KomnnekcHoe Wcnonb3oBaHne MuHepansHoro Coipbs. Ne3 (318), 2021 ISSN-L 2616-6445, ISSN 2224-5243

:4 Crossref
UDC 666.943

OESFAMSns

IRSTI 61.35.09

DOI: 10.31643/2021/6445.25

Thermodynamic modeling of the synthesis of the main minerals of cement

clinker from technogenic raw materials

Kolesnikov A. S., *Zhanikulov N. N., *>Zhakipbayev B. Ye., *!Kolesnikova O. G., * Kuraev R. M.

1 M. Auezov South- Kazakhstan University, Shymkent, Kazakhstan
2Silkway International University, Shymkent, Kazakhstan

* Corresponding author email: kas164@yandex.kz, ogkolesnikova@yandex.ru

Received: 27 April 2021
Peer reviewed: 19 May
2021 Accepted: 16 July 2021

ABSTRACT

In this article, thermodynamic studies of modeling the formation of the main minerals of cement clinker as a
function of the Gibbs energy (AG) on temperature were investigated. The temperature range of the studies
was 873-1873 K. In the course of modeling studies, the reactions of formation of cement clinker minerals (C.S
- belite, C3S - alite, C3A — three calcium aluminates, C4AF — four calcium aluminium ferrite) from standard raw
materials and non — standard-technogenic raw materials containing non-ferrous metals were calculated.
Equations describing the dependence of the Gibbs energy on temperature with approximation coefficients
(R?) equal to 0.99 are found. According to the results of the conducted studies, the beginning (Tb)
temperatures of the course of the compared clinker formation reactions were determined, which were 1008
K for the standard reaction, and 1023 K for the non-standard reaction. It was found that the reactions begin
to occur in the temperature intervals for the standard (1008 K — 1873 K), for the non - standard (1023 K - 1873
K). At the same time, the values at the initial stage of the course of the standard reaction have a more negative
value of the Gibbs energy than the non-standard reaction. With a further increase in temperature, it becomes
evident that the Gibbs energy of the non-standard reaction of mineral formation in the temperature range
1173-1873K becomes more negative in comparison with the values of the standard reaction and exceeds its
values from 9 to 19.01%.

Keywords: Technogenic raw materials, processing waste, thermodynamics, Gibbs energy, cement clinker
minerals, non-ferrous metals.
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including the mining and metallurgical complex

Introduction (MMC), more than 26 billion tons of solid production

waste have accumulated, which is annually

Over the long-term period of intensive replenishedin dumps by another 1 billion tons. Most
development of all industries in Kazakhstan, Of them (58%, or 15,1 billion tons) are waste from
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the mining and metallurgical industries, considered
an independent raw material base. In non-ferrous
metallurgy (copper-aluminium, lead-zinc, gold-rare-
metal industries), the total amount of waste reaches
more than 5 billion tons, including rocks of
associated mining and overburden - 72%, tailings of
enrichment - 26 and metallurgical processing — 1,6
%. The area of land occupied by waste is more than
13 thousand hectares. The total amount of
accumulated waste in the ferrous metallurgy of
Kazakhstan (iron ore, chromium ore and manganese
ore industries) is more than 6,2 billion tons, of
which: associated mining and overburden — 92,8 %,
enrichment-6,1 and metallurgical processing-1,1 %.
The area of land occupied by waste is more than 15
thousand hectares [1].

The reasons for the formation of technogenic
waste are the deterioration of the technological
quality of ores, a significant lag in the technologies
of extraction, processing and metallurgical
processing from the changing characteristics of ore
raw materials, an increase in the loss of mineral
carriers of metals [2-10].

Society's consumption of natural resources is
becoming an acute problem due to the quantitative
growth of their use, which leads to environmental
and other problems. The fact is that the country's
MMC is special in terms of resources, since it is
characterized by an increased level of resource
consumption, which naturally increases as mining
operations decrease, as well as due to the
deterioration of the quality of minerals, mining-
geological and mining-technical conditions for the
development of deposits [1-15].

In Kazakhstan, the problem of increasing the
resource productivity of MMC and its environmental
safety has not yet been given due attention, because
of which the traditional low level of productivity of
the use of basic production resources and
environmental safety provides reason to consider
mining and metallurgical production as a whole as a
factor hindering the overall economic and social
development of the country [2, 15-27].

Solving the problem of increasing the resource
productivity of MMC production and preserving the
environment is becoming increasingly important. It
will only increase over time, especially due to the
increasing scarcity of natural resources as their
available sources are exhausted. In accelerated
scientific and technological progress, one of the
main issues of economic policy is to ensure high
production efficiency. With the ever-increasing
shortage of natural resources, a special role is played
by the rational, integrated and economical use of all

types of raw materials. Therefore, in recent years,
the recovery of raw materials from mining waste and
their integrated use is a matter of national
importance [3, 9-27].

The level of involvement of human-made
industrial waste as secondary raw materials is
frankly low, namely: in the context of ferrous
metallurgy - 3,3%, in the context of the coal industry
- 5,2% and in the context of non-ferrous metallurgy
—5,6%, which is a very low indicator concerning the
developed economies of the world [3-28].

Most developed foreign countries have long
practiced saving their mineral resources, intensively
involving man-made deposits in processing,
disposing of production waste, and developing
technologies for processing this waste. For example,
in the United States back in 1993, the share of
secondary raw materials in the production of non-
ferrous metals was: copper - 55 %, tungsten - 28 %,
nickel - 25 %. A similar trend in secondary resources
is observed in Canada, the United Kingdom, South
Africa, Spain, and other countries [29].

In Canada, 40% of copper is recovered from
copper mining waste containing 0,45% copper,
thanks to new enrichment methods (heap acid
leaching, heap pyrite and bacterial leaching). In the
US, in the state of Montana, 2 tons of gold and 4 tons
of silver are extracted annually from the Mandiski
mine dumps containing 0,84 g/t of gold and 2,8 g/t
of silver. In the state of Michigan, 60% of copper is
extracted from the tailings of the enrichment
(copper content — 0,3%). In Bulgaria, copper
concentrate is obtained from waste containing 0,1 -
0,15% copper, the cost of which is 3 times lower than
when it is obtained from natural raw materials. In
the Republic of South Africa, 3,5 tons of gold and 696
tons of uranium per year are obtained from the
dumps of gold recovery factories with a gold content
of 0,53 g/t and 40 g/t uranium [29].

As the reserves of the developed fields are
exhausted, human-made objects may become a
priority. In some cases, the only source of mineral
raw materials for numerous mining and
metallurgical enterprises. At the same time, it
should be borne in mind that the waste of mining
and industrial production, representing a large
reserve of raw materials for the extraction of metals
and non-metals, at the same time are hotbeds of
local or regional environmental pollution. The waste
mass accumulated in dumps and tailings dumps with
an average layer thickness of 20 m covers more than
1300 km?2. The annual increase in the area of
alienated land is at least 85-90 km?2. The negative
impact on the environment is manifested in an area
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that is 10 times or larger than the area occupied by
waste. A significant part of the alienated land is
located in industrially developed areas, often within
the borders of settlements and large cities [29].

One of such multi-tonnage wastes of
technogenic nature is the tailings from the
enrichment of non-ferrous metal ores of the
Balkhash processing plant located near the city of
Balkhash (Kazakhstan), which during the economic
activity of the processing plant for decades hurt the
natural environment of the region. And from an
ecological point of view, they are a hotbed of
pollution of the surrounding natural environment,
particularly the soil cover, the air basin, surface, and
underground waters containing non-ferrous metals
in their composition.

The Balkhash tailings storage facility is of
particulary great interest, as it is one of the oldest in
the industry and one of the largest tailings storage
facilities in Kazakhstan. In addition, it is not located
in a simple, arid zone, which significantly increases
the impact of the tailing dump on the environment
[1-3,15-29], it is in significant proximity to Lake
Balkhash, which has a large, even enormous
economic purpose [15-29].

The Balkhash processing plant, which owns the
tailings storage facility, enriches copper-
molybdenum ores from the Kounrad and Sayak
deposits. During the day, the factory processes an
average of 33,7 thousand tons of Kounrad and 9,5
thousand tons of Sayak ores. The enrichment waste
is stored in the tailings storage facility.

In Kazakhstan, where 360-390 thousand tons of
refined copper are produced annually [1-3, 30], the
amount of copper ore flotation waste is growing by
1,8-2,5 million tons per year.

The result of many years of operation of the
processing plant, which processes various ores,
including copper-zinc ores, is the formation of
production waste on the earth's surface on the
territory of the enterprise or near it. Such formations
are a relatively low content of non-ferrous metals
and a decrease in the quality of processed ores.
Natural leaching of stored formations [1-30].

In connection with the urgent problem of the
need to dispose of waste from the Balkhash
processing plant, based on the chemical
composition of tailings from processing as secondary
raw materials, they contain such valuable
compounds and elements as SiO;, Al,0s3, Ca0, Fe;0s,
Cu, Zn; thus, they may be of interest to the silicate
and metallurgical industries as aluminium - silicate -
iron-containing raw materials and non-ferrous

metals, respectively. Therefore, the tailings from the
Balkhash processing plant are considered by us as
secondary raw materials for their utilization by the
method of complex processing as a raw material
component in the high-temperature synthesis of
cement clinker.

Study object, research methods, and
calculation methods

Thermodynamic studies were carried out using
the software package "HSC Chemistry 6.1",
developed by the metallurgical company
Outokumpu (Finland). The software package used in
this work is based on the ideology of the European
consortium SGTE (Scientific Group Thermodata
Europe), which is engaged in the development,
support and distribution of high-quality databases.
The SGTE structure is represented by specialized
research centres in Germany, Canada, France,
Sweden, the United Kingdom, and the United States.
The database of the software package contains
information about 22,000 individual substances
[31].

To calculate the thermodynamic functions that
characterize the individual, the substance used is
stored in the database of the standard values of
enthalpy H298, S298 entropy, and the polynomial
coefficients A, B, C, D, by which the calculated value
of the molar heat capacity at arbitrarily given
temperature T according to equation (1).

Individual enthalpy of a substance at the
temperature T, different from the standard, equal to
298 K, was calculated by the formula:

T

HT = H298 + 298

CpdT + X Hp, (1)
Ha9s- is the value of a given substance under
standard conditions; C, - is the molar heat capacity;
D He - is the enthalpy of phase transitions
(polymorphic transformations, melting,
evaporation).
The entropy value is defined as:

T C. H
ST = 5298 + f298?pdT + % ) (2)

Where S,9s - is the entropy value of a given
substance under standard conditions; C, - is the

molar heat capacity; - Z% — is the entropy of phase

transitions (polymorphic transformations, melting,
evaporation).
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Table 1 - Calculation of the Gibbs energy of the reaction 12CaC03+2Si02+2Al,03+Fe;03=

=Ca3Si0s+CazSi04+CasAl,06+CasAl2Fe2010+12CO2 T

T, K deltaH, kJ deltas, J/K deltaG, kJ K Log(K)
873.000 1447.213 1436.921 192.781 2.913E-012 -11.536
973.000 1379.154 1363.127 52.831 1.457E-003 -2.836
1073.000 1312.193 1297.626 -80.159 7.990E+003 3.903
1173.000 1253.513 1245.225 -207.136 1.678E+009 9.225
1273.000 1182.795 1187.380 -328.740 3.092E+013 13.490
1373.000 1110.083 1132.404 -444.708 8.317E+016 16.920
1473.000 1035.284 1079.827 -555.301 4.936E+019 19.693
1573.000 958.322 1029.283 -660.741 8.772E+021 21.943
1673.000 433.018 702.365 -742.039 1.479E+023 23.170
1773.000 347.830 652.963 -809.873 7.275E+023 23.862
1873.000 247.568 597.956 -872.403 2.147E+024 24,332

Results and its discussion

Having considered the chemical composition of
the tailings from the enrichment, which according to
various data [29, 30, 32,33] contains an average of
SiO; - 53%, Al,03 —13,1%, CaO — 8,3%, Fe,03 — 8,2%,
Mg0-0,55%, as well as residual non-ferrous metals
CuS - 0,8%, ZnO - 0,5%. From which it follows that
the tailings from the enrichment of non-ferrous
metal ores may be considered as a secondary
mineral raw material for the cement industry as an
aluminume-silicate component of the raw material
mixture during synthesis cement clinker. Thus, we
have modeled the conditions for the formation of
the main minerals of cement clinker (CasSiOs - alite,
CaySi0,4 - belite, CasAl,0g - tricalcium aluminate,
CasAlFe;010 - four-calcium aluminoferrite) in the
classic form. The standard chemical reaction was
used as the basis of our research for comparison:

12C8C03+25i02+2A|203+ Fe,03=CasSiOs+Ca,SiO4
+C83A|206+C34A|2FEzO1o+12COz’]\ (3)

The results of the thermodynamic calculation of
the possibility of the standard reaction (3) are shown
in Table 1.

Based on the results of the calculation of the
Gibbs energy (AGTo ) of the reaction (3), shown in
Table 1, it can be seen that the reaction is limited
and begins to flow at T=1073K, reaching a Gibbs
energy value of -80,159 kJ and with increasing
temperature becomes more negative reaching a
value of -872,403 KJ at T=1873K. Based on the
results of the obtained values of the Gibbs energy as

a function of temperature, we we found an equation
describing the dependence of the Gibbs energy on
the temperature of the reaction (3) and were able to
determine the temperature of the beginning (Tb) of
the reaction (3). Thus, the dependence of the Gibbs
energy on the reaction temperature (3) is described
by the following equation (and has an approximation
coefficient R?=0,99):

AG® = -1437In(T) + 9933.6 (4)

And the temperature of the beginning of the
reaction (Tb) according to equation (4) was 1008K.

Based on the chemical composition of the
tailings from the enrichment of non-ferrous metal
ores, we considered the following non-standard
reaction to obtain information on the formation of
the main minerals of cement clinker with
simultaneous distillation of zinc into the gas phase:

12CaC03+2Si0,+2Al,03+Fe;03+MgO+ZnS+
+2Cu0=Ca3Si0s+Ca,Si0s+CazAl, 06+
+CasAlLFe;010+MgO+Zn M +2Cu+
+12C0, M5S0, (5)

The calculation of the Gibbs energy (AGT?) of the
reaction (5) ais shown in Table 2. Table 2 shows that
the non-standard reaction (5) is limited and begins
to flow at T=1073K, reaching a Gibbs energy value of
-71.262 kJ. With increasing temperature becomes
more negative getting a value of -1077,296 kJ at
T=1873K.

Based on the results of the obtained values of
the Gibbs energy as a function of temperature, we
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Table 2 - Calculation of the Gibbs energy of the reaction 12CaC0O3+2Si02+2Al203+Fe203+Mg0+ZnS+2Cu0=
=Ca3Si0s+CazSi0s+CasAl.06+CasAlaFe2010+ +MgO+Zn P +2Cu+12C0O2 M +S021.

T.K deltaH. kJ deltaS. J/K deltaG. kJ K Log(K)
873.000 1779.155 1738.591 261.364 2.293E-016 -15.640
973.000 1708.063 1661.508 91.415 1.236E-005 -4.908
1073.000 1638.050 1593.022 -71.262 2.947E+003 3.469
1173.000 1576.335 1537.916 -227.641 1.374E+010 10.138
1273.000 1502.639 1477.635 -378.390 3.370E+015 15.528
1373.000 1453.366 1439.856 -523.556 8.316E+019 19.920
1473.000 1375.424 1385.070 -664.784 3.768E+023 23.576
1573.000 1196.041 1266.296 -795.842 2.690E+026 26.430
1673.000 665.874 936.380 -900.690 1.330E+028 28.124
1773.000 575.810 884.147 -991.782 1.665E+029 29.222
1873.000 470.661 826.459 -1077.296 1.113E+030 30.046

found an equation describing the dependence of the
Gibbs energy on the temperature of the reaction (5)
and were able to determine the temperature of the
beginning (Th) of the reaction (5). Thus, the
dependence of the Gibbs energy on the temperature
of the reaction (5) is described by the following
equation (and has an approximation coefficient
R2=0,99):

AG® = -1801In(T) + 12484 (6)

And the temperature of the beginning of the
reaction (Tb) according to equation (5) was 1023K.

A comparison of reaction (3) with reaction (5)
shows that new reaction participants have appeared
in reaction (5), in particular magnesium oxide, zinc
sulfide, and copper oxide. At the same time, the
course of these reactions in the temperature range
of 873-1873 K is limited. Based on the results of the
calculations in Tables 1 and 2, their flow is possible
in the temperature range of 1073-1873K when
negative values of AG are reached and is almost
identical at the beginning temperature (Tb) of the
reaction (3 and 5), where Tb was 1008K and 1023K,
respectively, which is not a significant difference in
high-temperature synthesis. At a temperature of
1073 K, the reaction AG (3) has a value of -80,159 kJ,
and the reaction AG (5) has a less negative value of -
71,262 kJ, which indicates a slight advantage of
reaction (3) overreaction (5). However, with a
further increase in temperature from 1173K to
1873K, the AG of the reaction (5) begins to have
more negative values (from 227,641 kJ to -1077,296
k), respectively) than the values of the AG of the

reaction (3), from 207,136 kl to -872,403 kI,
respectively. This indicates the intensification of the
reaction (3) due to the presence of zinc compounds,
which contributes as a mineralizer not only to the
intensification of the clinker formation reaction [34-
46], but also to a decrease in the formation
temperature of clinker minerals by approximately
100-120 K, which in the future when synthesizing
cement clinker minerals, will help to save energy of
the process.

Conclusions

Thus, based on the conducted research, we can
draw the following conclusions:

- reaction 12CaC03+2Si0,+2Al,03+Fe,03=
:Ca35i05+Ca25iO4+Ca3AI206+Ca4AI2Fe2010+12C02’I‘
is limited and begins to occur at T=1073K, at a Gibbs
energy value of -80,159 kJ and reaches a value of AG
-872,403KJ at T=1873K;

- Tb of the reaction 12CaC03+2Si0,+2Al,03+
+Fe203:Ca35i05+CazSiO4+Ca3AI206+Ca4AIzFe20m+
+12C0O,M was 1008K and is described by the
equation AGt°=-1437In(T) + 9933,6;

- reaction 12CaC03+2Si0,+2Al,03+Fe;03+MgO+
4+7ZnS+2Cu0=Ca3Si0s+Ca,Si04+CaszAl, 06+
+CasAlFe;0104#MgO+Zn M +2Cu+12C0O, M 4S02 M in
the studied temperature range is limited and begins
to flow at T=1073K, having a Gibbs energy of -71.262
kJ with an increase in the Gibbs energy to 1077,296
kJ at 1873K;

- Tb of the reaction 12CaC03+2Si0,+2Al,03+
+Fe203+Mg0+ZnS+2Cu0=Ca3SiOs+Ca,Si04+CaszAl 06
+CayAl,Fe;010+tMgO+Zn M +2Cu+12C0O, M +SO, M was
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1023K and is described by the following equation
AGr°=-1801In(T) + 12484;

- according to the reaction (5), it is theoretically
possible to form the main minerals of cement clinker
(similar to reaction 3), to distil zinc and sulfur-
containing gases into the gas phase, for their further
capture and processing.

- reaction (5) proceeds more intensively than
reaction (3) in the temperature range 1173-1873K
due to the participation of zinc in the reaction as an
intensifier, which also contributes to a decrease in
the process temperature by 100-120K compared to
the standard reaction (3);

- at the initial stage of the flow at T=1073K, the
reaction (3) has a more negative value of the Gibbs
energy than the reaction (5), but with increasing

temperature, it becomes obvious that the Gibbs
energy of the reaction (5) in the temperature range
1173-1873K becomes more negative compared to
the values of the reaction (3) and exceeds its values
from 9 to 19,01%.

Conflicts of interest. On behalf of all authors,
the corresponding author states that there is no
conflict of interest.

Acknowledgement. This work was supported by
the Ministry of Education and Science of the
Republic of Kazakhstan (grant AP 08053015).

Cite this article as: Kolesnikov A. S., Zhanikulov N. N., Zhakipbayev B. Ye., Kolesnikova O. G., Kuraev R. M. Thermodynamic
modeling of the synthesis of the main minerals of cement clinker from technogenic raw materials. Kompleksnoe Ispol’zovanie
Mineral’nogo Syr’a. = Complex Use of Mineral Resources = Mineraldik Shikisattardy Keshendi Paidalanu. - 2021. Ne3 (318), pp.

24-34. https://doi.org/10.31643/2021/6445.25

TexHoOreHAi WUKi3aTTapAaH LeMEeHT K/IMHKePIHiH, Heri3ri MmHepanpapbiH

CUHTE3AeyAi TepMOAUHAMUKANDbIK Mmogenbaey

!Konechukos A. C., ! }anukynos H. H., ? }Kakunb6aes B. E., * Konecuukosa O. I.,* Kypaes P. M.

1 M.9ye308 amebiHAarel OHmMycmik-KazakcmaH YHusepcumemi, LLieimkeHm K, KazakcmaH

2 Silkway Xansikapansik yHugepcumemi, LLbimkeHm K, Kazakcmat

TYRIHAEME

Makanaga Im66c 3sHepruscbiHbiH, (AG) TemnepaTypafa 6ainaHbICTbl LEMEHT K/AMHKEPIHiH, Herisri

MUHepangapblHblH, Ty3iNyiH moaenbaeyre TepMOAMHAMUKAbIK 3epTTeynep Kyprisingi. 3eptreyai

Makana kengi: 27 cayip 2021
CapantamagaH eTTi: 19 mameip 2021
KabbingaHapl: 16 winde 2021

mogenbaey 6apbicbiHAa CTaHAAPTTLI WMKI3aTTaH KaHe KypamblHAa TyCTi meTangap 6ap ctaHAapTTbl emec
- TEXHOTeHA| LUMKI3aTTaH LeMEHT KANHKepiHiH, (C2S - 6enuT, CsS —anut, CsA — yLu Kanbuuii antommHatbl, CaAF
— TOPT KanbumMit antoModeppuT) Herisri MMHepanaapbiHbiH, Ty3iy peakuusanapbiHa ecentey »Kyprisingi.

Mogenbaey 6apbicbiHaa MB6C 3HEPrUACHIHbIH, anpokcumauma KoabduumeHTTepi (R?) 0,99-Fa TeH,

TemnepaTypafa TayendiNiriH cunaTTanTbiH TeHaeynep Tabbingpl. HyprisinreH septreynepaiH HaTuxKenepi

60MMbIHLLIA KAMHKep Ty3iNy peakumanapbiHbiH 6acTany Temnepatypacsl (T6) aHbiKTanabl. Herisri craHAapTThI

peakums ywiH (CTaHAApTTbl WKKI3aTTbl KongaHa oTbipbin) 1008 K, an cTaHAapTTbl emec peakuus yliH

(6aribITy KanabiKTapbliH KongaHa oTbipbin) 1023 K Kypaabl. CoHaait-aK, ctaHaapTTbl peakuyusanap (1008K —

1873K), ctaHgapTTbl emec (1023 K - 1873 K) peakuusnap Temneratypanbik MHTepBangapaa 6acranatbiHbl

aHblKTanapl. CoHbIMEH KaTap, CTaHAapTTbl peakumaHbiH 6acTanKkbl KeseHiHaeri TM66¢ sHepruacbiHbIH, MaHI

CTaHAAPTTbl eMec peakLuusafa KapafaHaa Tepic maHre ne 6onaabl. TemnepaTypa oAaH api KofapblnaraHaa

1173-1873 K TemnepaTypanblk UHTEpBanAarbl CTaHAAPTTbl eMeC MUHepan Ty3iny peakumacbiHbiH, TM66c

3HEpPruachbl, CTaHAAPTTbI PeakuMs MIHAEPIMEH CanbiCTbipFaHAa Tepic 60/bIN, OHbIH, MaHAepi 9-AaH -

19,01% - fa aeWiH acaTbliHbl alikblH 601aabl.

TyliiH ce30ep: TexHOreHAj WWKi3aT, 6aibITy KanablKTapbl, TepMOAMHAMUKA, TMB6C 3Hepruachl, LemMeHT

KNUHKEPiHIH MUHepanaapbl, TYCTi meTangap.
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AHHOTAUMA

B HacToAwel cTaTbe NpoBeAeHbl TEPMOAMHAYNYECKME UCCNef0BaHUA MOAEIMPOBaHUA 0bpa3oBaHmA
OCHOBHbIX MMHEPANOB LEEMEHTHOMO KAMHKEepa B 3aBUCMMOCTM aHeprum Mmb6ca (AG) oT TemnepaTypbl.
TemnepaTypHbIi UHTEPBAA UCCeA0BaHMI cocTaBmn 873-1873 K. B xoae moaennpoBaHus ucciegoBaHni
NPOBEAEH PacyeT peakumii 06pa3oBaHMA OCHOBHbIX MUHEPANIOB LEMEHTHOrO KAMHKepa (C2S - 6enuTa,
CsS - anuta, CsA — Tpex KanbumeBoro antomuHata, CsAF — yeTbipex KasbLueBoro antomo deppura) us
CTaHAAPTHOrO CbIPbA U HECTaHAAPTHOrO — TEXHOTEHHOrO CbIPbA, COAEPIKALLEero UBeTHble meTanbl. B
X0fe MOAENMPOBAHMA HaWAEHbl YPAaBHEHWA, OMWUCHIBAIOWME 3aBUMCUMOCTb 3Heprun [ubbca ot
Temnepatypbl ¢ KoabdpuumeHTamm anpokcumaumn (R?) pasHbimm 0,99. Mo pesynbTaTam NpPoOBeAeHHbIX
nccnenosaHuin boiny onpedeneHbl Temnepatypbl Hayana (TH) MPOTEKAHMA CPaBHUBAEMbIX PeaKkLmit
KAMHKepoobpa3oBaHWA, KOTOpble COCTaBUAW [ANA  CTaHAAPTHOW peakuun (C  Mcnonb3oBaHWem
cTaHaapTHOro cbipbs) 1008 K, a ans HecTaHAapTHOM (c Mcnonb3oBaHMem oTxoaoB oboraleHums) 1023 K.
YCTaHOB/IEHO YTO PEAKLMM HAUYMHAIOT NPOTEKATb B TEMNETATYPHbIX MHTEPBaNax AN cTaHAapTHoM (1008
K — 1873 K), ana HecTaHpapTHOM (1023 K - 1873 K). Mpu 3TOM 3Ha4eHUs sHeprm M'mb6ca Ha HayanbHOM
3Tane npoTeKaHWsA CTaHAAPTHOW peakuuMn ob6najatoT 6onee OTPULATENBHBIM 3HAYEHWEM YEM
HecTaHAapTHaa peakuma. C AanbHeMWUM yBennyeHMem TemrepaTypbl, CTAaHOBUTCA OYEBUAHbLIM, YTO
3Heprua M'Mb6ca HecTaHAAPTHOW peakLuMn meHepanoobpasoBaHUA B TemnepaTypHOM nHTepBane 1173-
1873K cTaHoBWTCA 60/ee OTPMLATENIbHOW MO CPaBHEHUIO CO 3HAYEHUAMM CTAHAAPTHOW peakuun u
npesbilwaeT ee 3HavyeHus ot 9 go 19,01%.

Kntoyesble €n108a: TEXHOTEHHOE Cbipbe, OTXOAbl OBOralleHus, TePMOAMHAMWKA, 3Heprua Mb6ca,
MUHEpasbl LEMEHTHOTO KAWHKepa, LIBETHbIE MeTabl.
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