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Processing of metal fraction by chlorination
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Abstract. The growth in the capacity of enterprises for hot-dip galvanizing of steel products has led to the formation of
large volumes of waste, which accumulate and store, occupying large areas. Further use and processing of ash is constrained
by the increased content of Pb, Fe, Cu and other impurities in it, as well as the lack of rational processing technology. In this
work, based on the thermodynamic analysis of the reactions of interaction of impurity metals with chlorinating reagents
(CaCl,, NH4CI), the possibility of obtaining pure zinc in the process of melting the metal component of the ash is shown. It has
been established that the values of the Gibbs free energy (AG°T) of the reactions of interaction of metal-impurities with am-
monium chloride in the temperature range 400...550°C are four times higher than the values of AG°T of the reactions of inter-
action of metal-impurities with calcium chloride. It is shown that the use of NH4CI as a chlorinating reagent destroys the zinc
oxide film covering the surface of small drops of metallic zinc and creates favorable conditions for their enlargement. This
increases the yield of zinc to the liquid metal. The influence of the consumption of CaCl, and NH4Cl on the sublimation of lead
and iron from a metallic liquid bath of zinc in the form of chlorides has been studied. It was found that when the metal compo-
nent is melted together with a consumption of 2% NH4CI based on the weight of the initial sample, the minimum content of
lead and iron in liquid zinc is achieved: 0.06% Pb and 0.01% Fe. The optimal technological parameters for melting the metal
component of the ash together with NH4Cl were determined: temperature of experiments 450°C; melting time 60 min; con-
sumption of NH4CI - 2.0% of the weight of the original sample.

Keywords: dross, zinc, zinc oxide, calcium chloride, ammonium chloride, Gibbs energy, temperature, consumption of rea-
gents, impurities.
1. BBez[e}me TEPUCTHUKU XJTIOPUAOB MCTAJIJIOB KaK HHU3KAA TEMIIEpATypa UX
IUIaBJICHU, BBICOKAsA JICTY4YCCTb U PACTBOPUMOCTH B BOIC
MO3BOJIAKOT BOCCTAHABJIMBATHL LCHHBIC MCETAJJIbI U3 Pa3JIA4-
HBIX OTXOJOB B BHJE WX xJopuaoB [8, 9]. [To ypoBHIO crox-
HOCTHU (I)OpMI/IpOBaHI/ISI XJOPHUJI0OB METAJUIOB U PaA3INYUAd UX
CBOﬁCTB, METAJJIBI MOYKHO CCJIEKTUBHO XJIOPHUPOBATH U BO3-
TOHATH, KOHTPOJIMPYSI TEMIIEPATypy pPEaklud M JaBJICHUE
MapoB NMPOJYKTOB, y4acTBYIOMMX B peakuuu [10, 11, 12].

B HacTosmeit paboTe mpeacTaBIeHBI pPe3ysbTaThl BOC-
cTaHOBJIeHUS MeTauioB-ipumecei (Pb, Fe u np.) u3 meran-
JIMYECKOW YacTH n3rapu myrem €€ IUIaBKh COBMECTHO C
CaCl, u NH4Cl. IlpuBeneHbl pe3yabTaThl KOMIUIEKCHBIX
I/ICCJ'IC,I[OBaHI/Iﬁ N0 M3Y4YCHUIO BJIMAHUA paACXOJad XJIOPHUPYHO-
IIMX peareHToB M Temmneparypsl Ha nosexenue Pb, Fe, Ni,
Cu, Cd B yCcIOBUSX TUIaBKH.

B HacTosmiee BpeMsi Ha MPaKTHKE IUPOKO HUCTIONB3YIOT-
Csl MUPOMETAJUTYPTHUYECKIE CIIOCOOBI TIepepadOTKU M3TapH C
MoJIyYeHWeM MeTajuindeckoro nuHka [1, 2, 3]. B mocnennue
TOJbl PA3BHBAIOTCS M TUAPOMETALTYPTHUYECKHE CHOCOOBI
nepepaboTku usrapu [4, 5, 6].

K ognomy u3 sddekTuBHBIX cIOCOO0B mepepaboTKU U3-
rapyu MOKHO OTHECTH TPEBAPUTEIHLHOE pa3JielieHue MeTal-
JIMYECKOM M OKCHUJIHOM 4YacTH M3rapu C JajibHeWend pas-
JIeNBHON TIepepaloTKOi Kakaoi u3 Hux. Tak, B pabdore [7],
MeTaJUIn4YecKasi YacTh MOJBEPraiach IUIAaBKe B HHIYKIIMOH-
HOW TIEYM TOJ CIOEM XJOPHCTOIO aMMOHHUS M JIPEBECHOTO
yrost. [lomyganu muHK cienyromero cocrasa, %: 95.9 Zn;
1.54 Pb; 0.9 Fe; 0.4 Cu. OkcuaHas yacTh U3rapi HojBepra-
nack o0xwury mpu 800-900°C ¢ monmydeHHEM OKCHAA ITHHKA,
KOTOPBIA B JajibHEHIIIEM MCIOJIB30BAJICS AJISI IPOU3BOJICTBA
O6emun. BBumy Beicokoro coxaepkanms cBuHIa (1.2 %) u
xenesa (0.95 %) B usrapu, LMHKOBBIE OEJHJIa TOJyYalHCh

2. MeToabl M1 MaTePHAJIbI

ITonroToBka 06pasoB K XUMHYECKOMY aHAJHM3y IPOBO-

HU3KOTO KadecTBa. [IpeasioskeHHbI CITOcO0 MpeacTaBIIsIeTCs
b dexTuBHBIM. TeM He MeHee, eclii METALTHIECKYIO 4acTh
MO>XHO HMCIOJIb30BaTh BTOPUUHO B MPOLIECCE TOPSUErO LIHH-
KOBaHHS M3ACTHA, TO U3bICKAHUE ITyTel mepepaboTKH HeMe-
TaJUIMYECKOM, OKCUIHOM YacTu u3rapu, cojepralieil 3Hauu-
TenbHBIe KonmdectBa Pb, Fe, As, Sb u npyrux mpumecei,
TpeOyeT MPOBEJCHUS JOTIOTHUTEIEHBIX HCCICIOBAHMIM.
Bonpmoit uHTEpEC 11 IepepadOTKU U3rapH MPEICTaBIIs-
€T WCIIOJIb30BAaHKE XJIOPUPOBAHMS METAJLIOB. Takue Xapak-
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JTAIIACch CIIeAyIomuM obpasom: 10 Mr Marepuana pacTBOPSIH
B 65% (00.) a30THOW KHCIIOTE, MOCJIE YEeTo MPOBOJIMIIN aHa-
3. CozepkaHue mpuMmeceil XapakTepu30Bald ¢ MOMOIIBIO
aTOMHO-2a0COpPOIIMOHHOTO CHEKTPOoPOTOMETpa ¢ TpaPUTOBOU
kamepoi cropanus (Perkin Elmer 5100).

Kaxxnas moxydeHHas mociie OmnbITOB Ipo0da noasepranach
9JIEMEHTHOMY COCTaBYy JBaKAbl. KOHEYHBIH 3JIEMEHTHBIN
COCTaB OMNpENEISUTM MCXO/s W3 CPEJHEro 3HAauyeHHs, MOIy-
YEHHOTO M0 Pe3yJIbTaTaM JIByX HE3aBHCUMbIX H3MEPEHHH.
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Jlnst mydinero NOHMMaHMS M YTOUHEHHS! MEXaHHU3Ma XJIO-
PHUPOBaHMS METAIIOB-TIPUMECEH MPOBEICH TEPMOANHAMUYE-
CKHii aHamm3 peakiuii nx B3aumoeiicteust ¢ CaCl, u NH4CI.
OCHOBHOM yHnop clelaH Ha U3ydeHHe MOBEJEHHs CBHHLA U
JKene3za NMpU HU3KOTEMIepaTypHOM IUIaBKe MeTalIMYecKon
(paky U3rapu COBMECTHO C XJIOPHIOM KaJIbIMsl M XJIOpH-
JIOM aMMOHHUSI.

OreHKa BepOATHOTO HaNpaBJIEHHs peakIuii MpOBOUIACH
M0 W3MEHEHUIO TEPMOAMHAMUYECKUX BEJIUYMH CHCTEMBI.
PacueTpl TepMOAMHAMUYECKOTO aHANW3a INPOBOJWINCH C
YYeTOM 3aBHCHUMOCTH cBOOOmHOM sHeprun [mbbca peakumit
OT TEMIIEPATYPBI.

IIpu pacuerax sHeprun ['m66ca (AG°T) HCKOMBIX peak-
LU 3a CTaHJApPTHOE COCTOSTHUE METAJJIOB U UX COEMHEHUN
NPUHATO YHUCTOE >KHIKOE BemecTBo. [l ra3zoo0pasHbIX
COEJMHEHUH, MoJlyuyaeMbIX B pe3ylbTaTe peakiuil, 3a CTaH-
JapTHOE COCTOAHUEC IPUHATEI T'a3bI.

B pacyeTax MCIOJIb30BaHbI CHIPABOYHLIC JaHHBIC U3 pa-
60t [13] u Beb-caitta NIST-JANAF Thermo chemical Tables
(http://Kinetics.nist.gov/janaf).

TepMoanHaMUUYECKHE pacyeThl MPOBEICHBI C HCIOJB30-
BaHMEM CIICIHAJIbHON NPOTPaMMBI, pa3pabOTaHHOI aBTOpa-
MU paboTEHI.

3. Pe3yasTaThl 1 00Cy:KIeHHE
3.1. TepmoanHAMUYeCKHii aHAIN3 PeaKIUil B3auMo/1eli-
CcTBHA CBHHIA M Kejte3a ¢ CaCl.

OO0uii MEXaHU3M IUIABKH METAJUIMICCKOHN 9acTH H3raph
coBmecTHO ¢ CaCl, onmmchIBaeTCSI CHCTEMOM peaKIInii:

Zn + CaCl,+ 0,50,=ZnCl, + CaO,

AG°r =-252,97 + 0,093%T, k/forclmons (1)
ZnO + CaCl,=ZnCl, + CaO0,

AG°r = -108,803 - 0,021<T, k/{ocImons 2
Pb + CaCl;, + 0,50, = PbCl, + CaO,

AG°t = -35,21 - 0,052xT, x/oc/monw 3)
Fe + 1,5 CaCl, + 0,750, = FeCl; + 1,5Ca0O,

AG°t =-173,1 + 0,155%T, x/[oic/monw 4)
ZnCl; + Pb + 0,50, = PbCl, + ZnO,

AG°r =-137,09 - 0,039xT, x/orc/mone (5)
3ZnCl; + 2Fe + 1,50, = 2FeCl3 + 3Zn0,

AG°r = -651,85 + 0,35%T, x/[oic/mons (6)

3aBHCHMOCTh W3MEHEHHS CBOOOJHOHN »Heprun [ mbOGca
peakuuit (1)-(6) oT TeMmepatypsl oka3zaHa Ha pucyHke 1.

150,00

50,00
-50,00

-150,00

AG, k/monb

-250,00

-350,00
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Pucynok 1. 3agucumocmso c60600noii snepzuu I'uooca peak-
yuii (1)-(6) om memnepamypol

BunHo, 9TO BEpOATHOCTH NMpoTekanus peakimi (1)-(6), 3a
UCKJTIOYEHHEM peaknnu (2), BO BCEM HCCIECIOBAHHOM TEMIIe-
patypHoM uHTepBasie 673...823 K (400...550°C) Brbicoka, u
COTMPOBOXKIACTCS POCTOM 3HAUCHHH CBOOOIHOW SHEPrUU
I'n66ca c MoBHIIIEHUEM TeMIIEPaTyphl.

Kak BugHO Ha pHCcyHKEe 1, B YCIOBUSX OKHCIHTEIBHOM
aTMoc(ephl IIABKU METANTMYECKUN ITUHK, CBUHEI] U JKEJIe30
MOT'yT BCTymats BO B3aumojeicteue ¢ CaCly mo peakuusm
(1), (3), (4), COOTBETCTBEHHO, C O00Opa30BaHUEM JIETKOJIETY-
qux xmopumoB (MeCly). DT1o moarBep:KmaeTCs BBHICOKMMH
3HAYCHUSAMH cBOOOAHOM 3Hepruu [mO0ca mpu Temmeparype
mwraBku 450°C, koTOpble COCTaBISAIOT: it peakuuu (1),
AG®y) =-185.73 k/x/moms; s peakuuu  (3), AG°@m) =-
7281 x/Ix/mMone  u gt peakumu  (4), AG°w=-
61.04 x/I>)x/mMons. 3HaueHHMs CcBOOOMHON sHeprum [ubOOca
peakiuu (1) B TemmepatypHom unTepBaie 400...550°C
UMEIOT OoJiee OTpULIATENbHBIC 3HAYCHHS, YeM Ul PeaKiHii
(3) u (4), 4TO CBHUAECTENBCTBYET O MPEANOYTUTEIHLHOCTH
npoTexaHus peakiu (1).

Ob6pasyromuiics mo peaknud (1) XJIOpUI HUHKA MOXKET
BCTYIIaTh B aKTHBHOE B3aMMOJICHCTBHE CO CBHHIIOM W JKeJle-
30M 10 peakuusaMm (5) u (6). BeposTHOCT MX HpOTEKaHUS
3HAYHUTENHHO BHIIIE, YeM TPSMOE B3aMMOJCHCTBHE CBHHIA U
Kenme3za ¢ XJopuaoM Kanmeius (peakiuu (3), (4), cooTBeT-
CTBEHHO). 3HaueHns1 cBoOomHOW sHeprum [mOOca peaxumit
(5), (6) B ycnoBusx mnaBku (450°C) cocrasistor: AGs) = -
165.29 x/Ix/mone u  AG°e) = -398.8 k/x/Monb, COOTBET-
CTBEHHO, YTO IMOYTH B JBa pa3a OoJjblie 3Ha4e€HHs CBOOO-
HoW 3Hepruu ['ub6ca peakimu (3) u B mects pas (o abdco-
JIFOTHOH BEeUUYKHE) OOJIbIIe 3HAYCHUH peakiyu (4).

Takum 00pa3oM, TIOTyYIEeHHBIC JTaHHBIC CBHICTEIHCTBYIOT
0 TOM, YTO TPH IUIABKE METaJUTMIECKOW YaCTH H3TapH C JI0-
OaBreHIEM XJIOpUIA KaJIbIHA MEXaHU3M IIpoIecca XJIOPHPO-
BaHUs BHaYalle BKIIOYaeT (OpMUPOBAHHE XJIOPH/A IIMHKA IO
peakmmu (1), U, ganee, BOSTOHKY XJIOPUAOB CBUHIA H KeJle-
3a, 00pa3yIoNINXCcs B pe3ylbTaTe MPOTeKaHus peaknuil (5) u
(6). YcTaHOBJIGHHBI MEXaHHU3M IOKA3bIBAET BO3MOXHOCTH
paduHUpOBaHKS METAIIIMYECKOTO IMHKA OT CBHHIA U JKelle-
3a C UCIIOJIb30BAHUEM XJIOPH/IA KaJbIIHS.

C mpaKkTHYEeCKON TOYKH 3PEHUS MPH OpraHU3aluy IUIaB-
KA METaJLIMYECKOH YacTH M3rapu COBMECTHO C XJIOPHIOM
KaJbIUsl HEOOXOJUMO CJIEIUTH 33 MOJA00POM ONTHMAIBHOTO
pacxona CaCl,, koTopblii, B IEpBYIO OUepe/ib, J0JHKEH Ompe-
NEIATBCS B 3aBUCHMOCTH OT COJACPKAHHS METaJlIOB-
npumeceit. Bonpioit pacxon CaCl, mpusener k obpasosa-
HUIO HM30BITOYHOIO KOJMYECTBA XJIOPUAA IIUHKA, POCT CO-
JIep>KaHHUsl KOTOPOTO OKa)KeT CYIIECTBEHHOE BIIMSIHHE B CTO-
POHY CHIDKCHUS W3BJICUYCHUS [UHKA B METAUT M KadeCTBO
nojyyaemoro ciurka. Kpome Toro, Ha CHH)XEHHE BBIXOJa
LMHKA B JKUIKUII METaJul CYNIECTBEHHOE BIIMSHHE OKaXKeT
JIOTIOJIHUTENBHO 00pa3yIoILIHiics B pe3yJsibTare MPOTEKaHUs
peakmmii (1), (3) u (4) okcma Kamplus, KOTOPBIA Oymer
HaKaIUIMBaThCsl B METAJNIMYECKOi BaHHe nuHKA. [lepeunc-
JICHHBIC HEJIOCTATKH CYXAaT BO3MOXHOCTH HCITOJB30BAHHUS
XJIOpHU/Ia KaJbIMsI B KAYECTBE pearcHTa JUisi pahUHUPOBAHUS
IIUHKA OT CBUHIIA U JKeJe3a.

3.2. TepmoanHAMAYECKHIT AHAJIN3 MOBEIEeHUS] CBHHIA H
JKejie3a MpH MJIaBKe MeTAaLIMYeCKOi YacTH U3rapu COB-
mectHo ¢ NH4ClI

Jl1st onucaHust 0OIEro MeXaHW3Ma IUIaBKM MeTajllnde-
ckoit wactu msrapu coBmectHo ¢ NH4Cl usyuena cucrema
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peakiuii, onuChIBaIONIasi B3aUMOJCHCTBUE IIMHKA M METal-
JIOB-TIpUMECeH C XJIOPHUAOM aMMOHHSI.

Zn + 2NH4Cl + 0,502 = ZnCl2 + 2NH3t + H201,

AG°t = -40,73 + 0,308%T, x/[oc/mons @)
ZnO + 2NH4CI = ZnCl; + 2NH31 + H,01,

AG°t = 286,38 - 0,543xT, x/{orc/monw (8)
Pb + 2NH4CI + 0,50, = PbCl; + 2NH31 + H,01,

AG°r = 149,28 — 0,581xT, k/[oc/monw 9)
Fe + 3NH4CI + 0,750, = FeCl3 + 3NH31 + 1,5H,071,

AG°r = 103,64 - 0,639xT, kloc/mons (10)
PbO + 2NH.Cl = PhCl; + 2NH371 + H,01,

AG°r = 182,835 - 0,505xT, x{oc/monns (12)
Fe,O3 + 6NH4CI = 2FeCl; + 6NH31 + 3H071,

AG°r = 1025,31 — 1,549%T, klloc/mons (12)

3aBucuMOCTh yOBITH CBOOOIHOM »Heprun [mbb6ca peak-
it (7)-(12) oT Temmepatypsl oKa3aHa Ha PUCYHKE 2.

Kak BHIHO Ha PHUCYHKE 2, BEPOSATHOCTh NMPOTCKAaHUS pe-
akiuit (7)-(12) Bo BceM HCCIENOBAaHHOM TEMIIEPATypHOM
uaTepBane 673...823 K (400...550°C) BeICOKa, W COMpO-
BOJKIAETCSl POCTOM 3HaueHHH cBOOOIHOM sHepruu I'mb6ea ¢
MOBBIIIEHHEM TeMmneparypbl. OTpulaTeNbHbIE 3HAUYCHHMS
cBoOomHOM 3Hepruu ['mbbca mist peakuuit (7), (9), (10)
HAMHOTO TIPEBBINIAIOT AHAJIOTUYHBIE 3HA4YEHHsS CBOOOIHOM
sHeprun ['m00ca, yCTaHOBICHHBIC IJISI ClIydyas B3auMOJICH-
cTBUsI IIMHKA U MeTauioB-mpumeceit ¢ CaCly mo peakuusim
(1), (3), (4). OTo yKa3pBaeT Ha BHICOKYIO 3()(HEKTHBHOCTH
padMHUPOBAHUS LIMHKA OT CBHHLA M JKelie3a XJIOPHIOM aM-
MOHHSL.
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Pucynox 2. 3asucumocme ceo6oonoii nepeuu I'uobca peax-
yuii (7)-(12) om memnepamyput

Bricokue oTpumarenbHble 3HAYCHUS CBOOOIHON dHEPTUH
I'n66ca peakuuii (9), (10), cocraBisiomue B yCIOBUSX IUIaB-
ku, AG®g) = -270.78 xJlx/Moinb, AG10) = -358.36 x/x/Moib,
CBHJIETEJIILCTBYIOT O BO3MOXKHOCTH TJIyOOKOW BO3TOHKH
CBHMHIIA U JXeJie3a B BHJE XJIOPHJOB U3 BaHHBI PACIUIABIICH-
HOTO LIMHKA.

XapakTepHOH OCOOEHHOCTBIO PacCMaTpUBAEMOM CHCTe-
MBI SIBJIS€TCS OOJIbIIas BEPOSTHOCTh MPOTEKAHUS PEaKIHid
(8), (11), (12) — B3ammomeiiCTBHS OKCHIIOB IMHKA, CBUHIA U
’Kenesa ¢ XJIOPUIOM aMMOHHS, Yero He ObUIO YCTAHOBJICHO B
ycroBusix mwiaBku coBmectHo ¢ CaCly, B cruty momoxuresns-
HBIX 3HAYCHUU CBOOOMHOM sHepruu ['mbOca st aHAIOTHY-
HBIX peaknui. 3HaueHust cBoOOmMHOW 3Heprum [ 'nbbca mis
peaxuwmii (8), (11), (12) B ycnoBusix Benenus miasku (450°C)

COCTABJISIIOT: AG°@ = -106.21 x/{x/MoIb,
181.76 x/Ix/momb, AG12) = -94.62 xJ{/MOb.

Oco0oro BHUMaHHS 3aCIIy>KUBAe€T BO3MOXKHOCTh IPOTE-
KaHus peakiuu (8). B yclIoBUsX IUIaBKU MEJIKHE Kalljiu Me-
TAJUIMYECKOTO IIMHKA IOKPBIBAIOTCS OKCHIHOM IUICHKOH,
KOTOpast 3aTpyJHIET KOAJIECIEHIIUIO MEIKHUX Kalelb MeTaj-
Jla ¥ TeM CaMbIM CHIDKaeT 3()(EeKTHBHOCTH (OPMUPOBAHUS
MeTanIM4eckod (a3l IMHKA. B pesynbraTe NpoTEeKaHHs
peakuu (8) MPOUCXOTUT pa3pylIeHHE OKCHIHOH IIICHKH,
YTO IIOBBIIIAET CKOPOCTh YKPYIHEHUS MEJKHX Kalledb |
o0Opa3oBaHHUE KUIKOW METATHISCKOH (ha3bl IIITHKA BBICOKO-
ro kadecTBa. OOpa3yromuiics mo peakunu (8) XJIOpHI IUHKA,
TaKke Kak U B ClIydae ¢ XJIOPHIOM KalblHs, BCTyIas BO
B3aUMO/ICHICTBUE CO CBUHIIOM M KeJIe30M Mo peakuusMm (5),
(6), OyzeT crmocobcTBOBATH 00JICe NTYOOKOW OUUCTKE IIUHKO-
BOW BaHHBI 32 CYET JONOJHHUTEIHHOW BO3TOHKHM CBHHIA U
xKenesa.

Hcxozast U3 pe3ysnbTaToB TEPMOAMHAMHYECKOTO aHAIIN3a,
MOHO 3aKJIFOYHTh, YTO MCIIOJIB30BAHUE XJIOpUAa aMMOHUS B
YCIOBHAX IUIABKH METAUIMYECKOH 4YacTH wu3rapu Ooiee
NPEIIOYTUTENFHO, YeM MPUMEHEHHEe XJopHuiaa Kajplusi. B
YCIIOBHAX IUTABKM METAJUINYECKOW YacTH M3rapH COBMECTHO
¢ NH4Cl crenyer oxxunate HOBBIMICHHS CKOPOCTH PEaKIH
B3aMMOJCHCTBHS METAJUIOB-TIPHMECEH € XJIOPHIOM aMMO-
HHS, 9TO YCWIUT 3(deKT padHMHUPOBAHUS PACILIABICHHON
MeETaJJIMYSCKONM BaHHBI IIMHKa OT CBHHIIA M XKeEJe3a. HpI/I
9TOM JId KaXXJ0TI'0 KOHKPETHOI'O Cily4das IJIaBKU HeO6XOJII/I-
MO DJKCIICPUMEHTAJIbHBIM NMYTEM YCTaHABJIMBATHL ONTHMAJlb-
HBIH pacxo] XJIOPHUJa AMMOHHUSL.

AG°uy) = -

3.3. UccnenoBanue Bimsinus pacxoaa CaClz u NHsCl na
nosenenue Pb, Fe npu miiaBke

JIyisl TEXHOJIOTMUECKHX OIBITOB B KaueCTBE HMCXOJHOTO
MaTepHajia HCIOJIb30BaHa YCpeOHEeHHas mpoba MeTaynde-
CKOHM COCTaBIIAIOLIEH, BBIACICHHON U3 U3rapu B KOJIMUYECTBE
50 1, ¢ cogepxanuem 0.8% Pb u 0.22 %Fe. B mpoBeneHHbIX
OTBITaX M3YYEHO BIHMSHHE Pacxojia XJIOPUPYIOIIHMX pearcH-
toB (CaCly, NH4Cl) Ha moBenenue npumeceii npu riaBke.

VYcraHOBKa IS TUIAaBKU METAJUTMIECKOHN (ppakInu U3rapu
C TOJTyYCHHEM METAILTMYECKOTO CIIUTKA IIUHKA CMOHTHPOBA-
Ha Ha 0a3e yHHBepcalbHOM TpyOuaroii neun Nabertherm RT
50-250/13, moka3aHHOM Ha pUCYHKE 3.

Mertanmuaeckas Gppakius, MpeIBapUTEIFHO BEIICICHHASL
u3 m3rapy, B kKosmdectse 50 T cMeIMBaiIach C Pa3IUYHBIM
pacxomom xjopupyromux peareHroB (CaCly,, NH4Cl), u
MmoJIBeprajiach IJIaBke B J1a00paToOpHON MydenbHOU 3Iek-
tporeun Nabertherm RT 50-250/13. CkopocTh HarpeBa neyu
- 10°C/mun. Pacxon pearentoB mensuics ot 0.5 mo 3% or
Beca HMCXOJHON HaBeCcKHW. Temmeparypa IUIaBKH BO BCeX
ompiTax Obuta mocTossHHOW 450°C, TPOAOIKHTEIEHOCTH
omnbiToB 60 MUH. [[)1s1 CO3aHUsI OKHCIUTENBHOM aTMOChephI
B IIeYb MOJABaIM BO3AYIIHOE ayThe. [0 McTeueHnu 3aaaH-
HOTO BPEMEHH IIIABKM THIellb C MAaT€pPHAJIOM BBIHUMAIH U3
MeYH, OXJIAXKAAIN U OTACISIIM METAIUINIECKUH [IMHK.

MeToarKa IPOBEICHHBIX OIBITOB 3aKJII0Yalach B CIEAy-
omeM. B anyHJIOBbIN TUrebh 3arpyXajil UCXOJHYIO HaBec-
KY, COCTOSIIITYIO U3 METAJUIMYECKOH (ppakIiu U3rapu u XJo-
pupyromero pearenra. Jlajgee Turens ¢ HaBeckoi (9) 3arpy-
Kall B KBapueBblil peaktop (7), KOTOPBHIM HOMEIIaIH B
anekTporneds (8). KBapIieBblid peakTop 3aThIKAIICS PE3UHOBON
poOKoii (6), CHA0XKEHHOW TBYMS OTBEPCTUSMU: OJIUH — JJIs
MOJAa4YM BO3IYIIHOTO IYThs, BTOPOM — JJIsl OTBOJA OTXOJS-
KX Ta30B U3 30HBI PEaKINU.
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Pucynox 3. Cxema ycmanosku 0is NIa6Ku MemaiiudecKkoil
dpaxyuu uszapu coemecmno ¢ CaClz u NH4Cl: 1 — 6annon ¢
6030yxom; 2 — 2a3oevlii éeHmub; 3 — 2a3o6vlii pedykmop; 4 —
pomamemp PM-I'C/0.04; 5 — anynoosas mpyoka ons nodauu
2aza; 6 — npooka c 600AHBIM oXnaxyCOeHUeM; 7 — Keapueswlil
peakmop; 8 — neur Nabertherm RT 50-250/13; 9 — muzens c
Haeseckoii; 10 — cocyd 0na noznowenus 2a3oe

C MOMeHTa BKIIIOYCHHS MMeYH OTKPBHIBAJICS TA30BBIH BEH-
b (2) u penykrop (3) Oamiona ¢ BozmyxoMm (1). Jamee
yepe3 allyHIOBYIO TPyOOUKy amameTrpoM 6 MM (5) HaunHa-
Jach 1mojayda BO3JyXa B KBapLEBBIH PeakTOp C IOCTOSHHBIM
ero pacxomom 100 mu/mun. KoHTposb pacxoma KuCIopona
OCYIIECTBISUTH ¢ TOMOIIB0 portamerpa PM-I'C/0.04 (4).
Otxoasuye ra3pl yJIaBiMBalId B CIEIHUAILHOM COCYIE I0-
riomenus (10).

3aBUCHMOCTbh M3MEHEHHs COJepKaHHs CBHHIA M XKeJe3a
ot pacxozaa CaCl, noka3zana na pucyske 4.
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Pucynok 4. Bausnue pacxooa CaClz na cooepicanue ceunya
u Jicenesa 6 HCUOKOM YunKe

VYcranosieHo, uro ysenuuenue pacxoma CaCly Bemer k
CHIDKEHHIO COZCpIKaHUs CBUHIIA U JKeJIe3a B KHUIKOM METal-
ne. Haumensiee conepxanne ceunna (0.19% wmacc.) u xe-
neza (0.1% wmacc.) nocTMraercs B YCIOBHSX —pacxoja
CaCl, = 3% or Beca ucxoHo#t HaBecku. [Ipu 3TOM Xapaktep
KPHBOH M3MEHEHHsI COJICPKAaHUS CBHHIIA B HHTEPBAJIC pOCTa
pacxona CaCly or 0.5 1o 1.5% oT Beca MCXOAHOU HABECKU
BBIpaKeH Goiee kpyTo. MansHeimmii poct pacxona CaCl, na
COJIepKaHNE CBUHIIA OKA3bIBACT JIUIIb HE3HAYNTEIHHOE BIH-
siHue (PUCYHOK 4).

B ciyuae ¢ xenesom B mHTepBaie pocra pacxoma CaCly
or 0.5 mo 1.0% ot Beca MCXOAHOM HABECKHM HaOJIOAETCS

pe3Koe CHIDKEHHe, U Jajee, YPOBEHb COAEPIKaHUS Kele3a B
JKUJIKOM MeTallIe TPAKTHYECKH OCTAeTCS HEW3MEHHBIM U
cocrasnset ~0.1% macc.

[TonyueHHbIE pe3ysIbTaThl U YCTAaHOBJICHHBIE 3aKOHOMEP-
HOCTH XOpOIIO COIJIACYIOTCSI C BBIBOJAMH TEPMOJMHAMHYE-
ckoro aHainmza. B ycnmoBusix Bemenus miaBku (450°C) B
unTepBaie pocta pacxoga CaCly or 0.5 go 1.5% ot Beca
WCXOZHOW HAaBECKH, B IEPBYIO OYepeib, HAYMHACTCS WHTCH-
CHUBHOE B3aMMOJCHCTBHE KUIKOTO IIMHKA C XJIOPUIOM Kab-
s 1o peaknuu (1), 0 9eM CBHICTEIHCTBYET BRICOKOE OTPH-
aTeIbHOe 3HAUeHHe CBOOOHOM »Heprun I nbbdca, AG®y) = -
185.73 x/I)x/momnb. [Ipsimoe B3aMMOICHCTBUE CBUHIA U JKe-
ne3a ¢ CaCl, mo peakuusim (3), (4) 3aTpyAHCHBI, BBHIY HH3-
KX 3HaYCHHUH WX CBOOOMHOI sHepruu ['mbOca, yeM y peak-
uu (1). Ilpu aTOM cieyeT 0XXuaaTh YCUICHUS! POTEKaHMs
peakimii (5), (6), 0 YeM CBUACTENLCTBYIOT OOJIBIINE OTPHUIIA-
TEJbHBIC 3HAYCHUS CBOOOMHOM sHepruu ['mbOOca 3THX peak-
i npu temrneparype miaBku: AG°s) = -185.73 kJlx/Mob;
AG°g) = -185.73 k/[x/mob. B pe3ynbraTte OCHOBHOE CHIDKE-
HHUE COJEpKaHMs CBHHIA W Kelie3a IMPUXOANUTCS Ha Hadallb-
HbII nepuo nobasienus u pocrta pacxoaa CaCly no 1.5% ot
Beca UCXOJHOW HaBecku. JlanpHeiimmii poct pacxoma CaCl
Ha CHIDKCHHE COJCp)KaHWS CBHHIIA U JKeJe3a BIMSHUS HE
OKa3bIBAaCT, BBUAY MAaJIOTO OCTATOYHOTO WX COACp)KaHUS B
JKUJIKOM IIMHKE W Cliajja CKOPOCTH MPOTEKaHUs peakuuit (5)
u (6). IIpu atom Gombmioit u3dsiTok CaCly (poct Gonee uem
2% OT Beca MCXOJIHON HABECKH) JIMIIb YBEIUYUT COJEpKa-
HHE XJIOpWJa IIMHKA, YTO CHHU3HUT BBIXOJ LIMHKA B YKHIKHH
Metawl. Heckosibko WMHasi KapTUHA HaONIOAaeTcs B cCllydae
IJJABKU METAJUIMYECKON COCTAaBIIAIONICH C XJIOPUIOM aMMO-
HUsL (PUCYHOK 5).
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Pucynok 5. Bausnue pacxooa NHaCl na codeprcanue ceunua
U Jcene3a 8 HcUOKOM YUHKe

Kak BumHO Ha pHCYHOK 5, HauOonbIuil 3P PeKT cHIXe-
HHSl COIEp)KaHHs CBUHIA W JKele3a HaONIoJaeTcs yxe NpH
Huzkux pacxogax NH4Cl (ot 0.5 mo 1% oT Beca ncxoaHoi
HaBeckd). B 3TOM yuacTke xapakTep KpHBOH H3MEHEHHs
COJIepKaHUsl CBUHIIA M JKeJe3a B 3aBHCUMOCTH OT pacxojna
NH4Cl Boipaxken Goiee SIpKO, 4e€M B Cliydae ¢ J0OaBICHHEM
CaCl,. Herpyano BuaeTh u 00Jiee pe3KOE CHUKEHHE COJIEP-
JKaHWs CBUHIIA U KEJIE3a IO CPABHCHUIO C UX COACPIKAHUAMU,
nonyuyennsivu nipu aBke ¢ CaCly. Tlpu pacxome NH4CI
paBHOM 0.5% OT Beca MCXOTHON HABECKH COJEp)KaHHE CBHH-
na u xenesa camxkaercs ¢ 0.8 10 0.3% u ¢ 0.2 go 0.1%, coot-
BeTCTBeHHO. [lpu ananmormuneix ycioBusix pacxoma CaCl;
cHmwxeHue cocrapisieT: ¢ 0.8 1o 0.7% u ¢ 0.2 1o 0.18%. Io-
Jy4CHHBIA Pe3yJIbTaT MOATBEPXKIACT BBHIBOIBI TEPMOAUHAMH-
YECKOr'o aHaJlM3a M CBHICTEILCTBYET 0 Oojee 3(h(heKTHBHOI
OYMCTKE LIMHKA OT CBMHIIA U JKeJIe3a XJIOPUAOM aMMOHHUSL.
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B ycioBuAX BeIEHUS IUIABKU BEPOSTHOCTH NPOTEKAHHS
peakIuii MeXy PaCTBOPEHHBIM B XXHIKOM LIMHKE CBHHIIOM,
JKEJIE30M M MX OKCHJIAMH, a TAKXKE METAUTMYECKOTO IIMHKA U
ero okcuaa ¢ NH4Cl ouenp BbicOKa, O 4eM CBHICTEILCTBYIOT
OoJIbIIME OTpPUIATENbHbIE 3HAYEHUs CBOOOIHON JHEPruu
I'm606ca peaxumit (7)-(12). Breicokas BeposSTHOCTH B3aUMO-
JeicTBUS OKcHAOB cBHHI@E, xeie3a ¢ NH4Cl ycumuBaer
3¢ QeKT UX BO3TOHKH B BHJIE XJIOpHIOB. [IpoTekanne peax-
i (8) COCOOCTBYET pa3pyIICHHIO OKCUIHOW TICHKH IHH-
Ka, TOKPBIBAIONIEH MOBEPXHOCTh MEJIKHX Kallellb METallu-
YECKOr0 I[MHKA, W CO3MAeT ONaronpusATHBIC YCIOBHS A X
YKpYNHEHUsl. OTO YBENWYMBACT BBIXOJ IMHKA B JKUIKHH
METaJII.

Veennuenue pacxoga NH4Cl 6onee 2% ot Beca ucxon-
HOHM HaBECKHU CYIIECTBEHHOTO BJIMSHHS Ha CHIDKEHUE COAEp-
JKaHWs CBHHIIA U JKelie3a He OKa3plBaeT. MUHUMalbHBIE 3Ha-
YeHHs COJACP)KaHWS CBUHLA M JKelie3a B METAUIMYECKOM
uueke, paBHbie 0.06% Pb u 0.01% Fe, mocturarorcst mpu
pacxome NHiCl=1.5% ot Beca ucxomHoi HaBecku. Jlaib-
Heliiree yBenuuenue pacxona NH4Cl ma cHimkenue conep-
JKaHUsS CBHHIIA M JKeJe3a CYIIECTBEHHOTO BIMSHHS HE OKa-
3piBaeT. lcxoms W3 pe3ynbTaToOB OINBITOB ONTHMAJIbHBIA
pacxon NH4Cl, HeoOxomumblii i TiIyOOKOW BO3FOHKH
CBHMHIIA ¥ KeJe3a B BHIE MX XJOPUAOB, cocTaBisieT 2% OT
BECa MCXOHON HABECKH.

4., BeIBOABI

1. IlpoBeneHsl 1ab0OpaTOpHBIE OMBITHI IIABKM MeETaJUIU-
YECKOM COCTaBJIOUICH, IOIYyYEHHOM IyTEM IpeIBapUTEIlb-
HOTO OTJIEJICHUSI €r0 U3 OTXOJOB IIMHKOBaHHs, COBMECTHO C
xnopupyrorumu peareatamu (CaCly, NH4CI).

2. Uzyueno Biusinue pacxonaa CaCl, u NH4Cl va Bo3ron-
Ky CBUHIIA W JKelle3a W3 METaJUTMYECKOW JKUAKOH BaHHBI
OUHKa B BUAe XJIopuaoB. [loka3aHO, YTO WCIIONB30BAHHE
NH.Cl B xauectBe xnopupymomiero pearenra 6onee 3ddek-
tuBHO, yeMm npumeneHue CaCly. TlomydeHHble pe3yiabTaThl
XOpOIIIO COTTACYIOTCS W TPAKTYIOTCS HMCXOAS W3 BBIBOJOB
TEpMOJMHAMUYECKOTO aHali3a peakuui B3auMOJAeHCTBUA
I[MHKa, CBUHIIA U JKelle3a C XJIOPHJIOM KaJbLUs U XJIOPHIOM
aMMOHHS. YCTaHOBJIEHO, YTO MpH IUIaBKE METAJIIMYECKOMN
cocrasisironieit copmectHo ¢ NHiCl BepositHOCTD mpoTeka-
HHS PeaKkMil XJIOPHUPOBaHHsS CBHMHIIA M XeJie3a OYECHb BBICO-
Ka, O 4YeM CBHJETENILCTBYIOT OOJIbIINE OTPHLIATEIbHBIE 3HA-
YeHHs1 CBOOOIHOM sHeprun ['mbOca peaknuii UX XJIOpHpPOBa-
Hus: Ut cBuHIA, AG°usocy = -270.78 xJx/Moib, 11s xene-
3a, AG°uso°c) = -358.36 k[ x/MOIb.

3. Tlokaszano, uro wucmnous3oBanre NHiCl B kauectBe
XJIOPUPYIOILIETO0 peareHTa pa3pymaeT OKCHIHYIO IICHKY
L[MHKA, OKPHIBAMOIIEH TOBEPXHOCTh MEIKUX Karelb MeTall-
JIMYECKOr0 IMHKA, M CO3JaeT OJAarONpHSITHBIE YCIOBHS IS
UX YKPYIHEHHs. DTO YBEIHYUBAET BBIXOJ| IIMHKA B KHIKHIMA
MEeTaJll.

4. YCTaHOBIIEHO, YTO TPH IUIABKE METAJUTMYECKOW CO-
crasitomieil ¢ nodasnenuem 2% NH4Cl ot Beca ucxonnoi
HaBECKH, JOCTUTalOTCs MUHHMAJbHBIE COJEPKaHMs CBHUHIA
U xkenesa B xuaxkoM nuuke: 0.06% Pb u 0.01% Fe.

5. B pe3ynbraTe MpOBEJCHHBIX OIBITOB YCTAHOBJIEHBI OI-
TUMAaJIbHBIC TEXHOJIOTUYECKUE TTapaMeTpPhl IIABKH METaJLIH-
deckoit cocrapisiroreit usrapu coemectHo ¢ NH4Cl: temme-
parypa ombitoB - 450°C; mpoao/DKHTEIBHOCTh IUIABKH -
60 mumn; pacxox NH4Cl - 2.0% ot Beca HCXOIHON HABECKH.

(I)l/lHaHCI/IPOBaHHe

HccnenoBaHusi TPOBOAWINCE B paMKax I'PaHTOBOTO
¢unancupoBanust ~ Komurera  Haykn — MuHHcTepcTBa
oOpazoBanus 1 Hayku Pecnyonuku Kazaxcran na 2021-2023
rofbl 10 TPUOPUTETHOMY HampasiieHnIo «PamvoHansHOe
UCIIONIb30BAaHWE  BOJHBIX  PECYpCOB,  JKUBOTHOTO U
pacTUTENILHOTO MHUpa, dKojorus» npoekra Ne AP09058297
«Pa3paboTka HOBOW OE30TXOJHOI TEXHOJOTMH YTHIM3ALHU
OTXOZIOB ~ TOpPSAYEr0  OLHMHKOBAaHUS €  KOMIUICKCHBIM
U3BIICYCHUEM LICHHBIX KOMIIOHCHTOBY.
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Metaj ¢ppakuMACHIH XJIOPJIay apKbLIbI OHIEY

I'M. Koitmmna?, E.E. Xonnac6aii', A.B. Kannan?, HK. Jlocmyxamenos?

1Satbayev University, Arvamor, Kazaxcman
2Arvak Tech. LLC, Pexosom, Hspauns

*Koppecnonoenyus ywin asmop: zhte@mail.ru

Anparna. bonar eHIMAEPIH BICTBIKTal MBIPHIIITAY KSCIMOPBIHAAPBIHBIH KyaTTBUIBIFBIHBIH ©CYl KYHIHIUIEpAiH
MOJIIIEePiHiH apTybIHa, YJIKEH ayMaKTap/1a )KHHAKTaJIbII J)KoHe cakTanyblHa okenni. KyiiHaiHi onaH opi naiiianaHy skoHe oHACY
oHbIH KypambiHznarel Pb, Fe, Cu jxoHe Oacka KocmanapIpblH KONTiriMeH, COHAai-aK ©HJCYAIH YTHIMIbI TEXHOJOTHSCHIHBIH
OonmMaybIMeH miekTeneai. byt xyMbicTa Kocna MeTanaapasie xiaopiaymiel peareHTrepMer (CaCly, NH4Cl) e3apa opekertecy
peaKIUsIapBIHBIH TEPMOANHAMUKAJIBIK TaIIaybl HETi3iHAe KYHIHAIHBIH METAIIBIK O6JIiriH OalKbITy IPOIeciHAe Ta3a MBIPBIIIT
aimy MyMKiHziri xkepcerinreH. [m06cTiH epkin »Heprusicsl MoHI (AG°T) kKocma MeTanmapAblH aMMOHHI XJIIOpUAIMEH e3apa
opekertecy peaknusimapel 400...550°C temmepaTypa apalbIFBIHIA, KOCIA METaJJapAblH KalbIMid XJIOPHAIMEH e3apa
opekertecy peakumsuiapeiHbiH AG®T MoHIepiHeH TepT ece jkorapbl exeHairi aHblkTamael. NH4Cl-mi xmopmaymsl peareHT
peTiHze KOJAaHy MBIPBII OKCHIIHIH IUIEHKACHIH OY3bII, MBIPHII METAIBIHBIH YCAaK TaMINbIIAPBIHEIH OCTiH XKaybIIl, ONapIblH
ipiJieHyiHe KONAUIbl XKariail TyFBI3aTBIHBI KOPCETIAreH. by MBIPBIITHIH CYHBIK METajfa INBIFBIMBIH apTThipaasl. CyHbIK
METAJBIK MBIPBIII BaHHACBIHAH KOPFAachlH MEH TeMipaiH xiopuarep typingeri yurybiHa CaCly sxone NH4Cl mwibiFbiHbl acepi
3eprrenai. bacrankel emmenai canmarbiHaH 2% NH4Cl 1mbirbiHBIMEH MeTayur OediiriH Oipiiecinm OallKbITy Ke3iHOe CYHBIK
MBIPBIIITa KOPFAchlH MeH TeMipmin eH a3 memepi: 0.06% Pb sxone 0.01% Fe xeretini anpikrammsl. NHiCl-men 6Gipre
KYHIHIIHIH METalIbIK O6JIiriH OalKbITYIBIH OHTAMIBI TEXHOJOTHSUIBIK MapaMeTpIiepi OeNriieHi: Toxipude TeMnepaTypachl —
450°C; 6ankpiTy y3akThirbl — 60 MuH; NH4Cl mbiFbpIHbBl — GacTanKs! eJieH i camarbiian 2.0%.

Hezizzi co30ep: Kyiiindi, MbIpbld, MbIpbIU OKCUOT, KATbYULL XI0PUOI, AMMOHULL X10pudi, 1 ubbc snepausicol, memnepamypa,
peazenmmep WbIEbIHbL, KOCNALAP.

IlepepadoTka MeTaLIMYECKOM (PPAKIUN U3TAPH XJIOPUPOBAHUEM

I'.M. Koitnmna?, E.E. Xonnac6aiil”, A.B. Kaman?, H.K. Jlocmyxamenos?

1Sathayev University, Amvamot, Kazaxcman
2Arvak Tech. LLC, Pexosom, H3pauns

*Aemop ons koppecnonoenyuu: zhte@mail.ru

AnHoTanusi. Poct MomHOCTEH mpeanpusTHii TOpsYEro IUHKOBAHUS CTAJIbHBIX M3JEIMH TPHUBENO K 00pa30BaHHIO
6onpmMX 00BEMOB H3rapu, KOTOpBIE HAKAIUIMBAIOTCA M CKIAAMPYIOTCS, 3aHuMMas Oojbinue Tepputopuu. [lampHeifmiee
UCIIOJIb30BaHKE U MepepaboTKa M3rapy CIEpXKHUBAETCs MOBBIIICHHBIM coepkanueM B Heil Pb, Fe, Cu u apyrux npumeceii, a
TaKXKe OTCYTCTBHEM DPALlMOHAIBHOM TEXHOJOTMH mepepaboTku. B HacTosmeil paboTe Ha OCHOBAaHUHM TEPMOJMHAMHYECKOTO
aHAIIN3a PeaKinil B3aNMOJICHCTBHSI METAIUIOB-TipuMeceit ¢ xmopupyromumu pearearamu (CaCly, NH4Cl) mokaszana Bo3mox-
HOCTh TIOJIy4EHHSI YUCTOTO IIMHKA B MPOIECcCe MIABKH METAIIMYECKONW COCTABIIAIONICH HM3rapu. YCTAHOBJIEHO, YTO 3HAYEHUS
cBoOoHOM sHeprun ['no6ca (AGCT) peakuuit B3aMMOIEUCTBHS METAIIOB-TIPUMECEN C XJIOPUIOM aMMOHHUS B HHTEpPBAJIE TEM-
neparyp 400...550°C, B ueTbIpe pa3a npesblmaroT 3HaueHHst AG®T peakuunii B3aUMOIEHCTBISI METAIUIOB-IIPUMECEi ¢ XJIOpH-
noMm kaipius. Ilokazano, uro ucnonb3oBanne NH4Cl B kadecTBe XJIOPHPYIOLIEr0 peareHTa pa3pyllaeT OKCHIHYIO IUICHKY
IIMHKA, MOKPHIBAIOLIEH ITOBEPXHOCTh MEJKHX Kallellb METAUIMYECKOTO IIMHKA, M CO3JlaeT ONaronpHsaTHBIE YCIOBHS AJSI UX
YKPYIHEHHUs. DTO yBEIMYMBACT BBIXOJ LIMHKA B *kuAKUi MeTamwt. W3ydeHo BnusHue pacxoma CaCl; u NHiCl Ha Bo3roHky
CBUHIIA U XKeJe3a U3 METaNIM4eCKOH JKUAKON BaHHBI LIMHKA B BUJE XJIOPUAOB. YCTAHOBIIEHO, YTO IPH COBMECTHOW IIIaBKe
MeTalTYecKoi cocTaBisttomei ¢ pacxogoM 2% NH4Cl ot Beca HCXOIHON HABECKH, TOCTUTAIOTCS MUHUMAJIBHBIC COJICPIKaHUS
CBHHIIA 1 kelie3a B xuakoM nuake: 0.06% Pb u 0.01% Fe. YcraHOBIIEHBI ONTHMAIBHBIC TEXHOJIOTHYECKHE TTAPAMETPHI IIABKH
MeTauTIeckoi cocrasisiromnteii usrapu coemectHo ¢ NH4Cl: temmneparypa ombitoB — 450°C; mpog0KHTEIBHOCTD TIIABKH —
60 mun; pacxox NH4Cl — 2.0% ot Beca ncxoHO# HaBECKH.

Kniouegvie cnoea: useaps, yunk, okcuo yuHkd, X10puo Kaibyus, X10puo ammonus, snepeus 1 ubbca, memnepamypa, pac-
X00 peazenmos, npumecu.
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Thermodynamic and experimental simulation of the selting process of
high-carbon ferrochrome with the use of high-ash coal «Saryadyr»
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Abstract. The paper presents the results of scientific research, which are the basis for the development of technology for
producing high-carbon ferrochrome using a qualitatively new reducing agent in the charge - high-ash coal from the Saryadyr
deposit. To analyze the carbothermal reduction of chromium, the method of full thermodynamic modeling (TTM) of metallur-
gical processes was used, implemented in a computer system using the HSC Chemistry 6 software package, in the temperature
range of 600-2800 K. The thermodynamic calculation showed that sharp technological deviations in the smelting of carbona-
ceous ferrochromium is not observed using high-ash coal, the process proceeds evenly, with complete reduction of chromium
and iron. According to the content of silicon oxide and aluminum in coal ash, it was found that it can successfully replace
quartzite in the charge mixture. On the basis of thermodynamic data, experimental studies of the technological process of
smelting carbonaceous ferrochromium using high-ash coal Saryadyr in the Tamman high-temperature laboratory furnace were
carried out. The Tammann Resistance Furnace is a research facility designed to simulate metallurgical processes at high tem-
peratures. In laboratory studies, prototypes of carbon ferrochrome were obtained, which meets the requirements of the Fh800

brand.

Keywords: high-carbon ferrochrome, chromium ore, coke, high-ash coal, quartzite, thermodynamic modeling, experi-

mental modeling.

1. Kipicne

KOKCTBIH KbIMOATHIBIIBIFBI MEH TaIIIbUIBIFBIHBIH aPTYHI
canyiapblHaH  ()epPOKOPHITIIA  KACIMOPBIHAAPEIH  KOKCIEH
KaMTaMachl3  eTyAiH  Kypuemimiri  apryma.  OcbeFaH
OailaHBICTBl IIWKI3aTTBIH KYHBIH TOMEHJETY apKbUIbI
SKOHOMHMKAJIBIK ~ KOPCETKIIITEPAi  JKaKCapTyMEH  KaTap
(beppoKopbITIATIap b OaJIKBITYIbIH TEXHOJIOTHSITBIK
TaJanTapblH KaHaraTTaHJbIpyFa  KaOinerri  TaOuru
KOMIPTEKTI TOTBIKCHI3AHBIPFBILITAPIBI 13716y Maceleci
mmeneHicye. @eppoKophITHanapabl, OHBIH 1MIHAEC XPOMIBI
(heppokopsITHATAPABI eHIIpyTe JKapaM/Ibl
TOTHIKCHI3aHIBIPFBIIITAP IBI 3ney KaXXeTTUTIT1
(eppoxopsITIIaNap HOMEHKJIATypPachIHbIH KEHEeIoiHe
OaitaHbICTBI KYPJEJICHE TYCEe/Ii.

XKorapsl KOMIpPTEKTi (beppoxpoMsI OaJKpITY
TEXHOJIOTHSICHl KaTaH pPErJIAMEHTTENITeH METaJLUTypIHUsUIBIK
eHAipic Oonbin TaOBUIAABI, Oy XPOM-KEH HIMKi3aTHIHBIH
NpPaKTHKaJbIK  TYPaKThUIBIFBIHAH  TybIHAQ#IbL. By
TEXHOJIOTHsSIFA KOWBLIATBIH aca MaHBI3bl Tajanrtap KeH-
TEpPMHUSJIBIK eIl  BaHHACBHIHIAFBl  «KeH  KaOaThIH»
KaMTaMachl3 €Ty JKOHE OHAIpiCTI JKeTiunmipy OoMBIHIIA
TEXHOJIOTHSUTBIK ~ iC-IIapanapapl  YHBIMIACTHIPY eceOiHeH
MPOLIECTIH COHFBI KOXBIHBIH KYPaMIAaCTApbIHBIH OHTAMIIBI
apakKaTbIHACBIHA KOJI KETKi3y OOJIBII TaObLIa bl

®deppokopsITHanapasl OAIKBITY YLIH ICTYPIl Typae
KOJIIAHBUIATBIH KOKC JKOFapbl KEYeKTUIIKKe He, Oyl KOKC
KOMIpTeTiCiHiH HIMKIKYpam MaTepHaIapIbIH
KOMITOHEHTTEPIMEH OpEKETTECY PEeaKUMsUIAPbIHBIH KaKeTTi

© 2022. Ye.Zh. Shabanov, Ye.K. Kuatbay, Ye. N. Makhambetov, R.T. Toleukadyr

TEPMOKHHETHKAIIBIK napameTpJIepiH, coHy1aii-aK
TOTBIKCBI3JJAHy TIPOLECTEPIHIH TEeMIepaTypachlHIa TeMeH
rpaduTTeNyiH KaMTaMachl3 ereai. Anaia, KOKCTBIH KOFaphl
KyHBl ~ MEH  TalmbUIBIFBl ~ MeTauryprrepai  0Oacka
TOTBIKCBHI3JaHABIPFBIIITAP/B! KOJIaHyFa MOXOYp ereni. Ochl
cebenri, eHipic  karmaiipiHga ~ 0acka  KOMIpTEKTi
TOTBIKCBI3JAHBIPFBIITAD KOJIAHBUIAJBI, Oy KypaMbIHIA
3USHIBI dJIEMEHTTEpIIH (KYKIpT, Gochop) Mesmepi TOMEH
(beppokopbITHaNap MapKalapblH IIBIFAPYAbl KAMTAMAChI3 €Ty
TOPI3/i HAKTHI MACENIEIeP/l ISHIyre MYMKIH/IIK Oepei.

Ocbl  MakcaTTap YIIIH  TOTBHIKCHI3JAHBIPFBIIITAP/IBI
TaHAayarbl OarbITTapAbIH Oipi - KOKCIIEH CANBICTHIpFaHIa
KYHBI TOMEH, KeH ayKbIMJIbl KacHeTTepre He TeMeH KYJai
KeMipnepai maiiganmany. OcblFaH OaiIaHBICTBI  OJAPJIBI
(eppoxopbITHanapAbl OaJIKBITY YIIIH KOJJIAHY opeKeTTepi
ore kem. Keibip 3eprreymiep mMMKIKypamaa TeMeH
KYKIPTTI apbIK (TOLIMIA) KeMipJiep MEH jKapThUIail KOKCTap IbI
KOJIJIaHY/Ibl YCBIHJIBI, anaiiga OyJl TOTBIKCHI3AaHABIPFBILITAD
na tanmsl [1, 2].

Kemenai KopbITmamapasl KOXKChI3 MPOIECTIEH OalKbITY
Ke3iHAe KOFapbl KYJAI KeMipiepAl KoJJaHy Taxipubeci
3epTTey HbBICaHBI peTiHae «Capblapaslp» KEH OPHBIHBIH
(bpaknysIanFaH KeMipiH )oFapbl KeMipTeKTi Geppoxpom sl
OaNKpITy1a KOKCTBIH Oip OeJiriH YTHIMIBI alMacTHIPFHIII
periHne TaHgayra MYMKiHAIK Oepni. dDeppokopsiTnanap
OHZIpici ToXipuOeciHIe TOTHIKCHI3JAHIBIPFBINI pETiHAEe
SPTYPJIi JKOFaphl KYJII KeMipJepi naijanany karaainapsl
KeHiHeH Oenrimi. [lafimanel Ka3z0amapIblH KEH OPBIHIAPBIH
WTEPYIiH €H ap3aH o/ici 00BN TaObUIATHIH aIIbIK JICIMIeH
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OHJIIPIIETIH JKOHE KYJIHIH TYPAKThl XUMUSIIBIK KYpaMbIMEH
CHUITATTANATBIH Tac KeMipJiepi TaHmay eTe KOJAWIbL.
Xorapbl Kkynui KeMmipyiep KOKCTaH OipHelle ece ap3aH
OONFaHIBIKTaH, oNapabl  (EpPpPOKOPHITIA  OHIIpICiHIe
KOJIIaHy aWTapJibIKTail SKOHOMHUKAIIBIK dCep €Tyl MYMKiH,
OyJ1 OHIMHIH ©31H/IIK KYHBIHBIH TOMEH/ICYIHEH KOpiHe .

Capblafiblp KOMIpiHIH CaJIBICTBIPMANIBI TYpAE KYJIiHIH
JKOFapbUIBIFBIH  Kelleciiep pacrtaii amaael. Kokc kymiHze
Oenrini 6ip HAKTHI METAJUTYPTHSIIBIK MIPOIECC YIIiH 3USAHIBI
JKOHE KaXKETCi3 KOCTaJapAblH MeJIIepi oTe TOMEH OOIyHI
Kepek ISl caHaaIel. KewmiprexTi
TOTBHIKCHI3IaHBIPFBIIITAP IBIH MUHEpaIbI Oodiriaae
Ke3JleceTiH OipKaTap AJIEMEHTTEpPIH TOTBIKTAPHl OTTETi MEH
KOMIPKBIIIKBLT raspiHa KATBICTEI KOMIPTEKTI
MaTepUaJIapPIbIH PEAKIHUUIBIK KaOiIeTiHIH OelICeHAUTITiHIH
aprysiHa (Fe, Ca, Mn, cidTizik bsJeMeHTTep) HeMmece
6ocermeyine (Si, Al) ocep eremi. MuHepanmsl Kocmaiap
3MEKTP OTKI3TIIITIKKE, KOMIPTEKTI
TOTBIKCBHI3JIAHABIPFBIIITAPABIH ~ KYPBUIBICHI MEH KEeYeKTi
KYPBUIBIMBIHBIH ~ ©3T€py  CHNAThIHA, COHIaH-aK  KYJI
TOTBIKTapbl ~ TiKeJ€Hl  KaTbICaThIH  3JEKTp  TICIIiHAEri
PEaKIISUIBIK  OaJIKPIMaNapIblH KypaMbl MEH KacHeTTepiHe
acep ereni. Kynai TOTBIKCHI3IaHABIPFHIMIIICH €HETIH KePEeKCi3
peTiHme KapacTelpyra OonMaiinbl, cebebi OHBIH eHyl
NpoLecTiH  (QU3MKA-XUMMSIBIK TAaOWFAaTHIH  aHBIKTaWIbI.
XKorapbl keMipTekTi (eppoxpoM OalKpITyFa apHajJFaH
HMIMKIKYpaM MaTepualIapbIHbIH ~ (PaKIMsUIBIK  KypaMbIHa
KaTaH Tajanrtap KoWblianbl. llIukikypamzma KoJjlaHbUIATHIH
MaTepuaiapabl bpakuusaay YKOFapPbI KOMIpPTEKTI
(dbeppoxpoMIbl  OANMKBITYIBIH MAaHBI3ABI  TanaObl  OOJIBII
TaOBUIA L. CoHIBIKTaH KOMIPTEKTI
TOTBIKCBI3JIAHABIPFBIITAPABI, COHBIH imriHAe Capblagbip
KeMipiH 1e ¢paKuwsIaHFaH TypAe KONIaHy Kepek, Oy
KeMipJeri KyKipTTiH KeIl MeIIepiHiH ycaK (ppakuusra Tycyi
ceOeOiHeH KeMYiHe aJIbITl KeNe/Ii.

Xorappina aranraH Tajanrapra CyHeHe  OTBHIPHII,
(U3MKa-XUMUSJIBIK JKOHE MEXaHUKAJbIK KAaCHUETTEPHiH KeH
ayKpIMbIHA W€ JKOFapbl KyJAi KeMipijepiai NaiijanaHy eH
MepCIEeKTHBANIBI €KEeHIH Kopyre 0onaabl. JKorapbl KeMipTeKTi
dbeppoxpomabl  OaNKBITY Ke€3iHJE TOTBIKCHI3aHABIPFBIII
perinne «Capblafiblp» KEH OpHBIHBIH JKOFapbl  KyJiai
KOMIPiHIH METaJUTypTHUsUIbIK JKapaMJIbUIBIFBIH  aJl/IbIH-ajia
Oarajay YOIIH OHBI  TOTBIKCHI3IAHIBIPFBIII  pETiHAE
naiganany OOHMBIHINA SKCIIEPUMEHTTIK JKOHE TEOPHSUIBIK
JKYMBICTAp JKYPri3y KaKeT. 3epTXaHalblK 3epTTeyNepIiH
Jepekrepi Oenrimi Oip XUMHSUIBIK €3apa SpeKeTTecyNepiH
BIKTHMaJ MYMKIHIITiH Oaranay YVIIiH MaHbBRABL JKorapsl
KOMIpPTeKTI (eppoxpomM/isl OalIKBITYFa apHajFaH OacTamKsl
MaTepHaJIapIbIH KOCIAchl KO KOMIIOHEHTTI (KEH, KBapIvT,
KOKC, Kkemip). KopbITmamarsl XpoMm, Temip, KpeMHHH,
AMIOMUHHUHIIH OipiieckeH KapOOTepMUSUIBIK TOTHIKCHI3IAHY
MeXaHU3MiH KYpy JKoHE KOXX TY31Iy HpOILECiH 3epTTey YIIiH
Cr-Fe-Si-Al-Mg-C-O xyitecinmeri Herisri peakmusuiapIsi
3epTTey Kaxer [3].

2. 3epTTey dnicTepi MeH MaTepHaIap

TeXHONOTHANBIK MPOIECTEPi TEOPHUSUIBIK MOICIBACY
YIIiH MIHKIKYpaM MaTepUallJapblH XKOFaphl TEeMIIeparypana
OHJICY KE3IHJC TePMOIMHAMHUKAIIBIK MOJCIBACY OJICI COTTI
KojiaHbutaabl.  EpkiH  Kem  KOMIIOHEHTTI  KyHenepai
TEPMOJMHAMUKAIIBIK ~ MOJEJbJEY OapiblK  TeHe-TeHIIK
napaMmeTpiiepi, TepMOJAMHAMHUKAIBIK KACHETTEP.Ii, COHJIaM-
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aK aJbIHFaH KOMIIOHEHTTEpPAIiH XUMHSJIBIK JKoHE (ha3zalbk
KYpaMblH  aHBIKTaygaH  Typajpl.  TeMmeparypaHbIH
JKOFapblIaybl Ke3iHJe Ke3-KeNreH KYH esrepicrepi (asaiblk,
NOMUMOP(]THIK JKOHE XHMUSUIBIK TYpJICHIIpyJepMeH Oipre
JKypce, Oyl TamchblpMa KaJbINTHl OKarjaiinap — yIIiH
ecernTeyliep Kypri3iieTiH KIacCHKaJblK TepMOJANHAMHUKAHEI
aHpIKTayFa KaparaHza eTe Kypaeni. Auaiina, ipreumi
TEPMOJMHAMUKAIIBIK ~ 3aHJAp Ke3-KeII'eH JKyhere omii
OONFaHIBIKTAH, OJApAbl OYPHIC KOJNIAHY >KaJIIbl Karnaina
TEPMOJVHAMHKAJIBIK ~ TEMEe-TeHMIKTI €cenTey MOCeleciH
mienryre MyMKiHOIK Oepeni. Bipweiarait Tocinm menOepinzme
alTapIBIKTall epeKIIeNIeHEeTiH TIPOLecTep MeH Kyiepmi

KapacThIpy 3epTTeNeTiH 0OBEeKTIIePIiH MOJENbIIK
cUMaTTaMachlH Oenrijgi pecimiey Ke3iHAe FaHa MYMKIH
Oouabl. Kapactbipbuibin OTBIpFaH Ke3-KeJreH
TEPMOJMHAMUKAIIBIK Kyhe OHJIaFbI XUMUSUTBIK

JMIEMEHTTEP/IIH (MOJIB/KI) CalBICTHIPMAIIbI JKOHE aOCOJFOTTI
MmeimepiMeH cunarranansl. lllapr OoiibiHIIa 07 epKiH
KYHIEH Teme-TeHIIK OPHATBUIFaH Ke3/e ©3repicci3 Kaiajsl
JKOHE OKYHEHI MarepHaniblk OOBEKT pEeTiHIe CHIaTTayra
JKETKLUTIKTI.

XpOMHBIH KapOOTEPMUSIIBIK TOTBIKCHI3NAHYBIH TaNAay
ymin kommbioTepiik  kyiene «HSC  Chemistry  6»
OargapiamManblK KEIIeHI KeMeTiMeH JKy3ere achIpbUIFaH
METaJUTyPrHSUIBIK TPOLECTEPAl TOJBIK TEPMOANHAMHKAIIBIK
mogenbaey (TTM) omici konnmaubuabl. Kosnpanbuiran apic
JKYHEHIH Tere-TeHJIIKKe >XeTy >KOJbIHAa KapaMacTaH Ke3-
KeIreH Tele-TeHAIK OKyieci YVIIiH TepMOAMHAMUKAHBIH
eKiHIIi OacTaMachlHa COMKEC KeJIeTiH MaKCUMAaIAbl SHTPOIIHS
npunipnine Herizgenred. «HSC Chemistry 6» kemieHi

OarmapramMachIHBIH JIEPEKKOPEI «Scientific Group
Thermodata Europe» nepekkopblHa Heri3genelni KoHE
xka"apTteutagpl. «HSC  Chemistry 6» OarmapiaMaibik
KeIIeHIHAETI ecenTeynepaeri KaTenik 5%-1an acmaiiasr, Oy
ore KOJIaMJIBI KOPCETKIMT [4-6]. Ipomnecri
TEPMOJANHAMHKAIIBIK MOJIEIBICY YIIiH Equilibrium

Composition MoayJTi KOJIaHBUTABI. MOIYJIb TEXHOIOTHSITBIK
npolecTepre KaTblcaThlH OaiylaHbic (a3ajgapbIiHbIH Tere-
TEHJIK KypamuapblH ecenteyre apHanraH. llIbHbiHIa na,
METaJLTYPrUsAarbl Ke3-KEJIreH TEXHOJIOTHSJIBIK IIPOLECTI KeM
JereHae eki (pasaHblH - MaKCATThl JKOHE JKaHaMa OHIMHIH
TY3Uly Tporeci peTiHAe KapacThipyFa Oosansl. HakTsl
nporectepae (azamap caHBl €KiIeH KOm OOJybl MYMKiH,
MBICAJTEI, XpoM KeH/IepiH KOMIPTEKTI
TOTBIKCHI3JAH/IBIPFBIIINCH ~ TOTBHIKCHI3NAHABIPBIT  OAIKBITY
Ke31HJIe MaKcaTThl 6HIM - (eppoXpoM, COHIAI-aK >KaHaMa
OHIMIIEP KoK OCH ra3jap IIbIFapeUIagsl. OHIMICP
apachIHJaFel MeETaNIbIH (Hemece OipHelle MeTalJapIbiH)
Oeminyi Oaimaneic (a3amapblHIAFBl 3aTTap ApPACHIHIAFHI
KaUTBIMABI ~ XMMUSUIBIK ~— PEaKIUsIapAblH — Tere-TeHIIK
HIapTTapbIMEH aHbIKTaJ 3 pl. MyHJall peakuusiap TOTHIFY,
TOTBIKCHI3JIaHY XKoHe OacKamapbl 00Iybl MYMKiH.

Xorapsl Temneparypaibl 3epTXaHaiblK TaMMaH MemiHae
JKOFapbl KYJIAI KOMipHi MaiifaaHbIl JKOFapbl KOMipTEeKTi
beppoxpom OaNKBITY MpoIeciHe IKCIEPUMEHTTIK
3eprreyniep kyprisinmi. Tamman kenepri memi - KOFapel
TeMIepaTypaja MeTALTyPrusUIBIK MPOIECTEPIi MOJCIbACYTE
apHaJFaH 3epTTey  KOHJBIPFHICHI. Bynr  koraps
TeMIepaTypajbl KOHABIPFBI KBI3IBIPFBIIIICH JKa0IbIKTaJFaH,
OHBIH JKYMBIC KEHICTIri rpaduT TYTiri OOJBIT TaOBUIAIBI.
[emreri TemmepaTypaHsl peTT€y THPHUCTOPIBIK KEpHEY
pETTETINIiHIH KeMeTriMeH OipKenKi XKy3ere achbIpblIaibl.
THPHUCTOPIBIK KEpHEY PETTETIIN KyaT TpaHC(HOPMAaTOPBIHBIH
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OacTarnkpl opamMblHa KOCBUIFAaHABIKTaH ToMeH kepHeyne (0.5-
TeH 15 B-ka meiiiH) WIBIFBIC IMWHANAphIHAA OipHEIIe MBIH
ammep TOK ailyra MYMKiHAik  Oepeni.  Turembneri
TeMIiepaTypa KOpPYHJ KanTamalarbl Boib(pam-peHuii BP-
5/20 TepMomapackIMEH OJIIICH/II.

3. 3epTTey doaimi

IIukikypaMm Kocmachkl KypaMbIHIArbl JKOFapbl —KYJIIi
KOMIPIIH YJECiH apTThpa OTBHIPBIN, >KOFapbl KOMIPTEKTi
(deppoxpoMasl  OaNKBITY TMPOLECIH TEPMOTUHAMUKAIBIK
MOJIEIBICY yuriu Cr-Fe-Si-Al-Mg-C-O KyleciHin
TEPMOJWHAMHUKAJIBIK MOJENBICYiHIH HETi3iH KypaWThIH
NPUHIUNTEDP TY>KBIPBIMIAIAbL:

1. Temmeparypa. TepMommHaMUKanbIK Tanmmay 298-
2700 K temmepaTypanslK apajblFblHIa KYprizingl. TemeHri
IIeri cTaHmapTThl KyHai cumarraiiaer, 600 K Temneparypara
JIeHiH e3repicTep alTapsbIKTail eMec, )KOFapFbI IIET] - COHFBI
KYH, KOMIIOHEHTTEP/IiH OalKy TeMIeparypachl, peaKLUUsHbIH
COHFBI OHIMEPIHIH TY311yl, SIFHU JKYHEHIH 0acTaIlKpl JKoHE
COHFBI TEIEe-TCH/IIK KYHIepi.

2. bapmeik ecenreynepae 0.1 MIla TeH KbICBIM
TaHJAJNABl, [IaMaMeH | aTM. KbICBIMFa Colikec kemeni. By
KOINTETeH METALTYPIHSUIBIK IIPOIECTEpre, COHBIH IIIiHAES
KaTTel (ha3agbl KeMIpTeri TepMUSIBIK e3apa JpeKeTTecy
MpoLECTepiHE TOH.

3. Kenem. Kenem xyiieHiH TepMOIUHAMUKAIBIK KyHiMeH
AHBIKTAJAIBI.

4. JKabObIKk >xyile, KopllaraH OpTaMeH ajMacy OpBIH
anManbl.

KapOoTepMusuIbIK ~ TIPOLECTIH ~ JKYPYIHIH  OHTailsIbl
PEeKMMIH aHBIKTay MaKcaTblHIa | TOHHA >KOFapbl KOMIpPTEKTi
(beppoxpoM OaNKbITYFa apHaJIFaH IHUKIKYPaMHBIH YII HAKTHI
KypaMmbl YIIiH TOJBIK TEPMOJMHAMUKAIIBIK TaJIay XKYpri3iini
(1-kecte).

1-xkecme. JKozapvr komipmekmi ¢heppoxpom oankvimyea
ApHANIZAH WUKIKYPAM KOCRACLIHBIY KYpambl
Iheixypan Marepuannap, Kr
KOCIIachl
KYPaMBIHBIH Xpom keni | Koxkc Ksapuur Kemip
HYCKaJIapbl
1 2300 510 100 60
2 2120 560 70 130
3 2120 380 - 330

[IukiKypaM KOCHAChIHBIH YII HYCKACHIHBIH KypamblHa
CYyleHe  OTBIPBIN,  TEPMOJMHAMMKAIBIK  TeHe-TeHIIK
napaMmeTpIiepiH aHbIKTay YIiH «Capblaiblp» KeH OpPHBIHBIH
JKOFaphel KYJII KOMIpiH TMaiilanaHBIl >KOFaphl KOMIpPTEKTI
(beppoxpoM OaNKBITY YIIIH KXKYMBICIIB JEHEICPAiH KYpaMmbl
ecenTeli (2-KecTe).

2-kecme. JKozapol Komipmexkmi peppoxpomul 6aNKbINY2a APHANZAH HCYMBICULLL OeHeNePOiH KYpambl

[IukikypaM Kocrackl

KYPaMBIHBIH Cr203 FeO SiO2
HYCKaJIapbl
1 1153.4 249.00 315.33
2 1063.1 229.87 291.11
3 1063.1 230.61 253.15

«Tene-reqnik kypammaps» (Equilibrium Composition)
OarIapiaMachlHBIH MOJYJTiH MaiijajgaHa OTHIPBII, MOJCIIBICY
200 K kamammern 600-2700 K TemmepaTypa apaibIFbIHAAFEI
OpbIHAANABL. XPOMHBIH KOKC KSHE KOFapbl Kyl KeMipaiH
KOMIpTeTiCiMeH KapOOTepMHUSITBIK TOTHIKCHI3IaHYBIH €CENTEY
yurin keneci dasanap amsiaasl: raz — CO2(g), SiO(g), Al(g),
Fe(g), CrOs(g), MgO(g), CrO(g); xoHmeHCalysJIaHFaH -
MgCr,0s3, Cr, C, CrsCy, MgO, Fe, SiC, FeO, CrsSis, MgSiOs,
FeSi, Al,O3, MgO-Al;03, Mg2SiOa4, Fes0a, SiO,, CrSi, CraC,

2FeO-Si02, (CaMQ)o5SiOs, CrSiy, FesC, CaSiOs,
Ca0-MgO-SiOg, CaMgSiO4, MgFe20., FeaMgOs,
CaMg(C03)2, CaFE(Si03)2, FESiz, 2CaO'MgO'2SiOz,

2CaO'SiOQ, CaO, CaFeSiO4, FeO'SiOQ, Ca38i207, A|4SiC4,

3Ca0-2S8i0;, CaO-MgO, CaAl;SiOs, CaO-Al;03:2Si0y,
CaO~A1203-Si02, CazMgSi207, 3CaO'MgO'2Si02,
CaO~A1203, CaO~Fe203, Ca3F828i3012, 3A|zO3'ZSiOz,
A|203'28i02, CaO'2A1203, CrzMgO4, F63A|zSi3012,
MgCr,04, CaFes0O;7, 2CaO-Fey0s3, Mg7A|9O4'A195i3036,
4Ca0-Al;03-Fe 0s.

«Capblafiblp»  JKOFapbl KYJIIi  KeMmipii maijanaHa

OTBIPHII, JKOFAphl KOMIPTEKTI (eppoXpOMIbl OaIKBITYIbI
Monenpaey HoTmwkeciHge 2800 K Temmepatypara meiin
JNEMEHTTEPIiH  TY3iIyl JKOHE OJapAblH Ta3  JKoHe
KOHJICHCalusulaHFaH (aszara aybICybIMEH KelOip e3repicrep
OalikayFaHbl aHBIKTANABL. 1-3 cyperTepie TeMmIeparypara
OaiinaHpICTBl JKeKe Heri3ri (asaiap KypaMbIHBIH e3repici
Typajbl JepeKTep KEeNTIpiIreH.

13

Al203 MgO CaO Fe203 C
194.70 447.22 21.26 80.19 459.25
191.73 412.16 19.97 74.26 529.93
208.50 411.93 18.91 75.11 456.36
1400 l——— . - AgCnO;
1200 : .\|:(‘).\'N(I:(|)]
ih 1000 = (CaMgh0.55i0s
% 500 EE:‘(::{ Al:On
g o «
5 400 — e
=] . st
200 | frr N ¢
A N T |
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Tewmeparypa, K

l-cypem. Nel wukikypam Kocnacvinwviy Hezizzi ¢hazanap
KYpamuvlHbll 032epiciniy memnepamypaza mayenoinizi

1200 - MgCr0s

8= ALO*SiOn(D)
1000
N\ — Mg:Si0
800 LY —— (CaMg)0.5Si0s
—— MgO* ALy

600

—Cr

400

Pazaamk Kypamel, %o

200
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Temmepatypa, K

2-cypem. Ne2 wukikypam KocnacvlHbly Hezizei ¢hazanap
KYpamuvlHbll 032epiciniy memnepamypaza mayenoinizi
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2
1200 o MaCra0s

1000 == ALOy*SiOND)

4 Mg:Si0

800 = (CaMg)0.58i0s
600 == Mg0*ALOs
- Cr

400 FeO

PazaasIk Kypamel, Yo

e

cofg)

200

Temneparypa, K

3-cypem. Ne3 wuxikgpam Kocnaceinvly Hezizei ¢hazanap
KYpamulHbll 032epiciniy memnepamypaza mayenoinizi

JKorapbr keMipTeKTi XpoMas! HeppOKOPHITIIAHEI OATKBITY
NPOIECiH TEPMOOMHAMHUKAIBIK MOJCIBACY HOTIKEIepi
(hazamap KYPaMbIHBIH e3repiciHig TeMIepaTypara
ToyenAimiri periHme kenripiireH. bapiplk  rpadukrepai
MIAapTTHI TYpAE YII aiiMakka Oenyre Gonazapl, Oy 1600 K-re
neitin, 1600-1800 K apainsirsi sxone 2200 K-HeH xoFapbl.

1500-1600 K Ttemneparypara neilin ¢a3zanap Kypambl
OoifpiHIIa KYpT e3repicrep Oaiikaiamaiiael, Oip Mesrinzie
MBIHAal ¢azamap Oomaxpr: marHmid xpomuti - MQCro0a,
amomunnit cunukatel - AlpO3-Si02, dopcreput - Mg2SiOy,
MarHui-KaablMii  METaCHJIHKAaTHI - (CaMQ)o,5SiO3,
MgO-Al>O3, xpom - Cr, TeMip MOHOTOTHIFHI - FeO, kemipreri
ToTeIFBI-CO(g), kKarter  kemipTtekti CtB. 1400 K
TeMmnepaTypaiaH 0acTam KaTThl KOMIpTEri MEH TOTBIKTEI
KOCBUIBICTAPJBIH ~ MOJIIIepi  alTapibIKTaii  TeMEHICH I,
2000 K temneparypana o1 MUHHMAIIbl MOHICPIE KETEII.
KaTThl KemipTeri TOMEHereH CaiiblH 3aHJIbl TYP/Ee KOMIpTeri

toreirbiHbIH -~ CO(g) wmemmepi  apramel.  1700-1800 K
TeMIeparypa apaJbIFbIH/IA MgCr,04 MOJIIIEPiHIH
afiTapibIKTall KYpT TOMEHIeyl OalKagaasl, XPOMHBIH

TOTBIKCBI3ZIaHy TIpOLIeCTepi KYPei, all MAarHUi TOTBIFBI KOX
(hazaceIHa eTei.

«HSC Chemistry 6» 0armapiaMachblH KOJIJaHa OTBIPHIIM,
TEpMOIAMHAMUKAIIBIK ~ 3€pTTeyJiep  apKbUIBI  JKOFaphl
KOMIpTeKTI (HeppoXpoMIbl OalKeITy Ke3iHIAe 3epTTEleTiH
MIHKiKYpaM KOCTTaJapbeIHIa 0onaTeIH HETi3Ti
KOHJICHCALIMSUIAaHFaH JKOHE ra3 Topizi (azanap KypambIHbIH
MYMKiH  OoJaThlH  e3repic  JMHAMHKAChl  3€pPTTEJI.
TepMOOUHAMMKAJIBIK ~ €CENTEeY KOPCETKEHIEH, IKOFapbl
KOMIpPTeKTI  (eppoxpomabl  KOFapbl  KyJIAi  KeMipai
naijaganelnl  OANKbITy Ke3iHAE€ KYPT TEXHOJIOTHSUIBIK
aybBITKyJap OalKaJMalapl, TPOIECC XpOM MEH TeMIpAiH

TOJNIBIK ~ TOTBIKCBHI3MAaHybIMEH Oipkenki skypemi. Kewmip
KYJTiHZEri  KpeMHHH  MEH  alIOMHHUH  TOTHIFBIHBIH
MOJIIIEPiHiH JKOFapbsl OOJIyblHA OailIaHBICTBI IIUKIKYpaM
KOCIIaChIHJaFbl KBapIHTTI COTTI aJMacThlpa aJlaThIHIBIFEI
AHBIKTAJI/IBI.

JKanmel, nporecc xorapbl TeMIeparypana >Kypeli ’KoHe
TOTBIKCBI3JAHBIPY PEaKIUsUIAPBIHBIH KYP/Ei CUIaThIHA He.

CoHIBIKTaH TEPMOJMHAMHUKAIIBIK JepeKTep MeH
TEMIEepaTypajiblK apalbIKTHl Oile  OTBIPHIN, MPOIECTIH
CHUIaTTaMachlH TOJNBIK pacTtayra Oonmaiingsl. JKorapeina

3ePTTENITeH MIMKIKYpaM MaTepUaIJapbIHBIH  TEOPUSUIBIK
MomiMeTTepi MeH (PH3WKa-XMMUSUIBIK KacHeTTEepiH Herisre
aja OTBIPHII, TPOLECTIH TeMIepaTypajblK PEKUMIH OpHATY
JKOHE KODBITIIAHBIH TOXIPUOENIK YITIIepiH aiy YIIiH
Tamman neminge Oipkarap 3epTXaHAJBIK 3KCIIEPUMEHTTED
JKYPri3y Kaxer.

XKorapel kemipTekTi (eppoxpoM OanKbITy MpOLECiH
TEPMOIUHAMUKAIIBIK MOJIEINIbIEYTe HOTHIKECIHAE KOPBITHAHBI
NyIplH ~ HEri3ri  MYMKIHAINT  aHbIKTaamel.  COHIBIKTaH,
TOTHIKCBI3NAHY  PEaKUMSUIApBIHBIH ~ OKYPYIHIH — HAKTHI
JKarIaiiapeiHa HKAKBIH TEXHOJIOT HSITBIK JKIHE
TeMIIepaTypablK PeKUMACP MECH TEXHHUKAJBIK ITapaMeTpiepi
OpHATY MaKcaThIHIa 3p TYPJi MHKIKYpaM MaTepHaliapbIMeH
Oipkatap TIKIpHOEINiK IKCIIEPUMEHTTEP KYPTi3ii.

3epTXaHANBIK 3epTTeyJep JKYPri3yAe KOJIaHBUIATHIH
HIMKIKypam MaTepHaIAapbIHBIH (bHU3MKa-XUMUSITBIK
cUmaTTamMajapblH 3epTTey YLIIH XpOM KeHJepi, KOKC,
KBapLUT JKOHE JKOFapbl KYJII KOMIp ChIHAMAJIAPBIH ipiKTEY
KoHe JNaibiHAay Kyprizingi. deppoxpom OanKpITy YIIiH
TOTBIKCBI3JAHBIPFBI  PETiHIE  KOKC  JKOHE  OHbBIH
«Capplaplp» KEH OpHBIHBIH KOFapbl KyJIi KeMipiMeH
KOCIAChl nai1alaHbLIIbL. Bapieik LIMKIKypam
MaTepHaniapbl  OPTAIIANAHIBIPBUIABI  JKOHE  XUMMSUIBIK
tangaygaHn etkiziuminmi. Illukikypam MaTepuangapbIHBIH
XUMHSUTBIK  KYpambl, COHAaif-ak KOKC IeH JKOFaphbl KYJIi
KOMIpAIH TEXHUKAJBIK Kypambl aHBIKTanmpl. JKorapsl
KOMIPTEKTI (QeppoXpoM OalKbITyFa apHaIFaH IIUKIKYpam
MaTepualIapblHbIH KypaMbIH ecenTey OepiireH KypamJarbl
deppoxpom MapkackiH, atan adTkanma DX800 ewmipymi
KamMTaMachl3 €TeTiH IUKIKYpaM KOMIOHEHTTEPI apachIHIaFbl
KaThIHACTBI ~aHBIKTayJgaH Typansl. JKorapbl KeMipTeKTi
GbeppoxpoM  OanKpITy MPOIECIH perTey yuiH  (iroc
MaTepHalbl peTiHie KBapUUT maigainaHpuiasl. LIukikypam
MaTepHalIapblHbIH ~ CamajblK  CUMaTTamManapsl 3, 4-
kecrenepe kentipinren [7-10].

3-kecme. Kozapuvl komipmexmi gpeppoxpom 6anKpimyza apnanzan 6acmankbl WUKIKEPam MamepuaioapsiHsll Xumuaiblk Kypamol

Kommonentrep, %

Marepuan
Cr20s FeO SiO2 Al203
XpoMm KeHi 50.15 10.82 7.38 7.28
Koxkc kyuni - - 48.9 20.17
Ksapuut - - 96.72 0.84
Capblagbip - - 63.6 34.0
KeMipi Kyi
4-xkecme.  Komipmekmi  momulKCbI30aHObIPZLIUIMAPObLY
MEXHUKAIBIK KYPaAMbL
Marepuan Ac, % Wp, % Vi, % Cus, %
Capbiamoip 45 3 2.04 17.37 38.2
KOMipi
Kokc 15.92 2.50 0.19 81.36

14

MgO Cao Fe20s S P
19.41 0.78 3.44 0.018 0.01
3.37 - 0.088  0.006
0.77 0.89 0.67 - -
0.03 0.04 2.0 0.19 0.005

Ecentey mmKikypaM KOCTACHIHBIH TOTBHIK OOJIriHIH
TONBIK TOTHIKCBI3MAHYBIHA OJKYPTi3iili, COHBIMEH KaTap
OpTaHBIH TOTBIFY atmoctepachl  eckepinmmi. Karrtel
KOMIPTEriHiH apThlK MeJuepi crexuomerpusinan 5-10%
apteIK ecenteninai. Ken kocmacer 3-5 MM Qpakiusra aerin
YHTaKTaJIbIH/BI. TOTBIKCHI3AaHABIPFBILITHIH MyHAaH
YHTaKTaJIybl OJApIblH MEHIIIKTI OETiHIH KepCeTKilTepiH
JKaKbIHIATyFa >KOHE TOTBIKCHI3AAHABIPFBIITEIH XUMHUSUIIBIK
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OeJIceH NI HIH KeHHIH TOTBIKCBI3IaHy MPOIIeCTEPiHe dcepiH
aHBIKTayFa JIETeH YMTBUIBICTaH TybIHAakapl. Coman keilin
apajacThIPBUIFAH IIUKIKYpaM KOCTAchl TpaduT TUTEIbIe
cayiblHbI, TamMMaH memriHe opHAThUIABL. LIIuKiKypaMHBIH
KYpaMBIH €CENTey Ke3iH/Ae 5-KecTere CoHKec IeMEHTTEPIiH
Tapanybl Kabbuinansr [7-10].

5-xecme. Kozapvt Komipmexmi
Ke3indezi Inemenmmepoiy;, mapaiyot

peppoxpom  bankeimy

Bankeity DneMeHTTepAIH Tapamysl, %o

oHiMaepi Cr Si Fe P S

Kopsitna 94 5 97 80 10
Kox 6 95 3 10 30
Yima 0 10 60

[lem xeHicTiriHAeTi TeMIepaTypaHBl OJIIEyMEH KaTap
THTETBICTI IIMKIKYpaM KOCITIACHIHBIH KBI3YBl 71a OJIICHII.
Kenmpipy wmuHyTBIHA 10°C  KBUTIAMABIKICH OKYPTi3UIi.
OKcTepuMeHT OaphIChIHAA MIMKIKYpPaM KOCIAChl MacCachIHBIH
JKOFallybl — y3AiKCi3 — Tipkenmi. YcTay — TemIeparypachl
TeopHsUTBIK TeMmiiepatypanan 50-60°C sxorapbl OpHATBHUIIBI,
Oyl KbI3OBIPY  JKaHamMa  TYplae O KYpri3UreHmiriMeH
TYCIHAIpLIeA]. Tamman MeUIiHIH 3epPTXaHAIBIK
KOH/BIPFBICHIHBIH ~ TEXHUKAJBIK  IIEKTEIy MYMKIHAIriHE
OaitmanpIcTH TeMneparypa 1700-1800°C apansirpiama GOIIEL.
Tamman 3epPTXaHAIBIK TIeTIiH/IeT] TOKIpHOEITiK
SKCIEPUMEHTTEP/IIH HOTIXKETepi 6-KecTene KenTipiireH.

6-xecme. ®X800 mapxanst eppoxpomvinviyy mascipuoesnix
3epmxanansiK, 6anKpimanapvinoiy Hamusicenepi [9, 10]

. Hyckanap
Kepcerkimrep 1 D) 3
ukikypam Kypamel, T.:
Xpom keHi 100.0 100.0 100.0
Koxkc 23.35 21.03 18.6
Kemip - 9.89 19.79
Kgapuut 1.77 5.05 2.33
Merasut Maccachl, T. 183.0 168.1 177.1
Mertanabiy oprama
XUMHAIIBIK KYpambl, %o
Cr 70.69 69.8 69.7
Fe 17.89 18.02 18.41
Si 0.74 0.87 1.03
c 8.02 7.89 7.96
P 0.028 0.021 0.027
S 0.01 0.008 0.007
Ko eIH opTaiia
XUMHUSUITBIK KYPambl, %o
Cr0s 6.29 6.21 6.12
FeO 0.69 0.68 0.6
Si0, 35.27 35.28 36.01
Ca0 1.91 1.87 1.78
AlOs 15.31 15.9 16.35
MgO 40.51 40.02 39.13
P2Os 0.005 0.006 0.005
197.64 184.24 196.23
Kosx maccace, r. 1.08 1.096 1.108
Kox ecemiri
200°C TtemmepaTypaga OacTamkel ra3fplH —OeliHyi

JKOFaphl KYJIi KeMipre TOH YIINa 3aTTaplblH KOWBLIYBIHA
coiikec kemeni. 400°C TemmepaTypara JeiWiH MacCCaHbBIH
TOMeHAeyl Tipkenmi, Oyia Kok O€H KeMipAiH yiimna
3aTTapBIHBIH JKOFaNyblHA OaiylaHBICTBI 00Tybl MYMKiH. 400-
600°C TeMmmiepatypa apaibIFbIHAaFbl MACCAHBIH YKOFAPbLIAYHI
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METaJIBIH TOMEHT1 TOTBIKTAPBIHBIH TOTHIFybIHA OaiIaHBICTEI
Oomysl  MyMmKkiH.  [lepekTepaeH — KepiHI — TypFaHIai,
TOTBIKCBI3JJAHY KWHETHKACBIH 3€pTTey Ke3iHAe Y3MiKci3
eNuey oiCiHIH aWTapiblKTail kemmiiniri ©Oap, aran
aliTkaHna, TY3LIETIH OHIMJAEPIIH XUMHSUIBIK KypaMbIH
CaHJBIK Oarayiayia KUBIHIIBIK TYABIPaIbL.

Kewmiprerinig Toteirybl 1000°C xoFapsl TeMnepaTypana
Oacranajpl, KeMipTeri ayanblH 0oc orrericimeH CO-Fa AeiiiH
TOTBIFAbl J1a peakuus alMarblHaH IIbIFanpl. MyHzal
KYyOBUTBIC KEH MEH KYJIIOiH Heri3ri TOTBIKTapBIHBIH
TOTHIKCHI3JaHyBIHA Tepic acep erenmi. Toxipube OGaphICHIHIA
MACCaHBIH a3af0bl KOMipPTeTri MOHOTOTHIFEI MeH SiO Ta3bIHBIH
ra3 (a3achIHAAFHIl JKAIIBI CAalIMaK XOFAITYbIH CHIATTalmIpl,
al araJFaH OHIMIEpAIH Ty3Uly >KbUIJaMIBIFEI MEH OHBIH
e3repic cHUmaThl OpPTYpJi, O aublHFaH JepeKTepai
KUHETUKAJIBIK MOJIENbep OOMBIHIIA OHACY I KUBIHAATAIBI.

Toxipube conpiHma ®X800 mapkacbiHa cail KeneTiH
KOMIPTEKTI (PeppPOXPOMHBIH TOHKIPHOCIIK YITLIEpl aJbIHIBI
(6-xecte).

4. KopbITHIHABI

Ocpuraiima, «HSC  Chemistry 6» OarmapiamaibIk
KEIICHIHAEC TONBIK TEPMOAWHAMUKAIBIK Taljay >KOHE
TamMMmaH TmemmiHAE JKOFApBl KOMIPTEKTI  (eppOXpOMIIBI
3epTXaHAJBIK TOKIPHOENiK OaNKBITY KYPTi3inmi. 3epTreyiep
GapbIChIHA MBIHATIAP AHBIKTAJIIBL:

- METAUIYPrHsJIbIK KOKCTBI JKOFapbl KyJIl Kemipre
anMacTelpy  OOWBIHIIA LIEKTep  OeNriUIeHIl, KOFapsbl
KOMIpTeKTI (eppoXpomiabl OalKbITy YHIIH €H OHTailIbl
xarnaii 55/45. BankpITynpl TOTBIKTBIH KAaTThl KeMipTerire
KaTBIHACHI 1.04-1.74 OoJsraH Ke3ze
TOTBIKCBHI3JAHBIPFBIIITHIH apPTHIK MOJIIEPiH €CKepe OTHIPBII
KYPTi3y KaKeT. ByJ1 TOTBIKCHI3aHy MpoIecTepiHeH KeHiH ic
Ky3iHOe TOTHIK (a3acel (XpoMm) OONMaNTHIHIBIFEIHA
OaiimaHbICTHI, OipaKk HAaKTBl JKaFAalia KOMIpTETiHIH a3
MeJIepi KOJOMIHAKTE JKaHBII KeTeli, OYI KaTThl KOMipTeri
OOMBIHIIIA TIPOIIECTI OHTANIIBI PEXKUMI€ TEHECTIPE]Ii;

- LIMKIKypam rpaduTTi TUTENbre CajblHAbI, Herisri
peakLsuIap/AbH  KYPY OpTachl TOTBIKTBIPFBILI  OOJIIbI,
COH/IBIKTAH INUKIKYpaMbl €cenTey KaTThl KOMipTeririsi
1.04-1.74-xe apThIK eTin XKypri3inyi kepek. OWTKeHi THrelb
Oerinnmeri kemipreriHiH ©Oip Oexiri aya OTTericiMeH
TOTBHIFybIHA OaMIaHBICTHI KAHBII KETE].

- MaccaHbIH ©Te KeIl OFaIybIMEH >KYpelli, COHIBIKTaH
ra3 Topi3Ai TOTBHIKTap TYPIHIETI METaAbIH )KOFaITybIH a3aTy
YIIiH IIUKIKYpaM YHEMi KOJIOIIHHMKTIH acThlHAA OOIybI
kepek. KapKplHabI Ta3jbiH 0eiiHyi CyOTOTBIKTap TYpiHAeri
KPEMHHI MEH aJFOMUHHMIIH JKOFaJlyblHa OKEJI];

- TamMmaH nNeuIiHIH XYMBIC TeMIeparypachl IIaMaMeH
2000-2100 K apaneirbiHga  Oommel.  Tokipube Kyprizy
OapeichiHAa Oyl Temmeparypa IKETKIUTIKCI3 — eKeHJIri
aHBIKTAJJbl, COHJABIKTAH KypJeTdi TOTBIKTApIaH XPOMJIbI
TOTBIKCBI3JAHBIPYIbIH KAIBINTHl JKYPYl YIIIH KbUTYIbIH
’KOFaphbl KOHIIEHTPALMICHIH KAMTaMaChI3 Ty KaXeT, OUTKeHi
HET13r1 TOTBIKCHI3JIaHY peakuusaapbi ~ 2000 K
TeMIIepaTypaja Xypei;

- TOTBHIKCHI3JIaHy TIpOIIeCTepiHe JeHiHri KOk (a3achl
HETi3iHeH Kypaeni ToThIKTap TypiHae Oomamel: MgCroOy,
A|203'Si02, M928i04, (CaMg)o,55i03, MgO~A1203.
KopbITnanblH KaXeTTi MapKachlHa cail TOXKIPHOENIK yiriiep
anprHael. CoHpal-ak, AKCIEPUMEHT HOTYDKENepi OOMBIHIIIA
JKOFapbl KYJIZI KOMIpAi mNaigaiaHbIl >KOFapbl KOMIPTEKTI
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(eppoXpoMIpl KEH-TEPMHSIIBIK TeITepae OalKbITy Ke3iHge
KOMip KYJIHIETi XOFapbl MEHIIIKTI JJIEKTp KeIeprici MeH
KPEMHUI TOTBIFBI TPOLIECTIH TEXHOJIOTHSJIBIK ITapaMeTpiepiHe
OH 9cep eTeli IereH KOPHITHIHABI XKacayFa OoJa bl

Ocpunaiiina, XpoMIb! TOJBIK TOTHIKCHI3JaHbIPA OTHIPHII,
JKOFapel KOMIPTeKTi (eppoxpoM OaNKBITYABIH KaJBIITHI
mpoueci JKYpy YLIH KEH-TepMUSJIBIK HELIHIEe JKYy3ere
aCHIPBUIATHIH TEXHOJOTHSJIBIK PEXHUMIEC OHTAMIIBI Talanrtap
KOWBLINBL.  TepMOAMHAMUKANBIK ~ JKOHE  3€pTXaHaJIbIK
3epTTeynep OOWBIHIIA aBIHFAH MONIMETTep HeTri3iHzae
JKOFapbl KOMIpTeKTi (eppoxpoM OanKbITy KyaTTHUIBIFBI
200 kBA keH-TepMUSUIBIK ~TEIIIHAE aJABIH aja  ipi-
3epTXaHaIIBIK TXKIpUOesep Kypriziui.

Kapskblianabipy

Makana KP FxXXB MuHCTpmiri FhUIBIMH 3epTTeyJepi
TPAHTTBHIK Kap>KbUIAHIBIPY K00acklH OpbIHIAY LIeHOepiHae
sapusinaaabl (AP 14871610).
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Korapsl kyani «Capbiagbip» KOMIPiH Nail1aJIaHA OTHIPBII, KOFAPbI
KOMIPTEKTi (peppoxpom 0aJIKbITY NPOLECIH TEPMOAMHAMMKAJIBIK KIHE
IKCHEPUMEHTTIK MOJeJbAeY

E.K. llla6anos!, E.K. Kyar6aii®", E.H. Maxam6etos?, P.T. Toneykaapip!

DK. Obiwes amvinoazvr Xumus-wemaniypeus uncmumymel, Kapazanow, Kazaxcman

2Kapazanowl unoycmpusanwly ynusepcumemi, Temipmay, Kazaxcman
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Anparna. JKyMmbIcTa IIMKIKYpaM KYpamblHZA carajbl )KaHa TOTHIKCHI3AAaHIBIPFBI — «Capblajplp» KEeH OPHBIHBIH JKOFaphI
KYJIl Tac KeMipiH MaijganaHa OTBIPHIN, JKOFAphl KOMIpTEKTi (eppoXpoM aly TEXHOJIOTHSACHIH o3ipiey YIIH Heri3 OoubIn
TaOBUIATBIH FBUIBIMH  3€PTTEYJIEp HOTIDKETEpi KenTipiimi. XpOMHBIH KapOOTEpPMMSUIBIK TOTHIKCHI3AAHYbIH Tajjgay YIIiH
kommbroTepiik kyiene «HSC Chemistry 6» Oarmapiaamansik kemreHinidg kemerimern 600-2800 K temmneparypa apaibiFbiHaa
JKY3ere achIpbUFaH METALTyPrHsUIBIK IPOLECTEP/l TOJBIK TepMOAMHAMUKaIbIK Monenbaey (TTM) omici KongaHBULIBL.
TepMoIMHAMUKAIBIK €cenTey KOpPCEeTKeHIEH, JKOFapbl KOMIPTEKTI GeppOXpOMIIBI KOFAphl KYJAi KeMipai maiaanaHbIl OaaKpITy
Ke3iHAe KYPT TEXHOJOTHSUIBIK AyBITKyJap OalKamMaiipl, Impolecc XpoM MEH TEMIpIiH TOJIBIK TOTHIKCHI3ZAHYbIMEH OipKesKi
xypeni. Kemip KymiHzmeri kpeMHHWIi MEH aJIOMUHHN TOTBIFBIHBIH MOJIIEPiHIH >KOFaphl OONybIHa OaiIaHBICTHI MIMKIKYpaM
KOCIACHIHIAFbl KBapUUTTI COTTI aJMacThlpa aJaThIHABIFBI KO3 JKETKi3MiK. TepMOoIMHaMHUKAIBIK AEPEKTep HEri3iHIe >KOFapbl
TeMITepaTypajibl 3epTXaHANBIK TaMMaH nemnriHae Capblaaplp >KOFapsl KYJIi KeMipiH MaiiiasiaHa OTBHIPHIN, KOFaphl KOMIpPTEKTi
(eppOXpOoMIBI OAIKBITYIBIH TEXHOJIOTHSIIBIK IPOLIECIHE SKCTIEPUMEHTTIK 3epTTeyJiep JKyprizinai. TaMmaH Kenepri Heri - 5KoFapsbl
TeMIepaTypaga METALTYyPIHsUIBIK MPOLECTEPAl MOJEIBACYTe apHAIFAH 3€PTTEY KOHIBIPFBICH OOJNBIN TaObIIAmbl. 3€pTXaHAJbIK
3eprreynepae dpeppoxpom X800 mapkachiHa cail KeleTiH KoMIpTEKTi peppOXPOMHBIH TIXKIpUOEIIK Yriaepi atbIH/IbI.

Hezizzi co3dep: sicocapbl  Komipmexmi  (heppoxpomovl, Xpom KeHi, KOKC, JHcoeapbl KyA0i KOMip,
MepMOOUHAMUKATILIK MOOETbOey, IKCHEPUMEHMMIK MOOenboey .
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TepmonnnamMmn4yeckoe 1 IKCIEPUMEHTAJBLHOE MOAEJTHPOBaHME NPoLEcca
BbIIJIABKH BBICOKOYIJIEPOANCTOro (heppoxpoma
C HCI0JIb30BAHNEM BBICOKO030JbHOTIO0 yIiisi «Capbiaabip»

E. K. llla6anos!, E.K. Kyar6aii?", E.H. Maxam6ertos’, P.T. Toneykaasip*

Xumuxo-wemannypauueckuii uncmumym um. XK. Abuweea, Kapazanoa, Kasaxcman
2Kapazanounckuti undycmpuanvhuiii yuueepcumem, Temupmay, Kazaxcman

*Aemop ons koppecnondenyuu: kazakh 84@mail.ru

AnHoTtanusi. B pabore u3JI0KEHBI pe3yibTaThl HAay4YHBIX HCCICJOBAHHMH, SBIISIOIIMXCS OCHOBOHM JUIs pa3paboTKu
TEXHOJIOTHH TOJYYEHHS BBICOKOYIJIEPOJUCTOrO (eppoXpoMa C HCIONB30BAHHEM B UHIMXTE KAadeCTBEHHO HOBOTO
BOCCTaHOBHUTEJISI - BHICOKO30JILHOTO KaMEHHOTO YIiisi MecTopoxkaeHus «Capblaasipy». s anamuza kapOOTEepMHYECKOTO BOC-
CTaHOBJIGHUSI XpOoMa OBUI HCIIOJIB30BaH METO][ IOJIHOTO TepMoAMHaMudeckoro Moxaenuposanus (IITM) meramtyprudeckux
TPOIIECCOB, PEaTN30BaHHOTO B KOMIIBIOTEPHON CHCTEME ¢ MOMOIIBI0 mporpaMmuoro kommiekca «HSC Chemistry 6», B un-
TepBane temmepaTtypsl 600-2800 K. TepmomuHaMudecknii pacdyeT Mmokas3al, 9YTO PE3KHX TEXHOJOTHUSCKUX OTKIOHEHHH Npu
BBIIJIABKE YTIIEPOIMCTOTO (PeppoXpoMa C HCIOIH30BAHUEM BBICOKO30JIBHOTO YIIIA HEe HAaOMIOMAeTCs, POIecC MPOTEKAeT PaB-
HOMEpPHO, C TIOJIHBIM BOCCTAHOBIICHHEM XpoMa M jkeie3a. 1o colepXaHWi0 OKCHAAa KPEMHHS M alOMHHHS B 30JI YIJId,
YCTaHOBWJIM, YTO OH MOXET YCIEUTHO 3aMEHHUTH KBapIUT B MIMXTOBOW cMecH. Ha oCHOBe TepMOIUHAMUYECKHAX TaHHBIX OBLTH
MIPOBEICHBl SKCIIEPUMEHTAJIbHBIC HCCICIOBAHMAS TEXHOJOTHYECKOTO MpoIlecca BBHIIUIABKU YTICPOIUCTOTO (eppoxpoMa ¢
WCIIONIE30BAaHUEM BBICOKO30JbHOTO yriisi Caphlafblp B BBICOKOTEMIEpaTypHO#W mabopatopHoit meunm Tammana. Ileun
CONPOTHBIICHHsT TaMMaHa NpeAcTaBiIAeT co00il HCCIeNOBaTENbCKYI0 YCTAaHOBKY, NPEIHA3HAUYEHHYIO JIS MOJETHpPOBAHUSA
METaJUTyprHYecKUX MPOLECCOB MPU BBICOKHX TeMIepaTypax. B y1abopaTOpHBIX HCCIeTOBaHMAX OBIIM MOJYYECHBI OIBITHHIC
00pasibl yraepoaucToro hpeppoxpoma, KOTOPhIi cooTBeTcTBYeT Mapku DX800.

Knrouesoie cnosa: evicoxoyenepooucmolii heppoxpom, Xpomosas pyod, KOKC, 6biCOKO30JIbHbIL Y20lb, K8apyum, mepmoou-
Hamuyeckoe MOOenuposanue, IKCHePUMEHMAIbHOE MOOETUPOBAHUE.
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Preparation, purification and dissolution
of molybdenum oxychloride compounds in water
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Abstract. Expansion of the fields of application of molybdenum and its compounds of high purity requires the study of
their various purification methods. The paper considers low-temperature chlorination of technical molybdenum dioxide, purifi-
cation of the gas mixture from impurities in the filter system, condensation and dissolution of purified molybdenum oxychlo-
ride compounds in water. On filters made of tableted sodium chloride, gaseous molybdenum dioxide is purified from alumi-
num, iron, chromium and nickel with the formation of low-volatile compounds. The capture of silicon by this filter was not
detected. Purification of tungsten on filters of granular molybdenum oxide practically does not occur. Purified molybdenum
oxychloride compounds are desublimated in the form of compact and fluffy products with an underestimated chlorine content
relative to the stoichiometric composition of molybdenum dioxide. Compact molybdenum oxychloride compounds dissolve in
distilled water with little or no precipitation. When dissolving fluffy compounds of molybdenum, a tangible precipitate is

formed, into which a significant part of the impurities passes.

Keywords: molybdenum, oxychloride compounds, sublimation, condensation, dissolution, polymolybdic acids.

1. Introduction

In modern technology, the role of molybdenum is quite
significant. Traditionally, it has been used mainly in the
creation of heat-resistant alloys [1-2]. However recently,
molybdenum has begun to be used in such important indus-
tries as: powder metallurgy, electro-vacuum technology,
semiconductor electronics, nuclear power [3-4]. With the
discovery of new technologies for the production of high-
purity molybdenum compounds, the areas of their research
and use have significcantly expanded [5-8].

Usually molybdenum is extracted from concentrates at
pyrometallurgical and hydrometallurgical processing plants.
Hydrometallurgical conversion is multi-stage and requires
cumbersome and complex hardware design of the process,
since solutions must be cleaned in different ways from a
large number of different impurities in it [9]. Considering the
high elasticity of vapors of molybdenum and tungsten chlo-
rides and oxychlorides, pyrometallurgical processes of chlo-
rination of compounds of these metals are widely used in
metallurgy for the production of the pure products [10, 11].
On the issues of chlorination of molybdenum raw materials
and the production of molybdenum oxychlorides, a large
number of works were carried out by Glukhov with employ-
ees [12, 13].

In order to obtain pure molybdenum compounds, a highly
technological scheme is implemented in this work, including
low-temperature chlorination of technical molybdenum diox-
ide, purification of the gas mixture from impurities in the
filter system, condensation and dissolution of purified mo-
lybdenum oxychloride compound in water by the production
of molybdenum acids.

© 2022. P.A. Osipov, R.A. Shayakhmetova, A.B. Sagyndykov

2. Materials and methods

The mechanism for the production of molybdenum diox-
ychloride consists of a nickel chlorinator, a block of active
filters and a condenser of purified molybdenum oxychlo-
rides. Low-temperature chlorination is carried out at a tem-
perature of 190-220°C and consisted in supplying chlorine
gas to a chlorinator in which the initial molybdenum dioxide
concentrate was already heated to the required temperature.
To purify the products of the chlorination reaction from im-
purities, a gas stream containing a mixture of chlorine deriva-
tives of molybdenum, tungsten, aluminum, iron and other
impurity chlorides was passed sequentially through heated to
200-250°C with two filter nozzles.

The first contained tableted sodium chlorides, the second -
granular molybdenum trioxide. The purified gas stream from
the filter system enters the condenser, in which it is desubli-
mated. This chlorination method is highly selective with a
deep degree of molybdenum extraction from technical raw
materials [14]. The low temperature of the chlorination reac-
tion makes it possible to manufacture equipment from relative-
ly inexpensive structural materials, and especially-nickel.

3. Results and discussion

According to the used technology, the main part of the
impurities is removed at the chlorination stage. The impuri-
ties contained in the initial molybdenum oxide, with the
exception of iron, aluminum and tungsten, either do not react
with chlorine at temperatures up to 220°C, or form non-
volatile chlorides at this temperature. The resulting molyb-
denum dioxide is sublimated at a temperature of 157°C and
flies away from the reaction zone. Iron and aluminum create

Engineering Journal of Satbayev University. elSSN 2959-2348. Published by Satbayev University
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chlorides with boiling and ignition temperatures of 315 and
183°C, respectively, and tungsten forms a mixture of ox-
ychlorides, of which only tungsten oxytetrachloride has a
high vapor pressure (Temperature of boiling = 224°C) [11].

During the purification of molybdenum vapor-gas diox-
odichloride, the accompanying impurities in the form of
aluminum, iron, nickel and chromium chlorides bind to alkali
metal chlorides into low-volatile, low-melting compounds of
the NAECLN type by reaction:

NaCl + MeCl, = NaMeCly1. (1)

Silicon, which is in a vapor-gas mixture, usually in the
form of chlorosilane, forms a non-volatile compound of
Na2SiCl6 when interacting with sodium chloride:

SiCls + 2NaCl = Na,SiCls (2)

The complex chlorides formed by reaction (1), (2) at a
temperature of 220°C have low vapor pressure and high
thermal resistance, therefore it is assumed that the degree of
purification of the gas stream from iron and aluminum will
be high.

Figures 1 and 2 show the type of particles of spent filters
made of tableted sodium chloride and molybdenum trioxide,
as well as their characteristic spectrograms obtained on a
scanning electron microscope (SEM) at different magnifica-
tions.
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Figure 1. View of the filter particles from tableted sodium
chloride (a) and molybdenum trioxide (b) obtained on SEM at
different magnification

The obtained data shows that the filter of sodium chloride
tablets is cleaned of iron, nickel and chromium. The capture of
aluminum and tungsten is very insignificant, and silicon chlo-
ride compounds are practically not captured by this filter at all.
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Figure 2. Characteristic spectrograms of filter particles from
tableted sodium chloride (a) and molybdenum trioxide (b) ob-
tained on SEM

The compositions of the filter particles from tableted so-
dium chloride obtained on SEM are shown in table 1.

Table 1. Composition of filter particles from tableted sodium
chloride, % of the mass

%T:g;ﬁ?l Spectrum 1 Spectrum 2 Spectrum 3
(0] 16.77 17.73 22.86
Al 0.15 0.19 0.22
Si 0 0.1 0
Cl 43.25 40.87 41.12
Cr 0.95 1.04 0.37
Fe 1.25 1.1 0.45
Ni 0.33 0.26 0.34
Na 32.31 35.12 29.63
Mo 5.13 3.62 4.66
w 0.17 0.13 0.31

Tungsten is the most undesirable and difficult-to-remove
impurity in a molybdenum product. For purification from
volatile tungsten compounds in the vapor-gas phase, a filter
containing granular molybdenum trioxide was used, which
also served to purify the vapor-gas stream from other molyb-
denum compounds. The process of purification from tung-
sten is described by the equation:

WOCI; + 2M003—WO0O3 + 2Mo00-,Cl, 3)

As can be seen, as a result of the reaction (3), tungsten
trioxide should be formed, which has an insignificant vapor
pressure at a temperature of 220°C and gaseous molybdenum
dioxide, which is the main product of chlorination. The ele-
ment composition of the spent filter particles from molyb-
denum trioxide obtained after the chlorination and purifica-
tion process is shown in table 2.
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Table 2. Composition of molybdenum trioxide filter particles
obtained by SEM, % of the mass

Chemical Spectrum 1 Spectrum 2 Spectrum 3

element
0] 30.04 32.65 31.17
Al 0.05 0.10 0.12
Si 0.09 0.08 0.12
Cl 0.37 0.59 0.80
Cr 0 0 0
Fe 0.10 0.34 0.25
Ni 0.09 0.26 0.00
Mo 69.15 65.76 67.16
W 0.18 0.10 0.51

By analyzing the composition of the particles from the
molybdenum trioxide filter, it can be noted that the purifica-
tion of the vapor-gas mixture from aluminum, iron and nick-
el continues on it, but it is significantly less than on the pre-
vious sodium chloride filter. It is also possible to note a
slight purification from silicon. Chromium capture by this
filter is not detected within the error of the analytical equip-
ment. It is worth noting that the purification from tungsten on
the molybdenum trioxide filter is insignificant, probably the
reaction (3) with these parameters goes at a very low speed.

The purified gas stream from the filter system enters the
condenser, in which it is desublimated. In the process of
condensation, two types of molybdenum product were ob-
tained: the first, formed on the walls of the condenser and
representing a relatively compact yellow-green product, the
second in the form of a loose powder consisting of fluff-like
particles. The type of samples of desublimated molybdenum
dioxychloride obtained on SEM at different magnification is
shown in Figure 3, and the composition of their various
fragments in table 3.
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Figure 3. Electronic photos of compact (a) and spider-like (b)
particles of molybdenum dioxide, obtained on SEM, at different
magnification

Table 3. Composition of compact and fluff-like particles of molybdenum dioxychloride obtained by SEM

Content, %

i?:nr:éﬁ?l Compact particles Fluff-like particles
Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 1 Spectrum 2 Spectrum 3
0] 33.53 18.11 22.32 31.60 28.51 26.83
Cl 0.65 26.69 23.21 0 11.02 10.05
Al 0 0.1 0 0 0 0
Cr 0 0 0 0 0 0.05
Si 0.1 0 0 0.1 0 0
Fe 0.10 0.21 0.12 0 0.10 0
Ni 0.05 0 0.1 0 0 0
Mo 64.49 50.51 53.21 68.40 59.62 61.17
w 1.13 0.40 0.95 0.40 0.30 0.25

In all the samples studied, it is possible to note an insig-
nificant content of iron and tungsten. Moreover, unlike com-
pact ones, the content of iron and tungsten in fluff-like sam-
ples is less, which can be explained by higher desublimation
temperatures of iron trichloride and tungsten oxytetrachlo-
ride, which are easily deposited on the hotter walls of the
condenser.

The presence of iron and tungsten in almost all fragments
of the samples suggests that the reaction (1) of the formation
of non-volatile iron compounds on tableted sodium chloride
and the reaction (3) of the formation of non-volatile tungsten
trioxide compounds on granular molybdenum trioxide, with
these parameters, has limited application and does not pro-
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vide high selectivity of the process. It is possible to note only
a slight capture of tungsten on filters made of both tableted
sodium chloride and filters made of granular molybdenum
trioxide.

Aluminum, nickel, chromium and other elements in both
samples were not detected within the detection error, which
gives reason to believe that with these parameters, reaction
(1) can be used to purify molybdenum chloroxide com-
pounds from these elements. The absence of silicon in desub-
limated samples of molybdenum oxychloride compounds
suggests that the reaction (2) can be quite workable.

Analyzing the stoichiometric composition of compact and
downy samples of molybdenum dioxide, it can be noted that
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they do not correspond to the stoichiometric formula
MoO2CI2, but are much closer to the formulas MoO(2.25-
2.4)CI(1-0.8) for compact and M00O(2.6-2.8)Cl (0.2-0.1) for
downy samples. This behavior is explained by the fact that
atmospheric oxygen easily displaces chlorine from molyb-
denum dioxide, and since the bulk density of freshly pre-
pared fluff-like samples of molybdenum dioxide is usually
about 50 kg/m?®, and they have a very large free surface, even
in freshly prepared samples there is a noticeable shortage of
chlorine.

Many works have been devoted to the problem of study-
ing the dissolution of molybdenum-containing products [15,
16]. In our case, the dissolution of the molybdenum product
was carried out in distilled water by reaction:

M0O,Cl; + 2H20= H;M00, + 2HCI (4)

According to equation (4), during hydrolysis, molyb-
denum and hydrochloric acids are formed. The reaction is
exothermic, the dissolution takes place with the release of
heat (the temperature of the solution increases by 20°C). At

the same time, depending on the parameters of the experi-
ment, the place of removal of the desublimate and the meth-
od of dissolution, solutions of different colors and with dif-
ferent amounts of sediment are formed.

The dissolution of compact samples of molybdenum ox-
ychloride compounds in water at any temperature occurs
almost completely with the formation of an insignificant, less
than 0.5%, precipitate. The resulting productive solution has
a blue color due to the presence in the solution of para-
molybdate ions M04013-2, formed during the hydrolysis of
various oxychloride compounds of molybdenum [17].

When the fluff-like samples of molybdenum compounds
are dissolved in water, a pulp is formed, probably due to the
formation of metamamolybdate ions M0o7024-2 in solution,
which have low solubility. The filtration rate of such pulp is
good, the filtrate is transparent, about 30% of molybdenum
acids pass into the precipitate. The element composition of
molybdenum products: pulp, filtrate and cake are shown in
Table 4.

Table 4. Element composition of the dissolution products of fluff-like samples of molybdenum oxychloride compounds

Content, ppm

Product Li Na Mg Al si P s K
pulp 0.237 40.02 10.43 44.60 150.53 0.02 0.01 13.42
filtrate 0.11 31.00 3.93 4.07 18.46 0.01 0.01 3.99
KeK 0.41 108.52 22.73 141.88 194.23 0.03 0.03 33.05
Content, ppm
Product Ca Sc Ti \Y Cr Mn Fe Co
pulp 85.73 0.11 5.60 6.38 38.81 4.16 180.66 0.72
filtrate 14.97 0.17 0.58 0.54 26.36 2.25 107.43 0.54
KeK 247.87 0.23 17.68 21.05 43.64 6.39 256.35 0.86
Content, ppm
Product Ni Cu Zn Ga Ge As Se Rb
pulp 27.88 3.92 5.71 0.13 0.08 2.35 1.85 0.22
filtrate 19.30 0.84 0.49 0.01 0.04 0.02 0.01 0.03
KeK 30.03 10.93 18.55 0.34 0.09 8.23 6.15 0.18
Content, ppm
Product Sr zr Nb Ag cd sn Sb Te
pulp 3.02 3.84 0.06 22.17 241 0.38 1.26 0.07
filtrate 0.15 0.02 0.02 0.35 1.28 0.08 0.63 0.04
KEK 10.10 13.24 0.18 76.84 2.69 1.20 2.06 0.22
Content, ppm
Product Cs Ba La Ce Pr Nd sm Pb
pulp 0.07 11.25 0.03 0.30 0.09 0.24 0.41 1.49
filtrate 0.01 1.71 0.01 0.19 0.05 0.20 0.14 0.27
KEK 0.09 33.55 0.16 0.45 0.88 0.62 0.45 4.23

For almost all impurity elements, a significant decrease in
their content occurs during the transition from pulp to fil-
trate. For 3d metals such as iron, chromium, manganese,
cobalt, copper, the reduction is one and a half to two times.
For alkaline and alkaline earth elements, such as calcium,
magnesium, potassium, it is three to five times, and for many
elements, such as aluminum, silicon, zinc, silver and others,
it is a decrease of more than ten times, that is, almost an
order of magnitude. The mechanism of formation and for-
mation of this sediment can be represented as follows.

Molybdenum acid is able to attach a different number of
MoQO3 molecules to form polyacids, the derivatives of which
are polymolybdates. Unlike normal molybdates, polymolyb-
dates have a molar ratio of Me20: MoO3 (where Me- Na+,
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K+, NH4+) less than one and varies widely. For the most
part, they are isolated from solutions in the form of crystallo-
hydrates with a different number of water molecules [17, 18].

Polymolybdates are obtained by neutralizing acidic solu-
tions of polymolybdenic acids with alkali metal or ammoni-
um ions in a certain range of pH values. At the same time,
MoO-ions transform into polymer anions by attaching pro-
tons to polyions to form water molecules according to a
simplified scheme [19]:

n-MoO4% + 2(n-1)-H* <> M0nO%3n4x + (N-X)-H20

In our case, when an oxychloride product with a signifi-
cant deficiency of chlorine ions is dissolved, a large number
of MoO3 molecules are formed.For example, when dissolv-



P. Osipov et al. (2022). Engineering Journal of Satbayev University, 144(6), 18-23

ing compact samples of molybdenum oxychloride com-
pounds with a formula close to kK MoO(2.25- 2.4)CI(1-0.8),
the formation of the paramolybdate ion Mo40O13-2 occurs,
and for fluff-like ones with the formula MoO(2.6-2.8)ClI
(0.2-0.1) less soluble metamamolybdate-ion Mo70242-.
Their formation can be represented by the following reac-
tions:

4Mo00.% + 6H* < Mo04013* +3H-0,
TMo004% + 8H* <> M07024% +4H,0

In equilibrium with these polyanions in solution, there
may also be anions of the type HMo04013-, HMo07024- or
others formed as a result of the addition of protons to polyi-
ons [20]. The area of existence of various polymer forms in
equilibrium with the MoO42- nones at which polyions are
formed varies widely and depends on the pH value and the
concentration of molybdenum in solution, which complicates
the predictive power of the results obtained.

Thus, low-temperature chlorination of technical molyb-
denum dioxide, purification of the gas mixture from impuri-
ties in the filter system, condensation and dissolution of
purified molybdenum oxychloride compounds in water are
considered.

It has been shown that low-temperature chlorination of
molybdenum oxide compounds is a selective process. It was
revealed that the filter of granular sodium chloride purifies
the gas stream of molybdenum dioxide from the accompany-
ing impurities of aluminum, iron, chromium and nickel,
which bind to it in low-volatile fusible compounds. Silicon
and tungsten are almost not captured by this filter and the
filter of granular molybdenum oxide.

It is noted that the condensation of molybdenum dioxide
dichloride occurs with the formation of compact and downy
products, the chlorine content of which is close to the formu-
las Mo0O(2.25-2.4)CI(1-0.8) for compact and MoO(2.6-
2.8)CI(0.2-0.1) for downy samples.

It was found that the newly obtained molybdenum desub-
limate is well soluble in water with the formation of molyb-
denum and various polymolybdenic acids. The dissolution of
the compact product occurs with the formation of para-
molybdates with almost no sediment, and when the downy
purge is dissolved, metamolybdates are formed with the
formation of a precipitate, into which a significant part of the
impurities passes.
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Mosmn0aeHHIH OKCUXJIOPHUATI KOCHLIBICTAPBIH CYIa aJ1y, TA3apTy sKOHe
epity

IT.A. Ocumnos”, P.A. IllasixmeroBa, A.B. CarbIHABIKOB
Munepanowix wuxizammul KeuieHOi Kaiima oHoey Hconinoe2i yimmulk opmanvigel, Aimamet, Kazaxcman
*Koppecnonoenyus ywin asmop: 0sipovapi@mail.ru

AHngaTna. MonHOJCHHIH JKOHE OHBIH JKOFAapbl Ta3albIKTarbl KOCHUIBICTAPBIHBIH KOJIAHY ©pPICTEpiH KEHEHTY oappl
OpTYpIi TazapTy OmicTepiH 3epTTeydi Tamam eremi. JKyMbpIcTa TEXHHKAJIbIK MOJHOICH AMOKCHIIH TOMEH TeMIlepaTypanaa
XJIOpJiay, I'a3 KOCIAaChIH CY3ri )KYHeCiHer KocnanapaH Ta3apTy, Ta3apThUIFaH MOJIMOJICH OKCUXJIOPUIIHIH KOCBUIBICTAPBIHBIH
CyZla KOHJICHCALMIaHy bl J)KOHE epyl KapacThlpbulraH. TalieTkananraH HaTPpUi XJIOPHIHEH JKacaFaH Cy3rijiep/ie ra3 Tapiszec
MOJMOJICH JHUOKCUI AJIOMUHHMUACH, TEMIpJCH, XPOMHAH J>KOHE HUKENbJECH TOMEH YIIKBIII KOCBUIBICTAP TY3€ OTHIPBII
TazapThulafbl. Byn cys3ri apkpUIbl KpeMHHMHAI ycTay aHbIKTaiManabl. TYHIpHOIKTI MOJMHMONEH OKCHIIHIH Cy3rijiepiHie
BONMb()paMHAH Ta3apTy ic Ky3iHae koK. TazapThuiraH MOJIMOACH OKCHUXJOPHIIHIH KOCBUIBICTAPHI MOJHOACH TUOKCHIIHIH
CTEXMOMETPHSIIBIK KypaMblHa KaTBICTBI XJIOp MeJIepi TOMEH OaralaHFaH bIKIIAM JKOHE YINULACK OHIMAEp TypiHue
JecyonuMarysiaHagpl. blkmaM MoiuGaeH OKCHXJIOPUIATI KOCBUIBICTAp AWCTHJINCHIEH CyAa a3 HeMece JKayblH-INallbIHCHI3
epuni. MonuOAeHHIH YIMUIAEK KOCBUIBICTAPBHIH EPITKEH Ke3le KOCHmaJapAblH enoyip Oeriri eTeTiH HakThl TyHOa maiina
0OoJabl.

Hezizzi co30ep: moauboeH, oKCuxaopuomi KocblibiCmap, Cyoaumayus, KOHOeHcayus, epimy, ROIUMOAUO KbIUKbLIOAP .

IHosy4yeHue, 0O4UCTKA U PACTBOPEHUE OKCHUXJIOPHIHBIX COeIUHEHU I
MOJINOICHA B BOJIE

IT.A. Ocumnos”, P.A. IllasixmeTtoBa, A.B. CarbIHIbIKOB

Hayuonanshulii yenmp no KOMIEKCHOU nepepadonke MUHEpaibHo2o coipbs, Aimamet, Kazaxcman
*Aemop ons koppecnonoenyuu: 0sipovapi@mail.ru

AnHoTanus. Pacmmpenne o0nacTeid mpuMEHEHUST MOTUOICHA M €r0 COCTUHCHUH MOBBIIICHHOW YUCTOTH TpeOyeT m3yde-
HUS UX Pa3IMYHBIX CITOCOOOB OYHCTKU. B paboTe paccMOTpeHO HH3KOTEMIIEPATYPHOE XJIOPUPOBAHNE TEXHHYECKOTO JHOKCHIA
MOJHOICHA, OYMCTKA Ta30BO CMECH OT MPHUMECH B cucTeMe (MIBTPOB, KOHICHCAIMSA W PACTBOPCHHE B BOJIE OYHIICHHBIX
OKCHXJIOPUIHBIX COeInHeHN MonubaeHa. Ha ¢pumpTpax u3 TablIeTHPOBAHHOTO XJIOPUAA HATPHS MPOUCXOTUT OYHUCTKA Ta3o-
00pa3HOTO AUOKCHIUXJIOPHIA MOJTHOICHA OT ATFOMHHUS, JKeJIe3a, XpOMa U HUKEIS ¢ 00pa3oBaHUEM B MaJIOJIETYYHX COCIIHE-
HuH. 3axBara KpeMHHS dTUM QuiIbTpoM He oOHapyxkeHo. OUnCTKH OT BoJb(hpama GuiabTpaMu U3 TPaHyIUPOBAHHOTO OKCHIA
MOJINO/IeHa TIPAKTUUECKH HE TPOUCX0auT. OUHUIEHHbIE OKCUXJIOPHUIHBIE COCIMHEHUSI MOUOIeHa eCyOITUMHUPYIOTCS B BUJIE
KOMITaKTHBIX U MyX000pPa3HBIX MPOJAYKTOB, UMEIOIINX 3aHIKEHHOE COAEPIKaHHUE XJIOPA OTHOCHUTENBHO CTEXHOMETPUIECKOTO
COCTaBa JUOKCUIUXJIOpUAa MonubOaeHa. KoMmakTHbIE OKCUXIIOPUIHBIE COSTUHEHUST MOJTHOIeHa PACTBOPSIIOTCS B AUCTHIUPO-
BaHOU BOJie TpakTHuecku Oe3 ocanka. [Ipu pacTBopeHHH MyX00Opa3HBIX COETWHEHWH MOJMOIeHA 0o0pa3yeTcs OIIyTHUMBIN
0caJioK, B KOTOPBIN MepeXoquT 3HAUMTENbHAs YacTh IPUMecei.

Knrouesvie cnosa: monuboen, OKCUxiopuoHvie coeOuHenus, cyonumayus, KOHOeHCayus, pacmeoperue, NoIUMOIUOOeHO8bLe
KUCIOm®bL.
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Study of the influence of large shear strains and vortex flow of metal
on the formation of an equiaxed ultrafine-grained structure
of the E110 zirconium alloy by X-ray diffraction analysis
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Abstract. In this work, the task was to investigate the processes of microstructure change occurring in relatively large bulk
bars under the action of large plastic deformations. Such large levels of deformation are usually achievable in high pressure
twisting of small flat disks, but are difficult to achieve in large bulk bars. The method of radial shear rolling makes it possible
to achieve comparable ultrahigh degrees of deformation (~ 45 mm/mm) in combination with the vortex flow of the metal.
Sequential rolling of the E110 zirconium alloy was carried out under extreme conditions on 2 radial shear rolling mills with a
total reduction in diameter £ = 185% and a maximum accumulated deformation = 46 mm/mm. To assess the level of defor-
mation and its distribution over the section, FEM modeling was carried out in Deform-3D. The resulting structure was studied
by electron microscopy (TEM/SEM). A detailed cross-sectional study of the EBSD structure was performed with a resolution
of 1 mm. A gradient structure with a predominance of an equiaxed ultrafine-grained structure was found, which was not very
pronounced compared to the use of smaller deformations.

Keywords: radial shear rolling, ultrafine-grained structure, zirconium alloy, gradient structure, severe plastic deformation,

large deformations, computer simulation.

1. BBenenue

CriaBbl Ha OCHOBE IIMPKOHHWS SIBIISIIOTCSL OJHUM M3
OCHOBHBIX MaTepHAJIOB SAEPHON SHEPIETHKN 1 UCTIOIB3YIOTCS
JUISL I3TOTOBJICHUS 000JIOUEK M 3arJIyIIeK TEIUIOBBIACIISIONINX
JNIEMEHTOB PEaKTOpPOB Ha TeIIOBBIX HeiTpoHax (PWR,
WWER) [1]. TIpu OTHOCHUTEJIBHO HEBBICOKOU
MOBPEKNAEMOCTH  CTPYKTYPhl ~ LIMPKOHHS  HEHTPOHHBIM
MOTOKOM, MarepHan KOHCTPYKIIMOHHBIX 3JIEMEHTOB CHIIBHO
MOBPEKNACTCS. OCKOJNIKAMM JISNICHUsl siiep ypaHa. 3alura
MOBEPXHOCTH OOOJIOYEK M TIOBBIIIEHHE HMX MEXaHWYECKUH
CBOMCTB sIBIsETCS ONHOW M3 HamOoyee akTyalbHBIX 3aiad
COBPEMEHHOH SJIepHON SHEPTETHKH.

PajmkanbHO MOBBICHTH MEXaHMYECKHE CBOICTBAa MeTalia
MOXXHO TyTeM IpeoOpa3oBaHMsi €ro  CTPYKTYypbl B
yIABTPAMEIIKO3EPHHUCTOE M HAHOCTPYKTYpHOE cocTosiHue [2-3].
Taroke Hamare OOJBIIOTO KOINYECTBA MEK3EPEHHBIX TPaHHMI
B 0o0BbeMe MaTepuana OyJeT CIy)KUTh HOBEPXHOCTSIMH CTOKA
JUISL HETIPEPhIBHO O0pa3yIOMIUXCsl PAAUAMOHHBIX Je(EeKTOB,
TaKUM 00pa3oM yiydiias paJHaldOHHYIO0 CTOHKOCTH JETaJH
[4-5].

Jnst hopMUpOBaHUs YIBTPAMEIKO3EPHUCTOH CTPYKTYPbI
(YM3), MeTant HeoOX0IMMO TTOIBEPIHYTH OOJBIINM BEIWYH-
HaM MHTEHCUBHOM Iactudyeckoi nedopmarmu (€ > 6-8) npu
ycioBuu BeTecTopoHHero ckarus | I'Tla u Beilne npu HeBbI-
cokux Temmeparypax [3, 6]. CylecTBeHHyH poOJb 371eCh
Takke OyIeT Wrparb HEMOHOTOHHOCTh TEYEHHUs MeTalla.
Peanuzanys 5THX yclIOBHH JieTKa B JIMCKPETHBIX ITpoLieccax

WHTCHCUBHOHN IUIACTHYECKON IedopMamui Bpoje IMpeccoBa-
Hus [7-9], koBku [10], Kpy4yeHus 0 BHICOKUM JaBJIEHUEM |6,
11], HO ciOXHA [T IPOU3BOJICTBA JITHHHOMEPHBIX U3IEIIHIA C
HEM30C)KHPIMH PACTATHBAIOIIAME HATPSDKCHISIMA, TOC TPH-
MmeHnsiercst npokatka [12] wim Bosovenue [13]. Hawmydrumit
addexT ymydiieHus MoXeT JaTh peau3alus BUXPEBOrO Te-
YeHUsI MeTalla B YCJOBHSX BCECTOPOHHETO THAPOCTATHYE-
ckoro cxatus [14]. [ns nomyyeHns IIMHHOMEPHBIX U3/ENHH,
3TO JOCTIDKUMO METOJIOM DPaJHalbHO-CIBUTOBOM NPOKATKH
[15-16]. Takas cxema IO3BOJHT JOOHTHCS OYEHH OOJIBIIMX
nedopManuii 3a c4eT TPAeKTOPHO-CKOPOCTHOTO CIIBUTA CIIOCB
JnehopMHUpyeMOro MeTajula OTHOCHUTENBHO Japyr japyra [17].
Hanbonee noxpoOHO MexaHMKa Tpoliecca omucaHa B padore
[18]. Dror cmoco6 momyueHus YM3 CTPYKTYypbl HE Tak
HIMPOKO UCCIIE0BaH, Kak yxxe ynoMsaHyTtsle PKYII, KB/ nnu
BCECTOPOHHAS KOBKAa WM TIO3TOMY HCCIEIOBaHHWE PAa3THIHBIX
crenu(uyIeckuX U MpeAedbHBIX CIIydaeB ATOTO Mpolecca Ui
pa3HbIX, B TOM YHUCJIE M PEIKUX MATEpUaJOB UMEET Hay4IHBIN
HHTEpecC.

[MocnenHue roapl ciocod MpUOOpeTaeT BCe OOJBIIYIO IMO0-
MYJISIPHOCTh JUIS CYIIECTBEHHOTO W3MEIBYCHUS CTPYKTYPHI
cramu [16, 19-24], Tutana [25-26], anrtOMHHUEBBIX W MarHUe-
BBIX cIUTaBoB [27-29], meau [16], mupkonus [30] u mpyrux
cwiaBoB [31-35]. OmHako BO MHOTHX CIyYasix MCIONB3YeTCs
nedopmManys Ha OJTHOM yCTaHOBKe, M CyMMapHasi fedopMariys
o nuametpy He npesbiaet € = 50%. Ilpu 3Tom pazBuBaiuch
CYIIECTBEHHbIE CJ/IBUTOBBIE HaKOIUIEHHbIE aeopMaliu 0
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35 MM/MM B miepuepHiHBIX 4acTsax obpasia u (HopMHpOBa-
JIack TPaIUeHTHAS CTPYKTypa ¢ paBHOOCHOH YM3 mepudepu-
eil U BBITAHYTON TEKCTYpOH B OCEBOM UacTH.

OCHOBHOW  Lenpl0  JaHHOW  paboOTBl  SIBIISETCS
9KCIIEPUMEHTANIbHASL pealn3alys CYLIIECTBEHHO OOJBIINX
HaKOIUICHHBIX Ae()opMaliii 4eM B U3BECTHBIX paHee paboTax
M0 METOJY paauajbHO-CABUTOBOM NMPOKATKU M M3yYEHUE WX
BIMSHHUS ~HAa  W3MEHEHUS  CTPYKTyphl M CBOMCTB
nedopMHpyeMOro MeTaia Ha mpumepe crurasa 3110.

2. MeToabl 1 MaTepPHAJIBI

2.1. Od6opynoBanue

Jis peammszanuu Oonbmux nedopMmanmii ObLIa UCTIOJNb-
30BaHa MOCIe0BaTeIbHAS TEIUIAs MpOKaTKa ¢ nuamerpa 37
MM JI0 auaMeTpa 13 MM Ha [BYX NMPOKATHBIX CTaHaX pajiu-
AJIbHO-C/IBUTOBOW TPOKATKH C Pa3HBIMU XapaKTEPUCTHKAMH.
D10 mpenenbHbIE pa3Mephl  BXOJSIIETO TPYTKa IS
OOJIBIIET0 CTAaHA M MCXOJSINEro MPYTKA JUIS MEHbBIIEro
craHa. B pabote Obuti wucrnonb3oBanbl craHel PCIT-14/40

(60mpIINi) B YeHCTOXOBCKOM ITonurexHAYECKOM
VYuusepcurere (Ilompma) u PCIT 10/30 (meHbmmii) B
Kaparanaunckom WHpycTtpuanbHOM YHusepcurere

(Kazaxcran). /lnana3oHsl ux pabo4yuX JHaMETPOB MEPEKpPbI-
BatoTcsi. [lepBblii cTan akTuuecku odbecrneunBaet nedopma-
uto ¢ 37 mm 110 20 mm, a BTOpoii ctan ¢ 30 MM 10 13 MMm.
CraHbl MOKa3aHbl Ha pUCYHKE 1.

" ;

Pucynok 1. Hcnonvzoeanue paouanbHo-cO8U208bIX CMAHOE:
a) PCII 14/40 (4YT, 2. Yencmaxosa, Ionvwma); 6) PCII 10/30
(KTHY, 2. Temupmay, Kazaxcman)

HarpeB u KOHTpOJIB TEMIIEpPaTyphl 0OPA3IOB MPOBOHIICS B
TpyOuaroit meun Nabertherm R170/750/12.

J1J1s OLIEHKH pean3yeMoro HalpsKeHHO-IehOpMUPYEMOTo
COCTOSIHUSI B TPOIIECCE M KOHEYHOTO YPOBHS HAKOIUICHHOMN
nedopMari  TOCNie  TPOKaTKd Ha JABYX CTaHaX  ObDI
HCTIONIB30BAHO YHCICHHOE MOJICTMPOBAHNE METOIOM KOHEUYHBIX
anementoB (MKD) uepes mporpammublii kommieke Deform-3D
(SFTC).

25

s HU3yUYECHHUS MHUKPOCTPYKTYPHBIX U3MEHEHUI
MPUMEHSIMCh METOMBl JJIEKTPOHHOM MUKpockonuu. Kaptel
KpUcTaTIOrpaMuecKoil OpHEHTAIMM 3¢peH M 3EePHEHHOMN
CTPYKTYpHl B LEJIOM OBUIM CHSATBHI METOJIOM DJIEKTPOHHOMN
mudpakaun  oOparHo oTpaxeHHBIX anekTpoHOB (Electron
Backscatter  Diffraction EBSD) Ha ckaHupyolem
ANIEKTPOHHOM MHKPOCKOME BBICOKOTO paspeuieHus: (COM)
Crossheam-540 (Carl Zeiss) ¢ EBSD mpucraskoii NordlysNano
(Oxford Instruments). PacriosHaBaHue nmaTrepHOB qupaKIvy 1
noctpoenue kapt 6puto crenano B HKL Channel-5 Tango soft-
ware (Oxford Instruments). ToHKast cTpykTypa Oblla M3y4deHa
Ha TIPOCBEYMBAIOIIEM JIEKTPOHHOM MuKpockore ([I1OM) JEM-
1400PLUS (JEOL) B pexmmax cemioro mois (B®) wu
Judpakuuy BeIopanHoit oonact (CAE/T).

[poGomnoarotoBka 00pa3loOB UPKOHKUSA K 000OMM METOIaM
SNIEKTPOHHOM MHUKPOCKOIMM BENACh METOJIOM SJIEKTPOJIUTHYE-
CKOM TIOJIMPOBKH Ha ycTaHOBKax (upmbr Struers - TenuPol-5
st TEM u LectroPol-5 mr COM/EBSD. B oGoux ciydasx
ObUIM HCIIOJIb30BaHbl PEKOMEH/IOBAHHbBIE —IIPOU3BOAUTENIEM
SMEKTPONUTH! A3 (XJIOpHAs KUCIOTA - 78 MJI, TUCTHILUIPOBAH-
Has Boza - 90 mur, stanon - 730 mut, Oyrokcmatano:x - 100 mi). B
000oMX Ccy4asx NPUMEHSIIOCH NPUHYIUTEIBHOE OXJIAXKICHHE
SNEKTPOJIUTA C TIOMOIIBIO IOTONHHUTENPHO BCTPOCHHBIX B
ycraHoBku Struers kpuoctatoB Julabo 600F. Oxnaxknerne
SIIEKTPOJINTA OOBIYHO OT/EIHFHO HE ONMCHIBACTCS B MMPOTOKOJIAX
NpOOOTIOATOTOBKH, HO  OHO  JaeT  O4YeHb  CHJIBHBIN
TIOJIOKUTENBHBIA 3¢ dekT, ocodbernHo mist [IOM-ob6pasua. Ha
ocHOBe paboT [36-37] ObUT MpoBEACH COOCTBEHHBI MHUHH-
HUOKP ¢ mouckoM ONTHMajJIbHOTO COYETaHUS TeMIIepaTyphl
AJIEKTPOJINTA, HANPSHKEHUSI U CKOPOCTh MOTOKAa 3JIEKTPOIIHTA,
oMbIBatomiero obpasen. Ilyrem BappupoBaHWS yKa3aHHBIN
MIapaMeTpoB, M3yUEHNsI BUJA BOJIBTAMIIEPHON XapaKTepUCTHKU
W KadecTBa TMoOJy4aeMoro oOpasna OBUIM  YCTaHOBJIIEHBI
CllenyIomue onTUMaibHble 3HadeHws. s [1OM-oOpasma:
Temrieparypa — -20°C; Hanpsbxerue — 37V; CKOPOCTh TIOTOKA —
32. Jma EBSD/COM o6pasma — temmeparypa — +5°C;
30 cexynn, nampsokenne — 10V, ckopocts moToka — 13 mis
sTana nojupoBku u 40 cexyHn, HanpsbkeHue — 8V, CKOpOCTh
moToka — 13 i 3Tama TpaBieHHs. DTH NMPOTOKOJIBI, a TaKXKe
paboty [36] MOXHO PEKOMEHIOBATH ISl MPUTOTOBJICHUS 00-
pasloB M3 CHJIBbHOIE()OPMHUPOBAHHOIO, YIPOUYHEHHOIO M
HACBIIIEHHOTO JUCJIOKAIMAMH ciutaBa MS u O110.

Pa3peska 00pasLoB I BceX BUAOB ITOCIeAyromIei pobo-
TIO/ITOTOBKM BBITIONHSIACH HAa TPENM3HOHHONW OTPE3HOW Ma-
mmHe Bpummiant-220 (QATM) ¢ HMHTEHCHBHBIM BOJASHBIM
OXJIXKIEHUEM M CKOPOCTBIO pe3a 5 MKM/CEK /Ul MUHUMU3AIN
Je(hOpMaIMOHHO-TEMIIEPaTyPHOTO TOBPEXKIECHUS CTPYKTYPBL.
Bbun ncTionk30BaHbl OTPE3HBIE AWUCKU JUISL TBEPABIX MaTepua-
JIOB cO CKOpocThio BparieHus: 700 o6.muH. {1t 37€KTpouTh-
geckoro nosmpoBanus [19M-06pas3ioB n3 HeHTpaIbHONW YacTH
NpyTKa OBbUIM BBIPE3aHbl MPOJIOJBHBIC TUIACTUHKH TONIIMHON
0.3mMm u w3 Hux mHCTpyMmMenTtom Disc Punch (Gatan) 6pumu
BoIOWTHI 3 MM aucku. [Iyst COM/ EBSD otryna sxe ObuUTH BBIpe-
3aHbl OOJIee TOJICTBIE IUIACTUHBI TONMIIMHOW 2 MM. [TonpoOHO
cxeMma pa3pe3KH oKa3aHa B SKCIIEpUMEHTAILHON YaCTH.

2.2. MaTemaTH4iecKoe MO/IeJIMPOBAHIE

OCHOBHOM TIeJIbI0 KOMITBIOTEPHOTO MOJIEITUPOBAHUS OBLIIO
OIICHUTh HACKOJBKO BO3pacTacT YpPOBEHb HAKOIUIEHHON
nedopManid B TIPOILIECCE  TOCHIEIOBATENILHOW  TETUIOHN
MPOKAaTKM LUPKOHMEBOIO CIUIaBa Ha 2 CTaHaX paJualibHO-
CABUTOBOM MPOKATKH B TEXHMYECKH MPENENbHBIX YCIOBHUSX.
3HaHue MpeJleNbHBIX TOCTYMHBIX 3HAUYCHUH U pacrnpeneieHus
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YPOBHA HAKOIUIEHHOW JAeopMalii IO CEYCHUIO TPYyTKa
HEOOXOOUMO JJIsI W3YYCHHUS BIWSHHUA OYCHb OONBIINX
CIIBUT'OBBIX Ae(OpMallMii ¢ BUXPEBBIM TEUCHHWEM MeTaula I1o
CIIOSIM Ha HM3MEHEHHME CTPYKTYPHl M CBOWCTB METaljia, 4TO
SIBIIIETCS. OCHOBHOHM LeNbl0 paboTel. JTO pedepeHc s
HMHTEPIPETALUH TTOJyY€HHON CTPYKTYPHI.

Iockoneky crmaB D110 BecbMa crienuguyeckuid, ero
peosiorndeckue CBOMCTBA HEOOXOJMMBIE JUISL  CO3JaHMs
KOMITBIOTEPHOM MOZENM OTCYICTBYIOT B 0a3ax JaHHBIX
rormy sIpHBIX naketoB st MKD monenmmposanus. Pabora mo
TTOJY4EHUIO PEeoNIoTHYecKoii 0a3pl JaHHBIX OblIa MpOBeIeHa
coBMecTHO ¢ mpodeccopom I'. JIprs1, mpodeccopom A. Kara-
nex u goktopoM K. OxkmeroBsmM B [lombie B YeHCTOXOBCKOM
[NonurexHuyeckoM YHHUBEPCUTETE U JOCTYIIHA JUISl THaNa30Ha
temrepatyp 20-650°C u ckopocreit nedopmanmii 0.5-15 s-1
JIOCTYITHBI OHJIaIH o ajipecy:
http://dx.doi.org/10.17632/pg9wfwdxmz.1 [38].

Jlnst MoJieny IPOKaTKy C pauaibHBIM CABUTOM HCIOJIB30-
BaJIKCh MapaMeTphl IByX CTaHOB: npokaTHbIil ctaH PCIT 14/40
(pucynok 2a) B YeHcTaxoBcoM YHHBepcuTeTe TeXHOIOTHH -
Ul IpokaTku ot 37 MM 1o 20 MM; mpokatHeid ctaH PCII-
10/30 (pucynok 26) B Kaparammmackom WHIycTpramsHOM
YHuBepcutere - 11 npokatku ot 20 MM 110 13 Mmm Mm. Banku
HMEIOT Pa3HbIe pa3Mep U Pa3HbIH KOHCTPYKIMIO, HO OCHOBHBIE
YTJIBL PAcHOJIOKEHHUS OCH BAJKOB OJMHAKOBBI, TAKKE, KaK U
BJIMSIHUE HA OCOOCHHOCTH TEKYYeCTH MeTallla U HalpspKeHHO-
Je(hOpMUPOBAHHOE COCTOSTHHE.

0)

Pucynox 2. Modenu paouanvho-co8uzoevlx CMAHO8: a —
cman PCII 14-40; 6 — cman PCII 10-30

Hcxonnas 3arotoBka nuameTpoM 37 MM U amuHOU 150 MM
OblIa MpokaTaHa Ha 00OMX CTaHAX C YCKOPEHHBIMH O0XKaTHs-
MHU. MapuipyTt npokatku Obut cienyrommm: 37-36.5-34-32-30-
28-26-23-20 MM Ha nepBoM crtane u 20-17-13 MM Ha BTOpOoM
CTaHe.
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Temneparypa Harpesa 530°C st npokatku Oblia BeIOpa-
Ha B COOTBETCTBHH C pesynbraramu pabdotsl [30]; ckopocTh
BpaieHus: BakoB Obuta paBHa 100 o6/mMuH. Koadduument
TPEHHUS TIPU KOHTAKTE 3arOTOBKHM U BAJIKOB OBLI NMPUHAT paB-
HbM 0.7 B KauecTBe PEKOMEH/IyeMOro 3HAUSHUS /I ropsyeit
npokatku B Deform3D. Tlpu npokaTke Bajgku MPHHHUMAIHCH
Kak aOCOJIOTHO JKECTKHE Tejla, a MaTephaj 3aroTOBKH Kak
3aCTUYHO-TUIACTUYHBIH.

Jnst aHanm3a ypoBHS NpopaOOTKM METaula BO BPEMS
nedopMarn 0OBIYHO HCTIONIB3yETCA mapamerp
"sxBuBanieHTHas nedopmanms’. [TockoIbKy MpoKaTka ¢ paau-
IBHBIM CIBUTOM SBJIACTCS MONEPEYHBIM THUIIOM IPOKAaTKH,
[eNnecooOpa3Ho  M3YYHTh SKBHBAICHTHYIO IedopMamuio B
TIOIIEPEYHOM CEUEHHH 3ar0TOBKH - 3TO MO3BOJISIET OLICHUTH HE
TOJIBKO YHCJICHHBIE 3Ha4YeHHs MapameTrpa, HO M XapakTep ero
pacnpezeneHus 1o IOIepeyHOMY CEYEHHIO MpH Jieopmaryu.

Ilpu aHanM3e SKBUBAJICHTHOH medopMaruu (PHUCYHOK 3)
ObUIO OOHApyXKeHO, YTO pacHpefesieHHe 3TOro MapameTpa
MMEET KOJIBIIEBOW BHJI — BO BCEX IIONEPEYHBIX CEYCHUSX
MMEIOTCSI YETKHE KOJIBIIEBBIC 30HBI Pa3sBUTHA AeOpMAIHH.
[pu mepBBIX IPOXOAaX, KOraa ooxarue cocTaBisuio 1.5 MM 3a
MPOXO/JI, pa3HUIA 3HaYeHHH AehopMaliy MEXTy LEHTPOM U
MOBEPXHOCTHIO BBICOKA - MOBEPXHOCTHBIC CIIOW 00padaThIBa-
10Tcs 10 6.5, B TO BpeMs KaK IIEHTPAIbHBIE CIOM OCTarOTCS
TIOYTH HeOOpaboTaHHBIME (YpOBeHS Hepopmariuu 1.8+2.0).

[Mocne cepun obxatuii Ha 2 MM (IIpoxoJpl 3-6) B 0CEBOIt
30HE YPOBEHb JiepopMaIyy IUIABHO PacTeT IPUMEPHO € 6 10
9.5, B TO BpeMs Kak B OBEPXHOCTHOI 30He, I'/ie HaOI0aaeTcst
MaKCUMalbHbIH 3({EKT CIBUroBOM aedopMaliH, ypOBEHb
nedopManyy u3MeHsieTcst mpumepHo ¢ 11 o 22.

a)

Velocity - Total vel (mm/sec)
28

102

0)

Pucynox 3. O6wuii éud obpasya c IKeusareHmuoi oegop-
mayueli u cemkoi (@), 6eKMOPbl GUXPECO2O MEUeHUs Memana
(0) 6 30ne depopmayuu nocie paouanbHoO-cO8U2060I NPOKAMKU
37-30 mm na cmane PCII-14/40
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Korna 3nauenue obOxkatws ObLIO YBEIMUYEHO JO 3 MM 3a
MPOXO/JI, 3TO MPUBEJIO K YBEIWYCHHUIO Pa3HUIIBI B YPOBHE Jie-
(dopManmm Mexy HEHTPOM U ToBepxHocThIo. [locie 2 mpo-
X0/10B (mpoxosl 7-8) B oceBOW 30HE YpOBeHb Jedopmanuu
COCTaBHJI IPHOJIM3UTENBHO 14, B MOBEPXHOCTHOM 30HE ypo-
BEHb JiepopMariiy CocTaBmI NPHOIU3UTENIBHO 29.

[Tocne 8-ro mpoxona myinst 1eopMUpOBaIach Ha CTaHKE
PCII-10/30. HoBast koH(Urypalys BaJKoOB M MEHBIINI pa3-
MEp 3arOTOBKH ITPUBENN K HHTEHCU(HUKALUH (POpMUPOBAHUS
nedopManuy CIBUTA IO MoTepeyHoMy cedeHuto. [locie 9-ro
mpoxona ¢ obxartreM 3 MM LEHTpPaJIbHBIC CJIOM OBUTH 00pa-
Ootanbl 10 23 ypoBHeW aedopmaryi, B TO BpeMs Kak IO-
BEPXHOCTHBIE CJIOM ObUTH 00paboTaHBl MPHOIM3UTENBHO 0
35. Ilocne 10-ro mpoxona ¢ obkarneMm 4 MM IEHTpPaJIbHbIC
cyion ObUTH 00paboTaHbl 70 25-T0 YpoBHA Aedopmanuu, B TO
BpeMsI Kak IOBEPXHOCTHBIE CJIOM ObLIM 00paboTaHbl HpH-
MepHO 10 46.

U3 MOICINPOBAHNA BHUIAHO, YTO IIPpOKaTKa Ha BTOPOM
crane PCII-10/30 (9 u 10 mpoxoj) CyIIECTBEHHO MOBBILIAET
CTENEHb HAKOIUIEHHON iepopMarii B IEHTPaIbHON 30HE, YTO
MO3BOJISICT OXKU/IATh CYIIECTBEHHOTO U3MEHEHUS CTPYKTYPBL.

PapuanbHo-caBuUroBas npokarka ¢ 37 go 20 Mm Ha ctane PCIl-14/40
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Pucynoxk 4. dxeusanenmnasn oepopmayun nocne 10 npoxooos
PaouanvbHo-co8u2060l npokamku na npokamusix cmanax PCII-
14/40 u PCII-10/30
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Pucynok 5. I'paguxu pacnpedenenusa 3xeueaneHmnoii Oe-
dopmayuu no nonepeunomy ceuenuro 3a20mMoeKu
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2.3. DKCepuMeHT

OKCrepuMEHT OBbUT TPOBEICH ITyTEM IOCIIEI0BATENbHOM
MPOKATKHX 0 MapIIpyTy, ONHCAHHOMY B MPEIBIAYIIEM pa3zie-
Jie IO MOJENMPOBAHUIO Ha pHuCyHKe 4. McxomHas 3arotoBka
HarpeBayiach B TedeHune 37 MuHYT 10 530°C, 3atem mocieno-
BaTeJbHO, C OHOTO HarpeBa IpoKaThIBajiachk Ha craHe RSP-
14/40 8 mpoxomoB no noctmwxenus mquamerpa 20 M. Tpomece
MEPEHACTPOIKK CTaHA MPOHMCXOAMI MAKCHMAlIbHO OBICTPO H
BpeMsi MEX[Iy MPOXOAaMH cocTaBisuio 1-2 muHyThl. Ha 310
BpeMsi, IS NPEJOTBpaLICHHs MOTEeph Tellla, 3aroTOBKA I10-
Menianach oOpaTHO B meyb. [IpokaTka mpoucxonuia Ha BO3-
nyxe, 0e3 oxJaxxaeHus 1eGopMaIlMOHHON 30HBI BAJIKOB BOJIOM
wm cycniensueid. [locie noctiwkenust pUHANBEHOTO TUaMeTpa,
3ar0TOBKa MHTCHCHBHO OCTY)XXaIach BOJOM.

JanbHelmas npokatka noiaydeHHoi 20 MM 3aroTOBKHM Ha
crane PCII-10/30 takke mpoBommiack mociie e€ Harpea B
teueHne 20 muHyT mo 530°C. Ilpokatka no (UHATBHOTO
muamerpa 13 MM Oblla MpOM3BEIEHA C OJHOTO Harpesa 3a 2
MPOX0Aa C MaKCHMaJbHO NOMYCTHMBIMH OOXaTHAMH 4 MM.
OO6pa31pl mocjae MPOKaTKX MOKa3aHbl HA PUCYHKE 6.

Mpokartka
Ha cTaHe
PCn - 10/30

Mpokartka
Ha cTaHe
PCI - 14/40

2 npoxopa

8 npoxopoB |

37 mm
UcxopHbin

Pucynox 6. Obpasuywt cnasa 3110 no cmaduam odbpadbomku

Bce enuanuHBIe 00KATHS B X0/1¢ 000MX 00pabOTOK OBLIH
OTpeNeNieHbl TI0 MOJETHPOBAHUIO KaK MAaKCHMallbHO BO3-
MOJKHBIC B JAHHBIX YCIOBHAX M MPAKTUUECKUH IKCIIEPHMEHT
MOJTBEPIMII 3TO. B X0/1e HECKOIBKUX HAYaIBHBIX MMPOXOI0B
MPOUCXOIIII0 3a0ypUBaHue MPYyTKa M €ro 3acTpeBaHue. 13-
BIIEUCHHUE W TIEpe3aryCcK 3aHUMalld HE MHOTO BpEMEHH, HO
ATO SIBHO YKa3bIBaJIO HA JIEHCTBUTENBHO MPEAEIbHBIC YCIIO-
BHs 00pabOTKM Ha JaHHOM 00OpyIoBaHWH. Takke BHU3yallb-
HOe cpaBHeHHE (OPMOMBMEHEHHUs TEPETHETO W 3aJIHETO
KOHITOB TIPYTKa ¢ KOMIBIOTEPHBIMU MOJEISIMU UMeET OO0JIb-
I0€ CXOJICTBO. DTO TOJTBEPKIAET KOPPEKTHOCTD MOTYICH-
HOW paHee 0a3pl MaHHBIX MaTepuana [38] u ajgekBaTHOCTH
[IOCTPOEHUS MOJEIEH.

[Mocne mpokaTku MPyTOK OBLT pa3pe3aH AJS UCCIIEH0Ba-
HUS COIJIACHO CXeMe, MoKa3aHHOU Ha pucyHke 7. U3 mpyTka
BbIpe3aeTcss 004OHOK anuHON 20 MM, KOTOPBIM pacnmiInBa-
ercs MOIojaM BIOJL OCU. M3 000MX IMOJIOBUH CEUEHHUS BbI-
pes3aroTcs Mo IIACTHHKE — OJHA JUIs ImpurotosieHus [1OM-
00pasoB I XapaKTepHu3alid TOHKOW CTPYKTYPHI IICH-
TpaJbHOM 30HBI M TepudepuitHoN 30HBI oOpasma. [Ipyroii
o0Opa3sell UCIOJIB3YETCS IS JIEKTPOIIUTHIESCKON TTOJTMPOBKH
obpasna s moxpodHoro EBSD -ananmsa ceuenust oopasia.
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Pucynok 1. Cxema paspe3ku odpasuya 011 xXapaxmepuzauyuu
PA3IUYHBIMU MEMOOaMU

3. Pe3ynbTaThl U 06cy:K1€HHE

W3 rpaduxoB pacrpeseseHus] HaKOIUICHHBIX JedopMa-
U [0 MPOXOoJaM Ha PHCYHKE 5, BUAHA OOJbIIas pa3HHLA
MEXIy HEHTpalbHOU 30HOH u mepudepucii. Takxke, Ha rpa-
(huke 3aMETHO BBIACTAIOTCS mociennue 2 mpoxona (9 u 10)
BeimoHeHHbIe Ha ctane PCII-10/30. OHK MO3BOJNAIOT CyTIie-
CTBCHHO TOIHATH CTEIICHb Ie(OopMalui LHEeHTPAIEHOW 30HE
U U3MEHUTh XapakTep €€ pacmpeneneHus. M3BecTHO, 4TO
nedopmanus IogoOHas mojrydyaeMoii B mpoxojax 1-8 mpuso-
IUT K (QOPMHUPOBAHHIO TPATUCHTHOU CTPYKTYpHl ¢ YM3 Ha
nepudepuu U MoNydYeHUEM TEKCTYPHI B IIEHTPAJIBHOM 30HE
[30]. CymecTBeHHOE MpHpallleHHE HAKOIUIEHHOH nedopma-
MU B STOW 30HE MOXET M3MEHUTHh CTPYKTypy. UTOOBI mpo-
SCHUTh TMPOUCXOJAIIeE BHYTPH MeTauia TpeOyercs Oosee
JIeTaJbHOE HCCIICIOBAaHUE CEUCHMs NPYyTKa, YeM H3BECTHBIC
paHee pabOTHI ¢ XapaKTepu3aluei B 3-X TOUKax Ce4eHusI.

OCHOBHBIM METOIOM XapaKTepHU3alMH MUKPOCTPYKTYPHI
BeiOpan EBSD mocKOdBbKY IO3BOJNSET BBIOJHITH CaMOe
TOYHOE MO3ULUOHUPOBAHUE TMIOJISA 3pEHUs s H3ydeHUs
HU3MEHEHHS CTPYKTYpPBI [0 BCEMY CEUYEHHIO MPYyTKa C JOCTa-
TouHbIM pazpewieHueM. Taxxke EBSD naer kpucramiorpa-
¢udeckyro mHDOpMAIHIO 00 OpUCHTAIMH 3€PEH W aBTOMa-
THYECKU PACIO3HAET, U TMO3BONAET aHAIM3UPOBATH CTPYKTY-
py ¢ Habopom cratucTuky. [IOM Tarkxke ObUT MCIIONB30BaH,
HO KaK BCIIOMOTATeIbHBII METOX Ul XapaKTepH3aIliH dJe-
MEHTOB TOHKON CTPYKTYpHI.

EBSD kapTs! ObUTH CHSITHI 110 pafinyCy NMPYTKa C IIaroM B
1 MM Ha MPOJOIFHOM CEUEHHH TOCiIe (PUHATHHOHN nedopma-
MU COTJIACHO PUCYHKY 7. KapThl ObUTH cTaTHCTHYECKH 00-
paboTaHbl M TMoOJy4eHa MHPOPMAaIMs O CPeJHEM AHaMeTpa
3epHa U CPEJHEM COOTHOIICHHH HAaUOOJBIIET0 W HaUMEHb-
mero pasmepa 3epHa. U To, u Apyroe siBiseTcs BakHeimen
YHCIIOBOM XapaKTepPUCTUKOW MUKPOCTPYKTYphl. Mcnomb3o-
BaTh TOJBKO pa3Mep 3epHa HeJb3sl, IOTOMY YTO Pedb HAET O
BO3MOXKHOH TpaHCcOpManuy TpagHeHTHOH CTPYKTYpHI C
3JIEMEHTaMH TEKCTYPHI.

Kaxnast kapta umena He MeHee 60 M3MEpPEHHBIX 3€pPEH,
YHUCJIOBBIE 3HAYEHHUS MTOKA3aHbI HA B BUJE TPaUKOB PUCYH-
ke 8. TUnMUYHBIH BUA CTPYKTYpP B COOTBETCTBYIOIIMX 30HAX
MoKa3aH B MHHHATIOpax HaJ rpadukom. SIBHO 3ameTeH
ONpEJENeHHbI TPaAUEHT YJ/UIMHEHUS 3€peH K LEHTpY
npyTKa (yMEHbIICHHE 3HaUY€HHS COOTHOILICHHS Pa3MEpOB).
Cpennuil pazMep IpH 3TOM OCTaeTCAd NPUMEPHO OAMHAKO-
BBIM Ha BCEM CEUEHMH C PE3KUM IPOBAJOM CaMOTIo KpaiiHe-
ro 3HaueHus. Takxke, 3aMeTEH IPaiueHT 0 OPUEHTALUSAM C
SBHBIM yBEJIIMYCHHEM NpeoOiafaHus K OCH MPYTKa OPHEH-
TalMii COOCHO HampaBieHWI0 Tpokatku. [lpu 3ToM Buf
3€peH CYLIECTBEHHO OTJIMYAETCs OT ONMCAHHBIX paHEE B

oceBoii 30He mocie Takoro mpomecca [30]. U Gosbrre
HAalIOMHUHAET TepexonHyo 3oHy. [lomHopasmepras EBSD
KapTa OCEeBOM 30HBI IOKa3aHa Ha pucynke 8. IIOM-
UCCIIEIOBAaHUE TOHKOW CTPYKTYpHl NEpUPEPUIHON 30HBI
MoKa3aHbl Ha pucyHkax 9 u 10.
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Pucynox 10. IIDM-xapaxmepuzayus ocobeHHocmeil MmoHKoU
CMpPYKmypul nepupepuiinoii 06nacmu Koneunozo oopazua

4, 3akaouenue

B pabore Obla mocraBieHa 3aj1a4a UCCIIEA0BaTh NPOLiec-
CBl M3MEHEHUS! MUKPOCTPYKTYPBI, MPOUCXOASIINE B CPaBHH-
TEeJBHO OOJBIIMX OOBEMHBIX NPYTKax IMoJj| AeiicTBHEM 00Jb-
mux IiacTudeckux nedopmanumii. Takue OompHINe ypOBHH
neopmManui OOBIYHO MOCTIDKHUMBEI B TIpoIiecce KPYYIEHUS
MaJICHPKUX JHUCKOB TIOJ BBHICOKAM [aBJIICHHEM, HO CJOXKHO
JTOCTHXUMBI B OOJBIIAX 00BEMHBIX MPYTKaX, a IIO3TOMY Mo
nuccnenoBanbl. C 3TOH 1enpl0 ObDIa TPOBEIEHA ITOCIEIOBa-
TenmpHass oOpaboTrka cruaa D110 Ha 2X cTaHaX paauaibHO-
C/IBUTOBOI NPOKATKM HCIIONIB3YS BCE MX BO3MOXKHOCTH JUIA
JIOCTHDKEHUSI MaKCHMaJIbHOW CTENEeHH HaKOIUICHHOW aedop-
Maru.

1. Ha ocHoBannu MKD-MozenupoBaHus ObUIN TOCTPOESHBI
rpaduKy HAKOTUICHHOH JaeopMarivy mo mpoxojaam. 8 mpoxo-
JIOB HA OTHOM CTaHE W 2 MpOXoJa Ha JpyroMm ctane. [locie
npokatku ¢ 37 MM g0 13 mm (g =185%), pacnpeneneHue
HAKOIUICHHOM IeopManuu BO BCEX CIyYasX HMeeT Ipaju-
SHTHBIN XapakTep C KOHEYHBIM MaKCUMyMOM (46 MM/MM) B
repuQepuifHBIX 00JaCTIX U MHUHEUMYMOM (25 MM/MM) B oce-
Boi. Takoil ypoBEHBb CBsf3aH C TPeoOIaTaHUEM CIBUTOBBIX
nedopManuii BCIIEACTBHE BUXPEBOTO TEUSHUS] METalla, YTo
XOPOIIN BUAHO TPU MOJEIUpPOBaHHH. [IprMeHeHHe BTOpOTro
CTaHa T03BOJISIET CYIIECTBEHHO MOBBICUTH YPOBEHB Jiepopma-
IHH.

2. Tlocme HaTYpHOTO JKCIEPHMEHTa TEIUIOW MPOKATKH
(530°C) mo cMoaenupoBaHHOMY MapHIpyTy, CedeHHe o0pas-
oB ObUTO MccienoBano Metomamu EBCJI ¢ BBICOKUM paspe-
meHueMm | MM. KapTupoBanue nokasano Hajgndue HeOOIbIIO-
TO rpajyeHTa oT nepudepuy K NEeHTpy N0 pa3Mepy H 110 BbI-
TSHYTOCTH 3€pEH.

3. B mepudepuitHoii 30He ObLIa MONydeHA OYCHH Kade-
CTBEHHAs PABHOOCHAs YNbTPAaMEIKO3EpPHUCTAsT CTPYKTypa ¢
OospIIeyTIIOBEIMU TpaHuIaMu, uyTo kKpome EBSD Opio moa-
TBepKIeHO [IOM BBICOKOTO pa3pemnieHus. ToHKas CTpyKTypa
3epeH OYEeHb HACHIIIEHA TUCIOKAIMAMH, OJHAKO IIPU ITOM,
pa3sMep 3epeH COOTBETCTBYET IOJNyYCHHOMY IPH MEHBIINX
nedopMmanusax W 3epHa mepudepun He IpoOsSTCsS CHIbHEe
W3BECTHBIX W3 JIMTEPATypbl 3HAUCHHH IS 3TOr0 M APYTrUX
CII0co00B.

4. 3epHa OCEBOIl 30HBI MPEJCTABIIOT COOOH MEPEXOIHON
TUN CTPYKTYpPbI CYILIECTBEHHO OTIMYAACh OT WM3BECTHBIX U3

29

HCTOYHMKOB 10 JJaHHOMY Ipoueccy. BmecTo nmpokaTHON Tek-
CTypBl C JUIMHHBIMH BBITSHYTBIMH 3E€PHAMH W HOKCBBIMH
rpaHHLlaMy, LIEHTpallbHAs 30Ha MPE/ICTABIIsIET COO0N KiacTep-
HBIC KOJIOHUM MEJKHX U yiabTpamenkux 3epeH (0.3-1 mxm) ¢
peakuMu OONbIIUMHU 3epHamMK (10 2-3 MKM). 3epHa BHYTpHU
KJIaCTEpOB MEXLy COO0OH UMEIOT MaJIOyIJIOBbIE I'PaHHILIbI, B TO
BpeMst KaK T'PaHHLbI MEXY KIacTepaMy OOJBILIECYTIIOBEIE.

Ilo pe3ynabTaTaM MOXHO CAETATh CIEAYIOLIEE 3aKJIFOUe-
HHE.

- TIOZ AEHUCTBHEM OOJBIIHX TEIUIBIX IeopMaruii He TIpo-
HCXOJUT JOTIOTHUTEIFHOTO U3MENBUYCHUS YK€ N3MEIbUCHHOM
1o pazmepa 300-600 HM obnacTw.

- BBITAHYTas TPOKATHas TEKCTypa LEHTPAIbHOW YacTH
NpyTKa HPH CYIIECTBEHHOM IIOBBIIIEHHH HAKOIUICHHOH je-
(dopmaly HaYMHACT TPEOOPA30BBIBATECA B 0OOJIee PaBHOOC-
HBII BapHUaHT.

- TEKyILETo 3HaueHus1 iepopMaruii HeIOCTaTOUHO LIS T10-
JIy4EeHUs! TIOJTHOCTHIO TOMOTEHHOTO CEYEHHs, JIN0O 3HAYHUTEIb-
Ha pOJIb MPOLIECCOB AWHAMUYECKOH pPEKpHCTAUIM3AlMU U
Je(hopMaoOHHOTO pa3orpesa.

- TIOJy4eHa paBHOOCHasE YM3 CTpyKTypa B OTHOCUTEIBHO
GompmoM 00beMe 00pasia CO CHI)KCHHBIM TPAJHCHTOM K
LEHTPY OTHOCHTEIHHO M3BECTHBIX PaboT.

BaaropapHocrth

ABTOpBI BBIpaXaIOT ONarofapHOCTh cOTpyaHHUKaM Jlabo-
patopun DnekTponHoit Mukpockonnu Oduca KosekTus-
Horo ITomp3oBanus HazapOaeB YuuBepcutera — JlaHueBOM
Hypryne u Paxume [llaMeHOBOI, 3a IOMOILb U COIEUCTBUE B
MIPOBEICHUH JaHHOM PabOTHI.

Pabota BbIMOSHEHA B paMKaxX (HHAHCHPYEMOW M3 TOCY-
nmapcTBeHHOTO Oromketa TeMbl No AP08052429 “Pazpabotka
TEXHOJIOTUH IOIYyYEHHs U HCCIEIOBAaHUE MEPCHEKTHB IPH-
MEHEHHSI YJNbTPAMENKO3EPHUCTOTO LHMPKOHUS C YIy4YIIEeH-
HBIMU MEXaHHUYECKUMH CBOMCTBAMHU U MOBBIIICHHON pajgua-
LMOHHON CTOMKOCTBIO B SIIEPHOM 3HEPreTUKe” MPOrpaMMbl
“I"'paHTOBOC (DMHAHCHUPOBAHUE MOJIOABIX YUEHBIX 0 HAyY-
HBIM U (MJIM) HAyYHO-TEXHUYECKHM IpoekTam Ha 2020-2022
roapl” (3akazunk - MunucrepctBo OOpazoBaHUs M HayKd
Pecny6nuku Kazaxcran).
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YCaK TYHIPpIIIKTI KYPbLIBIMbIH KAJBINTACTHIPYFA METAJAbIH YJIKEH
BIFBICY Je(opManusIapbl MEH KYHBIH/bI AaFbIHBIHBIH JCEPiH 3epTTey
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Anparnma. JKyMmpIcTa YIIKEH IUTAaCTHKAJbIK JedopManusuiapiplH 9CEpiHEH CABICTHIPMANBl TYPAE YJIKEH KeJIeMi
MIBIOBIKTapAa OOJIATBIH MUKPOKYPBUIBIMHBIH ©3Tepy MPOIECTEpiH 3epTTey MiHACeTI KOMbuIasl. MyHmai ynkeH nedopmanus
JICHreiulepiHe o/leTTe MOFaphl KbICBIM/IBI IAFbIH XKaJIlaK JUCKiIepai Oypay mpoleciHie Ko XKeTKizyre 0onansl, Oipak yJIKkeH
KeJleM/li IITaHrajapAa KOJ JKeTKi3y KWbIH. Pammanael capicy ojici MeTayiblH KYWBIHABI AFBIHBIMEH YHIECKEH[E
CaNBICTBIPMAIIBI YIIBTPA JKOFaphl Aedopmamms aopexecine (~45 MM/MM) KOJ keTKizyre MyMkiHaik 6epexi. E110 mupkonHwmii
KOPBITIIACHIH JKCTPEMaIbl JKaF[ainapia 2 paJuaijIbIBUTbICy WIEMJEY CTaHbIHAA CEPHSIIBIK HIIEMJEY JKYPri3iiii, JKalbl
qrametpi € = 185% »xoHe MakcuMaiIbl JKMHAKTaIFaH AedopManus = 46 MM/MM. edopManus JeHrelin Oaranay jkoHe OHbBIH
KeJIZICHeH KUMachl OoifbiHIIa Tapanmysl ymiH Deform-3D ¢opmatsinma MKD3-momensaey Kyprizinami. adslHFaH KYPBUIBIM
3JIEeKTPOHABI MUKpockonus dxictepimen 3eprrenti (ITAM/COM). Ebsd-ge 1 MM aXbIpaThIMIBIIBIKTAFbI KYPBUIBIM/BI €TKen-
Ter kel 3eprrey Kyprizinai. TeH ochTi ynbTpa ycak TYHIpHIKTI KypblIbIM OackiM OONaThIH KilIiripiM nedopmanusiiapabl
KOJIJIAaHYMEH CaJIbICTBIPFaH/Ia aliTapIIbIKTai allKbIH eMeC I'PaJUeHT KYPBUIBIMbI TAOBIIJIBI.

Heczizzei co30ep: paduandvl vigbicy unemoey, VIbmpa Ycax MyUuipuixmi KYpoliblM, YUPKOHUL KOPLIMRACHl, PAOUeHm
KYPbLIbLMbL, KAPKLIHObL NAACMUKAABIK 0edhopmayus, YaKeH oepopmayusanap, KOMnbomepiK Mooenvoey .
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N3yvyenue BIAUAHUA 00JbIIMX CABUIOBBIX JedopManuid 1 BUXPEBOIO
TEYEHUS MeTaJJIa HA opMUpPOBaAHUE PABHOOCHOM
YIAbTPAMEJIKO3ePHUCTON CTPYKTYPbI HMPKOHUEBOIO ciiaBa 110
metoaom PCII
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AnHoTanus. B pabore 6buta mocTaBieHa 3aada UCCIIEAOBATh MPOLIECCH H3MEHEHUSI MUKPOCTPYKTYPBI, IPOUCXOSIUE B
CPaBHHUTEIBHO OOJIBIIUX 00BEMHBIX NMPYTKAX MO/ JeHCTBHEM OONBIINX IUTacTHYecKuX nedopmanuii. Takue Oospline ypoBHH
Jnedopmanuy 00bIYHO JOCTHKHMMBI B MPOIECCE KPYUSHHUSI MAICHBKUX TIOCKUX JIMCKOB IO/ BHICOKHM JIaBJICHUEM, HO CJIOMKHO
JOCTHKUMBI B OONBIIMX 00BeMHBIX MpyTKax. Croco0d pajuanbHO-CIABUTOBOM IMPOKATKH MO3BOJISET JOCTHYL CONOCTaBUMBIX
CBEPXBBICOKHX cTeneHel aedopmaiyu (~45 MM/MM) B KOMOMHAIIMU C BUXPEBBIM TeueHHEeM MeTajuia. beuta npoeseHa moce-
JOBaTeNbHas NMPOKaTKa IUPKOHUEBOro cmaBa D110 B SKCTpeMalbHBIX YCJIOBHAX Ha 2X CTaHAaX paJnalibHO-CIBHUTOBOH IPO-
KaTK{ ¢ 001eM ookaTieM 1o quaMetpy € = 185% n MakcumansHON HaKOIUIeHHOH aedopmareit = 46 Mm/MM. 11 OIICHKH
ypOBHS neopManui U pacupeneneHus e€ mo cedeHuto Obuto mposeaeHo MKJO-monennpoBanue B Deform-3D. [lomyduennas
CTPYKTypa HCCIIeIOBaHa METOIaMHU AIEKTPOHHOH Mukpockonmu (II9M/COM). Briio BHIIONHEHO AETalIW3UPOBAHHOE HCCIIe-
noBanue cTpykTypsl Ha EBSD 1o cedenmto ¢ paspemennem 1 mm. beina oOHapyxeHa He CHIBHO BBIPaXKEHHAS [0 CPABHEHUIO
C NPUMEHEHHWEM MEHBIINX JedopMmanuii rpagueHTHas CTPYKTypa ¢ npeollialaHieM PaBHOOCHOW YIbTPaMeNIKO3epPHUCTOM
CTPYKTYPBI.

Knioueevie cnoea: paduanvho-co6uz06as npokamka, yibmpamenko3epHucmas Cmpykmypa, YyupKOHUesblil cniae, epaou-
eHMHAs, CMPYKMYypa, UHMEHCUSHAA naacmudeckan degpopmayus, 6oavuiue dehopmayuu, KOMnbIOMepHoe MOOeTUPosaHue.
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Abstract. Based on stock and published materials, the article reveals some potential of the earth's interior of the Republic,
showing the possibility of expanding the mineral resource base of existing mining enterprises by re-evaluating and re-
evaluating near-surface and searching for new deposits of medium and deep depths. In the future, the creation of new territorial
industrial complexes in some ore regions of Kazakhstan on the basis of approved reserves and predicted mineral resources is
not ruled out. It is noted that: for copper, in addition to porphyry copper, there are great prospects for identifying cuprous sand-
stones and shales; according to the iron-estimation, numerous geological and geophysical anomalies are insufficiently or not
studied at all, which have prospects for the search for deposits of both small, medium and large depths; in a chrome way, it is
recommended to perform a reinterpretation of materials on the area of a large number of outcrops of ore bodies, collapses and
ore occurrences and consider them as criteria for prospecting for either deep deposits or placers; for bauxite raw materials,
significant reserves are predicted in areas of known deposits and ore occurrences, certain reserves can be identified in deposits
of mining and mining and chemical raw materials and, most importantly, analyze materials on depressions with coal deposits,
under which large and super-large (unique) Al>Os resources, as well as pay special attention to non-bauxite aluminum raw
materials, where the researchers predicted billions of Al.O3 reserves. It is concluded that existing and newly created enterprises
will be provided with raw materials for many years.

Keywords: deposits, copper, iron, chromium, aluminum, analysis, reinterpretation, "deep™ anomalies, chromite placers,

Nizhne-l1li basin, new territorial complexes, Atameken, Taldykurgan, Akmola.

1. BBeaenue

1.1. Xpom

BanancoBble 3amackl XpPOMHTOBBIX DPyJX IO KaTeropui
A+B+Ci+C: - 345 maH.T, n3 HUX 10 Kareropuu C: - OKOJIO
100 man.T. Exerommas pgoObrya coctaBiaseT 5200 TwIC.T,
MpUMeEYaTeNIbHO, 9TO U3 HUX 0KoJio 400 ThIC.T JOOBITHI U3
pya, uucnamuxcs no kateropun C.. XoTs 6agaHCOBBIE 3ama-
cel 10 Ci JOCTaTOYHBI Ha JOJITHE Tojbl ocBoeHHd. JIrobas
KOMITaHHUSI HYXJIaeTCsl B OOTraThIX 110 COJEPIKaHUI0 00beKTax
KaK NP TMOBEPXHOCTHBIX, TaK M TIIYOMHHBIX, MJIAHUPYEMbIX
JUIst OTPabOTKH B J0JITOCPOYHBIX MEPCIIEKTUBAX.

Campble KpyITHBIE M IIPOMBIIUICHHBIE 3aI1achl COCPENOTO-
uyeHsl B Kemnupcaii-Jlaynbeckom pyaHOM nosce. MHorouuc-
JICHHBIE TPOSBICHUS, U3BECTHBIE BO MHOTHMX PYIHBIX paiio-
Hax Kazaxcrana, npencraBiieHbl HEOOJIBIIMMHU TI0 pa3Mepam
00bEeKTaMH, HEKOTOpPbIE N3 KOTOPBHIX C OOTraTbIMU COJEpiKa-
HUsAMH Cr20s oTpaboTaHBl cTapaTeIbCKUMH apTeiasiMu. B
L[EJIOM, COTJIACHO T'€OJOIMYECKHUM HCCIIEJOBAHUSAM, U He-
Oomnp1Iol 00BEM TOPHO-OMPOOOBATENLCKUX U OYpPOBBIX pa-
00T, IPEJICTABIISIIOTCS HE EPCIIEKTHBHBIMHU.

Bce e cnenyer oOpaTUTh BHUMaHHE Ha TO, YTO OCHOB-
HBIe OalaHCOBBIE 3amackl KPYHHBIX MecTOpokaeHui Kem-
nHpcaickoil rpymmsl cocpenotoueHsl Ha cpeanux (300-500)
u 6onpmux (> 500-1000 m) rayounax. I[Ipu aToM HeKoTOpEIE

© 2022. S.A. Akylbekov, B.S. Uzhkenov

U3 HUX, K IpuMepy MunnonHoe, AnMas-KemuyxuHa U 1Ip.
[16], mpencraBneHbl MHOTOYHCIEHHBIMH JIMH30BHIHBIMH
PYIHBIMH Te€IaMH HEOOJBIINX Pa3MEpPOB, BBIXOMSIINX Ha
JMHEBHYIO TOBEPXHOCTh WJIM 3aJICTAIOINUX Ha HEOOJBIIOHN
ryoune. B CBs3M ¢ ATHM 3aMeTHM, YTO TOJbKO cam Kem-
MUpPCaCKUl MaccuB IUIOMAbi0 0K0JI0 400 KB.KM, pacnoio-
JKeHHBI BOMM3M CakMapckoil 30HBI Myropkap XapakTepu-
3yeTcsi MHOTOYMCICHHBIMU PYIONPOSIBIACHUSIMH, BBIXOJAMU
XPOMHTOBBIX Pyl U Pa3HOTO MacmTaba MECTOPOKICHUSIMH,
olIiee KOJTHMYECTBO KOTOPBIX cocTaBisieT okoio 150. Ilo
JIaHHBIM MMHEpareHm4eckux wuccienoBanuii Kemmnupcaii-
Jaynbckuii mosic oTHOCUTCS K eMHCTBeHHOUM B Kazaxcrane
30HE aKKPEIMOHHBIX MPU3M, B CBSI3U C 3TUM, MMO-BUANMOMY,
OTIPEJICNIAIOTCS €€ YHUKAIbHAS MEePCTIEKTUBHOCTh HA XPOMH-
TOBBIE PYyIBI, KOTAa Bce HeOospmme mo macmTabam pyno-
MIPOSIBIICHUSI XPOMHUTOB OTHOCSITCS K CYTYPHOH MHUHEparcHH-
yeckoi 30He. Ha ceronans, Ha 3Tane pervoHalibHOW T'eoju-
HAMHYECKOW W3YyYCHHOCTH PecrmyOiuKe 3TH BBIBOABI HE
BBI3BIBAIOT BO3PAKEHUS U HE MPOTUBOPEUYUT CYIIECTBYIOLIUM
KoHuenmusM [2]. Bece ke MOXHO JOMYCTHTh, €CIIH HEOOJb-
e pyIONpOSIBICHUS CYTYPHBIX 30H SIBJISIIOTCSL BEpXHEH
9acThIO €l[Ba BCKPHITOH 3PO3UOHHBIM CPE30M KPYITHBIX 00B-
€KTOB, KaK B Cllydyae aKKpEIHMOHHBIX MPHU3M, TO KaK CJej-
CTBHE, HEOOXOIMMO TIPOBEJICHUE IEJICHANPABICHHBIX MOWC-
KOBBIX paboT C IEeNbI0 WX BBIABICHHS M OKOHTYPUBAHHS B
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HWOKHEM TIOJTyTIpocTpancTBe. Ecim xke 3Tu HeOombIme 00b-
eKTHl SIBITIOTCS. KOPHEBOW YACTBIO MECTOPOKACHUS, TO
MOXXHO JIOMYCTUTh, YTO OCHOBHAs 4acTh €r0 OKa3aJloch B
POCCHITISIX ¥ B KOPE BBIBETPUBAHUA. B TOM WM HHOM clilydae
YYaCTKH BBIXOJa MEJIKHX PYAHBIX TN TPEOYIOT IETAIBHOTO
U3ydYeHHsI Ha TIYOWMHY: TPEXIE BCEro, MarHUTOPA3BEAKOU
JUTsL OKa3aHUsl IOMOIIM MPHU T'€0JOTHYeCKOM KapTUPOBaHUU;
METaJUIOMETPUICCKON ChEMKOH M TIIyOWHHBIMH T€OXHUMUYC-
CKUMH UCCIICTIOBAHUSAME JJISI OTIPENICIICHUS] YPOBHS SPO3HUOH-
HOTO cpe3a, MpHBJIEKas JJS PEIIeHHS 1TOW 3a1add COIyT-
CTBYIOIINX KaK TOJIC3HBIX, TaK W BPEAHBIX IpUMeEceH, a s
HETIOCPEACTBEHHBIX MOUCKOB BHICOKOTOYHOM I'paBUpPa3BEIKU
B CONPOBOXIICHIH KapTHPOBOYHOTO OYpeHHUsS, a YIUTHIBAs
OTIBIT MIOMCKOB XPOMUTOBBIX MECTOpOXaeHU B Kemmnupcaii-
CKOM PYAHOM pailoHE U BapHUOMETPHUYECKYIO CHEMKY B JIIH-
[EHTPaX TeOJIOro-reoOPU3MUSCKUX U TCOXMMUYECCKUX aHO-
MaJbHBIX TIOJIEH TakKe B COMPOBOXKICHUU KAPTUPOBOUHOTO
OypeHusi, HO JCTAIbHO MO MyHKTaM HaOJF0ICHHIHA.

OCHOBHBIC HEOOJIBIINE PYIOMPOSBICHUS, PEACTABICH-
HBIC Ha JTHEBHOW MOBEPXHOCTH, JKUIIO - U JIMH3000pa3HBIMU
TeJaMH, a TAaKXKe DIIIOBHAIBHO-ICIIOBHANIBHBIMA pa3BajlaMU
XPOMUTOBBIX PYJ, OCBEILIEHbI B cHpaBo4yHHKe [16], a ux
HAMHOTO OOJIbIIIE B TEOJIOTHYCCKIX OTIETaX.

LenenanpariieHHbIC KOMIUICKCHBIE UCCIICIOBAHUS TIO I10-
HCKaM POCCHIITHBIX MECTOPOXICHHN Ha CETOMHSIIHUA CHDb
HE TPOBOJIMINCH. B CBSA3M ¢ 3THM, PEKOMEHJAINU [0 3TOMY
HaAIpaBJIEHUIO CIEAYyeT CYUTAaTh HOBBIMH, BO3MOXKHO, TpHU
MOJIOKUTENBHBIX PE3yJbTaTaX 3HAYUTENIHHO PaCIIUPSIIONINM
OaslaHCOBBIE 3amachkl XPOMUTOBBIX pyA. VHTepecHbIMU ISt
MIOUCKOB SIBIIAIOTCS TEKTYpMacCKUi runepOa3suTOBBIN MOsC,
r7ie B TIpenenax 3aJepHOBAHHBIX TUIONIAJCH BBISBICHBI IIITH-
XOBBIE OPEOJIBI C COAEpKaHUEM XpoMuIuHennaoB 60-70%, B
Bocrounom Kazaxcrame pynomnpossienus Kocaramickoe,
KOTOpOE TPEICTABICHO STIOBHAIBHO-ICITIOBUAIBHON POCCHI-
MBI0, CIIOKCHHOE CKOIUICHHEM OOJIOMKOB INEOHUCTOW pas3-
MEpPHOCTH CO CIUIONTHBIMH CPEIHE3CPHUCTHIMUA XPOMHTOBEI-
Mu pyaamu. [lnomans pasBana oueHb BHYIIHTEIbHA H, CO-
TJIACHO CIpaBOYHUKY [16], cocTaBmser okoino 20 kB.kM. [Ipu
Takux pasMepax Kocaraimickoe pyaonposiBIEHHE MpeCTaB-
JISIET HECOMHEHHO OOJIBIION MOUCKOBBIA MHTEpec. Pymomnpo-
SIBIIEHUE MPUYPOYECHO K HEOOJBIIIOMY MAaCCHUBY amorapuoyp-
TUTOBBIX CEPIIEHTUHUTOB AJIUHON Bcero 1.5 kM mpu mupune
1o 400 M, pacnonoxeHHoro B mpenenax — boko-
KOKITeKTHHCKOTO0 XpOMUTHOTO TOsICa IDIOMAIBI0 75 KB.KM.

OnHUM U3 MpUBJIEKATENbHBIX, COBEPIIEHHO HE H3Yy4YeH-
HBIX SIBIISIIOTCS MposiBieHus IcTaHcKoW rpymmbl, pacnosio-
JkeHHbIe B KapaoOWHCKOM pyqHOM palioHe, MPHYpPOYCHHEBIE K
OJTHOMMEHHOMY THIIEpOAa3UTOBOMY MACCUBY, CIOXCHHOMY
arnomepUA0TUBBIMY M arlorapiOypTUTOBBIMH CEPIICHTHHHTA-
MU TUIOmanasio 67 kB.kM. [1o cpaBHEHUIO C IPYTHMH PYIO-
MPOSIBIICHUSIMU 3]1€Ch pa3Mephbl BHIXO/a MACCHBHBIX XPOMH-
TOBBIX pyxA Oonee 3HaumTenbHbIE. Ha cOOCTBEHHOM pyIo-
nposiBieHuy Ilctan mpoTskEeHHOCTh 55 M IIPU MOIHOCTH OT
4 o 12 m u mnomaapto 360 kB.M. CoaepkaHue OKCUAA XPO-
ma 38.5-41.5%. 3n1ecy mporHo3HbIe pecypchbl Ha MIyOHHY 2-
3 M oLleHEHHBI B KoJinuecTBe 4-5 ThIC.T.

Pynonposisinenue 3ananueiid [IcTtan cinoxeHo AByMsI Ma-
JOMOIIHBIMU TedaMu pasmepoM 20x0.8, 42x1.2 m 3x1.8m
COBEPIICHHO HEM3YYCHHBIC TOPHO-OIPOOOBATEIIECKUMHE Pado-
TamMH. He M3BECTHBI Taxke coaep kKaHUs OKCHIOB XpoMa.

ITo nmaHHBIM TEONOTO-TEOPUINIECKUX HCCICTOBAHUM,
BBITIOJTHEHHBIX 0. ATaIbIpCKON Te0PU3NISCKON DKCIICAHIIH-
eli, pyIONpoOsBICHUS TNPHYPOUEHBI K KOpE BHIBETPHBAHUS
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JIAKKOJMTOOOpa3HOTO MHTpY3WBa. Kopa mMeeT TMOTHBINA Ke-
POIHUT-HOHTPOHHUT OXPUCTHIN MPOQHUIB, MOITHOCTh KOTOPOM
B IIpejenax MojHoro paspesa pocruraetr 60-70 m. [lo nan-
HBIM JIMTOXMMHYECKOH CHEMKH OPEOJIbl HUKEIsl 0OIIeH mpo-
TSOHKEHHOCTBIO Oojiee 35 kM mpu mupuHe oT 500-1000 M 1o
3000 M, ko0ambTa, IUIOMIAABI0 HECKOJILKO MEHBIIE, YeM
OpeoJIbl XpoMa, OOIIeH MPOTSKEHHOCTRIO Oojyiee 20 KM Ipu
mmpuHe oT 50 M 10 2000-2500 M HEe OKOHTYpEHHBIE Ha I0T0-
BocToke oT Ilctanckoro pynonposineHus. Bee onu npuypo-
YeHBI K APEBHEH KOpE BHIBETPHBAHUS CEPIICHTUHUTOB (HIXK-
HHE 30HBI), NPEICTABJICHHBIC IC3WHTEITPHPOBAHHBIMH, BbI-
IIETOYCHHBIMU M c11a00 HOHTPOHUTH3MPOBAHHBIMH CEPIICH-
tuHATaMu. Oco0oe BHUMaHHE TNPH HCCIENOBAHUAX OBLIO
00paleHo HUKEI0 ¥ KOOaNbTy, MAaKCUMaJIbHBIE COJEPIKaHMs
KOTOpBIX B opeoiax cocrasimsuid 0.3% u 0.03%, a B wTyd-
HBIX TP00ax, OTOOpaHHBIX W3 OMPOMPHUTOB yKasblBaIM Ha
coneprxanus Hukelns 10 0.8% u 0ueHb BBICOKHM T KOOAJIb-
ta 10 0.1% (mo 1 kr/T).

Jlist 9TUX METauIoB MPOM3BEJECH IOJCYET MPOTHO3HBIX
PECYpPCOB Ha MOIIHOCTb KOpHI BeiBeTpuBaHus 20 u 30 M mpu
MOJYYCHHBIX PACUCTHBIM MYyTEM IUIOIAJHON MPOIYKTHBHO-
cru: miua uHukenas — 556000 kB.M % wm oo kobaimbra —
44000 xB.M %. Pecypcsl Hukens mpu 3ToM Ha 20 M cocTas-
jsroT — 278000 T 1 Ha 30 M — 417000 T; ko6ansTa Ha 20 M —
22000 T m Ha 30 M — 33000 T.

[MonyueHHBIE JIMTOXUMHYECKUMH HCCIICAOBAHUSMU JaH-
HBIE MMOJTBEPXKAAIOT O HEOOXOAUMOCTH Aou3ydeHus [lcran-
CKOTO runepoa3uToBOro MaccuBa TOpHO-
onpo0OoBaTeTbCKUMH 1 OypOBBIMU pabOTaMH IOCIIE BBINOJ-
HEHHUs TOJHOTO KOMIUIEKCa KpPYMHOMAacHTaOHBIX Te0JIoro-
reouzndeckux paboT ¢ KAPTUPOBOUHBIM OypEeHHEM.

Boobme KapaoOunckuit pymHbeIi paiior [8,9] B menom
MMEeT 3HAa4YMTeJbHbIE IEPCIICKTUBBI HE TOJIBKO HA IOMCKH
PEIKOMETAIBHBIX MECTOPOXK/ICHUH, HO M Ha APYTHe METaluIbl,
B YacTHOCTH, Ha MeJb, CBHHEI, 30JI0TO, HHUKENb KOOAaJbT,
xpoMm. Kpome Ilcranckoro 3nech MMEIOTCSI OIM3KO pactolio-
JKEHHbIE K HeMYy U Mexay coboit Kesbinracckuit u Axaanua-
CKHE YJIbTPAOCHOBHBIE MAaCCHUBBI, IEPCHEKTHBBI KOTOPBIX
COBEpILIEHHO He u3yueHbl. K mpumepy, B npenenax oJaHOTo H3
Y4YaCTKOB, PACIIOJI0KEHHOTO B IIPEENax IMOCIEJHEr0 MacCuBa,
TOJIBKO B IIEHTPAJILHOM YaCTH BBISBICHHBIX BTOPUYHBIX OPEO-
JIOB paccesiHUsl MOJICYNTAHHBIE PECYPChI HUKEIIS TIPU CPeTHEM
conepkarnu ero B 0.8% - 67200 T u kobanbTa mpu cperHeM
0.03% - 300 r/t (o Pecmyomuxke cpemree 0.015% - 150 r/t) —
2520 T. Ha 3TOM ydacTke WMHTEpECHBIC M 3aciy’>KHBaIOIIHE
BHMMAaHUsI TIOJTy9YEHbI T€03JIEKTPUIECKHE pa3pe3bl, IOKa3bIBa-
10IIMe MOP(OJIOTHIO KOPBI BHIBETPUBAHMS M CBSI3H MX C TEK-
TOHMYECKUMH  HapylmIeHWsMH. JoM3ydeHHs  IOMCKOBO-
pa3BeIoYHBIME PabOTaMU aHOMAJIBHBIX Y3JIOB 3TOTO PYIHEro
paiioHa, OYEBH/IHO, YTO MPHUBEIET K BBIIBJICHHIO JIOMOJIHH-
TENIbHBIX MHHEPAJIbHO-CHIPBEBBIX PECYPCOB TOPHOAOOBIBAIO-
MM TIPEANPHUATHIM Ha PEIKHEe METaJUlbl, HUKeJIb KOOaJIbT,
XpOM, Me[lb, CBHHEIl, 30JI0TO, PTYTh, PEIKO3EeMEJbHbIE 3JIe-
MEHTHI ¥ Ha JXEJE3HbIE PYAbl C KPYIHBIMHU 3aracamH, Hpej-
CTaBJICHHBIE JKEJIC3UCTHIMU KBAaPILIHTaMH.

JInst osTydYeHust OJIOKHUTEIBHBIX TEOJIOTHYECKHX PEe3yJlb-
TaToOB OYEBUIHO, YTO HEOOXOIMMO HOBOE HECTaHIapTHOE
Te0JIOTHYECKOE OCMBICIICHHE BCEX MaTepHajoB, IOJKIIIOUHUB
W3BECTHBIE TEOPHHU IO PYA000pa30BaHUIO M (HOPMHUPOBAHHIO
MECTOPOXKICHUH Ha 0a3e T€OANHAMHKH U APYTHX MPOLIECCOB B
COTPOBOXKICHAH MAITUHHON 00pabOTKH, B TOM YHCIIE KOJIH-
YECTBEHHBIMH PacyeTaMy KaK PErHOHANBHBIX, TAK U KPYITHO-
MAcCIITa0HBIX MATEPHAIIOB TEOJIOTHIECKOTO COJIEPIKaHNSL.
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1.2. BokceuTsl

BanancoBrlie 3amacel OOKCHTOB, YUTEHHBIX TOCYAapCTBOM
B 27 MECTOPOXIEHHAX, COCTABIAIOT OKoio 315 mmH.T, U3
HUX B 3KCIutyaTauuu Haxoautcs 51% (29 o6bvekToB), pa3Be-
neBatoTes - 28% (19 00BEKTOB) M HE3AIUICH3UPOBAHO -
21% (28 00BEKTOB) MPHU CPEAHEM COAEPKAHNH OOKCHUTOB O
pecnyonmuke 42.51%. Ilpu exeromHo#t a00bIYe OKOJNO 5-
6 MIIH.T pyIBl 00ECIIEYeHHOCTh TOPHOPYAHBIX IPEAIPHUATHIHA
ceIpbeM cocTaBisieT 50-60 set, yauThIBas 3amachl pe3epBHBIX
MECTOPOXKJCHUU, TapaHTUHHBIA CPOK >KU3HEIESITeNbHOCTU
[TaBnomapckoro amrOMHHHMEBOTO 3aBOJA, BEyIIMi Iepepa-
00TKy OOKCHTOB Ha TIHHO3eM, Oyzer Oomee 70 mer. BeI-
TUIaBKa AIOMUHUS W3 HUX IPOHM3BOIHTCSA Ha 3aBogax Poc-
cun. Poccus ke (110 AJaHHBIM MHTEPHET UCTOYHUKOB), 3aHU-
Masi TI0 pa3BeIaHHBIM 3armacaM 7-0€ MECTO B MUpE, CMOXKET
obecrieunTh paboTy TOPHOMOOBIBAIOIINX NPEANPHATHH Ha
240 neT, a SKCIUTYyaTUPYIOLIUE MECTOPOXKIEHHsS obecredu-
BalOT paboTy mpenmpuatuii Ha 79 mer. [na poccuiickmx
MECTOPOXKICHAN XapaKTepHBl HU3KOE KadeCTBO OOKCUTOB U
CIIOKHBIE TOpHOTeoJornyeckoe yciaosud. B mocnennue 15
ner Poccust MCIIBITBIBAET YCTOHYMBBIA AeUIMT B OOKCUTAX
1 HeeTnHaX, ¥ TIOATOMY €KETOIHO U HY K MPOMBIIIICH-
HOCTH UMIOpPTUpPYeT 3 MIH.T riMHOo3eMa. IloTpeOHOCTH
npeanpusTuil obecneueHa Ha 50% (TO NaHHBIM HHTEPHET
UCTOYHUKOB). Kak OBIIO yKa3aHO BHIIIE, MHOTHE Ka3aXCTaH-
CKHE TPEANpUATUS KaK [0 AJIOMHHHUIO, TaK U 10 APYTHM,
HYAI0TCSl B OTpabOTKe Aake HEOOJIBIINX IO 3armacaMm Me-
CTOPOXKIICHHH, XapaKTePU3UPYIOMIUXCSI BEICOKUMHE COJEpIKa-
HUSMH METaJUIOB, PACIIOJNIOKEHHBIX BOJNW3HM ITHEBHOW IIO-
BEPXHOCTH U B 3KOHOMHYECKH OCBOCHHBIX palloHaX ¢ XOpo-
1€ JIOTUCTUKOM.

Takux 00BEKTOB B JOCTATOYHOM KOJMYECTBE C OOIIUMH
pecypcamu, NMPEBHINAIONIMMH UM HAMHOTO NPEBBIIIAOIIH-
MU, YUCISIIAXCA B TOCylapcTBeHHOM OanaHce. K mpumepy,
B CpeIMHHOW YacTh BanepbsHOBCKOW MeETaJJIOr€eHUYeCKOn
30HBI B mpenenax Toipko Kapawymak-KupoBckoit pynHon
30HBI MIPOTSHKEHHOCTHIO OoJiee 40 KM, HE OKOHTYpPEHHBIN Ha
I0re TP MIHPHHE OT HECKOJIBKUX COTEH METPOB IO IIBYX U
6onee KHJIOMETPOB JOBOJIEHO XOPOILIO PErHCTpUpyeMOin
MarHuTHON CBEMKOH, MPOTHO3HPYIOTCS oKoyo 100 MiuH.T
OOKCHTOBOM pyIbl. BHYTpH 3TO# 30HBI OTMEUEHBI PYAOIPO-
sBrieHust No58, Ne6(, Ne86, a BocTouHee - B I[eJIOM KPYITHOM
Kapauynak-Tannpikckolf NMEpCHeKTHBHOM IUIONIAH, BKIIO-
yaromeii Kapauymnak-KupoBckyro 30HY U yKa3zaHHBIE pyIIO-
NPOSIBICHUSI, T€OJOINYECKUMH HCCIIEAOBAHUSIMH BBIIEICHBI
3amanmHo-/lyaHcalickue y4acTKH, a 3amajgHee - TayibIk-
Ampicalickoe  MectopoxieHue, Kanngunckoe, FOxHO-
KaunguHackoe pyInonposBIEHUs, a TakKe HPOSBICHHUS OOK-
cuToBBIX pya Ned3, Ne59, Ne64. Tanapik-Amntucait - Kawn-
JMHCKast 30Ha, kak Kapauynak-Tangpikckas, He OKOHTYpeHa
Ha rore. OOmas NMpOTSHXKEHHOCTh 10 JIAHHBIM MarHUTOpa3-
Benku mpeBbimaer Oonee 40 kM. IIporHo3Hble pecypchl
ATIOMUHHUEBBIX PYyI B Tpeieiax MEepednCICHHBIX yJacTKOB
100-150 mutH.T. Bee oHE JOCTOBEPHO HE UCCIICIOBAHEI, HA HX
TUTOIIAIW HE TPOBENEHBI I'TyOMHHBIE TEOXHMHYECKHE ChEM-
K{, KPYIHOMACIITaOHbIE MarHHUTOPa3BeIOYHBIC, TpaBUpa3-
BEJIOYHBIE U 3JIEKTPOPA3BEAOYHbIE HCCIIEJOBAHUS, O3BOJIS-
forme 6osee 3(h(HEKTUBHO W OTHOCHTENBHO HAJIEKHO OIpe-
JISTATh W TIYOWHHOE CTPOCHHWE, U PyaHyIo Maccy. Orpwuia-
TEJILHBIM MOMEHTOM SIBJISICTCS PAaCIONIOXKEHHE MX BIAJIH OT
JKENIE3HOJOPOXKHON MarucTpalu U JMHUU JJIEKTporepenad.
Ho, B aTOM paiioHe mOOIM30CTH PaCTIONOKEHBI JKEIe30PY/I-
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HBIE MECTOPOXICHHS, PECYpPCBl KOTOPBHIX IO MacIOPTHBIM
JITAaHHBIM TOJIBKO 10 OJJHOM 30HE OLlCHMBAroTCs Ooyiee 1 Mipy
T, 3lIeCh K€ PYIONPOSBICHUS HHUKEIb-KOOAIBTOBBIX PYII,
MapraHia, THTaH-IIIPKOHUEBBIX POCCHINEH, TO €CTh MOXHO
CYNTATh OJHMM M3 INEPCIEKTUBHBIX MHOTOMETAIbHBIX PYI-
HBIX paiioHOB. IIpu MOATBEPkKACHUSIX MPOTHO3HBIX PECYPCOB,
YUUTBIBAsl, YTO UMEIOTCSI BOJHBIE PECYPCHI, aBTOIOPOKHBIE
MarucTpany, COSAMHSIIOIIE TOT PErnoH ¢ JIOHCKUM KOM-
ounatoM u Poccuiickoii deneparuei, 37ech HE UCKITIOYACT-
sl CO3ZJaHNE TOPHOPYIHBIX MPEINPHUATHH 10 100bIYe OOKCH-
TOB, JKEJIE3HBIX Py, THTAH-IIUPKOHUEBBIX POCCHINEH M ApY-
TMX METa/UIOB, UMEsl BBUJY BBIIBICHHbIE MHOTI'OYHCIICHHBIE
BTOPUUHBIE OPEOJIBl PAcCesHUs PEIKUX METaUIOB, MEIu U
IIHKA.

B BaiepbpsiHOBCKOIT 30HE, OJIM3KO PACIOJIOKECHHBIMH K
KEJIe3HOJJOPOXKHOM Marucrpanu, SBJSIOTCA IPOSABICHHE
6okcutoB AkracTel n JKaHamaypckoe MECTOPOXICHHMS, 3a-
(UKCHpOBaHHbIE B IOT0-3aIaJTHOI U CEBEpO-BOCTOYHON Ya-
CTAX OTPULIATENILHOM OCTATOYHON aHOMAaJIMM CUJIIbI TSHKECTH,
MO3BOJISIOIICH IPENIoNaraTh, YT0 OHH HAXOAATCS B €IUHON
TEKTOHWYECKOW 30HE NMPOTSDKEHHOCTBIO Oornee 15 kM, ode-
BUIHO, KOHTPOJHUPYIOLIEH pa3MmelnieHre OOKCUTOBBIX MPOSB-
nenuid. [IporHo3HBIE pecypchl IO 3TUM JIBYM OOBeKTaM 0o-
nee 20 maH.T. [lpu pyaHol npupone aHomanuu Ag 3amachl
X 3HauMTeNbHO yBenuudarcs. [Ipemnmomaraercs, sTa 30Ha
MPOCJIEKHUBACTCS B CEBEPO-BOCTOYHOM HAIPABICHHH [0
pynonposiBaeHu baTnakTHHCKON TpyNIibL.

B sxoHOMHYECKH M MHIYCTPHAIbHO Pa3BUTOM paifoHe
MIPEBOCXOTHON JIOTHCTUKOM pacmojaraercs AKMOJIHMHCKas
TpyNIa AIIOMHHUEBBIX MECTOPOXKIACHUH, COCTOSAIIAs U3
CesepHoit u OxHol miomanei. B npenenax mepsoit pacrio-
JI0XKeHO OoAHO n3BecTHoe CyBOPOBCKOE MECTOPOKACHUE U
ISITh PYAOTIPOSIBIICHNH, a B IIPEAEIax BTOPOH - MECTOPOXKIe-
nust: Coduenckoe, CemenoBckoe, Cappiobunckoe u 20 py-
JIONPOSIBIICHUNA. MeCTOPOKACHUSI U PYAONPOSIBICHUS CUH-
TAIOTCSl MEJIKMMH, COCTOSIIIME U3 MHOTOYNCIICHHBIX PYAHBIX
Ten. Pynbl BBICOKOKAaYeCTBEHHBIC, K TIPUMEPY, COAEpIKaHUE
Al,03 B CoueBckoM MecTOpoXxaeHHH Kouiebiercst oT 37 1o
52% npu cpennem 39.7% u npu kpeMHHEBOM Moxyne 3.65; a
B TpelenaXx MecTOpokaeHui Maiibanbik- KaitHapmuHckon
rpymmstl AlOz 0t 37 10 53.4% npu cpennem 42.2%, kpemHe-
BoM Mmonyne 2.73 u cogepxanun FexOs - 18%. Bce onum
OJIM3IIOBEPXHOCTHBIE, C BEPXHEH KPOMKOH, Pacloi0oKeHHON
Ha TyOmHax oT exuHHIB! 10 40 MeTpoB. [Ing okoHUATENb-
HOU OIICHKHU TMEPCIEKTUB HEOOXOAWM aHallu3 U 0000IIeHre
MaTepuaioB C MPOBEIACHHEM IOMOJHHUTEIBHBIX 00bEMOB
Te0JIOT0-Te0(U3NIECKUX M TEOXHMMUIECKUX METOJIOB HCCIe-
noBanuii B macmrade 1:10000-1:5000 ¢ OypenneM KapTHpO-
BOYHBIX U IOUCKOBO-Pa3BEJOYHBIX CKBAKHH.

Takxe B HKOHOMHYECKHM W HHAYCTPHAIBFHO DPAa3BHTOM
paiioHe pAacHOJOKEHBI OOKCHUTOBBIE MECTOPOXKICHHS B
[TpUIIBIMKEHTCKOM PYAHOM paiiOoHe, B OCHOBHOM, C IIyOH-
HOW 3aJieraHusi KpOBJIM OOKCUTOB OT 1-5 mo 75 M ¢ 3amacamu
JIO TIEPBBIX M IBYX JIECSITKOB MIIH.T M OoJbie. B HEKOTOpPhIX
YK€ HM3BECTHBIX MECTOPOXKICHHAX COJACPXAHUS TIMHO3EMA
cocrasiseT 10 70% npu cpeanem ot 42 no 55.6% u BeIcO-
KHX 3HA4CHHAX KPEMHHEBOTOo Monyis. ['eomormueckum Jo-
U3y4eHHEM BBIIEIEHbl KPYIHBIE PYAHBIE MOJS C HPOTHO3-
HeIMH pecypcaMu oT 20 10 53.4 MiH.T. OOKCHTOB C conep-
xaaneM Al,O3z 55%. IIporHO3HBIE pecypchl 37eCh HCUHUCIS-
forcs mudpamu 6osiee 150 MITH., 9TO COCTaBJISIET TIOJIOBUHY
rOCY/IapCTBEHHBIX 3aracoB, YuCIsIIUXcs Ha OanaHce. [Ipu-
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MeUaTeNnbHOH 0COOCHHOCTHIO [IPHINBIMKEHTCKUX aFOMHHU-
€BBIX PYA MO TE€OJIOTUUECKUM MPEIIONI0KEHUSIM SIBISIOTCS
ydacTHe B pa3pe3e HECKOJIBKMX MECTOPOXKACHUH Mosume-
TaJUIMYECKUX PYZA C MPOTHO3HBIMH PECYpCaM CBUHIA W IIMH-
Ka 10 OJHOMY MWUIMOHY TOHH IIPH COJEP)KaHMAX COOTBET-
CTBEHHO 5-8 1 4-7%, uTo TpeOyeT 00CTOSATENbHOTO H3YUCHHS
OypeHHeM KapTHPOBOYHBIX U MOHUCKOBBIX CKBaKMH co 100%
BBIXO/IOM KEpHa.

CornacHo cerogsamHeil u3ydeHHoctu IlpuaxmonuHckoe
U [IpHIIBIMKEHTCKHE MECTOPOXKICHUSI OOKCHTOB MOTYT OBITH
HCIIONB30BaHbl KaK JOIOJIHUTENbHBIE MHHEPAIbHO-CHIPHEBBHIC
pecypcesl [1aBrnogapckoro aarOMHUHUEBOTO 3aBOJa U 0TpadoTa-
HBI B KPATKOCPOUYHBIH nepuos B TedeHun 15-20 ner.

OTH 3amachl JOJITOCPOUYHYIO MPOTPaMMy Pa3BHTHS allio-
MHHHEBOI NPOMBINIICHHOCTH Pecmy0Onuku, oueBHIHO, HE
pemaroT. B ¢BS3u ¢ 3TUM H3y4eHBI Bce UMEIOIIMECs MaTepH-
aJIBI, KACAIOIIMXCS ATFOMUHHUN COAEPKAINX 00BEKTOB, B TOM
quciae OOBEKTHI, I/Ie OHM YYacTBYIOT KaK COIyTCTBYIOIIHE
METaJUIbl KaK B PYJHBIX, TAK ¥ HEPYAHBIX MECTOPOXKACHUSIX,
¥ MUHEPAJIBHBIX 00pa30BaHUAX, a TAK)Ke JaHHBIE TT0 HE OOK-
CHTOBOMY ATIOMHHHMEBOMY ChIpbI0. [Ipn 3TOM ynmemeHo oc-
HOBHOE BHUMaHHUE Ha BO3MOXKHOCTH BBISBJICHUS OOKCHTOB C
YHHKaJIbHBIMH TIPOTHO3HBIMHU pecypcamu Oomee 0.5 1 oxHOTO
MJIpJl TOHH, UMEsl BBHJY YTO TaKHe 3alachl JAr0T IOJTHOE
MPEUMYIIECTBO A1 MHTEHCUBHOIO PAaCIIMPEHHs] MOIIHOCTU
MPOU3BOJICTBA U, KaK CJIEACTBHE, MOTPEOIECHHE OMHOTO W3
BO)XKHEHIINX METAJUIOB, IIMPOKO MPUMEHSIEMBIX B COBPEMEH-
HOW MHIYCTpPHUH, CUMTAsl, YTO 3TO HalpaBlieHHE 3aiiMeT 1o-
CTOIHOE MECTO B IJJaHAaX PIKOHOMMUYECKOI'O Pa3BUTHUS HaIlel
pecnyOonuku. B CBs3M ¢ 3THM, U TOATOCPOYHOH paboTHI
KPYIHBIX U BHOBb CO3/[aBa€MbIX AJIOMHUHHMEBBIX HpEApPUS-
THIl HEOOXOAUMBI pecypchl OOKCUTOBBIX Py, COU3MEPUMBIE
B CyMMe OaJaHCOBBIMH 3alacaMu pecnyOnukd u Ooree,
COCpEIOTOUCHHbIE B OJHOM MECTOPOXAECHUH MM B MECTO-
POXIECHUSX B OJHOM U TOM K€ TOPHOPYAHOM paioHe.

CaMbIM KpYIHBIM IO OOKCHTOBOMY CBIPBIO SIBJISICTCS
PacHooKeHHOE B MpeJeiax NMPUPOAHO 3amoBeHOro (GoHaa
Hwxuennuiickoe OypOyroibHOE MECTOPOXKICHHE C KpYII-
HEWITIMH pa3BeIaHHBIMH 3aracamu yriei Ha riayoune 150-
350 M B xommyectBe 9975 MIIH.T, IOATOTOBJIEHHEIE IS
OCBOEHHUsI JIUOO TOJ3EMHBIM, JHOO OTKPBITBIM CIOCOOOM.
Nwmerotest cBenerns [14], uTo o0a ambTepHATUBHBIX METONa
CUMTAIOTCS paBHO3HaYHBIMM. Hauano paszpabotku ero I'ocy-
nmapctBeHHBIM KommuretoMm mo 3amacam mpu Cosere MuHU-
ctpoB CCCP ot 21.01.1991 r. 65110 3atutanmposano Ha 2025
roJ. MecTopoxxJaeHue U MO ypaHy, U MO COIYTCTBYIOIIUM
kommoneHnTaM (Re, Ge, Ag, Co, Se) - kpymHoe. Conepxanue
TOKCHYHBIX JIEMEHTOB HE TPEBBIIIAET JOIMYCTHMBIX HOPM.

KaonunoBas kopa, 3aneraromias HEMOCPEICTBEHHO IO
TUTACTOM YTJISl, COCTOUT M3 KAaOJNMHHWTA W aJUINTOB C COJEp-
xanneMm Al,Oz 1o 35-50%. [IporHo3HbIe pecypchl aJUIUTOB C
cozepkanneM rimHOo3ema Oonee 30% oleHMBAKOTCS B
814 mun. T. [o 3akmrouenuto xe sxcnepra ['K3 Coroza CCP
H.A. BpombomoBa B 3TOM MECTOPOKICHUH COCPEIOTOUYCHBI
KpYIHBIE 3a1achl aJlFOMUHUS, IPHYPOUYCHHBIE K MOJCTHIIAIO-
UM YTOJIGHBIN TUIACT KAOJIMHOBOM KOpE, IPH MOIIHOCTH €e
10-15 M ¥ MOIIHOCTH PYIHOTO Teja - IepBbie METphl. Pecyp-
CBl AJIOMHUHHMEBOTO CHIPbsI B TpeJieslaX MECTOPOXKICHHS MM
OLIeHMBAIOTCs B Konmuuectse 1.5 mupa.t. OTMEUYEHO 4TO MpH
W3y4ICHUN ATIOMHHHUEBBIX PYA KAaOJIMHOBOW KOPHI BBIBETPH-
BaHMS TJIMHO3EM XOPOLIO W3BJIEKACTCS COJSTHOKHCIBIMU
pactBopamu. IIpu 3TOM (CEpHOKHMCIIOTHOM BHILIEIaYHBAHHIHN)
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Jaxxe B HUI3KOKaYeCTBEHHBIX ATIOMHHHH COICPIKAIINX pyAax
AITIOMHHUI MEPEXOJUT YETKO B PAaCTBOpP. DKCIEPTOM, y4H-
TBIBasi OOJIBIINE PECYPCHI AIIOMHUHHS B KOPE BHIBETPUBAHUS,
pa3BUTOM B Tpeneiax M 3a INPeAelaMH MeCTOPOXKICHUS,
JehULUT CBHIPbSI M BBICOKYIO CTOMMOCTH ATIOMHHHS, PEKO-
MEHJJOBaHO MPOJODKEHNE Pa3BEAKH Ha aATFOMUHHMU U H3yue-
HHE HOBBIX TEXHOJIOTHH, BKIIOYAsl CIIOCOO ITOJ3EMHOTO BEI-
IIeNlagyMBaHKs, KaK OZHOTO M3 Hanbojee MPOrPECcCHBHBIX U
0e3omacHBIX AT OKpYXKarolled cpenbl CHOCOOOB H00BIYU
IJIMHO3eMa U3 KOPBI BEIBETpHUBaHUsL. OTMEUYEHO, YTO HOCTYII-
HBIE TITyOMHEI 3asreranus Kopsl BeiBeTpuBanus (150-300 m) u
HETIPUTO/IHBIC ISl TUTHEBBIX LieNeil BHICOKOMUHEPAIN30-
BaHHBIC II0/I3EMHBIC BOJBl TOPH30HTA IIO3BOJIAIOT OTHIATh
npuopureT HikHennuiickoMy MeCTOPOXXKIEHUIO ISl U3yde-
HUSI M BHEJIPEHHS B IIPOM3BOJICTBO HOBOM JJIsl aJIFOMUHHEBOU
MPOMBIIICHHOCTH TEXHOJIOTUH JOOBIYM CHIPbS B KOMILIEKCE
C JIPYTUMH ITOJIE3HBIMH HCKONIAEMBIMHU.

2. OcHoBHAS 4YaCTh

B 3701 CcBs3M ciielyeT 3aMEeTUTh, YTO COIVIACHO aHallu3y
MIPOM3BOJCTBA AIOMUHUA B Poccuu, XapakTepu3oBaH METOJ
IIOJI3¢MHOT'0 BBHIIEIaYNBaHNUs CKBaXXHHHBIMHA CHUCTEMaMHU Ha
MeCTe 3aJleTaHus PyH, MO3BOJIIOMUN YCHEIHO OTpabaThl-
BaTh yOOTHe IO COACPKAHHUIO PYIBI, IPUYPOUCHHEIE K TIPO-
HUIIaeMBIM 00BOIHEHHBIM mapoiam (PazmymmH u np.). Uto
KacaeTcsi MOMYTHBIX MOJIE3HBIX HCKOomaeMmbIX [14], MOXHO
OTMETUTh MPUCYTCTBUE TOPIOYMX CJIAHLIEB, 3JETAOIIKE B
[I0OYBE YrOJILHOTO IIACTa, KOTOPbIE OLICHUBAIOTCS B KOJIHMYE-
cTBe 57 MIH.T., U3 KOTOPBIX IIPU NOJYKOKCOBAHUH IIOIY4ECHO
20.4% cwmombl, 65% mnonykokca, 7.5% rasza. 3o7a ciaHIEB
OTJINYAETCS MOBBILIEHHBIM COJIEPKAHUEM JHOKCUIA TUTaHA
(1.31%). Kak 6b110 OTMEUYECHO SKCIIEPTOM, HE HCKITFOUACTCSI
BBISIBJICHHE JIOTIOJHUTEIHHBIX 3aMlacOB aFOMUHHUEBBIX DY/ B
okpecTHOCTSIX HumxuHeunuiickoro wmecropoxzaenus. Hamu
MPENINoJaraeTcs, 4T0 MOTYT OBITh YCTaHOBJEHBI Y4YacCTKH
pacmpocTpaHeHUs] KAOJTUHOBBIX KOpP BBIBETPUBAHUS C TIUHO-
36MOM M IO/ IUIacTaMU YIJIed M3BECTHBIX MECTOPOXKIACHUN
banaTonapckoe u KepryneHckoe, pacmnoyiioxXeHHbIX B pailoHe
Huxnewnuiickoro MecropoxaeHus. JlaHHblE MarHUTHOH
CBEMKH, KOTOPBIE 3/1€Ch SIBISIOTCS €IMHCTBEHHBIM KpUTEPH-
€M JJIsl IOUCKOB, He MPOTHBOPEYAT 3TUM BBIBOJAM (PUCYHOK
1). Ecnu oTpunare/bHble aHOMAaJbHBIE MOJIS B CAMOM JIENE
00yCIIOBIICHBI 30HAMH JCTIPECCHOHON MPOCAAKH C YBEIHICH-
HOM MOIIHOCTBIO KOpbI P, BBIBETpUBaHUS C KAOJUHUTOM U
aJuInTOM, TO 0€3YyCIIOBHO, B 3TOM pailoHe OyayT BBHISBICHBI
HOBBIE MECTOPOXICHHUS CO 3HAYMTENbHBIMHU 3armacaMu allto-
MUHUEBBIX pYI, TaK KaK B pailoHe camoro HuxHeunuickoro
MECTOPOXKJEHHUS TPOTSHKEHHOCTh AHOMAJIBHOTO TIOJNST CO-
craBisieT okojio 30 kM, Keprynenckoro-20 km, a CeBepou-
nuiickux aHomanuii - Oonee 80 kM. OTpHIATENBHBIC Mar-
HUTHBIC aHOMAJIMK BBISBIICHBI U I0TO-BOCTOYHEe bamaromap-
CKOTO MECTOpOXJIeHus. Bce 9T0 cBUAETENHCTBYET O HE0OXO0-
JMUMOCTH TICPESUHTEPIIPETAIMH HUMCIOIIUXCS Te0JI0roreo(u-
3MYECKUX MATEpPUaJiOB C IENbI0 OOBEKTUBHOTO BEIOOpa
HanOoJee MEePCIeKTUBHBIX YYACTKOB JJIsI TIOCTAHOBKU TOWC-
KOBBIX W ITOMCKOBO-OIICHOYHBIX paboT B Mmmiickom Oac-
ceiine. [lepBoouepennoii 3agaueit siBisieTcs AeTalbHas pas-
Benka HikHennmicKoro amOMHUHUEBOTO MECTOPOXKICHUS U
MOIMYTHBIX KOMIIOHCHTOB C IICIIbIO JOOBIYM WX HOBBIMHU ISt
KOMIIAaHUM CKBOKMHHBIMM METOJIAMH TIOJI3EMHOTO BHIIIICIIA-
YUBaHMUS.
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Pucynok 1. Kapma anomanvrozo maznumnoz2o nons AT, paii-
ona Huocneunuiickozo dacceina; b-ooaacmo pazeumus ompu-
yamenvholx (noxanvuwvix) anomanuii AT, ¢ paiione dypoyz0nvHbIx
MEmopoIHCOEHUTl, 603MOINCHO OGYCNO0BIEHHBIX YUACHMKAMU HPO-
caoku, z0e nPeonolazaemcs 1OKAIU3ayus y2onbHolX U GOKCUmMo-
8bIX 00BEKMOG C CORYMCMEYIOWUMU NOJIE3HBIMU UCKONACMBIMU

OcBoenne HikHennmmiickoro OypoyrojibHOTO M aJIOMH-
HHEBOT'O0 MECTOPO’K/IEHHsI, OUYEBHUIHO, YTO OYyJIET pemarcsi Ha
MIPaBUTENGCTBEHHOM YPOBHE, M, B CBS3M C 3THM BOIIPOCHI
OCBOCHHS JTOJDKHBI BOHTH B TOCYHZAapPCTBEHHYIO MPOTPaAMMY
Pa3BUTHs aTFOMHHUEBOW MPOMBIIUIEHHOCTH B HOBOM pETH-
OHE PECIyOJINKH - B AIMATHHCKOW OOJIaCTH. YYHUTHIBask IPU
9TOM M KPYIHbIE IPOTHO3HBIE PECYpChl OYPBIX YIiei 3Toro
MECTOPOXKJICHHS B KojmdecTBe emie 7.1 Mipa.T, a Takxke He
OIICHEHHOCTh paiiOHa B IEJIOM Ha JPYTHe BUABI MOJIE3HBIX
HCKOTIaeMBIX, B YAaCTHOCTH, Ha ypaH, TepMaHUl, penkue u
peAKo3eMeNbHBIEe 3JEMEHTHI, TOPIOYHE CIIAHIIBI, PHUPOIHBIC
ra3sl U He()Th, MPEINOCHUIKH BEISBICHUS KOTOPBIX CYIIe-
cTBytoT. Takum oOpa3zom, oOIIMe 3amachl yrilel MecTopoX-
nenus 6onee 17 muipa.t, uto B 1.75 pa3 mpeBbimaer oomime
3amackl Bcero Dkudacrtysckoro Oacceitna (9.7 mupa.t), B 3.2
pasa mpeBslaeT odmue 3anackl 1 MaiikioOeHckoro Oypo-
yrompHOro Oacceitna (5.3 mupa.t), a obmue 3amacsl Mnuii-
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ckoro OaccefiHa (44.1 MIIpI.T) CONOCTaBHMBEI C 3allacaMu
Kaparannuuckoro 6acceitna (43.1 mipa.t). Ilpeamonaraer-
Csl, 4TO TOCYJIapCTBOM OyJeT MOCTaBJIeHa 3a7a4a KOMIUIEKC-
HOro ocBoeHus Mnuiickoro 6acceliHa B 11eJIOM, BO3MOKHO, C
coznanneM HoBoro MHOronpoguibHOTO TEppUTOPHATIBHOTO
MPOMBIIICHHOTO KoMILIekca. KpynHeiinye 3amacsl aaoMu-
HHEBOTO CBIPbSl B MUpPE CBSI3aHBI C €0 HEOOKCHTOBBIMU BH-
namu. B stom orHomennn B KazaxcraHe yHUKalbHBIM IO
3amacam sBisieTcss EcHiibckoe MecTopoKaeHue (PUCYHOK 2) ¢
MWUIHAPAHBIMA 3allacaMH BBICOKOTJIMHO3EMHCTOTO CHIPbS,
pacmonosxkeHHOT0 B [IprummiMbe AKMOJIHCKO 00IacTH.

1 G- -«
)« O « [ ) o
Ex]s Aol TER]n

Pucynox 2. I'eonocuueckan kapma u paspes uepe3 Ecunvckuii
wenounoii maccus (no A.H.Hypavioaesy u A.I.Ilanuenxo): 1-
ocadounvie u GYIKAHOZEHHO-0CAOOYUHbIE NOPOObL: U36ECHIHAKU
MYPHEIICK020 Apyca, NECUAHKU, aA1espPOIUmMbl, aAPZUTLIUMDL,
Konziomepamol, O0uabazoevie nopupumol HEPaACUICHEHHO20
HudICHe20 u cpeonezo opoosuxa; 2-4, 6-9 — oopazosanusn
UMIUMCKO20 — BYIKAHO-NJIYMOYHUYECKO20 — Komniaekcd; — 2-
cyoeynKanuyeckuii Iman (Onuneiyumogvle u
ncegdoneiiyumossie nopgupwy); 3-4 — gyakanuueckuii yman: 3-
myghol, n1aevl, MyQonaevl INUNCHYUMOE020 U  MPAXUM-
INUNEUYUMO0B020 cocmaea, 4-nasvl, myvl  JEHUUMOBHIX
bazanvmos, medpumol, agzumossie nopgupumsl; 5-Keapuyesvie
Ouopumol, ZPAHOOUOPUNBL PAHHEZEPUUHCKO20 KOMRIeKca; 6-9 —
naymonuyeckuii  man: 6-KeHmMaaneHumol, ICCeKCumol, 7-
RUKpUmMblL, RUKPUMO-0uada3vl, RUPOKCEHUMbl, 8-2panocuenHumel,
9-cuenumor wienounvle, nepmumogule, makcumosvle,
Hegenunogovle,  C6AMOHOCUMDBL,  MATUHBUMDbL,  NYIAKCUNIbL,
nubnepumogvle cuenumvt u Op.; 10-kommypwr zceonozuueckux
obpazoeanuii:  a-oocmoeepuvle,  0-npeononazaemvie;  11-
paspuiensle napywienus; 12-nunusa paspesa

OTKpBITHE 3TOTO U APYTHX MECTOPOKACHHUH, U PEKOMEH-
JTAIAA IO HUM MPUHAJUISKAT paboTHHKaM VHCTHTYTA Teolo-
rudeckux Hayk umenu K.M. Carnaesa [19]. Cpennee conep-
JKaHUEe TJIMHO3eMa Ha HEKOTOPBIX yJ4acTKax cocrasisieT 27%.
W3BecTHO, 4TO COBMECTHas mepepaboTKa ecHIbCKUX Hede-
JIMHOBBIX TOPOJ| C TYPraCKUMH M JPYrUMH OOKCHUTaMH
MCKITIOYAeT UCIOJIb30BaHHUE JIOPOTOCTOSIIMX U JeQUIIUTHBIX
COJIONPOJIYKTOB, H3BIIEKACTCSI B PACTBOP TIIMHO3EM M3 CaMUX
ke He(eTMHOB, JOU3BJICKAETCS YacTh OKHCH IIOMHHHUS U3
KpacHoro mnuiama B odbeme 90%, cuuTaBLIErocs OTXOAOM
NPOM3BOJICTBA (CrIpaBouHMK). VI3 aTOTO CiienmyeT, yTo HeOOK-
CUTOBBIM MecTopoxkaeHusM Kazaxcrana, mHo-BHIUMOMY,
CJIeJlyeT OTHOCHTCSI KaK K KPYIHOW pe3epBHON 0Oa3e aaroMu-
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HUEBOTO CHIphs. KOJIMUECTBO HW3BECTHBIX OOBEKTOB Ooiiee
JecsATKa MPHU HEOOXOIUMOCTH MX YHCIEHHOCTh MOXET OBITh
yBEJIMYEHA 3a CUeT MPOTrHO3HBIX IIomaneil. K mpumepy, B
npenenax Kokcucrekckoro Maccusa, 4yto B I[laBnomapckoit
00J1acT, IPOrHO3UPYETCS] COTHU MUJUIMOHOB - IIEPBBIE MHJI-
JHMapbl TOHH CKOIJICHUSI BHICOKOTJIMHO3EMUCTOTO CHIPBSI, B
npezenax AOaeBCKOro MaccuBa IIEJIOYHO-TPAHUTOUIHBIX
nopox pasmepoM 3.5x2.5 KM cpepHee coOAepKAaHUE €ro
20.4%; B bocarmHCKOM MaccHBE - aIyHHTOBBIX BTOPHUYHBIX
TPaHHUTOB COAEPKaHUE aTyHHUTa JocTuraet 50%, U3 KOTOphIX
COIJIACHO TEXHOJOTHYECKMX HCCIe0BaHui n3BieueHue 90%
aIyHHUTA B KOHIICHTPAT C ColepKaHueM ero 62-64%.

Jns cBemeHMs ciemyeT OTMETWTh, YTO AaHAJIOTHYHBIC
KpYIHbIE He(ETMHOBBIE MAaCCHBBI M3BECTHHI B MOHrOINH,
CHIA (Apkansace), Kanane, Hopseruu, Bpasuiuu, B cTpa-
Hax CceBepHOl AQpHUKH, KOTOpBIE PACCMAaTPUBAIOT HX Kak
MOTEHIMATIbHbIE HCTOYHUKU amfoMHHMA. OOUH U3 CaMbIX
KPYIHBIX MaccuBOB B Poccun - XuOMHCKMH, Te, COrJIacHO
CyLIECTBYIOIIEH KOHAMLIMK, MHUHHMAJIbHO (MaKCHMAaJIbHO)
JOIYCTUMBIMH cofepkaHusiMu sBisttorcst Al,O3 He MeHee
22%, SiO; ne Gonee 45%, Fe,Os ne 6onee 7%. [pu sTom K
MIEPBOCOPTHOMY OTHOCATCS YpTHUTHL, Tre Al03-26%, FexOs
7-10%; 1I copt-Hedenmnu-utarnoknasossie ¢ Al,O3 22-25%,
Fe203 7-10%; III copt- Al2O3 18-24%. B Poccum B Hactos-
mee BpeMs 41% riaMHO3eMa IOMYYalOT W3 HE(EeInHa, HO
YUUTBHIBasi Ooyiee BBICOKHE 3aTpaThl SHEPrOpPeCypcoB, UeM
npu nepepaboTke OOKCHUTOB, a TaK)Ke HU3KOE KaueCTBO ChI-
pBsl TIEPCHEKTUBBl HapalUBaHUA MPOU3BOJCTBA CUUTAIOTCA
npobaeMaTHUYHBIMU. PeKOMEHIyeTCsl BBIIOJIHUTh aHAIHU3 U
0000IIIEHHEe MAaTePUAIIOB, KACAIOIIUXCS HEOOKCHTOBOTO ChI-
pbst IO MecToposkaeHuAM KaszaxcraHa u 3apyOeXHBIX CTpaH
C HENpEeMEHHbIM yuyacTueM coTpynHukoB HWI'H um.
K.M.CarnaeBa, Tak Kak OHHU SIBIISIOTCS IIEPBONPOXOALIAMHU H
TOJBKO MMH, B OCHOBHOM, IPOBOJMINCH HCCIICIAOBAHUS IO
HedennHy, M1e109HO-0CHOBHBIM U APYTHM ITOPOJAM, COJIEp-
JKAIMM BBICOKOTJIMHO3EMHUCTHIE MUHEPAITBI.

3. BeiBoabl

Takum oOpa3om, B pe3yiabTaTe aHanu3a W OOOOIICHHUS,
Jake HeOOoNbIoro o0beMa JAOCTYMHBIX MaTEpPHAJIOB CTAaHO-
BUTCA SICHBIM, YTO HUMECTCA BO3MOKHOCTL BBIABJICHUA IICP-
CIIEKTUBHBIX OPEOJIbHO-aHOMaJbHBIX 30H, a B Clly4ae MOJ-
TBEPKACHUS PYAHOU NMPHUPOIBI KOTOPBIX MOTYT OBITH BBISB-
JICHBI BBICOKOTEXHOJIOTHYHBIC PYABI C JOCTATOYHO KPYITHEI-
MH 3aIlacaMy, 4TO MPEAIIOIaraloTCsl U3 Fe0JIOTMYECKUX CUTY-
anuu. VHTEHCMBHOCTH M pa3MepoOB aHOMAJbHBIX YYacTKOB,
TEOXUMHUYECKUX M Te0(pHU3NIECKUX MOJIEH.

He BbI3bIBaET COMHEHUS, YTO MaTepHaIbl OUYEHb OOJIBIIO-
ro KOJIMYECTBA TaKMX OOBEKTOB XPAHATCS B HEIpax Ieoso-
THYECKUX OTYETOB: - 10 U3YYCHHUIO T'€OJIOIMYECKOro CTpoe-
HUSA W COCTABJICHUIO MOINIAHIIETHBIX T'€OJIOTUYCCKUX KapT
macmraba 1:200 000 mo pe3ynbpTaraM TeoJoro-ChbeMOUYHBIX
paboT B COBETCKOE BPEMsl; - FEOJIOTHYECKOMY JOU3YUEHHIO
macmTaba 1:200 000 B cCOmpoBOXIEHUH TE€OPHU3MUECKUX,
TEOXUMHUYECKUX M adPOJIOTMYECKUX METOIOB HCCIEI0BaHNH,
BBITIOJTHEHHBIX B COBETCKOE U MOCTCOBETCKOE BpPEMs; - IO
Te0JIOTHYECKOH ChEMKE M TeOJIOTHYECKOMY JOM3YUEHHIO IO
HEepPCIIEKTUBHBIM PYIHBIM paiioHam B macmrade 1:50.000; -
MO CIEHHUAIN3UPOBAHHBIM KPYIHOMACIITAOHBIM MOUCKOBBIM
paboraM, BBINOJIHEHHBIX SKCHEIULUSMH, OTpSAAMH U ApY-
TUMH TOAPA3JCICHUSAMN OBIBIINX TEOJIOTHYECKUX YIpaBe-
HUM W WHCTUTYTOB MUHHCTEpCTBA TEOJIOTHH, a TaKKe HMH-

38

CTUTYTOB MUHHCTEPCTBAa OOPA30BAHMIA; - TT0 PEKOTHOCIIHPO-
BOYHBIM M 23 pPEBU3NOHHBIM pPabOTaM, BBHIIOJHEHHBIM B
koHue XIX u B nepBoii nonosuHe XX BeKOB U 1ip. B coser-
CKUI MEepUOA MOYTH BCEMU T'€0JOTHUECKUMHU HKCIIECTUUSIMU
0 3a7aHu0 MUHHCTEPCTBA CAMOCTOSITENBHO WU B COTPYA-
HUYECTBE C HAyYHO-UCCIENOBAaTEIbCKUMU OpTraHU3alUiIMU
Kazaxcrana u Poccuu BBINONHANTHCE TeMaTHYECKHE HCCIe-
JIOBaHUS MPAKTHUYECKU MO BCEM BUAAM TBEPABIX IOJE3HBIX
HCKOIAEMBIX C HCIIOIb30BAaHNEM BCEX HAYUHBIX JOCTHIKEHUH
W Pe3yNbTaThl UX SBILSIIOTCS YHUKAIbHBIM TPYIOM, COZIEp-
JKaIuM OOJIBIIIOE KOIWYECTBO IEPCHEKTUBHBIX 00BEKTOB. B
mporiecce KaMepaabHOH 00pabOTKH BCEro KOMIUIEKCAa MaTe-
PHAIOB UCIIOIHATEISIMU PadOT MNPOKO MPUMEHSUIUCH «Pyd-
HBIE» M «MaIINHHbIE» CIIOCOOBI KOJINYECTBEHHBIX PAcCUeTOB C
yAaJCHUEM HCKAXKAIOUIUX BIUSHUM, OOYCIIOBIEHHBIX TEMHU
WM UHBIMH HEOJHOPOAHOCTSAMU I'€0JIOTHUECKON CPEeab.

Takum 06pa3oM, C 11eIbI0 OAHO3HAYHOTO U OKOHYATEIhb-
HOTO TeO0JIOTMYECKOr0 U3Y4YEeHHUS NMEePCIEeKTUB Hep, B KOHEU-
HOW cTaguu 0000IIaIUX padboT, HEOOXOAUMO COCTABHUTH
NepeUCHb AaHOMAIBHBIX MOJIEH, MPEACTABISIONINN ITOMCKO-
BBIf MHTEpEC Ha MOJE3HBIE MCKOMAeMble, PAaHKHPOBATh MX
M0 KOJIMYECTBY AHOMAJIBHBIX IIPU3HAKOB, IO TIyOWHE 3aie-
TaHust, N30BITOYHBIX MAacC, TEOMETPUIECKUX MapaMeTpoB H,
Py HEOOXOIMMOCTH BKCIEPTU3bl MPUBJIEYb NPYTHE IPO-
TPECCUBHBIE BHABI M METOABI T'COJOTHYECKOTO H3YUCHHS
HeZp, YYUTHIBAIOIIME I'€OJMHAMHYECKHE YCIIOBUS Pa3BUTHUS
tepputopuu Kazaxcrana ¢ yuerom jpelida B pasHble reoso-
TMYECKUE BIIOXH, NAJICOMarHeTH3M U Jpyrue (akTopsl, yKa-
3pIBatolMe Ha (opMHpoBaHHE MecTopokieHui. Ha 0Oaze
pe3yabTaTOB TAaKOTO aHANM3a, 00OOIIEHHUS U MIPOrHO3UPOBA-
HUs Oyner coszmaHa EnuHas cucteMa ydera aHOMAJIBHBIX
YYacTKOB I10 CTEIICHH NEPCIEKTUBHOCTH.

[Mpeamnonaraercs, 4To 3TO 3aliMET JOCTOWHOE MECTO B
Matepuanax [Iporpammer «Ludposoit Kazaxcran» B pazmene
HEJIPOTIONIb30BAHNUS II0 BCEH TEPPUTOPHUH DPECHYOIMKH H
MOCTYXHT OCHOBOH mocie mepsoit [20,21] pa3paboTku BTO-
POl MHBECTULIMOHHON MPOTrpaMMbl, LEJICHAIPABICHHON Ha
MIOUCKH MECTOPOXKJICHHH pasHBIX IIIyOMH U, KaK pe3ylbTar,
OCHOBOH PEaJIbHOM CTpaTeruy M0 YIPABICHUIO U, IEPCHEK-
TUBHOTO IITAHUPOBAHUS MO MX OCBOCHHUIO COTJIACHO 3KOHO-
MHYECKUM 3a7ayaM peciyOnuku. He BBI3BIBaeT HHMKAaKOTO
COMHEHHsI, YTO pe3yJabTaThl IIOMCKOBBIX, MOHUCKOBO-
OIICHOYHBIX ¥ pPa3BeJOYHBIX paboT II-0ff WHBECTHIIMOHHOU
nporpamMMbl Ha (pakTHUecKoM Marepuaie OyneT 0OOCHOBBI-
BaTh OorarctBo Henp KaszaxcraHa, oOecreunBaroliee Ha
MHOTHE TOJbl CYIIECTBOBAHUS JEUCTBYIOIIUX U BHOBb CO-
3/1aBa€MbIX TOPHOPYIHBIX IPEANPHUITHH.
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Ipi Tay-KkeH eHAIPYLIi KICIMOPBIHAAPABIH 0J1APAbIH KbI3METiHIH
KbICKA JKIHE Y3aK Mep3iMai Ke3eHaepinaeri MUHepaJAbIK-IIUKI3aT
pecypcrapbin urepy nepcnekrusanapsl. Il 6eaim: xpom, 0okcurTep

C.A. Axbuioexos!”, B.C. YxkeHOB?

Y«Eypasusnvix mony XKIIC, Acmana, Kazaxcman
2KP Munepanouix pecypcmap axademuscot, Anmamet, Kazaxcman

*Koppecnonoenyus ywin aemop: amr_rk@mail.ru

Angarna. Kop xoHe kapusilaHFaH MaTepHaliiap HeTi3iHIe MaKajaaa ep OeTiHIeri )KoHe YIIKeH TePeHIIKTET] )KaHa KeH
OPBIHJIAPBIH i3]Iy JKOHE KalTa Oarajiay apKbUIBI JKYMBIC iCTEIl TYpFaH Tay-Ke€H KSCIMOpPBIHAAPBIHBIH MHUHEpaJIBIK-IINKI3aT
0a3achlH KEHEWTYy MYMKIHJITIH KepceTe OThIphIN, PecnyOiaukaHbIH Kep MHTEepbepiHiH Kelbip aneyeTi ambuiaasl. bonammakra
KazakcTanHbiH KelOip KeHJIi eHipiepiHae OeKiTiNreH Kopsiap MeH OOoDKaMabl MHMHEpANBIK pecypcTap HeriiHae KaHa
ayMaKTBhIK OHEPKICINTIK KeIIeH IepAi KYpY JKOKKa HIbIFapbUIMaiiisl. MbIHaap arar eTijie/ii: MbIC YIIiH MbIC-IopdupaeH 6acka
MBIC KYMTacTapbsl MEH TaKTaTacTap/bl aHBIKTAayAbIH YJKEH Kejemieri Oap; temipai Oaramay OoipIHIIA Tas3 jaa, oprama Ja,
YJIKEH JIe¢ TEePEeHIIKTEepAiH KeH OPBIHAAPBIH i3/Iey MepCreKTUBaiIaphbl 0ap, JKETKITIKTI TypAe 3epTTelIMEreH HeMece MYJIeM
3epTTEIMEreH KOIITEreH Te0JIOTHIIBIK-TeopH3uKaIbIK aHoManusuiap; Ken neneciniy kem OeliriHiH, KyJIaybIHBIH XKOHE KEHHIH
maiiia OOJYBIHBIH KONTIriHe KaTBICTHI MaTepHangapIsl Kaita OipikTipy jKoHE Oolapiabl He TepEHAETUINeH KeH OPBIHIApbIH, He
TUTAIIEHTANIBIK MTePCIEKTUBAIAPIBI aHBIKTAY OJIIEeMAEpl peTiHIe KapacThIPy YCBHIHBUIAIBI; OOKCHUT IMIMKI3aThl YINiH — Oemnrifi
KEH OpBIHIApbl MEH KeHJEepAiH mnaiiaa OoiraH aylJaHAapblHIa ejeyil Kopiiap OoJpKaHalbl, Tay-KeH KOHE Tay-KeH XHMHUs
IIMKI3aThl KeH OpbIHIApbIHJIa Oenridi Oip KopiapXsl aHbIKTayra Ooyiafbl KoHE eH OacThICHl KeMIp KeH OpbIHIaphl Oap
Jenpeccusiiap OOWBIHIIA MaTepHalJapiAbl Taljan, CcoraH coiikec ipi koHe aca ipi (Oiperei) AlOs pecypcrapbin
HIOFBIPJIaHABIPYFa 00JIazbl, COHAal-aK OOKCUTTIK eMec alfOMUHMH IIMKI3aThIHA €peKIle Ha3ap ay/Aapajbl, OHJa 3epTTeyIIiIep
KOpBl MWLIHapATaraH nosuiapiasl Oomwkaran AlpOs. XKymbIc icTen TypraH jkKoHE JKaHalaH KYpbUIFAH KOCIMOPBIHIAD Y3aK
JKBUIIAP OOMBI IIMKI3aTICH KAMTAMAChI3 €TUIC]II IETCH KOPHITHIH/BIFA KEeIi.

Hezizei ce30ep: ken oOpbiHOApbl, Mblc, MeMip, XpoM, QUOMUHUL, MAI0dy, peuHmepnpemayus, «mepeyoemiieeHy
anomanuanap, xpomum niayoapmoapsi, Tomenei Ine anabul, scana aymaxmelx kewenoep, Amameren, Tarovikopean, Axmona.

39



S. Akylbekov et al. (2022). Engineering Journal of Satbayev University, 144(6), 33-40

IlepcnekTBBI PAa3BUTHSA MUHEPAJBbHO-CHIPbEBBIX PECYPCOB
KPYNHeHIIUX TOPHOPYAHBIX NPEANPUATHI B KPATKO-U J0JTOCPOYHbIE
nepuoabl ux aearejbHocTH. Yacts II: xpoM, 60KCHTHI

C.A. Axbuioexos!”, B.C. YxkeHoB?

LTOO «Espasuiickas spynna», Acmana, Kasaxcman
2Akademusn muneparvhuix pecypcos PK, Anmamowi, Kazaxcman

*Aemop Onst koppecnondenyuu: amr_rk@mail.ru

AnHoTanus. B crathe Ha ocHOBe (DOHIOBBIX M OMyOJMKOBAHHBIX MATCPHANIOB PACKPBIBACTCS HEKOTOPBIH MOTCHIIAA
3eMHBIX Henp PecrmyOnuKku, MOKa3bIBAIOMIMKA BO3MOXXHOCTh PACHIMPCHUS MHUHEPAILHO-CBIPHEBON 0a3bl JACHCTBYIOLIMX
TOPHOPYAHBIX MPEAIPUITHN MEPEOIICHKON U JOOIICHKOHN OJU3MOBEPXHOCTHBIX M MOUCKOB HOBBIX MECTOPOXKICHHI CPEIHUX U
OonpmMX MIyOWH. B mepcriekTHBe HE HCKIIOYACTCS CO3JaHUE HOBBIX TEPPUTOPHATBHBIX MPOMBIIUICHHBIX KOMILICKCOB B
HEKOTOPBIX PYIHBIX paiioHax KazaxcTaHa Ha OCHOBE YTBEP)KIEHHBIX 3alacoB W IMPOTHO3HPYEMBIX PECYpCOB MOJIE3HBIX
uckomnaembix. OTMEUEHO, YTO MO MEIH, KPOME MEIAHO-MOPGUPOBHIX, KMEIOTCS OOJIBIINE MEPCICKTHBBI BBISBICHUS MEIUCTHIX
MIECYAaHNKOB M CJAHIEB; MO JKeJe3y OIEHKOW HEIOCTaTOYHO WM BOOOIIEe HE W3YYCHHBIX MHOTOYHCICHHBIX T'€OJIOTO-
reo(hM3NIECKUX aHOMAJHHA, MMCIOIIIE MTEPCICKTUBH Ha IMMOMCKH MECTOPOXKICHUHA KaK MajbIX, TAK CPEIHUX W OOJBIINX TITy-
OWH; TO-XpOMY PEKOMEHIOBAHO BBHIIOJIHHUTH IIEPEHHTEPIIPETAIIIIO MAaTEPHAJIOB TI0 IDIOMIAN OONBIIOTO KOJIWYECTBA BHIXOIOB
PYIOHBIX TEJ, Pa3BaJIOB U PYIONPOSBICHAN M PACCMOTPETh MX KaK KPUTCPHH MOWUCKOB JHOO TITyOMHHBIX MECTOPOXKICHUH,
00 TIOMCKOB POCCHINECH; IO OOKCHTOBOMY CHIPBIO-3HAYHTENbHBIC 3alachl IPOTHOZUPYIOTCS B palflOHaX M3BECTHBIX MECTO-
POXKICHUN U PYAONPOSIBICHUH, ONPEACICHHBIC 3allaChl MOTYT OBITh BBISIBJICHBI B MECTOPOXKICHHUIX TOPHOPYIHOTO M TOPHO-
XUMHUYECKOTO CBIPBS U, TJIAaBHOE, BBIMOJIHUTH aHAJIU3 MaTEPHUAJIOB IO JEHPECCUSIM C YTOJBHBIMU MECTOPOXKIECHUSIMH, MO KO-
TOPBIMH MOT'YT OBITH COCPEIOTOUYCHBI KPYIHBIC M CBEPXKpYIHbIC(yHUKAIbHBIC) pecypchl AlOs, a Takke obOpaTuth 0coboe
BHUMaHHEC Ha HEOOKCHTOBOC aJIFOMHHHEBOC CBIPhE, IJIC MCCICIOBATEISIMUA MMPOTHO3UPOBAIUCH MIJUTHApAHbIe 3anmackl Al,Os.
CrenaH BBIBOJI, UTO JEHCTBYIONIME W BHOBBH CO3/laBaeMble MPEANPUATH OyayT oOecleueHbl ChIPheBBIMU peCypcaMu Ha MHO-
TH€ TOMBI.

Knrouesvie cnoea: mecmoposicoenus, meov, iHceie3o, Xpom, AIIOMUHUL, AHATU3, nepeunmepnpemayus, "enybokoszanezaro-
wue" anomanuu, xpomumoswvie poccoinu, Huowcneunutickuii 6accetin, Hogble meppumopuaibHvle KOMIIEKcol, Amamexenexkuil,
Tanovikypeanckuii, AKMOIUHCKUI.
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Abstract. Million tonnes of tailings are formed in the world each year due to increasing mining activities along with the in-
crease in need for raw materials. The tailings may cause important environmental problems. Therefore, tailings management is
very important issue in mining operations. In recent years, with the developing technology, the new tailing disposal technolo-
gies such as paste and using geotextile materials have increased considerably. These methods have many advantages in terms
of both environmental and cost reducing. Another important issue in terms of mining is the accidents and occupational health
problems in underground coal mines. The problems can be described as spontaneous combustion, roof collapse, gases extrac-
tion from coal bed, and etc. These accidents have been significantly reduced with use of mining chemicals in underground
mines. In this study, tailing management and mining chemicals which are very important in terms of mining applications are

examined.

Keywords: tailings, mining applications, tailing management, mining chemicals, underground mines.

1. Introduction

1.1. Tailings Management

A significant number of tailings with a high content of
cyanide or sulphur arises from the beneficiation process of
metallic mines such as gold, silver, copper, and lead. The
influence of these hazardous tailings on the environment may
have multiple aspects. The control and configuration of this
kind of environmentally dangerous tailings in terms of isola-
tion at disposal site, construction of impermeable layers,
transportation from plant, stabilization, safety, their effects
on water, and soil quality are the main parameters that could
be considered carefully. In this context, tailings management
are very important to selection of the optimum disposal
method. Also, some parameters such as physical and chemi-
cal characterization of tailings, properties of newly formed
material (e.g. acid potential, stabilization, cost and applica-
bility of the paste tailings etc.) should be evaluated. Safely
disposal of mine tailings under surface conditions is of great
importance in the aspect of environment [1].

There are some disposal methods which have been ap-
plied in the mining industry for a long time. These methods
have some advantages and disadvantages besides environ-
mental considerations. These methods are explained briefly
below;

* Tailing dam

+ Submarine tailing disposal

* Dry disposal

« Paste technology

« Tailing Disposal Method Using Geotextile Material

1.2.Tailing Dam

Tailing dams are used to store tailings and water together.
Tailing slurry is pumped into a dam to allow the sedimenta-

© 2022. A.Bascetin, S.Tuylu, D.Adiguzel

tion of solid particles in water. The dam is generally im-
pounded with a dam which is known as tailings dams. In the
modern mines, between 40 and 100% of the total tailing’s
slurries are deposited on the mine-site surface (tailings dam).

Higher volumes of water and tailings (usually 15% solids
and 85% water by weight) are sent to tailing dams making it
very difficult to control the stability of the dam under condi-
tions such as static and dynamic loads (seismic activities,
vibrations caused by blasting, etc.), flooding, and seepage.
Meanwhile, 138 mine tailing storage dams have significantly
failed so far. Recent examples are given below (Figure 1):

In 1998, the Los Frailes mine tailings dam in Aznalcollar,
Spain, failed releasing five to seven million cubic metres of
mine tailings into the Rio Agrio (Figure 1a).

In 2010, releasing of 600-700 thousand cubic metres of
red mud and water caused huge devastation in Hungary (Fig-
ure 1b).

In 2011, an accident occurred in ETI Silver Company sil-
ver production plant in Kutahya, Turkey. A connection walls
for four impoundments failed leading to a situation where 25
million cubic metres of water containing cyanide created a
great risk to environment (Figure 1c).

In 2019, the Brazilian mining dam which collapsed in
January, Killing hundreds of people. One hundred and forty-
two people died and 194 are still missing after the dam near
Brumadinho in Minas Gerais state collapsed on 25 January
(Figure 1d).

1.3. Submarine Tailing Disposal

In this method that is also known as submarine tailings
disposal (STD) or deep-sea tailings disposal, tailings are
discharged by pipelines into the sea marine environment
below euphotic zone. This zone is generally considered to be
environmentally safe (Figure 2).
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Figure 1. Examples from various tailings dam accidents
around the world: a) Los Frailes mine tailings dam in Aznalcél-
lar, Spain, 1998; b) Kolontar tailings dam failure in Hungary,
2010; c) ETI Silver Company silver production plant in Kutahya,
Turkey, 2011; d) The dam was 87 m high, impounding almost 13
million cubic meters of tailings
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Figure 2. Submarine tailing disposal method

Today’s marine disposal discharges are in deep water at
final deposition in depths of 30 to 300 m in Norway and over
1000 m in Turkey, Indonesia, and Papua New Guinea. In
2013, submarine tailing disposal was used by 14 mines.

Riverine disposal is a very simple method. Tailings are
discharged by pipelines into the river in this method. This
technique has been practiced throughout mining history.
Economics and technical feasibility factors (e.g. mountainous
terrain, earthquake prone, extreme rainfall) are considered
when considered this method. In 2013, riverine tailing dis-
posal was used by four mines.

1.4. Dry Disposal

In this method, the dewatering of tailings is done using
vacuums and high-pressure filters which save the water and
reduce the impact on the environment. Tailings are filtered to
a percent solid greater than about 85%, and transferred using
conveyor and truck (Figure 3).

1.5. Paste Technology

Paste technology is a good alternative for waste manage-
ment systems because it has many benefits in the aspects of
environment, cost, and safety.
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Figure 3. Dry Disposal

In particular, the tailings which include harmful chemical
ingredients can be disposed without causing any environ-
mental damage in this method. Paste backfill is a pumpable,
flowable, and non-Newtonian fluid consisting generally of
mine tailings and cement. The process tailings are usually
used as paste backfill material in some underground minings
(Figure 4), but it is not possible to apply this method in open-
pit mining. For this reason, tailings can be stored above
ground in the open-pit mining as surface paste disposal.
Therefore, the behaviour of the paste material is different
from the other applications.

Fiston/Diaphragm="> Higher pipeline /77 Illﬁflﬂ

pump praszures

Figure 4. Underground (left) and surface (right) application
of the paste technology

Paste is defined as a thickened material formed by mixing
dewatered fine tailings with water and preferably binder
(cement). Addition of cement into paste changes both the
chemical and physical characteristics and buffers acid-
producing oxidation reactions, resulting in less mobilization
of metals. In order to form a flowable paste, it is required to
have particles at least 15% of solid ratio and finer than
20 pm.

1.6. Tailing Disposal Method Using Geotextile Material

Geotextile material was first used in the field of dehydra-
tion in the 1970s, and then in mining in the 1980s. The tail-
ing disposal method using geotextile material is based on the
principle of pumping, dehydrating, and disposing of the
tailing of the facility in a material called geotextile tube.
Geotextile tubes are produced with high strength, braided or
not braided, and in required dimensions. The biggest ad-
vantage of this method is not toneed forany disposal area.
The application of the tailing disposal using the geotextile
material is shown in figure 5.
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Figure 5. Geotube technology

As it is seen in figure 3, the material is pumped into geo-
textile tubes with the help of pumps, and the water that flows
through the pores of the tube is fed once again into the facili-
ty. The disposal design with geotextile material first starts
with determining which type of geotextile tube will be used.
Here, the pore opening and strength of the geotextile tube are
the parameters to take into consideration. Then, the type and
amount of the flocculant that prevents the flocculating and
getting of very fine materials off the pores of geotextile tubes
should be determined. The total cost increases in case of the
excess use of the flocculant material, while the fine material
does not flocculate when it is used sparsely. The pump and
transmission line should be designed after the selection of the
flocculants and geotextile tubes.

2. Mining Chemicals

Since ~20 years, mining chemicals are used successfully in
the coal mining industry for stabilizing coal and strata, pre-
venting roof falls and spalling, coal spontaneous combustion
prevention, and for sealing. Fast curing resins were tested in
the coal mining industry. In the first attempt, epoxy resins
were used. Soon they were outperformed by polyurethane
foam resins, characterised by much shorter setting times. In
recent years, Mining chemicals have been established as a very
effective means for stabilising coal and strata in hard coal
mining industry. Their main advantages are their simple appli-
cation, fast action and ability to stabilise rock formations under
high stress and movement. Mining sector demands more
lightweight, cheaper and more efficient materials, especially in
underground coal mines. Polymer based foams are remarkable
with their properties such as high toughness, high impact re-
sistance, higher thermal stability, lower electrical conductivity
and thermal insulation. Because of these advantages the usage
of mining cehmicals such as polyethylene, poly-urethane,
polyvinilclorur, polypropylene has been increased for mining
sector. Resin and foams are the most important chemicals for
use in underground mining (Figure 6) [2,3,4].

Figure 6. The use of Resin and Foams in underground mining
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By employing a suitable chemical blend, the performance
of the resin can be adjusted to the engineers' needs in respect
of mechanical strength, setting time and other characteristics.
Table 1 shows the technical properties of phenolic resins in
mining chemicals and in table 2, phenolic foams.

Table 1. Technical specification of phenolic resin

Values
~30
3.5-7.5 (24h, bro-
ken surfaces)

Technical Specification
Compressive Strenght (MPa)

Bond Strenght (MPa)

Flexural Bond Strenght (MPa) 3.5
Bending Tensile Strenght (MPa) ~7 (24 h)
Viscosity Mpa*S (A Comp./B Comp.) 250-425/150-180
Foam Expansion Factor 1

Flash Point >200 (comp. B)
Elasticity Modulus (MPa) 250

Final Strenght Time 15 min
Flow Time (25 C°) 1’20 -2 30”
Setting Time (25 C°) 2’357 -345”
Border Time (Min 1MPa Flexural Bond <5 min

Strenght)

Table 2. Technical specification of phenolic foams

Technical Specification Values
Compressive Strenght (KPa) (%10 -60
Deformation)

Foam Expansion Factor 25
Start of Foaming Immediately
End of Foaming 30S
Temperature of Reaction 90 C°

Viscosity 25 C° Mpa*S (A Comp./B 200-900/<100
Comp.)

3. Case Studies

3.1. The effects of cement on some physical and chemical
behavior for surfacepaste disposal method [5]

Environmental impacts resulting from conventional tail-
ings disposal such as tailings dam accidents are a common
problem for base metal mines around the world. In this con-
text, laboratory-scale researches have been carried out on the
Surface Paste Disposal (SPD) method, which is one of the
alternative surface storage methods. In this study, three dif-
ferent designs were attempted for surface paste disposal and
volumetric water content, oxygen consumption and matric
suction sensors in 1st, 5th and 10th paste layers and pH-
electric conductivity (EC) values were measured.

Especially, it has been determined that the amount of ox-
ygen in the environment required for the oxidation of sulfur
minerals is reduced in cemented layers of Design 3. In addi-
tion, the cement additive keeps the pH values (over 7) of the
seepage in an alkaline environment so that it minimizes the
risks of Acid Mine Drainage (AMD) and heavy metal mobi-
lization at low pH values. Also, EC values started a down-
ward trend and ion dissolution decreased in cemented layers
with designs. As a result, it is understood that the cemented
layers act like a barrier according to the sensor measurements
(Figure 7 and 8).

The volumetric water content for layer 1 and the corre-
spondingly calculated values in the solid content by weight
(SC = Solid Content/ Total Mass of Pulp) value are given in
figure 9 for design 1 and design 3 respectively.
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As seen in figure 9, after the first layer is stored, an in-
crease in volumetric water content of ~35% is observed. It
was determined that design 3 remained stable between at
81%-84% of SC after the storing of the fifth layers. These
results can be expressed as the paste material being consoli-
dated with the loads upon it and reaching hydrostatic balance
after a certain period of time. The pH and EC values of seep-
age water collected after the depositing of each layer were
measured. The pH changes are shown in Fig. 10. The EC
values are also given in figure 11.
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Figure 10. pH of seepage in three different designs
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Figure 11. EC values of seepage in three different design

As seen in figure 10, the pH values in design 1 are often
lower than 7. On the other hand, it is understood that the
cemented layers in designs 2 and 3 do not allow the pH val-
ues to fall below 10 because they generate alkaline silica
reactions in these layers after solving the alkali minerals that
act as a barrier. The sulfide oxidation on seepage quality was
reduced through the presence of minerals and cement that
buffered pH. In figure 11, it can be seen that the EC values of
design 1 are greater than 3 after the deposition of first layer,
and this state continues in each subsequent deposition of
other layers. In designs 2 and 3, it was determined that the
EC values started a downward trend and that ion dissolution
decreased according to design 1 after deposition of the first
layer. As a result, the cement additive keeps the pH values of
the seepage in an alkaline environment so that it minimizes
the risks of AMD and heavy metals mobilization at low pH
values. Furthermore, it can be said that this theory supports
the decrease in the number of dissolved ions in designs with
cemented layers.

3.2. Application of Pb-Zn tailings for surface paste dis-
posal: geotechnical and geochemical observations [6]

Surface paste disposal (SPD) technology has been inves-
tigated recently to solve the geotechnical (tailings dam fail-
ure) and geochemical (acid mine drainage formation) prob-
lems relating to tailings disposal. The tailings dam accidents
occurred in the last few years have expedited the researches
to search for safer tailings disposal methods in mining indus-
try. The aim of this study is to investigate which parameters
affect the geotechnical and geochemical stability of sulphidic
paste tailings as SPD. The pH, EC and crack intensity of
paste tailings placed in layers were measured to observe how
the parameters affect their stability. In this study, it can be
seen that solid concentration of the paste material increases
above ~80 wt.%, and its shear strength is above 20 kPa. In
addition, the pH values reduced from 7.4 to 6.6 and the EC
values increased from 2.9 to 3.3 mS/cm in seepage water of
the paste layers. According to these values, it can be said that
there is a very low environmental risk using the SPD. Results
showed the applicability of the SPD method by obtaining
geochemical and geotechnical stability.
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Figure 12. Test cabin design
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The VWC of paste mixtures in the storage process was
measured by the sensors placed in 1st, 5th and 10th layers,
and the changes of the solid concentration calculated accord-
ingly are given in figure 13.
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Figure 13. The volumetric water content and solid

concentration of layer 1

The solid concentration of the layer 1 at the time of being
casted is seen in figure 4 as 71.5% for 1st layer. Because of
the effective stresses formed by the next 3 layers, layer 1 was
consolidated and quickly lost its water, and 82% of solid
concentration was reached at a time period of 24 days. The
loss of total water consists of seepage (17 wt.%) and evapo-
ration (83 wt.%). In the next layer casting process, it was
determined that layer 1 was not affected by the effective
stresses created by the cumulative 7 layers which were stored
successively. After layer 4 and by seepages, and it remained
constant for the next 64 days in 82% solid concentration.
Therefore, it was determined that the water content value of
the layer 1 with the highest risk of liquefaction is due to
excessively added paste layer. According to seepage analyses
performed, the seepage of layer 1 was determined to be in the
value of 7.4 and 2.9 mS/cm bearing no risk in terms of pH
and EC values. The crack intensity generally remained below
the average up to layer 11 when going ahead to upper layers
along with layer 5 (Figure 14).

5r Max. crack intensity:
3.898%
v

2+ L4
Average crack intensity:
2.714%

Crack intensity (%)

4
Min. crack intensity:
1.579%

0 2 4 6 8
Paste layers

10

Figure 14. Crack intensity values of paste layers

These changes in the crack intensity of layers can be said
to be dependent on many parameters such as evaporation-
drying, precipitation and disposal conditions, fast-draining
consolidation and matric suction on the formation of cracks.
After the storage process was completed, samples were taken
from the different cabin heights, and the paste’s shear
strength was determined by direct shear box test. According-
ly, cohesion and internal friction angle determined by differ-
ent heights (0-15cm, 15-30 cm, 30-44 cm) are given in
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figure 15. In this context, the layers 1, 2 and 3 remained
within the area of 30-44 cm, the layers 4, 5, 6 and 7 re-
mained within the area of 15-30 cm and the layers of 8, 9, 10
and 11 remained within the area of 0-15 cm.
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Figure 15. Graphic of normal stress-shear stress of the areas
determined by different heights

As can be seen from figure 15, the gradual decrease in the
spaces between the particles of the bottom layers which are
consolidated of their own weight ensured a more stable struc-
ture formation. Accordingly, it was observed that the average
cohesion value of first 3 layers was ~34 kPa and the angle of
internal friction was 35.08°; the average cohesion of layers 4,
5, 6 and 7 was ~30 kPa and the angle of internal friction was
32.92°; the average cohesion of the top 4 layers was ~22 kPa
and the angle of internal friction was 32.20°. Thus, the land
stresses formed in the bottom layers more than the upper
layers during the storage of the material in the field would be
met with the strength of the material increasing to the bottom
layers, and the paste will maintain its stability.

3.3. An investigation of crack formation in surface paste
disposalmethod for pyritic Pb—Zn tailings [7]

Surface paste disposal method can be used to minimize
environmental risks during storage of mine process tailings.
There are some researches and industrial applications which
prove success of the method. The surface paste disposal of
mineral process tailings obtained from a Pb—Zn underground
mine was simulated considering mine site conditions at la-
boratory scale in the study. The paste material was stored in
the cabin/container layer by layer, and then, the cracks oc-
curred after the paste formation of each layer were analyzed
by image process. Meanwhile, leachate water collected from
the bottom of the cabin was subjected to electrical conductiv-
ity (EC) analysis. Furthermore, the wetting—drying process
was conducted to simulate the climatic conditions of the
region. Additionally, some physical and geochemical param-
eters such as matric suction, volumetric water content, and
oxygen consumption of the paste material were obtained
using sensors displaced into different layers. The results of
the crack analysis for each layer showed that the cracks in-
tensity increased at lower layers (Figure 16). Moreover, the
crack intensity and EC values of each layer showed a similar
trend, and the crack intensity increased almost five times
during the wetting—drying tests. The measured values of the
parameters obtained from the tests indicated that the deposit-
ed paste material can be stabile during the deposition over
the years under the climatic conditions of the region.
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Figure 16. The results of the crack analysis for each layer

Based on the crack analysis from figure 16, the CIF val-
ues for each layer were determined along with EC values,
and the results are seen in figure 17.
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Figure 17. CIF and EC values of the each paste layer

Figure 17 shows that the crack intensity increased from
the 1st layer to the 3rd layer, and the similar tendencies were
observed between the 6th and 8th and 9th and 11th layers.
However, particularly the crack densities of the 3rd and 11th
layers are much more than those of the other layers. As seen
in figure 17, while the maximum and minimum crack inten-
sity of the layers was obtained as 3.898 and 1.579%, respec-
tively, the average intensity was calculated as 2.714%. Fig-
ure 17 shows that the electric conductivity (EC) value also
changed along with the changes in the crack densities. While
the average EC value of the process or mixing water for the
paste material was 1.66 mS/cm, the average EC value of the
paste layer seepage water was measured as 3.36 mS/cm. An
approximately double increase was observed in the EC value
after the layers were poured. Besides, it was seen that the
ions in the paste material dissolved at values below pH 7,
and the EC value increased according to the relationship
between the pH and EC values of the seepage waters of the
layers. Figure 18 shows the crack intensity of 11th layer
increased during thewetting—drying process.

As seen in figure 18, the crack intensity of the layer on
the 8th day was obtained as 3.89%, and this value increased
to 6.54% during 117 days of the drying process. Then, the
layer was wetted for 1 day using 180 L of water. After the
wetting process, the crack intensity of the layer increased to
9.21%. Then, the layer was kept drying for 27 days, and this
process increased the crack intensity to 11.20%. Finally, the
layer was wetted and dried periodically for 32 days (wetting
35 L for 1 day and drying for 7 days for four cycles).

After the drying cycle, the crack intensity of the layer
reached 15.49% as seen in figure 5. These results clearly
showed that the amount of water significantly affected the
crack intensity occurred on the layer surface.
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Figure 18. CIF values of 11th paste layer during wetting—
drying cycles

3.4. New Technologies on Mine Process Tailing Disposal
(Comparasion of the new methods based on Cost) [8]

Tailings are formed as a result of mine processing. When
these tailings are left in an environment in an inappropriate
manner, they create a danger against the environment and
human health. Therefore, the safe disposal of mine tailings
above the ground is environmentally quite important. Today,
tailing dams are generally used in the disposal of these mine
tailings. However, this method has many environmental
disadvantages such as acid mine drainage (AMD), heavy
metal mobilization etc. For this reason, the use of alternative
methods such as surface paste tailing disposal or geotextile
methods are gradually increasing in the world. In this study,
the advantages and disadvantages of the surface paste tailing
disposal method and tailing disposal method using geotextile
material compared to the traditional tailing dam method were
evaluated in detail, and, the costs of these three methods for a
typical Pb-Zn mine establishment were compared. The cost
items for each of these tailing disposal methods are presented
in table 3. The operation and capital costs of 3 methods are
shown in figure 19.

Table 3. Cost items of the tailing disposal methods

Tailing dis-

posal using
geotextile
material

Surface
paste
disposal

Cost Tailing
dam
Dam con-
struction

Pump
Pipe
Thickener
Silo
Mixture
tank
Land tax
Energy
consumption
Labour
Maintenance
Cement
Flocculant
Geotextile
tube
Land cost

X

XX

Capital
cost

Opera-
tional
cost

X XXX X X X X XXX

X X X+ XX X X

X

As also seen in figure 19, total costs of the tailing dam
and the surface paste disposal methods were calculated as
~14,000,000$.
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Figure 19. Operation and capital costs for the 3 methods

In the case of cement, it is used for the surface paste dis-
posal method, the operation cost rises from ~9,000,000$ to
~12,000,000%, and this makes the calculated total cost of
~17,000,000% to be higher than the total cost of the tailing
dam method. As more tailing disposal areas are needed for
the tailing dam method, a higher capital cost is in question
when compared to other methods. However, the operation
cost is lower than in other methods. While the capital costs
for the tailing disposal using the geotextile material method
is lower than that of the other methods with ~1,000,0003, the
operation, and thus the total cost of this method is quite high
with ~46,000,000% because of the high cost of the geotextile
tubes.

The analysis indicated that the unit costs of the tailing
dam, the surface disposal method, and the geotextile method
were calculated as 2.25 $/ton, 2.29 $/ton, and 7.39 $/ton,
respectively (Figure 20). However, the unit price of surface
paste disposal method become 2.79 $/ton when cement was
used. The higher cost of the unit price of the tailing disposal
method using geotextile method was attributed to the high
cost of geotextile material.
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Geotextile

Unit Cost ($/Tonne)
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Surface paste disposal ~ Surface paste disposal
(with cement)

Tailing dam

Figure 20. The results of the cost analysis

3.5. Field Properties and Performance of Surface Paste
Disposal [1]

Recently, the detailed study about utilization of flotation
tailings for the application of SPD has been carried out at
Mining Engineering Department, Istanbul University, Tur-
key. In this study, firstly, in order to simulate the field dis-
posal conditions and testing of the layer configurations, a
unique laboratory-scale test cabin seen in figure 21 was used
for the experiments. The length, width, and height of the test
cabin are 200 cm, 70 cm, and 50 cm, respectively. The sides
of the cabin are made of a transparent material of plexiglas to
provide sufficient visibility. The bottom of the test cabin was
covered with a geotextile filter to prevent material loss and to
allow seepage for the sampling.
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Figure 21. laboratory-scale test cabin

It was planned to apply different set-ups in the test cabins
to determine the optimum design layout by testing several
SPD configurations in terms of the important parameters
which affect surface paste disposal method.

Set-up 1 was the test cabin consisting of completely
uncemented paste tailings which poured layer by layer. This
set-up was used to compare other test cabins where different
configurations were tried. Set-up 2 was the test cabin where
first layer consisted of cement by the weight of 2% of the
amount of solid, and remaining layers consisted of the paste
tailings with uncemented. The solid-water ratio of the sample
for each set-up was adjusted as the slump value of 10” (250
mm). With this test configuration, it was planned to make the
alkaline level of the first layer increase, and hence to prevent
the mobilization of heavy metals into groundwater. Also, the
cement used as a binder in this set-up increased stability of
the paste materials while strengthening the bonds between
the particles. The cement as a binder is one of the important
parameters increasing the cost of this process. Meanwhile,
how reducing the cement ratio in the binder affects the pro-
cess will also be investigated. Each set-up has 11 layers with
4 cm in height of each layer. During the setting up of the
layers, next layer is cast on the previous layer after the com-
pletion of the drying period of that layer. Depending on the
temperature and humidity conditions in the laboratory, dry-
ing period was chosen as approximately 7 or 8 days. Also, all
of the layers must have an equal drying period. Oxygen,
matric suction, volumetric water content, and temperature
sensors were placed on the first, fifth, and tenth layers. The
sensors and their ancillary equipment are seen in figure 22.

Figure 22. Sensors and data logger (a) Decagon 5TM moisture
and temperature sensor (b) Decagon MPS-1 dielectric water poten-
tial (suction) sensor (c) Apogee SO-100 & 200 Series oxygen sensor
(d) Decagon Em50 Datalogger Decagon DataTrac3 Software
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3.6. Determination of The Optimum Design Parameters
of Pb-Zn Mine Tailing Dam Using 2D Modelling [9]

The most common tailing disposal methods are tailing
dams. The physical stability of tailings stored in tailing dams
is very important. The accidents in tailing dams are an im-
portant part of environmental events that have taken place in
mining operations. It has also a cost in the mining activities
of tailing dams. It is very important to plan the tailing dams
economically and safely (Figure 23). In this study, appropri-
ate numerical modeling for different scenarios for the tailing
dam was carried out considering the capacity, geographical
conditions, geomechanical properties and geometry of the
present state of a Pb-Zn tailing dam. In the created models,
the areas of the overhead sections are considered as the unit
cost of the dams and evaluated together with the safety coef-
ficients. It was observed that limit slope angle is 40 degrees
for the downstream tailings dam, and it is about 38-39 de-
grees for the upstream tailings dam. It was seen that the vol-
ume of downstream tailing dam is ~3.5 times higher than the
cross-section area of upstream tailing dam for the same safe-
ty factor Figure 24).

Impoundment

Figure 23. The design, construction steps and materials of the
downstream (left) and upstream (right) dam
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Figure 24. The relationship between slope angle and maxi-
mum displacement

3.7. Determination of Optimum Mixture Ratios of Paste
Backfill Materials for Disposal of Mineral Processing
Tailings [10]

In recent years, use of mineral processing tailings as a
paste backfill has been significantly increased due to the
environmental problems occurred during the disposal of the
tailings in mine area. The paste material used to fill the
stopes excavated is generally consisted of tailings (solid
ratio: 70-85%) and cement (3-7%w/w). Meanwhile, the
strength of the paste material is completely related to ratios
of these materials. Cemented Paste Backfill (CPB) system is
used as support depending on the roof pressure and also as an
underground disposal method. Therefore, temporary strength
value of the paste material gains a great importance. For
example, the paste backfill material must compensate the
minimum 4 MPa strength value in order to procure the per-
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manent fortification, and the mixture cost must be minimal
as well. For this reason, in this study, the Pb-Zn tailings were
used to prepare for the paste backfill material using cement
in order to perform the uniaxial compressive strength (UCS)
tests. Additionally, a statistical experimental design and
linear programming techniques was used to find the optimum
mixture in terms of strength and cost. The pulp solid ratios
(PSR) of the tailings and cement (by the solid) were varied as
75-85% and 3-8%, respectively. The results of this study; the
optimum mixture is ~79.5%PSR and 6.8% cement ratio (by
the solid) for 4 MPa UCS (28 day) and 16-17 cm slump
value determined by this method with statistically reviewed
experimental data. In this study, uniaxial compressive
strength and slump tests were performed on paste materials
prepared in different mixing ratios. These test results are
given in table 4.

Table 4. Uniaxial compressive strength and the slump test re-
sults of the mixtures

Mix UCS (7th Days) UCS (28th Days) Slump
No MPa MPa
1 1.16 171 3
2 1.08 1.6 3
3 0.56 0.92 17
4 1.13 2.07 15
5 0.5 0.82 23
6 0.72 2.28 225
7 0.82 151 1
8 0.93 1.76 1
9 1.09 1.96 1
10 0.66 1.78 28.5
11 1.2 3.2 28
12 1.67 4.1 1
13 1.39 2.89 1
14 1.45 3.85 16
15 0.4 0.72 28.5
16 121 2.72 3

As can be seen from table 4, changes of the compressive
strength and slump results of the paste material is prepared in
different ratios are quite compatible. The mixture numbered
12 gave the maximum value in terms of compressive
strength. As a result of the statistical analyses performed as
part of this study, the effect of different mixing ratios on the
compressive strength and slump properties of the paste mate-
rial were determined, and empirical formulas were developed
to be used in estimating these properties.

3.8. Use Of Geotextile Filtration System (Geotube®
Technology) For Dewatering And Disposal Of Mineral
Processing Plant Tailings [11]

The aim of this study was to investigate the use of Geo-
tube® technology of TenCate in dewatering and disposal of
mineral processing tailings obtained from the Pb-Zn flotation
plant in Turkey. In this purpose, the dewatering process was
performed using Geotube® Cone Test set-up. The floccula-
tion experiments were carried out using four commercial
flocculants (Drewfloc270, Amerfloc487, Praestol1857BC,
and Perform Pk2325). The experiments were carried out at
20% solid ratio in pulp. The results showed that 99% of the
particles were trapped in the Geotube® system, and the tur-
bidity value of the discharged water was very low. Addition-
ally, after the process, the solid contents of the samples were
about 65%. The results also indicated that the optimum floc-
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culant type and dosage was found to be as Drewfloc 270 and
200 gft, respectively. Based on the results obtained from this
study, it can be concluded that the Geotube® technology can
successfully be used for dewatering and disposal of mineral
processing tailings.

The study was firstly performed using Geotube® Cone
Test set-up (GCT) (Figure 25).

Figure 25. Geotube® Cone Test steps (a) conditioning (b) fil-
tration (c) cake formation

The tests continued to investigate the effect of the floccu-
lant dosage on the filtration process using the Geotube®. In
this purpose, Drewfloc 270 which is the best flocculant so far
was chosen for these studies. The flocculant dosages were
varied between 25 g/t and 200 g/t. Table 5 shows the results
of these tests. As seen from table 5, the amount of solid
passed through the Geotube® filter decreased with the in-
crease of the flocculant dosage. Figure 26 clearly shows this
trend which the filtration process affected particularly at 50
g/t of the flocculant dosage.

Table 5. Results for GCT as a function of Drewfloc 270

Amount of solid

Dé)s/etl)ge Moisture passed through Rgggf/eerr
g (%) Geotube® y

(%)

(9

No floculant 23.20 64.7 94.1

25 32.09 17.8 88.1

50 34.46 2.6 84.1

100 35.59 0.5 84.2

200 33.28 0.1 84.6
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Figure 26. Results for GCT as a function of Drewfloc 270
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For example, the number of solids decreased drastically
after this dosage, and reached a plato which indicates that the
optimum dosage must be higher than 50 g/t. Therefore, the
optimum dosage was chosen as 200 g/t due to the minimum
number of solids, and the size of the flocs.
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Tay-keH eHaipiciHaeri TYypakTbl OHAIPICTIH KAHA TEXHOJOTUIIAPBDI.
KanaabpikTapabl 0ackapy sKoHe Tay-KeH XMMMSIChI

A. Bamerun”, C. Tyiiny, JI. Ansirysens
blcmambyn mexnuxanvix ynusepcumemi, blcmamoyn, Typxus
*Koppecnonoenyus ywin asmop: atac@istanbul.edu.tr

Anpgarna. [InkizaTka JereH KaKeTTUTIKTIH apTysl MEH Tay-KeH OHIIpICiHIH YIIFalobiHa OalIaHBICTHI QJIEM/IE JKBUI CalbIH
MIUTMOH/IaFaH TOHHA KaJJabIKTap Ty3utedi. KaiabIKTap MaHbBI3[bl HSKOJOTHSUIBIK [poOiIeManapabl TYIBIPYbl MYMKIH.
CoHIBIKTaH KaJABIKTapAbl Oackapy Tay-KeH OHHIpiCiHAe eTe MaHBIRIB Macene Ooibin TaOblIamsl. COHFBI KBIIIAPHI
TEXHOJIOTHSIHBIH JIAMYBIMEH IacTa JKOHE I'€OTEKCTHIIbAI MaTepUallIapbl MailanaHy CHSKTHI KaJIbIKTapAbl XKOIOJIBIH JKaHA
TEXHOJIOTHSLIAPBI alTapIbIKTall ocTi. Byl oicTep SKOMOTUSUIIBIK JKaFbIHAH J1a, IIBIFBIHAAP/bI a3aiTy KarblHAH Ja KOITereH
apTHIKIIBLIBIKTapFa ue. Tay-KeH eHepKaciOiHer] TaFbl O1p MaHBI3/Ibl MaCeIe — )KEPacThl KOMIp [IaxTalapblHIAFbl araTTap MeH
KociOM JieHcay Ik MmpobiieManapel. Macesenepai e3/irineH KaHy, MAaThIPAbIH KyJIaybl, KOMIp Ka0aThblHAH Ta3 aixy jKoHE T.0.
Jien cumaTTayFa Oonamel. Byl amarrap jkepacThl NIaxTajapbiHIAa Tay-KeH XUMHUKATTAPbIH KOJIIAHY apKbUIBI alTapibIKTai
TeMeHeni. byn 3epTreyae Tay-KeH eHIIpICi TYPFBICBIHAH ©Te MaHbI3/bI OOJBII TaOBLIATHIH KAJJIBIK KOWMACKl KoHE Tay-KeH
XUMHKATTapbl KAPACTHIPBLIAIBI.

Hezizzi co30ep’. Kanovlk KoUManapsl, may-Ken oHOIpici, Kar0blK KOUMAachl, May-KeH XUMUKAmMmapbl, Jcepacmovl KeHiumepi.

HoBpble TeXHOI0rMH YCTOMYMBOTO NMPOU3BOIACTBA B TOPHOA00BIBAKOIICH
NPOMBIIJIEHHOCTH. YIIPaBJeHHe XBOCTOXPAHWIHILAMHU U
TOPHOA00bIBAIOIIIHME XUMHUKATBI

A. Bamerun”, C. Tyiiny, JI. Ansirysens
Cmambynvckuil mexnuyeckuil yhusepcumem, Cmamoyn, Typyus
*Aemop ons koppecnonoenyuu: atac@istanbul.edu.tr

AnHoTanus. ExxeromHo B Mupe 00pa3yroTCs MIJUIMOHBI TOHH XBOCTOB B CBSI3H C YBEIMYCHUEM JOOBIUHN ITOJIE3HBIX UCKO-
MaeMBIX HapsAy C YBEIIMYCHUEM IOTPEOHOCTH B CHIphE. XBOCTHI MOTYT BEI3BaTh CEPhE3HBIC SKOJIOTHIECKHE TTPOOIeMbl. Takmm
00pa3oM, ympaBJieHHE XBOCTOXPAHHJIHMIIAMH SBISCTCS OYEHb BaKHBIM BOIPOCOM IPH MOOBIYE ITOJIE3HBIX HCKOMAaeMbIX. B
MOCJIEAHUE TOJbl, C PAa3BUTHEM TEXHOJIOTUH, 3HAUYUTENILHO PACIIMPUIUCh HOBBIE TEXHOJOTHM YIAJIEHUsI XBOCTOB, TAKHE KaK
racTa ¥ UCHOJIb30BAHNE TEOTEKCTIIIFHBIX MaTepPHaloB. DTH METOIbI HIMEIOT MHOTO MIPEUMYIIECTB C TOUKH 3PSHUS KaK 3aITUTHI
OKPYXAroNIeH cpesbl, TaK U CHUXKEHUsI 3aTpat. pyroi BaxxHOU MpoOiIeMoi TOPHOJO0OBIBAIOIIECH MPOMBIINIEHHOCTH SBJISTFOTCS
HECUYaCTHBIE CITy4aHl U MPOOJIEMBI CO 3I0pPOBREM Ha MPOM3BOJCTBE B MOA3EMHBIX YTOJBHBIX ITaxTax. [IpobieMbl MOXXHO oxa-
PaKTepU30BaTh KaK CaMOBO3TOpaHUe, OOpyIIEHHE KPOBJIH, BBACICHNE Ta30B U3 YTOJBHOTO IUIAcTa M T.J. DTH aBapuH 3HAUYH-
TEJIBHO COKPATHWIINCH OJ1arofapsi UCIOJIb30BAaHUIO TOPHBIX XUMHUKATOB B MOA3EMHBIX IIaXTax. B 3TOM McciiegoBaHUM paccMar-
PHUBAIOTCS yIpaBIEHHE XBOCTOXPAHMWIMIIEM W XMMHUYECKHE BEIIecTBA I JOOBIYM IMOJIE3HBIX MCKOMAeMbIX, KOTOPhIE OYEHb
B)XHBI C TOUYKH 3pEHHS IPUMEHEHNUS B TOPHOAO00BIBAIOIIEH ITPOMBIIUICHHOCTH.

Knrwouegvle cnoea: xeocmoxpanunuwa, npumenenue 8 2OpHbIX pabomax, ynpaeienue X60CMOXPAHUNUWAMU, 2OPHO-
Xumuyeckue npooyKmol, NOO3eMHbLE PYOHUKL.
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