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Abstract — This paper presents the results of an investigation of the electrical resistivity of coals from the Borly and
Saryadyr deposits over the temperature range of 200-1600 °C. The experimental study was carried out using a high-
temperature laboratory Tammann furnace and a method for determining the electrical resistance of materials during
heating. It was established that the electrical resistivity of both investigated coals decreases systematically with increasing
temperature, indicating an increase in their electrical conductivity. Characteristic temperature regions associated with
moisture removal, volatile matter release, and structural transformations of the carbonaceous phase were identified. The
Borly coal was found to exhibit lower electrical resistivity than the Saryadyr coal over most of the investigated
temperature range. At elevated temperatures, the difference between the samples gradually decreases. The obtained results
are of practical importance for the selection of carbonaceous reducing agents and the assessment of the electrical
characteristics of furnace charge materials during ferroalloy production in electric ore-thermal furnaces.
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Anoamna — Makanana 200-1600 °C rtemmepaTypa apanbirbiHga bopibel skoHe Capblafiblp KEH OpBIHIAPBIHBIH
KOeMipJIepiHiH MEHIIIKTI 3JEKTPIIK KEeAEPTiCIH 3epTTey HOTIKENIepl KeNnTipiireH. DKCIEPUMEHTTIK 3epTTeyiaep KOFaphl
TeMIepaTypajibl 3epTXaHaJdbIK TaMMaH IeMli HeTi3iHAe KacajFaH KOHABIPFRIAA MaTepHalIapAblH KbI3IBIPY Ke3iHIerl
ANEKTPIIIK KeIePriCiH aHBIKTAY 9JIiCi apKBUIBI XKYpri3unai. TemmepaTypaHbIH KOFapbUIaAYBIMEH 3ePTTEITreH eKi KoMipIiH
JIe MEHIIIKTI 3JIEeKTPIiK KeOepriciHiH 3aHAbl TypJe TOMEHACHTIHI aHBIKTAJABL, OYJI ONApIBIH AJIEKTPOTKI3TIIITITIHIH
JKOFapbUIaFaHbIH KepceTe/li. blaranabIH ®KONbUTybIHA, YIIKBIII KOMIIOHEHTTEPIIH O6JIiHYyIHE XKOHE KOMIPTEKTI (ha3aHbIH
KYPBUIBIMIIBIK ©3TepicTepiHe OaiffIaHBICTBI SIEKTPIIK KEHAEPTiHIH ©3TepyiHiH HeTi3ri TeMmIepaTypaiblK aiMakKTapbl
AHBIKTANIBL. 3epTTENTEeH TeMIlepaTypa NHANa30HBIHBIH OackiM Oedirinae Bopibl keMipiHIH MEHIIIKTI AIEKTPIiK
keneprici Capriagplp KeMipiHe KaparaH/ia TOMEH €KeHi aHBIKTanApl. JKOFapel TeMIiepaTypaiapaa 3epTTeIreH Yuriiep
apachIHIaFbl aifbIPMAIIBUTBIK a3asabl. AJBIHFaH HOTIKENEP (heppOKOpHITIANIapabl KeHIi-TEPMHSIIBIK IeITepae OanKbITy
Ke3iH/Ie KOMIPTEKTi TOTHIKCHI3IaHABIPFBIIITAP B TAHAAYFA XKOHE MHKIKYPAaMHBIH AIIEKTPIIIK CHIIaTTaMallapbIH Oaramayra
TIPAKTHUKAJIBIK HETi3 OOJBIT TaObLIABI.

Tyiiin  ce30ep — MEHIIIIKTI ~ DIEKTPIIK  Kemepri, KeMmip, JJEeKTPOTKITIMTIK, TeMIeparypa, KOMipTeKTi
TOTBIKCBI3JAHBIPFBII, KEH/Ii-TEPMUSUIBIK Tel, (heppOoKOphITIIaap.
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Annomayus — B craTbe npecTaBlieHbl PEe3YAbTaThl HCCIEI0BAHUS YCTBHOTO 3JIEKTPUIECKOr0 CONPOTHBIICHUS yTIIeH
MectopoxkaeHuii bopnber u Capeiazplp B auanaszone Temmeparyp 200-1600 °C. DxcneprMeHTalbHBIE HCCICIOBAHUS
BBITIOJIHEHBI HA YCTAaHOBKE Ha 0a3e BBHICOKOTEMIIEPATYPHOI J1abopaTopHOi meur TamMMaHa ¢ MCIOJIb30BaHHEM METO/a
ONpe/IeNIeHHs] AJIEKTPUUECKOTO CONPOTHBIICHHSI MaTepHajoB NPH HarpeBaHUU. Y CTAHOBJIEHO, YTO C IOBBIIICHUEM
TEMIIEpaTyphl yJeIbHOE AJIEKTPUUECKOE CONMPOTHBIICHHE OOOMX HMCCIEAYeMBIX YIiield 3aKOHOMEPHO CHMXKAEeTCs, YTO
CBHJICTENILCTBYET 00 YBEIMYEHHUH HX ODJIEKTPOIPOBOJHOCTH. BBINENeHbl XapaKTepHbIE TeMIlepaTypHbIE 00JacTH
WU3MEHEHHs DIIEKTPHUYECKOTO COIPOTUBIICHHS, CBSI3aHHBIE C Y/IAJICHHEM BJIArd, BBIICIICHUEM JIETYYHX KOMIIOHEHTOB U
CTPYKTYPHBIMH ITpeoOpa30oBaHUsIMU yriieponuctoii ¢asel. [lokazano, uto yroip bopibl xapakrepusyercs 6oiee HU3KHUM
YIENBHBIM 3JIEKTPUYECKHM COIMPOTHUBIICHHEM MO CpaBHEHUIO ¢ yrieM Capblajplp B OONBINEH YacTH MCCIIEIOBAHHOTO
TEMIIepaTypHOro quana3oHa. [Ipy BBICOKMX TeMmepaTypax pa3jiduus Mexay oOpaslaMu yMmeHbliatorcs. [lonydeHHbie
PE3YIBbTAThl UMCIOT NPAKTHYCCKOC 3HAUYCHUC I B])I60pa YriaepoaucCThIX BOCCTAaHOBHUTENECH U OLCHKHU JJICKTPUYCCKUX
XapaKTEePUCTHUK IUXTHI IIPU TPOU3BOACTBE (PEPPOCILIABOB B PYIHO-TEPMUUECKUX TI€UaX.

Kniouesvie cnosa — ynenbHOe DIIEKTPUYECKOE CONPOTHUBIICHHE, YTojb, JJIEKTPOIPOBOIHOCTh, TEMIIEPaTypa,
YIIIEPOIUCTHIN BOCCTAHOBHTEID, PYIHO-TEPMUYECKas 1eub, (heppocIiIaBkl.

KEY FINDINGS range of physicochemical properties such as particle
The regularities of changes in the electrical size distribution, density, surface characteristics,
resistivity of carbonaceous materials as a function of  melting temperature, reducibility, and electrical
temperature were established. The effect of conductivity. Inindustrial steelmaking practice, these
temperature on the electrophysical properties of the  properties significantly affect the behavior of charge
studied materials was demonstrated, and materials during melting and, consequently, the
characteristic ranges of variation in their electrical efficiency of alloying and the overall performance of
resistivity were determined. The obtained results can  the metallurgical process.
be used to assess the electrical conductivity of The value of mineral raw materials is determined
carbonaceous materials under high-temperature by a combination of economic and metallurgical
conditions and to substantiate rational parameters for ~ characteristics. The economic value is associated
the electric-thermal processing of raw materials in  with the costs of extraction and preliminary

ore-thermal furnaces. preparation of the raw material, including crushing,
classification, and beneficiation. The metallurgical
INTRODUCTION value is determined by the content of the main

Analysis of the global raw material base for the  valuable elements, the amount and composition of
metallurgical industry indicates a continuous gangue, the resulting slag composition and volume,
depletion of high-quality mineral resources, whilethe the presence of harmful impurities such as
requirements for the quality of metals and ferroalloys  phosphorus and sulfur, the amenability of the material
are becoming increasingly stringent. Under these to beneficiation, as well as its physical and
conditions, the development of efficient technologies  physicochemical characteristics. Among the latter,
for processing complex and lower-grade raw strength, particle size distribution, porosity, moisture
materials requires a comprehensive understanding of ~ capacity, reducibility, melting temperature, and
their physicochemical properties. In particular, the electrical resistivity are of particular importance for
electrical properties of raw materials play an electric furnace processes.

important role in the operation of electric ore-thermal The electrical resistivity of charge materials has
furnaces used for the production of ferroalloys and  considerable practical importance in the production
other metallurgical products. of ferroalloys in electric ore-thermal furnaces.

The efficiency and applicability of ferroalloys Changes in the electrical resistivity of the charge
are determined not only by their chemical located in the furnace are directly associated with
composition, including the concentrations of the main  changes in the operating voltage, which is one of the
elements and accompanying impurities, but also by a  principal electrical parameters of the furnace. The
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furnace power, electrical and thermal losses, power
factor (cos ¢), and, consequently, the specific
electrical energy consumption, which is one of the
key technical and economic indicators of the process,
depend on the operating voltage and the electrical
characteristics of the charge.

Numerous studies have been devoted to the
electrical resistivity of individual charge components
used in electric ore-thermal furnaces. During the
development of high-power electric furnaces for
ferroalloy production, particular attention was paid to
the electrical resistivity of individual concentrates
and complex charge materials used for the smelting
of various ferroalloys [1-6]. The electrical resistivity
of manganese minerals [1,2,7], manganese
concentrates, and charge mixtures for the production
of manganese alloys [4-6] has been investigated. S.
Morgulev [8] studied the electrical resistivity of
carbonaceous reducing agents. S.I. Khitrik and Ya.F.
Tsybakin [9] investigated the electrical resistivity of
charge mixtures and individual charge components
used in ferrosilicon production. A.S. Mikulinsky and
L.V. Yumanova [10], as well as R.A. Chuguryan
[11], studied the electrical conductivity of charge
materials and their individual components used in
calcium carbide production. M. Dermel and V.
Marinchek [12] investigated the electrical
conductivity of raw materials used in electric blast-
furnace smelting.

Despite the considerable amount of research
devoted to the electrical properties of metallurgical
charge materials, the electrical resistivity of
individual carbonaceous materials can vary
significantly depending on their geological origin,
petrographic composition, ash content, moisture
content, porosity, degree of metamorphism, and
temperature. Therefore, obtaining experimental data
on the electrical resistivity of specific coal grades is

important for assessing their suitability as
carbonaceous reducing agents in electric ore-thermal
processes.

In this regard, the study of the electrical
resistivity of coals from the Saryadyr and Borly
deposits is of practical and scientific interest.
Determination of the temperature dependence of their
electrical resistivity makes it possible to establish
their electrical behavior under conditions relevant to
high-temperature furnace processes and to assess the
influence of the charge electrical characteristics on
the energy parameters of electric ore-thermal
furnaces.

Research Objective. The objective of this study
is to investigate the electrical resistivity of coals from
the Saryadyr and Borly deposits as a function of
temperature and to determine the characteristic
features of their electrical behavior under conditions
relevant to electric ore-thermal processes.
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Research Tasks. To achieve the stated objective,
the following tasks were formulated:

1. To determine the electrical resistivity of the
studied coals over the investigated temperature range
and establish its temperature dependence.

2. To compare the electrical behavior of the
Saryadyr and Borly coals and identify the
characteristic temperature ranges of changes in their
electrical resistivity.

3. To assess the practical significance of the
obtained electrical characteristics for the use of these
coals as carbonaceous reducing agents in electric ore-
thermal furnace processes.

Scientific Novelty. The scientific novelty of the
study consists in establishing the temperature
dependence of the electrical resistivity of coals from
the Saryadyr and Borly deposits and in identifying the
characteristic features of their electrical behavior
under heating conditions. The obtained experimental
data provide a basis for comparative assessment of
the electrical properties of the studied coals and can
be used to improve the selection and proportioning of
carbonaceous reducing agents in electric ore-thermal
furnace charge materials.

MATERIALS AND METHODS

The experimental study employed the method
proposed by V. I. Zhuchkov, which enables the
determination of the electrical resistivity of materials
at high temperatures while simultaneously recording
the degree of their softening (shrinkage) [2].

For measurements of electrical resistivity during
heating, the particle size of the initial material was
maintained at 3-5 mm. The measurements were
carried out in a Tammann high-temperature
laboratory furnace. The electrical conductivity of the
charge materials was investigated over a temperature
range of 25-1600 °C at a heating rate of 15 °C/min.
According to the Agroskin-Shumilov method,
electrical resistance measurements were performed at
50 °C intervals. To increase the information content
of the experimental data, automatic recording of
electrical resistance values in the computer memory
at 30-second intervals was implemented.

For this purpose, a special circuit was developed
for connecting the measuring transducers to the
Tammann laboratory furnace (Figure 1).
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1 — carbon-graphite tube; 2 — copper clamping ring;
3 — water-cooled cover; 4 — water-cooled housing;
5 —alundum tube; 6 — investigated charge material;

7 — protective lining; 8 — thermocouple; 9 — lower
electrode; 10 — digital ohmmeter; 11 — graphite base

for the alundum tube; 12 — upper electrode;
13 — water cooling; 14 — load; 15 — lever;
16 — electronic device for measuring shrinkage.

Figure 1 — Experimental setup for determining
electrical resistivity and shrinkage (cross-sectional
view).

The experimental setup consisted of a Tammann
furnace in which the investigated material was
heated. A sample with a height of 4 cm was placed in
a cavity of an alundum crucible (5) with an internal
diameter of 3 cm installed inside the furnace.

Data acquisition was performed using
transducers connected to a thermocouple (8),
electrodes (9, 12), and a device for measuring sample
shrinkage. Graphite electrodes (9, 12), one of which
was equipped with a hole for the thermocouple (8),
were positioned on opposite sides of the sample to
apply an electrical voltage across the material. The
lower electrode was fixed in position, whereas the
upper electrode was allowed to move downward as
the material contracted under heating. A load (14)
continuously pressed the upper electrode against the
sample, ensuring reliable electrical contact. The
pressure applied to the material was maintained at
0.02-0.04 MPa. The thermocouple was positioned
through the lower electrode and electrically insulated
from the alundum tube.
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RESULTS AND DISCUSSION

A.A. Agroskin and S.N. Lyandyros investigated
changes in the electrical resistivity of coal during
cooling after preliminary heating. The studies showed
that, when coal heated to 400 °C is subsequently
cooled, its electrical resistivity returns to its initial
value. For coal heated to 600 °C, the value of Ig p at
room temperature decreases by approximately two
times compared with the initial value and corresponds
to the electrical resistivity of coal at 400 °C. The
electrical resistivity of coal heated to 800 °C partially
recovers during cooling, whereas for coal heated to
1000 °C, the electrical resistivity remains practically
unchanged [13].

The electrical resistivity of coal depends on its
degree of metamorphism. Coals at an intermediate
stage of metamorphism exhibit the highest electrical
resistivity. Coals at a lower stage of metamorphism are
characterized by somewhat higher electrical conducti-
vity, whereas materials at an advanced stage of carbo-
nization exhibit the lowest electrical resistivity [13].

The amount of mineral impurities also affects the
electrical resistivity. With increasing ash content, the
electrical resistivity of low- and medium-rank coals at
room temperature decreases, whereas at elevated
temperatures it increases. This phenomenon can be
explained by the fact that, in low-rank coals, the
electrical resistivity of the organic matter is
considerably higher than that of the mineral impurities.
Upon heating, the electrical resistivity of all coals
increases with increasing ash content [13].

The electrical resistivity of a bulk layer of
carbonaceous material consists of the intrinsic
resistivity of the material and the resistance of
transitional contacts between individual reducing-
agent particles. The electrical resistivity of the charge
increases with decreasing particle size of the
carbonaceous reducing agent. The bath of a ferroalloy
furnace acts as a bulk electrical conductor, and the
distribution of current and power within it depends
primarily on the electrical resistivity of the charge,
which, in turn, is determined largely by the electrical
conductivity of the reducing agent.

A high electrical resistivity of the charge makes it
possible to increase the operating voltage and,
consequently, the furnace power. At a given furnace
power, an increase in the conductive-current
component of the charge reduces the arc-current
component. High electrical conductivity in the upper
part of the furnace bath can lead to heating and
sintering of the upper charge layer (the so-called “hot
shock™) and to insufficient electrode penetration. In
contrast, the use of a carbonaceous reducing agent with
high electrical resistivity promotes deeper and more
stable electrode penetration, reduces the conductive-
current component of the charge, and contributes to
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greater heat concentration in the lower zones of the
furnace bath [13].

Figure 2 shows the dependence of the electrical
resistivity of the Borly and Saryadyr coals on
temperature.
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Figure 2 — Electrical Resistivity of Coals as a
Function of Temperature

Figure 2 presents the temperature dependence of
the electrical resistivity of the Borly and Saryadyr
coals. The obtained curves demonstrate a pronounced
decrease in electrical resistivity with increasing
temperature, indicating a significant increase in the
electrical conductivity of both carbonaceous materials.
Based on the character of the curves, three
characteristic ~ temperature  regions can  be
distinguished. The first region extends from 200 to 400
°C and is characterized by a relatively moderate
decrease in electrical resistivity. The second region
covers 400-1000 °C, where a more pronounced
decrease in resistivity is observed. The third region
corresponds to 1200-1600 °C and is characterized by
very low resistivity values and a gradual approach of
the curves toward similar values.

The change in electrical resistivity in the 200-400
°C range can be associated primarily with the removal
of physically bound moisture and the initial thermal
transformation of the organic matter. At the initial
stage of heating, moisture evaporation and changes in
the contact conditions between individual particles
affect the electrical transport through the sample. As
the temperature increases, the contribution of moisture
to electrical conduction decreases, while the influence
of the carbonaceous phase becomes increasingly
dominant.

In the 400-1000 °C range, the electrical resistivity
continues to decrease as a result of progressive thermal
decomposition of the organic structure and the release
of volatile components. These processes are
accompanied by carbonization and structural
rearrangement of the carbonaceous phase, which
promote the formation of more electrically conductive
pathways within the material. A particularly
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pronounced decrease in electrical resistivity is
observed at approximately 800 °C [14], which may
indicate intensive structural transformations and an
increase in the degree of carbonization of the coal.

At temperatures above 1000 °C, the resistivity of
both samples decreases to very low values. In the
1200-1600 °C range, the difference between the Borly
and Saryadyr coals becomes considerably smaller, and
at 1600 °C their electrical resistivity approaches nearly
the same value. This behavior indicates that at high
temperatures the electrical properties of the samples
are increasingly controlled by the thermally
transformed carbonaceous phase rather than by their
initial structural and compositional differences.

Throughout most of the investigated temperature
range, the Saryadyr coal exhibits higher electrical
resistivity than the Borly coal. At 200 °C, the values of
lg p are approximately 9.8 and 7.6 Om-cm for the
Saryadyr and Borly coals, respectively. At 800 °C,
these values decrease to approximately 3.8 and 1.9
Om-cm, respectively. Thus, the Borly coal
demonstrates higher electrical conductivity over a
substantial part of the investigated temperature range.
The observed difference may be related to variations in
the petrographic composition, ash content, volatile
matter content, degree of metamorphism, and
structural characteristics of the two coals.

The pronounced decrease in electrical resistivity
with increasing temperature is of practical importance
for the application of these materials as carbonaceous
reducing agents in electric ore-thermal furnaces. A
decrease in charge resistivity leads to an increase in the
conductive component of the electric current and can
affect the distribution of electrical power and heat
within the furnace bath. Therefore, the experimentally
determined temperature dependence of electrical
resistivity should be considered when selecting
carbonaceous reducing agents and designing the
electrical operating conditions of ferroalloy furnaces.

CONCLUSIONS

The electrical resistivity of the Borly and
Saryadyr coals was investigated over the temperature
range of 200-1600 °C. The results demonstrated a
pronounced decrease in electrical resistivity with
increasing temperature for both materials, indicating
a significant increase in their electrical conductivity
under heating.

The temperature dependence of electrical
resistivity can be divided into three characteristic
regions. The first region (200-400 °C) is associated
mainly with moisture removal and initial thermal
transformations of the coal structure. The second
region (400-1000 °C) is characterized by a more
pronounced decrease in resistivity, which can be
attributed to the release of volatile matter and
progressive carbonization. A particularly significant
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decrease in electrical resistivity was observed at
approximately 800 °C. At temperatures above
1000 °C, the resistivity decreased to very low values,
and at 1600 °C the electrical properties of the two
coals became close to each other.

Throughout most of the investigated temperature
range, the Borly coal exhibited lower electrical
resistivity than the Saryadyr coal. Consequently,
Borly coal is characterized by higher electrical
conductivity, whereas Saryadyr coal possesses
comparatively higher electrical resistivity. The
observed difference may be related to variations in
the composition, ash content, degree of
metamorphism, volatile matter content, and structural
characteristics of the coals.

From the perspective of electric ore-thermal
furnace operation, the obtained results indicate that
the two coals may have different technological effects
on the electrical characteristics of the furnace charge.
The higher electrical resistivity of Saryadyr coal may
be advantageous for increasing the operating voltage,
reducing the conductive component of the current,
and promoting deeper and more stable electrode
penetration. In contrast, the higher electrical
conductivity of Borly coal may contribute to a greater
conductive-current component within the charge.

Therefore, Saryadyr coal can be considered more
promising when a carbonaceous reducing agent with
relatively high electrical resistivity is required for
stable operation of an electric ore-thermal furnace,

where higher electrical conductivity of the charge is
required. However, the final selection of a reducing
agent should also take into account its chemical
composition, fixed carbon content, ash content,
volatile matter, reactivity, particle-size distribution,
and mechanical properties.
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