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ELECTROPHYSICAL CHARACTERISTICS
OF THE COAL ASH OF THE MAYKUBEN BASIN

Abstract. In this work, the temperature dependences of the electrophysical characteristics (electrical
capacitance, electrical resistance, dielectric permittivity) were investigated in the range of 293-483 K for coal ash of
the Maikuben basin (Kazakhstan) in its initial form, after electromagnetic (EM) and electrical discharge (ED)
treatments. The temperature ranges in which the material exhibits both semiconductor properties and metallic
conductivity are established. The band gap width (AE) was calculated for the studied samples. The measurement
results showed that in comparison with the initial ash and ash after the EM treatment, the ash after the ED treatment
has the highest values of electrical capacitance and diclectric permittivity and the lowest clectrical resistance.
Analysis of the research results showed that coal ash after ED treatment seems promising as a prepared raw material
for its further thermochemical processing with the extraction of such valuable components as rare metals, silica,
alumina, as well as a capacitive material (capacitor) and semiconductor.

Key words: coal ash, electrical resistance, electric capacity, dielectric permittivity, electric discharge treatment,
semiconductor conductivity, metallic conductivity, band gap.

Introduction. When coal is burned, mineral components are converted into ash and slag, which are
stored as waste products of energy production in ash and slag dumps. Despite the fact that ash dumps are
classified as waste of the fifth hazard class (practically safe), they negatively affect the environment.

In Kazakhstan, the concept of transition to a "green" economy was approved. In accordance with it,
all sectoral and regional development programs should be analyzed for compliance with the principles of a
"sreen" economy. Strengthening control over compliance with environmental standards by industrial
enterprises and the introduction of stringent requirements for including ash and slag waste disposal (ASW)
projects into TPP projects determines the relevance of ash processing facilities.

Coal-fired power plants are suitable for cost-effective use in various industries by extracting many
valuable components from ASW: aluminosilicate and magnetic microspheres [1], silica [2], alumina [3-5],
rare metals [6-11] and using the remaining mass of ash as a raw material for the production of building
materials [1,12,13].

Traditionally, fossil coals are attributed to semiconductors, since their electrical conductivity at
constant current and room temperature is in the range of 10°-10° Q "'m™'. In a sufficiently large
temperature range up to 200° C, the electrical conductivity increases with increasing temperature, which is
characteristic of semiconductors [14-16]. Therefore, the study of these properties of the mineral part of
coal, taking into account the widespread use of ash and slag waste, is of definite scientific and practical
interest.

The purpose of this work is to study the electrophysical characteristics of ash from coal combustion
of the Maikuben basin (the Shoptykol deposit, Kazakhstan).
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Earlier, we conducted similar studies to determine the clectrical characteristics of the initial and
activated shale of Kendyrlvyk field [17].

Research methodology. Ash and slag wastes from coal combustion of the Maikuben basin
(hereinafter Maikuben coal) were used as feedstock, which were kept in a muffle furnace at 815 °C for
1.5 hours to remove underburning (carbon part of ASW).

The objects of research are samples of ash of Maikuben coal (after removal of underburning) in its
nitial form, after processing on an ¢lectromagnetic apparatus (hereinafter EM treatment) for fine grinding
of ash, and after electric discharge treatment (hereinafter ED treatment) for weakening and/or breaking
chemical bonds in an aqueous solution of ash.

EM processing of ash samples was carried out on an electromagnetic apparatus EMA-1, consisting of
an inductor, a working chamber and a tripod. Electric parameters of EMA-1: rated current - 8 Amps;
nominal electromagnetic field strength in the center of the inductor (at 220 V) — 40-45 kA/m; active power
—0.15-0.2 kW; The power and capacity of capacitors to compensate for coso is 400 microfarads.

Before EM treatment, the ash was mixed with magnetic granules (2-3 mm in diameter) (mass-to-mass
ratio of magnetic granules — 1:10; magnetic granules occupied 70-80% by volume of the working
chamber) and then poured into the working chamber installed inside the inductor (in the middle). During
processing (3 times for 8§ minutes), the ash was thoroughly mixed and crushed due to the strong rotating
and colliding actions of the magnetic granules, which is caused by the induction of the vortex electric field
due to the alternating electromagnetic field. Visually, it was found that the size of the ash particles after
clectromagnetic treatment decreased markedly compared with the particles of the original ash.

The ED treatment of coal ash was carried out on a laboratory electrical discharge installation
consisting of a power regulator, a capacitor unit, a step-up transformer (from 220 V to 30 kV), a reactor
(200 ml capacity) with two electrodes. Ash (40 g) and water (80 ml) were thoroughly mixed and the
resulting solution was poured into the reactor. The installation was turned on via a special remote control
and the solution was treated with an electric discharge for 3 minutes and then dried to a dry state.

The elemental composition of the ash of Maikuben coal was studied by energy dispersive X-ray
spectroscopy on a scanning electron scanning microscope SEM (Quanta 3D 200i) with an attachment for
energy dispersive analysis (£DAX). The samples were fixed on a copper holder with conductive adhesive
paper. Previously, a thin conducting layer of carbon was deposited on the surface of the samples in a
special vacuum unit for the best passage of charges. The energy of the exciting electron beam in the
analysis was 15 keV, the working distance was 15 mm.

Measurements of the Maikuben coal ash electrophysical propertics were carried out according to the
procedures [18,19]. The study of electrophysical characteristics (permittivity e and electrical resistance R)
was performed by measuring the clectrical capacity of samples C on a LCR-800 serial instrument
(Taiwan) at a working frequency of 1 kHz continuously in dry air in a thermostatic mode with a holding
time at each fixed temperature.

Previously, plane-parallel samples were made in the form of disks with a diameter of 10 mm and a
thickness of 5-6 mm with a binding additive (~ 1.5 %). Pressing was performed under a pressure of
20 kg/cm®. The resulting disks were fired in a silica oven at 400 °C for 6 hours. Then they were
thoroughly double-sided grinding.

The dielectric permittivity € was determined from the electrical capacity of the sample at known
values of the sample thickness and the surface area of the electrodes. To obtain the relationship between
the electrical induction D and the electric field strength F, the Sawyer-Tower circuit was used. Visual
observation of D (£ hysteresis loop) was performed on a C1-83 oscilloscope with a voltage divider
consisting of a resistance of 6 mQ and 700 kQ and a reference capacitor of 0.15 pF. The frequency of the
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 magnitude of the dielectric permittivity at each
temperature was determined by the formulag = Q . where Cjy = g0
0

— the capacitance of the

capacitor without the test substance (air).
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The calculation of the width of the forbidden zone (AE) of the test substance was determined by the
formula: AE = (2kT,T,)/(0,43(T, — T1)) - (lgR1 — lgR,) (where k& — Boltzmann constant, equal to
8.6173303-10” ¢V-K™'; R; — resistance at 7;; R>— resistance at 75).

Results and discussion. The results of elemental energy dispersive analysis of coal ash, shown in
Table 1, show that the main macroelements of ash are acidic and amphoteric oxides of silicon, aluminum
and iron, the total concentration of which is 85.06 %, which is comparable with similar data obtained in
[20] for the ashes of the Maikuben coal (84.31%).

Table 1 — The chemical composition of the mineral part of the Maikuben coal

Content, %

Si0,

Al,04

F6203

CaO

MgO

TiO,

SO;

P,0s

KQO + NaQO

50.16

26.63

8.27

5.84

2.79 1.05

0.93

0.87

1.16

The results of measurements of the Maikuben coal ash electrophysical characteristics in its initial
state, after the EM and ED treatments in the range of 293-483 K, are given in tables 2-4 and figures 1-3.

Table 2 — Dependence of electrical resistance (R), electrical capacitance (C)
and dielectric permittivity (¢) on temperature (coal ash in its initial form)

T K C,nF R, Q £ Ige IgR
293 0.02053 7208000 163 221 6.80
303 0.04537 5566000 359 2.56 6.75
313 0.18698 2827000 1480 3.17 6.45
323 0.64511 1509000 5107 3.7 6.18
333 1.5823 946300 12527 4.10 5.98
343 3.7755 567400 29890 4.48 5.75
353 8.5853 346200 67968 4.83 5.54
363 18.691 210100 147973 5.17 5.32
373 37.243 132200 294845 5.47 5.12
383 72.458 84260 573636 5.76 493
393 121.55 59750 962287 5.98 478
403 152.67 51220 1208658 6.08 471
413 124.82 61420 988175 5.99 4.79
423 9.708 362600 76856 4.89 5.56
433 1.4072 1127000 11141 4.05 6.05
443 0.35224 2415000 2789 3.45 6.38
453 0.07079 5306000 560 2.75 6.72
463 0.02075 8575000 164 222 6.93
473 0.01138 7107000 90 1.95 6.85
483 0.0096 6003000 76 1.88 6.78
Table 3 — Dependence of electrical resistance (R), electrical capacitance (C)
and dielectric permittivity (¢) on temperature (coal ash after EM treatment)
T K C,nF R Q £ Ige IgR
293 0.11632 3981000 1088 3.04 6.60
303 0.34158 2130000 3196 3.50 6.33
313 1.4915 984100 13955 4.14 5.99
323 6.1317 447800 57370 4.76 5.65
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Continuation of table 3

T K C,nF R, Q £ Ige IgR
333 15.199 256000 142205 5.15 541
343 30.494 165300 285309 5.46 522
353 56.837 108900 531779 5.73 5.04
363 104.7 72710 979596 5.99 4.86
373 101.25 76420 947317 5.98 4.88
383 45.854 125500 429020 5.63 5.10
393 12.499 301400 116943 5.07 548
403 0.96776 1499000 9055 3.96 6.18
413 0.02377 9965000 222 2.35 7.00
423 0.00699 8370000 65 1.82 6.92
433 0.0061 4731000 57 1.76 6.67
443 0.00568 2586000 53 1.73 6.41
453 0.00549 1891000 51 1.71 6.28
463 0.00569 828900 53 1.73 5.92
473 0.00527 1498000 49 1.69 6.18
483 0.00565 3416000 53 1.72 6.53
Table 4 — Dependence of electrical resistance (R), electrical capacitance (C)
and dielectric permittivity (¢) on temperature (coal ash after ED treatment)
T K C,nF R, Q I Ige IgR
293 89.205 28610 770420 5.89 4.46
303 102.89 26190 8880611 5.95 442
313 140.56 21370 1213948 6.08 433
323 185.14 17820 1598964 6.20 425
333 260.53 13610 2250070 6.35 4.13
343 362.6 10160 3131599 6.50 4.01
353 497.02 7641 4292519 6.63 3.88
363 710.51 5586 6136327 6.79 3.75
373 948.76 4405 8193976 6.91 3.64
383 1278.1 3418 11038325 7.04 3.53
393 1602.9 2815 13843463 7.14 345
403 1815.5 2590 15679585 7.20 34
413 1162.9 4156 10043398 7.00 3.62
423 536.08 10650 4629861 6.67 4.03
433 208.62 33220 1801749 6.26 4.52
443 82.004 87670 708228 5.85 4.94
453 23.295 192800 201188 5.30 529
463 2232 808900 19277 429 591
473 0.17871 3219000 1543 3.19 6.51
483 0.0604 5514000 522 2.72 6.74
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of ash leads to the expansion of the temperature range when heated, in which the metallic conductivity is
manifested.

A comparative analysis of the electrophysical parameters shows that if the initial ash and ash after the
EM treatment are approximately comparable, then after the ED-treatment these parameters differ
significantly, mainly in the range of 293-453 K. Thus, the electrical intensity of the ash after the
ED-treatment varies 89-1800 »nF, which is substantially more than in the initial ash (0-153 #/) and the ash
after the EM treatment (0x 105 #nF). The dielectric permittivity of the ash after the ED treatment (~107) is
an order of magnitude greater, unlike the samples of the initial ash and ash after the EM treatment (~10°).
The ash after the ED treatment is also characterized by lower values of electrical resistance compared to
other test specimens.

It should be noted that the highest values of C and e and the lowest electrical resistance for all
samples are observed at the points of transition from semiconductor to metallic conductivity (up to 403
K). At the same time, the highest values of R are reached at the points of transition from metallic to
semiconductor conductivity (with the exception of ash after ED-treatment, where this transition point is
the final temperature of metallic conductivity of 483 K)

The calculation of the width of band gap (AE) of the investigated substances was carried out on the
basis of the following parameters (based on tables 2-4) given in table 5.

The results of the calculation of AE are:

— for the initial ash 1-s 3oHa AE ~0.63 5B;

— for the ahs after EM treatment: 1* zone AE =~ 0.83 ¢V, 2™ zone AE ~ 1.81 eV;

— for the ahs after ED treatment: AL~ 0.56 ¢V.

The calculation of AE for the initial ash in a very narrow interval of 463-483 K has no practical
meaning.

Table 5 — Initial data for calculating the width of the band gap (AE)

1st interval of semiconductor conductivity 2nd interval of semiconductor conductivity
Ash 71, K 7, K Ig R, Q IgR,, Q 71, K 7, K IgR,, Q Ig Ry, Q
Initial 293 403 6.86 4.71 - - - -
After EM treatment 293 363 6,60 4.86 413 463 7.00 5.92
After ED treatment 293 403 4.46 3.41 - - - -

As can be secen from the calculated data, the value of AE for ash after the EM treatment
increases when going from the 1 to the 2™ forbidden zone. The obtained values of the band gap
(AE =0.56-1.81 ¢V) show that virtually all the ash samples studied are narrow-gap semiconductors.

Findings. The results of the study showed that the high-voltage electric discharge treatment of the
ashes of the Maikuben coal leads to a significant change in its electrophysical characteristics. This can be
practically used in the process of preparing coal ash for the purpose of its further thermochemical
processing with more complete leaching of valuable components (rare metals, silica, alumina) and/or the
possibility of carrying out the process at lower values of technological parameters (temperature,
concentration of reagents, exposure time of solutions ¢tc.), compared with the original ash. Moreover, as
shown by the analysis, coal ash after ED-treatment seems promising as a capacitive material (capacitor)
and semiconductor.

Work funding. This work was carried out as part of the scientific and technical program No. IRN
BR05236359 " Scientific and technological support of coal processing and production of high-conversion
products of carbon chemistry”, funded by the Committee of Science of the MES of the Republic of
Kazakhstan.
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MAMKYBEH BACCEMHI KOMIP KYJIHIH 3JIEKTPOUASUKAJIBIK CHITIATTAMAJIAPBI

Annoramus. XXymeicta MaiikyOeH O6accetiHiniH (Ka3akcraH) keMip KymiHe KatblcThl 293-483K uHTCpBaIBbIHAA
JMEKTPMATHUTTIK KOHE 3JCKTPOPA3PSATHIK OHIACYACH KCHIHTI OacTamkbl TYPACTI NMEKTPO(U3HKAIBIK CHIIATTaMA-
JApIBIH (3JEKTP OTKI3TIIITIT], 3MEKTP KEACPTICL, AMAIEKTPIIK OTKI3TINITITT) TEMIIEPATYPANIBIK TOY ST 3ePTTEI .
KeMip KyIIiH 3/MEKTPOMArHUTTI 6HACY MHIAYKTOPJAH, KYMBIC KAMEPAChl MCH INTATHBTCH TYPaTbiH OMA-1 3nekTpo-
MArHHUTTI annapaTelHAa 8 MEHYTTaH 3 peT sKyprizinai. IMA-1 ammapaTeIHbIH 3MEKTPIIIK HapaMETPIIePi: HOMHUHAIIBI
TOK - 8 AMmnep, MHAYKTOP OPTACBIHAAFHI 3JICKTPOMATHUTTIK OPICTIH HOMHHAIAB! KepHeymri (220 B xesiHze) -
40-45 xA/M; Oencenai Kyarsl - 0,15-0,2 kBT, coSQ KOMIICHCAIMICHIHA AapHAJFAH KOHICHCATOPNAP KyaTbl MCH
CBIMBIMIBLIBIFEL - 400 MK®D. DICKTPOMATHHUTTI OHACYACH OYPHIH KYJI AMAMETPL 2-3 MM MAarHWTTi TYHIpOIIKTEPMEH
apamacTHIPBLIATE (YHTAKTAJIATHIH MATCPHAT MACCACHIHBIH MATHATTI TYHIPINIKTEP MAcCAChIHA KAThHACH 1:10) sxoHE
OJIaH KCHiH MHAYKTOP OPTACBHIHIA OPHATHUIFAH XKYMBIC KaMepachiHa Terireni. KeMip KyIiH 31MEKTp 3apSarThl 6HACY
KyaT PETTETIINTEH, KOHACHCATOP OJNOTBIHAH, KOFAphLIaTaTthiH TpaHcopmaropaad (220 B-ram 30 kB-ka aetiin),
keseMi 200 MII €Ki 37EeKTPOATHI PEAKTOPAAH TYPATHIH 3JCKTP 3apsATay KOHIBIPFBICHIHAA Xyprizimmi. Kynmi (40 1)
JKOHE Cyabl (80 MII) MYKHSAT apanacThIPhIN, AaJbIHFAH CPITIHAIHI PEaKTOpPFa KyHObl. ApPHAWBI IyJIBT APKBLIBI
KOHIBIPFBIHBI KOCBIN, CPITIHAIHI 3 MHHYT 3JEKTP Pa3psAbIMCH OHJACH, OJAH Opi Kyprak KyWre ACHIH KemTiperi.
DIeKTpOoPH3HKATBIK CHIaTTaMaNapAb! exmey 1K1 >KyMBIC KHLTITI Ke3iHAC TEPMOCTATThI PSKUMIC KYPFAK ayaiaa
Y3MIKCI3 TEPMOCTATTHI PEKUMIC Op TIPKEATCH TEMIIEPATyPaja YCTay VaKbITBIMECH YITLICPAIH 3JEKTP KaObLIaa-
FRIITHIFBIH ommey apkeribl LCR-800 (Taiwan) cepusiplk acmiaObIHAA Kyprisiaai. JAu3IeKTpiIik 6TKI3TIITIr YATIHIH
KATBIHABIFBI MCH 3JICKTPOATAP OCTi ayJaHBIHBIH OCINTiNIi MOHIHIAC YITiHIH 3JICKTP CHIMBIMABLIGIFEIHAH AHBIKTAJIIBL.
D snexrp mHaykumsacel MeH E 3mekTp epiciHIH KepHEYIri apacelHmarel Toyennimikri amy yoria Cotiep-Tayap
cxeMmachl KomaHsuIAbl. Busyanaer Oakpmmay 6 MOwm skoHe 700 KOM KeneprifeH TYpaThiH KEpPHEY O6INTimm »KoHE
0,15 Mx® stamonmelk koHAcHcaropel Oap C1-83 ocmumnorpapsimga D (E rmcTepesuc immMeri) >Kyprisiiai.
I'enepaTopasiy xuimiri 300 ', Bapasik TeMmeparypaisik 3epTTEyIepAe YITUIEp MEMKE OPHATACTHIPBLIFAH, TEMIIC-
parypa 10,1 mMB xaremirimcH B2-34 BOXBTMETPiHC KOCBIUIFAH XPOM-QMIOMCIBIAI TCPMOOAPAMCH OJIIMICHTCH.
TemmeparypaHbIH o3repy >KeuraaMasrbl 5 K/vua. Teritev cansiaFaH afiMak cHiH ecenrey (AE) temmeparypa McH
3MEKTP KEACPTiHiH OACTAIKBI KOHE COHFBI MOHIHE CYHEHE OTBIPBIN >KYPTIi3iiml. AJBIHFAH MAIIMETTCP HOTIDKENICP]
OacTtamkel Kyl MCH KYJMiH YATLACPI 3ACKTPOMATHHTTIK eHAeyacH keHiH 293-403K sxome 293-363 K temmepa-
TYpaJbIK apaiabIKTapAa SKAPThUIAH OTKI3TIINTIK KACHCTTCP, OTKI3TIINTIKTIH METa/ll CHmathl coikecinme 403-463 K
skoHE 363-413 K apansrsiana, an 463-483 K sxone 413-463 K apansrbIHIa KalWTa KAPTHUIAH OTKIBTIIITIK KACHETTED
GatikanaTeIHbIH KepcerTi. bynan 0acka, 463-483 K apanbirblHaa 3MEKTPOMATHUTTIK 6HACYACH KEHIHTI KYJI KalTanaH
METAJUI OTKI3TIIITITIH KOPCETEAl. DICKTP 3aPSATH OHACYICH KEHIHT1 KYJIAIH OChI YITUICPIHCH aHbIPMAIIBLTBIFBI TEK
6ip 293-403 K Temmeparypaislk HHTEPBAI 0016l OHAA >KAPTHLUIAH OTKI3TIINTIKTIK KACHET KOPCETLIEI], I METal
cekimmi erkizrimrikti 403-483 K WHTEpBaNBIHIA Kepcereni. bysr HOTmKenepal Tammay KAl 3JIEKTp pas3psaray
apKbLIBI OHICY METAILI OTKI3TIINTIK Makaa O0NAThIH KbI3ABIPY OapBICHIHIA TEMIICPATYPAJIbIK IHANA30HAbI KCHEHTE ],
DACKTPOPH3UKABIK MAPAMCTPICPAIH CATBICTHIPMAIIBI TAAAYBI, CTCP AICKTPMATHHUTTIK 6HACYACH KCHIHTI KYJI MCH
Oacramkel KyJaae maMaMeH Oipaci 0oica, OHAA 3ICKTPOPa3PAATH 6HACYACH KeHiH Oy mapaMeTpiep HCETI3iHCH
293-453 K wHTCpBANBIHAA aWTAPIBIKTAN epekimeicHe . COHBIMCH, 3JICKTP PaspAATHIK OHACYACH KCHIHTI KYJIIiH
IMEKTPCHIABIMABLIBIFBI 89-1800 nF apansreiaaa esrepeni, Oyt 6acramkel kynre (0-153 nF) skoHe 3IEeKTPOMATHUTTIK
eHzaeydeH keifinri kyare (0-105 nF) xaparaHzma aiTapiabIkTadl Kem. DICKTPOPA3pSATHl OHACYICH KCHiH KYIIiH
JU3NCKTPIIK OTKI3rimTiri (~ 107) 3MeKTpOMArHHTTIK OHACYACH KeHiH GACTANKBI Ky MCH KYJI YITiIepiHe KaparaHaa
(~10°) GipHeme ece Kem. DIEKTpP 3aPAATHI OHACYACH KCHiHri Ky 6acka 3epTTCICTiH YIriIepMCH CANbICTHIPFAHIA
3MEKTP KEACPTICIHIH a3 MOHIMEH EpPEKINCIICHE . DICKTP OTKIATITIKTIH KOHE JWUAICKTPIIK OTKI3TIMTIKTIH YIKCH
MOHI KOHE OapIBIK YATLIepiHE KATHICTHI a3 3JIEKTP KEACPTi KAPThUIAH OTKI3TIIITCH METANIBIK OTKI3TIITIKKE Ty
Hykrenepiane (403 K-re aeiiin) Oatikamaxel. COHBIMEH Katap, 37CKTP KEACPTiCIHIH €H VIKEH MOHI METaIIbIK
OTKI3TIIITIKTCH KAPTHUIAH OTKITIIITIKKE 6Ty HYKTCJICPIHAC JKeTel (6TY HYKTECI METANABIK OTKI3TINITIKTIH COHFbI
temmeparypacs! 483 K G0nbIn caHamaThIH 37EKTP pa3psATay OHIMIHCH KEHIHT1 KyIai KOCHAFraHAa). THIAbIM CaJbIH-
FaH aliMaK CHIH ecenTey HATIkeCl (AF) 6acTamksl Ky yonH AX ~0,63 3B (1-mi aliMaK), 31eKTpOMarHUTTI 6HACYACH
KCHIHT1 Kynre KaTthIcThl AE = 0,83 3B (1-mm aiimak) sxone AE =~ 1,81 3B (2-1mi aifiMak), 3MeKTpopas3psaarsl 6HACYICH
KeHiHTi Kynre KaTeIicThl AE ~ 0,56 3B. TrIiibIM canbiHFaH aliMaK cHiHiH anbmFad MoHi (AE = 0,56-1,81 3B) kynaig
OapIIBIK 3CPTTCIICTIH VATLICPI Tap aWMAKTHI JKAPTHUIAH OTKI3Tim OOJBIN CAHANATHIHBIH Kepceremi. Ochumaiima,
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JKYPTI3LITeH 3epTTey HoTmkenepi MalikyOeH KeMip KYMiHIH JKOFAphl KEPHEYJAE 3NICKTP Pa3psAThl ©HACY OHBIH
IMEKTPH3NKAIBIK CHIIATTAMAJIAPBIHBIH AUTAPIIBIKTAl 63repyiHe OKENETiHIH KopceTTi. MyHBI KeMip KYIiH JaibIHaay
YZAepiciHIe OHBI OJAH OPi KapaH TEPMOXHMILIIBIK OHICY MAKCATHIHAA, KYHABI KOMIOHCHTTEPAl (CHPEK METaII,
KpPEMHE3eM, TIIMHO3EM) HEFYPIBIM TOJBIK CPITIHAINE OTKI3yMCH >KOHE/HeMece OacTamkbl KYJIMEH CANBICTBIPFAHIA
TEXHOJOTHSUIBIK MApaMETPICPAIH HEFYPIIBIM TOMCH MOHACP] (TEMIIEpaTypa, PearcHTTep KOHLCHTPAIMACHL, CpPiTiH-
JiTepAi YCTay YaKbITHI skOHE T.0.) Ke3iHae yaepicTi »Kyprizyre maiinananyra 6omagasl. COHBIMEH KaTap, KYprizimreH
TanAay SKYMBICTAPBI KOPCETKEHACH, 3JCKTP 3apsAATHI OHACYACH KCiiH KOMIp Kyl CHIHBIMIBUIBIK MAaTCpHAI
(KOHACHCATOP) YKOHC JKAPTHLIAN OTKI3TiM PETIHAC KOATAHY THIMIi OOJIBINT CAHATAIBL.

Tyiiin ce3gep: KeMmip Ky, 3JEKTP KEACPTICI, 3MEKTP CHIMBIMIBLIBIFGI, JAMINCKTPIL OTKI3TIMTIK, 3JCKTP
Pa3pAATHI OHACY, HKAPTHIIAH OTKI3TIMITIK, MCTAIIBI OTKI3TIIITIK, INCKTCY i aliMaK CHi.

B. T. Epmaraméer’, B. K. Kacenos?, H. Y. Hyprames', E. E. KyansmGexos’, %K. M. Kacenosa'

'"TOO «MHCTHTYT XHMHH, Y7 H TexHOTorHm», Hyp-Cynran, Kazaxcran;
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IJIEKTPOPUZHYECKHUE XAPAKTEPUCTHKHM 30Jbl YIJIA MAMKYBEHCKOI'O BACCEMHA

B paboTe mccnemoBaHbl TEMIIEPATY PHBIC 3aBUCHMOCTH JIICKTPO(H3HUECKAX XapaKTCPHCTHK (37EKTPOSMKOCTS,
3JICKTPOCOMPOTHBIICHHES, TUAICKTPHICCKAd MPOHHIACMOCTE) B mHTEpBane 293-483 K mma 30161 yras MaikyOcH-
ckoro OacceitHa (KazaxctaH) B MCXOJHOM BHIE IOCIC 3JICKTPOMATHHTHOTO H 3JIEKTPOPA3PSIIHOTO BO3JCHCTBHH.
DICKTPOMATHHTHY0 00pa00TKY 3075l YIIT MPOBOAIITH 3 pa3a Mo 8 MHHYT HA 3ICKTPOMATHHTHOM ammapare DMA-1,
COCTOSIICM W3 HHAYKTOPA, paboucH KAMEPHI U IMTATHBA. DJICKTPHUCCKUC mapaMeTpsl DMA-1: HOMHHATBHBIA TOK —
8 Amnep, HOMHHAIBHBII HANMPSKCHHOCTH 3JICKTPOMATHWUTHOTO IONS B IEHTpPe HHAyKropa (mpm 220 B) —
40-45 kA/m; MmommHOCTH akTHBHAA — 0,15-0,2 kBT, MOITHOCTh U EMKOCTh KOHACHCATOPOB I KOMIICHCAITHH COS(Q —
400 mMr®. [lepex 3nEKTPOMArHUTHOH OOPAOOTKON 30y TEPEMCIIMBANHM C MATHHTHBIMH TPAHyJIAMH JHAMETPOM
2-3 MM (COOTHOIICHUE MACChl M3METBYAEMOr0 MaTEpUaIa K MacCE MAarHUTHBIX IpaHya — 1:10) u 3areM BhICHIIATHU B
pabouyr KaMepy, YCTAHOBICHHYH) MOCCPCOMHC BHYTPH HHAYKTOPA. OJICKTPOPA3PATHYIO OOpaOOTKY 307BI YIJIA
MPOBOAMJIM HA 3JCKTPOPA3PSITHON YCTAHOBKE, COCTOSIEH M3 PETyITOPa MOIMHOCTH, OJOKa KOHICHCATOPOB,
TparcopmaTopa, mosermaromero (ot 220 B mo 30 xB) peakropa o6semom 200 M ¢ ABYMA 3ICKTPOIAMH.
IIpeasapurtensHo 301y (40 r) u Bogy (80 MuI) TINATEIBHO CMEIIUBAIM U MOJYUYCHHBIM PACTBOP CIUBAIM B PEAKTOP.
Uepes crienmanbHbIH MyJIbT BKIFOYATIN YCTAHOBKY M 00padaTHIBAIN PACTBOP IEKTPHUSCKUM PA3psiioM 3 MUHYTHI H
Janee CYOIMIM A0 CYXOro COCTOSHHSA. W3MepeHmst 3IeKTPO(U3MUECKUX XAPAKTEPUCTHK HPOBOIWIH ITyTEM
H3MEPECHUS JJICKTPOEMKOCTH 00pasnos Ha cepuitHOM mpuoope LCR-800 (Taiwan) mpu paboueii wacrore 1xI'm
HETPEPBIBHO B CYXOM BO3AYXC B TEPMOCTATHOM PEXHME CO BPEMCHEM BBIACD/KKH TPH KAKIOW (PHMKCHPOBAHHOH
Temreparype. JM3ICKTPHUIECCKYI0 MPOHHIACMOCTh ONPENCILIIN W3 3JJICKTPOEMKOCTH 00pasla IPH HM3BECTHBIX
3HAYCHMAX TOJIIMHBI 00pasla W IJIOMAAHW IOBEPXHOCTH JJICKTPOAOB. [l TONYYCHHS 3aBHCHMOCTH MEXKIY
JNCKTPHUCCKOH WHAYKIMCH D W HANPSKCHHOCTBEO 3JICKTPHUCCKOTO MO £ mcmoms3oBaHa cxema Coiiepa-Tayapa.
Bmyamuaoe nadbmonenne D (E mermum rucrepesnca) mposoamitock Ha ocmmmiorpade C1-83 ¢ memirenem Hampsi-
JKCHHS, COCTOSIIM 13 compoTunIcHHS 6 MOM 1 700 xOMm, u 3TamoHHEIM KoHACHCATOpOoM 0,15 Mr®. Hacrorta reHe-
paropa 300 I'u. Bo Bcex TeMmepaTypHBIX HCCICTOBAHMIX 00pa3[bl MOMEINANUCH B MEYb, TEMIICPATYpa H3MEPSLIACh
XPOMCTH-AJIFOMCIICBOH TCPMOMAPOH, MOIKIIOUCHHONH K BOAbTMETpY B2-34 ¢ morpemmoctsio 10,1 MB. CropocTs
H3MCHCHHA TeMIICpaTypsl ~5 K/MuH. PacueT mmpHHBI 3aMpemecHHON 30HH (AF) MPOBOIMIN, HCXOAA H3 HAYATBHBIX
W KOHCYHBIX 3HAYCHHI TEMIIEPATYPHI B HICKTPOCONPOTUBICHHA. Pe3yIbTaThl MOMYUCHHBIX JAHHBIX MOKA3AIH, UTO
00pa3IBI HCXOJHOM 30761 M 30JIbI TIOCJIE HNCKTPOMATHUTHOH 00padOTKH MPOSBILIIOT MOy IPOBOJHHKOBBIC CBOHCTBA
COOTBETCTBECHHO B TeMIEPaTypHbIX mHTEpBanax 293-403K u 293-363 K, MeTamuindeckuil XapakTep MPOBOAUMOCTH
COOTBETCTBEHHO B MHTepBanax 403-463 K u 363-413 K, a B untepBanax 463-483 K u 413-463 K — cHOBa momympo-
BOJHHKOBBIC CBOWCTBA. KpoMe TOTO, 30712 MOCIC 3ICKTPOMArHUTHOH 00padoTku B uHTepBane 463-483 K npossaeT
OILITh METAILTHYECKYIO IMMPOBOAMMOCTD B OTJIMMHE OT JAHHBIX 00PA3IOB 30JIbI MOCTIE JNIEKTPOPA3PSIIHONH 00paboTKH,
HMEET TOJBKO OJMH TeMIepaTypHbIi HHTEPBAN 293-403 K, rae mposgBisgeT MOJIyNpPOBOIHHKOBYIO MPOBOAUMOCTD, a
METAUIMICCKYI0 TPOBOAMMOCTD TposiBisieT B mHTEepBane 403-483 K. AHamm3 3THX Pe3yJbTaTOB IMOKA3ad, HTO
3MEKTPOpa3pAnHas oOpadOTKa 306 MPUBOAMT K PACIIHPCHHIO TEMIICPATYPHOTO AMAIA30HA IPH HATPEBAHHUH, B
KOTOPOM TIPOSIBJBIETCSI METAJUIMYCCKASA MPOBOAMMOCTs. CpAaBHHTEIBHBIM AHANN3 3JCKTPOPH3MICCKUX IApaMETPOB
TOKA3bIBACT, YTO CCIIM Y UCXOTHOH 30IIBI M 30JIbI IIOCJIE ICKTPOMATHUTHOH OOPAOOTKH MPUMEPHO COCTIOCTABHMBI,
TO TIOCJIE 3JIEKTPOPA3PsSAHON 00PAOOTKH JAHHBIC MAPAMETPHI CYIIECTBEHHO OTINYAIOTCS, B OCHOBHOM B MHTCPBAJIC
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293-453 K. Tak, 3meKTPOSMKOCTD 30JIBI TIOCTIC IMCKTPOPA3PAIHON 00padoTkH m3MeHACTCS B mpeacnax 89-1800 nF,
YTO CYINECTBEHHO Ooubime, deM B HcxomHOH 3ome (0-153 nF) m 307e mocie 3MeKTpOMArHHTHOH 00paboTKH
(0-105 nF). JlmsnexTpHyYecKas MPOHHIACMOCTb 301IBI MOCHE 3ICKTPOPa3pAmHOi o6paboTku (~ 107) Ha mopsamok
0OJIbIIE, B OTIHYKE OT OOPA3LOB HCXOIHOMN 3051 H 307IbI TOCIC SICKTPOMATHATHOMH 00padorku (~10°). 3oma mocme
3NEKTPOPA3PATHON 00PAOOTKH TAKKE OTIMYACTCS MEHBIIUMH 3HAUCHUSIMH JICKTPOCOTIPOTHUBICHHS 10 CPABHEHHIO C
JPYTUMH HCCIeAyeMbIME OOpasraMu. HamOospmime 3HAUCHHS 37ICKTPOCMKOCTH M JUBICKTPHYCCKOHW IPOHMIAC-
MOCTH ¥ HAMMCHBIIEE 3JICKTPOCONPOTHBICHUE A BCEX 00Pa3l0B HAOMIOJAFOTCS B TOUKAX MEPEX0]a U3 MOIyIpo-
BOJHHKOBOH B MCTATHICCKYIO mMpoBoauMOCTh (10 403 K). Bmecte ¢ TeM, HAHOOIbMIME 3HAYCHHUSA HJICKTPHUCCKOTO
CONMPOTHBJICHUA AOCTHUTAKOTCA B TOYKAX NCPEXO0da HU3 MCTAJIHICCKON B TOJIYTPOBOAHUKOBYI) ITPOBOAUMOCTH (33
HCKIFOYCHUEM 30IbI IIOCJE 3JECKTPOPA3psSAHOW 00pabOTKH, TAC JAHHON TOYKOHW IEpexoda SABILICTCS KOHEUIHAS
TEMIIEpaTy pa MeTaudeckoii mposoaumoct 483 K). Pesynbrarsr pacuera mmMpHHBL 3anpemeHHo 30HbI (AF) coc-
TaBUJH I HCXOTHOHM 301161 AE ~0,63 3B (1-4 30HA), J1A 307161 TOC/IC 3ACKTPOMATHHTHOH 00paboTku AF =~ 0,83 3B
(1-s1 30HA) u AE ~ 1,81 3B (2-4 30HA), AT 30161 TOCIC 3ICKTPOPA3PAIHOI 00padoTku: AE ~ 0,56 3B. [TomxyucHHBIC
SHAYCHHA IMHUPHHBI 3aMPCIICHHON 30HBI (AF = 0,56-1,81 3B) mokaseBarOT, YTO (DAKTHICCKH BCE HCCICAYCMBIC
00pasmsl 30JbI SABILIFOTCS Y3KO30HHBIMH IIOJIYIIPOBOAHHUKAMH. TakuM 00pa3zoM, pe3ylIbTaThl HPOBEIACHHOTO
HCCIICAOBAHHUS TOKA3AM, YTO JICKTPOpa3psAmaHas oOpaboTKa BHICOKAM HANPSDKCHHCM 307161 MailKyOCHCKOTO YT
MPUBOJUT K CYMICCTBCHHOMY H3MCHCHHMIO €€ JJCKTPO(H3MUCCKUX XaPAKTCPHUCTHK. JTO MOXKHO HPAKTHUCCKA
HCTOJIB30BaTh B MPOLCCCE MOATOTOBKH YTOIBHOM 30JIBI C ICITBIO ¢ JATBHCHIICH TSPMOXHMHUYUCCKOH TICPSPaOOTKH C
0ojee IOIHBIM BBINICIIAYUBAHUCM ILCHHBIX KOMIIOHCHTOB (pGZ[KI/IX MCTAZIOB, KpPEMHE3EMA, FJ'II/IHOSGM":I) H/HITH
BO3MO>KHOCTBIO ITPOBEICHUS MPOLIECcCa PH 00JIce HU3KUX 3HAUCHIIX TEXHOJIOTHUCCKHUX MAPAMETPOB (TEMITEPaTypa,
KOHIICHTPALUA PEAreHTOB, BPEMs BBIICPKKH PACTBOPOB H T.1.), IO CPABHCHHUIO C HCXOAHOM 3070H. bonee Toro, kak
MOKAa3aJ MPOBEACHHBIN aHAIH3, 30714 YIS IOCKE 3IEKTPOPa3pAaHOH 00pabOTKH MPEACTABIACTCS NEPCIICKTHBHOA B
Ka4yeCTBE EMKOCTHOTO MaTepHaia (KOHACHCATOP) | MOy TPOBOIHUKA.

KimoueBpie c/ioBa: 307a YT, 3JCKTPOCOMPOTHBICHUE, HIEKTPOEMKOCTD, THINCKTPHICCKAI MIPOHHIIACMOCTS,
JMEKTPOpaspAnHas o0paboTKa, TMOIYIPOBOJHHKOBAS IPOBOAMMOCTD, METAILIMYECKAS IPOBOJAUMOCTD, IIHPHHA
3ANPEIICHHON 30HBL
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