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KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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ELECTROPHYSICAL PROPERTIES OF CARBON
MATERIAL BASED ON COAL OF “SARYADYR” DEPOSIT

Abstract. The article presents the results of heat treatment (carbonization) of grade G coal of the «Saryadyr»
deposit («Pyatimetrovyy» layer) in the temperature range 250-550 °C at a heating rate of 10—-15 °C/min and holding
at 550 °C for 1, 2 and 3 hours. As a result of carbonization, carbon materials (CM) were obtained. Using the methods
of thermogravimetric, energy dispersive X-ray spectroscopy, electron microscopy, we studied the technical,
elemental composition, and surface morphology of the obtained products. The electrophysical characteristics of the
CM were determined by measuring the electrical resistance (R), electric intensity (C), and dielectric constant (g) of
the samples in the temperature range 293—483 K. Based on the data obtained, the band gap (AE) of the samples was
calculated. The carbon material obtained at 550 © C for 3 hours has a dielectric constant of 740 thousand at 293 K
and will increase to 1.1 billion at 453 K, i.e. up to 109 degrees to colossal values and is a very attractive material for
microelectronics, i.e. at 453 K, € CM is higher than the reference BaTiO; by about 540 thousand times.

Key words: carbon material (CM), chemical composition, electrophysical properties, electrical resistance,
electrical intensity, dielectric constant.

Introduction. Recent decades have been marked by a surge of scientific activity in the development
and study of carbon materials (CM). This is reflected in the targeted synthesis of allotropic forms of
carbon (carbohydrates, fullerenes, nanotubes, compasses, etc.), as well as in the creation of a wide range
of porous materials in a series of mixed (transitional) forms of carbon, which are of practical interest as
adsorbents, catalysts, and carriers for catalysts, substrates in new generation current sources (lithium-ion
batteries, supercapacitors, ionistors and fuel cells) etc. [1-7].

Promising devices for the accumulation and storage of electrical energy, combining both high energy
intensity and relatively high output power, are supercapacitors (SC) and capacitive deionization systems
capable of reversibly accumulating charge on the surface of electrode material [8-11]. In [12-14], based on
the porous - carbon material of carbon nanotubes, the production of materials with pore sizes up to
angstroms for flexible and printing devices with a short response time, as well as nanoparticles of
transition metal oxides and nitrides for pseudo-capacitors, which are the latest achievements, was
developed and organized in the field of supercapacitors. Natural materials, such as coconut shells, wood,
resins, coals, or synthetic materials, such as polymers, are commonly used as precursors. Carbon materials
used in capacitors are usually pretreated to remove moisture and most of the functional groups present on
the carbon surface to increase stability during cycling, since they can cause wilting of the capacitance and
aging of the capacitor [15].

Electrophysical properties is as the main indicator of the carbon material used in electrothermal
processes [16], as well as for the manufacture of superconducting materials, capacitors and fuel cells from
them. The aim of this work is to study the electrophysical properties of a carbon material based on coal
from the Saryadyr deposit (Pyatimetrovyy layer) (Kazakhstan). Coal belongs to high-ash, gas grade "G".
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N E W S of the Academy of Sciences of the Republic of Kazakhstan

Research methodology. Samples of carbon material were obtained at the “Institute of Coal
Chemistry and Technology” LLP (Nur-Sultan) by heat treatment in a tube furnace in the temperature range
of 250-550 °C at a heating rate of 10-15 °C/min and holding at 550 °C for 1, 2 and 3 hours.

The elemental composition, structure, and dimensionality of the samples were studied by energy
dispersive X-ray spectroscopy on an SEM instrument (Quanta 3D 200i) with an attachment for energy
dispersive analysis from EDAX. The energy of the exciting electron beam in the analysis was 15 keV.

The heat of combustion of coal and the resulting products was determined by the calorimetric method
on the device "Calorimeter VOEMA K"

Results and its discussion. The results of the elemental analysis, presented in table 1, show that after
heat treatment of coal, most of the heteroatoms (oxygen, hydrogen, sulfur, nitrogen) are removed in the
form of gaseous products. Accordingly, the carbon concentration decreases from 82.98 to 67.80 wt. % and
the structure of flat aromatic rings developing, uniting into basic structural units or elementary graphite
crystallites, develops.

Table 1 — The chemical composition of the carbon material from coal of the «Saryadyr» deposit («Pyatimetrovyy» layer)

Content
Indicators . CM CM CM
Initial coal i ’ ’
1 hour exposure 2 hours exposure 3 hours exposure

Humidity, W%, % 1.68 1.36 1.64 2.24
Ash content, A%, % 37.33 23.72 26.13 27.92
Volatility, V% % 26.35 14.11 10.57 8.48
Sulfur per working mass, S®, % 0.59 0.32 0.27 0.28
Carbon content, C%, % 82.98 67.97 68.17 67.80
Hydrogen content, H*, % 5.59 3.07 1.78 0.68
Oxygen content, 0%, % 7.88 3.58 245 2.09
Nitrogen content, Nd, % 1.38 1.34 1.20 1.23
Aluminum content, Al, % 2.30 1.90 2.12 2.36
Silicon content, Si, % 5.48 4.50 4.12 4.03
Calorific value, Q' kcal/kg 5215 6271 5987 5689

The data from table 1 show that a noticeable effect of the exposure time of coal during heat treatment
affects the calorific value of the obtained product [17]. At the shortest time (t = 1 hour), the calorific value
is the highest and amounts to 6271 kcal/kg, which significantly exceeds the same parameter of the initial
coal (5215 kcal/kg). With a further increase in the exposure time, this parameter decreases.

Figures 1-2 show micrographs of samples of the initial coal and carbon materials (with an increase of
5,000 and 50,000 times).

When analyzing the surface morphology of the samples, it was found that the cleaved surface is
represented by heterogeneity of the structure and has dense formations with strong agglomerates. Despite
the presence of an increased content of the mineral component, the structure is characterized by flocculent
inclusions in the carbon matrix; it is also seen that there are elevations and depressions on the surface. This
is due to the heterogeneity of the composition and the natural origin of coal.

The results of the analysis of micrographs show that after heat treatment the surface structure changes
with smaller particle sizes (up to ~ 170 nm). In CM products, crystallites are arranged irregularly, the gaps
between them are filled (or blocked) with amorphous carbon, which is formed upon decomposition of
resinous substances. As a result of carbonization, volatile (moisture and partially resin) substances are
released from raw materials. At the same time, primary macroporous structures with a diameter of 2 to
30 microns are formed in it.

Figure 1 — Electron microscopic images of the Initial coal of the “Saryadyr deposit”
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b)

<)
Figure 2 — Electron-microscopic images of CM from coal of the Saryadyr deposit:
a) 1 hour exposure, b) 2 hours exposure, ¢) 3 hours exposure

An analysis of micrographs (figure 2) at various magnifications indicates that the surface of the
CM is represented by an inhomogeneous structure with local clusters of cluster-like (dendritic) and
isometric shapes, overlays (secondary textures) are interspersed and streaked. The figures show that finely
dispersed carbon nanoparticles with diameters from ~100 to 700 nm were formed on the surface of the
sample, this may be due to the fact that, as a result of carbonization, the reactive radicals forming interact
with each other with the formation of new substances. The most likely cause of the appearance of
nanoparticles on the surface layer is synthesis from the gas phase. The nucleation and growth of ordered
carbon during the heat treatment of coal can occur through self-organization of carbon nanoparticles
without the participation of the mesophase. Measurements of the electrophysical properties were carried
out according to the procedures [18,19].

The study of electrophysical properties (dielectric constant and electrical resistance) was carried out
by measuring the electric capacity of the samples on a LCR-800 serial device (Taiwan) at an operating
frequency of 1 kHz continuously in dry air in thermostatic mode with a holding time at each fixed
temperature.

Plane-parallel samples were preliminarily made in the form of disks with a diameter of 10 mm and a
thickness of 5-6 mm with a binder additive (~1.5%). Pressing was carried out under a pressure of
20 kg / cm’. The resulting disks were fired in a silica furnace at 200 °C for 6 hours. Next, they were
thoroughly double-sided grinding.

The dielectric constant was determined from the electric capacity of the sample at known values of
the thickness of the sample and the surface area of the electrodes. To obtain the relationship between the
electric induction D and the electric field £ was used a Sawyer-Tower circuit. Visual observation of the
D (E-hysteresis loop) was carried out on a C/-83 oscilloscope with a voltage divider consisting of a
resistance of 6 mOhm and 700 kOhm, and a reference capacitor of 0.15 pF. The frequency of the
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generator is 300 Hz. In all temperature studies, the samples were placed in a furnace, the temperature was
measured with a chromel-alumel thermocouple connected to a B2-34 voltmeter with an error of £0.1 mV.
The rate of temperature change is ~5 K / min. The value of the dielectric constant at each temperature was
determined by the formula: ¢ = C/C,, where C, is the capacitance of the capacitor without the test
substance (air).

Below are the results of measurements of the electrophysical characteristics of carbon materials from
coal of the Saryadyr deposit.

Table 2 — Electrical properties of CM based on Saryadyr coal (Pyatimetrovyy layer)
(t =1 hour) (C - capacity, R - electrical resistance, ¢ - dielectric constant)

T, K C, nF R, Ohm € Ige IgR
293 0.24402 2220000 1335 3.13 6.35
303 0.26692 2101000 1460 3.16 6.32
313 0.33632 1860000 1840 3.26 6.27
323 0.43216 1622000 2364 3.37 6.21
333 0.48451 1535000 2650 3.42 6.19
343 0.50585 1508000 2767 344 6.18
353 0.51147 1483000 2798 345 6.17
363 0.50135 1489000 2742 344 6.17
373 0.53663 1458000 2935 347 6.16
383 0.61584 1315000 3369 3.53 6.12
393 1.0248 1025000 5605 3.75 6.01
403 1.8592 716400 10169 4.01 5.86
413 3.3245 504000 18184 4.26 5.70
423 47521 387200 25993 4.41 5.59
433 6.5738 317000 35957 4.56 5.50
443 8.5247 276200 46628 4.67 5.44
453 11.202 245900 61273 4.79 5.39
463 13.877 230500 75904 4.88 5.36
473 17.703 219700 96837 4.99 5.34
483 21.427 211300 117201 5.07 5.32

CM obtained at 550 °C for 1 hour, in the entire studied temperature range exhibits semiconductor
conductivity. The dielectric constant at the indicated AT is also low.
The calculation of the band gap was determined by the formula 1:

2UTT, R
= lgia (1)
0.43(T,~T)) "R,
where £ - is the Boltzmann constant; for calculating AE, it is 8.6173303-107 eV-K .

The calculation of AE was performed in the range 293-483 K. At a temperature of 293 K, the
electrical resistance is 6.35, and at 483 K, log R = 3.32.

_2x0,000086173x293 x 483 1 6.35 24.3902

AE g =
0.43(483 -293) 5.32 81.7

x1.1936 =0.36eV

This carbon material can be attributed to narrow-gap semiconductors.

Table 3 presents the dependence of electrical resistance (R), electric capacity (C) and dielectric
constant (¢) on temperature (CM based on Saryadyr coal (Pyatimetrovyy layer) (t = 2 hours).

As can be seen from the data in the table, a CM with up to 383 K exhibits a low dielectric constant,
then at 463 K it exhibits a relatively high dielectric constant (1.89 million). In the temperature range under
study, the CM exhibits semiconductor conductivity; there are small temperature jumps at 333-373 K,
which can be neglected. Calculation of the band gap, at T =293 K, log R =6.62; T=483 K, log R = 4.85.

_ 2x0.000086173 x293x 483 | 6.62 _ 24.3902
0.43(483 —293) 8485 817

AE x1.3649 = 0.41eV
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Table 3 — Electrical properties of CM based on Saryadyr coal (Pyatimetrovyy layer) (1= 2 hours)
(C - capacity, R - electrical resistance, ¢ - dielectric constant)

T,K C,nF R, Ohm P lge IgR
293 0.05706 4160000 452 2.65 6.62
303 0.03489 4512000 276 2.44 6.65
313 0.03116 4173000 247 2.39 6.62
323 0.0299 4417000 237 2.37 6.65
333 0.02452 4645000 194 2.29 6.67
343 0.02557 4403000 202 2.31 6.64
353 0.05134 3217000 406 2.61 6.51
363 0.07499 3481000 594 2.77 6.54
373 0.04192 4031000 332 2.52 6.61
383 1.0483 730600 8299 3.92 5.86
393 6.2496 342500 49477 4.69 5.53
403 11.135 255300 88154 495 5.41
413 19.302 195500 152810 5.18 5.29
423 32.592 162100 258024 5.41 5.21
433 69.704 111500 551833 5.74 5.05
443 113.14 86600 895707 5.95 4.94
453 194.56 70440 1540293 6.19 4.85
463 239.31 65340 1894570 6.28 4.82
473 60.347 104200 477755 5.68 5.02
483 133.0 71250 1052935 6.02 4.85

This CM can also be attributed to narrow-gap semiconductors. Figures 3 and 4 below show the
temperature dependence of the samples in the range 293483 K.

/go N (= N\
S | l ‘ | | nK IK
a) b)

Figure 3 — Temperature dependence of CM based on coal from the Saryadyr deposit
(t =1 hour) in the range 293-483 K: a) dielectric constant; b) electrical resistance
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Figure 4 — Temperature dependence of CM based on coal from the Saryadyr deposit
(1 = 2 hours) in the range 293-483 K: a) dielectric constant; b) electrical resistance

Table 4 below shows the results of measuring the electrophysical characteristics of CM based on coal
from the Saryadyr deposit, at a holding temperature of 3 hours.
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Table 4 — Electrical properties of CM based on Saryadyr (Pyatimetrovyy layer)
(t) = 3 hours) (C - capacity, R - electrical resistance, € - dielectric constant)

T, K C,nF R, Ohm g Ige IgR
293 65.899 148600 739879 5.87 5.17
303 15.198 234800 170635 5.23 5.37
313 217.17 42510 2438268 6.39 4.63
323 1927.1 15120 21636446 7.34 4.18
333 2529.8 11450 28403239 7.45 4.06
343 3630.1 8885 40756817 7.61 3.95
353 4884.2 7061 54837180 7.74 3.85
363 6286.9 5780 70585944 7.85 3.76
373 8504.2 4963 95480600 7.98 3.70
383 11653 3991 130833639 8.12 3.60
393 15050 3385 168973335 8.23 3.53
403 22778 2764 255739177 8.41 344
413 31371 2290 352216776 8.55 3.36
423 44725 1833 502148332 8.70 3.26
433 61763 1469 693441866 8.84 3.17
443 77146 1212 866153946 8.94 3.08
453 97302 1103 1092454712 9.04 3.04
463 2156.9 20030 24216517 7.38 4.30
473 1383.4 23290 15532074 7.19 4.37
483 24543 18670 27555565 7.44 4.27

As can be seen from the data obtained, the CM in the interval 293-453 K exhibits semiconductor
properties, at AT = 453-473 K - metal and at AT = 473-483 K - the semiconductor nature of conductivity.

Figure 5 below shows the temperature dependence of the CM Saryadyr (Pyatimetrovyy layer)
(t =3 hours) in the range 293-453 K.

The calculation of AE was performed in the range of 293453 K. At a temperature of 293 K, the
electrical resistance is 5.17, and at 453 K, log R = 3.04.

_2x0,000086173 x 293 x 453 I 5.17 228753

AE g = x1.7007 = 0.57eV
0.43(453 -293) 3.04 68.8
«w ( \
f&o ) Eo
» i*. =) T
- LK \_ LK
a) b)

Figure 5 — Temperature dependence of UM based on coal from the Saryadyr deposit
(1 = 3 hours) in the range 293-483 K: a) dielectric constant; b) electrical resistance

The obtained carbon material in the range 293-453 K exhibits semiconductor conductivity
characteristic of narrow-gap semiconductors. This CM have large values of dielectric constant, which
from 740 thousand at 293 K reaches up to 1.1 billion at 453 K, i.e. up to 10° degrees to a colossal value
and is very attractive as a promising material for microelectronics, i.e. at 453 K, € of CM exceeds the
reference BaTiO; by about 540 thousand times.
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This is explained by a phase transition and the formation of carbon nanoparticles ranging in size from
100—700 nm on the surface of the sample, which is evidenced by electron microscopic images (3 hours
exposure) (figure 2).

Conclusion. Thus, a chemical analysis of carbon materials from coal from the Saryadyr deposit
(Pyatimetrovy layer) was carried out in the work. In the temperature range 293-483 K, their
electrophysical characteristics C, R, ¢ were determined. The analysis showed that the obtained carbon
material from Saryadyr coal is promising as a capacitive material, fuel cell and semiconductor, as well as
for the manufacture of electrodes.
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«CAPBIAIbIP» KEH OPHBIHBIH KOMIPI APKBLJIbI AJIBIHFAH
KOMIPTEKTI MATEPUAJIABIH JIEKTPO®U3NKAJIBIK KACUETTEPI

AnnoTtanus. Makanaga «Capslaaeipy («IIaTumeTpoBsIily KabaTel) keH opHBIHAaFbl [ mapkamel kemipai 250-550 °C
temneparypana 10-15 °C/mun xangamzapikTa sxone 550 °C-ta 1, 2 sx0He 3 caFaT KeJeMiHIE TEPMHSUIBIK OHICYAiH (KapOoHHU-
3amus) HoTIKenepi kenripinreH. Kapbonmusarms Hotmkecinae kemiprekti Marepuannap (KM) ansiaasl. TepMorpaBUMETpHSIIBIK,
SHEPrOMUCIIEPCHSUIBIK PEHTTCHIK CHEKTPOCKOIHS, JIEKTPOHIBI MUKPOCKOINS OICTEpiH KOJJAHA OTBHIPHIN, albIHFAaH OHIMHIH
TEXHHMKaJBIK, JJIEMEHTTIK KypamMbl MeH OerTik Mopdosoruscel 3eprrenni. KM-mplH siaekTpodu3UKaiIbIK CHIIATTaMallapbl
293-483 K TteMmneparypa Auana3oHBIHIAFBl Yiriiepaid osnektpmik kexepricin (R), omextp coribiMapuibirsl (C) xoHe
JMANIEKTPUKTIK OTKI3TIIITICH (€) NIIey apKbUIbl aHBIKTAJbL. AJBIHFAH MOJIIMETTep HETi3iHJAe YITINEpAiH THIABIM CajbIHFaH
aitmax eni (AE) ecenreningi. 3 carar imwinge 550 °C TemnepaTtypaza ajablHFaH KOMIpTEri MaTepHall YIKeH JUAICKTPIIK TYPaKThI
MoHre ue, oHbIH MoHi 293 K-ne 740 mprHaaH 453 K kesinnme 1,1 mupa.-ka Aeiiid xkeTeni, SFHU 10° neitinri YJIKEH MOHTE W€ JKOHE
MHUKpPO3JICKTPOHHKA YIIiH MEPCHEKTUBTI MaTepuai 0omibin TaObuiansl, sikHE 453 K ke3iHge AUAIEKTPUITIK OTKI3TIIITIT € 3TaIoH
BaTiO;-ten mamamen 540 MBIH ece acaisl. YJITUIEpIIiH JIEMEHTTIK KYpaMbl, KYpbUIBIMEL skoHe onmeMi SEM (Quanta 3D 2001)
KypaJbIHIa SHeprust Auctepcusuiblk Tangay EDAX kemeriMeH 3HepTusuIbIK JUCHEPCHSUIBIK PEHTTSHIIK CIIEKTPOCKOINS KOMeTi-
MeH 3epTreni. Tangayaarsl 3JICKTPOHBI COYJCHIH SHEPrusachl 15 k3B. DIeMEHTTIK Tajmay HOTHIXKENEPi KOMipIi TEPMUSUIIBIK
OHJICY/ICH KEeliH rerepoaToMIapabIH Ken Oeiri (0TTeri, CyTeri, KYKipT, a30T) ra3 Tapi3zi eHiMaep Typinae Oemineni. Tuicinie,
KeMipTeri KoHIeHTpamuschl 82,98-1eH 67.80 mac. %-ra [eiiH TOMCHICH]I JKOHE KapamailbiM KYPhUIBIMBIK OJOKTapFa HeMece
KaparaibiM rpadUT KpUCTAJUTUTTEpiHe OIPIKTIPIIreH apoMaTThl CaKHHAIAPABIH KYPBUIBIMBI JaMU/ibl. MUKpPOCYpeTTepi Tanaay
HOTHIKEJIepl TepMOOHACYeH KeiliH OeTTiK KypbUlbIMbIHIA Kimni Oemmexrep (~ 170 HM faeiiin) naiiga OGONFaHBIH KepCETeIi.
KM eHimMzepinie KpUCTAUIMTTEP TYPaKThl €MeC OpHajacaibl, ONAap/blH apachlHIAarbl CaHbUIayJap LIAHBIPIBI 3aTTap.blH
BIOBIPAyBl Ke3iHAe Maiiga OonmaTblH aMOpP(THl KOMIipTETiMEH TONTHIphUFaH. KapOoHW3alMs HOTIKECIHAE YINKBIII 3aTTap
muKizarran OemiHim, nuamerpi 2-meH 30 MKM-re JIeHiHri OacTamKsl MakpoIOpibl KYpBUIBIMIAp Maina OGoxambl. DIEKTPIiK
KacHeTTepAi (NIEKTP OTKI3rimTIiK IeH ameKkTp kexeprici) 3eprrey LCR-800 cepusiisl KoHasIpreIchHars! (TaiiBanb) ynrinepaiy
ANEKTP CHIMBIMABLIBIFBIH 1 K[ TYpaKThl XKULTIKTET] KypFaK ayaja TepMOCTaTHKAJIIBIK PEXUM/IE 9p OeNriIeHreH TeMIepaTypana
YCTAIl TYPY yaKbITBIMEH IILIeY apKbLIbl xyprisinai. 550 °C Temmeparypama 1 cararrta ansiaran KM, 3epTTenreH Temmeparypa
[Mana3oHbIH/A JKApThUIal eTKi3rimrik Kacuer kepcereni. Kepcerinren AT AuINEKTpiik KOHCTAHTAHBIH MOHI /I TOMEH.
ByJT KeMipTeKTi MaTepHa sl Tap aiiMaKThl KAPTUTAH OTKi3TimTepre xKaTKp3yFa 6onamsl. 550 °C Temmepatypaza 2 carat imiHge
383 K neitin anpraran KM TeMeH TUAIEKTPIIiK TYPAKThL, an 463 K ke3iHme cambICThIpMaitbl TYPAE )KOFaphl TUIICKTPIIIK TYPAKTHI
(1,89 mutH) Kepcereni. 3epTTenim KaTKaH TeMIepaTypa auamnasonsiHaa KM skapTeiaid eTKi3rimrik kacetke ue, 333-373 K tem-
neparypaja KiliripiMm aysITKynap Oaiikanassl, onapias! eckepmeyre 6omansl. T =293 K, Ig R =6.62 T =483 K, 1gR = 4.85 ke3in-
Jie TBIMBIM cajbIHFaH aiiMak eHi ecentemingi (AE). Byn KM-np! skapTeutaif eTkisrimrepre e skaTKbI3yra Oonamsl. 3 carar ycray
TeMmIeparypachiHaa ansiaFan 293-453 K nuana3oHbiHIa KapThUIail ©TKI3rimTiK Kacuertepi 6ap, AT = 453-473 K - MeTamiabik
xone AT = 473483 K ke3inze - xxaproiiail eTkisrimtik. AE ecentey 293—453 K apanbirsinaa xyprizingi, 293 K temneparypana
anexTp kepeprici 5,17, an 453 K temmeparypaga R = 3.04. Anpiaran kemipreri marepuangap 293-453 K nuamazonsiHza
xapthutail eTkisrimTikke ue. byn KM auanextpiik oTkisrimtik MoHi ete xorapbl, onap 293 K-ge 740 mbignan 453 K 1,1 mun-
nHapaKa skerem, sern 10° mopeskeciHe NeHiHTI YIKEH MOHTE He KoHe MUKPODICKTPOHHKA YIIiH MEPCIIeKTHBT] MaTepHan GOIBII
TaObutaabl. MyHBI (a3aHBIH aybICybIMEH JoHE YriHiH Oeringe wmemmepi 100-700 HM-re pmeifiin OoJaThIH KOMipTEKTi
HAHOOOJIIIEKTEP/IH TY3UTyiMeH TYCIHIIpineai, 3JIEKTPOHAB MUKPOCKOIMSIIBIK CypeTTepMeH aanenaeHeni. COHBIMEH, >KYMBIC
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6apbiceinia «Capblazblpy KeH opHbI kKeMipineH («IIaTHMeTpoBbIi» KaTmaphl) alibIHFAH KOMIPTEKTI MaTepUasFa XUMHSUIBIK Talaay
Kyprizinai. 293—483 K temmepatypaiblk Juana3oHaa oJapAbIH AIEKTpoPH3uKaibIK cunatramanapsl C, R, € ansikrangsl. Tangay
HoTIKeci Caphlafiblp KOMIpiHEH albIHFaH KOMIPTEKTI MaTepHal CHIMBIMABUIBIK MaTepuall peTiHAe, OTBIH 3JIEMEHTI >KOHE
JKapThIIail OTKI3TIII PeTiHAe, COHMAM-aK MEKTPOATAP OHAIPiC] YIIH HepCHeKTUBTI MaTepHall eKEHiH KOPCETTi.

Tyiiin ce3mep: xomiprekti Matepman (KM), XUMMSIIBIK Kypambl, SJIEKTPOGHU3HUKAIBIK KAaCHETTEep, OJIEKTPKEIepri,
AJICKTPCHIABIMABLIBIK, TUIICKTPUKTIK OTKI3TIIITIK.
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SJIEKTPOPU3INYECKHE CBOVICTBA YITIEPOJHOI'O MATEPHAAJIA
HA OCHOBE YIUISI MECTOPOXKIEHUS «CAPBIAIBIP»

AHHOTanms. B ctaThe MpHBEOCHBI PE3yNbTaThl TEPMHUYECKON 00paboTKH (KapOOHM3aINK) YTl MapKu [T MeCTOpoKACHUS
«Capsianpipy (umact «IIaTuMeTpoBbIin») B mHTEpBane Temmeparyp 250—550 °C npu ckopoctn Harpea 10—15 °C/MuH u ¢ BbIIEp-
xkoit ipu 550 °C B Teuenwme 1, 2 u 3 9acos. B pesynbraTe KapOOHM3AIMK MOTyY€EHBI YIIIEpoaHbIe MaTepuanbl (YM). Metonamu
TEPMOTPAaBIMETPHIECKOTO, DHEPTOJUCIEPCHOHHON PEHTTCHOBCKOH CIEKTPOCKONUH, O3JIEKTPOHHOH MMKPOCKOIUHM H3y4YEHBI
TEeXHUYECKHH, JJIEMEHTHBIH cOCTaB, MOP(OIOTHS MOBEPXHOCTH IIOIYYEHHBIX HPOAYKTOB. OIpeneneHbl IEKTPOPHU3NIECKHE
xapakTepucTuk YM myTem usmepeHus aiekrpoconpotusieHus (R), sanexrpoemkoctu (C) U IU3IEKTPUYECKOH IPOHUIIAEMOCTH
() obpasuoB B mHTepBase Temmepatyp 293—-483 K. Ha ocHOBaHMH IOJy4YEeHHBIX JAaHHBIX PACCUMTAHBI MIMPHUHA 3alpeIIeHHOI
30HbI (AE) 06pasuos. Yriuepoausiit MaTepua, nonydeHusii mpu 550 °C B Teuenue 3 4yacos, o0nagaeT OOJLIIMMH 3HAUCHUSIMH
JMAIEKTPHUIECKOI MPOHHIAEMOCTH, KoTopas oT 740 Teic. mpu 293 K mocturaer no 1.1 mmpx mpu 453 K mo 10° cremenn g0
KOJIOCCAJIbHOTO 3HAYEHHs U ABJIAETCS OYeHb MPHUBIIEKATEIbHBIM B KQUECTBE MEPCIIEKTUBHOTO MaTepyaa JUisi MUKPOJIEKTPOHHKH,
npu 453 K ¢ YM mpessimaet stanonHoro BaTiO; npumepno B 540 Teic. pa3. McciienoBanne 3J€MEHTHOTO COCTaBa, CTPYKTYPHI
pasMepHOCTH O00pa3loB MPOBOIMIN METOJOM JHEPrOAMCIECPCHOHHOW PEHTTCHOBCKOM CHEKTPOCKONUU Ha mpudope SEM
(Quanta 3D 200i) ¢ npuCTaBKOHN IJIsl PHEPTOUCIEPCUOHHOTO aHamm3a oT EDAX. Dueprus Bo30yKIalOMIEro Imydka 3JIeKTPOHOB
npu aHanuse Obuta 15 k3B. Pe3ynbraThl IpOBEAEHHOrO 2JIEMEHTHOTO aHaiM3a ITOKa3ald, 4TO OOJbIIas 4acTh IeTepOoaTOMOB
(xucnopoa, BOIOPO, cepa, a30T) yHAJsIeTcsl B BUAE Ia3000pa3HbIX HPoAyKToB. COOTBETCTBEHHO YMEHBIIAETCS KOHIICHTPALUS
yraepoaa ¢ 82,98 no 67,80 mac. % W pa3BUBAcTCSA CTPYKTypa IUIOCKHX apOMATHYECKUX KOJICI, OOBEIUHSIONIUXCS B OCHOBHBIC
CTPYKTYpPHbIE SAMHHULIBI MM dJIEMEHTapHbIe rpaUTOBbIE KPUCTALIUTHL. Pe3ysbTaThl aHalM3a MUKPOCHUMKOB ITOKa3bIBAIOT, YTO
[ocjie TepMUYECKOl 0OpabOTKM MOBEPXHOCTHAs CTPYKTypa HM3MEHSETCs ¢ MEHbLUIMMHU pa3Mepamu yactul (mo ~170 um). B
OpoAykTax YM KpHCTAIHTBI PACHONOXKEHBI HEPEryIspHO, MPOMEKYTKH MEXKTYy HUMHU 3aIlOMHEHBI (WIH ONOKHPOBAHBI)
aMOp(HBIM YIIepoI0M, KOTOPEIH 00pa3yeTcs IPH Pa3IoKEHHH CMOJIHCTHIX BemecTB. Kak n3BecTHO, B pe3ynbTaTe KapOOHU3aINH
U3 CBIPbS BBIACISIIOTCS JIeTyuwe (Bjlara M YacTUYHO CMOJIBI) BemiecTBa. OAHOBPEMEHHO B HEM OOpa3yloTCs IEpBUYHBIE
MaKpOIOPUCTBIE CTPYKTYpsl nuamerpoM oT 2 mo 30 mxM. MccnenoBanue »1eKTpO(U3MUECKUX CBOWCTB (IMAIEKTPUYECKOI
MPOHUIAEMOCTH ¥ 3JIEKTPUIECKOTO0 CONPOTHBIIECHHS) IIPOBOAMIOCH ITyTEM M3MEPEHHUS JIEKTPOSMKOCTH 00pa3IloB Ha CEPHIHOM
npubope LCR-800 npu paboueit yactore 1kI 11 HEPEpHIBHO B CyXOM BO3/LyX€ B TEPMOCTATHOM PEXUME CO BPEMEHEM BBIJICPIKKHI
IpH KaXI0M QUKCHpOBaHHOM Temmepatype. YM, nony4uentsiii mpu 550 °C B Teuenue 1 yaca, BO BCEM HCCIIEAYEMOM HHTEPBAIIE
TeMIIEpaTypbl MPOSBISAET TMOIYNPOBOAHUKOBYIO IPOBOAUMOCTh. JlManeKTpudeckas MPOHMUIAEMOCTh TaKKe MNPH YKa3aHHOM
AT HeBbIcOKas. JlaHHBIA yrIepoAHBI MaTepHal MOXKHO OTHECTU K Y3KO30HHBIM IOIYyHPOBOIHHKAaM. YM, MOMY4YEHHBIH NpH
550 °C B Teuenue 2 vacos, 10 383 K mposBiseT HU3KYIO JAMDIEKTPUYECKYIO POHMLAEMOCTD, aanee npu 463 K oH mposeiser
OTHOCHTETIFHO BBICOKYIO IUIJIEKTpHYEeCKyl0 mpoHuiaemMocts (1.89 wmun.). YM mposiBIseT B HCCIEIyeMOM HHTEpBaje
TEeMIIepaTyphl HOJIYIIPOBOJHUKOBYIO IIPOBOANMOCTE, €CTh HEOOJbIINE CKauKy TemrepaTyps! npu 333—373 K, KOTOpEIMH MOXXHO
npenedpeds. PaccunTana mupuHa 3anpemeHHoi 3086l npu T = 293 K, 1g R=6,62; T = 483 K, lg R=4,85. aunsiii YM MoxHO
TAKKE OTHECTH K Y3KO30HHBIM IOJYIPOBOJIHUKAM. YM, HOJNydeHHBIH HpH TeMIlepaType BBIAEPKKH 3 4aca B HHTepBaie
293—453 K, nposiBisieT MoJIynpoBOJHUKOBBIE cBoWcTBa, npu AT = 453—473 K — meramnuueckyro u npu AT = 473—483 K —
MOy IPOBOAHUKOBBIN Xapaktep mpoBoauMoctu. Pacuer AE npoussenen B untepaie 293—453 K. IIpu temnepatype 293 K anek-
TpocomnpotuBieHue cocrasisier 5.17, a npu 453 K 1g R = 3.04. Tlony4eHnsiii yriaeponHslii Matepuan B unTepBaie 293—453 K
HpPOSBIIAET TOIYNPOBOAHUKOBYIO HPOBOAMMOCTB, XapaKTEPHYIO Y3KO30HHBIM HoxmynpoBogHukaMm. [laxueri YM obnagaer
OOJBIIMMH 3HAYCHUSAMH ITUDJIEKTPHUECKOI POHUIIaeMocTH, Kotopas oT 740 Teic. mpu 293 K mocrturaer o 1.1 mapa mpu 453 K,
T.e. 10 10° cTemenn 10 KOIOCCATBHOTO 3HAYCHHS W ABISETCS OUCHb IPHBICKATCILHEIM B KAUECTBE IEPCIEKTHBHOIO MATepHAIa
UL MUKPOJICKTPOHHUKH. JTO OOBACHAETCS (a30oBEIM IIEpexoJoM M 00pa3oBaHHMEM YIIEPOAHBIX HAHOYACTHI[ pa3MEpoOM OT
100-700 HM Ha MOBEPXHOCTH 00pa3la, O YeM CBHICTENLCTBYIOT JJIEKTPOHHO-MHUKPOCKONNYECKHE CHUMKH. TakuM obOpasom, B
paboTe mpOBEJEH XMMHYECKHH aHalM3 YIJEpOAHBIX MaTepualoB M3 yris MectopoxaeHus «Capblagsipy — (Tuiact
«[IatumerpoBeiiiy). B untepBane temmeparyp 293—483 K ompernenensl ux snexkrpodusnueckue xapakrepuctuku C, R, e.
ITpoBeneHHBII aHANN3 MOKa3aj, YTO MOMYYEHHBIH yriiepoaHblii MaTepuan u3 CapblafbIpCKOr0O YIS MPEICTaBISAETCS MEpCIeK-
THUBHBIM B Ka4€CTBE EMKOCTHOTO MaTepHalla, TOIIMBHOTO 3JIEMEHTA U MOTyIIPOBOAHKKA, a TAKXKE JUIS H3TOTOBIICHHS AIIEKTPOJIOB.

KiroueBble ciaoBa: yrieponHslii Mmatepuan (YM), XUMHYECKHH COCTaB, 3JIEKTPOPU3NUECKIE CBOWCTBA, HIIEKTPOCOIPO-
THUBJICHUE, YIEKTPOEMKOCTb, AUIEKTPUUECKas IPOHUIIAEMOCTb.
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