ISSN 1995-2732 (Print)
ISSN 2412-9003 (Online)

BECTHHUR

MargsuToropckoro rocy1apCTBeHHOr0o TEXHU4eCKOro
yausepcurera um. I'.. Hocosa

2020. T.18, Ne2

XKypnan BrmodeH B [lepedeHp pOCCUHCKHUX PELEH3UPYEMbIX HAYYHBIX JKyPHAJIOB, B KOTOPHIX TOJDKHBI OBITH OIYOJMKOBAHBI OCHOB-
HBIC Hay4YHbBIC pe3yJIbTaThl TUCCEPTAIM Ha COMCKAHUE YUCHBIX CTEeIeHe! JokTopa U kanauaara Hayk (Ilepeuenr BAK). Cenenus o
JKypHaje coAepykaTcs B MEXIyHApOIHBIX U poccuiickux 6a3ax manHbIX: Ulrich's Periodicals Directory, Crossref, Google Scholar,
RSCI na miardopme Web of Science, BUHUTHU u xp. DiieKTpOHHBIE BEPCHHU JKypHAJIA pa3MeNaloTcs Ha ceTeBOM pecypce Hayuroit
DnextpoHHO# bubmmoreku B cetn HTEpHET.

H3naercs ¢ mapra 2003 roga

PEJAKIIMOHHASI KOJUIETHSI PEJAKIIUS

TpencenaTens peIaKIMOHHOM KOIUIETHHA I'nasuetii penaxrop O.H. Tynynos

B.M. Konoxkomneres (Poccust) [epBEIif 3aMeCTHTEND TTIABHOTO peAaKToOpa
M.A. IlonskoBa

3aMeCTHTENH TTIaBHOTO PEAAKTOpA:
A.T. Kopuynos, O.C. JloryHosa,
H.H. Opexoga, B.P. Xpamimmx

XK.-b. Bort (®panmus), B.E. I'pomos (Poccus),

S1. I'pym (CnoBenust), M. Jlabana (Uranus),

X. Hera (ITonpmra), P.O. Qroccan (Muams),

P. KaBayma (I'epmanmst), B.H. Kanmeixos (Poccus),
J1.P. Karmmtynos (Poccust), A.I'. Kopuynos (Poccust),
O.C. Jlorynosa (Poccust), [I. Munosanosnu (CepOust), Penaxrop H.B. KyTexkuna

K. Mopu (Slnonns), Y. Mycupun (Manaiizus), Texuunueckuii pegaxrop 1.B. Kintonnukosa
A.b. Haiizabekos (Kazaxcran), M. [Tsetmuk (ITosbima),

B.®. PamaukoB (Poccus), I'.A. Pomxepcon (Benukobpuranus),
B.M. Cuactiusues (Poccus), O.H. Tynynos (Poccus),

1O ®enr (Kurait), B.P. Xpammun (Poccus),

P. ITun (BenukoOpuranmus)

OtBercTBeHHBIH cekperaps M.B. 1llyouna

[lepeBoa Ha aHTIIMHACKUIL:
O.E. Cyxux, B.W. Enecuna

© ®I'OY BO «<MI'TY um. I'.. HocoBa», 2020

IMonmucuoi nnnekc m3nanus 48603 B o0bequHenHOM Katasore «[Ipecca Poccuny, Tom 1.

Taroke MOATHMCKY B OTIEPATHBHOM PEXHMME MOXKHO 0()OPMUTH U OTUTATHTE B y0OHOIT Jutst Bac ¢opme Ha moamnmcHoO# cTpaHiKe caifta
ArentceTBa «KHura-CepBuC» IO CChUIKE:
xox html: <a href=http://mww.akc.ru/itm/vestnik-magnitogorskogo-gosudarstvennogo-tehnicheskogo-universiteta-im-gi-nosova/>

CauzerensctBo o peructpauuu [IM NedC 77-59632 ot 10.10.2014 r.
Bernano @enepanpHoit ciryx60i 1o Hag30py B chepe CBSI3H, HHPOPMAIMOHHBIX TEXHOIOTHH I MACCOBBIX KOMMYHHKAITHHA.

VYupenutens — MarHUTOropckuii rocyJjapcTBeHHbIN TexHuueckuil yausepcutet um. I'.J1. Hocoga.
(455000, Yenstbunckast o61., T. Marauroropcek, np. Jlenuna, 1. 38).

16+, B coorBercTBHM ¢ DenepanbHbM 3akoHOM Ned36-D3 ot 29.12.10.

Anpec pejakuuu: Anpec u3narens:

455000, Yensounckast 00:1., . MarHUTOTrOpeK, 455000, YensOuHckas o6, T. Marautoropek, np. K. Mapkcea, 45/2,
OI'BOY BO «MI'TY um. I''M. HocoBa» ®I'BOY BO «MI'TY um. I''1. HocoBay, n3aaTenbCKuii HEHTP

np. K. Mapkca, 45/2, od. 402 Azpec Tunorpaduu:

Ten.: (3519) 22-14-93. ] 455000, Yensabunckas odin., r. Marauroropck, np. Jlenuna, 38,

URL.: http://www.vestnik.magtu.ru OI'BOY BO «MI'TVum. I'.11. HocoBay, y4acTok orepaTuBHOil nomurpadun

Email: rio_mgtu@mail.ru; vestnik@magtu.ru Beixon B cet 25.06.2020. 3aka3 141. Tupax 500 sk3. L{ena cBoGoaHasI



ISSN 1995-2732 (Print)
ISSN 2412-9003 (Online)

VESTNIK

of Nosov Magnitogorsk State Technical University

2020. Vol.18, no.2

The Journal is included in the List of Russian Peer-Reviewed Scientific Journals which are supposed to publish the major results of doc-
toral and PhD dissertations (the list issued by the Higher Attestation Commission). Information about the journal can be found in interna-
tional and Russian databases: Ulrich's Periodicals Directory, Crossref, Google Scholar, RSCI on the Web of Science platform, VINITI
(the All-Russian Institute of Scientific and Technical Information of the Russian Academy of Sciences), and others. The digital version
of the Journal is available at eLIBRARY.RU.

PUBLISHED SINCE MARCH, 2003

EDITORIAL BOARD MEMBERS EDITORIAL STAFF
Editor-in-Chief O.N. Tulupov
First Deputy Chief Editor M.A. Polyakova

Head of the Editorial Board V.M. Kolokoltsev (Russia)

M. Dabala (Italy), R.O. Dusane (India), Deputy Chief Editors:

H. Dyja (Poland), Ye Feng (China), A.G. Korchunov, O.S. Logunova,
V.E. Gromov (Russia), J. Grum (Slovenia), V.R. Khramshin, N.N. Orekhova
V.N. Kalmykov (Russia), D.R. Kaplunov (Russia), Executive Secretary M.V. Shubina

R. Kawalla (Germany), V.R. Khramshin (Russia), . ;
A.G. Korchunov (Russia), O.S. Logunova (Russia), Editor N.V. Kutekina

D. Milovanovic (Serbia), K. Mori (Japan), Technical Editor I.V. Klyunnikova

I. Musirin (Malaysia), A.B. Naizabekov (Kazakhstan), Translated into English: O.E. Sukhikh, V.I. Elesina
M. Pietrzyk (Poland), R. Qin (UK), V.F. Rashnikov (Russia),

G.A. Rogerson (UK), V.M. Schastlivtsev (Russia),

O.N. Tulupov (Russia), J.-B. Vogt (France)

© Federal State Budgetary Institution of Higher Education

Nosov Magnitogorsk State Technical University, 2020

Registration certificate Pl # FS 77-59632 dated October 10, 2014 is issued by the Federal Service for Supervision of Communications,
Information Technology, and Mass Media.

Founder — Nosov Magnitogorsk State Technical University

(38, pr. Lenina, Magnitogorsk, Chelyabinsk Region, 455000)

16+ in accordance with Federal Law #436-FZ dated 29.12.10

Publisher office:

Editorial office: 45/2 Karla Marksa prospekt, Magnitogorsk, Chelyabinsk region, 455000, Russia

402, 45/2 Karla Marksa prospekt, Nosov Magnitogorsk State Technical University

Magnitogorsk, Chelyabinsk region, 455000, Russia  Printing office:

Nosov Magnitogorsk State Technical University 38 Lenin prospekt, Magnitogorsk, Chelyabinsk region, 455000, Russia
Phone: +7 (3519) 221 493. Nosov Magnitogorsk State Technical University

URL.: http://www.vestnik.magtu.ru
Email: rio_mgtu@mail.ru; vestnik@magtu.ru Publication date: 25.06.2020. Order 141. Circulation: 500. Open price.



COJIEP)KAHUE

TexHOJIOTHH MePePadoTKH H YTHIM3AINH TEXHOTeHHbIX
O0PA3BOBAHMIM M OTXOMOB ......ceovvviireeiieeieesineeniee e nneesnee s 4

Kapsee B.U., Komkos A.A.,

Kysneuoe A.B., [Inomnuxoe H.I1.

V3BneucHHe MeIH U [IMHKA U3 MEICTUIABUIIBHBIX

IIUTAKOB IPH BOCCTAaHOBUTEIIBHO-

CYNbOUIUPYIOMEH OOPAOOTKE ... 4

MeTanyprusi 4epHbIX, IBETHBIX H PeIKHX METALIOB ... 13

Epoxun IO.B., 3axapog A.B., J/leonoea JI.B.

V3yueHue BeleCTBEHHOTO COCTaBa LIIJIAKOB

IIPOM3BO/ICTBA BaHAIUEBOTO YyTr'yHA

AJanaeBCKOT0 METAUTYPTHYECKOTO 3aBOIA ...vvvveeerenninnes 13

JIuTeiiHOoe NPOM3BOACTBO

Pama3zanoe A.K., I'aneee A.A.
OCOOCHHOCTH JIUThS KOPITYCHBIX AeTalleH
TpyOOIPOBOJHOI apMaTyphl U3 KOPPO3UOHHOCTOMKOI

ctanu MapKA 12X T8HITIT ..o 22
TexHO0J0rHH 00PAOOTKH MATEPHAJIOB ........covveevenriniieeennnes 30
Shirvan S.E.

Theoretical Studies
of the Dynamic Characteristics
of the Internal Lapping ProCess.........cccovevrerinievnncennnn 30

MarepunajioBeeHre U TepMHYECKAs
00PADOTKA METAJIIOB.........c.veireiiiieieiiiesreeie st sieesne e 38

Kapmawee M.®., IOpuenko A.H.,

I'peoenxun P.JI.,, Munoubéaee M.P.,

Hlepmaxkos I'.J1., Tpywnuxos /I.H.

HccnenoBanue BIUSHUS TEPMOOOPaOOTKH

Ha MAKPOCTPYKTYPY ¥ MEXaHHIECKHE

CBO¥CTBa 00pa310B U3 AMIOMHHIEBOTO
MarHuiiconep:karero crnasa 1580,

MOJTy9EeHHBIX CIIOCOOOM MHOTOCIOWHON HAIUIABKH ......... 38

HanoMaTepuaibl M HAHOTEXHOJOTHH .........ocvvverveneennenes 47

Eg¢ookumos C.U., I'epacumenko T.E.
Teopus v MpakTHKA MOTYYICHHS
Y IPUMEHEHUST MATHUTHOM HKHIKOCTH ..c..vervivereeanrennenns 47

HoBble TexHO/IOrMYecKHe Mpolecchl H 000pyAoBaHme.....56

Jlexoe O.C., Muxanes A.B., Bunanos /I.X.
HccnenoBanue COBMEIIEHHOTO MTpoIiecca
MOJTYYEeHUsI COPTOBBIX 3aTOTOBOK HA YCTAHOBKE

HETIPEPBIBHOTO JIUTHS ¥ ACDOPMALIIHI .....vevverveereeceenns 56
CTponTebHbIE MATEPHATBI
H CTPOHUTEIbHBIE TEXHOJOTHH B METAJLULYPIHH ................. 62
Llabaes C.H.

BiusiHUE KPYITHOCTH 4acTHUIL
OZIHOPa3MEpHOM ChITy4ell 3epHUCTON
cpelbl Ha IPOYHOCTHBIE XAPAKTEPHCTHKH ....c.vvvvveerenienes 62

www.vestnik.magtu.ru

CONTENTS

Recycling of Man-Made
Mineral Formations and Waste ...........cccccocveeeveveccvve e, 4

Karyaev V.1., Komkov A.A.,

Kuznetsov A.V., Plotnikov I.P.

Recovery of Copper and Zinc

from Copper Smelting Slags

During Reducing-Sulfidizing Treatment.............cc.cccceeee. 4

Metallurgy of Ferrous, Non-ferrous and Rare Metals...... 13

Erokhin Yu.V., Zakharov A.V., Leonova L.V.

Material Composition of Vanadium

Slags at the Alapayevsk

Metal-lurgical Plant ............ccccoovviiiiiieicccece e 13

Foundry Engineering

Ramazanov A.K., Ganeev A.A.
Features of Casting Pipeline Valve Body
Parts Made of Corrosion-Resistant

Steel 12KHIBNOITL ...ovvviiieiiiecieieee e 22
Material Process ENgineering .........cccoooevvvveneensenesinnnns 30
Shirvan S.E.

Theoretical Studies
of the Dynamic Characteristics

of the Internal Lapping ProCess.........ccocuvveverviveinvennnene 30
Materials Science
and Heat Treatment of Metals..........cccoccevvviveiceice e 38

Kartashev M.F., Yurchenko A.N.,

Grebenkin R.D., Mindibaev M.R.

Permyakov G.L., Trushnikov D.N.

Studying the Heat Treatment Effect

on the Microstructure and Mechanical

Properties of Aluminum Magnesium-Containing

Alloy 1580 Samples Produced

by a Multilayer Surfacing Method ...........cccccoviiincnnne. 38

Nanomaterials and Nanotechnologies...........ccccceovvnenene. 47

Evdokimov S.1., Gerasimenko T.E.
Theory and Practice of Preparing
and Applying Ferrofluid ... 47

New Technological Processes and Equipment................... 56

Lekhov O.S., Mikhalev A.V., Bilalov D.Kh.
Studies on a Combined Process
of Producing Billets on a Continuous Casting

and Deformation Plant............cccoocveiviiicieseccc e 56
Construction Materials
and Construction Engineering in Metallurgy ................... 62
Shabaev S.N.

Influence of the Size of Uniformly
Graded Bulk Media Particles
on Strength Characteristics .........ocoevvrvinservensene 62




TEXHOJIOrMY MEPEPABOTKU U Y TUIIN3ALIMU TEXHOIEHHbIX OGPA30BAHNIA U OTXO40B

TEXHONOTHH NEPEPABOTKH H YTHAH3ALHH
TEXHOTEHHDIX OGPA30BAHH M OTXO0B

ISSN 1995-2732 (Print), 2412-9003 (Online)
VIIK 622.7
DOI: 10.18503/1995-2732-2020-18-2-4-12

U3BJIEYEHUE MEJIU U IUHKA U3 MEJAEIVIABUWIbHBIX HIJTAKOB
ITPU BOCCTAHOBUTEJBHO-CYJIb®U/INUPYIOIEN OBPABOTKE

Kapsie B.W.", Komkos A.A.", Ky3uenos A.B., [Liornukos H.IL."

LHUTY «MUCuC», Mocksa, Poccus
2000 «HOP I Unxunupunr», Mocksa, Poccust

Annomayusa. B paboTe TpencTaBlieHbl pPe3yJbTaThl JAOOPATOPHBIX HCCIIEAOBaHMN 06apOOTaKHOTO BOCCTAHOBHTEIIHHO-
CyIbQUIUPYIOMETO 00STHEHUST MEACTUIABUIIBHOTO 1IUIAKa, COJIEPIKALIEero IMHK. B HCclie1oBaHUSAX MCIIONB30BAIMCh 00pasIibl
[I1aka, KOTOpbIe OTOMPATUCh Ha BBITYCKE M3 IIIAKOBOTO AJIEKTPOOTCTOHUKA nieun Bantokosa (I1B), coneprxamue miuHK 0Ko-
10 3,4% mo macce. OCHOBHOMW 3aiadueil MCCleNOBaHUN OBIJIO YCTaHOBJIEHHE BO3MOXKHOCTEH W TOKa3aTesiell M3BIEUEHUS U3
nutakoB [IB Menu 1 IMHKa B caMOCTOSITENbHBIC POAYKTHL. B cTaThe paccMOTpeHa METOIMKa IPOBEJCHHBIX KCIIEPUMEHTOB.
OTIM4nTENTFHONH 0COOEHHOCTBIO METOIMKH SBIISIETCS MHOTOATAITHAS MOPLUOHHAS 3arpy3Ka Cylb(GUAHON (a3bl-KOJIEKTOpa, B
Ka4yecTBe KOTOPOU MPUMEHSIICS PSTOBOI MEIHBI KOHLIEHTPAT C colepikaHueM Meau okoio 19%. Takoil moaxonx mo3Bosisier
pacnpenesuTh mogady cyiab(uamzaTopa Ha Bce BpeMs OOpaOOTKH IUIaKa M CIIOCOOCTBOBATH MOAJIECPIKAHUIO CTPYKTYPHI
IITEHHOBOW B3BECH B IILIAKe, MPHOIKEHHON K YCIOBHSAM HETPEPHIBHOW ero 3arpy3ku. B padore o0CykIaroTcsl qaHHbBIE 110
XUMHUYECKOMY COCTaBy IIOJYYa€MbIX MPOAYKTOB, PACHPCACICHUIO MEINU U IIUHKA. B MPOBOAUMBIX OKCIIEPUMEHTAJIbHBIX HC-
CJIEZIOBAaHUSX BAPHUPOBAJIH PACXO0/ BOCCTAHOBHUTENS U cylbpuanzatopa. [lokazaHo, 4To HanOOJIbIIIEE BIMSIHUE HA U3BJICUCHHE
MeIy B IITEHH OKa3bIBaeT PacxoJl CyNb(GHIN3aTOpa: MPHU ero pacxojae Ha ypoBHe 7—10% oT Macchl 00eqHIEMOro Iuaka J10-
CTHTaeTCsl OCTaTO4HOe conepkanne Meau Huwke 0,4%. B To e BpeMs Ha W3BJIeUYeHHE IMHKA U3 IUIAKa OCHOBHOE BIIMSHUE
OKa3bIBAaCT PacXoJl BOCCTaHOBUTENS: NoOaBieHue rpadura B konudectBe 3—4% OT Macchl 00€HAEMOro IuIaKa MO3BOJISET
CHHU3HUTh OCTaTOYHOE COZEpIKaHHe UHKA B HeM 110 ypoBHs Huke 0,1%. [IpoBeneHHbIe 1ab0paTOpHBIE UCCIIETOBAHMUS MO BOC-
CTaHOBHUTEJIBHO-CYIbQUIUPYIOMIEMY OOCTHEHHUIO JEMOHCTPUPYIOT BBICOKHME TMOKA3aTeNW W3BJICYCHMsS KaK IIEJIEBBIX, TaK H
MPUMECHBIX JIEMEHTOB 13 00pa3oB 00EAHAEMOr0 IIIaKa, YTO TOBOPUT O MOTEHIHAIBHOHN 3 PEKTHUBHOCTH paccCMaTpHBaEMO-
ro crnoco6a 00eTHEHNUS IIUTAKOB.

Kniouegvie cnoga: obGenHenue MIIakoB, Cylb()UAN3ATOP, BOCCTAHOBUTEIb, CylIb(uanpoBanue, 6apboTax, U3BiIede-

HUC MCOU, U3BJICUCHUC IIMHKA, MCICIIJIABUJIBHBIC IIIJIaKH.
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U3eneyeHue medu u yuHKa u3 MedensiagusibHbIX WIaKOS ... Kapsiee B.W. u dp.

RECOVERY OF COPPER AND ZINC FROM COPPER SMELTING
SLAGS DURING REDUCING-SULFIDIZING TREATMENT

Karyaev V.1.!, Komkov A.A.}, Kuznetsov A.V.? Plotnikov I.P.!

'NUST MISIS, Moscow, Russia
“NORD Engineering Company, Moscow, Russia

Abstract. The paper presents the laboratory studies concerned with the bubbling reducing-sulphidizing depletion of
copper smelting slags containing zinc. The slag samples used in the present studies were taken at the outlet of the slag
electric settling tank of the Vanyukov furnace (VF); the samples contained about 3.4% zinc by mass. The main objec-
tive of the research was to establish the capabilities and the degree of the copper and zinc recovery from VF slag into
individual products. The paper describes the procedure of the performed experiments. The outstanding feature of the
procedure was a multi-stage batch feeding of the sulfide collector phase, applying a run-of-mine copper concentrate
with a copper content of about 19%. Such approach allows for distributing a load of sulfidizing agent for the entire slag
processing time and maintaining a matte suspension structure in slag close to the continuous feeding conditions. The
paper discusses the chemical composition of the final products and the distribution of copper and zinc. The consump-
tion of the reducing and sulphidizing agents varied in the conducted experimental studies. It was shown that the most
significant influence on copper recovery into matte was exerted by the consumption of the sulfidizing agent; when a
consumption of the sulphidizing agent was about 7-10% of the depleted slag weight, a residual copper content was be-
low 0.4%. At the same time, the consumption of the reducing agent mainly influences the zinc recovery from slag: by
adding graphite in the amount of 3-4% of the weight of depleted slag, we decrease the residual zinc content to 0.1% or
lower. The conducted laboratory studies on the depletion with reducing and sulphidizing agents show a high recovery
degree of both target and impurity elements from the depleted slag samples that indicates the potential efficiency of the
considered slag depletion method.

Keywords: slag depletion, sulphidizing agent, reducing agent, sulphurization, bubbling, copper recovery, zinc recovery,
copper smelting slags.
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Beenenne KOTOPOTO B MEJCIUIAaBIIIBHBIX IIIaKaX HEPEIKo JIO-
cturaet 4-5%. YuutbiBas 00beMbl TOTYYArOIIAXCS
[IJIAKOB, 00IIee KOJIMYECTBO IIMHKA B IIIAKaX CPel-
HETO M0 TPOM3BOJMTENBHOCTH 3aBOJIa MOXET JIO-
CTHUTAaTh JIECATKOB THICSY TOHH B TOA. B HacTosmiee
BpeMs TPAKTHYECKH BECh ITOT LIUHK TEPSETCS CO
[UIaKaMH, B TOM YHUCIIE U TIOCNIe UX OOETHEHUs M0
MEJIM, TIOCKOJIbKY HCIIONB3YIONINeCss B TPOMBIII-
JICHHOCTH TEXHOJOTHU OOEAHEHHs MeJeIaBHiib-
HBIX [IUIAKOB — ()JIOTALMOHHOE HJIM 3JEKTPOIIECUHOE
obenHenne (a TeM Ooyee OTCTanBaHKE) — HE TI03BO-
JISIFOT BBIJIEINISATH M3 NIJIAKOB I[HHK.

OpHUM U3 TEPCIEKTUBHBIX CIIOCOOOB 00enHe-
HUSl 1IJTAKOB, 00ECTIEYMBAIONINX HE TOJIBKO 3Pdex-
TUBHOE M3BJICUYEHHE MEIU, HO M I[MHKA B IICJIEBbIC
MPOJYKTHI, SBJISETCS 0apOOTaAXKHOE BOCCTAHOBH-
TEJIbHOE WJIM BOCCTaHOBHUTENBHO-CYb(puanpytomiee
obennenwue [6,7], HanmpuMep B neun BanrokoBa [8—
11]. IIpu >TOM OCHOBHOE BHHMaHHE B HCCIIEOBA-
HUSX YAEISUIOCh BOCCTAHOBUTENLHOMY OOCITHEHHIO
IUIaKoB 0e3 UCIONIb30BaHus Cylb(uan3aTopa ¢ mo-

OpHoil W3 BaKHEWIIMX 3a/ady COBPEMEHHOTO
METAJLTyPTUYECKOTO TPOU3BOJICTBA SIBISIETCS TIO-
BBIIIICHHUE KOMIUIEKCHOCTH UCIIOIb30BaHMSI ChIPhS 3a
CYET TOBBIIICHUS M3BJICUCHUS OCHOBHBIX M COIYT-
CTBYIOIIUX IICHHBIX KOMIIOHEHTOB, B TOM YHCJIE 3a
CUeT nmepepaboTKH NUTAKOB U 0TX00B [1-5].

B mupomeTaqulyprud  MeIHOIrO  CYJIb(MHUIHOTO
CBIPbS IIMPOKOE MCIIOJIb30BAHUE aBTOI'€HHBIX IPO-
IIECCOB C MPOM3BOJICTBOM OOTaTHIX IITEHHOB MPUBE-
JI0 K PE3KOMY POCTY COZAEpKaHUs B IIUTAKaX MEIU U
HEOOXOUMOCTH I10 3TOM MPUUKHE TOTIOTHUTEIBHON
00eIHUTEIPHONH 00pa0OTKM IIJIAKOB, YTO B 0OJIb-
IIMHCTBE CIIy4aeB II03BOJIIET OOECIIEUUTh JI0CTa-
TOYHO BBICOKOE€ CyMMapHOE€ H3BJICUECHUE MEIU B
LIeJIeBOI NpoAyKT. B TO ke BpeMsi U3BICUEHUIO CO-
MMyTCTBYIOIMX 3JEMEHTOB HE BCETJa YAENseTCS
NOJDKHOE BHUMaHuMe. Hanpumep, OMHUM U3 YacThIX
COITYTCTBYIOIIMX JJIEMEHTOB B MEIHBIX CyIb(huI-
HBIX KOHIICHTpAaTax SBISACTCA IUHK, COJCPIKaHUC
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TEXHOJIOrMY MEPEPABOTKU U Y TUIIN3ALIMU TEXHOIEHHbIX OGPA30BAHNIA U OTXO40B

Jy4eHHEM METAJTMYECKOro CIIaBa Ha OCHOBE MEIH
[12-15]. B To e BpeMs HCCIEIOBAHUI IIOBEICHIS
MeIU W TIpuMeced Tpu 0apOOTaKHOM O00CTHCHUH
MeIeTIaBUIBHBIX [IJIAKOB C J00aBKOW Cynbhuan3a-
TOpa M TMOJYyYCHUEM INTEHHA JOBOJBHO Majo [16—
18], uro He MO3BOJISIET YBEPEHHO OICHWBAThH Tapa-
METpPBI PacTpeIeNIeHUs] OCHOBHBIX SJIEMEHTOB U TPU-
Mecel B yCIIOBHS 3TOT0 Mpoliecca, 00eCceunBaroIIie
MUHHMAJIBHBIC TIOTEPU IICHHBIX KOMIIOHCHTOB.

Bo3MoOXHOCTH W3BJICUCHHS MEIW U IIMHKA W3
MeJICTUTABMIIBHBIX TIJIAKOB MPH BOCCTAHOBUTEIHHO-
cynbuaupyromei ux o0paboTKe B ycIoBUsAX Oap-
O0oTaka B J1a0OpAaTOPHBIX YCIOBHAX H3y4YalUCh B
HacTosIIeH paboTe.

XapaKTepucTHKA UCXOIHBIX MAaTEPHAJIOB
U ONMCAHUE METOIUKH JIA00PATOPHBIX
JKCIIEPUMEHTOB

OCHOBHBIM MAaTEPUAIIOM I MPOBEICHUS HC-
CIICIOBAHMIA SIBJIACTCS IUIAK W3 JIIEKTPOMHUKCEpa
meun Banrokosa (IIB-1) bamxamckoro menmernia-
BWJIBHOTO 3aBoja. llociae otGopa, OpoOJcHHUS W
yCpeaHeHus Tpo0 o0pasibl NUIaKa aHATIU3UPOBaA-
JIUCh PEHTTEHO(MIYOPECIICHTHRIM MeTOIoM. B kade-
CTBe cynb(huan3aTopa MpHU MPOBEICHUH SKCIEPH-
MEHTOB HCIOJb30BaJICS CYIb(QUIHBIN MEIHBIN KOH-
neHTpat. CocTaB MCXOHBIX MAaTCPUAIIOB MPHUBEICH
B Tabimue 1.

Ta6muia 1. XuMuueckuii cocta ucxoanbix Marepuaios / Table 1. Chemical composition of raw materials

Conepxanue, % macc.
Marepuan .
Cu Fe S Zn Pb Sb Si0, | Ca0 | K,O | AlL,O3 | MgO | IIp+O
Imax
0,78 142,16 | 0,77 | 3,44 | 053 | 0,16 | 25,73 1,99 | 0,79 | 4,33 | 2,95 | 16,37
13 DIIEKTPOMHUKCEpa
Mennsiii konnenTpart | 18,57 | 34,71 | 36,04 | 0,15 | 0,02 - 6,00 | 0,26 | 0,21 | 3,17 | 0,40 | 0,46

s uccnenoBanuii Obuia paspaboTaHa U OTJIa-
KEHa METOIWKa, MOJACIMPYIoIas (HACKOJIBKO 3TO
BO3MOXXHO B JIa0OpPaTOPHBIX YCIOBHSX) YCIOBHUS
HETPEPHIBHOTO Tpoliecca 00CTHEHUs IIJIAKOB B Tie-
yn BaHIOKOBa — WUMHTHpOBANaCh «HETPEPBIBHAS
nojaya Cyiab(QUIN3aTOpa B BOCCTAHOBJICHHBIH IIUIAK
B YCJIOBHAX OapOoTa’ka IIIAKOBOTO paciuiaBa. B
KayecTBE TBEPJOI0 BOCCTAHOBUTENS HCIOJIb30BAIN
rpadut. Bee sKcrepuMeHThI IPOBOJMIN TPH TEM-
nepatype 1325°C, ¢ mpoayBKOM IUTaKa aproHOM C
pacxomoM 5 Mil/c TIpH JUTUTENBHOCTH 0apOOTaxHOH
o0pabotku 25 MuH. YAENnbHBIH pacxo] AyThs (|
MOJTyYaIOUIUXCA OTXOJAIMIMX Ta3oB) Ha EIMHUILY
Macchl II1aKa coctaBui okojo 120 mi. Ha 1 T mua-
Ka, wum 120 M Ha 1T [IIJTAKA, 9YTO COIOCTABHMO C
BEJIMYMHOM YIENBHOTO Pacxoaa AyThs (OTXOISIIUX
ra3oB) Ha | T muaka B eun BantokoBa s oOeqHe-
HUS [IUIAKOB.

Ha pue. 1 mpuBenena cxema 1abopaTOPHOM
YCTaHOBKH.

B pabote ucronb30Baii 37€KTPOIICYb C BEPTH-
KaJIBHOW IIaXTOW ¢ HOMHHAIBLHON pabouei Temrie-
patypoit 1o 1350°C. B neus nomemany amyHI0BBIN
peaKkTop, YCTAaHOBJICHHBII Ha OTHEYNOPHYIO MOA-
JIOXKKY TIOJUHBI 1e4yd. THrenb ¢ 3arpyKEHHBIMH B
HEro MareprajaMi IMOMEIAIA B PEaKTOp, KOTOPHIi
Ha BpeMsl NPOBEICHUS SKCIEPHUMEHTOB 3aKpbIBAIN
OTHEYIOPHOW MJIACTUHOW-KPBIIIKON [ NpeaoT-
BpallleHus TIOMAJaHus B PEaKTOp BO3IyXa M3 OKpY-
JKAIOMIEro TpocTpaHCcTBa. KpBIMIKY peakTopa M3ro-
TaBJIMBAIN C HECKOJIBKUMH OTBEPCTHSAMH - JJISI BBO-

Jla B peakTop KOHTPOJHPYIOLIEH TepMonapsl, Tpyo-
KU JUI TIOIa4M aproHa, TpyOKH IUIsl OTBOJA T'a30B U
nojxavu cynbGuan3aTopa.

JyTtheBas anyHnoBas TpyOka rMOKMMH IUIAHTa-
MU Yepe3 poTaMeTp MOACOeJUHEHa K ra30BoMy OaJ-
JIOHY C aproHoM. J{Jst KOHTpOJIS TeMIepaTypsl NpH-
mensiin  Pt/Pt-Rh  tepmomnapy, mnomemieHHylo BO
BHYTPEHHEE IPOCTPAHCTBO TEYH.

MeToauKy MpoBeIeHUs] IKCTIEPUMEHTOB MOYKHO
pa3duTh Ha HECKOJILKO OCHOBHBIX 3TaroB:

1. IloaroroBka HaBecku. Ha nanHOM 3Tamne mpo-
BOJWJIM NIPOBEPKY pabodero TUIJISA Ha IpeaAMeT Opa-
Ka (TpEeIIMH U CKOJIOB), TIOCJIE YeT0 B HETO 3aChIMalH
CMECh HCXOJIHOTO IUIaKa W TBEPJOTO BOCCTAHOBH-
tens. [lepen 3arpy3koil TUrenb NporpeBajiv B BepX-
HEHl YacTH peakTopa, a caM PEaKkTop NPOMBIBAIN
aproHOM Tepe 3arpy3Koi.

2. PacrutaBnenue. I1oaroToBaCHHBIN U TIporpe-
TBI TUTEIb MEUIEHHO MOTPYXaJld B PEaKTop,
HaIlOJHEHHBI MHEPTHBIM ra3oM, IOCJIE€ Yero BbI-
JNEep>KMBaIM 3aJaHHOE BpeMsl Ha pacIljIaBICHUE
HaBeckd (15 mun).

3. Xomnocras mpoayBka. Ilocne pacrnaBieHus
MaTepurana MpOBOAMIN XOJIOCTYIO MPOTYBKY IITaKa.
Takoit mpremM HEOOXOIUM I 00ECIIEUeHUsT TOMO-
TeHM3allMH [UIaKa, a TakKe ISl BOCCTAHOBJIICHHS
[uIaKa nepej 3arpyskoil cynbduanzaropa (BoccTa-
HOBHUTEIb Y€ NMPUCYTCTBYET B HABECKE), MTOCKOJIb-
Ky B MPOMBIIUICHHBIX YCJIOBHSX HEMPEPHIBHOTO
nporiecca cynbpuauzarop OyAeT mojaBaTbCs B BaH-
HY BOCCTAaHOBJIEHHOTO IILIaKa.

6
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Puc. 1. Cxema 1abopaTopHON yCTaHOBKH IS IPOBEACHUS IKCTIEPIMEHTOB
0 BOCCTAHOBUTEIILHO-CYIb(QUIUPYIOIIEMY 00CTHECHHIO

Fig. 1. A diagram of the laboratory unit used to carry out the experiments
on the depletion with reducing and sulphidizing agents

4. 3arpy3ka cyabbhuauzaropa. B mporecce ot1-
JIAJIKU METOJMKH ObLT OTpa00TaH MOPIMOHHBIN CITO-
co0 3arpy3kd KOHIICHTpaTa B IIUIAK, KA4YEeCTBEHHO
UMHUTHPYIOIIUN HENPEPhIBHYIO MOJMa4y CYIb(uIu-
3aTopa B LIUIAK B MPOMBIILICHHOM mnpoiecce. Cpa3y
MOCJIE XOJIOCTOM TPOAYBKU TPOHU3BOJIUIM 3arpy3Ky
MEPBOM TOPIUU CYIbPHUIHOTO MaTepuana, Mocie
4ero THUreNb BBIIEpXKUBaIN 0e3 OapOoTaxka B Tedue-
HUE TPEX MHHYT JUIs PacCIUIaBJICHUS YaCTHIL CYJib-
¢uanzatopa (Ha cTaJAuU OTJIAAKH METOJHMKH OBILIO
BBISIBIICHO, 4TO 0€3 BBIACPKKU Ui PaCIlIaBICHUS
KOHIICHTpaTa MpHU Tojaye AyThs B IUIAK HEYCBOCH-
HbIC IIIJJAKOM TBEPble YaCTUIIbl KOHIIGHTpaTa B
3HAYUTEJILHOW CTEIICHH BRIHOCHIIUCH C IIOBEPXHOCTH
nuiaka ¥ OCEAalM Ha CTEHKAX THUTIIA M PEaKkTopa).
3areM MpPOBOJWIN MPOTYBKY B TEUCHHE 3aJaHHOTO
BPEMEHH ¥ TIOBTOPSLIN MPOIEyPy 3arpy3ku. Takum
00pa3oMm, 3arpy3Ky MPOBOIHIIN B 5 IPUEMOB.

5. OrcramBaHue, BRITpy3Ka W 3akanka. llocie
3aBEpIICHUS 3aTPy3KH BCEX TOPIHHA CYIbpUAN3aTO-
pa TUrejb OTCTAHBAIM B MEYM B TCUCHUE 25 MHUH B
atMoc(epe aprona, Ho 0e3 OapOoraxka. 3a Bpems
OTCTaMBaHUs OCHOBHAs 4acTh CYJIb(PUIHON B3BECH,
o0Opa3oBaBIIelics U3 U3BJICKAIOUIEH (a3bl U Karelb
MITeHHA MEXaHUYECKUX MOTEPh UCXOTHBIX IIIAKOB,

yCIeBaeT OCECTh W 00pa3oBaTh CIUIONIHOW CIIOM
mTelHa Ha JHe Turis. [locne oTcTtanBaHusi TUTEIb
W3BIIEKAIN W3 TIeYM W 3aKaJuBalld OBICTPHIM OXJIa-
JKIICHHEM B BOJIE.

st 6apOoTaka paciuiaBa MCIIOJIb30BaIN aproH
mapku BY (99,998% Ar).

B tabumue 2 npuBeneHbl OCHOBHBIE YCIIOBUS
MIPOBEJICHHBIX SKCIIEPIMEHTOB 110 BOCCTAHOBHUTEIb-
HO-CyJb(puIUpyolIeld 00paboTke 00pa3IoB Me/le-
TTABWJILHOTO IIJIAKA.

[IponykThl, morydaemMbie B pe3yibTaTe BOCCTA-
HOBHTENBHO-CYyNbduaupytomeld oopaboTku — muia-
KM U IITEHHBI, U3BJICKAIH U3 OXJIAKISHHOIO TUTJIS C
MOCJAEAYIONIMM H3MEJIbUCHHEM U Iepenadyeil Ha
peHTreHo(IIyopeceHTHBIN aHau3.

OcHoBHbBIE PE3YyJAbTATHI IKCICPUMEHTOB
U UX 00cyxKIeHune

OCHOBHBIE pE3yNbTaThl 3KCIEPUMEHTOB IIpE]-
CTaBJICHbI HAa pUC. 2 U 3 1 B Ta0JI. 3.

Brusaue pacxofia BOCCTaHOBHUTENS MPH MOCTO-
SHHOM pacxone cyibduausaropa (10% ot maccel
MCXOJIHOTO LIJIaKa) Ha OCTATOYHOE COJepKaHue Me-
IV ¥ MHKA B IIUTAKe TIOKa3aHO Ha pPuc. 2.
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Tab6numa 2. OcHOBHBIEC yCIIOBHSI ipoBeneHust skcrepumenTos / Table 2. Main conditions of the experiments

3arpyska, r Craaus sKcriepuMeHTa, MUH
. Konnenrpar, % otr| I'padwur, % ot
HMcxonupiil mnak PacnnaBnenue Bap6oTax OTtcrauBanue
Macchl IIIaKa MaccChl IIJIaKa
50 10 1 15 25 25
50 10 2 15 25 25
50 10 3 15 25 25
50 10 4 15 25 25
50 2 3 15 25 25
50 4 3 15 25 25
50 7 3 15 25 25
50 10 3 15 25 25
©Cu oZn
1,0

E

= 08

g 4

2 € o6

a5

£ =

Sm

Sz 04

£32 02

=

° 0.0

0 | 2 3 4 5

I'padmr, % (o1 Macce! uL1aKa)

Puc. 2. OctaTounoe COZACPIKaHUEC MC/IM U TUHKA B OTBAJIbHBIX IJIAKAX B 3daBUCHUMOCTHU OT pacxoda BOCCTAHOBUTECIIA, %)
Fig. 2. Residual content of copper and zinc in dump slags depending on the consumption of the reducing agent, %

©Cu oZn
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:; 04
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Puc. 3. OcraTounoe COZCPIKAaHUE MCJIN U IITUHKA B IIJIaKaxX IMPpU U3MEHCHUHU pacXxo/ia KOHICHTpAaTa
Fig. 3. Residual content of copper and zinc in slags, when changing the concentrate consumption
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[Ipu n3mMeHeHnn pacxoaa BOCCTAHOBUTENS (TIPU
MPOYHX PaBHBIN YCIOBUIX) 3aKOHOMEPHO HAO0/1a-
€TCsl POCT M3BIICUYCHHUS IMHKA, TOCTUTAOIIEEe 3HaYe-
Hu#t Beime 90% yke mpu pacxoje BOCCTAHOBUTEIS
3% OT MacChl 3arpy’kKaeMoro Iuiaka, 4To 00ecreyu-
BaeT CHWXEHHE COJAEp)KaHWS [HHKA B IUIAKE 0
ypoBHs 0,1% u HKe. YUUTHIBasl, 9TO IUHK B ILTA-
Ke cojaepxkurcs B ¢popme ZnO, mporiece ero yaaie-
HUSl B Tra3oByl0 (pasy MOXHO MPEACTAaBUTh B BUJC
CyMMapHOH peakuuu

2(Zn0) + C = 2Zn, + CO,. 1)

3aMeTHOe CHW)KEHHUE COJICpKaHUs MEIH B IIUIa-
Ke [0 Mepe YBEJIMYCHUS 3arpy3KH BOCCTAHOBHTEIIS
HaOoaeTes 10 pacxona rpadura okoio 3% ot
Maccel maka. JlanpHeiliee yBeIMYEHUE pacxojia
rpaduTa HECYIIECCTBCHHO BJMSCT Ha W3BICUCHHE
Meau U3 nuiaka. PacTBopeHHast Mellb B IUIAKE MPH-
CYTCTBYeT Kak B cynbduunoii (CU,S), Tak 1 B OKCH-
nHori (CuyO) ¢opmax. BoccraHoBUTENb BIHSET,
MPEeXJie BCEro, Ha YPOBEHb OKCUIHOW PACTBOPHMO-
CTH MEJIU 32 CUET MPOTEKaHUs CYMMAapHOH peakiuu

2(Cu,0) + C = 2Cu + CO,. )

OcHOBHBIE Pe3yIbTAaThl HKCIIEPUMEHTOB C BaAPb-
HUPOBaHHEM pacxojia Ccynbduauzaropa MpU MOCTO-
STHHOM pacxojie TBepjoro BoccraHosurens (3% ot
Macchl 00EIHIEMOTO IIIJIaKa) MPUBOIATCS Ha pUc. 3.

[Ipn mnoBeIIeHHMH pacxopa cynbhuanzaTopa
(npu mocTossHHOM pacxoje rpadura 3% OT MacChl
[I1aKka) coJiep)KaHue Mequ B 1uiake cHkaercsa. Co-
JiepKaHue LUHKA B LIJIAKe MPH 3TOM HAaXOAWTCS Ha
ouyeHb HU3KOM ypoBHe (MeHee 0,03%) u mpaxTuye-
CKH HE 3aBUCHT OT pacxojia KOHIIEHTpaTa.

B Ta64. 3 npuBeneHsl 0000IIIEHHBIE JaHHBIC TI0
COZICP)KAHUIO MEIM M LIMHKA B MCXOAHOM IIUIAKE U B
Kalyisix IOTelHa B HeM (IO JaHHBIM MHKPOAaHAJIM3a
cynbpUIHON 1 OKCUITHOW (ha3) U B MPOIYyKTax o0e.-

HEHHS B TPOBEJCHHBIX MCCIICIOBAHMUX, a TAKKE AaH-
HbIE T10 N3BJICYECHUIO ME/IU B IITECHH M [IMHKA B Ta3.

Bricokoe m3BnedeHne Meau MpH BBICOKHX pac-
Xomax cynbpuanzaTopa obOecreynBaeTcsl Kak 3a
CYET CHW)KEHHUS PACTBOPEHHOT'O COJEPIKaHUS MEAH
B IIUTaKEe TPH KOHTAKTe ¢ OCIHBIM IITEHHOM B BOC-
CTaHOBHUTENBHBIX YCIOBUSX, TaK U, BUIUMO, 33 CUET
CHIDKEHHS MEXaHMUYECKHX MOTeph u3-3a Oonee Oina-
TONPUSTHBIX YCJIOBUH KOAJECLUEHIIMU MEJIKHUX Ka-
MeJThb B TPUCYTCTBUHU OONbIIETO 00beMa Cynbhu-
HOM M3BJIEKAOMIEH (Da3sbl.

[lpn yBenu4YeHHHM MacChl 3arpyXaeMoro Cyib-
(UIHOTO MEITHOTO KOHIIEHTPATa MPOUCXOIUT CHIKE-
HHE KOHLIEHTpallMu MEAX B LITEHHE U3-32 pasyOoKu-
BaHMS Karellb ITeHa NCXOIHOTO [UTaKa HaIUlaBIsie-
MBIM W3 KOHIIGHTpara OelHBIM IITEHHOM U Cyib(u-
JMPOBaHMs Kee3a IUlaKa SJIEMEHTAPHOW Cephl OT
JTUCCOIMAITIH BBICIIIUX CYJIb(HIOB KOHIICHTPATA:

2FeS, = 2FeS + S,. 3)
4CuS = 2Cu,S + S,. 4
4CuFeS; = 2Cu,S + 4FeS + S,. (5)
FeO +1/2S, +C = FeS + CO. (6)

Bo03MOXHO Takke YacTU4HOE CyIbQUANPOBaAHIE
METaJUIMYECKON MEIH 3JIEMEHTAPHOU CEpOM OT Juc-
COLMAIlNM  BBICOKOCEPHUCTBIX MMHEPAIOB, OCY-
LIECTBIIAIOLICECS 110 PEaKIHU:

2Cu +1/2S, = Cu,S. (7)

KoapuimeHT pacnpeneneHus NIUHKA MEXIY
HPOIYKTaMU  BOCCTAHOBHUTEIBHO-CYIbGHIANPYIOIIETO
obeHeHMs B cpejiHeM cHmkaercs B 1,5-2 pasza mo
cpaBHeHHIO ¢ Lz, paccuuTaHHBIM JJISI HCXOIHOTO
IIJaKa M0 COCTaBy CYJIb(MHIHOH W OKCHIHOH (a3,
4TO O0OYCIIOBJIEHO CHIDKCHUEM OKHCIHTEJIHLHOTO MHOo-
TCHIHAJIa CUCTEMBI B YCIIOBUAX SKCIICPUMCHTOB.

Tabmuma 3. CozneprkaHusl MEIU U LIMHKA B IPOAYKTax BOCCTaHOBHTeJILHO-cynL(bI/Iz[prIomero o0enHEeHus
Table 3. Copper and zinc content in the products of the depletion with reducing and sulphidizing agents

Cocras nuaka, % Cocras mreiina, % M3Bneyenue u3 nuiaka, %

Cu Zn Cu Zn Cu Zn Lo
0,78 3,44 45,34 3,02 - - 1,07
0,67 0,92 20,60 1,19 18,66 74,70 0,77
0,55 0,36 15,71 0,43 37,35 90,56 0,85
0,33 0,02 13,94 0,03 65,48 99,49 0,66
0,31 0,01 13,15 0,01 66,54 99,67 0,96
0,54 0,003 18,33 0,01 38,87 99,92 0,27
0,44 0,003 17,18 0,01 50,16 99,94 0,20
0,43 0,025 15,34 0,05 51,76 99,39 0,55
0,35 0,028 13,89 0,05 61,50 99,32 0,57

*Cocmas ucxo0no2o wmeiina npugooOUmMcsi 8 8uoe OAHHbIX N0 MUKPOAHAAU3Y CYIbOUOHBIX BKTIOUEHUL 8 uinaKe.
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CHMXCHHE KOHIIEHTPAIMN MEIU B IITCHHE MPH
YBEIUYCHUH pacxojia MOXeT ObITh CBSI3aHO Kak C
pa3BUTHEM peakiuu (5), TaK ¥ ¢ MPAKTHICCKH TIOJI-
HbIM BOCCTAHOBJICHUEM MAarHeTHTA IIaKa U MeTall-
JU3aluil Kamneyb MTeHHa UCXOIHOTO IUIaKa 1Mo pe-
aKIUH

FeO + C = Fe + CO. (8)

IMonava cynbpumuzaTopa B CHIHHO BOCCTAHOB-
JICHHBIA TIJIaK MPAKTHYECKH WCKIIOYACT OKUCIICHHE
CephI U CyJb(DHUIOB KOHIICHTPaTa MarHeTUTOM C 00-
pazoBanueM SO, u ciocoOCTBYeT OOJbINIEH CTSIICHN
(hukcaru ceprl B IITEHHOBOM (hasze, B TOM UUCIIE 3a
CYeT TPOTEeKaHHUs peakiuu (6) W MPOIEecCOB CyIb-
(buaMpOoBaHMsI METAJUTUYECKOTO JKeje3a, o0pasyro-
Ierocs mo peaku (8):

Fe + 1/2S, = FeS. (9)

3akIoueHne

[IpoBeneHHbIE HCCIIEIOBaHUS TIOKA3alH, YTO
BOCCTaHOBUTENHFHO-CYIbGUANpyOmas  00paboTka
IIJJaKa ITO3BOJISIET JOCTHYL IOCTATOYHO BBICOKHX
HoKa3aTesael M0 U3BJICUCHUIO HE TOJIBKO MEIU W3
IJIaKOB, HO U COMMYTCTBYIOMIUX HNCHHBIX KOMIIOHCH-
TOB, HANpPHMEp NWHKA, KOTOPBIH MOJHOCTBHIO Teps-

eTCsl [P MCIOJIb30BaHUM TaKHX M3BECTHBIX CIIOCO-
OOB oOemHEHWs IIIIAKOB, KakK (UIOTAIMOHHOE W
NIEKTPOIEYHOEe. DTO MOXKET IOCIYKUTh BECOMBIM
apryMeHTOM TpH BBIOOpE TEXHOJOTH OOEIHEHHS
[IJIAKOB C Y4eTOM O0beMa M CTOMMOCTH H3BJIEKae-
MOTO IIMHKA.

[To cpaBHeHHIO ¢ 0apOOTaKHBIM OOCTHECHHUEM
0e3 cynpb(QUIMPOBaHUS MUIAKA C MOIyYCHHEM MeE]-
HOTO CIJIaBa MpeAJiaraeMblii MOJX0JA BBITOAHO BHI-
JIeJSIeTCS. TIONyYeHHeM JOHHOW (Da3pl B BUAE IITEH-
Ha, 0oJiee TIPUBBIYHOTO IS MEepepabOTKH B Mee-
TUTaBUJIBHOM TIPOU3BOJACTBE. Kpome Toro, HHU3KOe
coJepKaHue MeOu B TOIy4aeMOM INTEHHE MOTeH-
OUaTbHO MOXET CHOCOOCTBOBaTh 0Oojee HU3KOU
KOHILIEHTPAllMM MeIU B LIUIAKE MPH MIPOYUX PaBHBIX
yCnoBHsIX. [[7s MOHMMaHUA YCIOBUM, BO3MOXKHO-
CT€l M MEpPCIEKTUB IPOMBINUICHHON peaau3aluu
MPENIOKEHHOTO TMOJIX0/1a HEOOXOMMO TMPOIOIIKeE-
HHUE HKCIIEPHUMEHTAJbHBIX U TEOPETHUYECKUX HCCIIe-
JOBaHUM MO M3YYECHHUIO BIMAHUS TEPMOAWHAMHYE-
CKUX YCIIOBHH, pEeKHMOB 0OpabOTKH, MCIIONB30Ba-
HUSl Pa3UYHBIX THUIOB CYIbOUAUPYIOMINX U BOC-
CTaHOBHUTENBHBIX MaTEpPHAIOB Ha IIOKAa3aTelIu W3-
BJICUCHMS MEAM U3 LIUIAKOB M paclpelesIeHus NpH-
Mecel, TaKUX KaK LIMHK, CBUHEL], MBIILIbSIK U JIp.
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MN3YYEHUE BEHIECTBEHHOI'O COCTABA HIJIAKOB
NPOU3BOJACTBA BAHAJMEBOI'O UYT'YHA AJTAITAEBCKOI'O
METAJIUTYPITHYECKOI'O 3ABOJIA

Epoxun 10.B., 3axapos A.B., Jleonosa JI.B.
Wucturyt reomorun u reoxumun uM. akaa. A.H. 3aBapuikoro YpO PAH, ExatepunOypr, Poccus

Annomayusn. IloctaHoBKa 3a1a4n (AKTYyaJbHOCTh PadoThl): Ypanbckuil pernoH yxe Oomnee 300 et sBisseTcs Me-
TAJUTYPrUIeCKUM IeHTpoM Poccum, M 3a CTONB MPOJOIDKUTENBHBINH BPEMEHHON MEPHOA 3/1€Ch HAaKOMMIIOCH OOIBINOE
KOJINYECTBO TEXHOTEHHBIX OTXO/0B (IIUIaKOB). M3ydyeHHe BEIECTBEHHOTO COCTaBa IIIJIaKOB SIBJIIETCS aKTyaJIbHOH 3a1a-
4el, T.K. Mpexe YeM HX yTHIM3UPOBATh, HAJO MOHATh C KAaKUM MHHEPAJbHBIM COCTABOM MBI MMeeM Jieno. MHorue
LIJJAKM TPE/ICTABISIIOT CO00I MOTEHIMANBHYIO PYIy, KOTOPYIO MOXKHO JOIOJIHUTENIBLHO HepepaboTaTrh, HEKOTOPBIE M3
HUX SIBJSIFOTCSI TEXHOT€HHBIMHM OTHEYNOpaMu U T.4. Hamu mccienoBaHbl NUIaKK NEPBOM cTaguu HoydeHus: GpeppoBa-
HaJusl, KOTJa B pe3yabTaTe JOMCHHON IUIaBKM BaHAAMHCOAEPIKAIIET0 THTAHOMAarHETHTOBOTO KOHIIEHTpaTa oOpasyercs
BaHAJMEBBIH YyTyH, U3 KOTOPOTO YK€ MOTOM II0 CI0XKHOH IIeTIoYKe U mpon3Bo T (heppoBanaauii. Leap padorsl: n3y-
YEHHE BEIECTBEHHOTO (MUHEPAILHOT0) COCTABA [INIAKOB AJIAIIaeBCKOTO METAJUTypPTHUECKOT0 3aBO/IA, TOIYIEHHbIX IPH
mpou3BoJIcTBe (peppoBananus. Mcnosib3yeMble MeTOAbI: XUMUYECKUNH COCTaB MOPOA00OPA3YIONIUX U PYAHBIX MHHE-
PAJIOB YCTAHOBJICH C MOMOIIBIO CKAaHUPYIOIIETO 3JIEKTPOHHOr0 Mukpockona JSM-6390LV dupmsr Jeol ¢ sHeproauc-
nepcuonHor mpucraBkoi INCA Energy 450 X-Max 80 d¢upmer Oxford Instruments (MIT YpO PAH,
r. ExarepunOypr). [yt aHamM3a UCMOIb30BAIMCH TOJIMPOBAaHHbBIE HeTporpaduueckue HUIMQbI, BBIpe3aHHbIe U3 KycOY-
KOB 1utaka. HoBU3HA: M3yueHne BEIECTBEHHOTO COCTaBa IIJIAKOB MPOBOAMIOCH C TOUKH 3PEHUS KIIACCHYECKOW MUHE-
paJIOTHH M C HCIIOJIb30BAHHEM COBPEMEHHOI 00s3aTeNbHON HOMEHKIATYPhl MEeXIyHapOaHOW MHHEpaJOrH4ecKoi ac-
conuanuu. Pe3yabrar: BrepBhle M3ydeHA MHHEPAIOTHs IUIAKOB (eppOBaHAIUEBOTO NPOU3BOACTBA AJAlaeBCKOTO
METaJUTyprHYecKOro 3aB0/ia. Y CTAaHOBJIEHO, YTO OHHM CJI0)KEHBI aKEPMAHUT-MEPBUHUTOBBIM arperaTtoM C 3HaYUTEIbHBIM
COJIepKaHNWEM LINMHMHENN U TIEPOBCKUTA, a TaKXKe MOCTOSHHBIM IIPUCYTCTBHEM IIAPUKOB UyTyHa U XxampabaeBuTa. J[aH-
HBIE [IUIAKH SIBJISIFOTCS OTXO0JaMK (heppOCIUIaBHOTO NMPOM3BOJICTBA, & TOUHEE, IIEPBUYHON CTaquel noydeHus GpeppoBa-
Ha/aWA, KOTJa B pe3yJbTaTe JOMEHHOH IUTaBKH BaHAJAMNHCOEpIKAIIero THTAHOMarHeTUTOBOTO KOHIIEHTpaTa obpa3yercs
BaHAJIMEBBIH YyTYH, U3 KOTOPOT'O YK€ MOTOM IO CJIOXKHOM IeNoYKe U npon3BoIiT (peppoBanaauii. Temmneparypa obpa-
30BaHUs JaHHBIX IIUIAKOB OIIpEZesIeHa M0 COAEPXKAHUIO TNIMHO3EMUCTOM MOJIEKYJIbl TeJICHHTa B MaTpHUIlE aKepMaHHTa,
oHa ouenuBaercs B npenenax 1400-1390°C. Ipakruyeckas 3HAYMMOCTb: M3ydeHHblE HAMU LIJIAKA MOYXHO IYCKaTh
B JIONOJHHUTENBHYIO IepepaboTKy, T.K. OHU COJAEpKaT BaHAJAMEBBIM YYTYH M MEPOBCKUT. Kpome Toro, mmuHens u xa-
MpabaeBHT, KaK TBEP/AbIe MUHEPAIIbI, MOTYT OBITH BBIJICJICHBI Ha aOpa3UBHI.

Kniouegvie cnosa: akepMaHuT, MEPBHHUT, MIMHHENb, TEPOBCKUAT, MUHEPAJIOTHS, IITAKH, AJIATACBCKUN METAILTYPT U-
YECKUH 3aBOJ,.
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MATERIAL COMPOSITION OF VANADIUM SLAGS
AT THE ALAPAYEVSK METALLURGICAL PLANT

Yury V. Erokhin, Anatoly V. Zakharov, Lyubov V. Leonova

Zavaritsky Institute of Geology and Geochemistry, the Ural Branch of the Russian Academy of Sciences,
Yekaterinburg, Russia

Abstract. Problem Statement (Relevance): The Ural region has been a metallurgical center of Russia for over 300
years, and for such a long period a large amount of man-made waste (slag) has accumulated in this region. The study of
the material composition of slags is currently important, since you need to understand what kind of a mineral composi-
tion we are dealing with before disposing them. Many slags are potential ores that can be further processed; some of
them are technology-related refractories, etc. Objectives: The study of the material (mineral) composition of slags
formed when producing ferrovanadium at the Alapayevsk Metallurgical Plant. Methods Applied: The chemical com-
position of rock-forming and ore minerals is identified using a JSM-6390LV Scanning Electron Microscope by Jeol,
including INCA Energy 450 X-Max 80, the energy dispersive attachment by Oxford Instruments (the Institute of Geol-
ogy and Geochemistry, the Ural Branch of the Russian Academy of Sciences, Yekaterinburg). To analyze the composi-
tion, the authors used polished petrographic thin sections cut from pieces of slag. Originality: A material composition
of the slags was studied from a point of view of classical mineralogy and using the modern mandatory nomenclature of
the International Mineralogical Association. Findings: For the first time, mineralogy of ferrovanadium slags from the
Alapayevsk Metallurgical Plant was studied. It has been established that they are composed of an akermanite-merwinite
aggregate with a significant content of spinel and perovskite, as well as the constant presence of balls of cast iron and
khamrabaevite. These slags are wastes of ferroalloy production, or rather, the primary stage of producing ferrovanadi-
um, when vanadium cast iron is formed as a result of blast furnace smelting of vanadium-containing titanomagnetite
concentrate; vanadium cast iron is used to produce ferrovanadium through a complex chain. The slag formation temper-
ature is determined by the content of the aluminous gehlenite molecule in the akermanite matrix and estimated at 1400-
1390°C. Practical Relevance: The slags under our study can be recycled, as they contain vanadium cast iron and per-
ovskite. In addition, spinel and khamrabaevite, like solid minerals, can be extracted by abrasives.

Keywords: akermanite, mervinite, spinel, perovskite, mineralogy, slags, the Alapayevsk Metallurgical Plant.
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BBenenne

AnamaeBcKUil MeTajTyprudecKuil 3aBOj ABISA-
€TCsl OIHUM M3 CTapeHIIuX mpeanpustuii CpegHero
VYpana. B 1696 r. B paiioHe nepeBHU Anamanxa, oc-
HOBaHHOW B 1639 1. Ha OMHOWMEHHOHN peke Onn3
MecTa e€ BrazeHus B peky HetliBa, Obliu HaiijeHsI
Ooratsle xene3Hsle pyasl. B 1702 r. mo ykasy naps
Iletrpa | Ha Oepery pexu Anamnamxa Ha4ajioch CTPO-
WTENbCTBO Ka3eHHOTO )KeJIe30/1e1aTeIbHOTO 3aB0/1a,
KOTOpBIi yke B 1704 1. BbIaji MepByIO MPOIyKIHIO.
B 1725 r. 3aBon nponsBogui 820 T uyryHa u 167 1
xkene3a B rof. IIpm stom 3aBojckoil mpyn Ha p.
Ananamxa OblT MEJKHM, W 3aBOJI IOJHOLEHHO pa-
00Tal TOJILKO BeCHOM, mo3ToMy B 1825 T. 3aB0J OBLI
nepeHeceH Ha 1 KM 10)kHee, Ha 0oJiee TIOITHOBOTHYIO
peky HeiiBa. AnamaeBckuii 3aBOJ aKTUBHO pa3BH-
Basica Bech XIX Bek, MpeBpaTUBIIUCH B METALIYp-
THYECKOT0 THTaHTa, ¥ XOPOIIO paboTall IO PEBOJIO-
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[IMOHHBIX BOJIHEHH, Koraa B mepuoy 1905-1907 rr.
MPEPUATHAE TIOHECIIO KpYIHbBIE YOBITKH. BruoTs
nmo 1917 roma 3aBox Obut yobITouHBIM. [locie Oxk-
TAOPBCKON PEBOJIIOIUHN TIPEANPUATHE OBUIO HAIHO-
HaJIM3UPOBAHO U B rofbl I'pakIaHCKOW BOMHBI pa-
Oortamo c mepebosimu. Ha HOpMmanbHBIA rpaduk
MIPOU3BOJACTBA OHO BBIILUIO TONbKO ¢ 1925 roma. B
roasl Bemmkoit OteuecTBEHHON BOWHBI Alamaes-
CKHi1 3aBOJ] OBIJT MOACPHU3UPOBAH 3a CUET IBAKYH-
POBAaHHBIX MPEANPHUATHIA C 3amaja CTpaHbl. B mo-
CJICBOGHHBIN TIEPUOJ] 3aBOj| aKTUBHO paboTan U B
OCHOBHOM 3aHMMAJICS BBIIJIABKOH uyryHa u (eppo-
maprarma. C paszsamom CCCP oH cranm npuxoauTh B
YHaI0K, CO BpPEMEHEM TMPEANPHUITHE YMEHBIIUIO
MPOU3BOACTBO UYyryHa W BCE OOJBIIE 3aHUMAIIOCH
¢beppocnaBamu (B OCHOBHOM (peppomapraniiem). B
1999 r. 3aBox ObLT IpeoOpa3oBaH B «AJaraeBCKyIO
(heppocIIaBHYI0 KOMIIAHHUIO», HO C KaXIIBIM T'OJIOM
BEITNIaBKa ()eppoMapraHiia yMeHbIIanach, T.K. OC-
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HOBHBIC TOCTaBIIUKU MapraHIleBON pyabl HaXOIH-
muck 3a rpaHunei. C 2004 r. 3aBoJl BOCCTaHOBHII
MPOU3BOJICTBO UYYr'yHa KaK OCHOBHOW MPOIYKITUH,
HO BOWICN B OCCKOHEUHYI uepeny OaHkpoTcTB. K
coxanenuto, B 2018 r. AmanaeBckuii 3aBoj, OKOHYA-
TENBHO MpPeKpaTui paboTy M celdac MPOUCXOIUT
paszbopka cTpoenwmii [1, 2].

VY auBurenabHo, HO 3a Oojee dyeM 300-IEeTHIOIO
HCTOPHUIO 3aBOJIa HUKAKUX JIETAIBHBIX HCCIIECI0Ba-
HUI 10 BEIECTBEHHOMY COCTaBY IIIJIAKOB TaK U HE
IIPOBOIMJIOCH.

OT00p 00pa3uoB HUIaKa
¥ MeTO/bI HCCJIeI0BAHMS

[nakn AnamnaeBCcKOro 3aBoja SIBISIFOTCSI OCHOB-
HBIM TEXHOTEHHBIM MYCOPOM B OKPECTHOCTSIX TOPOJa,
MPaKTUYECKU BCS 3amajgHasi ¥ BOCTOUHAS OKPAHMHBL, a
TaKoKe LICHTPaJIbHAsI YacTh HACEICHHOIO MyHKTA 3aHs-
TBI OTBAJIGHBIMH MaccaMy mpeArnpustis. Kpome toro,
IIJJAKAMU 3aBOJIA OTCHITIaHBI IOYTH BCE IOPOTH B paii-
OHE €caMoro T. AJamaeBcKa, a TaKXKe BCEX OKPYKaro-
LIMX IEPEBEHb U CAIOBBIX TEPPUTOPHH.

Ot6op mpob ocylecTBICH U3 OTBaja C 3amaj-
HOM oKpauHbI ropoza (mpussizka ¢ GPS-naBuratopa
— N 57°85799.3”, E 061°66°70.6”), xyna uueT y3Ko-
KOJIEHKa CO CTOPOHBI METAJIyprUuecKoro 3aBoAa,
T.e. 37IeCh OTBAJIMBAIM LUIAKH COBpEMEHHOTO dep-
pocIuiaBHOrO Tpom3BozcTBa. [Inomans oTBana co-
CTaByIseT OKomo 2 KM2, BhicoTa pocturaer 30 M. Ha
JAaHHBI MOMEHT OTBAJI OXPAHSETCSI U MOTHXOHBKY
pasbupaercsi ¢ NpUMEHEeHUEeM TeXHUKUA. Hamu Obn
coOpaHbl 00pa3ilpl IIJJaka TEMHO-CEPOro I[BETa C
CHHEBATBIM OTTEHKOM, TOHKO-MEIKO3EPHHUCTHIE, C
cozepkanueM mop 10 20-30% u peaxumMu mapuka-
MU 0eyioro Merajijia. OTH IIJIaKd U ObUTH HAMU H3Y-
YeHBI Ha MPEIMET MUHEPAJIBHOTO COCTaBa.

XHUMHUYECKHH C€OCTaB IOPOAOOOPA3yIOLINX U
PYAHBIX MHUHEPAJIOB ONpeJIesieH ¢ TOMOIIbI0 CKaHH-
PYIOLIETO 3JEKTPOHHOro MUKpockomna JSM-6390LV
¢upmel Jeol ¢ IHEPromUCIIEPCHOHHON MPHUCTABKON
INCA Energy 450 X-Max 80 d¢upmer Oxford
Instruments (MI'T YpO PAH, r. EkarepunOypr,
anamutuk JI.B. JleonoBa). [y aHanmsa MCIONB30-
BaJIMCh MTOJUPOBAHHBIE METpOrpadudecKue MITHQEI,
BBIpE3aHHBIEC U3 KyCOYKOB IIUIAKOB.

HO.]'IyquHble PE3yabTAThI U UX oﬁcyme}me

B pesynbrare wuccieqoBaHUil OKazanoch, 4TO
OTOOpaHHBIC HaMHU IMUIAKWA CJIOXEHBI aKePMaHHT-
MEPBUHUTOBBIM arperaTroM CO 3HAYUTEIHHBIM CO-
Iep KaHreM IIMMAHETH ¥ TIEPOBCKUTA, a TAKXKE I0-
CTOSIHHBIM MPUCYTCTBHEM LIAPUKOB 4yryHa u Ti-V-
KapOuma. XUMHAYECKUI COCTaB IIAKa CIICTYHOIIUI
(8 mac.%): SO; — 0,08; V,03 — 0,25; SiO, — 25,68;

www.vestnik.magtu.ru

TiO, — 4,48; Al,0;3 — 20,29; FeOs, — 1,14; MgO —
12,03; MnO - 0,79; CaO — 35,26 (monmy4eH MeTo-
JIOM CKaHHUPOBAHHS C TIOBEPXHOCTH BCETO IMOJIUPO-
BaHHOTO nutH(Da).

Axepmanur (Ca,Mg[Si,O;]) sBisercs ogHUM
U3 MJIaBHBIX MOPOA000PA3YIOIUX MHUHEPAIOB LA~
Ka, U ero cojiepkaHue BapbupyeT B npeaenax 40-50
00.% noponsl (puc. 1, 2).

20kV X270 50pum 10 63 BES

Puc. 1. OOmwmii By nuraka AanaeBcKoro 3aBoja;
akepmanut (AK), mepeurut (Mw), mmuaesns (Spl),
nepoBckut (Prv) u uyrys (Me). BSE-uzobpaxenue,
C3M JSM-6390LV

Fig.1. General form of slag from the Alapayevsk
Metallurgical Plant; akermanite (Ak), merwinite
(Mw), spinel (Spl), perovskite (Prv) and cast iron
(Me). BSE image, SEM JSM-6390LV

100um

20kV X200 10 63 BES

Puc. 2. Arperar akepmanuta (AK), mepsuauta (Mw),
mrmaenn (Spl) u meposckuta (Prv) B MaTpuile
nutaka. BSE-uzobpaxenne, COM JSM-6390LV

Fig. 2. Aggregate of akermanite (Ak), merwinite (Mw),
spinel (Spl) and perovskite (Prv) in a slag matrix.
BSE image, SEM JSM-6390LV

OH cjaraer CIUIOIIHOMN arperatT KOpPOTKOIIpU3-
MAaTU4€CKUX HHIAMWBUIOB, C PasMEPOM OTACIbHBIX
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KkpuctamuoB 10 0,3 MM. MuHepan uMeeT ycroiun-
BbIIi XUMUYECKHUA COCTaB U BIIOJIHE YBEPEHHO OIIpe-
JENAETCS KaK TIHHO3EMICTRIN akepMaHuT (Tadur. 1).
U3 mpumeceit ycranapnusatorcst Al,Oz (B mpenenax
9-11 mac.%) u TiO, (mo 0,6 mac.%). HuTtepecHo,
YTO MHHEpaJl aOCOIOTHO HE COMEPIKHUT Kele30, X0-
TS IPUPOIHBIE COENWHEHMS BCETIa OIIYTHMO JKee-
3UCTBIE. B mpupoae akepMaHUT BCTpeyaeTcsi OTHO-
CUTETIbHO 4YacTO B BBICOKOTEMIIEPATypHBIX W3BECT-
KOBHCTBIX CKapHax [3], mmpoMeraMoppUIecKux
KOMIUTeKcax [4] v yraucTeiX XoHApuTax [5]. SBmus-
eTcs Ba)KHBIM MHUHEPaJIOM JOMEHHBIX IIUIAKOB Pa3-
JIUYHOTO MPOU3BOJACTBA [6 U 1p.].

MepBunnt (CazMg[SiO,),) siBnsiercst BTOpbIM
0 3HAYUMOCTH TIOPOA000Pa3yOINM MIUHEPAIOM B
[IUIaKe, €ro COJepKaHWe OIICHWBACTCS B Tpeeiax
25 00.% mnopoast (cM. puc. 1, 2). OH ciaraer or-
JIeJIbHBIE KOPOTKOTIPH3MATHUECKUE WHAWBUBI, pa3-
mepom 10 0,3-0,4 MM 1O yIIMHEHUIO, B arperare
3epeH akepMaHuTa. [0 MaHHBIM MHKPO30HIOBOTO
aHaJM3a 3T WHAMBUIBI OMPEIEISIOTCS KaK MEPBH-
HUT (TaGua. 2). XWUMHYEeCKUH COCTaB MHHepaia
O4YeHb ONM30K K TEOPETUYECKOMY W COICPKHUT He-
oonpuryro npumech Ti10; (10 0,8 mac.%). B npupo-
Jie MCPBUHHT BMECTE C aKEPMaHUTOM BCTpeYaeTcs B
BBICOKOTEMIIEPATypHBIX HM3BECTKOBHCTBIX CKapHaX
[3], ObLT OOHApYXEH B BUAE BKIIOUEHHUH B anMaszax
[7], a Takxe SABISETCS YACThIM MUHEPAJIOM B MapTe-
HOBCKHX, JOMEHHBIX M IUIABMIIBHBIX IIIaKax [§, 9].

HImunens (MgAIL,O4) siBasieTcst BTOpOCTEIeH-
HbIM MHHEpAJIIOM B IIUIAKEe C COJepXaHueM 1o 15
00.%. OHa obOpa3yeT KyOOBHIIHBIE KPUCTAJUIBI U MX
ckoruieHus, pazmepom 10 100150 mxm (puc. 2, 3).
B pexume o0paTtHO-paccesiHHbIX 1eKTpoHOB (BSE)
MUHEpPAaJ BBITJIAUT CAMBIM TEMHBIM W3 OKPYXKaro-
X BemecTB. VHTepecHoO, YTO MMEHHO K CKOILIe-
HUSIM HIMWHEW TATOTEIOT BBIICTICHUS MeTallia, 00-
pa3ysl Kak BKJIIOUECHHS, Tak M oOpacTaHusi C MepH-
(depun. M3ydeHne XMMHUYECKOTO COCTaBa IIMTHHEIH
MOKa3aJ10, 9TO OHa OTHOCHUTCS K THUTaHCOAEp KaIeit
pasaoBunHOCTH (Tada. 3). M3 mpumeceii B MuHepa-
ne ormevarorest TiO, (mo 2,7 mac.%), V,0s (mo 0,8
mac.%), CaO (mo 0,4 mac.%) mu MnO (mo 0,3
Mac.%). MHTepecHO, YTO INMHUHEIb W3 AJTIOMHHO-
TEPMUYECKUX IIUIAKOB (PEeppOTUTAHOBOTO IPOU3-
BosicTBa KiroueBckoro 3aBojia mmeer Oolee BBICO-
kue npumecu T10, (B mpenenax 5,2-5,6 mac.%) u
CaO (mo 0,8 mac.%) npu MOIHOM OTCYTCTBUH Map-
ranma u BaHaaus [10]. Oxpacka anamnaeBCKOW IIITH-
HEJIW CUHSISL, 32 CUET Yero y camMoil OpOIbl IPUCYT-
CTBYET CHMHEBaThlii oTTeHOK. Ilo Bceil BUAMMOCTH,
Takas OKpacKa BbI3BaHa MPUCYTCTBHEM THUTaHa, XO-
TS NPUPOAHBIE M CHHTETUYECKME CHHHUE IIMUHEIH
OKpaIleHsl MpuMecIMH KoOanbTa min xemnesza [11].
B mpupoje GiaroposmHasi cuHsS IIMHHEIh BCTpeYa-

€TCsl JOCTaTOYHO 4acTo, B OCHOBHOM B CBSI3H C Mar-
HE3UaIbHBIMU CKapHAMH, KaK aKIECCOPHBII MUHe-
pal B MarHe3uTOBBIX M JOJOMHUTOBBIX Mpamopax
[12]. TIpu 3TOM BBICOKME COAEpXaHUsS TUTaHA AJIS
MIPUPOJTHON IIIUHENN HEXapaKTEpHbl U TOJIBKO B
HEKOTOPBIX YIJIMCTBIX XOHIAPUTAX OTMEYAIOTCS IO-
BoitieHHbIe ipuMecu T10; (1o 0,9 mac.%) [13].

10 63 BES

50um

20kV X370

Puc. 3. Ctpykrypsl pacnaza neposckuta (Prv)

B akepmanute (AK) u oOpacranue KprCTaLIoOB

imuaenu (Spl) B matpune nutaka. BSE-

n3zobpaxenne, COM JSM-6390LV
Fig. 3. Structures of the decomposition of perovskite

(Prv) in akermanite (Ak) and the growth of crystals

of spinel (Spl) in a slag matrix. BSE image, SEM

JSM-6390LV

IMeporckut (CaTiOs) Tak ke, KaK ¥ MIMTMHEND, SB-

JIsIeTCs BTOPOCTENIEHHBIM MUHEPAJIOM B IIJTaKe C CO-
nepxanueM 10 10 06.%. [lepoBckur oOpazyer 1Ba THa
BBIICNICHNI: | — CKeNeTHbIE JEHIPUTOBUIIHBIE KpH-
cTayibl, pasmepoM 10 200 MKM; 2 — KaryIeBUIHBIC OpH-
SHTHPOBAHHbIE CTPYKTYpPHI pacrajia B IOpoI000pa3sy-
IOIMX CHIIMKATaX, C pa3MepoM WHIWBUIOB B Jonu |
MKM (CM. puc. 2, 3). B pexxume o06paTHO-paccessHHBIX
9NIEKTPOHOB OH BBINVISITUT CAMBIM CBETIIBIM Ha (hoHe
OKPY’KarolUX MHHEPAJIOB, 32 MCKIIFOUCHHUEM IapHKOB
Mmetasua. Y, kak Gornee MO3MHUINA MO BPEMEHH KPHCTA-
JM3aLMK MUHEpa, 00pacTaeT CKOIUICHHEM LIMMHENN 1
Metasuia. OH UMeeT yCTONYMBBINA XUMHIECKHI COCTaB U
BIIOJIHE YBEPEHHO ONpeaeNsieTcsi KaK TEepPOBCKHUT
(Taéa.4). V3 npumeceil B MuHEpale OTMEYAIOTCS
AlLO; (o 1,5 mac.%), SiO; (o 0,9 mac.%) u V,03 (0
0,6 mac.%). [lpuuem mpumMech BaHaAWS TPHUCYTCTBYET
TOJNBKO B T€X 3€pHAaX MEPOBCKUTA, KOTOPHIE aCCOIMH-
pyIOT ¢ IIAapUKaMH MeTamia. B murakax mepoBCKHUT
BCTpeYaeTcs JIOCTaTOYHO 4acTo, K MpUMepy, npu ¢ep-
POTHTaHOBOM U (peppoBaHaneBoM mpoun3sBosctee [10],
a TaKkXke B JJOMEHHBIX MIIakax [6 u ap.]. B mpupose me-
POBCKUT KPUCTAJUTU3YETCS B IIMPOKOM JUAIIA30HE TEM-
TepaTyp M JaBJI€HWM, YCTaHOBIEH M B CKapHaX, U B
KUMOEpITHUTAX, a TAKKE B YIIIUCTHIX XOHApUTaX [14].
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EpoxuH 10.B. u dp.

Tabnmma 1. XuMudecknii COCTaB akepMaHNTA U3 IITaka AJlarmaeBCcKoro 3aBozaa, % (Macc)
Table 1. Chemical composition of akermanite from slag from the Alapayevsk Metallurgical Plant, wt. %

Ne SiO, TiO, Al,O4 MgO CaO Cymma
1 39,42 0,58 9,10 10,62 40,28 100
2 38,89 0,51 9,13 10,25 41,23 100
3 38,74 0,57 10,07 10,23 40,39 100
4 38,30 0,61 10,74 10,03 40,32 100
5 38,26 0,38 11,04 10,05 40,27 100
6 38,68 0,45 10,16 10,43 40,28 100

[Ipumeuanue. 3pech W Aajee, aHANIW3bl CAETAHBl HA CKAaHHPYIOUIEM O3JEKTPOHHOM MukKpockorne JSM-6390LV c DJ1C-

npucraBkoif INCA Energy 450 X-Max 80 (UI'T YpO PAH, ananmutuk JI.B. JIeonosa).

Tabnuna 2. XuMHU4ecKuil COCTaB MEPBHHHUTA U3 TIaka AJIamaeBCKoro 3aBojaa, % (Macc)
Table 2. Chemical composition of merwinite from slag from the Alapayevsk Metallurgical Plant, wt. %

Ne Sio, TiO, MgO CaO CymmMma
1 36,57 0,69 11,75 50,99 100
2 36,88 0,66 12,23 50,23 100
3 37,17 0,60 12,57 49,67 100
4 36,51 0,80 11,98 50,72 100
5 36,29 0,76 11,89 51,06 100
6 37,21 0,76 12,04 49,99 100

Tabnuna 3. XuMudeckuii COCTaB IIMTUHENN U3 INIaka AJIanaeBCKOTo 3aBoja, % (macc)

Table 3. Chemical composition of spinel from slag from the Alapayevsk Metallurgical Plant, wt. %

No TiO, V,0, Al,O3 MnO MgO CaO Cymma
1 1,99 0,59 68,61 - 28,52 0,28 100
2 2,06 0,65 68,21 0,16 28,70 0,22 100
3 2,65 0,68 67,55 0,21 28,68 0,24 100
4 2,05 0,52 68,39 0,20 28,49 0,35 100
5 2,10 0,49 68,61 - 28,55 0,25 100
6 2,14 0,74 68,25 0,23 28,45 0,19 100
7 2,47 0,79 67,50 0,26 28,62 0,37 100

Tabnuna 4. XuMUUeCKuil COCTaB MEPOBCKUTA M3 IIIJIaka AJlarmaeBcKoro 3aBoja, % (Macc)
Table 4. Chemical composition of perovskite from slag from the Alapayevsk Metallurgical Plant, wt. %

No SiO, TiO, V,03 Al,O3 CaO Cymma
1 0,77 55,81 0,55 1,42 41,45 100
2 0,64 56,55 - 1,21 41,60 100
3 0,92 56,11 - 1,49 41,49 100
4 0,60 56,58 - 1,31 41,52 100
5 0,66 55,93 0,63 1,34 41,43 100

Mertann (BaHagueBbIil YyIryH) claraeT B IUIa-
Kax MEJIKME LIapUKH WM YaCTUYHO OKPYIJIbIE BbI-
JeNieHus1, 00bIuHO pasMepoM a0 20—30 MKM, peako
1o 50-100 mxm. CozeprkaHue MeTajuia B IOPOJe He
oonee 1-2 00.%. llapuku meranna B pexume 00-
PaTHO-PACCESIHHBIX 3JEKTPOHOB OTYETIMBO BUIHBI U

cocTosT U3 NBYX (ha3: Ooree ApKoil B eHTpe U 00-
Jee TYCKJIOH N0 KpasM HJIH CEKYIIHM IPOXKUIKAM
(puc. 4). TTo XuMHYECKOMY COCTaBY 3TH (a3bl J0-
CTAaTOYHO CHJIbHO OTJIHMYAIOTCS COJEPKAHHUEM BaHa-
st (Tadu. 5, an. 1-4). LlentpanbHble yacTu 4yry-
Ha, T.e. OCHOBHAs €ro macca, cojepxkar okoio 0,6

www.vestnik.magtu.ru
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Mac.% BaHaaWs, a KaMbI U TPOXKIIKA 000TaIICHBI
BaHazweM 1o 3,2 mac.%. Kpome Toro, ¢ pe3xum po-
CTOM BaHAJMs OTMEYACTCs ¥ TMOBBIIICHHE KOHIICH-
Tpalyy MapraHiia U Xpoma.

A.:id?' .

X1,100

20kV 10 63 BES

10pum

Puc. 4. 3onansHeiii mapuk gyryHa (Me) ¢ BKIIOYeHUSAMHA
xampabaesura (Kh) B arperare mepunuta (Mw),
urmaesna (Spl) u meposckuta (Prv). BSE-
u3obpaxenune, COM JSM-6390LV

Fig. 4. A zone ball of cast iron (Me) with the inclusions
of khamrabaevite (Kh) in the aggregate of
merwinite (Mw), spinel (Spl) and perovskite (Prv).
BSE image, SEM JSM-6390LV

Xampaoaesut (Ti,V,Fe)C. Illapuku gyryHa Bce-
I71a COAEPIKaT M30METPHYHbBIE W yIUTMHEHHBIE BKITIO-
yeHust Ti-V-kapOusa, a Takke 49acTUYHO oOpacTaroT
(B BHIIe 000J0YECK WM CKOPJIYIIOK) THM K€ Belle-
CTBOM WJIM CpacTaroTCsi ¢ HUM. Pa3mep 3epeH kapou-
Jla TUTaHa U BaHaaus He npesbimaer 10 mxM. Io co-
CTaBy OH OTJIMYAETCs 00Jiee BHICOKUM COJICPKAHUEM
yraepoaa (10 20 mac.%) Mo CpaBHEHHUIO C YyTYHOM,
32 CUET 4Yero W HMMEEeT CEPYI0 OKPacKy B PEKUME
BSE. IIo COOTHOIIEHHIO TAKUX JIEMEHTOB, KaK TH-
TaH, BaHAJWNA W JKEIe30 MUHEPAJ BIIOJIHE YBEPEHHO

omnpernensiercss Kak xampabaeBuT (Tadu. 5, an. 5-8).
[Ipuvem HHTEpECHO, YTO BKIIFOYCHHS KapOuja B dy-
ryHe Ooyiee BaHaIMeBbIe, YeM 3epHa ¢ nepudepun. B
IIJIaKax XampadaeBUT BCTPEYaeTCs TOCTATOYHO Ya-
CTO W YNOMHHAETCSl MPOCTO Kak KapOWI TUTaHa,
MPUYEM B OCHOBHOM TIPH OTIMCaHWUH JIOMEHHOM TIIaB-
KA TUTAHOMarHeTUTOBBIX Py [15 u nmp.]. B mpupoze
xaMpabaeBUT ObLT YCTaHOBJIEH B aCCOLMAIMU C CHU-
JIUIUIOM JKejie3a (3I0CCUTOM) B 0a3alibTax M IpaHU-
tonmax Cpemueit Asum [16], B okeaHmdeckux Oa-
3abTax Bocrouno-Tuxookeanckoro nomasatus [17],
a TaroKe B MapareHe3uce ¢ THCTAPUTOM, XHOOHUTOM U
KOPYH/IOM B YITIUCTOM XOHIpUTE AJlbeHJe, HalieH-
HOM B Mekcuke [18].

TemmepaTypy KpUCTAJUTM3AIMA  H3YYCHHOTO
[IJIaKa MOXKHO OIEHWUThH 10 MUHEPATy-WHIUKATOPY
— akepMmanuTy. Tak, mo pe3ynbraTaM MOJAEIHPOBa-
HUS B CUCTEME releHuT-akepManut [ 18], mo comep-
JKAHHIO TIIMHO3EMHUCTOM MOJICKYIIbI TEJICHUTA B MaT-
pHIle aKkepMaHWTa, TeMIlepaTypa KPHUCTAJUIU3AI[UH
1IJ1aKa oreHuBaeTcs B npezenax 1400-1390°C.

YcTaHOBIIEHHAsT MUHEPATbHAS aCCOLMANINS H3Y-
YEHHBIX MUJIAKOB IO3BOJISIET TOBOPUTH O TOM, YTO
MBI IMEEM JIeTIO ¢ OTXOJIaMH (eppOCIIIABHOTO TPO-
M3BOJCTBA. A TOYHEe, C IepBOM cTaauel MOIydeHHS
¢deppoBaHagus, Korga B pe3yjibTaTe JTOMEHHON
TUTABKH BaHAJUICONEPIKAMET0 THUTAHOMATHETUTO-
BOr0 KOHIICHTpaTa 00pa3yeTcsi BaHAIUCBBINA YyTYH,
U3 KOTOPOTO YK€ TOTOM IO CIIOXKHOH Iernouke u
Npou3BOJAT QeppoBanaanid. MHTEpecHO, 4YTO WH-
¢dopmanuu 00 M3rOTOBJICHUW JAHHOTO BHJA MPO-
JQYKIUU AJTaNacBCKUM METATYPrHUECKUM 3aBOJIOM
MPaKTUYECKH HET, Ha CIIyXy OBUT TOJIBKO (peppomap-
rarein. ECTh TOJNIBKO OJMH MCTOYHUK WHGOPMAIUH
(ycrapeBmuii caiiT caMmoro 3aBojia), rie ObIJI0 HAIH-
CaHo, 4YTO TMPEINpPUSATHE TMpeliaraeT MHUPOKHUH
CIEKTp MPOM3BOACTBA (PEPPOCILIABOB, B TOM YHCIIEC
U QeppoBaHAIHS.

Tabmuna 5. Xumudeckunii coctaB 4yryHa M XampabaeBuTa U3 IIIaka AJlanaeBcKoro 3aBoja, % (Macc)
Table 5. Chemical composition of cast iron and khamrabaevite from slag from the Alapayevsk Metallurgical Plant, wt. %

Ne c | p | si Ti v | ¢ | Fe | Mn | ca | Cymma
Bananuesslil uyryH
1 3,42 0,54 0,34 0,47 0,64 0,31 93,16 0,95 0,17 100
2 4,17 0,54 0,38 0,51 0,63 0,29 92,38 0,88 0,22 100
3 3,84 - 0,30 0,64 3,10 0,48 89,55 1,60 0,49 100
4 3,96 - 0,26 0,48 3,21 0,43 89,78 1,61 0,27 100
XampabaeBUT
5 19,55 - 0,17 49,60 28,59 - 1,93 - 0,16 100
6 19,11 - 0,19 47,11 28,00 - 5,31 - 0,28 100
7 18,76 - 0,18 58,20 19,43 - 3,21 - 0,22 100
8 20,01 - 0,32 66,28 11,58 - 0,94 - 0,87 100
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EpoxuH 10.B. u dp.

WzyuenHble HaMy UTaKW MOXKHO MYCKaTh B J0-
MOJTHUTENBHYIO TIepepaboTKy, T.K. OHH COJEepKaT
JIETKO BBIACIAEMBIC BAaHAINMEBBIN UyTyH M IEpPOB-
ckut. Cozmepxkanue nocieanero gocruraet 10 06.%,
U OH sBIsieTCs pynod Ha TtutaH. Kpome toro, mmu-
Hellb M XaMpabaeBuT, KaKk O4YeHb TBEpIble MUHEPa-
76l (8 m 9-9,5 mo mkaie Mooca COOTBETCTBEHHO),
MOTYT OBITh BBIZICTICHBI U3 IIIJIaKa Ha a0pa3uBHI.

3akiaiouenne

Takum 00pa3om, BIEpBbIE H3yueHa MUHEpAIO-
U IDIakoB  (eppoBaHaAMEBOr0 MPOHM3BOACTBA
AnanaeBcKOro METaJIyprHuecKoro 3aBoja. YcTa-

MEPBUHUTOBBIM arperaroM ¢ 3HAYUTEIBHBIM CO-
Jiep>)KaHUeM IMIIMHHEITH W MMePOBCKHUTA, a TaKKe TI0-
CTOSSHHBIM TIPHCYTCTBHEM IIIapHKOB YyTyHAa W Xa-
MpabaeBuTa. JlaHHBIC NUTAKHM SBISFOTCS OTXOJaMU
(heppocIIaBHOrO POU3BOJICTBA, a TOYHEE, NICPBHUY-
HOW crtaamel monydeHus (eppoBaHanusd, KOTJa B
pe3ynbTaTe JOMEHHOH IUIaBKU BaHaAMcoaepKanie-
ro TUTAHOMAarHeTUTOBOTO KOHIICHTpaTa o0pa3yeTcs
BaHAJIUEBBIA YYTyH, U3 KOTOPOrO YK€ IMOTOM IIO
CJIOKHOHM TIETIOYKE W TIPOM3BOIAT (heppoBaHAIMIA.
TemnepaTtypa o0pa3oBaHHs JaHHBIX IIJIAKOB OIIpe-
JIeJICHA 10 COACPKAHUIO TTTMHO3EMHUCTON MOJIEKYJITbI
TEJICHUTA B MATPHUIIC aKEPMAaHUTA, OHA OLIEHUBACTCS

B mpezenax 1400-1390°C.
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OCOBEHHOCTH JIUThS KOPITYCHBIX JETAJIEN o
TPYBOIIPOBOJHOM APMATYPbI U3 KOPPO3UOHHOCTOMKOIA
CTAJIM MAPKH 12X18HIT.I

Pama3zanos A.K.l, IaneeB A.A.2
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Y hbuMcKmii TOCyJapCTBCHHBIN aBUAIIMOHHBIN TEXHUUECKUH YHUBEpCHUTET, Y (ha, Poccus

Annomayusa. IlocranoBka 3aj1aun (AKTYaJIbHOCTH PadoThI): B CTaThe PACCMATPUBAIOTCS OCOOCHHOCTU JIUThS
KOPITyCHBIX JieTaneil TpyOOIpOBOAHOM apMaTyphl U3 KOPPO3HOHHOCTOMKON cTamu Mapku 12X 18HITIIL. Ilepeunc-
JIEHBI OCHOBHBIE HEJIOCTAaTKH JTUTEHHOH CTaM M 9acTo 0Opa3yeMble Ha OTJIMBKAX KOPITyCHBIX JeTanel Ne(eKTsl.
OT1MmeueHo, YTO BBICOKHH YPOBEHb JE(PEKTHOCTH IMPUXOAUTCS Ha OTIMBKH M3 Hepxaseromel cramu. Lleab pado-
Thl — IIOKa3aTh OCHOBHBIE ITPOOJIEMBI IUThS KOPIYCHBIX AeTtaneil u3 ctamu 12X18HI9TJI u onpenenuts myTu mo-
BBIIIEHUS UX KauecTBa. HOBU3HA: pPacCMOTPEHO BIUSIHUE XUMHUYECKOTO COCTaBa U TEXHOJIOTHUECKHX I1apaMETPOB
MIPOM3BOJICTBA CTAJIM HAa Ka4eCTBO M CBOWCTBA OTIIMBOK KOPIYCHBIX JieTaneil TpyOonpoBoxHOil apMaTypsl. OTMme-
YECHO, YTO BXKHYIO POJIb B ()OPMHUPOBAHUM KaueCTBA M CBONCTB CTAJIBHBIX OTIMBOK OKa3bIBAET XUMHUYECKHH CO-
ctaB. PaccMOTpeHb! (hakTOpBI, BSOS HA KUIKOTEKYyUeCTh CTaIH. Pe3yabTaT: moctpoeHa rpaduyeckas Iua-
rpaMMa 3aBUCHMOCTH YCBOCHHS TUTAHA B CTAIEPA3IMBOYHOM KOBIIIE OT TeMIepaTyps! ctanu. [loctpoens! rpadu-
4eCKHe AUarpaMMbl 3aBUCHMOCTH BIIUSIHHS TUTAHA U AIIOMUHMS HA IIACTUYECKHE XapaKTepucTHKH cranu. [Ipen-
CTaBJIEHBl PE3yJbTaThl BIMAHUSA TEMIIEPATyphl IIEpErpeBa CTalad Ha KauecTBO OTIMBOK. IIpakTHyeckasi 3Ha4M-
MOCTb TTOJTy9€HHBIE PE3yIbTaThl MOTYT OBITh PEKOMEHAOBAHBI MIPEINPHATHSAM, 3aHATHIM IIPOM3BOACTBOM (hacoH-
HOTO JINThSI U3 AyCTEHUTHON KOPPO3MOHHOCTOIKOM ctamu mapku 12X18HITII.

Knrouegwie cnosa: tpyOonpoBoaHas apMaTypa, KOPPO3NOHHOCTOWKAsI CTallb, AyCTEHUTHASI CTPYKTYpPa, KHUIKOTEK Y-
4ecTh, TEMIIepaTypa Ieperpesa, OTINBKA.
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OcoberHHocmu umbs KopnycHbIx demarneli mpy6onpo8odHol apmamypb! ... PamasaHos A.K., [aHees A.A.

FEATURES OF CASTING PIPELINE VALVE BODY PARTS
MADE OF CORROSION-RESISTANT STEEL 12KH18NO9TL

Azat K. Ramazanov?, Almir A. Ganeev?

1JSC Blagoveshchensk Valves Plant, Blagoveshchensk, Republic of Bashkortostan, Russia
2Ufa State Aviation Technical University, Ufa, Russia

Abstract. Problem Statement (Relevance): The paper deals with features of casting pipeline valve body parts made of
corrosion-resistant steel 12Kh18N9TL. It lists main disadvantages of mold steel and the defects often detected in body
part castings. A high level of defects is stated to be attributed to stainless steel castings. Objectives: The objectives of
the paper is to show main problems of body part castings made of 12Kh18N9TL steel and determine ways to improve
their quality. Originality: The authors studied how a chemical composition and the steel production process parameters
influenced the quality and the properties of pipeline valve body part castings. The chemical composition is stated to
play an important role in forming the quality and the properties of steel castings. The paper describes the factors influ-
encing the fluidity of steel. Findings: As a result, the authors plotted the graphical diagrams showing dependencies
between the titanium recovery in a ladle and steel temperature, between ductile properties of steel and the concentration
of titanium, aluminum and the ferrite phase, and between the quality of castings and steel overheat temperature. Practi-
cal Relevance: The obtained results may be recommended to the enterprises engaged in the production of shaped cast-

ings made of austenitic corrosion-resistant steel 12Kh18N9TL.

Keywords: pipeline valves, corrosion-resistant steel, austenitic structure, fluidity, overheat temperature, casting.
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BBenenne

C pazBuTHeM HedTenepepadaTbIBaIONIC Ipo-
MBIIIEHHOCTH, OOYCJIOBICHHBIM BHEIPEHHUEM HO-
BBIX  BBICOKOTEMIIEPATYPHBIX  TEXHOJOTMYECKHX
MPOIIECCOB U TEXHOJOTHUH, MOBBIMIAIOTCS 1 PUOITH-
KAFOTCS K KPUTHUYECKUM 3HAYEHHUSIM TEXHOJOTHYe-
CKHe IMapaMeTpsl (TeMmmepaTrypa, JaBlIeHHE U Jp.),
HEOOXO/MMBIE /IS YBEJIMUCHHsI TIIyOMHBI Tepepa-
60TKHM HedTH. BenencTBre 3TOr0 MOBBINAIOTCS TPe-
OoBaHMA K HedTeanmnapaType TEXHOJIOTHUECKHUX JTH-
HHH, HaJI©KHOCTh pabOTHl KOTOPBIX BO MHOTOM 3a-
BUCHT OT KauecTBA M JKCIUTYyaTAl[HOHHBIX XapakTe-
PUCTHK MPOMBIIIICHHOW TPYOOTIPOBOAHON apMmary-
PBI, BHYTPU KOTOPO# MPOTEKAET TPAHCIIOPTUPYEMAst
cpeaa, B YaCTHOCTH KOPIYCHBIX JAeTalnieil. B cBs3u ¢
3THM BO3HHKJIA TOTPEOHOCTH B MOBBIIICHUN HA/IEXK-
HOCTH U JIONTOBEYHOCTH KOPIYCHBIX JeTalieil Tpy-
OOITPOBOJIHOM apMaTyphl.

MarepuaJ 1 MeTOABI UCCIEA0BAHNS

OIIHI/IM N3 OCHOBHBIX MaTC€pUaIOB IJIA OTJIMBOK
HedTeanmaparypel, paloTaromeii Hpu BBICOKON
TEeMIIEpaType, NAaBIEHUH U arpecCUBHOM cpenpl, sB-
JSIeTCs. KOPPO3UMOHHOCTOMKAsl CTajlb ayCTEHUTHOTO
knacca mapku 12X18HITIL

JlanHasg cTamb KMMEET OTHOCHUTEIBHO BBICOKHE
MEXaHWYECKHE CBOWCTBA M YJOBJIETBOPUTEIBHYIO

CTOWKOCTh B OKHCIMTENBHBIX Cpelax, BBICOKYIO
CTOWKOCTh K pacTBOpaM OPraHWYEeCKHX KHCIOT —
YKCYCHOM, TUMOHHOW, MypaBbUHOW, a30THOH (TIpu
pa3IMYHON KOHLEHTPAIMN M TeMIIepaTyphl), a Tak-
xe B menoyax KOH, NaOH [1].

Opnako crans 12X18HITJI xapaxrtepusyercs
HEOJTHOPOJHOCTBIO CTPYKTYPBI, CKJIOHHOCTBIO K
MEXKXKPUCTAJUINTHON KOPPO3UM, HU3KOW TpPEIINHO-
ycToiunBocThIO. Kpome Toro, 3ta cranp CKJIOHHA K
IUIEHOOOPa30BaHMIO0, MOPHCTOCTH, YCAaJOYHBIM pa-
KOBHHaM, COAEP>KAHNIO HEMETAJUIMYECKUX BKIIFOUE-
HUHM, 4TO OOBACHSETCS €€ OTHOCHUTENBHO HU3KHUMHU
IuTeHbIMU cBoMcTBamu. lloatomy B mpouecce
MPOM3BOJCTBA OTJIMBOK CYIIECTBYIOT HPOOIEMBI,
CBsi3aHHBIE ¢ 00pa30BaHMEM HA HUX Pa3IMYHBIX JIHU-
TEHHBIX JeEeKTOB, BCTPEUYAIOIIUXCS PEXe B yrJe-
POIUCTHIX CTASIX (Ta30Bas M ycal04YHas PaKOBHHA,
MOPUCTOCTh, TPEUINHA, MpHUTap, cHail, HeMeTalllu-
YecKHe BKJIIOYEHHMS), HApYyLIAOIIMX CIUIOLUIHOCTD
CTaJIM ¥ CYIIECTBEHHO CHIKAIOIINX YPOBEHb MeXa-
HUYECKHX M 9KCILTyaTaIl[HOHHBIX CBOMCTB JI€TaJIEH.

Ha pwue. 1 mpuBeileH CpaBHUTENbHBIN aHAIU3
MPOLIEHTA OKOHYATEJIbHOTO Opaka OTIMBOK U3 He-
prKaBeroIel U yriepoAuCcTONd MapKu cTajleH, Ko-
TOpPBIM MOKa3bIBAET, YTO BBICOKHI YypOBEHb J€-
(EeKTHOCTH MPUXOIUTCS HA OTJIHMBKM U3 HEp)KaBe-
IOLIeH cTanu.
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Puc. 1. [IporeHT Opaka OTIUBOK (OTIMBKY KaK U3 HEPXKABCIOIICH, TaK M U3 YIIIEPOAUCTON CTAJH, TIPOU3BOIIIIICH
OZ[HOP'I HOMCHKJIATYPBI AJIs JINTHA B 000JI0OYKOBEIE CbOpMLI 1 JINThS B XOJIOAHO-TBCPACIOIINC CMCCI/I)
Fig. 1. Rejection rate of castings (both stainless steel and carbon steel castings were produced in a single range of items

to be cast in shell molds and cold-hardening mixtures)

Takum o6pazoM, mpoOiieMa TOITydYeHHs BBICOKO-
KaueCTBEHHBIX OTJIMBOK KOPIYCHBIX AETajied Tpy-
OompoBomHOM apmarypel u3 crtamu 12X18HITII
MPOJIOJKAET OCTABATHCS AKTYaJIbHOI.

OTnuBKY TPYOOIPOBOAHOM apMaTypbl OTHOCST-
csi K Tpynme ocob0 OTBETCTBEHHOTO Ha3HAUCHHH,
OCHOBHBIE KOHTPOJHpPYEMbIE MOKa3aTell KauecTBa
KOTOPBIX — 3TO BHEIIHUN BUJ, pa3Mephl, XUMUYE-
CKHIl COCTaB, MEXaHUYECKHE CBOWCTBa (TIpeden Te-
KY4YECTH WIH BPEMEHHOE CONPOTUBJIECHUE, OTHOCH-
TeJIbHOE YIJMHEHWE W yAapHas BS3KOCTh, TBEP-
JIOCTh), CTOWKOCTh MPOTHB MEXKPHUCTAUTUTHON
KOppo3uH u ap. [2].

[Momyuenue Oe3nedeKTHON, KaYECTBEHHOM M-
TOH JeTanu 3aaHHOW KOH(UTYpAIUU pPa3IndyHBIMU
CIOCO0AMH JTUThS TP PETJIAMEHTHPOBAHHBIX MeXa-
HUYECKHX M JKCITyaTal[MOHHBIX CBOMCTBAx, a Tak-
K€ YUCTOTE MOBEPXHOCTH OMPEENAI0TCS JINTEHHBI-
MU CBOMCTBAMH CTalM: >KUAKOTEKY4eCThb, YCaJKa,
CKJIOHHOCTh K IOTJIOIICHHIO Ta30B U 00Pa30BaHMIO
HEMETAIIMYECKUX BKIIOUEHHH, 0COOEHHOCTH CTPO-
€HUSl TEPBUYHOM MU BTOPUYHOM KPHUCTAILTU3ALINH,
TPEIIUHOYCTOWYMBOCTh, O00pa30BaHUE JUTCHHBIX
HaIpsKEHUH, CKIIOHHOCTh K JIMKBAuu [3].

BaxuHeliuM  JUTEHHBIM  CBOMCTBOM  CTaJd
12X18HI9TJI sBnsercs >KUAKOTEKY4eCTb, Ha KOTO-
po€ 3HAYMTEIBHOE BIIMSHUE OKAa3bIBAIOT COJAEpIKa-
HHUE THTaHa, XpOMa U aJFOMHUHUS, CTIOCOOCTBYIOLIHE
K 00pa30BaHUIO TYTOMJIABKUX M IUIOTHBIX OKHCHBIX
mren tumna Ti0, Al,Os, Cr,0;. OKHMCHEIE IUIEHEI T10-
HIKAIOT T€PMETHYHOCTh CTalH, YTO MPUBOIUT K
CHIDKEHUIO JKCILTyaTallUOHHBIX U MEXaHUYECKHUX

CBOWCTB KOPIYCHBIX JleTajiell TpyOOIpOBOAHOM ap-
MaTypsl, pabotarommx noj aasieHueM. Kpome to-
ro, MJICHbl YMEHBINAIOT TEKy4YecTh pacljiaBa U sIB-
JISIOTCSl IPUYMHOW 00pa3oBaHUs TaKWX Ie(EKTOB,
KaK «CHai» U «HeI0JIHBY.

[ToMrMO OKHCHBIX IJIEH, HAJIU4YUE B HEpKaBe-
IOIIEH CTalM MOBBIIICHHOW KOHIEHTpAUWWd TUTAaHa,
ATIOMUHUSL U XpOMa BeIET K YBEJIHUEHHIO 3arpss-
HEHHOCTHU CTaJll HEMETAJUIMYECKUMH BKIFOUEHUSIMU
tuna TiN, AIN, TiS, TiO, Al,O3, Cr,0s.

Ha pme. 2 npencraBiieHsl pe3ynbTaThl METALIO-
rpadUuecKoro ucciaeoBaHus odpasiia Ha pacTsKe-
Hue u3 ctanu 12X18HI9TJI, momyueHHble MpH MO-
MOLIH OINTUYECKOTO MHKPOCKOIIa Axio
Observer.D1m, ocHaimeHHOTO aHAIM3aTOPOM H300-
paxkenus Thixomet.

B Ttabauue mnpezacTaBieH aHAIN3 XUMHUYECKOTO
COCTaBa HEMETAJUIMYECKHX BKIIOYEHHH B TOYKaX
1-5 (puc. 2,a), BBHIMOJHEHHBIH C HCIOIB30BAHUEM
pacTpoBoro 3ineKkTpoHHOro mmkpockoma Ultra 55,
000pYJOBaHHOTO 3HEPrOAMCIEPCHOHHBIM CIIEKTPO-
MeTpoM INCA Energy 450X—xMAX. IloBsllieHHOE
collepkaHue KHCIOpOAa, a30Ta, CEphl, TUTaHA W
AMIOMUHUS XapaKTepHO O00pa3oBaHUIO HEMETaJLTH-
yeckux Brirouennii tuna TiN, AIN, TiS. Hemerain-
JMYECKHE BKIIIOYEHMS PAcIioylararoTcsl NMpeuMylle-
CTBEHHO TI0 IPaHMILIaM AyCTEHHUTHBIX 3€pEH B BUJC
LENOYeK W IUIEH U SBISIFOTCS KOHLEHTPAaTOpamu
HaNpsOKEHUH, BBI3BIBAIONINX JIOKAIBHOE pa3pyIie-
HHUE, CHIKAIOIIee MEXaHUIECKHE CBOICTBA: Mpenen
MPOYHOCTH, TUIACTHYECKHE XapaKTEPUCTUKH |
YAApHYIO BSI3KOCTb.
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s 10um 4

Puc. 2. Metamtorpaduueckoe uccieqoBanne oopasia (xummdeckuii coctas: C=0,05%; Si=0,62%; Mn=1,02%;
P=0,020%; S=0,006%; Cr=19,1%; Ni=9,16%; Ti=0,50%; Al=0,27%; Cu=0,10%)

Fig. 2. Metallographic test of the sample (chemical composition: C=0.05%; Si=0.62%; Mn=1.02%; P=0.020%;
S=0.006%; Cr=19.1%; Ni=9.16%; Ti=0.50%; Al=0.27%; Cu=0.10%)

Xumudeckuii coctas B Toukax 1-5 o6pasia mwasku Nel / Chemical composition in points 1-5 of the sample of heat No.1

Homep ConeprkaHue IEMEHTOB, Macc. %

CIICKTpa Fe (0] N Mn S Cr Ni Ti Al
1 22,13 - 13,70 - - 8,09 2,12 53,97 -
2 30,62 - 17,02 0,97 - 10,28 3,57 37,54 -
3 34,98 - - - 11,93 14,09 2,64 35,71 0,64
4 28,38 11,54 8,52 0,96 - 8,77 3,26 34,10 4,46
5 35,79 14,77 - 1,16 - 11,44 4,06 14,62 18,17

Pemratoriee BhusiHME Ha JKUIKOTEKY4YecTh He-
prKaBeroIel CTalld OKa3bIBaeT IeperpeB paciuiaBa
HaJl TeMIepaTrypoi NTuKBuayca. PasznuBka cramu c
BBICOKMM I[IE€PErPEBOM IOBBIIMIACT €€ KUIKOTEKY-
4ecTh M yNydlIaeT 3aloJHIEMOCTh (OPMBI ITyTEM
CHW)KCHHS BSI3KOCTH pacIliaBa, NPEMsATCTBYIOMIEH
nporeccy o0pa3oBaHUsi OKHCHBIX IuieH. CormacHo
[4], pekOMEHIyeMBIH NeperpeB CTaly Haja TeMIepa-
TypO# JIMKBUIYCA, C YIETOM ITaJIeHUS TeMIIepaTyphl
MeTaJljla MPH BBIITYCKE B CTAJIEPA3TMBOYHBIN KOBIIT
€MKOCTBI0O 5 T, HOJDKEH cocTtaBiarh 110-150°C.
BmecTe ¢ TeM MOBBIICHHBIA NEPETrpeB CO3AAET
yCIIOBUS JUisi 00pa30oBaHUs HA OTJIMBKAX TaKUX Jie-
(eKTOB, KaK ycaJOYHbIC U T'a30BbIe PAKOBHHBI, TPE-
IIVHBI ¥ PYTHX, YXYAIIAIONINX KAYeCTBO OTJIUBKH.

Ha puc. 3—4 npuBeneHo KauecTBO MOBEPXHOCTH
OTJIMBOK, 3aJIUTHIX B 000J04KOBbIe (HOpMBI (110
kroning — mpotieccy) u XOJIOAHO-TBEPCIOIIHE CMe-
cu (o o-cer mporeccy). DopMbl 3aIMBaINCh W3
CTOTIOPHOTO CTaJIEPa3TMBOYHOTO KOBIIIA BMECTHMO-
CThIO 5 T. BhIIUIaBKa CTaJIM NPOU3BOAMIACE B IyTroO-
BOM CTaleIuIaBUIBHOM MEeYH C OCHOBHOM (yTepoB-
KOW €MKOCTBIO 3 T.

Puc. 3. KagecTBO MOBEpXHOCTH OTIMBKH KOpITyca
KJIMHOBOM 3a/IBMYKKH, 3aJINTOH B 000J0YKOBEIE
hopmbl (xumugeckuii cocraB: C=0,04%; Si=1,08%;
Mn=1,26%; P=0,015%; S=0,007%; Cr=16,93%;
Ni=8,39%; Ti=0,24%; Al=0,08%; Cu=0,12%).
Temmneparypa pacnnasa B koBiie 1598°C, neperpes
Haj TeMreparypoit muksuayca 139°C. Macca
OTJIMBKH 26 KT

Fig. 3. Surface quality of the wedge gate valve body cast
in shell molds (chemical composition: C=0.04%;
Si=1.08%; Mn=1.26%; P=0.015%; S=0.007%;
Cr=16.93%; Ni=8.39%; Ti=0.24%; Al=0.08%;
Cu=0.12%). Molten steel tempera-ture in the ladle
is 1598°C, superheating above liquidus temperature
is 139°C. Casting weight is 26 kg
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OTHOCHUTENIFHO BBICOKHI IEperpeB Haj TeMIle-
patypoit nmukBumyca B 139°C, a Takke HH3KOE CO-
nepxxanue tutana (0,24%), xpoma (16,93%) u amro-
munus (0,08%) crmocoOCTBOBaNM YIyYLICHUIO JKU-
KOTEKY4eCTH pacIulaBa, 3aJUTOr0 B 00OJOYKOBBIC
(hopMBI, 0 YeM CBUAETEIHCTBYIOT 00pa30BaBIINECS
3aJMBBI METala MO JIMHUU pa3beMa (OPMBI TOJ-
nHOoN 1 MM. OTHAKO Tako# meperpesB crocooCcTBO-
BaJl TIPOSIBJICHUIO HA TOBEPXHOCTH OTJIHMBKH (B Me-
CTaxX TEIUIOBBIX Y3IJIOB) Ae(eKTa «ra3oBble PaKOBHU-
HE» (CM. pHc. 3). YBeIuUeHHE TIeperpeBa paciiiaBa
cBepx 139°C OyneT crnocoOCTBOBATh Pa3BUTHIO JIH-
TEHHBIX JEQEKTOB, YTO YXyIUIUT Ka4YeCTBO OTIUBOK
KOpITycHBIX aeraneii. IloaTomy onTumanbHBIM Tie-
perpeBoM paciuiaBa Jjisl MONYYCHUS] OTIMBOK, 3aJ-
TBIX B 0007109KOBBIE (hopMmEl, siBIsieTcst 110-139°C.
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Puc. 4. KauecTBO MOBEpXHOCTH OTIMBKU KOpITyca
KITMHOBOW 3aJIBIKKH, 3JIUTON B OPMY IO 0.-CeT
nporeccy (xumuueckuit cocraB: C=0,08%;
Si=0,84%; Mn=1,38%; P=0,025%; S=0,007%;
Cr=18,35%; Ni=8,14%; Ti=0,7%; Al=0,36%;
Cu=0,14%). Temmeparypa paciuiaBa B KOBIIIE
1588°C, meperpes Hax TeMIepaTypoil TUKBUAIYCA
139°C. Macca ormBku 100 xr

Fig. 4. Surface quality of the wedge gate valve body cast
in the mold according to the a-set process (chemical
composi-tion: C=0.08%; Si=0.84%; Mn=1.38%;
P=0.025%; S=0.007%; Cr=18.35%; Ni=8.14%;
Ti=0.7%; Al=0.36%; Cu=0.14%). Molten steel
temperature in the ladle is 1588°C, superheating
above liquidus temperature is 139°C. Cast-ing
weight is 100 kg

C pocToM cofepkaHHsl B COCTaBE CTAJIM TUTaHa
(mo 0,7%), xpoma (mo 18,35%) u amromunus (110
0,36%), mpu Takom ke meperpese B 139°C, yxyn-
IMarnTCd €€ XKHUIAKOTCKYYECTh U 3allOJIHACMOCTDH
($opMBI U3 XOJIOTHO-TBEPHACIOIINE CMECH, O YeM
CBUJICTENILCTBYET 00Pa30BaBIINICS HA TIOBEPXHOCTU
OTJIMBKH JIeeKT «crai» (cM. puc. 4). YMeHbIIeHHe
neperpeBa pacruiaBa meree 139°C Gymer cmoco0-
CTBOBAaTh Pa3BUTHIO Ae]eKTa «Crai» U «HEIOJIUBY,
YTO NPHUBEIET K BO3HHUKHOBEHHMIO HEHCIIPABHMOTO
Opaka OTJIMBOK KOPIYCHBIX nmetaneii. [losromy or-

TUMAaJBHBIM NIEPETPEBOM pacIuiaBa JIJsl MOJy4EHUsS
OTIMBOK, 3aJUTBIX B (OPMBI HU3  XOJOAHO-
TBepaewomne cMecH, sieisercsa 139-150°C.

Takum 00pa3oM, CHIKEHHE B COCTaBE HeEpKa-
BEIOIIEN ayCTEHUTHOHN CTalu COJEpKaHUs TUTaHa,
XpoMa ¥ aJlOMHUHHSA, O JOIyCTUMOTIO Ipenena Mo
I'OCT 977-88, a Takke KOHTPOJIbL IEperpeBa pac-
IJIaBa HajA TeMIepaTypod JHUKBHUIYCA IO3BOJISIOT
3HAYUTEIBHO MOBBICUTH KUAKOTEKY4ECTh pacIliaBa,
YMEHBIINTh KOJMYECTBO HEMETAIMYECKUX BKIIO-
YEeHHH W TONY4YUTh KAaueCTBEHHYIO IIOBEPXHOCTb
OTJIUBKHU.

Heo0xomumMo OTMETHTB, YTO MOJNyYeHHE Kaue-
CTBEHHOM JHUTOHN AETaly M0 XMMUYECKOMY COCTaBY
1 MEXaHUYECKHM CBOWMCTBaM BO MHOT'OM 3aBHCHUT OT
crocoba TOMy4YeHusT caMOW CTajli, CBOWCTBa KOTO-
pOIi CBSA3aHBI CO CTPYKTYPOIl U €€ COCTaBOM.

[IpousBoactBo ctanmu 12X18HITJI B myroBeix
MevYax ¢ OCHOBHOW (yTepoBKOi, 06e3 amekTpomar-
HUTHOT'O TIEPEMEIINBAHMSA, HE MO3BOJISET MOIYyYHUTh
CTaOMIIbHBIA XUMUYECKUil cocTaB. OKOHYATEIbHBIN
XMMUYECKUH COCTaB KOBILEBBIX TMPOO, B3SITHIX B
Hayaie, cepeluHEe M KOHLE Ppa3IMBKH, 3a49acTYIO
UMEET BBICOKHI pa30poc KOHICHTpaluii XUMHYe-
CKHX 3JIEMEHTOB. DTO CBSA3aHO C TEM, YTO y HEKOTO-
PBIX 3JIeMEHTOB HU3KHH Koddduiment pacnpenene-
HHUSA B CTajd, SBISIOIIMICS OJHHUM M3 BaKHEHIIIMX
(haKkTOpOB, ONPEACISAIONINX Pa3BUTHE JIUKBAIUH [3].

Ha pwue. 5 npuBeneHbl rucTorpaMmbl 3HAUEHH
KpUTEpUsi PAcTBOPUMOCTH DJIEMEHTOB B TBEPJIOM
¢aze (xkpucrammsanus Fe,) u kosddunuenra pac-
NpeIeNieHns] 3JIEMEHTOB B JKUAKOH (ase (Kpucrai-
nu3anust Fe;) xkenesa. M3 Bcex AIeMEHTOB, BBOIU-
MBIX B CTajb IS MpHIAHUS €l CHenHaIbHBIX
CBOWCTB, HAUMEHBIIINE NPEIENbHYI0 PACTBOPUMOCTD
n KodpduuueHT pacrpeneneHuss HMEeT THUTaH.
JlaHHBIE 17151 TOCTPOEHUS TUCTOTPaMM B3SITHI U3 [5].

Ha pwuc. 6 npuBegeHa 3aBUCHMOCTb YCBOEHUS B
CTaJiepa3IMBOYHOM KOBILIE THUTAaHA OT TEMIIEPATypHhl
CTall, U3 KOTOPOW CIIeAyeT, YTO C IOBBILICHUEM
TEMIIEPATyphl CTAIM YBEIMYUBACTCS MPOLEHT YCBO-
€HUS THTaHa.

Heobxomumo Takke OTMETUTb, YTO THTaH H
ATIOMUHMNA OKa3bIBalOT OTPULATENIBHOE BIMSHHE Ha
TracTudeckue xapakrepuctuku ctanu 12X18HITIL

Ha puc. 7 u 8 npuBeneHbl 3aBUCUMOCTH OTHO-
CUTENIBHOTO YJJIMHEHHS CTall OT COJEp)KaHUs B
HEell TUTaHa W AIIOMHMHUSA, U3 KOTOPBIX CIEAYET, 4TO
C YBEIWYCHHEM COJIEp)KaHUS B CTAId TUTaHA W
ATIOMHUHHMS CHI)KAETCSI OTHOCUTENBHOE YAJTUHEHHE.

Kpome Toro, Thtan u Xpom, SBISACH (heppHUTO-
00pa3ylomyMH 3JIEMEHTaMH, CIOCOOCTBYIOT IIpe-
BpAIllCHUIO ayCTEHUTHOW CTPYKTYpBHl CTald B
aycTteHUTHO-QeppuTHyto. HccienoBanue, mpoBe-
JICHHOE Ha 00pa3lax-CBUIETENSIX Pa3JIMYHBIX ILIa-

26

Becmuuk MI'TY um. I".U. Hocoea. 2020. T.18. Ne2



OcoberHHocmu umbs KopnycHbIx demarneli mpy6onpo8odHol apmamypb! ... Pama3zaHoe A.K., FaHees A.A.

BoK m3 ctamu 12X18HITJI (nmocne tepmooOpaboT-  3HAUYUTEIbHOE YMEHBIIEHHE INIACTUYHOCTU CTAIH U
K1) TIPU TTOMOIIM MarHUTHOTO (eppuromMerpa M®PD-  pe3ko MOHIDKAeT IMpEeAeN IOJI3ydecTH IyTeM o0pa-
S1HII, moka3piBaer, 4To cojaepaHue (EppUTHOH  30BaHUS WHTEpMETAIHIA Xpoma — o-(assl [6], He-
¢da3el B CTpYKType cTaim MOXKeT mpeBblmath 20%.  IomycTUMOH Ui paOOTHI MPU BBICOKUX TeMIlepaTy-
Oo6pazoBaBmasics (epputHas (a3a BbI3BIBACT HE-  pax.
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Puc. 5. T'ucrorpammMebl 3Ha4eHHH pacTBOPUMOCTH (a) U pactipeeseHust (0) 3JIeMEHTOB B TBEP/IOH 1 sKHIKKX (a3ax jxernesa
Fig. 5. Histograms of solubility (a) and distribution (6) values of the elements in solid and liquid phases of iron

100 S
12_1_________-——‘3-’

20
152 |
80 47/

70
60
50
40
30
20
10

0

16

Ycpoeuwe Twrana, %

1535-1555 1555-1575 1575-1595 1595-1615 1615-1630

Temneparypa cranu & cranepas nepes pasnuunoi, °C

Puc. 6. BnustHue TeMmepaTypsl CTaIM B KOBIIIE HA yCBOCHHE TUTaHA (32 YCBOCHHUE IMPUHATO OTHOCUTEIBHOE OTKIOHEHHE
MEXKIY MUHUMAJIBHBIM U MaKCUMaJIbHBIM 3HAYCHUAMU KOHIICHTPAIIUN TUTaHA, TOJTYYCHHBIMU B KOBHICBBIX
mpo6ax). Ludpsl yka3pIBaIOT KOJMYECTBO ILIABOK

Fig. 6. Influence of temperature of steel in the ladle on the titanium recovery (the recovery is deemed to be a relative
deviation between minimum and maximum titanium concentration values obtained in ladle samples). The figures
show the number of heats
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Fig. 7. Dependence between relative elongation of steel 12Kh18N9TL and titanium
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Puc. 8. 3aBucumocTs oTHOCUTENbHOTO yanuHeHus ctanu 12X 18HI9TJI ot anmtomunus
Fig. 8. Dependence between relative elongation of steel 12Kh18N9TL and aluminum

UzBectHO, 9TO OAHOGA3HOE AyCTEHUTHOE CTPO-
CHHE CTaJH B OTJIMBKE XKEJAaTelIbHO BO BCEX CIyda-
sx. OHO oOecreynBaeT 0oJiee BHICOKYIH) aHTHKOPPO-
3MOHHYIO CTOMKOCTP W JIYYIIYIO TUIACTHYHOCTD, YeM
nByx¢aszHoe crpoenue. [loaToMy cHmKeHHE coxep-
JKaHWs THTaHa, XpOMa M aJTIOMUHHUS, a TaKXKe IO-
BBIIIICHUE YCBOCHUS B PACIUIaBe THUTaHA, HECOMHECH-
HO, TIO3BOJIUT MOBBICUTH CTAOMIIFHOCTH XUMHYECKO-
ro coctaBa m cBouictBa cramu 12X18HO9TJI, uro
00ECIICUUT TMOJIyYEHHUE OTJIMBKH BBICOKOI'O Kaue-
CTBa.

Takum  oOpazoMm, OCOOEHHOCTBIO  CTalHu
12X18HI9TJI sBiasgeTca ToO 00CTOSTEIBCTBO, YTO M3-
MEHEHHE COJIEpKaHHWs DJEMEHTOB B Ipejenax
I'OCT, a Taxxe meperpeB HajJ TeMIIepaTypoil JHK-
BHJyCa OKa3bIBAIOT OTPHUIIATEIHHOE BIMSHUE HA Ka-
YeCTBO OTJIMBOK M UX CBOMCTBA.

3aka0uenne

PaccMoTpeHHbIE OCOOCHHOCTH JIMTBSI OTIUBOK
KOPITyCHBIX JIeTajell TpyOOIpOBOTHON apMaTyphl U3
cran 12X18HI9TJI moaTBepkAarOT CI0KHOCTh U
JOPOTOBU3HY IIpolecca ux mpousBonctsa. IIpose-
JIEHHE KOMIUIEKca paboT Mo ONTUMHU3AIMKA XUMHUYeE-
ckoro coctasa ctanu 12X18HI9TJI ¢ nensio camxke-
HUSI B €€ COCTaBe KOHLEHTPALMH COACPKaHHS TUTa-
Ha, XpoMa ¥ aJIOMUHUS, a Takke (eppuTHON (a3bl
0e3 CYIIECTBEHHOTO W3MEHEHHS MEXaHHYECKUX
cBoiicTB cranu, Tpedyembix mo 'OCT 977-88, mos-
BOJIUT MOJYYHUTh OTJIMBKY BHICOKOTO Ka4€CTBa.

1 Tpon3BOJICTBA BHICOKOKAUYECTBEHHBIX OTJIH-
BOK KOPITYCHBIX JIeTaJiell TpyOOnpoBOIHON apMary-
pBl, OTBEYAIOIIMX COBPEMEHHBIM TpPeOOBaHUSM,
HEOO0XOIMMO JallbHEWIee COBEPIICHCTBOBAHHUE CO-
CTaBa CTaJIH.
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Introduction

By increasing the accuracy and quality indica-
tors of the machine details, increasing their reliabil-
ity and durability is one of the most actual issues of
modern mechanical engineering. Multiple studies
show that the machines with the completely same
construction often have completely different relia-
bility. This is related to the difference in the techno-
logical processes in their preparation. The men-
tioned reason necessitates the management of the
exploitation parameters by technological methods.
This necessity reflects itself in the processing of the
machine details of higher accuracy (T"adapos,
2001).

Thus, learning of the processes and technologi-
cal legitimacy allows us to describe the general view
of the forming process of the final quality indicators
of the processed surfaces more completely and ex-
actly, to improve the processing, as well as to pro-
vide the required quality for the surface increasing
the reliability and durability of the machines and
mechanisms (MacnoBckuit, 1971).

The application of the new advanced processes
of the finish technological operations allows us to
provide the surface quality and high accuracy of the
processed surfaces of the machine parts. Increasing
requirements for the increasing level of the durabil-
ity, stability, anticorrosion and anti-abrasion re-
sistance, fatigue strength of the parts, as well as im-
proving the accuracy of the machines and mecha-
nisms, their reliability and durability necessitates the
use of advanced processing methods. One of such
methods is the technological process of lapping
(Opos, 1998).

The difficulty of the process of removing the
thin material layer from the surface layer is in the
implementation of the process with free abrasive, as
well as under the influence of the multiple function-
al and random factors. One of such factors is the
difference of the geometric form of the abrasives-
cutting sands and their ability to move freely (Sme-
punbia 1996). Mutual meeting of the abrasive sands
changing their position freely during the processing
with the surface becomes complicated, as well as
makes difficult to learn the influence of the different
parameters of lapping to the quality and accuracy of
the processed surface (IToros, 1971).

Depending on the characteristics of the pro-
cessing method and lapping, the sizes of the lubrica-
tion head is determined approximately and it is giv-
en rotating and forward-back - combined working
movement in respect of the processed surface. These
movements influence directly the intensity and re-
moval characteristics of the metal layer, creates spi-
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ral crossing lines on the surface so that influence the
durability of the detail according to the exploitation
condition (Figure 1). The particles can slip, roll or
slip-roll during the finishing process. The movement
characteristics of particles are influenced signifi-
cantly by the difference of the composition of the
sands and the homogeneity of their forms. The au-
thors relate the efficiency of the process with the
probability of the loading of the abrasive to the
working surface of the lapping tool in the studies of
(Kosames, 1967) and (Kparemsckuii, 1962). The

&RSRM was offered by au-
det.“ det.

thors for evaluation of this probability, where T; and
Teeris the consistency of lapping tool and detail ma-
terial accordingly, Ss and Sg, is the contact area of
the sand with lapping tool and detail, R, relative
wetting coefficient with lapping tool and lubrication
material of the detail, Ry x-relative unevenness coef-
ficient of the lapping tool and detail surface. In case
of B<1, the probability of loading of the abrasive
particle to the lapping tool, in case of B>1, the prob-
ability of loading of the abrasive particle to the de-
tail becomes real.

formula of B=

- L

Fig. 1. Movement scheme of abrasive sand and its trace
on the surface: I, I1. 111 — consecutive edge positions
of lubrication head, L¢1 and L¢2- accordingly exit
sizes of the lubrication from the detail

Puc. 1. Cxema ABM)KEHHS 9acTHUIl aOpa3UBHOTO TIECKa U
ux cien Ha nosepxHocty: I, 11, 111 —
MOCJICAOBATCIIbHBIC KPACBbLIC ITOJIOKCHNA CMA3KHU,
L¢l 1 L¢2 cooTBeTCTBEHHO pa3Mephl Ha BBIXO/E
II0CJIE CMAa3KHU ACTaIu

It was determined that h/p ratio can be used to
evaluate the interaction of the particle with the detail
surface, where h is sinking depth of the particle, p —
roundness radius of the particle. It was mentioned in
studies of (Macnos, 1992) and (Maxkapos, 1996) that
the ratio of h-sinking depth scratching the metal to
its peak p-roundness radius can be accepted as a
parameter determining the deformation characteris-
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tic of surface layer. The process is elastic defor-
mation in case of h/p<0.02, plastic deformation in
case of 0.02<h/p<0.5, cutting of the metal in case of
h/p>0.5 (Figure 2). The distribution of the random
probability (y=h/p) should be found to determine the
occurrence probability of plastic and elastic defor-
mation of microvolumes of metal with abrasive par-
ticles, as well as the probability of occurrence of
micro-cutting. During the exploitation period of an
internal cylindrical surface of the machine details
working dynamically, the physical-mechanical indi-
cators decrease by losing its quality gradually. For
the purpose of increasing the durability of the details
working under the complex pressure-temperature
condition and having stochastic characteristic of
abrasion, it is necessary to conduct the analysis of
the production condition, especially dynamic and
kinematic analyses. A production process with lap-
ping consists of mutual cutting of the detail and lap-
ping tool loaded with abrasive particles (Opos,
1971 and Opios, 1972).

py' \P

Fig. 2. Entering and movement scheme of sharp part of
abrasive sand (1) to detail (2) under the pressure

Puc. 2. Cxema mocTyIJICHUS U JBIDKEHUS] OCTPOTO
ydacTka abpasuBHOTO Iecka (1) Ha nerains (2)
I10]T 1aBJICHUEM

During the processing of the detail, the particle
carries out the cutting process by leaning to the lap-
ping tool, but in case the resistance to shear force is
not sufficient, the process of the removal of the par-
ticle from the said surface can happen. Particle
hanging between the lapping tool and detail surfaces
cannot carry out the cutting process as particle not
touching to other by adhering one of the surfaces.
Therefore, the particle being in contact with the sur-
face of the lapping tool and detail influence them
with the same force and the cutting process is going
on the account of pressure formed in cutting-
scratching zone (SwepuusH, 3aiiues, 1972) and
(Smepura 1979).

32

The results of the experimental studies show that
the change of shear force in the lapping process is a
non-linear characteristic not depending on the speed
of the organizers and value of the pressure. One of
the main reasons is movement of the abrasive parti-
cles for the acceleration along with the processed
surface of the detail. Being related to the microrelief
of detail surface and complex movement legitimacy
of the detail on the surface of a lapping surface tool,
the working of the abrasive particles is going in
their irregular movement during the lapping process
according to constantly changing cutting and defor-
mation conditions (Swan, 1999). Regardless of such
complex progressing of the lapping process, the in-
fluence of shear force of granularity of lapping
pastes is subject to the certain legitimacy. It was
determined that the value of the organizers of shear
force decreases monotonously by increasing the
granularity of lapping forces. It was known that as a
result of increasing of interspace between a detail
and a lapping tool in the area of removal of the met-
al in the lapping process, unevenness in removal of
the material along with the axle of the detail de-
creases. Disruption of the contact of the friction el-
ement, decrease of special pressure and decrease of
the restoration intensity of the form errors naturally
are related to the abrasion of the lapping tool
(Matsinada, 1986 and Lishtenberger, 1995).

Abrasion of the lapping tools in the production
process causes the change of the characteristic of
force influences of their surfaces to the detail from
abrasive layer, to change of the real contact areas of
the detail and lapping tool and indirectly uneven
distribution of intensity of the metal removal in sep-
arate points of surface layer of the detail and change
of its profile.

It was determined by the experiments that the
relation between geometrical parameters as diameter
and cone in the detail before and after the lapping is
of statistic characteristic, not depending on the form
of the lapping tool. Relative high values of the cor-
relation coefficients between geometric parameters
of details before and after the lapping show the in-
fluence of the relations greatly determined suffi-
ciently, conditioned physically by the technological
factors heritage for the mentioned parameters (Pur-
sche 1995).

It was approved that instability of processing of
the internal cylindrical surface of the detail and joint
influence of the multiple factors during the lapping
cause to the occurrence of the form errors. In most
cases the form errors of the details during the pro-
cessing with lapping exceed the limit given to the
diameter of the detail. Therefore, substantiated se-
lection of the parameters of the lapping process to
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provide the high accuracy of the details is of signifi-
cant importance in the learning of the occurrence
legitimacy of the form errors (Bozina, 2006).

The empirical studies in the influence of the dif-
ferent lapping regimes to the occurrence of the form
errors of the detail showed that none of the main
parameters of the technological process influence
directly the occurrence of these errors. However, the
studied limit of the regimes allows us to select the
lapping conditions and more purposeful regimes
helping to the decrease of the form errors during the
processing.

After the lapping the quality of the upper surface
layer is dependent on the influencing characteristic
of the used abrasive sands in the paste to the lubrica-
tion and surface layer material. Depending on the
applied working condition, abrasive sands usually
work under the micro-cutting or periodic micro-
percussive mutual influencing condition during the
uninterrupted contact of the detail and lubrication
surfaces (www.dislib.net).

As it is known that the exploitation characteris-
tics of the detail are influenced mostly by the prepa-
ration accuracy of them, bumpiness of the working
surfaces, remaining intensity occurred in the upper
surface layer and difference of the certain metal lay-
er. Furthermore, the structure and a chemical com-
position of an upper surface layer can be different
from the structure and a chemical composition of
the core part. If there is complex influence of me-
chanical operations and occurrence of heating at
significant degree in the cutting zone, separate
chemical elements on the formed surface can be
burned and chemical weakening (being stagnant)
can be in a very thin layer of the metal surface, so
that the exploitation characteristics of the surface
decrease (www.dissercart.com and
www.dissertation.com).

Exploitation characteristics of the detail surfaces
are usually carried out by considering an optimal
condition of their processing. If in such case it is
chosen unsatisfactory regime in the formation of the
upper surface layer, then no matter how accurate the
detail is processed, they will have lower-degree
physical-mechanical characteristics and consecu-
tively decrease of the exploitation period will be
observed. Thus, micro-hardness and remaining in-
tensity towards to the internal depth from the upper
surface of the processed detail will change signifi-
cantly; it is possible to get the most different results
depending on the processing conditions in clean and
final operations of lapping.

As it is shown from the abovementioned, quality
parameters of the surface depend on multiple inter-
active factors such as bumpiness, remaining intensi-
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ty and beating and they form exploitation qualities
of the machine details complexly. It was determined
by the study of the influence of different technologi-
cal factors to lapping process done with new meth-
ods that each parameters of the quality of upper sur-
face layer does not allow separately to provide the
required exploitation indicators of the surface layer
of the machine details (www.globalsecurity.org). In
this regard, for the purpose of the provision of the
required quality indicators, the necessity of the
complex study of the technological opportunities of
the lapping process occurs.

The result of the experiments shows that plastic
deformation in lower pressure is observed only in
cutting of end parts of roughness of the surface. Af-
ter that the intensity of the process decreases, cut-
ting area grows and the value of the special pressure
for subsequent plastic deformation is not sufficient.
Consecutively, the opportunities of the lapping pro-
cess decreases so that it leads to the increase of the
value of Ra (www.hydratech-industries.com).

Theoretical modeling

As bumpiness decreases, the contact of abrasive
sands with the surface increases significantly and at
the end of the process main parts of these sands be-
come tiny. In such condition, higher contact pres-
sure shall be provided for the continuation of the
lapping process in the next process.

There is allowed value of the special pressure in
each regime of the removal process of the material
from the upper surface layer by new method of the
lapping operation, its increase leads to the increase
of the bumpiness of the surface. The mentioned case
can be resulted in increase of lapping strength, in-
crease of the temperature in the cutting area and
holding the soft material of the upper surface with
abrasive sands strongly.

1. It was determined in the studies that increase of
the special pressure from 25 to 100 kPa increases the
removal of metal from the surface gradually, in the
next increase the cutting intensity of the tool decreases
so that causes the decrease of the metal removals
(www.mashin.ru/eshop/journals/vestnik-
mashinostroeniya). Decrease of the special pressure to
the certain limit causes to filling of the lapping surface
with paste fully or partially, after that the evenness
process for the height of some sands begins.

The kinematic analyses of the processing
scheme with the lapping shows that cutting process
is characterized by the joint influence of the axial-
P radial-P, and tangential-P, organizers of shear
force and each of these forces is directed into three

directions (Ox, Oy and Oz).
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Principal scheme of the lubrication head for the
processing of eth internal cylindrical surfaces is
shown in figure 3, here 1-processed detail, 2-
lubrication, 3-bow. External bows maintain the
completeness of the lapping tool by creating always
the force forwards to the centre from the external
surface of the lubrication, internal bows press the
lapping tool into the internal surface of the detail
and are assigned to provide the pressure to the pro-
cessed surface. The lubrication head does both for-
ward-back and rotating movements.

A L A A
]

- =

" ek . B — PPN AN et {

Fig. 3. Schematic description of the forces pressuring to
the lapping process: 1 — detail; 2 — lubrication;
3 — bows

Puc. 3. Cxemarudeckoe nzo0paxeHue JeHCTBYIOMUX CHIT
BO BpeMsi IPUTUPKU: 1 — netank; 2 — cMaska,
3 — mporu6OsI

Compile up the equations of the balance system
of the shear forces occurred during the processing
with lapping:

P+F,-P, =0
P,+Q-N-P,=0, )
P—F,+F,=0

where P,— axial cutting force, N;

Fs1 — friction force occurred in the forward-back
movement of the lubrication, N;

P.x — axial force, N;

Py — radial shear force, N;

Q — sum of the forces occurred by the bows di-
rected from the detail centre, N;

N — sum of the forces occurred by the bows di-
rected to the detail centre, N;

P, — normal reaction force, N;

P, — the tangential component of the cutting
force, N;

Fq — force characterizing the rotating movement
of the detail, N;

Fs, — friction force occurred in the rotating
movement of the lubrication, N.

Friction force occurred in the forward-back
movement of the lubrication (Fs) is determined by
the following expression:

34

Fo=#uP -1, 2

where p — friction coefficient;
P, — special pressure, N/mm?;

x — meeting area of the lubrication and detail,

mm?

Axial force (Pox) is determined through the fol-
lowing formula:

ds
P,=m, d_l_‘” : (3)
where m; — mass of the lubrication, kg;
Sz — longitudinal gait, mm/sec;
T —time, sec.
Q — N-forces difference is determined by the
following expression:

S.
Q_N=(C1_C2)Ela (4)

where C;and C,— accordingly firmness of the inter-
nal and external bows, N/mm;

Si — distance between the ends of the rings in i-
condition, mm.

It is described the different conditions of the
lapping process in Figure 4. According to the
scheme, radial dislocation of the lubrication ele-

1 .
ments is ESi. Then, it can be expressed as follow-

ing according to the lapping scheme:

sing, _3 or S, =2r-sing,, (5)
2r,
where r; — changed radiuses depending on the abra-
sion of external surface for the lubrication, mm:;
@; — dislocation angle of the elastic lubrication
elements during the abrasion, rad.

Fig. 4. Different conditions of the lapping process
Puc. 4. PasnuuHsle ycnoBus npouecca NpUTUPKU
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Considering expression (5) in expression (4), fi-
nally the following expression can be obtained for
the forces difference (Q-N):

2r, -sin .
2
or Q-N=(C,-C,)-r-sing,. (6)

Q-N =(C1—C2)-

Normal reaction force of the lapped surface of
the detail is determined by the following formula:

Pn:th'Z' (7)

where P, ; — special pressure, N/mm?;

x — meeting area of the lubrication with detail,
mm?.
Fq force characterizing the rotating movement of

the detail is expressed by the following formula:
de

dT?’

where mge — mass of the detail, kg;

¢ — angle dislocation of the detail, rad.
Friction force occurred in the rotating movement

of the lubrication ( F,,) is determined by the follow-
ing formula:

Fd = Myg - (8)

wr
F.=u-P.-| - —— , 9
s2 ,Ll xt 1800¢ ()

where | — length of lapped surface, mm;

lng(p — the length of the arc of contact, mm.

Considering expressions (2), (3), (6), (7), (8) and
(9) in expression (1), the following system is ob-
tained:

ds
P+u-Py-y—m —==0;
x TH- B — Mg qT

Py+(C1—CZ)-ri-sin¢I

-P.-x=0; (10)
d’¢ zr
dT2 +u-By-l 180° ¢=0.

In Figure 5 it is given graphical description of
the forces influencing the lapping process normally
and axially. As it is shown in the graphic, the sum of
the forces occurred by the bows directed to the cen-
tre of the detail-N and normal reaction force P, is in
the same direction, the sum of the forces occurred
by the bows directed from the centre of the detail-Q
is in the opposite direction. As well as friction force
occurred in the forward-back movement of lubrica-
tion - Fg is directed into the opposite direction in
respect of P, — axial force. Upon Figure 5, it can be

P, - My, -

z

written:
P,+Q+F,—N-P, =0 (11)
or

ds,, .
mSFjL(Cl—CZ)mi -Sing, +
+u-Po-x—Py-x=0. (12)

nd —

Fig. 5.Graphical determination of forces influencing
lapping process

Puc. 5. I'padmaeckoe nzo0pakeHHEe CHII, JEHCTBYIOMINX
Ha IIPOLIECC MPUTUPKHA

If we exclude P,— in expression (12) out of the
brackets, we will get:

ds,, )
m dT+(Cl -C,)-r,-sing, +

+Py(ur—x)=0. (13)

It can be determined the value of the special
pressure from expression (13) by the following for-
mula:

m, %= (c,—c,)-r sing,
p,=—4aT L 19
x (A=)

If expression (14) in its place in system equation
of (10), we can get the following final expressions
for axial, radial, tangential shear forces:

Px :mS%_
dT
1
M, d(ZIS'I'UZ +(C1_Cz)‘ri 'Sin¢| ( 5)

(- 1) ks

www.vestnik.magtu.ru

35



TEXHOI1I0I'n O6PABOTKN MATEPUAJIOB

dS

m, ——+(C, =C,)-r, -sing,
P, = dl - (16)
(1-u)
—(C, =C,) 1, -sing;;
d2¢
Pzzmdetﬁ_
17
m, B (¢, —c,) 1 -sing (47
T iy
20— ) ST

Thus, R (substitute of general shear forces) can
be determined as the following through Py, P, and P,
organizer forces:

R=/P’+P’+P}.

In general, Py force is directed horizontally and
calculated to determine gait movement, P, force is
directed to perpendicularly to the axle of the detail
and is calculated to determine the firmness of tech-
nological system (DTAP), P, force is directed to
main movement and is calculated to determine the

(18)

Empirically, it was determined that P,— axial,
P~ radial and P, tangential shear forces are

changed in the ratio of P’:P?:P? =1 :0.40 :

0.25 for the given processing condition.In case of
the change of the factors such as cutting regime el-
ements, physical-mechanical indicators of the detail,
geometrical parameters of lubrication head, this ra-
tio will be changed at certain level [18, 20]. Consid-
ering this dependence in (18):

R=,/P?+(0,40P, )% +(0,25P, )? ~112P,. (19)

Conclusion

Thus, it is necessary to determine the optimal
values of the organizers of shear force to obtain the
surface having required accuracy and quality. A cut-
ting process is characterized by the joint influence
of axial — Py, radial — P, and tangential — P, in the
processing with the lapping. Obtained analytic ex-
pressions can be realized in the subsequent experi-
mental research and used in the engineering calcula-
tions of the technological process of the processing
with lapping.

torque moment.

© g M~ w D

© ©~N
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HNCCJEJOBAHUE BJIUSHUSI TEPMOOBPABOTKH
HA MUKPOCTPYKTYPY U MEXAHUYECKHUE CBOMCTBA OBPA3IIOB
N3 AJIIOMUHHUEBOI'O MATHUMCOJAEPKAIIETO CIIJIABA 1580,
MOJYYEHHBIX CHIOCOBOM MHOT'OCJIOMHON HAITJIABKU

Kaprames M.®., IOpuenko A.H., I'pedenxun P./L.,
Munaun6aes M.P., Ilepmsikos I'.JIL., Tpymnukos JI.H.

IlepMckuii HalMOHAIBHBIN HCCIIEIOBATEIbCKUI MOJUTEXHUUECKUN yHUBEpcuTeT, llepmb, Poccus

Annomayun. TexXHONOTHS IPOBOJIOTHO-TIYTOBOTO aIIUTHBHOTO MPOMU3BOACTBA B MEKAYHAPOTHOM COOOIIECTBE M3BECTHAS
kak Wire Arc Additive Manufacturing (WAAM) — 3T0 HOBBIH METOA HEOCPEACTBEHHOIO U3rOTOBJIECHHS KOMIOHEHTOB ITyTeM
IUIABJICHUS] U HAHECEHUS CJI0S IPHCAI0YHOM IPOBOJIOKY CJIOM 3a CII0eM C Iyroi B KauecTBe UCTOUHMKA MUTAHUS. ATIOMUHUE-
Bbli craB 1580, skcnepuMeHTanbHbIM MarHuiicogepxamuii cias ¢ BBegeHueM 0,1% ckaHIus B KadecTBe JIETHPYIOLIETO
3JIEMEHTA UL MOBBIIIEHUS] IPOYHOCTH, UMEET IIMPOKUE NEPCIEKTUBBI IPUMEHEHHS B a3POKOCMHUUYECKON NIPOMBIIUIEHHOCTH
6marogaps BHICOKOMY COOTHOIICHHIO IIPOYHOCTH U Beca M XOPOIINM MEXaHHIECKHM CBOMcTBaM. Vconp30BaHne TEXHOIOTHH
WAAM 111 M3roTOBIEHUS U3LEIUHA U3 BBICOKONPOYHBIX JIIOMUHMEBBIX CILIABOB MPUBJIEKIO BHUMAaHUE a3POKOCMUYECKOM
mpoMbIlIIeHHOCTH. OHAKO MeTal, HONTyYeHHBIH C MOMOIIBIO IIpoliecca AYTOBOH HAIlIaBKU, UMEET BBICOKHE OCTAaTOUHBLIE
HaIpsDKSHHS, HeONMaronpHaATHYI0 MHKPOCTPYKTYPY, IIPUBOASIINE K HI3KAM MEXaHHIECKHM CBOWCTBaM. Jloka3aHOo, 4TO Takas
TepMo0oOpabOTKa, KaK OTXKHT ITOBBIMIACT CBOWCTBA MHOTOCIIONHO HAIIIABICHHBIX M3JENHil M3 aTlOMHHHEBOTo crutasa J[16.
AmomunueBsli crna 1580 Takxke MOXKHO YIPOUHUTDH IIyTeM TepMOOOpabOTKH, U €T0 CBOMCTBA BapbUPYIOTCS B 3aBUCHMOCTH
OT TeMIIepaTyphl U BpeMeHH 00paboTku. B 3ToM uccnenoBanuu ¢ nomomsio WAAM ObUIN U3rOTOBIEHB! TOHKOCTEHHBIE 00-
pasupl U3 anmromuHUeBoro cruiaBa 1580. s TepMooOpaboTKu 00pa3ioB ObLT MPOBEIEH OTKUT C PA3IMYHBIMK TeMIIepaTypa-
MH ¥ BpeMeHeM. MccnenoBana MEKPOCTPYKTYpa U MEXaHIMYECKIe CBOHCTBA 00pa3NoB, OTOXOKCHHBIX B PA3IMYHBIX YCIOBUSX.
IpencraBieHs! pe3yabTaThl MEXAaHHIECKHX HCTBITAHIH 00pa3noB. OOHApYKEHO BIHSHHE TEPMOOOPAOOTKH Ha MHKPOCTPYK-
TypY U MEXaHH4YeCKue CBOHCTBa 00pa3LoB u3 ciuasa 1580.

Knrouesvie cnosa: anmutuBHBIE TEXHONOTHH, MHOTOCTIOMHAs HamtaBka, Cold Metal Transfer, anromunuii, ckananii,
TepMOOOpabOTKa, OTIKHI, MEXaHWYECKHE CBOMCTBA, MPOYHOCTb MPU PACTSHKEHHH, MUKPOCTPYKTYpa, IPOBOJIOYHO-
IyroBas ocioiHas HarmmaBka, Wire Arc Additive Manufacturing, myrosas cBapxa.
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UccnedosaHue enusHUs mepmoobpabomku Ha MUKPOCMPYKMYPY U MexaHUYecKue ceolicmea ... Kapmawee M.®. u dp.

STUDYING THE HEAT TREATMENT EFFECT

ON THE MICROSTRUCTURE AND MECHANICAL PROPERTIES

OF ALUMINUM MAGNESIUM-CONTAINING ALLOY 1580 SAMPLES
PRODUCED BY A MULTILAYER SURFACING METHOD

Maxim F. Kartashev, Alexander N. Yurchenko, Roman D. Grebenkin,
Maxim R. Mindibaev, Gleb L. Permyakov, Dmitry N. Trushnikov

Perm National Research Polytechnic University, Perm, Russia

Abstract. The process of wire-arc additive manufacturing (WAAM) is a new method for the direct manufacturing of
components by melting and applying a layer of filler wire layer by layer with an arc as a power source. Aluminum alloy
1580, an experimental magnesium-containing alloy, containing 0.1% of scandium introduced as an alloying element to
significantly increase strength, has wide prospects for its use in the aerospace industry due to its high strength-to-weight
ratio and good mechanical properties. The use of WAAM technology for manufacturing products from high-strength
aluminum alloys attracted the attention of the aerospace industry. However, metal produced by the arc welding pro-cess
has high residual stresses, an unfavorable microstructure leading to low mechanical properties. It is proved that heat
treatment, such as annealing, improves the properties of WAAM Al-6.3Cu components. Aluminum alloy 1580 can also
be hardened by heat treatment, and its properties vary depending on the processing temperature and time. In this study,
thin-walled aluminum alloy 1580 samples were manufactured using WAAM. To carry out heat treatment of the sam-
ples, they were annealed at various temperatures and time. The authors studied a microstructure and mechanical proper-
ties of the samples annealed under various conditions. The paper contains the results of mechanical testing of the sam-
ples. It is found that heat treatment influences the microstructure and mechanical properties of the alloy 1580 samples.

Keywords: additive technologies, multilayer surfacing, cold metal transfer, aluminum, scandium, heat treatment, an-
nealing, mechanical properties, tensile properties, microstructure, wire arc additive manufacturing, arc welding.
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Breenue KaK BO3IyXOBOJbI, CHJIOBBIE YCTAHOBKH, KOpIIyca
TypOWH, KpPOHINTEWHBI, KPHUOTEHHBIC IHUCTEPHEI,
(hro3ersnKy Wi 000JI0OYKH TSI KOCMUYECKUX arlma-
patoB u T.1. [4,5]. B aToM HampaBieHHH PyKOBOJI-
CTBO  POCCHUHCKOM  OOBEAMHEHHOW  KOMIIAHUU
«PYCAIJI», onHOro M3 KpynmHEHINX B MUPE TPOU3-
BOJWUTEIEH ATIOMHUHMS, TaKXKe 3aMHTEPECOBAHO B
MPOM3BOACTBE HWHHOBAIIMOHHBIX BBICOKOTIPOYHBIX
ATIOMUHMEBBIX CIUIABOB ISl a9POKOCMHYECKOM
MpoMBIIUIEHHOCTH. OJUH U3 TakuX CIUIaBOB, ajto-
MUHHEBBIH cruiaB 1580, skcriepuMeHTa bHBIN Mar-
Huli-copepkammii cruiaB ¢ BBeaeHuem 0,1% ckan-
mua u 0,15% UMpKOHUS B KAauyecTBE JIETHUPYIOLIUX
3JIEMEHTOB JIJISl TTOBBIIIICHHS IPOYHOCTH, UMEET IIH-
POKHE TEPCIEeKTHBH MPUMEHEHHUSI B a3POKOCMHUYE-
CKOM TNPOMBIIIIEHHOCTH OJarogapsi BEICOKOMY CO-
OTHOIIIEHUIO TIPOYHOCTH M Beca M XOPOIINM MeXa-
HAYECKUM cBoiicTBaM [6—9]. OmHako, ms cpaBHe-
HUS, aIJTUTUBHO M3TOTOBJIEHHBIE CIUIABBI 00JIaAaoT
ropazzno Oosiee HU3KMMU HMPOYHOCTHBIMH XapakTe-

HannaBka ra0apuTHBIX H3lenuil Becom Oolee
10 xr u3 TUTaHa, ATIOMUHUS, CTAId U JIPYTUX Me-
TaJJIOB BO3MOXKHA C UCIIOJIb30BAHUEM MTPOBOJIOYHO-
JOYTOBBIX aJAMTUBHBIX TE€XHOJOTMH. DTH TEXHOJIO-
THH HCIIONB3YIOT CBAapOYHYIO AYTY W MeTajuihde-
CKYIO NPOBOJIOKY B KauyecTBE NMPHUCATOYHOTO MaTe-
puana [uis ajiJUTUBHOTO NPOM3BOJCTBA. Bhicokue
CKOPOCTH HAIIaBKH, HU3KHE 3aTpaThl Ha MaTepHua-
JBl ¥ 00OPY/IOBaHUE, & TAKXKE XOPOIIas CTPYKTYp-
Has IEJIOCTHOCTH JENAl0T 3TH TEXHOJIOTUU MOJXO-
JIAIMIAM KaHAWIATOM IS 3aMEHBI CYIIECTBYIOIINX
METOJIOB M3TOTOBJICHHS W3 LIEIHHON 3aTOTOBKH WU
KpPYITHOH TOKOBKH, OCOOCHHO B OTHOLICHUH J€Ta-
Jned HuzkoM u cpeaneit cmoxknoctu [1-3]. B mo-
CJIeTHNE HECKOJIBKO JIET TPEACTaBUTEIH a’3pPOKOC-
MUYECKOW MPOMBIIIJIEHHOCTH MPOSBUIM MHTEPEC K
texnonorun WAAM 1151 mpon3BOACTBa JieTajleld U3
BBICOKOIIPOYHBIX aJIFOMUHHMEBBIX CIUIABOB, TaKUX
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PUCTHKAMH B COCTOSIHUM HETOCPEJCTBEHHO IOCIIE
HaIIaBKH T10 CPaBHEHHIO C MaTepHAIAMH TTOKOBKH
wiu (ppe3epoBaHUs, MPUINHON YETO SBISIOTCS BHI-
COKHE OCTAaTOYHbBIC HANPSHKEHUS, HeOIaronpusTHas
MUKpPOCTPYKTypa. s OONBIIMHCTBAa TTPOMBIIILICH-
HBIX TIPUMEHEHUH MPOYHOCTH HATUIABIIEHHBIX aIO-
MHHHEBBIX CIUIABOB HEOOXOJUMO IIOBBICUTH [0
YPOBHS, aHAJIOTMYHOTO Je(hOPMUPYEMBIM CILIABaM.
M3BecTHA BO3MOKHOCTH ITOBBINICHHUS MEXaHHUe-
ckux cBoicTB amoMuHueBelx WAAM wusnenuii ¢
noMonisro orxura [10,11].

IIpousBoauTeeM 3asiBIEHO, YTO AJIFOMUHUEBBIN
crutaB 1580 Taxke MOXKHO YHPOYHHTH IyTEM Tep-
Moo6pabotku (TO), u ero cBoHCTBa BapbUPYIOTCS B
3aBHCHMOCTH OT TEMIIEpaTypbl U BpeMEHH 00paboT-
ku. B 3TOM HccnenoBanuu ObLIa MOCTABICHA 3a/1a4a
¢ noMmoibi0 WAAM WH3roToBUTH TOHKOCTEHHEBIE
00pasIpl U3 amoMUHUEBOTO criaBa 1580, mpoBecTr
WX OT)KHT, HCCIENOBaTh MUKPOCTPYKTYPY M MeXa-
HUYECKHE CBOICTBa 00pa3IoB, OTOXOKEHHBIX B pas-
JIMYHBIX YCJOBHSX, onpenaenuth BiusHue TO Ha
MHUKPOCTPYKTYPY U MEXaHHUYECKUE CBOHCTBa 00pas-
1oB u3 ciiasa 1580.

MaTepna.m)l M METOJbI HCCJICAOBAHUSA

B kagectBe mcciemyeMoro marepuana BBIOpaH
cruiaB 1580. Xumuueckuil cocTaB cIiaBa NpUBEIEH
B Ta0J. 1.

Tabmuna 1. XuMudeckuii CoCTaB UCCIEAYEMOTO CIIIaBa
Table 1. Chemical composition of the alloy under study

Tabmmma. 2. PexXUMBI 110 ci10IM
Table 2. Schedules by layers

CkopocTb
Toxk
I0JIa4H Mpo- Hanpsbxkenune | MoHocTh
Cron JIyTH,
BOJIOKH, A nyru, B nyru, JIx
M/MUH
1 6,0 97,0 12,0 1164,0
2,3 3,5 72,0 10,0 720,0
4-8 3,0 59,0 9,5 560,5

CopepxaHue 2JIeMEeHTOB, Macc.%

Al |Mg|Mn|Zn| Fe |Cr| Zr [Cu| S | Si | Sc

OcnoBa|5,78|0,5(0,2|0,19(0,2{0,13|0,03|0,14/0,03|0,06

MHorocnoiiHass HalUlaBKa MPOBOIWIACH C TIO-
MOIIIBI0 TEXHOJIOTHH XOJIOJHOTO MEPEHOCca MeTalia,
B MEXIYHapOJHOM COOOIIECTBE M3BECTHOTO Kak
CMT (Cold Metal Transfer). IIportiecc CMT mo3Bo-
JISIeT TIPOU3BOJNUTH HAIIABKY C BBICOKOW MPOM3BO-
JTUTEJILHOCTHIO IPU MUHMMAJIbHOM TEILIOBJIOKEHUH
B ocHOBHOW Metamn [12]. Mcrounuk nuranus Fro-
nius Trans Puls Synergic 5000 CMT. PoGot mis
nartaBku Fanuc Arc Mate 100iC.

PexxuMbl HamIaBKY IS Pa3HBIX CIIOEB HAILIAB-
JICHHOTO 00pasia yka3aHbl B TadJ. 2. OcTalibHbIe,
HEU3MEHSEMbIC PEXKUMBI HAIUIABKH: CKOPOCTb
HarutaBku 50 ¢M/MUH, 3alIUTHEIN T'a3 aproH razoo0-
pasHblif, Beiciiero copra mo I'OCT 10157-79
(99,993%), pacxon 3ammTHOro rasa 10 ja/MuH, Bpe-
Ms HaIUIaBKH OJHOTO cliost 17 ¢, BpeMs HaIuUIaBKH
onmHOTO 0Opasma 135 c.

Crparerust 3amoJIHEHUS, HCIHOJb3yeMas sl
HaIUTaBKM 0Opa3loB, MpeAcTaBieHa Ha puc. 1.
00pasupl HalJIaBjlIeHbl B 1 BalIMK B ciioe, 8 CJIOEB,
HA4Yajo IMOCIEAYIOMIETO CIOSI HAaXOAUTCS B MecTe
OKOHYaHHMS MpEeIbIAyIIero ciosi. Takas cTpaTerns
3aloJIHCHHMsI  pa3paboTaHa i TOJyYCHHUS
HaIUTaBICHHOTO oOpa3ua TpeOyeMbIX TeOMETpH-
YECKUX CBOWCTB, yKa3aHHbIX Ha puc. 2, 0. U3
HaIJIaBIIEHHOT'O o0pasma C 3aJaHHbIMH Tabapura-
MU BO3MOKHO HM3TOTOBJICHHE, MOCPEACTBOM (pe-
3epoBaHUs, OOpa3lOB MOJ MEXaHWYECKHUE HCITbI-
TaHUS Ha PACTSHKCHHE.

NIy s Minpadwwe st

sraxs p I

foay) -

MR WV Y

Puc.1. CtpaTerus 3amoiHeHus MIPpH HaIIaBKE 00pasIoB,
TJIaBHBIA BU

Fig. 1. Strategy of filling, when surfacing the samples,
main view

Buemnuit Buj ¥ rabapuThl HaIIaBIseMOro 00-
pasiia mpeCTaBICHBI Ha PUC. 2.

Tax kak mis crmaBa 1580, sBisironerocst 3KcIre-
PUMEHTANIBHBIM, a TaKXke Ul U3ACHiH, Moyydae-
MBIX METOJIOM IIPOBOJIOYHO-IYIOBOM MHOI'OCJION-
HOW HAIUIaBKH, OTCYTCTBYIOT PEKOMEHIyeMble pe-
s)kumbl TO, OblIa MOCTaBIeHA 33jja4a HAWTH ONTH-
ManbHBIN peskuM TO ¢ TOUKM 3pEeHHs TOCTHKEHMS
ONTUMATBHON MUKPOCTPYKTYpPHI H HAWBBICIINX Me-
XaHUYECKHUX CBOMCTB.

C sToii nenbto OblM Tog00pansl pexkxumsl TO B
JMana3oHe PEeXHUMOB, HCIOJIB3YEMBIX Ul KJIACCH-
YECKUX MarHUKCOJIEPKAIINX ATIOMUHHUEBBIX CIUIA-
BOB. BapbupoBanucek BpeMs 1 TemIepaTypa OTXKHra.
Tepmuueckast 006paboTka mpoBoAuiack B Jabopa-
TOPHOHM TEYH C OKHCIUTENBHOH atMochepoil Tuma
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«Hakam» npu Temneparypax 300, 330, 360 u 390°C c
BBIIEpKKamH 1, 3 11 6 4 rpu KaxI0i TeMIiepaType.

0

Puc 2. Buemnunii Bunx (a), rabaputs (0) HaluIaBIsIEeMBIX
00pasmos

Fig. 2. External view (a), dimensions (0) of the samples
to be surfaced

IMocne mposenenus TO Oblia uccleIOBaHA
MUKPOCTPYKTYypa HAIUIaBJICHHBIX 00pa3loB, s
vero 3ammwm B Citopress-10 mo 3—4 obpasma. Msro-
TOBJICHUE HUTH(OB MPOBEAECHO HA NUIM(OBATHLHOM
obopynoBanuu Struers Tegramin-30. IIpurorosie-
HUE MUKPONUIN(OB TPOBOIWIM IO CTaHAAPTHOM
METOJIMKE Ha 00pa3liaxX, M3rOTOBJICHHBIX U3 HAIlIaB-
JICHHBIX 3aroTOBOK. B KauecTBe TpaBUTEJS MCIIOJIb-
sosanu peaktus Keller (1 i HF +1,6 max HCI + 2,5
mia HNO3 + 95 mn aucTHIUTMPOBaHHOW BOJIBI).
MuKpoCTpyKTypy 0OpasloB H3ydasid 10 W TOCHEe
TpaBJICHUS Ha CBETOBOM HMHBEPTHPOBAHHOM MHUKPO-
ckorie Olympus GX 51, ocHallieHHOM IpOrpamMM-
HBbIM KomIuiekcom Olympus Stream Motion 1.8, mpu
yBenmuueHusx ot 50 no 1000 kpart.

Jns npoBeieHUs] MEXaHUYECKUX UCTIBITAaHUN U3
HaIUIaBJIEHHBIX U mporieaiumx TO 3aroToBOK BhIpe-
3aHBI IJIOCKHE 00pa3Ibl MO MEXaHUYECKHE HUCTIBI-

www.vestnik.magtu.ru

TaHUE Ha MPOYHOCThH MPH PACTSHKEHUH, YAOBICTBO-
pstorue yenoBusim ['OCT 1497-84 (mpuin. 3), mmoc-
Kue o0pasIel ¢ TojoBkamu, Tun |. Ha puc. 3 npen-
CTaBJICH 3CKU3 o0pasla MmoJ MeXaHWYeCKHE HCIIbI-
TaHusl.

X0
pr—y W
A)25i 0 e e
g5

Puc. 3. Dcku3 obpa3ma mox MeXaHHIeCKIe NCITBITAaHHS
Ha pacTsHKCHHE
Fig. 3. Sketch of the sample for tensile tests

st ucnbITaHui Ha pacTsyKEHUE HCIIONb30Ba-
Jmace JabopaTopHast paspeiBHas wamuHa P-0,5,
oGecneqHBanmaﬂ HUCIIBITAHUC IINIOCKUX METaJIJIN4YC-
ckux obpasuos o 'OCT 1497, ¢ nanbonbieit npe-
JenpHOU Harpyskoi 5 kH.

PeSyJ’[LTaTbI HCCJICA0BAHUSA U UX OGCY)K}ICHHG

Ha pwme. 5 mpencraBnena crpykrypa obpasia
criaBa 1580 B ucxomHoMm cocrosinuu. Ha moepx-
HOCTH 00pa3IoB KaK B UCXOJHOM, TaK H B TEPMUIE-
CKH 00pabOTaHHOM COCTOSIHMH TMPUCYTCTBYIOT MHK-
ponopsl. Ha pue. 6 1 npumepa npuBeieHa CTpyK-
Typa o0Opa3ma Iocje OTKUra IpH TeMIepaType
390°C B Teuenwe 3 4. B ueHTpanbHON HacTH
(puc. 6, B-1) HamiaBKK, B OTJIMYHE OT BEpXHEil
(puc. 6, e) u HIKHEH (pUc. 6, 6) yacTeli, HaOIO1A-
€TCsl TIOBBIIIEHHAS! TPABUMOCTb, KOTOpasi CBSI3aHA C
MHOTOKPAaTHBIM HAarpeBoM MeTaijia MpeablIyIux
cioeB [7], 9To Takke 3aMe4eHO Ha BCEX OCTabHBIX
oOpasmax.

Kpowme Toro, B pabote [11] ormeqaercs apdext
YCHUJICHUSI HAIIPaBJICHHOTO POCTa JCHAPHUTOB B TEX
obnacTsix, TJie TPAaBUMOCTD BBIIIIE, YTO MOITBEPIKIa-
€TCsl HACTOSIIUMH HCCIIEJIOBAHUSIMU. TepMUYecKoe
IUKJIMPOBAHKE B IICHTPAJIbHON YaCTH TAKKe NPUBO-
IUT K YyCWJICHHOMY oOpa3oBaHuio (a3 Tuma
Al;(Scyy,Zry). TloBbIlIEHHE TeMIEpaTyphl OT)KUTa
ot 300 mo 390°C mnm BpeMeHH BBIACPKKH OT 1 10
6 4 conpoBOXIaeTCsA yBENMUCHUEM J0JH (a3 THIla
Alz(Scy.4,2Zr,) 1 ux Koaryssmuei.

Ha cThike cJ0€B TPOHMCXOMUT aKTUBHOE BhIJIe-
nenue nepsudHoi P-aser (AlsMQ,), koTopas pac-
nojiaraeTcsl 1o rpaHuiaM 3eped. Kpome Toro, Bo3-
MOXHO oOpasoBanue uHTepMmeraumaoB Als(Sc,Zr)
niu AlsSc.
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i s Bl

6
Puc. 5. Ctpykrypa crunaBa 1580: a — ucxonuslit ob6paser; 6 — 300°C, 6 4
Fig. 5. Structure of alloy 1580: a is an original sample; 6 is 300°C, 6 hours

[*]

Puc. 6. Ctpykrypa amromunueBoro cmiasa 1580 nocne omkura npu tremneparype 390°C B Teuenue 3 u:
a — MaKpOCTPYKTypa; 0—I — MHKPOCTPYKTYpa B COOTBETCTBYIOLIUX MECTaxX

Fig. 6. Structure of aluminum alloy 1580 after annealing at 390°C for 3 hours: a is a macrostructure;
-1 is a microstructure in relevant areas
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3aBUCHMOCTH MEXaHMYECKHUX CBOWCTB HarlIaB-
JIEHHBIX 00pa3IroB oT pekuMoB TO mpencTaBicHB! B
BHze rpadukoB Ha puc. 7 u 8. OnpenencHpl Takue
MEXaHMYECKUE CBOMCTBA, KaK OTHOCHUTEIIBHOC
YIJIMHEHUE W mpeaen NpodHocTH. OTHOCUTENBHOES

S

300 360 390
TemmepaTtypa, °C

_.:IU'
290,00
285,00

H]l 3 55 WO
Bpemsa,

a

yanuHeHune kojebnercs B mpenenax ot 10 go 20%.
[Ipenen MpoYHOCTH HWCHBITAHHBIX O0pa3lOB — OT
290 o 330 Mlla. HauBriciiee 3HaueHHE Mpeieiia
MPOYHOCTH HAOIOMAETCS TOCIEe OTXKHMra HpPU TEM-
neparype 330°C B Teuenue 6 u.

335,00
330,00
325,00
320,00
315,00

"m 310,00

305,00
300,00
295,00
290,00 L
5,00

Bpeam q
H 300 m330 m360 m3590 Wm0
Temnepatypa, °C

d , Mlla

0

Puc. 7. 'paduxu 3aBHCUMOCTH Tpeena IPOYHOCTH OT pexkuMoB TO: a — 3aBUCUMOCTB O OT TEMIICPATyPhl OTXKUTA
[pH Pa3HBIX 3HAYCHUSIX BDEMEHHU OT/KHTa; O — 3aBUCUMOCTB Gg OT BPEMEHH OTXKHTA PH Pa3HBIX 3HAYCHUSIX
TeMreparypsl orxura; 0 — ucxoanoe cocrostuue 307 MIla

Fig. 7. Ultimate tensile strength — heat treatment schedule dependence diagrams: a is relation between og and annealing
temperature at various annealing time; 6 iS relation between o and annealing time at various annelating

tmperatures; 0 is an original state, 307 MPa

25,00
20,00
£ 1500
<
10,00
5,00 |
0,00
00 3_]_‘0 35';(: 390
EMIEpaTyYPa,
ml m3 6 0 panp
Bpemsa, g

a

d, %o

15,00

10,00

5,00

0,00
1 3 6

Bpevmsa,q
W 300 m330 m360 M350 Wm0
Temmeparypa, *C

0

Puc. 8. Fpa(bmcn 3aBUCUMOCTHU OTHOCUTECIBHOI'O YAJIMHCHUS OT PEKUMOB TO: a — 3aBUCUMOCTSE O OT TEMIICPpAaTyPhbL
OT’KUTa IPU PA3HBIX 3HAUCHHUAX BPEMCHU OTKUT'A; 0 — 3aBHCHUMOCTbH O OT BPEMCHH OTKUT'a TPU PA3HBIX 3HAYCHUAX

TemnepaTypsl oTkura; 0 — ucxomHoe cocrostaue 17%

Fig. 8. Relative elongation — heat treatment schedule dependence diagrams: a is relation between 6 and annealing
temperature at various annealing time; 6 is relation between 6 and annealing time at various annelating

tmperatures; 0 is an original state, 17%
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U3 rpadukoB crnemyer, 4TO TeMIeparypa OTKu-
ra 300°C siBisieTcss HeJOCTATOYHOM IS TIOBBIIIIEHUS
MIPOYHOCTH, HO TIO3BOJISIET MOBBICUTH IIACTUIHOCTH
HarulaBjleHHoro marepuaia ¢ 17% wucxomgHoro co-
crostHus 10 20%.

[Ipu oTxure HAIUTaBIEHHBIX 3arOTOBOK TEMIIE-
patypa 330°C mo3BomsieT MOOUTHCS MAaKCHMAaIbHOU
npounoctd B 330 MIla, ogHako TOJIBKO IpH TMPO-
JOJDKUTEIBbHOM BpeMeHH oTkura B 6 4. Torma co-
XpaHAIOTCA IDIACTUYECKHE CBOWCTBA MaTepHala.
[Ipoomuts oTxur 330°C pH MEHBIINX 3HAYCHUIX
BpEMEHHU HE MMEET CMBbICTA, TaK KaK MPOYHOCTHBIC
CBOMCTBA MO0 MAmaroT, KOO OCTAIOTCS TEMH K€,
YTO U B UCXOJAHOM COCTOSIHUH, HO TIPH 3TOM ITaJaf0T
IUTacTHYECKHe CBOHCTBa Marepuana 1o 10%.

[Ipu Temmeparype omxura 360°C MOXHO
HabmronaTh NoNoXKUTeNbHBIN 3¢ dekt o TO TonbKO
mpu BpeMeHu | 4, 1n0o B MHTEpBalie BpeMEHH OT 3
10 6 4. IIpu TO B Teuenue | 4 3HAUUTENTBHO MOBBI-
maercd IUIAaCTUYHOCTh Marepuaia 1o 20%. Ilpu
00JIbIIIEM BPEMEHU OTKHra OT 3 JI0 6 4 MOXKHO J10-

OUTBhCSI KOMIUICKCHOTO YIYYIICHUS CBOWCTB IIO
MPOYHOCTH U TIO IIACTUYHOCTH.

[Ipu Temmepatype orxura 390°C He Habmoma-
eTcs MoNoXHUTeabHOrO 3 dekta or TO HariapieH-
HBIX CJIOCB HU TIPU Kakou npopoinkutensHoctu TO.

3akiaouyenue

Brissaeno, uto CMT-TexHonorus HaIuIaBKu
NPUBOIUT K IOIYYEHHIO ICHIPUTHON CTPYKTYPHI,
KOTOpasi COXpaHsAETCA U IOCIE OTXKHUra IPpU pa3iny-
HBIX TemriepaTypax. CTpyKTypa cocTouT u3 ¢a3 TH-
ma Alz(Scy1,2Zry), AlzMg,, Als(Sc,Zr) i AlsSc.

151 noBBIIIEHUST TPOYHOCTH U3/CIIUI U3 CILIaBa
1580, momydaeMBIX METOAOM  MHOTOCIIOWHOM
HaIJIaBKH, eJecoo0pa3HO MPUMEHSATh OTKHT IPH
temneparype 330°C B teuenue 6 4. Ecnmu Oonee
npuoputeTHOM 1enpr0 TO sBIsSETCS MOBBILICHUE
IUTACTUYHOCTH HAIUIABJICHHBIX W3CIHUM, TO HUMEET
MeCTO OTXUT Ipu Temrneparype 360°C B auamnazoHe
BpeMeHH oT 3 710 6 4.

oo

10.

11.

12.
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TEOPUA U IIPAKTHUKA ITOJTYUYEHUSA
N IIPUMEHEHUA MATHUTHOMU KUJIKOCTHU

EBnoxumon C.U., I'epacumenko T.E.

Cesepo-KaBka3ckuit TOpHO-METAJUTypIHIECKUH HHCTUTYT (FOCYJapCTBEHHBIM TEXHOJIOTMYECKHH YHUBEPCUTET),
BrnanukaBkas, Poccus

Annomauus. IocTaHoBKA 3a1a4M: IPUMEHEHHE MATHUTHOM JKUAKOCTH JJIs TIOJyIEHHS TIPOLYKTOB, IPUTOAHBIX IS
IIJIABKU HA CJIIMTOK CILIaBa Jlope, penaeT akTyalbHY0 3a4a4dy Ul MaJbIX TOPHBIX IPEAIPUITHNA - IPOU3BOJACTBO JIMK-
BU/IHOW TOBapHOM MPOIYKIMHU, TaK Kak 00ecreunBaeT MOBbILIEHUE YKOHOMUYECKOH 3(dekTHBHOCTH paboThl peAaIpu-
arus. Leqb paGoTsl: pa3padoTka TEXHOJIOTHH MAacCOBOTO CHHTE3a MarHUTHOM JKHIIKOCTH, YCTOHYMBOH B CHIIBHBIX He-
OJHOPOAHBIX MArHUTHBIX IIOJISIX HAa OCHOBE HOBBIX TEXHOJOTHYECKHX IOJXOIOB K IBYM NpoOyieMaM - IMOTy4YCHUS
HaHOPAa3sMCPHBIX YaCTHUIl MarHeTuTa u O6eCHe‘-IeHI/IH aneFaTHBHOi/II yCTOﬁHHBOCTH HCBOAHBIX KOJUIOMJHBIX PacTBOPOB,
TOJIYYCHHBIX Ha UX OCHOBEC, B MPONCCCAX MU3BJICYCHUA 30JI0Ta METOIO0M MaFHHTOI’paBHMeTpH‘IeCKOﬁ cenapanuu. Ho-
BHM3HA: 000CHOBaHA U BbIsIBICHA 3(()EKTHBHOCT MACCOBOTO ITOJYYCHHUS] HAHOYACTHUIl MAarHETHTa METOJIOM TeTepOreH-
HOM XMMHYECKOW KOHJCHCAI[MW, OTIMYAIOIIAsCS TeM, YTO CHayaja MOJIy4aloT YCTOWYMBBIC LEHTPBI KOHICHCALIMU
HaJMOJIEKYJIIPHOTO pa3Mepa (3aTpaBKH), a 3aTeM 00eCHeyMBaIOT UX POCT A0 Tpedyemoro HaHopa3dMmepa. Ha ocHoBe
MOJIO)KEHUH TEOPUH MOJIMMOJIEKYJSIPHON ajcopOuun nokazaHa 3((eKTHBHOCTh CTaOWIM3alMK, IPU KOTOPOH Ha IO-
BEPXHOCTH HAHOYACTHUI[ MArHETUTA CO3MAI0T XUMUYECKH U (U3UUECKU COPOMPOBAaHHBIC CJIOM CTaOMIM3aTOpa, a 3aTeM
BTOPOH CJIOH MEPEHOCAT Ha He3allMIICHHYI OBEPXHOCTh HAHOYACTHI] MarHeTuTa. Pe3yabTar: pazpaboTaHa TEXHOJO-
T'HSl MACCOBOTO CHHTE3a MarHUTHOM KHUAKOCTH, KOTOPasi COCTOUT B TOM, YTO HAHOYACTHI[BI MATHETHTA MOJIYyYalOT METO-
JA0M reTeporeHHoﬁ XHUMHUYECKOM KOHJACHCAIH, a CTa6I/IHI/ISaHI/IIO CUCTEMBI OCYIICCTBJIAIOT CMCIICHUEM 3alllUIICHHBIX U
HC3alIUIICHHBIX CTa6I/IHI/I3aTOpOM HaHOYaCTHUIl MarHeTura. KauecTBo MarauTHOM KHUIKOCTH, HOHy‘IeHHOﬁ C UCIIOJIB30-
BaHHEM JJAHHOW TEXHOJIOTMH, OTBEYAeT TPeOOBaHHAM MarHHUTOIPAaBUMETPHUECKON cerapaniy MaTepHaioB 1o IIOTHO-
ctu. IlpakTHYecKkasi 3HAYMMOCTB: Pa3pabOTaHHAas TEXHOJOTHS 00SCIICYHBACT CHIDKCHHUE KalMTAIBHBIX 3aTpaT U 9KC-
TTyaTalMOHHBIX pacxXoa0B IMMPU CUHTE3C MarHUTHOM KHUOKOCTH.
Knrouesvie cnosa: HAHOMarHeTUT, CHHTE3, CTA0MIIM3alIMsl, MATHUTHAS JKHJIKOCTb, Cerapamus, 30J10TO.
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THEORY AND PRACTICE OF PREPARING AND APPLYING FERROFLUID

Sergey |. Evdokimov, Tatiana E. Gerasimenko
North Caucasian Institute of Mining and Metallurgy (State Technological University), Vladikavkaz, Russia

Abstract. Problem Statement: Ferrofluid used to obtain products suitable for ingot melting of doré bars addresses a
currently important task for small mining enterprises - the production of marketable commercial products, as this pro-
vides increased economic efficiency of the enterprise. Objectives: Development of a technology for mass synthesis of
ferrofluid that is stable in strong inhomogeneous magnetic fields by applying new technological approaches to two
problems - obtaining nanosized particles of magnetite and ensuring aggregative stability of non-aqueous colloidal solu-
tions prepared on their basis in gold extraction by magnetogravimetric separation. Originality: The authors substantiat-
ed and identified efficiency of mass production of magnetite nanoparticles by a heterogeneous chemical condensation
method characterized in that they first obtain stable condensation centers of a supramolecular size (seeds), and then en-
sure their growth up to the required nanoscale. Applying the principles of the theory of polymolecular adsorption, the
authors proved stabilization efficiency, when chemically and physically sorbed stabilizer layers are created on the sur-
face of magnetite nanoparticles, and then the second layer is transferred to the unprotected surface of magnetite nano-
particles. Findings: The authors developed a magnetic fluid mass synthesis process: magnetite nanoparticles were pro-
duced by a heterogeneous chemical condensation, and the system was stabilized by mixing magnetite nanoparticles
protected and unprotected by the stabilizer. The quality of ferrofluid produced by this technology meets the require-
ments of magnetogravimetric separation of materials by density. Practical Relevance: The developed technology pro-
vides a reduction in capital costs and operating costs for the synthesis of ferrofluid.

Keywords: nanomagnetite, synthesis, stabilization, ferrofluid, separation, gold.
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THTA TI0 pa3MepaM METOJIOM T'eTepPOTeHHON KOHJ/ICH-
calMy 1Mo 3UTMOH/IY, MPEJIOKUBIIETO OCYIIECTB-
JSATh KOHJCHCAIMIO HA 3aTpaBKax — BHECEHHBIX B
pacTBOp 3apaHee IMONYYeHHBIX HAHOYACTHUIAX Mar-
Hetuta. llodydeHne MOHOIWCIIEPCHOTO 301 IpaK-
TUYECKHU JIOCTUTAETCS IyTeM BJIMBAHHS KOHIIEHTPH-
POBaHHOTO pacTBOpa OJHOTO KOMIIOHEHTa B OYEHb
pa30aBIIEHHBIH PACTBOP NIPYTOTrO MPH CHIIBHOM IIe-
pememmBanuu (mpaBuiio BeiimapHa).

Juis ctabunuzanyu 3015 IPUMEHEH TaK Ha3bIBa-
MBIl METOJ] «JIBOWHON JTOOABKMY», MPETOKEHHBIHA
G.J. Fleer u J. Lyklema [10-12]. CyTh MeTOZ@ CBO-
JIUTCSL K TOMY, 9TO K ONpEeAENIEHHOMY YHCITy HaHO-

Beenenue

Jns MHOTMX TEXHOJIOTMUECKHX MPOIECCOB U
o0jacTell HayKHM aKkTyaJlbHOW SIBJISICTCS 3ajada Io-
mydenus HaHowacTull [1-3]. Mexanuueckue, ONTH-
YeCKHe, KaTaTUTHUYEeCKUE U JPYTHe CBOWCTBA, KOTO-
PBIMH O0JIAJIAIOT CO3JaHHBIE HA OCHOBE HAaHOTEXHO-
JIOTUIA MaTepHallbl, SBISIOTCS YHUKAIbHBIMH. Y HU-
KaJIBHOCTh WX CBOMCTBaM MPUAAIOT MIOBEPXHOCTHHIC
SIBJICHHSI, BKJIAJ KOTOPBIX CTAHOBHUTCS OIPEIEIISIO-
LIUM, KOTJa YacTULI JTOCTUTal0T HAHOPA3MEPOB U
BEJIMYMHA OTHOILIEHUS pa3Mepa MOBEPXHOCTH Ya-
CTHUI] K 00beMy OKa3bIBaeTCsi OrPOMHO# [4—7].

MeTon XHUMHYECKOW KOHIACHCAIIUK SBJISETCS

OJHHUM U3 HauboJsiee MepCrIeKTUBHBIX IPU MAaCCOBOM
MTOJIyY€HUH MaTEpPHaJIOB Ha OCHOBE MAarHUTHBIX Ha-
HOovactwil 8, 9].

TpeOGoBanus K KadecTBY MPOU3ZBOAMMBIX KOM-
MEpUECKHX MAarHUTHBIX HAaHOMATE€pPHAJIOB BKIIIOYa-
0T OIPaHUYEHUE Ha arperaTUBHY YCTOWYMBOCTD B
CWJIBHBIX TPaJMEHTHBIX IOJIIX, HAMarHWYEHHOCTb
HACBIIIEHHS, TONUIUCIIEPCHOCT W  IPeNeTbHBIN
pasMmep yacTul. DTH OrpaHUYEHHUS MOTYT OBITH BBI-
MOJIHEHBI MPH TLIATEIBHOM ITO00pEe YCIOBUH OCY-
IIECTBIICHUS CUHTE3A.

Pa3paboran cnoco® NONy4YeHUs KOJUIOMJHOTO
pacTBopa ¢ y3KMM paclpeAesieHUEM YacTHIl MarHe-

YacTHL[ MAarHeTUTa, 3alUIIEHHBIX OT arperanuu
COpOMpPOBaHHBIM HA TIOBEPXHOCTH CTaOMIM3aTOpPOM,
TIPUYEM B3SITOMY C TBOWHBIM (IIPOTHB ONTUMAJIBHOTO)
HM30BITKOM, J0OABIITIOT TAKOE YK€ YMCIIO HE3allUIICH-
HBIX CTaOMIIN3aTOPOM HAaHOYACTHUI] MarHeTHTA.

Takum oOpa3oM, pazpaOoTaHHBIM crocod Mac-
COBOI'O CHHTE3a MAarHMTHOW HJIKOCTH COCTOUT B
TOM, YTO HAHOYACTHUIIBl MarHETHUTA MOJYyYaIOT METO-
JIOM TETepOTeHHOM XMMHUYECKOW KOHIEHCAllUH, a
CTaOMUITM3AIMIO CUCTEMBI OCYIIECTBIISIIOT CMEIICHH-
€M 3allUINEeHHBIX ¥ HE3allWIICHHBIX CTaOWIM3aTo-
POM HAHOYACTHIl MAarHETHUTA.
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Teopun U npaKkmuka nony4eHusi U npuMeHeHus MazHUmHol xudkocmu

Eedokumoe C.U., lepacumeHko T.E.

MeToasnl UccJIeI0BaAHNA

OCHOBHBIM (paKTOPOM, BIHAIOIINM Ha (PYHKIIHIO
pacnpenenenus f gactui mo pasmepam, sBiISETCS
HW3MEHEHHUE BO BPEMEHH t IMHENHON CKOPOCTH pocTa
yactull V. IIpencrtaBuM ee B BHUJE NPOU3BEICHUS

dyskunn @(S) (rae S — nepechilieHHe HeCyIeH
dasbl (¢(0) = 0) ¥ CTeneHHol Qyukuu r* (rmer —

pasmep kpuctamia). [lokazaTens creneHu o U3Me-
HSETCA B Ipenesiax oT — 1 10 HEeKOTOpOro 3HaYCHUS
n~1[13].

[IpumeM, 4TO CKOPOCTH pOCTa KPUCTAIIIIOB L SB-
JIieTCs CTEeNeHHON (DyHKITHEH I

(s
L= —(a ) , (1)
r

a kodpuuueHt nuddysun B mpocTpaHCTBE pazme-
poB Dr (S, I’) XapaKTepU3yeT CKOPOCTh pocTa KpH-
CTaJUIOB U OmpezaemsieTcss GopMynon

D, =ru(s,r). )

CoctaBuM ypaBHeHHe OamaHca misi (yHKIHH
pacnpeneneuus f:

& llore)-Loend] o

B ypaBaenuu (3) BTOpOii WieH B JIEBOH YacTH
OIMCBIBAET U3MEHEHUE (PYHKIMH PACIPEAEICHUS 10
pa3MepaMm 3a cueT POcTa KPUCTAJLIOB, a WICH B IIpa-
BOW YacTH ypaBHEHHS — 3a CUeT (QIIYKTyallud CKO-
POCTH pOCTa KPUCTAILIIOB L.

[oncrasmnss B ypaBHenue (3) Beipaxkenus (1) u
(2) mst ckOpoCcTH pPOCTa KPUCTAIUIOB V U KO3 du-
nueHTa quddysun D, , momyygaem:

of o| f O| 1.,0f
E+¢(S)E[r—a}=¢(s)§[r 5] @

[IpeoOpasyem ypaBuenue (4) x Buay, Oojee
y1noOHOMY ISl TIOCJIEAYIOIINX BEIYUCICHUN:
o| f ,,0f
—+¢(S)—| —r “—|=0. 5
ot 4 )ar[r“ ar} ©

HaganpHoe n TpaHUYHOC YCJIOBUA K YPAaBHCHUIO
(5) MOXHO 3amucaTh CIEIYIIUM 00pa3oM:

f(rt)=g(r) f=0, (6)
N . N
e ) pr o

rae g(r) — HavyanbHOE pachpeseieHHe KPUCTAILIOB

mo pasmepaMm; |l — WHTEHCHBHOCTH O0pa3OBaHUS
[EHTPOB Kpuctaum3aimu; F(S) — HekoTopas (QyHK-
LU IEPECHILLEHUSI.

Bo mHOrmx ciy4asx MOXHO Iojaratb, 4To Iie-
PECHIILICHHE S 3aBUCUT TOJIBKO OT KOJIMYECTBA BHI-
KPUCTaJUIM30BABLIETOCSl BEIIECTBA, MPUYEM B LIU-
POKOM JHAIa3oHE S 3Ty 3aBUCHMOCTb MOYKHO CYH-
Tarb JUHENHOH. [loaTOMY oOmpenenum mnepecklie-
HUE B BUJIC

S:Q—,BTr3f(r,t)dr. (8)

3neck  — kodddumeHT GOPMBI KPHUCTAIIIOB;
Q — MakcUMaJIbHOE KOJMYECTBO KPUCTAILIOB, KOTO-
PO€ MOXHO BBIJCINTH IIPU JAHHON TEMIIEPATYPE.

HauansHoe KOJIMYECTBO KPHUCTAIJIOB

ﬁj r*f (r,t)dr cunmraeM BEIKPHCTAIUTM30BABIIMMCS.
0

Jnst perienuns mocraBineHHoi 3axa4du (5)-(7) ynobuo
nepeiiTH K HOBBIM NIEPEMEHHbBIM:

f(z,
w(f,ff):%; ret=(1+a)s, (©)
0 2
— =(ra)aiz(0)=0. (10)

Ucnonp3ys (9), (10), u3 (5)-(7) nomydaem ypas-
HEHHUE zumt//(r,ﬁ) :

2
a_l//:a)a_l//+§a_l/g (]_]_)
or 8¢ o

C HAYaJIbHBIMU U T'PaHUYHBIMU YCJIIOBUSAMU:

w(7.£)=G(¢) 7=0; (12)
v(r)= eoo 0

3/1ech BBEJCHBI CIIAYIONIHE 0003HAYCHHMS:

6(&)=o[r(&)io= 221 (e | 0o

B [13] mocTaBnennas 3amgaya (11)-(13) pemrena ¢
LCJIBI0 TIOJIYYCHUA BBIPAXKCHUA JIA OIPEACIICHUA
BPEMEHH 3aBEpPIICHUS KpUcTaumzanuu. s 3Toro
B ypaBHEHHH

a+

® (—1)n "o
n=1 (1+ n+ n")

)

(15)

(tne o=y + 2(1— a)) ) TIepeCHITICHUE CIEyeT MpHU-
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HATH HyNneBbIM (S=0), ompenenuTs 3HAYEHUE T U
MOJICTABUTh €T0 3HaUcHUE B ypaBHeHue (10).

Pe3yabTaThl HCC/IeJ0BAHMS H X 00CY:KIeHUE

HanomarneTur mosy4anu cooCaXIeHUEM COJEH
IBYyX- M TPEXBaJEHTHOTO jKeJie3a BOJHBIM PacTBO-
pPOM aMMHaKa o PeaKIiu

FeSO,x7H,0+2FeCl,x6H,0+8NH,0H®Fe,0 - +

16
+3(NH, ), SO, +6NH,CI+23H,0 =

[NonydenHsrii mo peakuuu (16) HAHOMAarHETHT OT-
MBIBAIOT OT TOOOYHBIX MPOAYKTOB XUMHUYECKOU peak-
IUA ¥ CTaOWIM3UPYIOT (MENTH3UPYIOT) OJEHHOBOM
KHUCIIOTOM C OJTHOBPEMEHHOW IKCTPAKIIUEN B KEPOCHH.

N3 npakTUKM XUMHUYECKOM KOHIEHCALUU H3-
BECTHO, YTO MPH COOCAKACHUN CTEXUOMETPHUICCKUAX
KOJIMYECTB METAJUICOIEPIKAIINX COJNEH TOIy4YaroTCs
rpyboaucnepcHbie ocagkd. OCTaHOBUTH POCT 4Ya-
CTHIl HA HAHOYPOBHE MOYKHO ITyTeM M30BITKA OIHON
13 y4acTBYIOIUX B peakiy (16) comeit.

B mpaxTtuke npu modydeHHM HaHOYACTHI[ Mar-
HeTuTa 1o peaxuu (16) coiab IByXBaJeHTHOTO Ke-
ne3a 0epyT ¢ 10%-HbIM U30BITKOM MPOTHB MOJIBLHO-
T0 CTEXMOMETPUIECKOTO OTHOIIICHHUS COJEH Jkere3a

Fe(III)
Fe(ll)

MoHoaucTIepcHblE HAaHOYACTHI[BI MarHeTHUTa
MOJIYyJaroT MyTeM Iepexoa OT TOMOT€HHOU K TreTe-
pOT€HHON XMMHUYECKOU KOHICHCAIIUH.

[Ipuroroenenne pactBopa Coyeil sl TOy4YeHUS
3aTPaBOYHOrO 30Js1 cocTosuio B ToMm, uto 0,44 xr
cymbara sxenesa (II) — B BHAe KpucTaorumpara
FeSO,x7H,O — pacteopsiiu B 2 1 BOJbL, HOJIyYast

ero 22%-HbII pacTBop. Kpucrannorunpar
2FeCl,x6H,0 xnopuna xenesa (IIl) maccoit 0,8 kr

pactBopsiii B 1,1 11 Boxpl, momydass 50%-HbIN pac-
TBOp. CBEXEMPUTOTOBICHHBIE PACTBOPHI CMEIIIUBAIIH,
nony4ast 3,1 1 pacTBopa coiieii IByX- M TpeXBaJeHT-
HOTO KeJie3a ¢ MaccoBoi KoHueHTparuei 40,0%.
3areM TOTOBHJIM OCHOBHOM 00BEM pacTBOpa Me-
Tamiconepxamux coneil Fe?* u Fe**. Ilms sroro
coms Fe?* B Buze kpucTamiornapara cymsdara ixKe-
ne3a FeSO,x7H,O B kosnnuectse 4,0 Kr 3arpyxaiu

B €MKOCTb U 3aJIMBajIy BOAOH 10 ob01iero oorema 20
1. ComepikUMOe €MKOCTH TEPEeMEeNIHBaId JIO0 T0JI-
HOTO pacTBOpPEHHS Coju. Ty ke caMyro ONepaluo B
JIPYTrofi eMKOCTH MOBTOPSUIM C COJIBIO TPEXBAJICHT-
HOTO JKelie3a, 3arpy3uB B eMKOCTh 8,0 Kr KpucTa-
norunpara xiopuna xenesa 2FeCl,x6H,0 u noba-

BuB 11,4 1 Boabl. CBEKEIIPUTOTOBJICHHBIE PACTBOPHI

cmermuBaiy, moiaydas 31,4 i 38,2%-H0r0 pacTBOpa
9 2+ 3+

coneit Fe”” u Fe™.

Jlyist momy4eHust 3aTpaBOYHOTO 30151 B €MKOCTh C
3,1 1 40,0%-roro pactBopa coreit Fe** u Fe** mpn
MHTEHCHBHOM TIepeMeITMBaHuu (drcio PeliHonbaca
Re = 4356) pnuBanu B TeueHue 1,31 MHUH B3STHIHA C
MOJYTOPHBIM M30bITKOM (55,4 1) Harpersiii (40—
45°C) BommBIii pacTBOp ammmaka (26%-ro). Takum
00pa3oM, 3aTpaBOYHBINA 3011 MOTYYaId MpPU COOCa-
wnenun coneit Fe?" u Fe* ¢ 10%-ubiM u36bITKOM
comu Fe®,

[Tony4yeHHBIH 3aTpaBOYHBI 30Jb MOJABEPTaIU
«ctapeHuto» (co3peanuto OctBanbaa). C 3T0M 11€-
JIBIO 3aTPABOYHBIH 3016 TiepeMernBain (Re = 4356)
B TeueHue 7,3 MuH. 3HaueHHe uyuciia Re u Bpems
MepPeMEIITUBAHMSI ONPEASISUTA METOJIOM MaTeMaTH-
YECKOTO TIAHUPOBAHUS IKCIIEPUMEHTA.

[IpoMBITBI OCaJOK HAHOMAarHeTUTa NEIWIA Ha
JIBE PABHBIC YACTH U CJIMBAIH B PA3HBIC XMMHUYCCKUE
peakTophl (CM. PUCYHOK).

76 5 4

3
r \ 7 7 |
fl

Cxema pcaKkTopa st CTa6I/IJ'II/ISaI_[I/II/I HaHO4YaCTHUIL
MmarsmeTtura: 1 — TCPMOUN3O0JIALUA CUCTEMOH
OXJIaXIEHUS; 2 — CHCTEMa KOHTPOJISI TeMIIepaTyphl;
3 — MexaHu4ecKas MellaiKa ¢ TYpOUHKOM;

4 — pabouast eMKOCTb; 5 — pETUCTPUPYIOIIUHN TPUOOP;
6 — HarpeBaTebHBIN JIEMEHT; 7 — KIIallaH
PEryIMpOBKU pacXxoJa TCIIIOHOCUTECIIA

Fig. The reactor used to stabilize magnetite nanoparticles:
1 is heat insulation with the cooling system;

2 is temperature control system; 3 is mechanical
stirrer with the centrifugal impeller; 4 is operating
tank; 5 is recording device; 6 is heating element;
7 is heat transfer medium flow control valve

B mepBoMm peakTope TONydalld MAarHHTHYIO
KHJIKOCTh C JBOWHBIM (IIPOTHUB ONTHMAIBHOTO KO-
nryecTBa) M30BITKOM cTabminzaTopa, A00aBiIsIs K
HaHOMAarHeTUTY OJICMHOBYIO KUCIOTY (54 M) B Ke-
pocure (6,7 1) npu Harpese (85-90°C) u mepeme-
mmBaann (Re = 2000) B Teuenune 30—40 mun. Ilo-
JYYeHHYI0O MAarHUTHYIO >KUIKOCTh YIEPKUBalU B
peaKkTope CUCTEMOW MOCTOSIHHBIX MarHMTOB Ha OC-
HOBE CIUIaBa HEOJMM-)KEene30-00p ¢ MarHUTHOH
sHepruen 35 MI'cH, a MaTOYHBIN PacTBOP CIIMBAJIH.
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3areM MarHWTHYIO CHUCTEMY YJalsuld M CIWBAIA
MarHUTHYIO KUIKOCTb.

[lonmy4yeHHY!0O MarHUTHYIO >KHIKOCTb BJIMBAJIH
BO BTOpOIi peaktop mpu Harpese (85-90°C) u mepe-
memmBanuu (Re = 2000) B Teuenue 30—40 MuH.
3areM K3 peakTopa CIMBAJIM MAaTOYHBIH PacTBOp U
~6 J1 TOTOBOM MarHUTHOM KHUIKOCTH.

B Ta6.1. 1 mpuBeaeHs! pe3yabTaThl MOP(OIOTHU-
4ecKoro, (ha3oBOro M CTPYKTYPHOTO aHaiu3a MOJy-
YEHHBIX 00pa3110B MArHUTHOM >KUAKOCTH.

@Da30BBIM aHAIN30M YCTaHOBJIEHO MPUCYTCTBHE
MarHeTura. Jluamerp KpHCTAUIMTOB (MO AaHHBIM
MIPOCBEUYMBAIOIIEH  AJIEKTPOHHOW  MHUKPOCKOIUH
(ITOM) u pentrenodazooro (PDA) anammza), pe-
3yNIbTaThl PacyeToB Mo Au(pakrorpamMmaM (KapTH-
Ham audpaknun) napamerpoB pemetku (0,8384—
0,8386 am) meromom Hamncona-Patimu cBumeTennb-
CTBYIOT O TOM, YTO B 0Opaslax MOJyuYeHHOH Mar-
HUTHOW JKHMJIKOCTH IUCIIEPCHON (a30il SBISIOTCS
MarHeTHT U MarreMurT.

B Ta6a. 2 mpuBeneHsl pe3ynbTaThl MarHUTO-
TPaBUMETPHYECKOTO aHajHM3a IOJyYeHHBIX 00pa3-
LI0OB MarHUTHOM HUJIKOCTH.

I[IpoMbiieHHas anpodanusa o0pa3nos
MATrHUTHOMH KUIKOCTH
[Ipu pa3merieHMH MarHUTHOM UIKOCTH B He-
OAHOPOAHOM MArHWTHOM II0JIC B HEU B JOIMOJIHCHHUC
K TpaBHTAIMOHHOH f,, mposBisercs nelictBue 00b-

€MHOI HOHHepOMOTOpHOﬁ CHUJIBI MAariuTHOTI'O ITIOJIA
f,. [14-16]

fep + f,waz :pO g +/'l0 (MV)H:fZI (17)

rae fy — cymma ynenbHbIX CHit (H/M3) B MarHuTHOU
UIKOCTH C IUIOTHOCTBIO Po(KI/M°) M HAMATHHUCH-
HocThI0O M (A/M) Tpu yCKOpeHHH CBOOOJHOTO Ma-
neHmsig(M/c?), MATHUTHON BOCIPHEMYHBOCTH BaKy-
yma Uo(I'H/M) W TpaameHTe HaANpPsHKEHHOCTH Mar-
auTHOTO NomstVH (A/MP).

PocT mMOHIEPOMOTOPHOW CWIJIBI MAarHHTHOTO
npoucxoxaenus f,. 8 MK B HeogHOpOaHOM Mar-
HUTHOM TI0JIC SIBJIACTCS MPUYUHON YBEIIMYCHHUSI Tpa-
nuenTta masieHus B MJK. Dto cBoiictBo MK pas-
HOCWJIBHO M3MEHEHHIO €€ IUIOTHOCTH Po 10 dhdek-
THBHOH IJIOTHOCTH P,y

pwﬁ:fZ/g=p0+g_lluO(M-V)-H, (18)
TakuM 0Opa3oM, MHHEpabI MOXKHO CENapupoBaTh
MO TUIOTHOCTH, U3MEHSS BEJIUYMHY TpaJlMeHTa Mar-
HUTHOTO TIOJISl, HAIIPUMEP, CHJION TOKa B 3JICKTPO-
MarHuTHOM cucteme [ 14-16].

[IpakTHueckoe 3HAYEHHWE WMEIOT PE3YJIbTATHI
MarHATOTPABUMETPUYECKON cemapanud B apTelsax
crapareneil. B c/a «3aps-1» (Amypckas o6m.) MK
WCIOJB30BAIM JJIsi CO3JIaHUSI OMOPHOTO CJIos B V-
00pa3HOM MEXIIOIOCHOM 3a30pe cemaparopa ¢
MAarHUTHOM CHCTEMOM Ha MOCTOSIHHBIX MarHUTax U3
HUKeIb-KoOasbToBOr0 crasa FOHJK3S. Ilpu
HaANPsHKEHHOCTH MAarHUTHOTO TIOJIS B pabodyeM 3a30-
pe 10 350 KA/M U3 KacCOBBIX OTAYBOB OBLIO M3BIIE-
4eHO 4 KI' IUTMXOBOTO 30J10Ta. 30JOTHHBI KPYITHO-
cteio (-0,25+0,1) mm umenu maccy 0,049 u 0,083 mr
kpynHoctbio (-0,10+0, 05) Mmm.

Tabnmma 1. Pe3ynpraTel MOpHOIOTHYECKOTO, Pa30BOTO U CTPYKTYPHOT'O aHAJIH3a IMOTyYeHHBIX 00pa3I0B MATHUTHBIX
xwuakocreit / Table 1. Morphological, phase and structural analysis of the produced samples of ferrofluids

Home KuakocTs- Marepuan Jmametp, HM Crenenb nosm-
o6pa3 pa HO?PITEJ’II) Crabunuzarop H&HO‘IECTI/I dopMa HAHOYACTHUIL P, JUCTIEPCHOCTH, %
past 5 DM | PDA I5M
1 Kepocui TC-1 OneuHoBas Marnerur KybOnueckas 70 73 9.0
KHCJIOTa ¥ MarreMuT | ¥ ODWIHHAPUIecKast
2 Kepocun TC-1 OnenHoas Maruerur Kybmeckas 8,6 10,0 8,1
KHCJIOTa U IAJIHHIPAYICCKAs
3 Kepocun TC-1 OnenHosas MarueTtur Kybmeckas 10,0 9,7 7,7
KHCJIOTA W IAJIHHPAYICCKAsT

Ta6n1/1ua 2. MaFHI/ITOFpaBI/IMCTpI/I‘{eCKaH XapaKTCpUCTHKA IMOJTYYCHHBIX 06pa3u013 MAarHuTHBIX )KI/II[KOCTCfI
Table 2. Magnetogravimetric parameters of the produced samples of ferrofluids

Homep ¢, % Ms, kA/Mm XL P, Kkr/m° n, [Ta-c v-104, m%/c 0, INH/CM
00pasia|maraeTut|TBepaas Baza

1 14,7 18,0 67,7 2,77 1470 0,284 1,93 23,5

2 14,3 18,0 67,0 2,77 1450 0,280 1,93 23,4

3 14,0 18,5 66,7 2,75 1440 0,281 1,95 23,2

@ — 00beMHast KOHICHTpPAIMs MarHETHTA W TBEPAOHl (a3bl B MATHUTHOM KUAKOCTH, %; Mg — HAMAarHUYEHHOCTh HACHIICHHS
MarHUTHOM KHUAKOCTH, KA/M; y| — HadajgbHas MAarHUTHAs BOCIPHUUMYHMBOCTD; p — IUIOTHOCTh MarHUTHOH JKHIIKOCTH, F/CMB; n-
JTMHAMHYECKasl BI3KOCTh MATHUTHOW JKUAKOCTH, [la-c; v — KHHeMaTH4yecKasl BI3KOCTh MATHUTHOW JKUAKOCTH, M/C; G — MOBEpPX-

HOCTHOE HATSHKCHHE MarHUTHOM JKUKOCTH, THH/CM.
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HAHOMATEPUAJIbI U HAHOTEXHOIIOMMKU

B c/a «Kypuarosckas» (Maraganckas o01.)
BHEAPEH cenapaTop ¢ JJIMHON MarHUTHON CHUCTEMBbI
350 MM u mUpHUHON y3KOW YacTu V-00pa3HOro 3a-
30pa 40 MM; MarHuTHas MHAYKLUS B paboueM 3a30-
pe no 0,4 Tn; xroBeTa IS cemapalydyd C BUCSIIUM
cioem ®MXK o6bemom 0,5 av. U3 90 kr mpommpo-
IYKTOB, COAep Kammx (B MOpsAAKE YOBIBaHUS) ITH-
pUT, MarHeTUT, JIMMOHHUT, TPaHAT, TEMAaTHUT, SMUJIOT,
WIBMECHUT, TYPMaJUH, C(heH, [IUPKOH, PYTUII U Kac-
CUTEPHT, BBIIEICHO 5,2 KT IMUIMXOBOTO 30J10Ta. 30-
JIOTO WIMENI0 MAcCCHUBHBIA OOJHMK, BCTPEUANHChH Jie-
MEIIKOBUIHBIC 30JIOTMHBI C 3arHyTHIMH KpasMHu
TUTACTHHOK, a TaKKe TOJICTOTaOJIMTYaThle OKaTaH-
Hbele Gopmbl. Hepenko oOHapyxuBaiu poMO0I0/Ie-
Kadapuyeckue (GpopMbl KPHCTAILIOB 30JI0Ta B Cpac-
TaHWU C TUTACTHHYATHIMA. L[BeT 30/0THH mpeumy-
IIECTBEHHO  SAPKO-KENTHIM,  30JOTUCTO-KEITHIM.
Penko oTMeuarncst paBblil HANET B MUKPOTPEHIMHAX
M Ha MOBEPXHOCTH 4YacTHil. [I0BEepXHOCTH 30710THH
pPOBHAs, WMEIOTCS IBIPKH, SIMKH, TIOPBI, MPUCYT-
CTBYIOT BKJIIOYCHHS KBapila, MarHeTHTa M JPYTUX
MuHepainoB. [Ipoba 30510Ta M0 AaHHBIM MUKPO30H-
JIOBOT'0 aHaiu3a cocTaBistia 986%o, sIeMEHTAMMU-
npumecsamu sBisuch: Al, Fe, Cu, Ag, Co, Se, Ni,
As. CpenHee conepkaHue 3JIEMEHTOB B MPoOax co-
craeisio: Cu — 0,40%, Ag — 2,50%, Au — 97,80%.

B c/a «'eopruit» (m. Moii-Ypycra B paiioHe
Cpenneii KonbiMbl) 00BEKTOM HCIIBITAHUN OBLIH
KoHIleHTpaThl ruapocenaparopa (0,15% 3omota n
10 90% mnuputa) u npommponyktel LIOD (Gonee
1% 3omota kpynHocTeIO — 250 MM H 10 40% rpa-
HaTa). 30J0TO KPyMHOCThIO Oosiee 250 MKM mpen-
CTaBJICHO XOpOIIO OKAaTaHHBIMH TOHKOIUIACTHHYA-
TBIMHM ¥ JINCTOBHJIHBIMU (popMamMu. Melikoe U TOH-
KO€ 30JI0TO TIPEJCTABIECHO 3epHAMH KOMKOBHUIHOMN
Mopdooruu, pexe OKpyTIIbIMH, YeITyHIaThIMU HITH
KpUcTalmmueckuMu (popmamu. Xapaktep MOBEpX-
HOCTHU 30JIOTHH - OT TJIaJIKOW A0 1epoxoBaToi. Ha
MTOBEPXHOCTH HaOJIOAUCh aXKypHBIE HOBOOOPa3o-
BaHUS 30J10Ta BBEICOKOH MpoObI. YacTo 3epHa 30110Ta
uMenu Kpuctammdeckyo ¢opmy. [lomyyeno nuu-
XOBO€ 30JI0TO C m3BieueHueM 95-97% mpu mpowus-
BOJIUTENBHOCTH cenapartopa 6onee 10 kr/4.

B aprenu «Yyxortka» (IleBexckuii paiion) uc-
MBITAHHUS TIPOBEJICHBI HA MPOJYKTAX, COJAEPIKAIIUX
kaccuteput (10 60%), muput (mo 30%) u apyrue
TSDKEJIbIE MUHEPAIbI, a TaKKe METHYIO MPOBOJIOKY,
CBHHLIOBYIO Jp0o0b, okanuHy u mp. U3 20 kr mpo-
JYKTOB BBIJICTICHO IIUIMXOBOE 30JI0TO, IeperiaB-
JIEHHOE B CIHTOK Maccoil Oomee 1 kr. MIXK-
cerapaiyio BBHIMOJIHSUIA B JIBE CTQJIMU: CHayalla ¢
WCTIOJNb30BaHUEM KIOBETHI JJIsl cemapalyuy ¢ OHop-
HBIM cioeM npu mnotHoctd MK 900 Kr/m° BBIICHA-
T TSOKENyHo (QpakIyio, KOTOPYI Mepeuulnaii Me-
TO/IOM CeMapanyy C BUCSIIAM CJIOE€M IPHU IIIOTHO-

ctu MK 1050 xr/m®. IlnacTMHKE 3070Ta HMeENH
ry0uaryro Mopdomoruro M MHKPOOYTrop4aTyro
CTPYKTYpPY IIOBEPXHOCTH, BBICOKYIO IIPOOY 30I10Ta.
Ilotepu 3o0moTa mpu mnepepabOTKE BceX BHIOB
MIPOMIIPOAYKTOB HE MpeBbIIIanu 2%.

IToka3aTtenbHbIM SIBISICTCS Pe3yibTaT pPabOTHI
Bc/a «3Gomotunkay HIIO «I'eomerammy, Bemyren
no0bray 3o0mmota Ha Komeime (. CrexomnbHelif). Poc-
CBIMM MECTHBIX PYYbEB XapaKTEPHU3YIOTCS pacrpe-
JICJIEHUEM TPaHyJIOMETPUYECKUX KJIACCOB 30JI0Ta C
Moxamu 0,5 u 1 mm. IIpoba 30110Ta UMeeT c1ab0BHI-
paxkeHHele MakcuMyMbl 900-950 u 960-965%.. B
COCTaBe MPHUMECHBIX 3JIEMEHTOB TOMHUHUpPYET Ag, B
HE3HAaYUTEIbHBIX KOJIMYECTBAX MPUCYTCTBYIOT Cu U
Hg. 3onoto obmagaer HE TONBKO IMOBBIIIEHHON
KPYIHOCTBIO 3€peH, HO U Oojiee BBIPaKCHHOW HX
YILIOUIEHHOCTHI0. [I0BEepXHOCTh 30JI0THH 1IEPOXOBa-
Tas, CKyJIbIITypa MOBEPXHOCTH Oyropuaras. B aprenu
noy4eHo Oonee 12 Kr 30510Ta B CE30H 3a CUET IIepe-
PabOTKM XBOCTOB, BBIICJICHHBIX HAa BalIrepae NpH
COKpaIIeHUH ChEMOB C IIPOMITPHOOPA.

B c/a «denmpur» (Amypckas o6m.) u3z 223 T
MPOMIIPOAYKTOB € 30JI0TOM TaOJIUTYATOH M KOMKO-
BUIHOW MOp(oJIoTHH BBIIENEHO 1,2 KT MeTamia ¢
m3BineueHueM 94,0%. Pacnpenenenue 30710Ta 110
pasMepaM XapakTepH30BalIOCh OMMOAAIBHON KpH-
BOI: oCHOBHasg 4YacTh 3oiora (60%) momamaer B
knaccel 0,1-0,25 u -0,1 MM, a ocTallbHBIE 30J0THHEI
pacrpezesicHbl 10 yOBbIBarOIICH B 00Jiee KPYIHBIX
kiaccax. I[lpu BHOpPOCKOpOCTH KIOBEThI 34 MM/C
SHEPrusl BUOPALIMOHHOIO TOJS IOJHOCTBIO paspy-
[I1aeT KOHTaKThl MEXIY YacTHLAMH 1 pabouunii cioi
MX pasmepom 350x80x60 MM mepexoauT u3 co-
CTOSIHUS TICEBIOOXKIKEHHSI B COCTOSIHHE BHUOPOKU-
MICHHS.

Ha yuactke «Kpacublit» Acconuanuun «Cubup-
ckoe 3070To» (T. bonaiitbo Upkyrckoi 06:1.) u3 12
kr otnyBoB 3IIK ¢ 30710TOM MEHBIIEH MIOTHOCTH —
JEHIPUTAMM, TOHKMMH IUIACTUHKaMH C PBaHbIMH
KpasiMM M YeLIyHKaMH 30J10Ta — U TSKEJIBIX TEMHO-
[BETHBIX MWHEPAJIOB, BBIICICHO MpaKTHYECKH 0Oe3
moTepb 43 T numxoBoro 3oii0ta. Cemapamnuio ocy-
mecTBIsuIn B ciaoe MOK namaruumueHHoctero 40
KA/M pazmepom 350x80x60 MM, BHCSAIIEM MEXIY
moyrocaMu V-00pa3HOW MarHWTHOM CHCTEMBI Ha
MOCTOSIHHBIX MarHUTax.

B apremsix «AznexkcanapoBckas» u «JlaMOyKuH-
ckas» (r. 3est AMypckoii 00:1.) cenapupoBaiu IUTH-
XOB HHM3KOTO KadecTBa, OCHOBY KOTOPBIX COCTaBIIf-
T JIETKHE MHUHEpalbl (KBapl, MUAPUT, SMUIOT, TYp-
MaJuH, rpaHar) u 30710710 (10 70 % B BHAE THCTOY-
KOB M YelIyeK KpymHOcThio MeHee 250 mxm). B c/a
«Anekcanaposckas» u3 500 2M° OTXOJI0B BBIIENIEHO
134,2 r muxoBoro 3o5o0Ta, a B c/a «JlaMOykuH-
ckas» u3 200 xr mmxoB — 6osee 30 r 3omota. Hc-
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nonb3oBan OMXK ¢ pusmueckoit miaoTHOCTBIO 870
Kr/M°, NIeKanlyio Ha JHE CeNapalHOHHOMN KIOBETHI,
BHOpHpYIOIIEH co cKopocThio 47 Mm/C.

B c/a «ITunoc u C» (1. KpacHosipoBo AMypckoii
06:1.) numxu (600 kr) ObUTM TpeAcTaBlICHBI KBap-
LIEM, MOJIEBBIMH ILIMATaMH, XJIOPUTOM, THPODUILIH-
TOM, CIIOJOW B BHJE CEPULUTA U MarHeTUTOM. 30-
JIOTO MPAaKTUYECKH MOJIHOCTHIO HAXOAUJIOCH B BHJIE
aMaJIbTaMHPOBAaHHBIX 3€peH («CYXO» amallbraMbl)
U B XKUIKON METAIMYECKOU PTYTU. AManbramMHupo-
BaHHOE 30JI0TO MMeJO Ty04aryio (IIOPUCTYIO) TIO-
BepxHOCTh. [locne ynmapuBanust pTyTH B peTopTe U3
TshKenon ppakuun MXK-cenapauuu u3Bnekau Oosee
54,7 r yuctoro 3om0t1a. Vcronb3oBaiu KIOBETY AJIs
cermapauuyd € OIOPHBIM CJOEM, PAaCIOIOKEHHYIO
MeXIy ToirocamMu V-00pa3HOW MarHWTHOW cHCTe-
Mbl. Bo3nymiHslii 3a30p MeXAy CTEHKaMu cerapa-
LIMOHHOW KIOBETHI U IIOJKOCAMU MAarHMTHOM CHUCTE-
Mbl 3anonHsiin OMIK. Ilepexon oT cocTosHHUA
«KOHTAaKT MEXAY YacTULAMH €CTb» K COCTOSHUIO
«KOHTaKT pa3opBaH» UMENl MECTO MPH BUOPOCKOPO-
CTH KIOBETHI 15 MM/C.

B . OxTsa6psckuit (AMypckoit o6m.) u3 1 1 ce-
PBIX LUIMXOB C IUIACTUHYATBHIM M JIMCTOBUAHBIM 30-
JIOTOM C HAaJEeTOM THIPOOKHUCIIOB XeJjle3a BBIACICHO
okoJio 40 T MeTaia.

U3 nexanpix xBoctoB LLIO®D mpuncka «KepOuH-
ckuit» (XabapoBckuii kpail) ObLIO MOTYY4EHO OKOIIO
100 Kr yepHBIX IIIMXOB. 30JI0TO B HUX TOHKOE, IJia-
CTHHYATOE M YEeNIyH4aToe, OXKeJIe3HEHHOEe, YacTo B
BUJIE CPOCTKOB C KBapLeM M JUMOHHTOM; KpYII-
HOCTh 3010Ta 0,2 MM. 13 uepHbIX 1uiuxos Ha MK-
cermaparope BblieJIeHO OoJiee 3 KT MUIMXOBOTO 30J10-
Ta CO CIIEAYIONIMMH ITOKa3aTEISIMU:

1 — konnenrpar MXK-cenaparnuu: Bbixon 2,7%,
cojJiepkanue 30i0Ta 159,2 Kr/T, H3BJIEUEHHE 30JI0Ta
98,3%;

2 — WCXOJHBIA YEPHBINA IUIMX: COACPIKAHUE 30-
nora 4373, 0 r/T;

3 — xBocthl MX-cenapanuu: Beixon 97,3%, co-
JeprkaHue 30510ta 76,4 r/T, nmotepu 3oio0ta 1,7%.

[IpomsBoaurensHOCTE MOK-cenmaparopa ¢ pado-
gumM cinoeM ®MXK paszmepom 350x80x60 mm cocrta-
BHJIA TP UCHOJIB30BAHUU KIOBETHI C OIMIOPHBIM CJIO-
emM okoyio 20 Kr/4, a NpH Cemapaiud C BUCAIIHM
cnoeM ®MXK — 30 kr/4. 3a cuer HajIOXKeHHs BUOpa-
uun Ha MK u3BnedyeHue 30510Ta MOBBIIIACTCS HA
10-14%.

B c/a B . [lonsapusiii, bapanuxa u Yers-OMuyr
(Maramanckast 00i1.) 3a cuer MJK-cemaparnum KoH-
nenrpara muio3oB (300-400 r/T 301mota) MOMyYeH
MPUPOCT JOOBIYM 30J10Ta Ha ypoBHE 2—3%.

B c/a «llomoc» (ILIMmuaroBckuii paiion Uykort-
KH) 3¢eNbHbIe OTBaIBI MPEACTaBICHB MaTEPUATIOM

CEporo IBETa ¢ MAacCOBOM J10JIeH TIIMHBI B CPEIHEM
5-10% u ranpkoit kpynHocTbio 1o 100 mM. Maxkcu-
MaJIbHasi KPYNHOCTh 30J10Ta B rajeqyHO-3(erabHbIX
orBasax — 200 MxM. Bo Bcex kiaccax KpymHOCTH
npeo0iagaoT 3epHa 30J10Ta IUIACTUHYATON W ye-
Iyi4aTtoil (popmbl, M30METpUYHASS U KOMKOBHIHAS
¢dopma 3010THH BeTpeuaercs pexe. LnuxoBbie Mu-
Hepanbl MPEACTaBICHBl B OCHOBHOM MarHETHTOM,
WIBMEHHUTOM, IPaHaTOM, IMPKOHOM, KBapleM, pexe
BCTpeJaroTCss mUpHUT, ambpuoonsl. ComepikaHue 30-
JI0Ta B OTBajax (110 JAaHHBIM TEOJOIMYECKON CIIyX-
651 apTemn) — 297 mr/m°.

o cxeme «IByXcCTaauanbHAsi MarHUTHASL cemapa-
[Hs1 — MArHUTOXKUJIKOCTHASI cenaparysi HeMar HUTHON
¢bpaxuumn» n3Bneuero 87,7 % 3onora. Texnomoruue-
CKHMI 0anaHC MO METaJuly PacCUMTHIBAIM IO LIIHXO-
BOMY 30ii0Ty. Ero cozepanue B mpomykrax oOora-
HICHHUS OTIPEIEIISUT METOIOM aMasIbraMalliH.

[I1aBka NUIMXOBOrO 305I0Ta B PYAHOTEPMUYECKON
MeYy TO3BOJBUIA TOTYyYaTh CIUTKH C Mpoboi Ooree
900 npu u3BneueHun 3omnora 98-99 %. Conepxanue
30710Ta B 1U1akax coctasisuio 7001200 r/t.

3akiaouyenue

MarsuTHasi XUAKOCTb SIBJSIETCS YCTOMYUBOM
JIUCTIEPCHOM CUCTEMOM, B KOTOPOW B HEMAarHUTHOU
JKUAKOCTU-HOCHUTENIE pa3MelleHbl MarHUTHbIE HaHO-
yactunbl. [Ipy HEOOXOAMMOCTH MaccOBOrO CHHTE3a
MarHMTHOM JKUIKOCTH, HAIpUMED, U1 MarHUTOIpa-
BUMETPHUYECKON cemapaluyl MUHEPAIbHBIX CHCTEM
M0 TJIOTHOCTH, PAIlMOHAIBHBIM CIIOCOOOM IOJTy4e-
HUSl HAHOYACTHIl MarHETUTA SBJISIETCA reTeporeHHast
XUMHUYECKasg KOHJIeHcalus. B 3Tom ciaydae cHadana
MOJY4aloT CTaOWJIBHBIE 3apOJBIIIM  MAarHeTHTa
HaJMOJIEKYJISIPHOTO pa3Mepa B YCJIOBHAX, NPHU KO-
TOPBIX CKOPOCTH 00pa30BaHMA HOBBIX IIEHTPOB KOH-
JICHCAIlMH BBIIIE CKOPOCTH POCTa HOBOHM (a3bl. 3a-
TEM CO3Jal0T YCIOBHA UI1 POCTa 3apOAbILIEH 10
HaHOPa3MEPOB, YTO JOCTHIraeTcsi ObICTPHIM BIIMBa-
HHUEM OCHOBHOTO KOJHMYECTBA METAJICOAEPMKAIINX
coJielt Ipu HEeTIPEePhIBHOM NepeMEIINBAHNH.

ATrperaTuBHON yCTOWYMBOCTH CHUCTEMBI J00U-
BalOTCA, CMEUIMBAasi HAHOYACTHUIBI MarHeTUTA C COp-
OMpOBaHHBIM HAa TMOBEPXHOCTH CTaOWIM3aTOPOM,
B3STBHIM C JIBOMHBIM (TIPOTHB OINTHMAJIBHOTO) H3-
OBITKOM, C TaKUM K€ YHMCIOM HAHOYACTHIl C He3a-
HIMIICHHOW CTa0MIN3aTOPOM OBEPXHOCTBIO.

KayecTBO mongydyeHHOM MarHUTHOM MKUJKOCTHU
COOTBETCTBYET TpPEOOBAaHUAM, NPEAbABISIEMBIM K
cpelie pasAeneHysl IpU MarHUTOrPAaBUMETPHUECKOM
cenapanuy MUHEPAJOB 10 IUIOTHOCTH, YTO JOKa3a-
HO OIIBITHO-IIPOMBIIICHHOM NPAKTUKON U3BJICYE-
HUS CAMOPOHOTO 30JI0TA.
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NCCIEAJOBAHUE COBMEIEHHOI'O ITPOIECCA
HOJYYEHUSA COPTOBBIX 3AI'OTOBOK HA YCTAHOBKE
HEITIPEPBIBHOI'O JIMTHA U AE®OPMALIUN

Jlexor 0.C.', Muxaues A.B.%, buianos JI.X."
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Poccuiickuii rocymapcTBeHHBIH TPpoQecCHOHaIBHO-TIEJarorHuecknii yauBepcureT, ExarepunOypr, Poccus
2 o .

OAO «Ypansckuit TpyOHBIH 3aBo», [lepBoypansck, Poccust

Annomayus. IIpoBeeHO HUcCIe0OBaHNE HOBOW TEXHOJOTUH MOMYIEHHSI COPTOBBIX 3arOTOBOK Ha YCTAHOBKE COBMEIEHHOTO
poliecca HeMpepbIBHOTO JIUThS U AedopMannu. 350xkeH crnocod MmoilydeHus TpeX CTAIBHBIX COPTOBBIX 3aTOTOBOK Ha ycTa-
HOBKE HETPephIBHOTO JIUThS U AedopMarnyu. JJaHa MOcTaHOBKA 3aJadl, IPUBEIEHBI NCXOAHBIC JaHHBIE W TPAaHUYHBIE YCIO-
BUSI IS OTIpE/IeICHHs HAMPSHKEHHO—Ie(hOPMUPOBAHHOTO COCTOSIHHS METaJlIa B O4are MUKJINYeCKod aedopmanmu npu Gpop-
MHUPOBaHUU KaTHOPOBAHHBIMH OOWKAMU YCTaHOBKH M3 HEMPEPBHIBHOIUTOTO CIsiba TPeX CTaNbHBIX COPTOBBIX 3arOTOBOK. M3-
JIO)KEHa METOJAWKA PeIleHUs 3aJadd YINPYrolUIaCTUYHOCTH METOIOM KOHEUHBIX JJIEMEHTOB C WCIONB30BaHHEM MaKeTa
ANSYS. PaccMoTpeH HecTallMOHAPHBIH MPOLIECC BHEAPEHUS pa3/CIsIOINUX OypTOB KaluOpOBaHHOTO OOiKa B HEMPEPHIBHO-
JUTON CISIO TIPH TOYYEHUH TPeX CTABHBIX COPTOBBIX 3arOTOBOK HAa YCTAaHOBKE HENPEPHIBHOTO JIUTHS U Aedopmarmu. Pe-
3yJIBTAaThl pacyeTa BHEIpEHUs OypTa B cii10 Ha 48 MM JaHBI 110 XapaKTEPHBIM JIMHHSIM, PACIOJIOKEHHBIM HAa KOHTAKTHOH MO-
BEPXHOCTH KaJIMOpPOBaHHOTO Ooiika co cisiboM. OmnpeneneHbl 3aKOHOMEPHOCTH paclpelesiCHHsT OCEBBIX NEpPEeMEIlCHHH |
HarnpsHKeHHH B oyare JedopMaliy IpyH BHEAPEHUH Pa3AesaiomuX OypToB O0MKOB B HENPEPHIBHOIUTOHN CIIS0.

Knrouegvie cnosa: ycTaHOBKa, HEMPEPHIBHOIUTOM cli10, KamuOpoBaHHBIM O0EK, COPTOBAst 3aroTOBKa, jJepopManius,
MepeMeIeHIe, HaPsDKEHHUE.
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UccnedoeaHue cosmeujeHHO20 npoyecca noJ1y4eHusi COpMoebIxX 3a20MoeoK ... Jlexoe O.C. u dp.

STUDIES ON A COMBINED PROCESS OF PRODUCING BILLETS
ON A CONTINUOUS CASTING AND DEFORMATION PLANT

Lekhov 0.S.}, Mikhalev A.V.2 Bilalov D.Kh.!

! Russian State Vocational Pedagogical University, Yekaterinburg, Russia
2 JSC Urals Pipe Works, Pervouralsk, Russia

Abstract. The authors carried out a study on a new technology for producing billets on a combined continuous casting
and deformation plant. The paper describes a method for producing three steel billets on the continuous casting and de-
formation plant. The problem statement is given, initial data and boundary conditions are stated to determine the stress-
strain state of steel in the zone of cyclic deformation, when forming three steel billets from a continuously cast slab by
the calibrated flat dies of the plant. The paper describes a procedure for solving the problem of elastoplasticity by the
finite element method using the ANSYS package. It analyzes a non-stationary process of penetrating the continuously
cast slab with the separating collars of the calibrated flat die, when producing three steel billets on the continuous cast-
ing and deformation plant. The results of calculating the penetration of the collar into the slab by 48 mm are given by
the characteristic lines located on the contact surface of the calibrated flat die with the slab. The authors determined the
regularities of the distribution of axial displacements and stresses in the deformation zone, when penetrating the contin-
uously cast slab with the separating collars of the flat dies.

Keywords: plant, continuously cast slab, calibrated flat die, billet, deformation, displacement, stress.

For citation

Lekhov O.S., Mikhalev A.V., Bilalov D.Kh. Studies on a Combined Process of Producing Billets on a Continuous
Casting and Deformation Plant. Vestnik Magnitogorskogo Gosudarstvennogo Tekhnicheskogo Universiteta im.
G.l. Nosova [Vestnik of Nosov Magnitogorsk State Technical University]. 2020, vol. 18, no. 2, pp. 56-61.
https://doi.org/10.18503/1995-2732-2020-18-2-56-61

BBenenue Janee c MOMOIIBIO TAHYIIETO YCTPOMCTBA CIsIO TI0-
naercst B O0MKH ¢ pa3AessIIoIMH OypTamMu, BEICOTa
KOTOPBIX IMOCTCIICHHO YBCIMYHUBACTCA B HallpaBJIC-
HUHW HETIPEPBIBHOI'O JIUTHA U Jle(bOpMaHI/II/I.

B mupe BemyTcst paboThl IO CO3/IAHHIO PECYPCO-
cOeperaroiux JTUTeHHO-TPOKATHBIX KOMITJICKCOB ISt
MPOU3BOJICTBA COPTOBBIX 3arOTOBOK, B YAaCTHOCTU
MIPOIIECCOB MPOJIOIBHOTO Pa3/eiicHUs HENpPEPhIBHO- I
JIMTBHIX CIISI00B Ha PsiJi COPTOBBIX 3aroToBOK [1-3].

J171s1 IPOM3BOJICTBA COPTOBBIX 3arOTOBOK MOMKET
ObITh  3((PEeKTHBHO WCIONB30BaHA KOMITAKTHAS
YCTaHOBKa COBMEILIEHHOIO MTPOIIECca HEMPEPHIBHOTO
JUThs U JnedopMalliu, KOTOpas IMO3BOJIAET OJIHO-
BPEMEHHO MOJYyYaTh W3 HEMPEPHIBHOIUTOIO CIs0a
TpH U 00Jiee COPTOBBIX 3arOTOBOK 32 OJIMH MPOXO]T 1
B oj1HOM KiteTH [3-5].

yron wawnoma Bypra - 15 rpaavcos
Ranubpyrowmin
yvuacTtor Godika paguyc Sypra n BNagMmMbl

- SMm

T 105mm

Crnoco0 mosry4eHusi Tpex COPTOBBIX 3aI0TOBOK

B ycraHOBKe JUIS TIOTyYeHHs] COPTOBBIX 3ar0TO- -
BOK KaJMOpOBKa OOWKOB C Pa3lIeNsiOLIMMHU BBICTY- g rpasycos
namu (puc. 1) BBIIONIHEHA TaKUM 00pa3oM, YTO MpH
CBEJICHHOM TOJIO)KEHUHN OOMKOB OHHM B COBOKYITHO-
CTH 00pa3yloT 3aKpBITYIO MOJIOCTh, KOTOpas odec-
MEYNBACT Ha BBIXOJE M3 HEE OJHOBPEMEHHOE TOJY-

Puc. 1. Pucynok 6oiika / Fig. 1. Flat die

YEHHE TPEX COPTOBBIX 3arOTOBOK, COEIUHEHHBIX Ilo mepe MpOABHMAKEHHS 3aTBEPACBIICIO CIsiOa
nepeMbIuKaMu (puc. 2). 4yepe3 KanuOpoBaHHBIE OOHKM MPOHCXOAUT (HOpMU-

YCTaHOBKA HENPEPHIBHOTO JUTbS M gepopma- ~ POBAHHE HECKOIBKHX COPTOBEIX 3arOTOBOK, COC/IH-
1w paGotaer ciexyrommM oGpasoM. Pacruiap me- — HEHHBIX nepembrakamu. [Ipu Gpopmuposarmiu cop-

TAMIA 3ATMBAIOT B MEHBIA BOJOOXITAXHacMblii  TOBBIX 3arOTOBOK IPOHCXOAMT ONHOBPEMEHHOE MX
KPHCTALIH3ATOP, B KOTOPOM TPOUCXONUT KpucTan- — O0Karhe paGouyMMy IOBEPXHOCTAMH Pas/C/IsIOLIMX
JIM3alys MeTajia ¢ 00pa30BaHHEM TOHKOIO Cisioa. OypToB MO [BYM B3aHMHO MEPICHIMKYIISPHBIM
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HaIlpaBJICHUAM. ITomroE pa3acieHue COPTOBBIX 3a-
TOTOBOK NPOUCXOAUT ITOCJIC UX BbIXOJa U3 YCTaHOB-
K1 B CIICHUAJIbHOM OJ10Ke JUCKOBBIX ITHII.

Paamepsl 2aroToBkn nepes obmarwem:
~ TonuwmHa - 100mm
wupnHa -315mm.

paamyc - Smm e p
TONWNHA NEPEMBINKK NOCHE obmaTA - dmMm

Puc. 2. O6bemMHOE U300paKEHUE TPEX COPTOBBIX
3arOTOBOK
Fig. 2. 3D view of three billets

Hcxonnble 1aHHBbIE, METOANKA PelIeHUS 32/1a4H
U MOJIeJIb J1JIsl pacyera

PaccmoTpum mporiecc monmyueHus U3 cisioa
tomuHOoH 100 MM u mupuHOM 315 MM Tpex copTo-
BBIX 3aroToBoK kBazapaT 70,7 mm u3 cramu Ct3 Ha
YCTaHOBKE HEMPEPBIBHOTO JHUTh M JedopMaiuu.
CeueHre TMOJOCTH MENHOTO BOJOOXJIAXKIAEMOTO
kpuctamzaropa 100x315 MM, npuuem OOKOBBIE
CTEHKH KPHUCTaJUIN3aTOPa BBIOJIHEHBI B BHIE I0-
JTyOKPYKHOCTU C paguycoM, paBHBIM 50 mm. Tem-
nepaTypa BHENIHEH MOBEPXHOCTH cisiba paBHA
1200°C, a ero oceBoit 30u61 — 1450°C. Ha puc. 1
n300pakeH KaJMOpOBaHHBIM OOCK Ui TMOJIyYeHHUs
TpeX COPTOBBIX 3arOTOBOK kBajpat 70,7 MM U3 Cis-
0a 0e3 xuukoit (azpl TommuHor 100 MM U IMpH-
HOMl 315 MM. BennunHa 3KCIEHTpUCHTETA IKCIIEH-
TPHUKOBBIX BaJIOB — 5 MM, a MX YIJ0Basi CKOPOCTb —
50 mun.

3aBUCUMOCTH MOZYJSl YIPYTOCTH M CONpPOTHB-
JIEHHs TUIACTUYECKOH AedopManny OT CTEIEeHHU Jie-
¢dopmanuu 1 Temneparypsl A craid Ct3 NpUHATH
corjacHo paboram [4,7].

Pesynbratsr pacuera HaIpsHKeHHO-
nehOpMUPOBAHHOTO COCTOSIHMSI METAJIA B odare je-
¢dopmaru npu GOPMHUPOBAHUH COPTOBBIX 3arOTOBOK
MOJTyYEeHBI PEIICHUEM 33Jadd YIPYTrOIIaCTHYHOCTH
METOJIOM KOHEYHBIX SJIEMEHTOB B OOBEMHOW MOCTa-
HOBKe [4,6,8—14]. Jlns peleHus 3aa4u UCTIONB30BAH
nakeT ANSYS [4]. Mexny pabounmu MOBEpXHOCTSI-
MH oyara nedopmaimu u Ooiika co3gaBanach KOH-
TaKTHas mapa ¢ koaddurmenrom tpenus 0,5.

PaccMoTpuM HecTanMOHAPHBIA MPOLECC MPOXO-
Jla HempepbIBHOMUTOrO cistba Tommmuor 100 MM
yepe3 KaluOpOBaHHBIE OOWKH C TOCTENEHHBIM
BHE/IPEHUEM pasJelstomux OypToB Ooiika B cis0
Ha BeJIWYMHY 48 MM C y4eTOM TMOJy4YEeHHUs Tepe-
MBIYKH MEKITY COPTOBBIMHU 3arOTOBKAMH TOJIIMHOMN
4 MMm. B cmry cuMMeTpun pacdeT MpOBOIMICS IS
yeTBepTU cist6a. I'eomerpust yetBepTH cisiba gaHa
Ha puc. 3.

NMHWR
__feyennn 1

nnsHnA
ceveHun 2

. cevennn 4

Puc. 3. IlonoxeHne TUHUN, B KOTOPBIX IPUBECHBI
rpaduKy IepeMenIeHAN 1 HalpsHKCHUH

Fig. 3. Positions of the lines used to show charts of
displacements and stresses

Ha sToM jxe puCyHKe TakKe NPHUBEICHbI I0JIO0-
JKEHHsl JIMHUH B YETBIPEX CEUCHMAX M JIBE Xapak-
TepHble TUHUU — 4 u 7. Pe3ynprarel pacuera npu
BHEJIpeHUU OypTa B cIsi0 MpUBEACHBI B BUJE Tpa-
¢ukoB oceBbix mnepememenuit (UX,UY,UZ) u
HanpspkeHuit (SX,SY,SZ) no numHusAM, npuHaaie-
JKaIllUM TTOBEPXHOCTH KOHTakTa OoiKa cO CIsOoM.
[Tonmoxxenne nuuuit nano Ha puc. 3. Jlunuu pacno-
JIOKEHBI B YETBIPEX MONEPEUHBIX CEUCHHUSX.

Pe3yabTaTthl pacuera

Ha pwuc. 4 moxazan xapakTep pacupelesieHHs
nepeMeleHnii B ceueHnn 4 oyara aedopmanuu npu
BHEJPEHUU pazjesioniero Oypra 0olika B Ciii0 Ha
BENTMIUHY 48 MM.

Ha sTom pucyHnke smHus 4 XapakTepusyeT pac-
npeZiefieHne OCEeBBIX MEPEMENIeHUH B 30HE BIAIH-
HbI, a JIUHUS 7 — B 30HE pedpa mpu HOPMUPOBAHUHI
copTOBO#l 3aroTtoBku. Ilpu BHEIpeHUU pa3Aesto-
mero Oypra B Cisi0 NepeMelIeHus MeTaaia B
HanpaBJIeHUH OCH Z 10 JTUHUH 4 COOTBETCTBYET Iie-
pEMEIEHNIO MeTalljla B HamlpaBJIeHUH OCH X, a 3a-
TEM MEHSIOT 3HaK. HamOonblyro BeMMUUHY Tepe-
MEILEeHHs] B HANpaBlIeHUH ocu Z, paBHOH 14 MM,
JOCTUraroT B ceueHnu 4 (cM. puc. 4). [lepememenus
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B HampaBJieHUH ocu Y MO JUTHHE ovara fedopmaryu
YBEIUYMBAIOTCS U B 30HE BIAJWHBI ceucHus 4 cra-
HOBSTCS paBHBIMH 18 MM.

OceBble HANpPsHKEHHS MPU BHEIPEHHUU Pa3Jeis-
fomero Oypra B ciisi6 mo ouary nedopManuu pac-
MPENeOTCs KpaiiHe HepaBHOMEPHO (pHc. 5, 6).

Hanpsokenust B HampaBieHHd ocu X MO Mepe
BHe/IpeHus1 OypTa B ci0 BO3pacTaloT U AOCTUTAIOT

HaunOombIIell BennuuHbl, paBHO# Munyc 230 Mlla, B
30HE BIAAWHBI ceueHus 4. B 30He BraauHbl Hampsi-
JKEHHS B HalpaBieHUU ocH Y CKUMAIOIIUE U B Ce-
YeHUH 4 MMEIOT MaKCHMalIbHOE 3HaueHHe, PaBHOE
munyc 200 MIla (cMm. puc. 5). B 30He rpedHs B ce-
JeHWUW 3 HaNpsOKCHHUS B HaIpaBJICHHH och Y Tepe-
XOIAT B pacTATHBAIOIIKME BenuduHOW g0 25 Mlla
(cMm. puc. 6).

20
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Puc. 4. [lepemerienue mo pa3BepTKe TUHUK cedeHud 4 mpu BHenpeHnu OypTa B cist6 Ha 48 mM. Hadano mo ocu OX
COOTBETCTBYET TOUKe cisgba ¢ koopauHataMu Z=0 MM, X=50 MM. JIuaus 4 COOTBETCTBYET BIaIUHE

Ha MOJTy9aeMOH 3ar0TOBKe, a TUHUS 7 — pedpy

Fig. 4. Displacement along the development of section line 4, when the collar is penetrating the slab by 48 mm. The
beginning along axis OX corresponds to a point of the slab with coordinates Z=0 mm, X=50 mm.
Line 4 corresponds to a low spot on the produced billet and line 7 corresponds to the edge
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Puc. 5. HanpspxeHue o pa3BepTke IMHUH C€4eHUs 4 Tpu BHeIpeHNH OypTa B cii10 Ha 48 MmM. Hauaino mo ocu OX
COOTBETCTBYET TOUKe cisioa ¢ koopauaatamu Z=0 mm, X=50 mm. JIuaus 4 COOTBETCTBYET BIAIUHE

Ha TI0JTy4aeMOoi 3ar0TOBKe, a JIMHUS 7 — pedpy

Fig. 5. Stress along the development of section line 4, when the collar is penetrating the slab by 48 mm. The beginning
along axis OX corresponds to a point of the slab with coordinates Z=0 mm, X=50 mm. Line 4 corresponds to a
low spot on the produced billet and line 7 corresponds to the edge
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140

Ocesbie Hanpaxenna, Mia

Puc. 6. HanpsokeHue o pa3BepTke JIMHUM CeueHus 3 pH BHeApeHuu Oypra B cis16 Ha 48 mM. Hadano mo ocu OX
COOTBETCTBYET TOYKe cisi0a ¢ koopauHaTamu Z=0 mm, X=50 MM

Fig. 6. Stress along the development of section line 3, when the collar is penetrating the slab by 48 mm. The beginning
along axis OX corresponds to a point of the slab with coordinates Z=0 mm, X=50 mm

HOCTH PacHpeielieHUs] OCEBBIX IMEPEMEIICHUN WU
HanpspKeHui B ovare naedopmanuu npu Gpopmupo-

TlocTtaBieHna u peleHa 3agadd  ONPENeIICHUs BaHUHM U3 HENPEPBIBHOJIUTOI'O cis0a TPEX COPTOBBIX
HaIpsOKEHHO- IIC(bOpMHpOBaHHOFO COCTOSIHUS Me- 3aroToBok u3 ctaimm Ct3. YCTaHOBHeHO, qTO CXKHU-
Tajula B ovyare MUKJIMYECKON JehopMaIiy Ipu Mmpo- Marolllie HANpPsHKEHHUS B HAIpPaBIeHHH OCH X IIO
JOTIHOM pa3[elIeHuH KanuOpoBaHHbIMH OoifkamMu ~ MEPE BHEAPCHHS Pa3ICIIAIOICTO Oypra B Ccis16 BO3-
HEMPEePBIBHOJIUTOTO CIsi0a HA TPU COPTOBBIE 3aro-  PacTalOT W JIOCTUTAOT HauOONbLIECH BEJIUYHMHBI,
TOBKM HA YCTaHOBKE HENpPEPHIBHOTO IHUTHS M jge-  PaBHOM mumHyc 230 Mlla, B 30HC BmaaWHbI OvYara
(dbepmanmu. YCTaHOBIICHBI BEJIMUMHBI U 3aKOHOMEP- IMKJIMYECKOH nedopmanum.
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BJIMAHUE KPYITHOCTHU YACTHUL] O/THOPA3BMEPHOI CBINIYYEM
SBEPHUCTOU CPEJbI HA ITPOYHOCTHBIE XAPAKTEPUCTUKHA

Ila6aes C.H.
Kys0acckuii rocynapcTBeHHbIN TexHuueckuid yHuBepcuter umenn T.@. ['opbauesa, Kemepoo, Poccus

Annomayus. IlocTaHoBKa 3aJa4M (AKTYaJbHOCTb Pa00ThI): B CTAThE ONHMCAHBI OCOOCHHOCTH M PE3YJIbTATHI OIpeie-
JICHUSI IIPOYHOCTHBIX XapaKTEPUCTUK (yIiIa BHYTPEHHETO TPEHUS U YAEIHHOTO CLEIUICHHUS) CHITYYHX OZHOPa3MEPHBIX
KPYITHO3EPHHUCTBIX CPEl, HCIONB3YEMBIX U1 YCTPOICTBA KapbepHBIX aBTOMOOMIBHEIX gopor. Ileab padoThl: ompene-
JICHHWE BIUSHHS pa3Mepa YacTHI HA YTOJI BHYTPEHHETO TPEHUS U YAEIbHOE CLEMIEHHE OJHOPa3MEPHBIX CBIIy4HX 3€p-
HHUCTBIX cpesl. Mcmosib3yeMble METOIbI: IPUMEHSINCH J1Ta0OpaTOPHBIE METO/IbI OIPENENICHHs] TIPOYHOCTHBIX XapaKTe-
PHCTHK C HCIIOJIb30BaHHEM CIBHIOBOI'O NMPHOOpPa OJHOIUIOCKOCTHOTO CPe3a M YCOBEPIICHCTBOBAHHOM KIMHOBOW ycTa-
HOBKH, peaJIM3yIolEd MeTox Kocoro cpe3a. HoBH3HA: K 3jIeMEHTaM HOBU3HBI OTHOCUTCS METOJUKA OIPEICICHUS
MIPOYHOCTHBIX XapPAKTEPUCTUK KPYITHO3EPHHUCTHIX CPEl C UCMOJIBb30BAHUEM YCOBEPUIEHCTBOBAHHON KIIMHOBOM YCTaHOB-
KH, YTO MO3BOJMJIO YCTAHOBUTh HAIMUYUE U 3aBUCUMOCTb YJEJIBHOIO CLEIUIEHUs OT KpymHOCTH yactull. Pesyiabrar:
BBISBIIEHO, YTO NPUHIUITNAIBHBIX OTJIMYNH MEXaHNYECKUX TOKa3aTeel, MOTydYeHHBIX KaK Ha CBUTOBOM IpHOOpe, TakK
U Ha KIIMHOBOM YCTaHOBKE, HET, a 3HAYUT, IMOCIEAHAS MOXKET UCIONb30BaThCS AJIS ONPEAEICHUS] IPOYHOCTHBIX XapaK-
TEPUCTHUK CBHITYYHX KPYIHO3EPHHUCTHIX Cpell. Y CTAHOBJIECHO, YTO yBEJIMUEHHE B /IBa pa3a pa3Mepa 4acTHI[ OJHO(PaKIIU-
OHHOM 3€pHHUCTOH cpe/ibl MPUBOJUT HE TOJBKO K YBEIHMUCHHIO YIla BHYTPEHHETO TPEHUs NPUOIM3UTENBHO HA J[Ba Ipa-
Jryca, HO TakXe M yJenpHoro cueruieHns 1o 8 kIla. OgHaxko pocT yIeapHOro CHETUICHHUS PH pa3Mepe YacTHIl 10 3 MM
MIPOTEKAET 10 HHOMY 3aKOHY, 4eM IpH pa3Mepe 3epeH cBbiiie 3 MM. IIpakTndeckasi 3HAYMMOCTD: IOTY4YEHHBIE JaH-
HBIE MO3BOJIAIT Ooslee 0OOCHOBAHHO MOAXOANUTH K IMPOEKTHPOBAHMIO JTOPOXKHBIX OJIEKA CO CIOSIMH M3 OJHOPa3MEpPHBIX
KPYIHO3EPHUCTBIX CBHIMTYyYUX CpeJl MyTEM JONOJHUTENBHOM OLUEHKH MX CABHUIOYCTOIUUBOCTH, a TAKXKE ABISIOTCS OCHO-
BOW Ui pa3paboOTKM MaTeMaTH4ecKOH MOJENH MPOTHO3MPOBAHMS MPOYHOCTHBIX XaPAKTEPHCTHK HONMN(PPAKIIHOHHBIX
3EpHUCTBIX MATEPUAJIOB.
Knroueswie cnosa: xapbepHble aBTOMOOMIbHBIE JOPOTH, YTOJ BHYTPEHHETO TPEHUS, YAEIbHOE CLEIICHNUE, 36PHUCTAs
cpena, pa3apoOeHHbIE TOPHBIE TOPOBI, IPOTHOCTb.
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INFLUENCE OF THE SIZE OF UNIFORMLY GRADED BULK
MEDIA PARTICLES ON STRENGTH CHARACTERISTICS

Sergey N. Shabaev
T.F. Gorbachev Kuzbass State Technical University, Kemerovo, Russia

Abstract. Problem Statement (Relevance): The paper describes the features and results of determining the strength
characteristics (angle of internal friction and specific cohesion) of uniformly graded bulk coarse-grained media used to
construct open pit truck haul roads. Objectives: To determine the effect of a particle size on the angle of internal fric-
tion and the specific cohesion of uniformly graded bulk coarse-grained media. Methods Applied: Laboratory methods
were applied to determine the strength characteristics using a direct shear apparatus and an improved oblique shear ap-
paratus that implements the oblique cutting method. Originality: The novelty elements include a method for determin-
ing the strength characteristics of coarse-grained media using the improved oblique shear apparatus, which made it pos-
sible to establish the presence and dependence of specific cohesion on the particle size. Findings: It was revealed that
there are no fundamental differences in mechanical performance obtained both with the direct shear device and the
oblique shear apparatus, and, therefore, the latter can be used to determine the strength characteristics of bulk coarse-
grained media. It was found that a twofold increase in the particle size of uniformly graded granular medium leads not
only to an increase in the angle of internal friction by approximately two degrees, but also in specific cohesion up to 8
kPa. However, the increase in specific cohesion with a particle size of 3 mm or less proceeds according to a different
law than with a grain size of over 3 mm. Practical Relevance: The data obtained will contribute to apply a more justi-
fied approach to the design of pavements with layers of uniformly graded bulk coarse-grained media by an additional
assessment of their shear resistance, and serve as a basis for the development of a mathematical model for predicting the
strength characteristics of polyfractional bulk materials.

Keywords: open pit truck haul roads, angle of internal friction, specific cohesion, bulk media, crushed rock, strength.
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Beenenne JKECTKUMH M CABUTOYCTOWYMBBIMH MaTepHajaMH
(cpemamn).

Ecmu mpoananusupoBaTh paboThl B 00JIACTH
YCTpPOMCTBAa TEXHOJOTHYECKHUX JOPOT, TO MOXKHO
NPUATH K BBIBOJY O TOM, YTO B Ka4€CTBE OCHOBHOT'O
KPUTEpHS OLIEHKH HECYIIEeH CIIOCOOHOCTH IOPOXK-
HOM OJIeX/IbI BBICTYIIAeT ee TpeOyeMbli oOmuii Mo-
nyab ynpyrocta [1-5]. B cBsi3u ¢ 3tuM 1 TpeboBa-
HUS, IpeAbsBIseMble K MOAOOHBIM MaTepuaam, a
TaKXe METO/bl UX KOHTPOJISI KauecTBa HalpaBJICHBI,
MIPEUMYIIECTBEHHO, Ha OIEHKY CTENEHU UX YIUIOT-
HeHus [4, 6-9], uTo, 6€3yCI0BHO, SBIISETCS BaXKHBIM
KpUTEpUEM, HO SBHO HenocTaTouHbIM. [Ipu 3Tom
Hay4HBIX HCCJIEIOBaHUH, MOCBALICHHBIX OLCHKE
MPOYHOCTHBIX CBONCTB CHIMYYHX KPYIMHO3EPHUCTHIX
cpell, SIBHO HE JIOCTaTOYHO JUIS TOTO, YTOOBI MOKHO
ObUIO WX TIPOTHO3UPOBATH WM HOPMHPOBATb.
HauOonee 3Hauumble pe3ynbTaThl MOJYYEHBI MPH
WCCIIEIOBAHNN TPUMEHEHHUS KPYIMHOOOIOMOYHBIX
TPYHTOB JJIsl pEeIIeHHs 3ajad, MPEeuMYIIECTBEHHO,
TUAPOTEXHUUECKOTO CTPOMTENBCTBA, OAHAKO U OHU
CHWJIBHO pa3lHyaloTCs W 4YacTO IPOTHBOPEUMBEHI.
Tak, Hanpumep, cBeAeHUA, IpecTaBiIeHHbIE B [10 1
Ip.], CBHIAETENBCTBYIOT O TOM, YTO COINPOTHBIIAE-
MOCTb CABHUIY HECBS3HBIX TPYHTOB BO3pacTaeT C
YBEJIMUEHHEM pa3MepoB 3epeH, a B [11 u np.],

[Ipu crpoutenpcTBe KaphepHBIX aBTOMOOWIIb-
HBIX JOPOT OAHMMH M3 CaMbIX PaclpOCTPaHEHHBIX
MaTepUaJIOB ISl MOKPBITUA MU OCHOBAHUM SIBJIAIOTCA
HEpyJHbIE, K KOTOPHIM OTHOCST IeOeHb, T'paBHid,
me0eHOYHO-TIeCUaHbIe, TPaBUIHHO-TIECUaHBIE CMECH,
a TaKxke ApPYyrue MOA0OHBIE KPYIMHO3EPHUCTHIE CHI-
My4ue CPeibl, B TOM YHCJE MECTHBIC pa3Ipo0JieH-
HbIC TOPHBIC TOPOJIBL. JIJIi TOro YTOOBI JOPOXKHAS
OJleKJa HE pazpylianach MOJA ACHCTBUEM KpaTKo-
BPEMEHHBIX WM JJIMTENbHBIX HAarpy3oK H3-3a
HaKaIJIMBaHHUs HEJIOMYyCTUMBIX OCTATOYHBIX Jiedhop-
Maiui opMOU3IMEHEHUS, POU3BOIAT PacyeT KOH-
CTPYKTUBHBIX CJIO€B IO YCJIOBHUIO CIIBUTOYCTONYH-
BocTU. OIHAKO B CYIIECTBYIOLIECH METOIUKE pacye-
Ta JTOPOXKHBIX OJEXK] pacueT MO CABUTOYyCTONYHUBO-
CTH MPOU3BOJST TOJBKO IO MOACTUIAIOIIEMY TPYH-
TY U MaJOCBA3HBIM KOHCTPYKTHUBHBIM CJIOSIM, K KO-
TOPBIM OTHOCST NeCOK. [Ipu 3TOM MOHATHO, YTO CHI-
My4Yue KPYIHO3EPHUCTHIE CPEAbl TOXKE OTHOCATCS K
MaJIOCBS3HBIM, W, CJI€IOBAaTEIbHO, HY)XHO o0ecrie-
YUBAaTh MX CJIBUTOYCTOMYMBOCTh. TeM He MeHee,
pacder 1o CABUTOYCTOWYMBOCTH TOJOOHBIX CPeJ| HE
MPOU3BOANTCA W3-32 HEOOOCHOBAHHOTO, Ha HAaIl
B3MJIS[, YTBEPXKACHUS O TOM, UYTO OHHU SBISIOTCA
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HaO60pOT, TOBOPUTCA O TOM, YTO YT'OJI BHYTPCHHCTO
TPCHUA OT KPYINHOCTH YaCTHUIl HE 3aBUCUT UJIN JaXKE
HCCKOJIBKO CHMXKACTCA. KpOMC TOro, B IPUBCIACH-
HBIX pE3yJibTaTaX aKIOCHT OBLI cacsiaH MMCHHO Ha

YrojJ BHYTPEHHETO TPEHUS, a yJEIbHOE CLCIUICHUE
JIETaTbHO HE paccMaTPHBAIOCH. JIaHHBIC MO HEKO-
TOPBIM paHee OIMyOIMKOBaHHBIM PE3yNbTaTaM HC-
clIeJoBaHM cBeIeHbl B Ta0JI. 1.

Ta6nnua 1. Pe3yJ'II>TaTI>I MMPOBEACHHBIX PAHCC I/ICCJ'IeILOBaHI/Iﬁ 10 OMPCACIICHUIO NPOYHOCTHBIX XapaKTCPUCTUK ChIITYUYUX
kpymHoseprucTsiX cpen / Table 1. Earlier studies on determining strength parameters of bulk coarse-grained media

HammenoBanne 3epuu- | Cpemamii (00muii) pa3-| YTos BHyTpEeHHETO Cremnuienne’, ABTODEI
CTOM cpenpl MeEp 4acTHl], MM TPEHMUS], TPa klla p
BacunseBa A.A.
'paBui 6 (2-10) 37457 1-26 Muxees B.B.
Jlo6anosa T.JI.
0,75 (0,5-1) 37
[ebenpb 2 (1-3) 49 50 Cynb Oii-1u
4 (3-5) 60
70 (60-80) 48 l'opauenko I'.A.
[Heoenn 35 (10-60) 40 i ®am-Ban-Bunb
2(1-3) 37-44°
(1165 4 (3-5) 4046
eOeHb 6(5-7) 43482
8,5 (7-10) 46-50?
> 100 Pacckasos JLH.
2 (1-3) 31-41
3 4 (3-5) 34-43
I'paBuit 5
6 (5-7) 3644
8,5 (7-10) 39-462
4 (3-5) 27
7,5 (5-10) 29
15 (10-20) 32
[le6enn 100 [TaxomoB O.A.
30 (20-40) 34
50 (40-60) 36
70 (60-80) 38
26 (2-50) ar ITerpos I'.H.
[e6enp 51 (2-100) 49 Oxoso 0 Pamguenko B.T.
101 (2-200) 51 Pefian JLC.
[le6enn JIroboit 50-54° - T'opmuenxo I1.1.
N 2 Roscol K.H., Schofiold
[le6enn JTroboii 35-46 - AN., Wroth C.R.
Lle6enn JTho6oit 51-53° - Asraits C.M.
[Ipumeuanus:

1. ITo MHeHHIO aBTOPOB, NMPOBOAMBLINX MCCICOOBAaHUA: BCJIUYHUHA, 1'10)106Ha$[ CHCIUVICHUIO B CBA3HBIX I'PYHTaX; KaXxylleecs

CHCIINICHHUC.

2. lnana3oH 3HaueHUit 00yclaBIMBaeT y4deT Apyrux GakTopos (IIOPUCTOCTH, K03 GHUIIMEHTa TOPUCTOCTH), HE 0003HAYCHHBIX B

Tadiuie.

Takum 00pa3oM, OTCYTCTBHE JOCTOBEPHBIX CBe-
JEHUHM MO0 NMPOYHOCTHBIM XapaKTEPUCTHKAM 3EpHHU-
CTBIX MAaTE€pUAIIOB HE IO3BOJISIECT OLEHUBATH CIBU-
FOYCTOMYHMBOCTb KOHCTPYKTHBHBIX CJIIOEB JIOPOKHOU
OJICKJIbl KApPhEPHBIX aBTOMOOWILHBIX JIOPOT, B CBSI-
3U C YEM LIeJIb UCCIEN0BAHUS 3aKIKYACTCS B OIIpe-
JeJICHUM BIMSHUS pa3Mepa YacTHUIl HAa yroj BHYT-
PEHHEro TpeHUs U YAEJIBHOE CLEILICHUE OMHOPA3-

64

MEPHBIX CBIITYYUX 36PHUCTBIX CPEN.

MaTepna.nLI U METOAbI HCCJICAOBAHUSA

HHS[ YTOUHCHUSA BJIMAHUA KPYIMHOCTHU YaCTHUI]
CBIMTyYeH 3EPHHUCTON CpEeAbl HA MPOYHOCTHBIC Xa-
PAKTEPUCTUKH ObLT MOCTABICH COOTBETCTBYIONIHMN
abopaTOpHBIA dKCIEpUMEHT. VICTBITaHUS 3€pHH-
cToii cpeabl ¢ pasmepom ¢pakomii 0,315-0,63,
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0,63-1,25, 1,25-2,5 u 2,5-5 MM mNOpoBOAWIN Ha
CABHUTOBOM TPUOOpE OIHOIUIOCKOCTHOTO Cpe3a
[1ICT-3M (meTox OJHOIIOCKOCTHOTO Cpe3a) C BHYT-
PEHHUM MameTpoM o00oiiM 71,4 MM, a ¢ pazMepoM
¢bpaxmmit 1,25-2,5, 2,5-5, 5-10, 10-20 MM Takxe
Ha YCOBEPLICHCTBOBAHHOM KIMHOBOM YCTaHOBKE
tuna KY-54, peanmsyromeit MeToq KOcoro cpesa u
MMEIONICH BHYTPEHHUH muametp o0oiiM 149 mm muist
YMEHBILIEHUsI BIUSHUS NpUCTeHHOTO 3¢ dexTa [12].
XapaKTepUCTHKU HCTIBITHIBAEMBIX 3€PHHUCTBIX CPE],
COCTOSIIIUX M3 YAaCTHI[ YTIOBAaTOH (hOPMBI, MpHUBE-
JeHbl B Ta0J1. 2. s Toro 4roObl YMEHBIIUTE Tpe-
HUE MEXIy OTICNbHBIMH YacTUIAMH W JIOCTHUYb
HanOoOJbIIeH TIOTHOCTH YIAaKOBKH, CHITy4asl 3ep-
HHUCTas Cpea MpenBapuTenbHo (32 2 9 70 MpoBere-
HUSl WCIBITAHUS) YBIOKHSIACH JI0 ONTHMAIIEHOTO
3Ha4YeHUs. 3a ONTUMAJbHYIO BIQXKHOCTH NMPHUHUMA-
J1ach Ta, IPU KOTOPOM HauMHAJICA MPOLECC OTKATHUSL
BOABl M3 CJIOS TMOJ JCHCTBUEM YIUIOTHSIOLIEH
Harpy3ku. C TeNpl0 YMEHBIIEHUS BIUSHUS IOpHU-
CTOCTH (KO3 PHUIMEHTa TTOPUCTOCTH) HA TPOYHOCT-
HBIE XapaKTEPHUCTHKH BCe 00pa3Ibl PEeIBAPUTEILHO
YIUTOTHSUTUCH B OJIMHAKOBBIX YCIOBUSIX JUIS KXKION
YCTaHOBKH. B X0/1e mpeBapuTeIbHBIX IKCIIEPUMEH-
TOB OBLIO YCTaHOBJIIEHO, YTO BO N30€KaHHE BO3HHK-
HOBEHUS LIMOHOYHOTO 3PQeKTa M MOTyUeHUs CTa-
OWJIFHBIX PE3yJabTaTOB 3a30p MEXAY BEpXHEH W
HIDKHEH 000IMOM goipkeH cocTaBisaTh 0,3 oT Mak-
CHUMAaJIbHOTO pa3Mepa YacTHhll, BXOASIINX B COCTaB
CBIITy4eil 3€pHUCTOMN CpEBI.

Tabnuna 2. XapakTepUCTUKN UCTIBITHIBAEMBIX 3€PHUCTHIX
cpen / Table 2. Parameters of bulk media under test

Cpennuii Cpennsist Pacuernas
Pazmep
pa3Mmep 4a- | IDIOTHOCTh | ONTHMAaJbHAs
4acTHUI], MM 3
CTHII, MM | YaCTHIL, T/CM" | BITAYKHOCTB, %
0,315-0,63 0,473 5,25
0,63-1,25 0,94 5,00
1,25-2,5 1,875 4,75
2,5-5 3,75 2,76 4,50
5-10 7,5 4,25
10-20 15 4,00

[Ipy mpoBeneHHMM SKCHEpUMEHTa Ha IpuOOpe
OJTHOTIIIOCKOCTHOT'O Cpe3a HCIOIB30BaIach METOIH-
ka mo I'OCT 12248-2010 mnst ycoBust KOHCOTUIH-
POBaHO-IPEHUPOBAHHOTO Cpe3a CO CIENYIOIHUMHU
n3MeHeHussMU. Cplllyyasi 3epHUCTasl Cpe/la HE 3aBU-
CHUMO OT BEJIMYUHBI PACUETHOTO HOPMAIBHOTO JaB-
JIEHUS] B XOJ€ OTAETHHOTO HCIBITAHUS TPEIBaApH-
TENbHO YIUIOTHsUIach moj aasieHueM 333 klla, npu
9TOM HAarpyk€HHE OCYIECTBIIAJIOCH CTYNEHSIMH IO
111 xIla c BeIAEpKUBAaHUEM MEPBBIX ABYX CTYNEHEH
B Tedenune 10 MuH, a MOCeIHEN CTYIICHH — B TeUe-
Hue 40 muH. CTyneHM TOpH30HTAJIBHOM Harpys3ku

coctapisnu 0,5-5% 3HaueHuss HOpMaJIbHON Harpys-
ki (OONpIIMEe 3HAYEHUS COOTBETCTBYIOT TEPBBIM
CTYHEHAM HAarpy>Ke€HHus, MEHbUIME — MOCICIHUM
CTYICHSM Harpy>KeHHUs).

Jnst mpoBeneHns SKCIEpUMEHTa C HCTIOJIb30Ba-
HHEM KJIMHOBOM YCTaHOBKH, HOCHEIHsA Oblia yco-
BepiieHcTBOBaHa (puc. 1). YcoBepimeHCTBOBaHHAS
KJIMHOBAsE yCTAHOBKAa COCTOUT M3 BHHTa OCEBOTO
JaByieHus 1, KpoHITeiiHa 4, AMHAMOMETpA UIIH TEH-
30METPUYECKOr0 JaTurKa ckaTud 15, mepexogHuka
7, mpurpy3a 9, BepxHeil 000WMBI 5, HIKHEH 000H-
MBI 6, 0O0)KUMHOTO YCTpOHCTBa §, COCTOSIIEro U3
JIBYX TIOJIBIX TOTYLIHMIHMHAPOB C peOpaMu KECTKOCTH
U COCOUHHUTEIILHBIMHU TUIACTHHAMM, AHUINA 2 U Ka-
peTku ocHoBaHUs 3. KpoHIUTENH 4 )KECTKO CBSI3aH C
pamoii 10, mOTyIUIMHAPH 00KUMHOTO yCTPOKUCTBA
8 coemuHEHBI MEXIy co00il mocpeacTBoM OOJTOB
11, 13, 16, nns obGecrieyeHus TpedyemMoro 3a3opa
MEXIy BEpXHEH W HIDKHEeW 000WMaMH IMperycMOT-
peHbl perynupoBouHble BUHTHL 12, 14. IIpu mpose-
JEHUW SKCIIEPUMEHTa HIDKHIOI 000#My ycTaHaB-
JUBAJIM HA JHUIIE, TOCNe Yero MoBepX Hee Hakia-
IOBIBAIM JBa TMOJBIX MOMYLHMJIMHAPA OOXKHMHOTO
YCTPOMCTBA, KOTOPBIE 3aKPEIUIIM OOJTOBBIMH CO-
SJVMHCHUAMHU 0e3 3arTskku. B nmanbHeliniem ycra-
HaBJIMBAJIM BEPXHIOIO 000WMY U 3a CUET peryIupo-
BOUHBIX BHHTOB BBICTaBISIIM TpeOyeMblil 3a30p
MeXy BepxXHel u HikHel oOoiimamu. [lanee Goi-
TOBBIE COCJIMHEHUSI 3aTSATUBAIN, B 000WMBI 3achlNa-
T WCIHBITBIBAEMYIO 3EPHUCTYIO CpEAy NpUOIH3U-
TEJIHO TPEMsI PaBHBIMHU CIIOSIMH CO IITHIKOBaHHUEM
KaXXZIOTO CJIOSI METAJUTMYECKUM CTEPXKHEM JTHaAMET-
pom 12 MM 3a 20-30 HaXXHMOB, TIOCJIE YETO HA Hee
yCTaHaBIMBAIIM TIPUTPY3, 0OECIICUNBAIONINI JaBIie-
Hue 4 klla, 1 Bech cOOpaHHBIN AIEMEHT IepeMeIna-
M Ha BUOPOIUIOWIAZKY. 3€pHHUCTYIO Cpeny YIUIOT-
HSUIM Ha CTaHJApTHON BUOPOIUIOIIAJIKE, obecreyn-
Baromelt ammuTyay kojebanuii 0,40£0,05 MM wu
4acTOTy Konebanuii 4843 ', B TeueHue Tpex Mu-
HYT, IOCJIE Yero Bechb COOpaHHBIA 3JEMEHT IOoMe-
Ijagd Ha KapeTKy, PacloJIOKEHHYI0 B OCHOBaHHUH
pambl, TMOJA BUHT OceBOro nasieHus. llomyrunna-
Jpbl 00)KMMHOTO YCTPOWCTBA CHUMAJIH, Ha TIPUTPY3
YCTaHABIIMBAJIN TEH30METPUUECKUI TaTUUK CKATHUS,
M BHHT OCEBOTO JABJICHUS ITyT€M BpAILICHHS J0BO-
JIWIA 10 CONPUKOCHOBEHUS ¢ HMM. B xone mpose-
JICHUSI UCIIBITAHWSI BUHTOM OCEBOTO JIaBJICHUS Tepe-
JIaBaJIOCh YCHJIME Ha 3EpPHUCTYIO cpelly He (UKCH-
PYEMBIMU CTYIEHSAMH, HO C BBIIIEPKKOU KaxJa0u
CTYTIEHU JI0 YCJOBHOM cTaOmmm3anuy, 4yTo OOJIbIIe
COOTBETCTBOBAJIO  YCIOBHIO  KOHCOJWAHPOBAHO-
JIPEHUPOBAHHOI'O Cpe3a, MPH 3TOM OIPENENsIach
OCTaTO4HAasi NPOYHOCTb, a HE MHUKOBas. MOMEHT
capura (UKCUpOBANCS MO MaKCUMallbHOM Macce,
KOTOPYIO IIOKa3bIBajl TEH30METPHUYECKUM JaTUuK
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cxatus SHROS52, moakiIrfoYeHHBIH K CHCTeMe MOHH-
topurra « TEPEM 4.0», mocne ycnoBHOHN cTaOWIH-
3anuu. [Ipu 3TOM Macca mpurpysa u TeH30MeTpHde-
CKOTO JaT4YMKa YYHMTHIBAIA IyTeM JO0O0aBJICHUS K
Macce, (PUKCUPYEeMOH TEH30METPHUYCCKUM JIAT4H-

A

KOM, HMX COOCTBEHHBIX Macc. lIpenBapuTenbHYIO
KaTMOpOBKY TEH30METPHUYECKOTO JaTdhka OcCy-
MIECTBIISUTA C HUCIIOIB30BAaHUEM IIPOIIEAICH TOBEp-
Ky AaTTeCTOBAHHOW MAIIIMHBI JUIsl HWCIBITAaHUS Ha
cxxatue «MIT-1A-1000x.
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Puc. 1. Cxema ycoBepliieHCTBOBaHHO# kirHOBO# ycranoBku / Fig. 1. Diagram of the improved oblique shear apparatus

B xome mnpeaBapuTeNbHBIX 3KCIEPUMEHTOB C
HCTIOJIb30BaHUEM YCOBEPLICHCTBOBAHHON KIMHOBON
YCTaHOBKH OBIJIO OTMEYEHO, YTO IPHU MOBTOPEHHUU
OJIHOTO M TOTO K€ OMBITAa PE3yNbTaThl MOTYT UMETH
JIOCTaTOYHO OOJBIIOE OTKJIOHEHHWE OT CPETHEB3BE-
NICHHOTO 3HAa4YeHWs WM Jaxe SBISAThCS TpyOoi
omuOKoi. B cBsi3u ¢ 3THM Bce TpeaBapUTEIbHbIC
pe3yabTaThl ObTH 00pabOTaHbI C HCIIOIB30BAHUEM
kputepus cornacus CterofieHTa U [IukcoHa, Ha oc-
HOBaHUM KOTOPBIX OBLIO YCTAHOBJIEHO, YTO ISt
obecrieyeHUs1 JIOBEPUTEILHOTO WHTEpBalia M3Mepsi-
emoii BenmuuHBl = 10 % OT cpeAHEB3BEIIEHHOTO
3HA4YeHUsI TPU JTOBEPUTEIBHOMN BeposiTHOCTH 90% c
YYETOM BO3MOXKHBIX NPOMaxoB HEOOXOIUMO OBLIO
MIPOBECTH HE MEHEE 5 MOBTOPEHUI.

[Mpu oOpaboTKe pe3ynbTaTOB HMCIBITAHWM, IO-
JYYEeHHBIX C HCIIOJIb30BAHUEM YCOBEPLICHCTBOBAH-
HOW KJIMHOBOW YCTaHOBKH, BEJIMYMHBI JEHCTBYIO-
[IEr0 HOPMAJILHOTO JaBJIeHHUs (G) U MpenesbHOro
COTIPOTHBIICHHSI 3€PHUCTOM Cpebl CABHTY (T) Oompe-
JIEJSUTUCH TI0 3aBUCHUMOCTSIM:

4.-F.cos’a
O = >
7z-d
_4-F-sina-cosa
7-d?
rae F — npenenbHas paszpymatomias Harpyska, H;

Qo — yroJl HAKJIOHA MIOBEPXHOCTH CJIBUTA;
d — BHyTpeHHUI qraMeTp 000iM, M.
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Pe3yabTaThl HCcleq0BaHMIl M UX 00CYKIeHHE

PesynpTaThl  TIPOBENICHHBIX  JKCICPUMEHTOB
MpeACTaBICHB B Ta0ua. 3. I'paduku 3aBUCUMOCTH
MPENCIBHOTO COMPOTHUBIICHUS CIBUTY 3CPHUCTHIX
Cpell Pa3IUYHON KPYIHOCTH, MOJYYCHHBIX IO pe-
3yJIbTaTaM UCTBITAHUI HA CABUTOBOM NpHOOpE Of-
HOIUIOCKOCTHOTO Cpe3a W YCOBEPIICHCTBOBAHHOU

KIIMHOBOH YCTaHOBKE, NpPEJCTAaBICHBI Ha PpHUcC. 2.
Koadhdummment nerepmuHAMKM 3aBUCUMOCTEH CO-
crasiser ot 0,9937 mo 0,9999, uto cBUAETENHCTBY-
€T 0 HAMM4YUK (PYHKIIMOHATBLHON CBS3M MEXIY pac-
CMaTPUBAaEMbIMH BEIHMYMHAMHU ¥ IOATBEPIKIACT
000CHOBaHHOCTh TIPUMCHEHHS TECOPHH TMPOYHOCTU
Kymona mms oOpa®oTKu pe3yibTaToOB HCCIENOBa-
HU.

Tabnuna 3. Pe3ynbTaThl 3KCIIEpUMEHTA T10 ONPECIICHUIO MPEEIBHOTO CIBUTAIONIETO YCHIIUS / IPeIeIbHON
paspymIaroIieil Harpy3Ku JUIsl pa3In4HbIX 0 KPYITHOCTH 3€PHUCTBIX Cpesl Ha IPHOOpe OHOIIOCKOCTHOTO cpe3a /

YCOBEPLIEHCTBOBAHHOM KIMHOBOM YCTaHOBKE

Table 3. Experiment on determining ultimate shear force/ ultimate breaking load for bulk media varying in the grain
size by applying the direct shear apparatus / improved oblique shear apparatus

Pasmep HopmansHoe naBnenue, klla /|T110maas OBEpXHOCTH CABHIa, M°: | 3HAYCHHE MPEICILHOIO CABHIato-
qactun, my | YFO! HAKIIOHA IOBEPXHOCTH puOOpP OJHOMIOCKOCTHOTO cpe3a /| IIEero YCHIus Z peeIbHON pas-
’ CIIBHTA, TP KJIMHOBAsI YCTAHOBKA pyuraronieii Harpy3ku, KH

226 / - 0,647/ -
0,63-0,315 M7 0,004 03437
65/ - 0,196/ -
33/- 0,099/ -
226/ - 0,706/ -
0,63-1,25 oI 0,004 0.9637-
65/ - 0,226/ -
33/- 0,113/ -

226 /40,23 0,004 /0,0228 0,785/10,44

119/42,53 0,004 /0,0236 0,441/ 3,65

1202 65 /45,27 0,004 / 0,0247 0,235/0,83
33/- 0,004/ - 0,137/ -

226 /42,53 0,004 /0,0236 0,863/12,33

119 /45,27 0,004 /0,0247 0,490/5,47

257 65/47,58 0,004 /0,0258 0,255/ 1,47
33/- 0,004/ - 0,196/ -
- 145,27 - 10,0247 -116,26
5-10 - /47,58 -/0,0258 -19,62
- /50,22 -10,0272 -/3,08
- /47,58 -/0,0258 -/16,21
10-20 - 150,22 -10,0272 -/8,63
- 152,60 - 10,0286 -14.27
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Puc. 2. 3aBucuMoCTH MPEIEIBHOTO CONPOTHBICHHS
CIABUTY 3€PHUCTBIX CPE€A OT KPYITHOCTHU YaCTHI],
TNOJYYCHHBIX 110 pe3yJIbTaTaM HCIBITAHUHA
Ha Ipudope 0HOIUIOCKOCTHOTO cpe3a
u yCOBepIIIeHCTBOBaHHOﬁ KJIMHOBOM YCTaHOBKE

Fig. 2. Relations between ultimate shear resistance and
a particle size based on the tests using the direct shear
apparatus and the improved oblique shear apparatus

[Nony4yeHHbIe 3aBUCHMOCTH TIO3BOJIMIIA OTIpe]ie-
JIUTH BIMSIHAE KPYIMHOCTH YaCTHUI] 36PHUCTOM CpeIbl
Ha yToJI BHYTPEHHETO TPEHHS M YJEIBbHOE CIIETLIe-
Hue (puc. 3). YpaBHEHHS 3aBHCHUMOCTEH HMEIOT
BHUII:

$=2,93-In(D)+38; @)

68

3,033- D%, mpu D <3 mwm,
= (2)

~ |10,81-In(D)~0,9, pu D > 3 M,
rae ¢ — yrom BHyTpeHHero tpeHwus, rpam; C —

yaenbHoe cueruieHue, klla; D — pasmep wactun
3epHHUCTOM CpeNbl, MM.

48

46 /o

44

38 /
36

0.1 1 10
Pasmep uactui, MM

Vroj BHYTpeHHEro TpeHHs, rpaj.
L J

Y aensHoe cucrvieHme, klla

<

0.1 1 10
Pasmep gacTHi, MM
Puc. 3. 3aBucumMocTy yria BHyTPEHHETO TPEHHUS
U YIEIbHOTO CLEIUIEHUS 3€pHUCTBIX CPEJL
OT KPYIMHOCTH 4aCTUI]

Fig. 3. Relations between the angle of internal friction
and the particle size

Koaddumment nerepmunanu 3asucumocty (1)
coctapiser 0,9886, a 3aBucumoctu (2) — 0,9904,
YTO CBUETEIILCTBYET 00 OUYEHb TECHOM CBS3U MEX-
Iy paccMaTpuBaeMbIMU BenrmauHamu. COMmoCTaBiss
3HAa4YeHHs YIJla BHYTPEHHETO TPEHUS MO IOydYeH-
HOW Maremarnueckoil mognenu (1) ¢ pesympraTamu
paHee NPOBEACHHBIX MCCIeqoBaHMN (cM. Tadu. 1),
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MOXKHO CKa3aTh, YTO OOIIas TCHJCHIVS, 3aKJII0Ya-
IOIIAsiCsl B YBEIMYEHUHU YTJIa BHYTPEHHETO TPEHHS
Ha 2-3 Tpaa mpHU YBETWYEHUH CPEIHEro pazMepa
yacTull B 2 pasza, coxpassercs. [lo abCONOTHBIM
3HAYCHUSIM PE3YJIbTAThl 3HAYUTEIHHO BHIIIIE, YEM I10
[TaxomoBy O.A., HEMHOTO HUXe, 4eM 1o Pacckazo-
By JI.H., n HemHoro BbImre, ueM no Paguenko [.A. u
®am-Ban-Bunb, a Takke MPaKTUYECKH MOJTHOCTHIO
coBnanu ¢ IlerpoBeim I'.H., Paguenko B.I'. u Peii-
¢an JI.C. Uro kacaercsi yIOenbpHOTO CIEIUICHUS, TO
ypaBHeHHe (2), Ha HaIll B3I, BIOJTHE 000CHOBAHO
OTpaXKaeT CBS3b JAHHOTO MapameTpa ¢ KPYMHOCTHIO
YacTHUI[, TaK KaK C YBEJIMYCHHEM pa3Mepa 3epeH
BO3pacTaeT BEJIMYMHA MPEBBINICHUN (TIPENSTCTBHIA),
KOTOpBIE HEOOXOAMMO IIPEOJONETh OTACITHHBIMHU
00J10MKaMH, 9TOOBI TPOU30IIET HX CIIBHT.

3akIoueHne

[To pe3ynbTaTaM BBINOJHEHHBIX HCCIEAOBaHUI
MOJKHO CJIeJIaTh CIEIYIOLINE BbIBOBL:

1. HecmoTpst Ha TO, 4TO KJIMHOBAas yCTAHOBKA,
IIPY TOMOLIM KOTOPOH peanu3yercsi METoJ KOCOro
cpe3a, HE BHECEHa B HOPMATHBHYIO 0a3y HCIIbITa-
TEJILHOTO 00O0pYIOBaHMS AJsl ONpPEAENeHHs Ipod-
HOCTHBIX XapaKTEPUCTUK KPYMHO3EPHUCTHIX CpeEl,
pu ee 10paboTKe, MO3BOJISIOIIEH YIUIOTHATh UCTIbI-
THIBAEMYIO Cpelly, OHAa J1aeT PEe3yJIbTaTbl, COIOCTa-
BUMBIE C pe3yJIbTaTaMH, IMOJy4aeMbIMU Ha MPHOOpE
OJHOIUIOCKOCTHOT'O Cpe3a.

2. 3epHHUCTHIE Cpebl UMEIOT TeM OOJIBIINKN Yo
BHYTPEHHET0 TPEeHMs, 4YeM OHM KpyrHee. [Ipu atom
TPYJHO COTJIACHUTHCSI C MHEHHUSIMH OTJIENbHBIX yde-
HBIX O TOM, YTO yBEJIMYECHHE Pa3Mepa YacTHIl CBbI-
me 20-30 MM NpakTUYECKU HE BIUSET HA POCT CO-
MPOTHUBJICHUS CABUTY, & TeM OoJiee C BHIBOJAAMHU TEX
ucciiefioBarenel, KOTOpble YTBEPKIAIOT, 4TO pas-
MeEp YacTHUI] 3€PHUCTON CpeAbl BOOOIIE HE OKa3bIBa-
€T HMKAaKOI'O BIMSHHUS Ha JAHHYIO HPOYHOCTHYIO
XapakTepUCTUKy. BbICKa3piBaHUs NEPBBIX, CKOpEe
BCEro, OCHOBaHbl Ha BU3yaJbHOM BOCHPHUATHHU Tpa-

(UKOB 3aBHCHMOCTH yIjla BHYTPEHHETO TPEHUS
(vm peAeTbHOTO COTMPOTUBIICHUS CABHUTY) OT pas-
Mepa YacTHll, NOCTPOCHHBIX B OOBIYHBIX AEKAPTO-
BBIX KOOpIMHATaX, Ilie ACHCTBUTEIHLHO TAHHbIEC 3a-
BUCHMOCTH C POCTOM KPYIHOCTH OOJIOMKOB IMOCTe-
MICHHO TEPEXOJT B CI1a00HAKIOHHYI0 OTHOCUTEIb-
HO OCH alcruicc KpUBYIO. 3aKIIIOUEHHUS] BTOPHIX,
BO3MOXKHO, OIIMOOYHBI U3-32 HEIOy4eTa HEKOTOPBIX
(aKTOpOB, BIUSIOMINX HA MPOYHOCTHBIE XaPaKTEPH-
CTHKH.

3. 3epHHUCTBIC Cpembl HE MPOCTO 00JIamar0T
HEKUM KaXYIIUMCS CUCIUICHUEM, a BIIOJIHE peajib-
HBIM YyJENbHBIM CIEIUICHHEM, BBI3BAHHBIM CTPYK-
TYpPHBIM 3alleTJICHHEM YacTHI, [IPU 3TOM OHO yBe-
muarBaeTcsl npubmmsutenpHo Ha 8 klla ¢ moBkIIe-
HHEM HX pa3Mepa B JBa pas3a B cllydae, €ClIi pa3Mep
yacTuIl kpymnHee 2 mMm. Eciu 3epHa menbue 2 MM, TO
yAEIbHOE CLEIUIEHHE OTHOCUTENIbHO HM3KOE, He
npeBbimaer 10 klla u gocraroyno TpyaHo ompene-
JSIeTCs B CBSI3M CO 3HAYMUTENIBHBIM BIUSIHHEM I10-
TPELIHOCTH SKCIIEPUMEHTA Ha ero 3HaueHue.

[TomyueHHbIE pe3yabTaThl MO3BOJSAIOT MPU MPO-
EKTUPOBAHUHU JOPOKHBIX OAEKI KapbepHBIX aBTO-
MOOHMJIBHBIX IOPOT" OLIEHUBAThH CABUIOYCTOWYHBOCTD
KOHCTPYKTHBHBIX CIIOEB W3 OJHOPa3MEPHBIX KpPyII-
HO3EPHHUCTHIX CBHIMYYHX Cpell, UMEIOIUX Kodpu-
[IUEHT HEOJHOPOJHOCTH MEHbIe 2. JT0 00yCIIOB-
JIEHO U T€M, YTO AOCTUTHYTas B XO/€ SKCIEPHUMEHTa
TUIOTHOCTh YNAKOBKM YAaCTHI, COCTABIAIONIAS B
cpeareM okoso 0,59, HECKOIBKO HMKE MAKCUMAaTh-
HOM [13], a 3HAYUT, peasbHO TOCTUTAETCA B IIOCTPO-
€UHBIX YCJIOBUSIX B XOZAE€ YIUIOTHEHHMs Marepuaia.
Ecnmu kpymHO3epHHUCTBIE MarepHaibl OynyT Tpea-
CTaBISATh COOOW MOMUPPAKIUOHHYIO Cpedy, TO HX
NPOYHOCTHBIE XapaKTEePUCTUKA HE MOTYT ObITh
OlpeJiesIeHbl 10 HalJAEHHBIM 3aKOHAaM, OJJHAKO OHH
SBIISIFOTCS HEOOXOJWMBIM YCIIOBUEM JUISL JalbHEH-
nieid pa3paboOTKH MaTeMaTHYeCKHX MOJeNel, mpo-
THO3ZUPYIOIIUX yrojJ BHYTPEHHEIO TPEHUS U YAEIb-
HOE CIIETUIEHHE Pa3HO3EPHUCTHIX Cpell.
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