25.11
Al 14.41
C 1.48
Fe rest

The composition of the briquetted charge is as follows:

- chrome ore (0-0.5 mm) - 69.1%;

- Aluminosilicochrome (0-0.5 mm) - 30.9%.

As a binder, liquid glass was used in an amount of 6-7%
of the dry weight of the charge. The density of liquid glass is
1.46-1.48g/cm®, silicate modulus SiO2/Na,O = 2.64-2.84.
Before briquetting, the raw materials, first in a dry state, and
then with a binder in the specified ratio, were thoroughly

Table 2. Chemical composition of melting products

mixed and briquettes in the form of cylinders with a diameter
of 10 mm and a height of 10-15 mm were obtained. The
briquetted charge was dried in a laboratory muffle furnace at
a temperature of 200-250°C for a duration of 3 hours. The
chemical composition of the briquettes is given in Table 2.
Lime with a CaO content of >95% was used as a fluxing
material.

The resulting alloy in chemical composition met the re-
quirements of the standard. The results of the smelting are
shown in Table 2. As can be seen from the table, the slag
compositions were characterized by different basicity values.
The amount of reducing agent varied to find the optimal value.

In terms of carbon content, the resulting metal corre-
sponds to the grades of medium-carbon ferrochrome accord-
ing to GOST 4757-91. Table 2 shows that the use of a sili-
con-aluminum reducing agent - Alumosilicochrome in the
process of metallothermy of refined ferrochrome leads to the
formation of alumina-containing slags. The concentration of
alumina in them ranges from 15.07-30.55%, while according
to standard technology it is 5-7%. Consequently, there is a
significant change in the chemical composition of the slags.
In this regard, it became necessary to study the features of
the slags obtained by the new technology [9].

No Metal

B Cr Fe Si C Cr,03
1 66.88 29.05 1.22 1.96 5.26
2 68.08 27.82 0.66 2.33 6.31
3 63.24 33.47 0.42 0.77 5.43
4 68.72 26.79 0.39 3.24 5.67
5 67.22 28.29 1.05 1.18 5.11
6 67.28 28.31 1.02 131 2.17
7 66.38 30.58 1.03 1.13 4.25
8 67.48 29.81 1.06 1.25 5.07
9 67.26 28.34 0.20 3.20 5.68
10 68.87 26.01 0.78 2.94 6.26

Slag Ca0
Ca0 Si0, MgO AlLO; FeO Si0,
31.87 23.43 13.59 30.55 0.55 1.36
33.69 24.23 11.43 27.29 0.62 1.38
33.52 23.44 13.65 18.98 0.71 1.43
31.88 20.50 13.22 14.90 1.08 1.55
37.59 24.06 13.07 18.07 1.12 1.56
32.62 20.46 10.07 21.07 0.82 1.59
39.98 2453 13.03 17.17 0.93 1.63
39.75 23.66 14.11 16.09 1.04 1.68
34.54 21.69 14.26 15.07 1.23 1.73
41.43 23.18 11.16 15.32 2.05 1.79

4, Conclusions

A model of the Alumosilicochrome alloy was constructed
by computer modeling. The data obtained by calculation
showed the correctness of the molten metal-containing alloy.
All identified phases were obtained by thermodynamic model-
ing during the melting process. This shows the correctness of
the calculations.

In the course of the analysis of the results obtained, it was
found that the triple systems Al-Si-C, Al-Cr-Si, which are the
main components of the studied metallic system AI-Cr-Si-C,
undergo large-scale changes in the composition and number of
phases. Although the decline in quality and impoverishment of
ores and raw materials is a serious problem, it is known that
the demand and requirements for metallurgical charge materi-
als are growing. Therefore, the ways to fully study the materi-
als involved in metallurgical production and expand the possi-
bilities 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 re-
sults 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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KomnbroTepiiik 0araapjiaMa KeMeriMeH TepMOAMHAMHUKAJIBIK
MoOJIeJIb/IeY JiCi APKbLIbI 2KOFAPbI KYJIi KOMIpJepai KOJJIaHbII
KellleH/Il KOPBITIIA aJIy MYMKIHJIIKTEPiH 3epTTey

b.C. Kenamanos, JI.A. Ecenranues, O.P. Capues, A.M. AxyoB
K. JKybanos amuvinoaset Axkmebe enipik ynusepcumemi, Akmobe, Kazaxcman

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

Anparna. KaszakcTaH TeppUTOPWSCHIHAAFBI JKOFaphl KYJIIl KOMIpIepHiH TEXHUKAIbIK KypaMbIHIAFbl JKETEKIIl
JJIEMEHTTEPIIH MOJIIepi KeIIeHAI KOPBITHA alyFa MYMKIHAIK Oepemi. OchiFaH CoWKec, KEUICH[I KHIIIKBUICHI3IaHIBIPFHINI
JKOHE TOTBIKCBHI3MAHIBIPFHIN Ooa amatelH AXC KOPBITIIACHIH ally MYMKIHIOIKTEPIH >KaH-KaKThl 3€PTTEy ©3€KTi Macelesep
KatapeiHaa. YceiHbUIFaH Makanaga Cr-Si-Al-C oxyleciHiH TepMOOMHAMHKAJBIK IUarpaMMajapblH TalIaylblH 3epTTey
HOTHOKEJNIEPI KETIPUIreH, MYH/a TepMOAMHAMUKAIIBIK MATIMETTEp Heri3injae Herisri TopT komnoHeHTTi Cr-Si-Al-C xyiiecinin
IIeKapaiblK YIOTIK JKyienepi canbiHFaH. benrinmi Oip QasamapaplH opKaWCBHICHI VIIIH CHIAaTTamajap OepuIreH, OapablH
KOeMeriMeH Xpom Oap OankbIManap KypamIapblHBIH JKaJIbl YHECiHIH HAaKThl MOEJIH OJapIblH HOPMATHUBTIK (ha3alibik
KypamapeiH ecenteil oThIpsIN xacayra Oomanpl. Cr-Si-Al-C sxyieciHiH ymOypsimiTapbl OpPHATBULABI, OJap KYJi YKOFaphl
KOMIpIli KOJJaHa OTBHIPBIN, ATOMHHHUIA CHIMKOXPOM KOPBITIIACHIH OAaJKbITY Ke3iHJE alblHFaH MeTaul OYHbIMAapbIHBIH
KYpamIapeiH MoayJsiusuiansl. Mogensaey wotmkecinme Al-Si-C, Al-Cr-Si, ymr KOMIOHEHTTI KyilenepiHiH (a3anapbiHbIH
HETI3ri KOMIIOHCHTTEepI aHBIKTaNabl. KOHACHCAlMsIaHFaH JKOHE Ta3 Topi3mi (aszamapisl KOpCeTeTiH KejeMIep MEH TYC
MHTETpajgapbl aHbIKTanaapl. KpeMHUH aqfoMUHHMN KOPBITHAIAPBIH OHJIPY TEXHOJIOTHSCHI )KOFapbl KYJ KOMIpIHIH KYJIiHEH
OKCHATEPAl K€H TePMUAIIBIK MEIITEPAET] 63 KOMIPTEriMEeH TOTHIKCHI3AaHABIPYFa HET13/1eNTeH.

Hezizzi co30ep: dicozapbl Kyndi KoMIp, (eppocunsukoxpom, mopm KOMIOHEHMMI Jicyiie, MepMOOUHAMUKANLIK OUAZpamMMd,
KeMipmex, Kejem.

N3y4yeHnne BO3MOKHOCTEN MOJTYy4YEHHSI KOMILJIEKCHOTO CILJIaBa C
HCMO0JIb30BaHMEM BbICOKO030JbHBIX yIUIeid METOI0M
TEPMOAUHAMUYECKOTO MOAEJIMPOBAHUSA C MOMOIIILI0 KOMIIbIOTEPHOI
NMPorpamMmbIl

b.C. Kenamanos, JI.A. Ecenramues, O.P. Capues, A.M. AxyoB
Axmrobunckuil pecuonanvhviil yHusepcumem umenu K. JKybarnosa, Axmobe, Kazaxcman
*Aemop ons koppecnondenyuu: kelamanov-b@mail.ru

AnHoranusi. ConepkaHWEe BEOYIIMX JJIEMEHTOB B TEXHHMYECKOM COCTABE€ BBICOKO3OJBHBIX YIJIEH Ha TEPPHUTOPHUH
KazaxcTana mo3BojsieT MOJMY4YHTh KOMIUIEKCHBIH CIUIaB. B COOTBETCTBHMH C 3THMM, KOMIUIEKCHOE H3Yy4EHHE BO3MOXKHOCTEH
nony4eHns cmaBa AXC, KOTOPBIH MOXeT ObITh KOMIUIEKCHBIM PAaCKUCIUTENIEM W BOCCTAHOBHTENEM, HAXOAUTCS B YUCIIE aK-
TyaJIbHBIX BOIIPOCOB. B cTaThe mpeacTaBieHbI pe3ynbTaThl MCCIEIOBAHHS aHAIN3a TEPMOJMHAMUYECKHX AWAarpaMM MHOTO-
KoMIoHeHTHO# cuctembl Cr-Si-Al-C, rae Ha 0OCHOBE TepMOIMHAMUYECKUX JaHHBIX MOCTPOCHBI TPAHUYHBIC TPOHHBIC CUCTEMBI
6a3oBoil ueTbipexkommoHeHTHOU cucTeMbl Cr-Si-Al-C. B pesysprate ObLIn OMpeAesieHbl KOMIOHEHThl KOHICHCUPOBAHHBIX
(a3 MHOTOKOMITOHEHTHOI cucTeMbl. JlaHbl ONHMCaHMs IS KaXJOH M3 OIpeeeHHbIX (a3, C MOMOLIbI0 KOTOPBIX MOXHO CO-
3/1aTh TOYHYIO MOJENb OOIIEH CHCTEMBI COCTABOB XPOMCOZEPIKALIUX PacIUIaBOB C PacyeTOM MX HOPMATHBHBIX (pa3oBBIX CO-
cTtaBoB. bpUIH ycTaHOBICHBI TpeyronbHUKU cucteMbl Cr-Si-Al-C, MoaymUpyIOI#e COCTaBbl MOTy4aeMbIX KOMIIO3UIMH METa-
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JMYECKHX M3/SJIUH IIPH BBIIIABKE aJIFOMOCHIMKOXPOMOBOTIO CIIaBa C UCIOIE30BAaHUEM BBICOKO30JBHBIX yIilei. B pesynbrare
MOJICITUPOBAHUsI OBUIM BBIABICHBI OCHOBHBIC COCTABISIONME (ha3bl TPeXKOMIOHEeHTHBIX cucteM Al-Si-C, Al-Cr-Si.
Omnpenensitorcsi 00bEMBI U LIBETOBBIE MHTETPAIBI, YKa3bIBAIONIME HA KOHJCHCHPOBAHHYIO U Ta3000pa3Hyto (asbl. TexHomorus
MOJyYeHHs] KPEMHHHAIIOMHHUEBBIX CIUIABOB OCHOBaHa Ha BOCCTAaHOBJICHMM OKCHJOB M3 30JIbI BBICOKO30JIBHOTO YTJIsi
COOCTBEHHBIM YIJIEPO/IOM B PYJHOTEPMHUUECKHX Ieyax.

Kniouesvle cnosa: vicokosonvhvie yenu, eppocuiuKoxpom, YemulpexKOMHOHEHMHAA CUCMeMA, MepMOOUHAMUYECKAs
ouazpamma, yenepoo, oo6vem.
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