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MOBbILEHUE U3BJIEYEHUA KOBAJIbTA
NMPU KOHBEPTUPOBAHUU HA MEOHO-HUKEJIEBbIN
OANHLUTENH

Manaxos 11.B.!, Kpynnos JI.B.., Ilaxomos P.A.%, Osepos C.C.2, Pymanues /I.B.>
13® MAO «I'MK «Hopunbckuin HUkenb», r. Hopunbck, Poccus
2000 «MMHcTuTyT MTMnpoHukenb», r. CaHkT-MNeTepbypr, Poccusa
MalakhovPV@nornik.ru

OOHMM U3 K/IIOYEBBIX TSDKENIbIX I[BET-
HBIX MeTa/I0B MeTa/uryprun Hopuibcko-
ro puBusuonHa ITAO «'MK «Hopunbckuit
HuKenb» (manee — HJ, Kommanus cooTBert-
CTBEHHO), SIB/ISIETCS KOOAIBT, KOTOPBIIL CO-
BMECTHO C MEZIbIO VI HUKE/IeM COIEeP>KUTCSA
B CynbQUIHBIX MEJHO-HMKEIeBbIX pPyHax.
Ko6anbr KOHIEHTpUpyeTcs B MMHepaiax
Ha OCHOBE >Kejle3a M HUKe/Is, TaKUX Kak
neHTIaHTUy Wi nuput. Ilocne oboraTu-
TeIbHOTO nepefena 3P 0CHOBHAA 4acTh KO-
0a/bTa MOCTYIAeT B COCTaBe HYIKeIb-IVp-
POTMHOBOTO KOHIIeHTpara Ta/HaXxCKo
oboraturenbroit ¢gabpuku (HIIK TOOD)
M CTYIIEHHOTO HUKE/IEeBOrO KOHIIeHTparTa
Hopwunbckoit oboratutenpHoit  ¢abpuku
(CHK HO®) na HapexpuHcKuil mMeTani-
nyprudecknit 3asop (HM3). VIsBredenne
kob6anbra mo HII Kommanum B MegHO-HI-
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KeJleBblil (aiiHIITeiH (roToBas IPOAYK-
nusa HM3) maxonurcs Ha yposHe 50 % OTH.
Takum 06pa3oM, MOMOBUHA [NOOBIBAEMOTO
kob6anbra ¢ pypoit H]I Kommannu yxoput B
IIOTEPY C OTBAJIbHBIMU MPOAYKTaMM, B OC-
HOBHOM C OTBa/JbHBIM IyTakoM HM3 (mo-
panka 30-33% otH.).

C y4eToM yBenmueHus: o6beMa IpofaK
(pmc.1), IPOrHO3MPYEeMOM pOCTe IIOTpe-
O/eHNsA U IMHAMUKI POCTA I[eH Ha KOOasIbT
(puc. 2) B HII KoMmaHuu cTouT akTyanib-
Has 3ajiaya IOBBILIEHVS M3BJIEYEHUsI KO-
0ajibTa B rOTOBYIO IPORYKIyIo [1-3].

Kak 6b10 CcKa3aHO paHee, OCHOBHOII
o6beM KobajbTa IOCTYHAaeT C IPOJyKTa-
My oboraturenpHbiX ¢abpuk Ha HM3, B
HMMPOMETA/UTypIudeckoe  IPOU3BOLCTBO
(IIMIT). IIMIT HM3 Bkitoyaet Tpu Iepe-
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PucyHok 1 — JuHaMumka npoaax Ha MMPOBOM pbiHKe Kobasnbta B 2020 - 2022 rr.
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PucyHok 2 — nHaMumka LeHbl kobanbta B 2000 - 2022 rr.

Jiena: IJIaBKa MCXOMHOTO ChIpbsl B Ilevax
B3BemeHHot masky (I1BIT) c momyyennem
6oraroro mreriHa (CyMMa MeIy M HUKeNA
~50% Macc.) 1 LUIaKa; oO0emHeHMe IIIaKa
B 06enHMTeNnbHBIX dmeKTporedax (O3II) ¢
IIO/Ty4eH)eM OTBAJIbHOTO LIIaKa U GefHo-
ro IITeliHa; KOHBEPTMpPOBaHME 6OraToro
mreitda [IBIT n 6eguoro mreitna OJII ¢
nomydeHyeM ¢aiHIITeHA U KOHBepTep-
HOro nuraka. KoHBepTepHBINI LIIaK Iepe-
pabarsiBaetcst B OJII coBMeCTHO €O miIa-
xoMm IIBII, a caiiHmTelH HampasiseTcs
Ha nepepaborky B AO «Konbckass TMK»
(KTMK). ITpakTnyecky Bce MOCTYNMBIIEE
C CBIPbEM K€JIe30 BBIBOJUTCS U3 TEXHOJIO-
TMYECKOro Ipoliecca B BMJIE OTBAJIbHOTO
II/TaKa, A LIBETHbIE MeTa/lIbl (HUKe/Ib, Mefib
M KOOQJIbT) U JIparolieHHble MeTaI/Ibl KOJI-
JIEKTUPYIOTCS B (pajfHIITelIHe, B KOTOPOM
TaKXe cofepXuTca or 2,5 no 3,7% macc.
Kemesa [4].

JIutepaTypHble JaHHbIE, IPaKTUKa pa-
0OTBI MeTa/UTypriuuecKuX 3aBONOB OffHO-
3HAYHO IIOKa3bIBAIOT BBICOKYIO KOppess-
VIO TIOBeJIeHNA JKere3a U KobaibTa B Xofe
IPOMETAJITy PrUYeCKO nepepaboTKn
PYAHOTO CBIPbsI € ITOTy4eHueM (aiiHIITel-
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Ha [5, 6]. [laHHas TeHIeHLIM IO/ TBEPK/a-
eTCsl TPAKTUKOI PabOThl KOHBEPTEPHOTO
nepenena HM3 (puc. 3). Iuarpamma mo-
CTpOeHa Ha OCHOBAaHUU CTATUCTUYECKUX
JAHHBIX XMMWYECKOTO aHammsa Oonee 33
TBIC. IVIaBOK (partHITeitHa ¢ 2017 ropa.

YuuteiBasg BBICOKUIT OKUC/IUTETbHBIN
IIOTEHLMA/I IIpoliecCa KOHBEPTUPOBAHNA
nopsjka 50% oTH. Kob6ajbra MepexofuT B
KOHBEPTEPHDII LIJIAK.

B03MO>XXHBIMY CIIOCOOAMI ITOBBILIEHVISA
U3BJIeYeHNsI KobajbTa Ha Iiepefene KOH-
BEPTUPOBAHMA IITENTHOB MOXET CTaTh:

o IloBplIEeHNME cofepKaHMUA JKele3a B
daitHIITelHe IO MAaKCUMATbHO BO3MOX-
HOro ypoBH:A. COITIAaCHO OIIpefle/IeHHOI
saBucuMoctu (y = 0,0941x + 0,8566) ¢
JIOCTaTOYHON HOCTOBEpHOCTBIO (R?
0,9745) ycTaHOB/IEHO, YTO YBeIMYEHVEe
[OMM IUIABOK C POCTOM COfiep>KaHUsA
¢arHmTeiHa Ha Kaxzaple 0,5% Macc.
IpUBEJET K IIOBBIIIEHNIO COfl€P)KaHNUA
kobanpra B (aitHmTeliHe Ha 0,047%
Macc. OlHaKoO B YCTIOBMAX OTpaHMYEHNsA
MOILIHOCTU IIepefiefia  >KeNe30049MCTKA
TUAPOMETAJITYPIUIECKOll IepepaboTKm
HUKE/IEBOTO KOHIIEHTpaTa OT pasjese-
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PucyHok 3 — JuHaMumka copepxaHunsa kobansta B parHLITEHE OT cCopepXaHus xenesa B darHwTeHe
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PucyHok 4 — 3aBncMMOCTM copepxaHua das marHetuta, pasnura v guokcuaa KpeMHUs B cMmecu bamH-
WTeMH-KBapy, ot pacxoga SiO;

Hua ¢artHmreitHa AO «KI'MK» pannoe
HpefioKeHne B HACTOsIIee BpeMs He
HIPUMEHNMO.

CHIDKeHMe TIoTepb KoOanbTa ¢ KOHBEp-
TEPHBIM LIJTAKOM (1 Jajiee C OTBAJIbHBIM
mrakoM O3II) 3a cyer ero mpoMbIBKK
mreitHoM O3II. TpaguimonHo cyuraer-
€51, YTO IPOMBIBKA KOHBEPTEPHOT'O LIJTaKa
mreitHoM O3I1 addexTnBHO 06emHsIET
IO LIBeTHBIM MeTa/lIaM, 1 110 KOOa/IbTy B
9acTHOCTU. DPPEKTUBHOCTD IPOMBIBKI
KOHBepTepHoro muraka mreriHom O3II
00yc/IoB/IeHa IOHVDKEHHBIM COlepyKaHM-
€M B HEM PacTBOPEHHOTO KVC/IOPOAa M

BBICOKOJI «MeTa//In3anyeri» xernesa (co-
Ilep>KaHMe MeTaIM3UPOBaHHOTO JKeTe3a
22-28 % orH.). B ycnoBuAx orpaHmyen-
HOTO Iapka KoHBepTepoB Ha HM3 Bos-
MO>KHO€E BBINIOJIHEHME JAHHOTO IpeJIo-
JKEHMS OTPaHMYEHO.

«CBepTbIBaHME» BAPOYHOTO LUIAKA NIpU
noziade M36BITOYHOTO KOMNYECTBA IVOK-
CMfa KPEMHIA, YTO CIIOCOOCTBYeT M3BJIe-
yeHUIo U3 (ajiHIITeIHa paCTBOPEHHOTO
KICTIOpOJia 1 JKejle3a HENOCPENCTBEHHO
nepey nepenadeit paciuiaBa (aiiHIITe -
Ha Ha PO3/INB.
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Pacxox SiO2, % ot ucx. ¢aiHmreiina

PaccMOTpuM mpemjiosKeHe mo CBEPTHI-
BaHMIO BAPOYHOTO IITaka 6oree mogpo6Ho.
B mepByIo o4yepenp ObUT BHIIIOTHEH aHATIN3
CTATUCTUYECKUX JAHHBIX U TEPMOIMHAM-
YecKoe MOIENTMPOBAHNME MEPOIPUATUS B
nporpammHoM KoMmiekce FactSage. ITpen-
BapUTEIbHO, TIEPE] TECTUPOBAHUEM IIPO-
mecca Ha [IeVICTBYIOIEM IPOV3BOJCTBE,
OBUIV TIPOBEJIEHBI MICCTIENOBAHNS B Tab0Opa-
TOPHBIX YCTOBUSIX.

Kak mokasaHo Ha pucyHKe 3 OCHOBHOE
KOJIYECTBO IUIABOK OBUIO C COfep>KaHyeM
>kenesa 2,9-3,1% Macc. XMMIMUECKUI aHAIN3
dariHIITelIHA OTpaXKkaeT obliee coep)KaHue
Xere3a B HeM, 0e3 pasfie/IbHOro y4éTa jke-
Ne3a CyIbQUIOB M >Kele3a MarHeTUTa, Co-
Ilep>kaHye KOTOporo B (aifHIITeIHe MOXKET
JOCTUTATh NEPBBIX ITPOLIEHTOB, a Ha IIOBEPX-
HOCTY OX/TOKIEHHBIX CIMTKOB B IIJIAKO-TIEH-
HOM cnoe — 10-15% macc. Kak ormedanoch
paHee, MarHETUT MOXKET OBITb BBIBENICH U3
daiiHIITelHA B IVTaK [IPY CBOPAYMBaHNY Ba-
pOYHOro IUTaKa KBapiesbM (rmocom. Orre-
pals aHa/IOTMYHA «CBEPTBHIBAHUIO» BapOU-
HOTO IIJTaKa 060pOTaMI1, TIPK 3TOM 000POTHI
3aMEHAIOTCA Ha KPYNHOKYCKOBOJ KBaplie-
BoI (moc. Takum ob6pasoM, momydeHve
dalfHIITellHA C HECKOIBKO IIOBBIIIEHHBIM
COfIep>KaHMEeM >Kele3a ITO3BONNUT CHUSUTH
HoTepy KOOA/IbTa, a Ja/IbHelIIee VICIIONb30-
BaHIe KBapLIeBOro (P/II0ca — BBIBECTY JKeNIe30
MarHeTuTa B IIAK ¥ ITOJTYYNTh KOHAMIIVIOH-
HBII1 110 COfIep>KaHMIO JKerie3a (arfHIITelH.
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TepMmoanHaMunyeckoe
MopenupoBaHue
PaccmoTpuMm  pesynbrarhl TepMOAMHA-
MIYECKOrO MOZIEIIPOBAHMA OIl€PaLIN IIPO-
MBIBKM (palfHIITEITHOM KBapleBoro ¢moca
(B3aumopericTBus darHmTeitHa ¢ Si0,).

PacuéTHOe paBHOBECHOE CcoOJep)KaHMe
MarHeTuTa B (paifHIITelIHEe KaK OTHENIbHOI
¢daspr (momenp FactSage s mmmHerneir)
coctaBuno okono 0,7% macc. [lanee B pac-
4ETHYIO CUCTeMY BBOAMUIOCH SiO, u oTcre-
XKMBATIOCh M3MeHeHMe (a3oBOro COCTaBa
cMecu. 3aBUCHMMOCTM cofiepXaHua ¢as
MarHeTura, QpasyinTa ¥ AUOKCY/a KPEeMHA
B cMecu (QalfHIITeNH-KBapIL, OT pacxofa
SiO, mokasaHbl Ha pUCYHKe 4.

BupHo, 4TO IO Mepe NOCTYIUIEHUS B
cuctemy SiO, mmmHenbHas ¢asa (MmarHe-
TUT) NIePeXOUT B OJIMBVHOBYIO ((asinT).

ITpencraBneHHble OLEHKM BBIIIOTHEHDI
JUISL COflep>)KaHMsl MarHeTUTa B (ajiHIITel-
He Ha ypoBHe 0,7% Macc, YTO COOTBETCTBY-
eT npubmusutenvHo 0,19% Macc Knucmopo-
na B ¢aitHInTelHe. PeanpHOE copepkaHme
Kucopoaa B QaifHIITeliHe MOXeT TOCTH-
raThb, Kak ObIIO OTMedeHo: Bbiire, 0,5-0,8%
Macc ¥, COOTBETCTBEHHO, IPOTHO3HOE CHU-
JKEHME COJIep)KaHMe JKelle3a B pe3ynbTraTe
IPOMBIBKM  (aJHIITETHOM KBapIeBOTO
¢rmroca 6yzmeT mpeBbIIIaTh 25% OTH.

Ha pucyHnke 5 mpencraBieHa 3aBUCHK-
MOCTb COfIepKaHM XKeye3a B (paifHIITelHe
oT pacxopa SiO,.
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PucyHok 6 — 3aBUCUMMOCTb TeM-
nepartypbl CUCTeMbl (pacniasa B
KOHBepTepe) OT pacxoda KeBap-
6 uesoro ¢toca

Pacxon S102, % ot ucx. (aitHmTeiiHa

OueHuM pacxop KBapLeBoro Qroca,
HEOOXOVIMOTO ISl «CBEPTHIBAHWSI» KOH-
BEPTEPHOTrO LI/IAKa.

3a Havya/lIbHOE COCTOsIHME JJIA pacyéra
Impoljecca «CBepThIBaHMA» IIIAKa Ie/Ieco-
00pa3HO TPUHATb pe3yIbTaT IPORYBKMU
oboraiménnoro mreiiHa (6% macc Fe) 6e3
¢rmroca no daitHmTeitHa (3% Macc Fe), mpu
temneparype 1250°C. B Takoii cucreme, 1o
pesy/nbTaTaM TePMOJVHAMUYECKOTO MOfie-
JIMPOBAHMA, IPUCYTCTBYIOT CYIbPUIHAA U
InyHeNnbHasA ¢asbl. Pacyér Temmeparyps
cucteMpl pu fobasnenuu SiO,-conepika-
mwero ¢rroca BBIIOTHEH, VICXOMA M3 yCIIO-

PucyHok 7 — CxeMa akcnepuMeHTanbHom
YCTaHOBKM

1 - rpadutoBas Tpyba — HarpesaTesb;

2 — Me[Hble BOA0OOX1aX4aeMble TOKOMOABOAb;
3 — BOAOOXNaxXaaeMblih KOXYX;

4 — 31eKTPoOn30NATOPb;

5 — TensoBOM 3KpaH;

6 — TUrenb C pacniaBoM;

7 — TennousonaTop;

8 — kepamuyueckui (Al,O3) peakTop;

9 — yexon c TepMonapowm (TepMonapa cUcTeMbl
aBTOMATUYECKOTO YNpaBeHUsi TEMMNepaTypHOro
pexuma neumn);

10 — HUXKHUIN KOXYX,

11 — Tpy6ka nogauu Ar;

12 — KopyHpoBas TpybKka (Mcrnonb3oBanach Ans 3a-
rpy3ku orapka)

By AH=0. PesynbraTpl pacyéra MoKasaHbl
Ha PUCYHKe 6.

Kak BuiHO M3 NpefiCTaBIEHHbIX JIaH-
HBIX, JI/I CHVDKEHUA TEMIIEPATypPbl BAHHbI
no npuHATOro B TexHonorun HM3 ypos-
Hs TeMIlepaTypbl BbIgauy (ajfHIITelHa
(1160-1240 °C,) B koHBepTep Heobxomu-
Ma pas3oBad 3arpyska KBapleBoro ¢jioca,
Macca KOTOPOTO COCTaBAET [0 2,5-3,5% or
Macchl aifHIITelIHa KOHBEpTepa.

Ha ocHOBaHMUM IONMy4YeHHBIX pacyet-
HBIX [AHHBIX IPOBENEHBI ITOCTENYIOLIe
nMabopaTOpPHBIE MCIBITAHMUS.
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Ta6nuua 1 — CogepxaHue (% Macc) OCHOBHbIX KOMNOHEHTOB B ¢palHLWTENHE

Homep KonuuectBo pno- B cocTaBe
3KC- 6aBnsieMbIX KOMMNO- o «Fe;Oz», % oT
o CopepxaHue, % Macc o
nepu- HeHTOB, % OT Macchl Macchbl bamnH-
MeHTa  danHWTenHa UCX. wTenHa
Fe,Ox SiO, Ni Cu Co Fe S Fe O
1 0 0 50,8 20,8 113 2,18 23,9 0,00 0,00
2 1,58 0 50,5 19,5 1,12 2,87 23,5 1M 0,47
3 12,8 0] 49,9 19,5 1,03 4,23 22,9 8,92 3,83
31 12,8 0 501 19,8 1,00 4,20 22,7 8,92 3,83
41 19,2 0 49,3 19,2 0,94 5,66 21,9 13,43 577
3.2% 12,8 4,82 50,7 19,5 1,09 3,04 23,4 8,95 3,80

*SiO, BBOOW/ICA NOC/IE HACbIWEeHUS darHLWTeMHA OKCUO0M Xenesa

Tabnuua 2 — DoTorpadum paspesoB CIUTKOB daMHLITEMHA MO HOMEpAaM aKcne-
pUMeHTOB

JlabopartopHbie ncnbiTaHUA

[Ipy BBINOTHEHMN WUCCIE[OBAHMIT VC-
II0/Ib30BA/IaCh BepTMKa/IbHasl /1abopaTop-
Has Iledb C TpauTOBBIM HarpeBaTeieM
(pucyHOK 7). YcTaHOBKA II03BOJIACT peasn-
30BBIBATh MUPOMETA/TypriudecKye OIIbIT-
Hble JMCCIeOBaHN, IIpelycMaTpyBaIoLIe
6ap6oTaXK pacIIaBOB ra30BBIMY areHTaMIL.

[TogroroBneHHble 00pPaA3I[bl MCXOFHBIX
BEIIeCTB M IPOAYKTOB IUIABOK MCCIIEHO-
Ba/IMICb MeTOJAMM aIllapaTHON aHaJIM-
TUYECKON XUMMM (QTOMHO-3MUCCUOHHAS
CIIEKTPOMETPUsA C MHYKTVBHO CBSI3aHHOI
I/Ia3MOI), PacTPOBOI 9JIEKTPOHHOI MMI-
kpockormy (POM) u peHTreHOCIIeKTpaib-
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Horo mukpoaHanusa (PCMA). Vcnonb3o-
BaH PAaCTPOBBIIT 3/IEKTPOHHBIN MUKPOCKOII
Tescan 5130MM c cucremoil MUKpOaHa-
msza INCA (Oxford Instruments, UK) Ha
6a3e 9HEProAMCIEPCHOHHOTO CIIEKTPOMe-
tpa. [logpobHoe onmcanue 060pynoBaHNA
Y METOIVIK VICC/IeJOBAHNA IIPEICTABIECHO B
paborax [7-9]

Insa wmopenupoBaHusa QalHIITelHA,
IIOTyYeHHOTO B KOHBEpTepe U He IOABep-
THYTOTO OX/TQXK/IEHVIO C BBIJiEJIEHNEM OK-
CUJHON «IITyObI», HA IIEPBOM 3TAIle CepPUN
IPOBOAVIIOCH MCCIEOBaHNEe BO3MOXKHOTO
YPOBHS HAaChIleHNS (QalfHIITellHa KIC-
nopoxmoM. Hacelmenne ocymjecTBIsmIoCh



mobaB/eHMeM K pacIvlaBy aliHIITelHa
CUHTETHYECKOTO TeMaTHUTa, OMM3KOro II0
cocrasy Fe,O;. B pasorperywo mo 1300°C
neyb 3arpyxanacs M3MeTbdeHHbI QailH-
nITeiiH ¢ ;o6askoit ot 0 1o 19,2 % oT Macchl
¢aitHmTeHAa TemaTuTa. Ilo mpomecTBun
IeCATUMUHYTHONM BBIJEPKKM U IIEpUOIN-
9YEeCKOTO IepeMeIMBAHNA PpacIlaBa, MC-
clefyeMble OOBEKThI M3BIEKaMNCh M OX-

TaXpamich Ha Bo3pyxe. ObpaszoBaBiiasics
Ha NOBepXHOCTM (aiiHIITelHa “1ry6a” n
YaCcThb OJHOPOJHON IOBEPXHOCTM (aliH-
[ITeIHA TIOATOTABIUBAINACH IS UCCIENO-
Bauusa Meromamyu POM-PCMA. (ombITh
Nel,2,3,3.2, tabnuua 1).

Ha cnepyromeM sTame 1ucronb3oBancs
HACBILIEHHBII OKCUJaMM >Kerme3a (aiiH-
mreiH (skcrepumeHnT 3). PacmmaB yka-

| — o6bnactn nepeoro Tuna (cynbdupgHas macca, paHwTe

i),

Il — o6nactu BTOporo Tuna («wy6a»), 1 — MeT pasa, 2 — cynbdug Hukens, 3 — cynboug Mmeam, 4 — okcmgHblie dasbl
danHLwTerHa (MarHeTunT), 5 — cunukaTtHble cocTaBAsALWME «LYy6bl», 6 — MArHETUT «LYObl»,

PucyHok 8 — O6wmnin Bup, (a) u ctpoeHue (6-B) npobbl N22

Ta6bnuua 3 — CpegHuia cocTas cynbdpuaHoM Maccbl o6pasuoB

CoctaB (N2 skcne-

CopepxaHue, % Macc.

CocTaBnawuw,asn
PUMeHT]) S Fe Co Ni Cu o)
Mpo6a “0” cpenHuin cocTas 231 21 11 51,9 211 1
(N21,2) MarHetur 0,1 64,2 1,6 6,2 0,6 27
O6pazey cpeaHuii coctas 22,5 3,3 1,0 50,3 21,8 1-2
12,8 Fe,0; (N2 3) MarHetut 0,2 66,9 1,0 4,1 0,6 27
O6pasel, cpenHuin cocTas 22,2 3,7 0,9 51,0 21,0 1-2
12,8 Fe,0,4,8% SiO,
(N2 3.2) MarueTut 0,7 66,5 1,1 5,1 1,0 25
Ta6bnuua 4 — CpegHUM COCTaB COCTABNSAOWMUX «LYBbI»
Cocras (N2 akc- CopepxaHue, % mMacc.
CocTaBngawwasa
nepuMeHTa) Na Mg Al Si S Ca Fe Co Ni Cu O
O6paseL Cpef(l"'y"'GcbszaB o1 - - 02 39 03 565 - 134 36 22
12,8 Fe,0,(Ne 3)
MarHeTuT - - (O - 0,1 - 668 13 45 01 27
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3aHHOrO (ajHIITe/HA TNPUBOAWICS BO
B3alMOJIEVICTBME C KBapLEBbIM IIECKOM,
3a/lada KOTOPOTO — M3BJIEYEHNE OKMC/IEH-
HOTO >Ke/le3a U3 paciulaBa (ajiHIITelHa
(sxciepument 3.2). Ilocne pacriaBrieHys
¢ariHIITeHA U HACBIIEHNs ero KUCTIOpPO-
moM npu 1300°C, temmeparypa npouecca
cHKanach 1o 1150°C, nocne yero Ha pac-
I/IaB II0JjaBaJICA KBAPLEBbIN IIECOK U IIPO-
U3BOJM/IACH TeMIIEpaTypHas BbIJEP)KKa B
Te4eHun 15 MUHYT. B 3TOT >Xe nepuop BbI-
IIOJIHA/IOCh KPaTKOBPEMEHHOE IT€peMENIN -
BaHMe paciyiaBa aproHom. Ilo okonyanmio
BBIJIEPKKM TUTETIb C BEIIECTBOM U3BJIEKAJI-
CA U3 IIeYM, OXJIAXKIAJICA Ha BO3JyXe, IOy -
YeHHBII IIUIAK OTAEIS/ICA OT (ajHIITelHa,
a IIPOJYKTHI IIOJBEPIajich NCCIENOBAHNIO.

OkcniepuMenThl 3.1 1 4.1 BBINOTHEHBI
B BBICOKUX TUIJIAX JUIS HONMy4YeHMs Ooree
YEeTKOM KapTUHbBI pacIpee/leHNs MarHe-
THUTA I10 BBICOTE CIUTKa. Macca darHirei-
Ha 3TUX IUTABOK cocTaBiAna 40 rpamm.
OcranpHble 06pa31Ibl BBITOTHEHBI B IIVPO-
KIX TUITIAX, Macca (ajiiHIITeHa 3TYUX IIa-
BOK cocTassia 100 rpamm.

B Tabmmue 2 mpexcraBieHsl ¢oTo-
rpaduyu paspe3oB IONYyYEHHBIX CIUTKOB
¢aiiHIITelHA, OX/IAKAEHHBIX OT TeMIe-
paTyphl IUIABKM CO CKOPOCTBIO OKO/MO 50
rpaji/ MuH.

Kak BupHO 13 IpefCTaBIeHHBIX pe-
3y/IbTaTOB VICC/IE[IOBAHNII, BBEJlCHNE B pac-
mwiaB ¢aitHmTetHa rematuta («Fe,O3»),
TPaHCPOPMUPYIOIETOCS B YCIOBUSAX II/IaB-
KU B MarHeTUT, IIPUBOANUT K 0OPa30BaHIIO
IIJIAKO-IIEHHOTO C/10s1 (OTMEYEHHOro Ha
¢dororpadmax KpacHBIM LIBETOM), CXOXKe-
rO 110 CBOEMY CTPOEHUIO C aHAJIOTMYHBIM
cnoeM, (OpMUpYIOLIEeMC Ha IOBEPXHO-
cTm cmMTKoB (arHmTeiHa. [Ipm sTom,
npyu BBefeHun B cucremy 12,8% ot macchl
daitHmTeitna  «Fe,O5», ITaKO-TIEHHBIN
CTIO¥ pacIIPOCTPAHACTCS Ha 3HAYUTEIBHYIO
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YacCTb CIINTOK.

BBepieHHBINI B CHCTEMY JVIOKCUJ KpeM-
HUSA CHOCOOCTBYeT WM3BJICUEHMIO OKCHUA
xKemesa B (POPMMPYIOIUIICA IITAKOBBIN
paciiaB. [ToBepXHOCTHOe HaTsKeHMe pac-
11aBa QalHIITel Ha yBenuuBaeTcs (13Me-
HAETCA Yro/l CMayMBaHMsA (aliHIITEHOM
turnA). CocraB (ajfHIITeIHa IIPY 9TOM
IPAKTIYECK) BO3BPAIIALTCSA K VICXOJHOMY
MaJIOXKeIe3MICTOMY COCTaBy — Tabmuia 1.

[IpoBenennsbiit ananmns MetrofoM PCMA
06pasios 1, 2,3 u 3.2 (tabnuia 2) mokasar,
4TO 006pasisl, B KoTopble BBogmau Fe,O;
P€3KO HEOTHOPOJHBI I10 CBOEMY COCTAaBY I
BO3MOXXHO BBIIEIUTDH [iBe O0IACTU: CY/b-
¢upHaa Macca ¢alHIITeHA Y «OKUC/IeH-
Has my6a». Tunmnynoe nsobpakeHne AByX
obmacTeil MpefcTaBIeHO HA PUCYHKe 8.

OcHoBHas cynpdupnas mMacca (Tum I)
II0 COCTaBY U CTPOEHMI0 COOTBETCTBYET
TUNNYHOMY (alfHImITeliHy. Tak, OCHOB-
HBIMM KOMIIOHEHTAaMM ABJIAIOTCA: CY/b-
¢bup Hukensa (cocraBa XM3JIEBYAUTOBOIO
TBEpPHOTO PacTBOpa), Cynb(ui Ha OCHOBe
Mezu (Xa/lbKO3MH-OOPHUTOBBIN TBEPJbLil
PacTBOp C TUINYHOI «IIAPKETHOM» CTPYK-
TYpOil PacKpUCTA/IN3ALNN), MeTa/lIN-
yeckas ¢asa Ha OCHOBe HUKe/d. Takxe B
HOYMHEHHOM U CYIy00 IIOfYMHEHHOM
obObeMe IIpefCTaBIeHbl: CyIbQUBI Ha OC-
HOBe HIMKeJA->Ke/e3a ¥ MUKPOHHBIE (pas3bl
Meay MeTajuIndecKol. OpMeHTNPOBOYHAA
oObeMHass OISl MarHeTUTa, B KOTOPOM
COCpefIOTOYEHa OCHOBHAA JOMA KUCIOPO-
na ¢aitHiTeHa, cocTaBsieT — 1-1,5%06.
B nenom, copepyxanue kucnopopa B QaitH-
IITe/IHE HaXOAUTCA Ha ypoBHe 1-2% Macc
(cpemHmit cocTaB MpUBeJeH B TabMnIa 4).

Ob6nactp «okucnennas my6a» (Tum II)
Pe3Ko HEeOJHOPOAHA MO COCTaBy U CTPO-
€HUI0 U OTAMYAETCA OT OCHOBHOM Mac-
col  artHmTeliHa  (OPMEHTUPOBOYHBIN
CpeHUII COCTaB NpUBeNeH B Tabmuie 4).



OCHOBHBIMM KOMIIOHEHTAMU  SBJIAIOTCA:
TPaHy/Ibl MarHETNTA, CYIMKATHBIE COCTAB-
JAOLMIEe HEeCTaOMIbHOIO COCTaBa, BKIIIO-
yeHUs QalHIITelHa (KaK IIebIMY MHOTO-
¢dasHbBIMM 00/1aCTAMM, TaK ¥ OTHENTbHBIMMU
CTPYKTYPHBIMM COCTAaB/IAOIUMY  (aiiH-
IITEVIHA).

BbiBOoabl

PesynbraTel 71a00paTOPHBIX MCCIIEHO-
BaHUI MOATBEPAVIIN, YTO VCIIO/Nb30BaHME
olepaluy CBEPTbIBAHMA BapPOYHOIO MIJIa-
Ka KBapIeBbIM (IIOCOM Ilepefi BbIgadeil
TOBapHOro (aiHmTeliHa — 3 PeKTUBHASA
olepanys, MO3BONAKLAA CHUSUTD COflep-
XKaHue >xene3a B (paiiHIITeliHe HpMOIN-
3autenbHO Ha 1 % Macc. CremoBaTenbHO,
1eeBoil  (afHIITelH KOHBEPTUPOBAHNS
MOXXET «HENOMYBATbCA», YTO IOTOXKUTE/Ib-

HO CKa)XeTCs Ha COXpaHeHUU Kobajbra B
coctaBe ¢aitHmTeltHa. [Ipn 3TOM M30BI-
TOK >Kejlle3a ¥ obecIiedeH1e ero TOBAapHO-
TO COflep)KaHMs peannusyeTcsi IPOMBIBKOI
¢aitHIITelTHA KBAapLIeBBIM (IIOCOM.

[Tonmy4enne Takoro QaitHITelHa, 067 -
HEHHOTO OKCMJAaMU MeTaJIoB, a, CTIefi0Ba-
Te/IbHO, ¥ MacCOI OKCHJHOTO CTIOS TIPM OX-
naxpeHny (aiiHIITeHa, 6/TarONIPUATHBIM
00pa3oM CKakeTcA Ha IIOKasaTe/ix Io-
CIefyoniero GpaoTalMOHHOTO pasfie/IeHI
¢aitHIITelHA.

CormacHoO BBIIIEN3/TIOKEHHOMY PEKO-
MEHJIOBAaHO IIPOBEEHNE OIBITHO IIpO-
MBIIICHHBIX ~MCIHBITAaHUI TPUMEHEeHUA
KBapLeBoro (rroca Ha ONepanyy OXJIaX-
JleHUsI MeHO-HUKe/leBoro (paifHIITeliHa B
YCIOBMAX [€ICTBYIOIIETO IIPOM3BOMICTBA
HMS3.
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INCREASE OF COBALT RECOVERY DURING CONVERTING
OF Cu-Ni FEED TO OBTAIN HIGH-GRADE MATTE

Malakhov P.V.!, Krupnov L.V.!, Pakhomov R.A.%, Ozerov S.S.2, Rumyantsev D.V.?
TPJSC «MMC «Norilsk Nickel», Norilsk, Russia
2Gipronickel Institute, Saint Petersburg, Russia
MalakhovPV@nornik.ru

Cobalt is one of the main heavy non-
ferrous metals involved in metallurgical
processes of Norilsk Division of PJSC «MMC
«Norilsk Nickel» (ND, the Company).
Copper-nickel sulfide ore contains cobalt in
combination with copper and nickel. Cobalt
occurs in iron- and nickel-based minerals
such as pentlandite and pyrite. Bulk of cobalt
comes to Nadezhda Metallurgical Plant
(NMP) from the Polar Division Concentrators
as part of nickel-pyrrhotite concentrate of
Talnakh Concentrator and thickened nickel
concentrate of Norilsk Concentrator. ND
recovers 50 rel.% of cobalt into copper-
nickel converter matte (NMP final product),
i.e. a half of cobalt mined at ND is lost with
dump wastes mainly with dump slag of NMP
(approximately 30 — 33 rel.%).

In a context of sales increase (Figure 1),
forecasted consumption growth and cobalt
price trends (Figure 2), ND has an urgent
task to increase cobalt recovery to the final
products [1-3].
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Figure 1 — Global cobalt market dynamics 2020-2022.
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As it was mentioned, the bulk of
cobalt goes to NMP pyrometallurgical
line as part of the Concentrators products.
Pyrometallurgical line of NMP comprises
three sections: smelting of raw material in
flash smelting furnaces (FSF) to produce
high-grade matte (~50 wt % of Cu+Ni)
and slag; slag depletion in slag-cleaning
furnaces (SCF) to obtain dump slag and
low-grade matte; converter smelting of
FSF high-grade matte and SCF low-grade
matte to produce converter matte and
converter slag. Converter slag is co-treated
with FSF slag in SCF, while converter matte
is sent to JSC “Kola MMC” (Kola) for
further processing. Bulk of iron fed with
raw material is removed from the process
as dump slag while non-ferrous (nickel,
copper and cobalt) and precious metals are
accumulated in the converter matte which
contains 2,5-3,7 wt % of iron as well [4].

Literature data and smelting practices
clearly demonstrate strong correlation
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Figure 2 — Cobalt price trends 2000 - 2022.
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between iron and cobalt behavior during
pyrometallurgical processing of ore feed
to produce converter matte [5, 6]. The
operational practices of the NMP converter
section illustrate this tendency (Figure 3).
The chart is based on chemical analysis
statistical data obtained since 2017 for 33
thousand smelts of converter matte.

As a result of high oxidation potential of
converting about 50 rel.% of cobalt transfer
to the converter slag.

The following methods can be used to
increase cobalt recovery at matte converting
section:

« To increase iron content of the converter
matte to the highest possible level. Based
on a defined relation (y = 0,0941x +
0,8566), it was determined at sufficient
level of confidence (R®> = 0,9745) that
0,5 wt % increase of iron content of
converter matte brings 0,047 wt % of
cobalt content therein. However, it is
currently inapplicable because of limited
iron removal capacity at a section of
hydrometallurgical processing of nickel
concentrate obtained from classification
of the Kola converter matte.
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2015 ee——
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o To reduce cobalt losses to converter slag
(and subsequently to dump slag) by
cleaning it with SCF matte in converters
for depletion. It is commonly considered
that converter slag depletion using SCF
matte effectively reduces non-ferrous
metal content, particularly, cobalt.
Efficiency of converter slag depletion
using SCF matte comes from reduced
content of dissolved oxygen and high iron
metallization (22-28 rel.% of metallized
iron). The limited number of converters
at NMP complicates application of this
technique.

To «coagulate» the slag formed at the
second stage of converting (27 stage
converter slag) by excessive silica addition
to remove dissolved oxygen and iron
from the converter matte prior to tapping
molten converter matte.

To study an option of slag coagulation,
we started with the statistical data review
and thermodynamic simulation of the
process using FactSage software package.
Laboratory tests preceded on-site pilot
trials of the process.
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Figure 4 — Content of magnetite, fayalite and silica phases in a converter matte — silica mixture vs

consumption SiO

Figure 3 shows that in most of the smelts
the iron content was 2,9-3,1 wt %. Chemical
assays of the converter matte provide its
overall iron content without breakdown for
iron contained in sulphide and magnetite,
which can be as high as 1-3% in converter
matte and 10-15 wt % on a surface slag-foam
layer of cooled ingots. As it was already
mentioned, magnetite can be removed from
converter matte to slag during coagulation
of the 27 stage converter slag using silica
flux. This process is similar to the 2"d stage
converter slag “coagulation” with reverts
additions but using coarse silica flux instead
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of reverts. Thus, some increase of iron in the
converter matte will reduce cobalt losses
while subsequent addition of silica flux will
result in transfer of magnetite iron to slag
and production of the converter matte with
required iron content.

Thermodynamic simulation
This section describes thermodynamic
simulation of silica flux additions to the

converter matte (interaction between
converter matte and SiO,).
Estimated equilibrium content of

magnetite as a separate phase of converter
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converter matte vs silica flux (no
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matte was approximately 0.7 wt % (FactSage
model parameters for spinel). Then, SiO,
was introduced into calculations and
change in the mixture phase composition
was monitored. Figure 4 shows a content of
magnetite, fayalite and silica phases in matte-
silica mixture vs. consumption of SiO,.

It is obvious that as SiO, enters the
system, spinel phase (magnetite) transforms
into olivine (fayalite).

Given estimations were made for 0,7
wt % of magnetite in the converter matte,
that corresponds to the oxygen content
of the converter matte of approximately
0,19 wt %. As it was mentioned, the actual
oxygen content in the converter matte can
exceed 0,5 — 0,8 wt %, giving the forecasted
decrease of iron content after addition of
silica flux to converter matte over 25 rel. %.

Figure 5 shows iron content of the
converter matte vs SiO, consumption.

Silica flux consumption required for
«coagulation» of the converter slag was
determined as follows:

The results of blowing of enriched
matte (6 wt % Fe) to produce converter
matte without flux additions at 1250 °C
were assumed as the initial condition for
calculation of «coagulation» process. Based
on thermodynamic simulation results such
system contains sulphide and spinel phases.
A temperature of the system with SiO, flux

additions was calculated based on AH=0.
Figure 6 shows the calculation results.

The presented data indicate that in
order to reduce the bath temperature to
the process level adopted at NMP for matte
tapping (1160-1240 °C), a converter needs
a single load of silica flux in amount equal
to 2.5-3.5% of the converter matte weight.

The calculation results were used for
laboratory study.

Laboratory study
The study was performed in vertical
laboratory furnace equipped with a graphite
heater (Figure 7). The installation allows
for pyrometallurgical studies involving gas
bubbling of the melt.

Prepared samples of feed and products
of smelting were studied using instrumental
analytical chemistry (inductively coupled
plasma-atomic emission spectroscopy, ICP-
AES), scanning electron microscopy (SEM)
and electron microprobe analysis (EMPA).
Scanning electron microscope Tescan
5130MM with an INCA microanalysis
system (Oxford Instruments, UK) based
on an energy dispersive spectrometer
was employed. A detailed description of
the equipment and research methods is
presented in [7-9].

At the first stage of testing series the
possible levels of converter matte saturation
with oxygen was studied for the purpose of

313



1
j—t
[ ]
Ly
=
L

5 .,

s 1200 Co,

3 Ceoe

£ 1150 Ge

g

5 1100

‘ 0 2 4

M
itiit..'.‘

Figure 6 — Temperature of the
system (melt inside a converter)
vs silica flux consumption

6

5102 consumption, % of mitial weight of converter

matre

=

o

simulation of high-grade matte obtained
in a converter and not subjected to cooling
with formation of oxide «coat». Saturation
was performed by introducing synthetic
hematite similar in composition to Fe,O; to
the converter matte melt. Crushed converter
matte was loaded into a furnace preheated
to 1300°C with addition of hematite in
amount of 0 - 19,2 % of matte weight. The
melt was hold for 10 minutes periodically
stirred, and then the test specimens were
unloaded and left for air-cooling. Samples of
the converter matte homogeneous surface
and «coat» deposited on the surface were
prepared for SEM-EMPA analysis (Table 1,
Tests No. 1, 2, 3, 3.2).
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Figure 7 — Experimental setup

1 — graphite tube heater;

2 — copper water-cooled current conductors;

3 — water jacket;

4 — electrical insulators;

5 — heat shield;

6 — crucible with melt;

7 — heat insulator;

8 — ceramic (Al,O3) reactor;

9 — thermocouple envelope (thermocouple of the
furnace automatic temperature control);

10 — bottom casing,

11 — Ar feeding tube;

12 — corundum tube (employed for calcine feeding)

Next stage involved usage of the
converter matte saturated with iron oxides
(TestNo.3). Thesilicasand wasadded during
converter matte smelting aimed at removal
of iron oxides from molten converter matte
(Test No.3.2). After the converter matte was
smelted and saturated with oxygen at 1300°
C, a process temperature was reduced to
1150° C, then silica sand was introduced
onto the melt, and the material was hold
at the temperature during 15 minutes. At
the same time short-term argon stirring of
the melt was performed. After 15 minutes
of holding, the crucible with the melt was
removed from the furnace and air-cooled,



Table 1 — Major components of converter matte, wt %

o Amount of addi- C?ntent"
zZ . o, C of Fe203
tions, % of initial o
+ Content, wt % components,
o converter matte % of
2 weight 6 of converter
) matte weight
Fe,Osz SiO, Ni Cu Co Fe S Fe O
1 0 0] 50,8 20,8 113 2,18 23,9 0,00 0,00
1,58 0] 50,5 19,5 112 2,87 23,5 1.1 0,47
3 12,8 0 49,9 19,5 1,03 4,23 22,9 8,92 3,83
31 12,8 0 50,1 19,8 1,00 4,20 22,7 8,92 3,83
41 19,2 0 49,3 19,2 0,94 5,66 21,9 13,43 5,77
3.2% 12,8 4,82 50,7 19,5 1,09 3,04 23,4 8,95 3,80

*SiO, introduced after converter matte saturation with iron oxide

Table 2 — Sections of converter matte ingots

Test 2

Test 1

Test 3 Test 3.2

the slag was separated from the converter
matte and the products were studied.

Tests 3.1 and 4.1 were carried out in
high crucibles to get clear understanding of
ingot in-depth distribution of magnetite. A
weight of converter matte obtained during
these tests amounted to 40 grams. Other
tests were conducted in wide crucibles, and
the weight of produced converter matte was
100 grams.

Table 2 shows images of converter matte
sections after cooling at a about 50 degree/
min.

Investigation results indicated, that
introduction of hematite («Fe,O5») into the
molten converter matte, which transformed
into magnetite under smelting conditions
caused formation of slag-foam layer
(highlighted in red) similar in structure to
the layer that forms at surface of converter
matte ingots. At the same time addition of
«Fe,05» in amount of 12,8% by weight of
converter matte caused distribution of slag-
foam layer over large portion of the ingot.

Silica additions promote removal of
iron oxide into forming slag melt. Surface
tension of converter matte melt increases
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(contact angle between converter matte
and crucible changes) and converter
matte almost restores its initial low-iron
composition (Table 1).

Based on EMPA analysis of samples
1, 2, 3 u 3.2 (Table 2), the composition of
the samples obtained with Fe,O; additions
is highly heterogeneous with two clearly
distinguished zones: sulphides (converter

matte) and «oxidized coat». Typical image
of two zones are presented in Figure 8.

Composition and structure of the main
sulphidezone (Typel)correspondstotypical
converter matte. The main components
are nickel sulphide (heazlewoodite
solid solution), copper-based sulphide
(chalcocite-bornite solid solution with

typical hexagonal crystalline structure), Ni-

| — Type 1 zone (sulphides, converter matte),

Il — Type Il zone (“coat):;, 1 —metallic phase, 2 — nickel sulphide, 3 — copper sulphide, 4 — converter matte oxide
phase (magnetite), 5 — silicate component of the «coat», 6 — magnetite component of the “coat”,
Figure 8 — Sample No.2: general view (a) and structure (c)

Table 3 — Average composition of the sulphide zones

Content, wt %

Composition Component
Fe Co Ni Cu O
Blank sample Average composition 23,1 2,1 11 51,9 211 1
(No1, 2) Magnetite 0,1 64,2 1,6 6,2 0,6 27
12,8 Fe,Os Average composition 22,5 3,3 1,0 50,3 21,8 1-2
(Test 3) Magnetite 0,2 66,9 1,0 41 0,6 27
12,8 Fe;0z4,8% Average composition 22,2 3,7 0,9 51,0 21,0 1-2
(Tessltoé.z) Magnetite 0,7 66,5 11 51 1,0 25

Table 4 — Average «coat» composition

Content, wt %

Composition Component
Na Mg Al Si S Ca Fe Co Ni Cu O
Average
12,8 Fe,05 composition 0,1 - - 02 39 03 565 - 13,4 36 22
(Test 3)
Magnetite - - 0,1 - 0,1 - 668 13 45 01 27
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based metallic phase. Traces of nickel-iron
sulphides and micron phases of metallic
copper are also presented. Volume fraction
of magnetite, which accumulates the major
oxygen content of the converter matte,
amounts to approximately 1-1,5 vol. %.
Overall oxygen content of the converter
matte is about 1-2 wt %. Table 3 provides
average composition of the converter matte.

«Oxidized coat» zone (Type II) with
highly heterogeneous composition and
structure differs from main sulphide
zone of converter matte. Table 4 shows its
approximate average composition. Major
components are magnetite granules, silicate
components with variating composition,
and converter matte inclusions both in
form of multiphase zones and as separate
structural components.

Conclusion

Based on laboratory study, a process of
coagulation of the 27 stage converter slag
with silica flux additions prior to converter
matte tapping proved its efficiency in
reducing the iron content of converter matte
by approximately 1 wt %. Therefore, the
target converter matte can be «underblown»
to keep cobalt inside of converter matte.
The iron excess and required iron content
are achieved by additions of silica flux to
converter matte.

Such converter matte low in metal oxides
and, thus, with reduced oxide layer, will
facilitate downstream floatation separation.

Based on the study results it is
recommended to conduct on-site pilot
testing of silica flux additions during Cu-
Ni converter matte cooling at Nadezhda
Metallurgical Plant.
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