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AHHOTanusa. AKkmyaasHOCMb vccie0BaHUA 06yc/I0BIeHa IPo61eMOoil pa3BUTHA METO/0B MOJIy4eHUs Kap6uzaa Bosbdpa-
Ma, 0CO6eHHO M3 BoJibdpaMcoziepKalluX OTXOA0B. B KauecTBe peleHus npejsaraeTcs 6e3BaKyyMHBIH 3JIEKTPOAYTOBOM
MeTO/, OTJIMYaKIUHACA MTPOCTOTOM 3KCIIyaTalli U [lelleBU3HON M0 CPaBHEHHUIO C MPSMBIM aHAJ0rOM — 3JIEKTPOAYTOBbIM
METO/I0M B 3allIUTHON ra3oBoi cpege. [lolydyeHHBIH NPOAYKT MOXKeT ObITh IPUMEHEH B Ka4eCTBe HOCHUTEJIA KaTalu3aTopa B
peaknusax MmojydyeHus Bogopoaa. Ileqb: onpeseuTh CUIy TOKA M BBEIEHHYIO B CUCTEMY SHEPTHIO, HE06X0AUMbIe JJIs 0J1y-
YeHMs1 IPOJYKTA C MpeobJialaHieM reKcaroHaJbHOU ¢asbl Kap6uaa BosbdpamMa WC u3 BosibGppaMoBOro pyJHOr0 KOHIEH-
TpaTa 6e3BaKyyMHBIM 3JIEKTPOAYTOBBIM METO/IOM, U HCCJIe[0BAaTh 00pasel, B KOTOPOM npeobsasaeT pasa kapbuja BoIb-
¢dpama. 06s€Km: 3JIeKTPOAYTOBOM CHHTE3 NOPOIIKA HAa OCHOBe KapOuja BosbdpaMa B OTKPHITOH BO3AYLIHOW cpefe U3
BOJIbGPAMOBOTO PYAHOTO KOHLleHTpaTa. Memods!l: u3MesibueHre B mapoBoil MenbHulie SAMPLE SPEX 8000M, MarHuTHas
cenapanus, 6e3BaKyyMHBIN 3JIeKTPOAYTOBOH METO/, CHHTE3a, peHTTeH0(}a30BbIM aHAJIM3 HAa PEHTIeHOBCKOM AU(paKTOMeT-
pe Shimadzu XRD 7000 s (A=1,54060 A), ckanupyowwas 31eKTPOHHAs MUKPOCKOIHsI, COBMeleHHasi C peHTreHod Iyopec-
LleHTHbIM 3HEPTOJUCIIEPCUOHHBIM aHa/in30M Ha 6a3e Mukpockona TESCAN VEGA 3 SBU c npucraskoit OXFORD X-Max, npo-
CBeYMBaOILas 3JIEKTPOHHAsE MUKPOCKOMNUsS B COYETAHUM C IHEPTOJUCIEPCUOHHOM CIEKTPOCKOoNUed u Audpakuuen siek-
TPOHOB Ha BbIOPAHHOM 06JiacTH Ha 6a3e MUKpockomna JEM-2100F, pacTpoBast 3/1eKTPOHHO-UOHHAsi MUKPOCKONHUS Ha 6ase
mukpockona QUANTA 200 3D. Pezyabmambt. [locTpoeHa 3aBUCUMOCTb $a30BOr0 COCTaBa NPOJAYyKTa 6€3BaKyyMHOTO 3JIeK-
TPOAYTOBOTO CUHTE3a NP 3HAYEHUSIX CUJIbI TOKa OoT 50 710 220 A; METO/I0M KOPYH/Z,0BBIX YHCEJ OllpeieieHa MaccoBasi A0Jist
KaXI0H U3 UAeHTUPUIMPYeMbIX $a3 B IPOAYKTe CUHTE3a; ONpe/esieHbl TOK U BBeIeHHasl B CUCTEMY 3HeprHs, obeclieynBalo-
iMe HauOOoJIbILYIO A0/ Kap6ujaa Boabdpama WC B IPoAyKTe CUHTE3a; MPOBEAEHO HCCleJOBaHUE NTPOJYKTa, COJeprKallero
Hau6o0JibLIyI0 A0J110 Kap6uAa BosbdpamMa WC, MeTogaMu cKkaHUpYIOLLel U TPOCBeYUBaoLel 3/1eKTPOHHON MUKPOCKOIHUH.

KiroueBblie cioBa: Kap6u Bosibdpama, BosibHpaMoBbIi pyIHbIN KOHIIEHTPAT, 3JIEKTPOAYTOBOM CUHTES, MJ1a3Ma, OTKPbITast
BO3/lyLIHAs cpeja
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Abstract. Relevance. The problem of developing methods for obtaining tungsten carbide, especially from tungsten-
containing waste. As a solution, a non-vacuum electric arc method is proposed. It is easy to operate and cheap compared to a
direct analogue (arc discharge method in inert gas atmosphere). The resulting product can be used as a catalyst carrier in
hydrogen production reactions. Aim. To determine the current and the energy entered in the system, it is necessary to obtain
a product with a largest proportion of the hexagonal phase of tungsten carbide WC from tungsten ore concentrate by a non-
vacuum electric arc method and investigate a sample with the largest proportion of tungsten carbide phase. Object. Electric
arc synthesis in open air from tungsten ore concentrate. Methods. Grinding in a SAMPLE SPEX 8000M ball mill, magnetic sep-
aration, non-vacuum electric arc method of synthesis, X-ray phase analysis on a Shimadzu XRD 7000s X-ray diffractometer
(A=1.54060 A), scanning electron microscopy combined with X-ray fluorescence energy-dispersive analysis based on a
TESCAN VEGA 3 microscope SBU with OXFORD X-Max prefix, transmission electron microscopy combined with energy dis-
persive spectroscopy and selected area electron diffraction based on the JEM-2100F microscope, scanning electron-ion mi-
croscopy based on the QUANTA 200 3D microscope. Results. The authors have built the dependence of the phase composi-
tion of the product of non-vacuum electric arc synthesis on current from 50 to 220 A. Mass fraction of each of the identified
phases in the synthesis product was determined using the reference intensity ratio. The current and the energy entered in the
system, which provide the largest proportion of tungsten carbide WC in the synthesis product, are determined. The authors
studied the product containing the largest proportion of tungsten carbide WC using scanning and transmission electron mi-
croscopy methods.
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BBeaeHnue

Kap6un Bonsppama WC — 310 mIMPOKO NMpHUMEHsie-
MBIA MaTepuaj, KOTOPBIA XapaKTEpPHU3yeTCs OTHOCH-
TEJNBHO BBICOKOH Temmneparypoil miasnenus (~3050 K),
Boicokoi TBepnocthio (18 I'Tla mpu 300 K) u Temyo-
npoBogHocTeio (~84 B1/(MK) mpu 300 K), a Taxke
OTHOCHUTEIBHO HU3KUM YACIBHBIM 3JICKTPHYECKHM CO-
nporusieaueM (4,96-5,3 mxOwm-cm nipu 300 K) [1-3].
Haunbonee mmpoxo WC mprumensercs B KadecTBe 3a-
IOIUTHBIX TOKPBITHH JUIS PEXYIIUX HHCTPYMEHTOB
[2-6, 8] unu B kKauecTBe abpasuBa. TakKe JaHHBIN Ma-
TepHaj MepPCIEeKTUBEH B 00JIACTAX SJCPHOM dHEPreTH-
ku [1, 8] u aextponuku [6, 7].

[MoMuMO BBIIIETIEPEUHCICHHOTO, KapOua BOIb(pa-
Ma paccMaTpHUBaeTCsl KaK MEepPCHEKTHBHBIN AIIEKTPOKa-
TaJM3aTOop, OJIM3KKIA TI0 CBOMM CBOWCTBAM K MeTajllaM
riaTuHoBO# rpymmsl (Pt, Pd u T. 1.) U moTeHIUaIBHO
CHOCOOHBIN 3aMEHHMTh MX B PEAKIMSX MOJyYEHUS BO-
nopoga [9, 10]. BBumy BBICOKO# CcTaOWJIBHOCTH B
arpecCHBHBIX IIEIOYHBIX U KUCIOTHBIX Cpeaax, Koppo-
3MOHHOM CTOMKOCTH, a TaKKE BBICOKOM IUIOTHOCTH
cocTostHUN 3eKTpoHOB [11] kapOum Bombhpama pac-
CMaTpHUBAeTCs B KauecTBE CTAOMIIBHOH OCHOBBHI IS
(hopMUpOBaHUS KOMIIO3UTHBIX DJEKTPOKATaTUTHYe-
CKUX MarepualioB. Tak, BCTpedyaroTCsl camble pas3HbIC
KOMIIO3UTHBIC MaTepHaibl Ha ocHoBe kapbuma WC:
¢ N-rpadpenom (W,C@NG), ¢ rpadutom u yriepos-
HeiMu HaHoJmcTamMu (CNS@WC/GF), ¢ mopucteiMu
YIJIEPOAHBIMU TOICKAdPaMH, JIETHPOBAaHHBIMU a30-
toMm (WC-W,C/PNCDs), a Takke KOMIIO3UTHI THUIIA
WC@C B obomoukax u3 rpadeHOmnoJ00HOr0 yriaepo-
na [12-14]. Takum obpaszom, npumerenue WC B ka-

YecTBe HOCHUTENSl KaTaju3aTopa BBIMIAIUT MEpCIeK-
TUBHBIM, TaK KaK IIOBBIIIAET €TO aKTUBHOCTD, CHIKAET
SHEPrHI0 aKTHBALMKM PEaKIUH M CTOMMOCTh B CHIIY
YaCTUYHOM 3aMeHbI aTiHb! Pt [13-16].

CymecTByeT MHOXKECTBO METOMIOB TOJTYUCHHS Kap-
Ouaa Bosb(paMa: XUMHIECKOE OCAXKICHHE U3 TApOBOM
¢dazpl [17] m uckpoBoe TuIa3MeHHoe criekaHue [18],
KapOOTEpMHUUECKOE BOCCTAHOBIICHHE OKCHIA BOJb-
¢dpama WO3; u comyrcTByrommas kapoonmsamus [19],
BBICOKORHEPTETHUECKOE IepeMallbiBAHUE B IMIAPOBBIX
MenpHUNAaX [20], mIa3MeHHO-Ty4YKOBble MeToabl [21],
00paboTKa MOBEPXHOCTH BBICOKOMHTEHCHBHBIMH HOH-
HBIMU TIy4yKamu [22], 3JeKTpUYeCKUil B3pBIB MPOBOJI-
HUKOB [23]. Bce oHM 3ayacTyio peanu3yroTcs C HC-
MOJI30BaHUEM YHCTOTO BOJb(pamMa B KauecTBE IIpe-
Kypcopa WM €ro OKCHJa, KOTOPbIE YyXe ObUIN MOoIyde-
HBI U3 BOJIb(paMoBoil pyasl. Takas mpoOomoaroToBka
HCXOJHOTO ChIPhbsi (BONMb()paMa MM OKCHAA BOJb(pa-
Ma) UMeeT psAJ HEeIOCTaTKOB B CHIIy MHOTOCTaIUIHO-
CTH TIPOILIECCOB BBIJCNEHUS] YUCTBHIX KOMIIOHEHTOB W3
HUCXOMHBIX Py, OONBIIOr0 KOJNMYECTBAa 3aTpaddBac-
MBIX pecypcoB U O0TX0J0B [24]. OCHOBHBIMU MHUHEpa-
JamM# A7 IPOM3BOJICTBA BONb(pama SIBISIOTCS IIee-
aur CaWO, u Bonmedpamur (Fe, MN)WO,. Tpamuiu-
onHbll Meron nomydeHus WC u3 pyapl BKIIOYAET B
ce0st U3MeNbYCeHHUE 10 HYXKHOTO TPaHyJIOMETPHUIECKOTO
cocTtaBa, (IOTANIO IS IIEENUTa ¥ MarHUTHYIO WITH
TPaBUTAIIMOHHYIO CETIApaIliio JJIs TIOOHEPHUTA U MOIy-
yeHne okcuaa Boibppama WO; [25]. Manee okcup
BoJIb(ppamMa BOCCTaHABIUBAIOT JI0 YHCTOTO BOJb(ppama,
U TOJBKO 3aTe€M HOIYdJaloT KapOun BoibdpaMa U3 cMe-
cu BoJb(pama u yrieposa.
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B nocneaHue rofsl MOSIBIAIOTCA PabOTHI, MOCBS-
nieHHeie nodydeHuto WC w3 pyabl Ha OJHOH u3
HAuYaJbHBIX CTaAWd C TOCIEAYIOIMM BbIIEIECHHEM
TaHHOH (ha3bl, HAIPHMeEp, KapOOTEPMIUECKUM BOCCTa-
HOBJICHUEM B MPUCYTCTBUU YTJIL U MarHus ¢ Mociery-
[OIIel OYHMCTKOW MpoayKTa cuHTe3a [26]. Taxxke on-
HUM U3 METOJOB NepepabOTKU PyZAbl U CHHTE3a KpH-
cTauIMueckux (a3 kapbuma Boib(pama SBISETCS
aneKkTpoayrosoii cuntes [27]. CylecTByeT nepcrek-
THBHas MOJM(UKanus NaHHOTO METOAa, XapaKTepH-
3yIOIIAsiCsl OTCYTCTBHEM BaKyyMa HJIH 3aIlUTHOM ra3o-
BOH cpezbl [28, 29]. Ilpy MHUIMUPOBAHUU JYrOBOIO
paspsina Mexay IrpadUTOBBIMHU 3JIEKTPOJAMH IIPOUCXO-
JUT MHTCHCUBHOE BBIICIEHUE YTapHOT'O U YTTICKHCIOro
ra3oB, KOTOPBIC 3KPAaHUPYIOT PCaKIMOHHBIH 00bEM OT
KucaopoAa Bo3ayxa. JlaHHBI METOJ OTJIMYaeTcs OT
TPaAULUOHHOIO 3JIEKTPOJAYTOBOIO MEHBIIEH 3HEPro-
€MKOCTbI0, IIOBBIIIEHHON MPOU3BOAUTEILHOCTBIO U
CYIIECTBEHHO YIPOILICHHON CXEMOM AYTOBOTO PEAKTO-
pa[30, 31].

B nanHOi paGoTe mpeacTaBlieHB! Pe3yNlbTaThl IKC-
MEePUMCHTAIBHBIX HCCICAOBAHUN 10 OLIEHKE BIIHSHUS
SHEpPreTUYECKUX MapaMeTpoB Hpolecca 6e3BaKyyMHO-
IO 3JIEKTPOJYrOBOTO CHUHTE3a Ha COCTaB IPOIYKTOB
nepepaboTKu BOJIB(PAMOBOTO PYIHOTO KOHIIEHTPATa,
MOTYyYCHHBIX M3 OTXOMOB T'OPHO-0OOTaTHUTENHLHOTO
MIPOU3BOJICTBA.

MarepuaJjibl U METO/bI

B kadecTBe HMCXOQHOTO MaTepuaja HCIOIb30-
BaJIcs BONBb(PAMOBHINH PyAHBIH KOHIICHTPAT B BHJIE
rpy0OIHCIIEpCHOTO MOpOIIKa (CpeIHUU pa3Mmep da-
crug 100 mxMm) wu3  JDKUAMHCKOro Bojdb(hpam-
MoJIMOIeHOBOTO KoMOMHAaTa. COriacHO JJAaHHBIM TIPOH3-
BOIUTENS, TaHHBIH KOHIICHTPAT COAEPKUT BOJb(pama
1o 42,0 mac. %, xeneza no 16,2 mac. %, mapranna a0
8,8 mac. %, kampius g0 3 mac. %, a Takxke Apyrue
JJIEMEHTH! (aJTIOMUHHUHA, KPEMHHH, THTaH, IHPKOHHH,
ceunen) 10 30 mac. %.

C uenplo yMEHBIICHUS COJACPIKAHUS Kelle3a B HC-
XOJTHOM CBIpbE MPOBOJMIIACH MAarHUTHAS Ceraparysl.
MaccoBasi JI0JIS BBIJIICIICHHOW MAarHUTHOH (pakiuu
coctaBuia 36,2 mac. %. 3aTeM MHONTy4eHHbIH Hemar-
HUTHBIN OPOIIOK MOJIBEPTAJICS CYIIKE B aTMOC(epHOH
neyd B TeyeHHe 15 MuH, IpU CKOPOCTHM Harpesa
25 °C/mun u Temneparype 150 °C. B pe3synbrare mac-
coBasi Jtoyig Boabl He mpesbimana 3 %. Bricymennbie
MOPOLLIKH BIIOCIEACTBUM H3MENBYAIUCh B IIAPOBOI
menbaune SAMPLE SPEX 8000M B teuenue 30 MuH.

D¢ exTHBHOCTE MaTHUTHON cenapanuu Obula Moj-
TBEPKJICHA TaHHBIMU PEHTTEHO(IYOPECIIEHTHOTO aHa-
nu3a (tabn. 1, 2). U3MepeHus: mpoBOAUIH C UCHIOIB30-
BaHHWEM I[OPTAaTMBHOTO PEHTTEeHO(DIYOpPECIEHTHOTO
ananmm3atopa BRUKER S1 TITAN.

Tabauya 1. 31emeHmHublli cocmas pydsl nocae MazHUMHOU

cenapayuu
Table 1. Ore elemental composition after magnetic sepa-
ration
H3mepenue/Measurement
CpenHee
JJieMeHT [lepBoe BTopoe TpeTbe Average
Element First Second Third
%
\ 81,01 80,43 81 80,81
Fe 6,18 6,29 5,92 6,13
Pb 1,94 1,84 1,85 1,88
Mn 6,54 6,51 6,53 6,53
Ca 1,23 1,33 1,4 1,32

Ta6auya 2. 3nemeHmublii cocmae yacmu pyobsl, yoasaeHHOU
8 pesy/ibmame MazHUMHOU cenapayuu

Table 2. Elemental composition of part of the ore re-
moved during magnetic separation
HW3mepenne/Measurement
CpenHee
JJieMeHT IlepBoe BTopoe TpeTbe Average
Element First Second Third
%
w 37,81 37,68 37,58 37,69
Fe 51,57 51,82 51,55 51,65
Pb 2,24 2,06 2,18 2,16
Mn 3,7 3,75 3,78 3,74
Ti 2,26 2,35 2,5 2,37

B kauecTBe MCTOYHMKA yriepona ObUT B3AT CHOUp-
CKUH yraepoJHblii HocuTenb (cuOyHut). CUOYHHT Tie-
peMemuBaId ¢ 00pabOTaHHBIM BOJIL()PAMOBBIM PY/-
HBIM KOHIICHTpaTOM B IapoBoi MenbHUIlEe SAMPLE
SPEX 8000M B TeueHue 30 MUH MPH OTHOIIEHUH Macc
cuOyHnTa 1 00pabOTaHHOTO BOJIB(PAMOBOTO PYTHOTO
KOHIIEHTpara, paBHOM 1/4,1

OKcleprMEHTalIbHBIE  HCCIENOBaHUA TI0  DJIEeK-
TPOJYTOBOMY CHHTe3y KapOuja BoJb()paMa W3 BOJb-
(paMOBOTO pPyTHOTO KOHIIEHTpaTa IPOBOIMINCH Ha
3JIEKTPOJYTOBOM PEAKTOPE COBMEINEHHOTO Tuma. I'pa-
(UTOBBIC AIEKTPOJBI MOJKIIOYAINCE K OIHO(PAZHOMY
HUCTOYHHUKY TOCTOSHHOTO TOKa C MaKCHMAIBEHOW MOIII-
HocThio 10 kBT. Mcxonusie marepuansl (Bosibdhpamo-
BBl PYyAHBIH KOHLEHTpPAT U YIJIEPOJ) MOMELIAIH B
TIOJIBINA TPaUTOBBIA KaToJ B (hOpMe THUTJIS, B TIOJOCTH
KOTOPOI'0 MOJpKUTaNcs paspsia. B ganHoii padore pac-
CMaTpUBaIM U3MEHEHHe OOIel HEepPreTHKH mpolecca
3a Ccu€T BapbUPOBaHUS AMIUIUTYJBl TOKa JYrOBOTO
paspsiza mpu HEU3MEHHBIX IapaMeTpax IUTEIbHOCTH
MPOTEKaHHs Tpolecca U CTEXUOMETPHUECKOM COOT-
HOIIEHVHM  3aKJIaJbIBAEMbIX  KOMIIOHEHTOB  pPYy-
nma/yraepon. B xome ropeHHs IyroBoro paspsia peru-
CTPUPOBAJIKCH BOJBTAMIICPHBIE XaPaKTEPUCTHUKU TYTH
mudpoBeiM octmiutorpadgom Rigol DS1052E, u ¢uk-
CHpOBaJach TeMIlepaTypa BHEUIHEH CTEHKH KaTrona C
WCIOJIb30BAHUEM BBICOKOTEMIIEPAaTypHOTO MUPOMETpa
Benetech GM1850.
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Pentrenoda3oBblii aHanM3 HCXOAHOTO PYIHOIO
KOHIICHTpATa M MOJYyYSHHBIX MATepPHaIOB MPOBOAUICS
Ha PEHTTeHOBCKOM audpakromerpe Shimadzu XRD
7000s (A=1,54060 A, rpaduTOBEII MOHOXpPOMATOP) C
ucrnonb3oBaHueM 0Oa3bl AaHHbIX PDF4+. PentreHos-
CKkHe JudpakTorpaMMbl o0OpabaThiBaMCh B IPO-
rpaMmHO#i cpenme SearchMatch mo manHBIM KapTOYek
6a3pl ganHbIX PDF4+. Mopdonorus yactun B cocTaBe
MTOPOIIIKOB ¥ UX 3JIEMEHTHBIN COCTaB aHAJIM3UPOBAIIUCH
METOaMH CKaHUPYIOMIECH AIIEKTPOHHOW MHKPOCKOIIHU
(COM) c¢ wuCnomb30BaHHEM MMKPOCKONA  MapKH
TESCAN VEGA 3 SBU c npucraBkoii 3Heprogucnep-
cuonHoro ananmmia (OJIC) xumMmueckoro cocraBa
OXFORD X-Max (mpoussomutens TESCAN, Uexwust).
VYckopsitomee Hanpspkenue At COM cbeMKH U aHallu-
3a cocraBimsuio 20 kB ¢ Toxom 30Hma B mpemenax
4-11,5 HA. JloKabHBINH PEHTICHOCIIEKTPAILHBIN aHAIN3
BBIMOJIHSJICS C TIPEIBAPUTENFHON KaIMOPOBKOM HHTEH-
cuBHOCTH 30H1a (11,4-11,5 HA), KOoTOpas MPOU3BOIH-
Jach 1O KOOAJILTOBOMY CTaHIApTy Hpu pabdouem (¢o-
KyCHOM) paccTossHiu 15 mm. COM-u3o0paxeHus: Obun
MONYYEHBI Ha JIBYX JIETEKTOpaxX: BTOPHYHBIX DIIEKTPO-
HOB (SE —secondary electrons) u oOpaTHO-paccesTHHBIX
anextpoHoB (BSE — backscattered electrons). CHuUMKH,
MoJTydyeHHbIe TIpu JeTekTope SE, oTpakaioT KOHTpacT
penbeda TOBEPXHOCTH (MM TOIMO-KOHTPACT), CHUMKH
npu perektope BSE — koHTpacT cocTaBa MOBEpXHOCTU
(v ¢azoBelidi KOHTpacT). Jlasee B moamuicu K puUCyH-
kaM ¢ COM-u300pakeHHsAMHU YKa3bIBaeTCSl COOTBET-
CTBYIOIIMH T AeTekropa. Kpome Toro, ¢ ucnosib3oBa-
HUEM CHUCTEMBI C DIIEKTPOHHBIM U CPOKYCHPOBAHHBIMHU
myakamu QUANTA 200 3D (yckopsitoree Hampsike-
nue: 200-30000 B nenpepsiBHO, pa3pelieHue: 3,5 HM
npu 30 kB B pexxume ESEM, <15 um npu 3 kB B pe-
JKUME HHU3KOTO BaKyyma) OBLIM TOJYYEHBI MHKPO-
CHUMKHM CHHTE3WpOBaHHOro MaTepuaia. lIIpocBeuuBa-
IOIIYI0 3JEKTPOHHYI0 MUKPOCKOIHUIO B COUYCTAaHHM C
SHEPTOIUCIIEPCHOHHON CHEKTPOCKONNEH U Ju(paKiIu-
el AJIEKTPOHOB Ha BBIOPAHHOW 00J1ACTH MPOBOJIWIIH C
UCToNb30BaHneM MuKpockoma JEM-2100F (JEOL
Ltd., Tokuo, Snonus). Murepnperanus nudpakuun
ANIEKTPOHOB OBLTa MpoW3BeneHa B mporpamme Gatan
Microscopy Suite.

HcciepoBaHue BJUSAHUS CUIbl TOKA Pa3psAAHOro
KOHTypa Ha (a30BbIii COCTAB NPOAYKTA CHHTE3a
HcxonHble naHHBIE CEpUM  SKCIIEPUMEHTOB IO
OLIEHKE BIIMSAHUSA DHEPreTHYECKHUX ITapaMeTpoOB IIPO-
mecca 0OE3BaKyyMHOI'O 3JIEKTPOIYTOBOTO CHHTE3a Ha
MPOJYKTHI TIepepadOTKA  BOJB(YPAMOBOTO PYIAHOTO
KOHIIEHTpAaTa MpeJCTaBiIeHsl B Taba. 3. Ob6mas noase-
JCHHAs DHEPrusl BapbHUpOBajlach ITyTEM HM3MEHECHUS
BEJIMYHUHBI CHJIBI TOKa Pa3psIHOTO KOHTYpa MpU HEU3-
MEHHOM BpPEMCHHU MpPOTEKaHHs peakimu. Bapbuposa-
HH€ BETUYHHBI paszpsgHoro Toka ot 50 go 220 A ocy-
HIECTBIBUIOCH ITyTEM YIpAaBICHHUS CXEMOH NMHUTAaHHSI U

U3MEHEHUEM COOTBETCTBYIOMIETO INOJIOXKEHUS PYKOSIT-
K1 TpaHcdopmaropa (Oonee AeTanbHAs cXeMa MUTAHUS
crenna npuBeaeHa B [31]). IIpenenbHbie BEIOpaHHBIC
3HAYCHUSI 10 CHJIC TOKAa OOYCIIOBIICHBI PSIIOM OOBEK-
TUBHBIX (hakTOpoB. IIpu BenmuuuHe Toka MeHee 50 A He
MIPOMCXOANT CAMOJKPAHHUPOBAHMS BO3AYIIHOTO 00Be-
Ma 30HBI PEaKiuy 3a CYET BBIACICHUS YTapHOTO U yT-
JIEKHCIIOTO Ta30B, YTO HE MO3BOJIAET CHUHTE3UPOBATh
KapOupl. Bepxuuii npegen mo Toky o0ycloBlIeH KOH-
CTPYKIMOHHBIMH OCOOCHHOCTSIMU HCTOYHUKA ITHTAHN,
HE T03BOJISIIOIUMH MPEBBIIIATh YKa3aHHOTO 3HAYCHUS,
a TaKKe OOUIMMHU JINTEPATyPHBIMH TAHHBIMH, CBHUJIC-
TEJIBCTBYIOIIMMH O HEIelecoo0pa3HoCTH pPaboThl B
Takux ycnoBusx [31]. YBenuueHue CHIIBI TOKa CBEpX
YKa3aHHOTO 3HAYCHUSI BO3MOXKHO, HO TMOTpeOyeT u3Me-
HEHHS BCEH CHCTEMBI, BKJIIOYAsl MOBBIIICHUE Maccora-
OapuTHBIX TIIOKa3aTenell CTeHIa M IPOCKTUPOBAHUE
OTJCIBHO JTMHUM JJICKTPOTUTAHUS.

Ta6auya 3. /laHHble cepuu 3KChepuMeHmMo8 C U3MeHeHUeM
cusbl moka paspsi0Ho020 KOHMypa

Table 3. Data from a series of experiments with variations
in the current of the discharge circuit
o ©
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o << | 28§ 5 ol B2 ¥, 9 =
% S5 |38a3T8E| Eg3 S AL
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5° 182 5F| £ | §°”°¢ | &"

(SIS S CEG = s ‘5_ m
45 50 0,76 96,4
45 100 0,81 166,8
1/4,1 1 - -
45 150 / 0,55 291,5
45 220 0,42 367,5

Takum 00pa3oM, BapbUpPOBAaHHE BEIMUMHBI CHJIBI
TOKa Pa3psAAHOTO KOHTYpa TO3BOJHJIO YIPAaBISATH Be-
JINYMHOM TOJABEAECHHON 3HEPruy B LIMPOKOM Auamna-
30He: OoT 96,4 no 367,5 xJIx. Perucrpanus temnepa-
TYpHBIX TIApAMETPOB Ha BHEIIIHEH CTEHKE KaToJa 103-
BOJIMJIA YCTAHOBHTH, YTO B MAKCHMAaJIEHOM PaccMaTpH-
BaeMOM PEXMUME YPOBEHb TEMIIEPaTyphbl BHE 30HBI pe-
aknuu gocturaer 1800 °C, cOOTBETCTBEHHO, B HEIO-
CPEICTBEHHOW 30HE (POPMHUPOBAHUS AYTH MOXKET CO-
craBusth 10 3000-5000 °C [31]. DToro xBaraer mis
3¢ exTuBHON nepepaboTKU HUCXOIHBIX MPEKYypPCOPOB,
WCTIapeHUs U3JHUIIKOB YIIepo/ia U OTJACIbHBIX HEeopra-
HUYECKHUX BeulecTB [32] u mpoTeKaHUs peaKLuu Kap-
O6ug000pa3oBaHus MEXIY BOJb(PAMOM, COCTaBJIIO-
M OOJIBIIYI0 MacCy MCXOJHON CMECH, U CBOOOIHBIM
yraepogoM. CHpaBeIIHBOCTh TOMOOHBIX CYXKICHHN
HAXOJHUT OTPAKEHHE B MPAKTUYCCKH JTBYKPATHOM W3-
MEHEHUH MacChl CHHTE3UPOBAHHBIX 00pa3noB, KOTOpast
OKUIaeMO yMEHBINACTCS MpPU YBEIMUCHHUH OOIICH
9HEPreTUKU U COOTBETCTBYIOILIEM POCTE TEMIIEPATYPHI.
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CuHTEe3UpOBaHHBIE B XOJI€ IPOBEICHUS CEPUH DKC-
HEPUMEHTOB 00pasnbl 0e3 Kakoif-1M0o IOMOTHUTENb-
HOW TIPOOOTIOATOTOBKH aHANIN3UPOBAINCH METOJOM
peHTreHoBckoi audpakuuu. Ha puc. 1 mpencraBieHs!
COOTBETCTBYIOIINE TH(PAKTOrpaMMbl 00pa3LoB, I0-
JYYEeHHBIX IIPH PAa3IHIHON CHJIE TOKa Pa3psIHOTO KOH-
Typa, ¢ HICHTU(PHUINPOBAHHBIMU KPUCTALTHYECKHUMHU
(asamu. YcTaHOBJIEHO, YTO yBeJIWYeHHE OOIIel dHep-
FeTHKH Ipoliecca 3a CYET BapbUPOBAaHHs CHIIBI TOKa
Pa3psSOHOTO KOHTYpa IOJIOKHUTEIEHBIM 00pa3oM CKa-
3bIBAETCSl HA YMEHBIICHUH JIOJIM OKCHUIHBIX (a3 B co-
CTaBe CHHTE3MPOBaHHBIX MPOAYKTOB. Takke HaOIr0qa-
€TCsS POCT MAacCOBOTO BBIXOJAa TEKCaroHATBHBIX (a3
kapouna Bosnsppama WC u W,C, npuyem npu Besu-
ynHax Toka 100 u 150 A nomuHupyromei dha3oif sBis-
etcst WoC, a mpu 220 A Ha COOTBETCTBYIOIICH peHTTe-
HOTpaMM€ TIPEHMYIICCTBEHHO HAOIOAIOTCS TOIBKO
MaKCHUMYyMBbI, XapaKTepHbIe I MOHOKapOHWJa BOJIb-
¢pama. OTCYTCTBUE OTPaKEHUH OT KPHCTALTUICCKUX
IUTOCKOCTEH OKCHUIHBIX (ha3, MPHCYTCTBYIOMIUX B HC-
XOJIHOM CBIPBE, CBUJICTEIBCTBYET O TPAKTHYECKH I10JI-
HOM mepepaboTKe UCXOHOTO BOIb(PaMOBOTO PYAHOTO
KOHIICHTpaTa IpH YKa3aHHBIX IapaMeTpax CUCTEMBI
(cune Toka 220 A u obuieli auepretuke 367,5 kx).

¢ C « WC(hex.) W,C =sMnWO, * CaWoO,
. . 1=220 A
L ]
. [ ] ® L ] .. [}
) + . L
g 4 . =150 A
L. s i le |
L T S T T 0 IS VS S
z 1=100 A
5 * ¢
* | | [ ]
E * F om? m * T L ohg o
I
s la 1=50 A
* L]
L Canke LB 1 Y T
T T T T T T T

10 20 30 40 50 60 70 80 90
20, rpag.

Puc. 1. 3asucumocms paszosozo cocmasa npodykma 3JekK-
mpody208020 cuHme3a om Cu/bl MOKa pa3psiOHO20
KOHmMypa

Fig. 1. Dependence of the phase composition of the product

of electric arc synthesis on the current of the dis-
charge circuit

KoppekTHoCcTs MHTEpIpEeTaluy MONTYy4YEeHHBIX JaH-
HBIX TIOJTBEPKAAETCS pe3ybTaTaMH PEHTIeHo(a30Bo-
r0 aHaji3a, OCYIIECTBICHHOTO METOIOM KOPYHIOBBIX
yucen (puc. 2). HarmsimHo BUAHO CHUKEHHE MacCOBOTO
COJIEpKaHUS OKCHUIHBIX (a3 C POCTOM DSHEPreTHKH
mpoIiecca M, B YaCTHOCTH, CHJIBI TOKA, a TAKXKE yBEIH-

YEHUE BBIXOJa KapOUIHBIX (ha3, HAUMHAS CO 3HAUCHUS
150 A. IIpu onTUManbHBIX NapaMeTpax BBIXOJ IeKca-
TOHAIBHOU (a3wl kapouma Bonbdpama WC cocrasser
npaktuueckn 50 mac. %, a OCTaBLIYIOCS IONIO 3aHH-
MaeT yriepoA, KOTOpbIH oOpasyeTcs B pe3yibTaTe
3NEKTPO3PO3UH TPAPHUTOBBIX HEKTPOIOB.
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Puc. 2. 3asucumocms maccosoll doau ¢as, codepicaujuxcst
8 npodykme cuHmesa, om cu/abl moka paspsioHo20
KOHMypa
Fig. 2. Dependence of the mass fraction of the phases con-

tained in the synthesis product on the current of the
discharge circuit

Takum 00pa3oM, MO AAaHHBIM PEHTIeHO(A30BOTO
aHaJIM3a yCTaHOBIIEHO, YTO peayn3anusi 6e3BaKyyMHO-
TO DJIEKTPOIYTOBOTO CHHTE3a B paccCMaTpHBaeMOM CH-
CcTeMe TO03BOJISIET MPH ONPEAETICHHON YHEPTeTHKE MPOo-
1ecca, 3aJaBacMoi CUJION TOKa pa3psHOro KOHTYpa,
MOJTYYUTh TPOAYKT C MPeoOialaHueM TeKcaroHaIbHON
¢a3sl kapouaa Bonsppama WC. Ilpu aToM ocTaBIIyIO-
csl JIOJI0 MPAKTUYECKH IOJHOCTBIO COCTABISIET Yriie-
PO/l, YTO TMOTEHIMAIILHO CBHETEILCTBYET O (POPMHPO-
Banuu komnoszura WC/C. CTouT OTMETHTH, YTO s
nepepaboTku 1 © UCXOAHON cMecH CUOYHHTa M BOJIb-
($paMoOBOro pyTHOTO KOHIICHTpATa, COIJIACHO pacué-
TaM, Tpedyercs Bcero ~0,27 kBT-u/T.

UcciiepoBaHue Mmopdoornyeckux
0COGEeHHOCTeH NPOJAYKTOB CHHTE3a

OCHOBHYIO Maccy MHpOIYyKTa, COIJIACHO pPEe3yJIbTa-
TaM CKaHMUPYIOLIEH  ANEKTPOHHOW  MHKPOCKOMHHU
(puc. 3, a), COCTaBIAIOT arjJoMeparbl pa3MepaMu OT
equHAll MKM 70 ~150 miwm. Ilpm Omwokaitmmem pac-
cMoTpeHuH (puc. 3, 6, ) yaaercs UICHTH()HINPOBATh
B COCTaBE€ KaK KPYMHBIX, TaK U MEJKUX arjoMepaToB
HaJIMYME IUIOTHOCIICUYCHHBIX OoJiee MENKHUX YacTHII,
9TO, 110 BCEH BHIUMOCTH, O0YCIOBICHO OTHOCHUTEIHHO
JUTMUTENBbHBIM MPOTEKaHUEM TPEIOLIer0 TOKa, BHI3bIBA-
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omero poct temmeparypsl 10 ~4000-5000 °C. Ilpu
9TOM HaOIIOZaeTCss MPUCYTCTBUE M aMOP(HBIX oOpa-
30BaHMH, I KOTOPHIX XapaKTEPHO OTCYTCTBHE KPH-
CTaJIJIOB B CTPYKTYPpE.

COM-u300paxeHus: CHHTE3UPOBAHHOIO MPOIYKTa
B peKHME OOpaTHO  pacCcesHHBIX  AIEKTPOHOB
(Backscattered electrons — BSE) u B pexume BTOpuu-
HBIX 5ekTpoHOB (Secondary electrons — SE) mosBo-
JISIOT OHO3HAYHO HWACHTH(UIIMPOBATH HANWYKE YTJIC-
POIHBIX CTPYKTYp U HOATBEPIUTH PE3YJIbTAThl PEHTTE-
HO(a30BOTO aHaM3a, CBUETENBCTBYIOLIErO O JIOMH-
HUpoBaHUM KapOuma Bombppama WC wu yriepona

(puc. 4, a, b). CpaBHeHue 3THX IBYX H300paKeHHI
JIaeT OCHOBaHME MPEATNOJI0KHUTh, YTO YaCTHIbI KapOu-
Ia Bosb(ppaMa, UMCEIONINE NPaBIIBHOC CTPOCHUE C
POBHBIMH TpPaHSIMH ¥ XapaKTePH3YIOIIUECS H30MET-
pHuuHOI (popMoit (IPEUMYIIECTBEHHO OKTa3pUuecKon
1 KyOMYeCcKOH ), KOTOpPBIE YETKO BBIJIEIISIOTCS Ha puc. 4, a
n3-32 OOJNBIIETO aTOMHOTO HOMEpa, BCTPOSHBI B YIIIe-

POJIHYIO MaTPHILY, YTO CTAHOBHUTCS 3aMETHBIM B PEIKUME
SE (puc. 4, b). CootBercTBHE 3THX 4€TKO O(OPMIIEHHBIX
gacTul (ase Kapouma Boibppama ObLIO CAEAHO H3-3a €€
npeoOiaianys B KPUCTAUIMYECKON COCTABILIOIIEH CHH-
TE3UPOBAHHOTO KOMITO3UTA (pHUC. 2).

Puc. 3. CHumKu cKaHupylouweli 3/1eKmpoHHOU MUKpOCKOnuu npodykma CcuHmesda, noJy4yeHHovle Memodom dugdpakyuu
0mpadiceHHbIX 31eKMpPOHO8 NpU pa3AUYHOM yeeauyeHuu: a) x500; 6) x5000; 8) x10000
Fig. 3. Scanning electron microscopy images of the synthesis product obtained by reflected electron diffraction at different

magnifications: a) x500; 6) x5000; &) x10000

SEM HV: 20.0 kV
View field: 19.0 ym
SEM MAG: 14.6 kx

WD: 16.02 mm
Det: BSE, SE
Bl 9.00

Puc. 4. CHumKu ckaHupytowell 31eKkmpoHHOU MUKpockonuu npodykma cuHmesa 8 pescume: a) BSE; b) SE

Fig. 4.

Images of scanning electron microscopy of the synthesis product in: a) BSE mode; b) SE mode
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CornacHo JaHHBIM SHEPrOAMCIEPCHOHHOTO aHAIN3a
W KapTHPOBAaHHMS I10 3JIEMEHTaM, HPOBEICHHOTO Ui Xa-
PaKTEpHOTO CKOIUICHHUS arjioMepaToB (puc. 5), B COCTaBe
MPOIYKTA CHHTE3a O’KHIaEMO JOMHHHUPYIOT BOJb(hpaM 1
YTJIEPOJI, BECOBBIC JONMM KOTOPBIX COCTABISIIOT 66,6 U
16,1 mac. %, coorBercTBeHHO. CrlielyeT OTMETUTB, YTO
IPU TIPOBEACHUH MHTETPABHOTO SHEPrOIUCICPCHOHHO-
ro aHajun3a OOHapy)KMBAeTCS NPHCYTCTBHE W APYIHX
JJIEMEHTOB, XapakTePHBIX JUII MCXOJHOW  IIUXTHI
(tabm. 1): Fe — 6,2 mac. %; Mn — 3,1 mac. %; Ca —
2,2 mac. %. OcTalbHYI0 JIONII0 COCTaBISIET KHUCIOPO,
HaJMYhe KOTOPOro B COCTaBe MPOAYKTa MOXET ObITh
00YCIIOBJICHO KakK aJcopOmmei atMocepHOi Bilard Ha
MOBEPXHOCTH YacTHIl, TaK ¥ YaCTHYHBIM IIPHCYTCTBHEM
OKCHIHBIX (ha3 BoIb(hpaMara KBS U MapraHiia, oopa-
30BaHAEC KOTOPBIX BO3MOXKHO AK€ B ONTHMAIBbHBIX
ycnoBusix cunTesa (mpu Ttoke 220 A). Ilo cpaBHeHuto ¢
COCTaBOM HCXOJHOM HIMXTHI B Ipolecce 0OpaboTKH U
CHHTE3a COICpIKaHME Kele3a, MapraHia CHU3MIOCH BBH-
Jly TIOBBIIICHUSI JOJH YIJIEpOAa B CHCTEME B pe3yibTaTe
9NEeKTPOodpo3uu. TakuM 00pa3oM, pe3yibTaThl IIPOBEJICH-
HBIX HCCJICOBAHMHA MOP(OIOTHYECKUX OCOOCHHOCTEH
MPOIYKTa TAKKE MOATBEPIKIAIOT IPEUMYIICCTBECHHOES
(hopmupoBaHue kapOua Bojbhpama.

Ha puc. 6 mpenctaBieHbl pe3ylbTaThl IPOCBEYH-
BAIOIIEH 3JEKTPOHHOM MHMKPOCKOIMUHU BBICOKOTO pa3-
pemIeHnsT MpOIyKTa, CHHTE3MPOBAHHOTO IPH MaKCH-
MaJIbHOM TpoTeKaromeM Toke. [l yriryGneHHOTOo
aHaJIM3a BEIOpaHBI /B y4acTKa Ha CHUMKE U MOCTpOe-
Hbl SAED-u300paxeHHs ¢ JaHHBIX oOjacTedl B IMpo-
rpamme GATAN. Otmeuennsie peduekcsl 1' u 1" ot-
BewaloT onHOU (aze xapbuma Bombppama WC ¢ pas-
HBIM HHJICKCAM KPHCTAIOrpaduveckoil TUIOCKOCTH
hkl (1' — WC(001) ¢ d=2,837 A, 1" — WC(110) ¢
d=1,453 A). Kpome Toro, npeacTaBieHbl H300paKeHus
HaIpaBJICHUS IUIOCKOCTEH C BBIACIECHHBIX PE(PIICKCOB C
0003HAaYEHHEM pPAcUYeTHOTO W OJTAJIOHHOTO paszMepa
MEXKIIJIOCKOCTHOTO paccTosiHus. st BTOpOro KpH-
cTayula Ha moctpoeHHoi SAED-kapTtuHe naeHTH(H-
IUPYIOTCS JBa HaNpaBJICHUs TUIOCKOCTEH (has3bl kKapOu-
na Bomedpama: (2' — WC(001) ¢ d=2,837 A, 2" —
WC(002) ¢ d=1,418 A). Takum oGpa3om, HpoBesieH-
HBIE HCCIICIOBAHUS HA MHKPOCKOIIE BEICOKOTO paspe-
[ICHUS TaKXXe IMO3BOILTIOT YTBEP)KAATh, YTO CHHTE3H-
POBaHHBI HAHOIAMCIEPCHBIA MPOMYKT CONEPKHUT KPH-
CTAJUTMYECKUM KapOua Bosib(pamMa TIeKcaroHaJIbHOH
MOIU(DUKAIIH.

W

Pe3y/1bmamb1 3Hep206ucnepcu0HHoeo aHaausa npoamea CUHmMe3sda, no/siy4eHHo2o0 8 ONMUMAJ/IbHbIX YyC/A08USIX npu

cune moka 220 A: a) 0630pHbIU MUKPOCHUMOK 06/acmu Ucciedo8aHus; 6) 3Hep200uchepcuoHHbIll chekmp;
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Fig. 5.

Results of the energy dispersive analysis of the synthesis product obtained under optimal conditions at a current of

220 A: a) overview micrograph of the study area; 6) energy dispersive spectrum; 8, 2) mapping by W and C elements
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donn =2,837 A

dooz =1,4185 A

Pezysbmamsl npocgevugaroweti 31eKmpoHHOU MUKDPOCKONUU 8bICOKO20 paspeuleHust npodyKkma cuHme3sd, noay4eHHo-

20 8 ONMUMA/ILHBIX YCA08USIX npu cuse moka 220 A: a) CHUMOK 8bICOKO20 paspeweHus; 6) SAED-uzobpasceHusi;
8) uzobpasiceHuss Hanpas/ieHus1 naockocmel ¢ 8blde1eHHbIX pedhaeKcos

Results of high-resolution transmission electron microscopy of the synthesis product obtained under optimal conditions

at a current of 220 A: a) high-resolution image; 6) SAED images; 8) images of the direction of the planes from the se-

lected reflections

3akji04eHue

Ha ocHoBe npecTaBneHHbIX JaHHBIX MOYXHO CIEaTh
BBIBOJ O BO3MOXKHOCTH CHHTE3a YacTHIl KpUCTaJUIMYe-
ckux (a3 kapOuma Boib(pama B IUIa3Me JAyroBOro pas-
pfa IOCTOSIHHOTO TOKAa B OTKPBITOM BO3IYIIHOH cpene
U3 BOJb(PaMOBOTO PYAHOIO KOHIEHTpaTa pynsl. [lpu
9TOM B MPOAYKTE CHHTE3a WACHTHQHIMPYIOTCS (hassl
rpadura ¥ Apyrue KpUCTALUTHMYECKUE (asbl, BEPOSITHO,
o0pa3oBaBIIecs KapOuaaMH KaJblMs, Mapraia u Japy-
TUMU BemecTBamu. Ha Tekymei cTagum sKcriepuMeH-

TaJIbHBIX HCCIIEIOBAHUI HE YAAIOCh BBIICIUTD (ha3y Kap-
Ouma Bomb(paMa B KadecTBE OTAETHHOTO HPOAYKTA.
B cpaBuennu ¢ TpagummoHHBIME MeTomamu [25] paspa-
OaThIBaGMBI METOJ He TpeOyeT A00ABICHUS JOMONHH-
TCJIbHBIX BCIICCTB K MCXOAHBIM MaT€puajiaM U JIIATCIIb-
HOH BBIIEP)KKH MaTephaia MPH BRICOKUX TeMIIepaTypax.
B otnume oT npsAMOro aHanora — 3JIEKTPOAYTOBOTO Me-
TOJAa B 3alUTHON Ta30BOH Cpele — paccMaTpUBAEMBbIH
METOJT He TpeOyeT pacxo/ia HHEPTHOTO raza [28].
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